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Kort sammanfattning 

High Capacity Transport (HCT) är en viktig del av Sveriges strävan mot ett effektivare 

transportsystem. HCT-fordon är tyngre och/eller längre än konventionella tunga fordon och kan 

transportera mer last per fordon, vilket leder till minskad bränsleförbrukning och lägre utsläpp. I 

Sverige är de konventionella lagliga gränserna för tunga fordon 25,25 meter i längd och 64 ton i vikt. 

Sedan april 2018 har även tyngre fordon upp till 74 ton tillåtits på delar av vägnätet med en ny 

bärighetsklass, BK4. Dessutom har fem längre fordonskombinationer, upp till 34,5 meter införts på 

utvalda sträckor i två etapper: december 2023 och april 2025. 

I samband med införandet av HCT-fordon i Sverige har regelverket för tunga fordons tillgång till 

vägnätet reviderats och ett PBS-baserat ramverk har införts. PBS, eller Performance-Based Standards, 

reglerar fordons prestandakrav i stället för att begränsa längd eller vikt. Syftet med PBS II-projektet 

har varit att vidareutveckla ramverket för PBS i Sverige och stödja dess implementering. 

En viktig aspekt som krävde fördjupad analys var däckens egenskaper och deras påverkan på HCT-

fordonens prestanda. Dessutom fanns det behov av att vidareutveckla metoder och verktyg för 

bedömning av HCT-fordon. Dessa utmaningar har hanterats inom PBS II-projektet, vilket har 

resulterat i standardiserade däckmodeller för bedömning av HCT-fordon samt ett förbättrat PBS-

verktyg med fri  tillgång. Projektet har koordinerats av VTI, Statens väg- och 

transportforskningsinstitut, där Chalmers tekniska högskola, Volvo Group Trucks Technology, Scania, 

Trafikverket, Transportstyrelsen, Parator Industry AB, Nokian Heavy Tyres Ltd (Finland) och 

Uleåborgs universitet (Finland) varit projektpartners. PBS II-projektet startade hösten 2018 och 

avslutades vid slutet av 2021. 

Nyckelord 

Prestandabaserade standarder (PBS), generisk däckmodell, ISO-däckmodell, torr asfalt, våt asfalt, is 

underlag, packad snö, mönsterdjup, däcktryck, sidkraftskoefficient, relaxationslängd, maximal lateral 

friktion, lastberoende, däckprovningssanläggning, mobil däckprovningsrigg, testbaneförsök, 

simulering, PBS-verktyg, OpenPBS 
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Abstract 

High Capacity Transport (HCT) is a key element in Swedenôs efforts to develop a more efficient 

transport system. HCT vehicles are heavier and/or longer than conventional heavy vehicles and can 

carry more load per vehicle, leading to reduced fuel consumption and emissions. In Sweden, the 

conventional legal limits for heavy vehicles are 25.25 meters in length and 64 tonnes in weight. 

However, since April 2018, vehicles up to 74 tonnes have been permitted on parts of the road network 

with a new bearing capacity classification called BK4. In addition, five longer vehicle combinations, 

up to 34.5 meters, have been introduced on selected routes in two phases: December 2023 and April 

2025. 

With the introduction of HCT vehicles in Sweden, regulations governing heavy vehicle access to the 

road network have been revised, and a PBS-based framework has been implemented. PBS, or 

Performance-Based Standards, regulates vehicle performance requirements rather than imposing strict 

limits on length or weight. The PBS II 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 vehicles and a supporting 

evaluation tool needed further refinement. These challenges were addressed within the PBS II project, 

resulting in standardized tire models for HCT vehicle assessment and an enhanced open-access PBS 

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

Institute, with partners including Chalmers University of Technology, Volvo Group Trucks 

Technology, Scania, Swedish Transport Administration (Trafikverket), Swedish Transport Agency 

(Transportstyrelsen), Parator Industry AB, Nokian Heavy Tyres Ltd (Finland), and the University of 

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

Keywords 

Performance Based Standards (PBS), generic tire 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 trailer, test track 

experiments, simulation, PBS tool, OpenPBS 
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Sammanfattning 

High Capacity Transport (HCT) spelar en viktig roll i Sveriges omställning mot ett mer effektivt 

transportsystem. HCT-fordon, vilka är längre och/eller tyngre än standard lastbilskombinationer, kan 

öka lastkapaciteten och förbättra effektiviteten i befintlig väginfrastruktur utan att kräva större 

investeringar. Genom att transportera mer gods med färre fordon minskar HCT-fordon 

transportkostnader, bränsleförbrukning, utsläpp och trafikträngsel. 

I Sverige har de traditionella gränserna för tunga fordon varit 25,25 meter i längd och 64 ton i vikt. 

Tyngre fordon upp till 74 ton tillåts nu på delar av vägnätet, och längre fordonskombinationer upp till 

34,5 meter har gradvis införts på utvalda sträckor. Studier och försök har visat att HCT-fordon 

avsevärt kan minska bränsleförbrukning och utsläpp per transporterad godsenhet, vilket understryker 

deras miljömässiga och ekonomiska potential. 

För att bättre förstå hur HCT-fordon påverkar säkerhet, infrastruktur och miljö initierade Sverige ett 

omfattande forskningsprogram som inkluderar utveckling av prestandabaserade standarder 

(Performance-Based Standards, PBS). Till skillnad från traditionella regelverk baserade på fasta längd- 

och viktgränser specificerar PBS fordonens prestandakrav, vilket möjliggör mer flexibla och 

innovativa konstruktioner samtidigt som säkerhet och påverkan på infrastruktur upprätthålls. I 

samband med införandet av HCT-fordon i Sverige har reglerna för tunga fordons tillträde till vägnätet 

reviderats och ett PBS-baserat ramverk har implementerats. 

Projektet PBS II (FFI 2018-01934) syftade till att vidareutveckla detta ramverk och stödja dess 

implementering. Fokus låg på att utveckla standardiserade däckmodeller för att bedöma HCT-fordons 

prestanda, förfina prestandamått, utveckla bedömningsverktyg samt stödja införandet i regelverk. 

Projektet främjade även kunskapsutbyte med internationella partners, särskilt Finland, för att 

vidareutveckla HCT-system. 

PBS II koordinerades av VTI, Statens väg- och transportforskningsinstitut, med Chalmers tekniska 

högskola, Volvo Group Trucks Technology, Scania, Trafikverket, Transportstyrelsen, Parator Industry 

AB, Nokian Heavy Tyres Ltd (Finland) och Uleåborgs universitet (Finland) som partners. Projektet 

pågick från hösten 2018 till slutet av 2021. 

Denna rapport redovisar projektets resultat. Den huvudsakliga forskningsfrågan gällde hur 

däckdynamik påverkar HCT-fordons prestanda och hur detta kan integreras i ett PBS-system. Med 

hänsyn till variationen i däck och vägförhållanden är det svårt att välja ett enda representativt däck. 

Därför mättes och jämfördes olika lastbilsdäck under varierande förhållanden, och resultaten användes 

för att ta fram generiska däckmodeller för PBS-bedömning av tunga fordon. 

Elva däck valdes ut för studien: sju breda enkelmontage (S, huvudsakligen dimension 385/65), två 

drivhjulsdäck (D, dimension 315/70) och två trailerdäck (T, dimension 265/70). Nya exemplar av 

samtliga däck samt slitna exemplar av sju däck testades. Mätningar utfördes vid VTI:s 

däckprovningsanläggning på torr asfalt och blank is, med begränsade kompletterande tester på våt 

asfalt. Anläggningen består av en stationär men styrbar däcksrigg och en 55 meter lång stålbalk som 

kan röra sig under däcket i hastigheter upp till 36 km/h. Utvalda däck testades även på snö vid en 

testbana i Finland med hjälp av en släpvagn utvecklad av Uleåborgs universitet. 

Istester utfördes på slät, polerad is vid -5 ± 0,2 °C, med däcktemperatur runt 0 °C. Asfaltmätningar 

gjordes med förvärmda däck. Nominella axellaster sattes till 40 kN för S-däck, 22,5 kN för D-däck 

och 20 kN för T-däck, med kompletterande mätningar vid 50 % och 150 % av dessa laster. 

Däcktrycken vid rumstemperatur (20 °C) var 9 bar (S), 8,5 bar (T) och 7,5 bar (D). Vid 

asfaltmätningar värmdes däcken genom rullning tills trycket nådde 1 bar över nominellt värde. 

Undersökningen fokuserade på samband mellan lateral kraft och slipvinkel med hjälp av stationära 

kurvor från mätningar där slipvinkeln sveptes mellan ī15Á och +15Á. Ett ºverlappande omr¬de 
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användes för att korrigera för relaxationseffekter. På asfalt mättes generellt hela intervallet endast för 

lägsta lasten för att begränsa däckslitage. Ett däck per kategori valdes dock ut för mätning av hela 

intervallet vid alla laster. På is ansågs ±10° vara tillräckligt för alla laster. De analyserade 

egenskaperna är sidkraftskoefficient (cornering coefficient, CC), maximal lateral friktion och 

relaxationslängd. 

Resultaten visar tydligt att mönsterdjup har en stark påverkan på kurvtagningsegenskaper; ett slitet 

däck med litet mönsterdjup kan uppvisa nästan dubbelt så hög CC som ett nytt däck. Som tumregel 

ºkar CC med cirka 0,5 rad ĭ nªr mºnsterdjupet minskar med en millimeter. Fºr de flesta dªck minskar 

CC när lasten ökar; dock uppvisar några däck ett maximum nära den nominella lasten. CC på blank is 

och våt asfalt ligger mycket nära den som uppmäts på torr asfalt, vilket tyder på att denna egenskap 

främst styrs av gummits och stommens styvhet snarare än friktionsnivån. För ett av drivdäcken 

observerades dock en tydlig påverkan av friktionen. 

Resultaten visar att sambandet mellan maximal friktion och hjullast är mycket likartat för de testade 

däcken på torr asfalt. Därför kan ett genomsnittligt förhållande användas för att beskriva lastberoendet 

för maximal lateral friktion. De föreslagna förhållandena för torr asfalt är ungefär 90 % vid nominell 

last och 80 % vid 150 % av nominell last, relativt halva nominella lasten. Det är anmärkningsvärt att 

sambandet mellan maximal friktion och last framstår som linjärt inom detta relativt breda lastintervall. 

Lastberoendet för maximal friktion på våt asfalt och is liknar det på torr asfalt, men är mindre 

enhetligt. Denna beror sannolikt på variationer i testbanans friktion, vilken är svårare att hålla konstant 

för is och våt asfalt. 

Maximal lateral friktion var under 0,9 för alla nya däck utom två på torr asfalt. Dessa undantag hade 

mindre mönsterdjup, vilket belyser mönsterdjupets påverkan på maximal friktion, vilket även framgår 

av skillnaden mellan nya och slitna däck. Däckslitage tycks dock ha liten påverkan på maximal 

friktion på blank is och våt asfalt. Med hänsyn till alla uppmätta däck kan maximal friktion vid 

nominell last på våt asfalt uppskattas till cirka 75 % av värdet på torr asfalt. Om jämförelsen begränsas 

till nya S- och D-däck ligger förhållandet närmare 80 %. 

Relaxationslängden ökar konsekvent med ökande last och är generellt högre för slitna däck. Ingen 

tydlig inverkan av friktionsnivån kunde observeras, eftersom värdena på torr asfalt och is oftast är 

likartade. En stark linjär korrelation mellan relaxationslängd och CC observerades för de testade 

däcken. 

Som tidigare nämnts genomfördes utöver VTI:s inomhusmätningar på asfalt och is, även 

utomhusmätningar på snö av Uleåborgs universitet under vintrarna 2020 och 2021. Resultaten visar att 

variationer i snöförhållanden mellan dessa år hade en betydande inverkan på 

kurvtagningsegenskaperna. Som förväntat uppvisade slitna däck generellt högre CC än nya däck. 

Lastberoendet av CC följde i stort sett samma trender som för andra underlag, med undantag för slitna 

däck vid 2020 år mätningar. Här fann man istället att CC ökade för slitna däck med ökande last, vilket 

sannolikt beror på mjukare snöförhållanden. På mjukare snö kan slitna däck glida mer vid låga 

hjullaster, medan högre last kan förbättra greppet genom att däcket tränger ner i snön, vilket resulterar 

i högre CC. På liknande sätt uppvisade de flesta däck under 2021 den förväntade minskningen av 

maximal lateral friktion med ökande last. Under vintern 2020 observerades detta beteende endast för 

ett däck. Dessa avvikelser kan återigen kopplas till mjukare och mer deformerbar snö. 

Två matematiska modeller övervägdes och jämfördes för att beskriva uppmätt däckdata: en enkel 

Magic Formula (MF)-modell och en förenklad MF-inspirerad variant som i denna rapport benämns 

ISO-kandidatmodellen. Den senare utvecklades inom PBS II-projektet som grund för en ISO-standard, 

som senare publicerades 2024. Den huvudsakliga skillnaden är att ISO-modellen utesluter 

kurvaturfaktorn E och antar linjärt lastberoende för CC och relaxationslängd, precis som för maximal 

friktion. 
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De två däckmodellerna jämfördes genom simuleringar av kompletta fordon för tre HCT-fordon. 

Däckmodellerna anpassades till mätdata för ett nytt och ett slitet S-däck. Inga signifikanta skillnader 

observerades mellan de två modellernas simuleringsresultat. Baserat på dessa resultat bedömdes ISO-

modellen vara ett lämpligt val för att generera standardiserade däckmodeller inom ett PBS-system. 

Den erbjuder en god balans mellan enkelhet och förmåga att återge huvudsakliga däckegenskaper. 

Det bör noteras att dessa simuleringar genomfördes enbart på torr asfalt, vilket är relevant för det 

aktuella PBS-systemet. Anpassningar till isdata jämfördes dock också. Vid nominella och låga laster 

är ISO- och MF-anpassningarna nästan identiska och överensstämmer väl med mätningarna. Vid höga 

laster underskattar ISO-modellen den maximala friktionen och placerar maximum vid för höga 

slipvinklar, medan MF-modellen bättre kan beskriva kurvans form. Sammanfattningsvis är ISO-

modellen troligen tillräcklig för många simuleringar, särskilt eftersom dynamiska lastförändringar är 

små vid låga friktionsnivåer. Om simuleringar inkluderar överlast ger dock MF-parameteriseringen 

bättre noggrannhet. 

Baserat på mätningarna utvecklades däckmodeller för nya däck på torr asfalt och föreslogs för 

användning i PBS-bedömning. Modeller utvecklades även för nya däck på våt asfalt och is. Därutöver 

föreslogs modeller för slitna däck på torr asfalt, vilka inkluderar effekten av mönsterdjup. En 

sammanfattning av samtliga modeller, inklusive ekvationer och parametrar, återfinns i Appendix 4. 

För att undersöka effekten av däckens mönsterdjup på HCT-fordons laterala prestanda och för att 

samla in data för utvärdering av de utvecklade däckmodellerna genomfördes testbaneförsök av Scania. 

Testfordonet var en A-double-kombination, utrustad med nya och slitna däck med varierande 

mönsterdjup på dollyn och den sista släpvagnen. Två tröghetsmätenheter (IMU:er) installerades för att 

mäta accelerationer och rotationshastigheter på dragbilen och den sista släpvagnen. Fordonet testades i 

en serie single-sine-manövrar och frekvenssvepstester. 

Den laterala prestandan för A-double-kombinationen analyserades med hjälp av tre mått: 

bakåtförstärkning av girhastighet, bakåtförstärkning av sidoacceleration och spåravvikelse 

(offtracking). Bakåtförstärkningen av girhastighet är högre vid alla styrfrekvenser när nya däck 

används jämfört med slitna däck. För bakåtförstärkning av sidoacceleration är skillnaden mindre. 

Resultaten visar att mönsterdjupet på däcken på den sista släpvagnen har större påverkan än däcken på 

dollyn. Resultaten för spåravvikelse visar en liknande trend: A-double-kombinationen med nya däck 

uppvisar större offtracking jämfört med slitna däck. Dessa resultat bekräftar att prestandabedömningar 

av HCT-fordon bör genomföras med nya däck, eftersom de har lägre CC, vilket överensstämmer med 

de föreslagna däckmodellerna för PBS-bedömning. 

Under testerna varierade däcktrycket på grund av värme som genererades av rullmotstånd och 

bromsning. Varma däck resulterade i högre bakåtförstärkning av girhastighet, vilket överensstämmer 

med mätningar från VTI:s däckprovningsanläggning, där ökat däcktryck ledde till lägre CC. 

En serie simuleringar med en A-double-modell genomfördes med de utvecklade däckmodellerna för 

nya och slitna däck, och resultaten jämfördes med data från Scanias experiment. Skillnader i absoluta 

värden är förväntade på grund av avvikelser mellan fordonsmodellen och det fysiska testfordonet. 

Trots detta återger de utvecklade däckmodellerna effekten av mönsterdjup på HCT-fordons prestanda 

med god överensstämmelse. Både simuleringar och tester visar samma trend av försämrad prestanda 

från nya till slitna däckkonfigurationer, även om överensstämmelsen är mindre exakt för spåravvikelse 

än för bakåtförstärkning. 

En annan viktig del av PBS II-projektet var vidareutvecklingen av ett PBS-verktyg för bedömning av 

HCT-fordon. Utvecklingen inleddes i det första PBS-projektet, som resulterade i en betaversion av det 

öppet tillgängliga verktyget OpenPBS, implementerat i Modelica. I PBS II vidareutvecklades 

OpenPBS med förbättrade bedömningsmodeller och algoritmer baserade på projektets resultat. 
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För att validera OpenPBS jämfördes det med VTM, Volvos fordonbibliotek uppbyggt i Matlab-

Simulink (SimMechanics). Fyra fordonskombinationer analyserades: A-dubbel, AB-dubbel, B-triple 

och C-dubbel. För varje fordonskombination simulerades 72 olika parameteruppsättningar i både 

OpenPBS och VTM. De varierade parametrarna inkluderade axelavstånd, kopplingspositioner, 

lastfördelning och lastens höjd. Resultaten visar att även om ytterligare förbättringar är möjliga, 

presterar den nuvarande versionen av OpenPBS väl vid bedömning av HCT-fordon enligt flera PBS-

mått. OpenPBS är publikt tillgängligt på https://github.com/OpenModelica/OPenPBS 

https://eur01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fgithub.com%2FOpenModelica%2FOPenPBS&data=05%7C02%7Csogol.kharrazi%40vti.se%7Cafe979cf7a0c4e57d69808de3d9bb54d%7C44f529522a66495880d4da9db72ad662%7C0%7C0%7C639015936153111071%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=PSx%2BGTMlyKaQF6NkOREmXSLdbDoaGnNmQHaTTvGb7WA%3D&reserved=0
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Summary 

High Capacity Transport (HCT) plays an important role in Swedenôs transition toward a more efficient 

transport system. HCT 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, HCT vehicles reduce 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 meters have been gradually introduced on selected 

routes. Studies and trials have shown that HCT vehicles can significantly reduce fuel consumption and 

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 Performance-Based 

Standards (PBS). Unlike traditional regulations based on fixed length and weight limits, PBS specifies 

vehicle performance requirements, enabling more flexible and innovative designs while maintaining 

safety and protecting infrastructure. With the introduction of HCT vehicles in Sweden, regulations 

governing heavy vehicle access to the road network have been revised, and a PBS-based framework 

has been implemented. 

The PBS II project (FFI 2018-01934) 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 tools, and supporting regulatory 

adoption. The project also promoted knowledge exchange with international partners, particularly 

Finland, to advance HCT systems. 

PBS II 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 Swedish Transport 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 projectôs outcomes. The main research question concerned the effect of tire 

dynamics on HCT vehicle performance and how to incorporate this into a PBS scheme. Given the 

diversity of tires and road conditions, selecting a single representative 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 

seven tires were tested. Measurements were carried out at VTIôs tire testing facility on dry asphalt and 

smooth ice, with limited additional tests on wet asphalt. The facility includes a stationary, steerable 

tire test rig and a 55 m steel belt that can move under the tire at speeds up to 36 km/h. Selected tires 

were also tested on snow at a Finnish test track using a trailer developed by the University of Oulu. 

Ice tests were conducted on smooth polished ice at -5 Ñ 0.2 ÁC, with tire temperatures near 0 ÁC. 

Asphalt tests used preheated tires. Nominal axle loads were set to 40 kN for S tires, 22.5 kN for D 

tires, and 20 kN for T tires, with additional measurements at 50% and 150% of these loads. Set 

inflation pressures at room temperature (20 ÁC) were 9 bar (S), 8.5 bar (T), and 7.5 bar (D). For tests 

on dry and wet asphalt, tires were warmed by rolling on a rotating cylinder until pressure reached 1 bar 

above the nominal values. 
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The investigation focused on lateral force versus slip angle using steady-state curves built from two 

measurements with slip angles swept to ī15Á and +15Á. An overlapping region enabled correction for 

relaxation length effects. On asphalt, the full range was used only at the lowest load to limit tire wear, 

while one tire per category was tested fully at all loads. On ice, a ±10° range was deemed sufficient for 

all loads. Main evaluated properties were cornering coefficient, 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 1 mm increases the cornering coefficient by about 0.5 rad ĭ. For most tires, the 

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 

cornering stiffness is mainly governed by rubber and carcass properties rather than friction level. 

However, for one of the drive tires, a clear influence of friction was observed. 

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 tested load range. 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, highlighting the influence 

of tread depth, which was also evident in the difference between new and worn tires. In contrast, 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 length and 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 a significant impact on cornering 

performance. As expected, worn tires generally exhibited higher cornering coefficients than new tires. 

The load dependency of cornering coefficient largely followed the trends observed on other surfaces, 

except for worn tires in 2020. In the measurements from that year, 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 snow. Similarly, while most tires in 2021 showed the expected decrease in peak lateral friction 

with increasing load, this behavior was observed only for one tire in 2020. These deviations are again 

likely linked to softer, more deformable snow. 

Two mathematical models were considered and compared for describing the measured tire data: a 

simple Magic Formula (MF) model and a more simplified MF-inspired variant referred to here as the 

ISO candidate model. The latter was developed within the PBS II project as a basis for an ISO 

standard, subsequently published in 2024. The key difference is that the ISO model omits the 

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

in addition to peak friction. 

The two tire models were compared through full-vehicle simulations of three HCT configurations, 

with parameters fitted to data from one new and one worn S tire. The results 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 balance between 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 the ISO model underestimates peak friction and shifts it 

to larger slip angles, while the MF model better captures the curve shape. Thus, the ISO model is 

likely sufficient for many simulation cases, especially since dynamic load shifts are limited on low 

friction surfaces, but 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 proposed, incorporating the effect of tread depth. A full 

summary of the developed models, including equations and parameters, is provided in Appendix 4. 

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 A-double combination, equipped with new 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 using single-sine 

maneuvers 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 lateral acceleration amplification were smaller. The results 

also indicate that tread depth of tires on the last semitrailer has a greater influence than the dolly tires. 

Offtracking showed a similar trend, with larger values for new tires. These findings confirm that HCT 

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 VTI 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 expected due to discrepancies between 

the A-double model and the physical test vehicle, the simulations reproduced the effect of tread depth 

reasonably well. Both simulations and experiments showed consistent performance deterioration from 

new to worn tire configurations, although agreement was less precise for offtracking than for rearward 

amplification. 

Another key component of PBS II project was 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 

assessment models and algorithms based on project results, such as the steady-state rollover threshold. 

To validate OpenPBS, it was compared with VTM, Volvoôs multibody simulation library built in 

Matlab-Simulink (SimMechanics). Four vehicle combinations were analyzed: A-double, AB-double, 

B-triple, and C-double. For each vehicle, 72 parameter sets were simulated in both tools, varying axle 

spacing, coupling positions, load distribution, and load height. The results indicate that, although 

further improvements are possible, the current OpenPBS version performs well in assessing HCT 

vehicles across several PBS measures. OpenPBS is publicly available at: 

https://github.com/OpenModelica/OPenPBS. 

 

https://eur01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fgithub.com%2FOpenModelica%2FOPenPBS&data=05%7C02%7Csogol.kharrazi%40vti.se%7Cafe979cf7a0c4e57d69808de3d9bb54d%7C44f529522a66495880d4da9db72ad662%7C0%7C0%7C639015936153111071%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=PSx%2BGTMlyKaQF6NkOREmXSLdbDoaGnNmQHaTTvGb7WA%3D&reserved=0
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1. Introduction 

The transport sector is facing a major challenge to reduce energy consumption and limit its 

environmental impact. This makes High Capacity Transport (HCT) vehicles an attractive alternative to 

conventional heavy vehicle combination, an alternative that 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 utilized more efficiently without extensive investments, and goods can be 

transported with fewer vehicles. This leads to reductions 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 BK4 (Trafikverket 2016). In addition, five longer vehicle 

combinations, up to 34.5 m, have 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, 

and longer 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 Swedenôs HCT roadmap (2019), HCT vehicles reduce energy 

consumption per tonne-km by about 10% (Asp et al., 2019). Even greater savings have been reported, 

for example in the ETT projects (Von Hofsten 2021; Enström et al., 2021). 

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 2023). One of its work packages is Performance-Based 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 prescriptive length and 

weight limits. This flexibility enables 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 in South Africa. A 

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 PBS-based framework tailored to Swedish 

conditions has been developed. In this context, two research projects on PBS were funded by Vinnova, 

and their results have been used by the Swedish Transport Agency (Transportstyrelsen) in revisions 

they have applied to regulations governing heavy vehicle access to Swedish roads. The first national 

PBS project (FFI 2013-03881) 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 et al., 2017). 

To continue the development of the performance-based regulation for HCT vehicles and their road 

access, the PBS II project (FFI 2018-01934) was launched in autumn 2018. Its goals, as stated in the 

Vinnova application, were: 

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

¶ Further development of performance measures suitable for Sweden, and corresponding 

assessment procedures 

¶ Supporting Transportstyrelsen in development of the PBS web-tool, lastbilskalkylator 

¶ 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 II 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 straightforward. Therefore, different truck tires and their 

characteristics were measured and compared under various road conditions. Results of these 

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

Another key component of PBS II 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 

open-access PBS tool called OpenPBS, implemented in Modelica (Jacobson et al., 2017). In PBS II, 

OpenPBS was further refined, with improved assessment models and algorithms based on project 

outcomes. 

This report presents and discusses the outcomes of the PBS II project, which concluded at the end of 

2021. 



20  VTI rapport 1263A 

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 consumable and will be replaced several times 

during a vehicleôs lifetime. Moreover, the market offers a wide variety of tire types and brands. 

Consequently, simulating and assessing HCT vehicle performance using models of the exact tires 

mounted on them is not feasible unless restrictions are placed on permissible tires and a model library 

is created. This 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 updates to the tire model library to reflect 

market changes, extensive measurement data, and significant simulation efforts. Additional 

complications arise because different 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 II project. To achieve 

this, a selection of common truck tires from the Nordic market was chosen, measured, and analyzed 

2.1. Tire selection 

When the PBS II project started, Europool statistics from the European Tyre & Rubber Manufacturersô 

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 for testing as wide single steer/trailer tires, while 

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

Eleven different tires were selected for the study, as listed in Table 1 to Table 3. Seven of these were 

wide single tires, denoted by S, all in size 385/65 except one (S5), which was a smaller variant 

(385/55) of another selected tire (S6) and featured a lower aspect ratio. Two 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 of them, were obtained for 

measurements. Pictures of the tested tires and their tread patterns are provided in Appendix I. The 

tread depths of the new specimens were typically within 13ï19 mm, while the worn ones ranged from 

2ï10 mm. The aim was to include worn tires with varying 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 Stockholm and Helsingborg. 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 trailer axles ( Grönvall 

et al., 2012). It should be noted though that 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 loaded B-double combination with axles 

suitable for all test tires. 

The tires can also be subdivided into three types of winter, multi-use, and fuel-efficient, described as: 

¶ 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. 

¶ Multi -use tires: Typically, these tires are designed for both regional and long distance driving 

and are for all-season use. They have bigger tread blocks and less siping than winter tires and 

have good mileage properties. 

¶ Fuel-efficient tires: 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, which are usually equipped with good quality tires. 

Table 1. Tested single steer/trailer (S) tires. 

No Code name Tire size Tire type Rated load 

(kg) 

Condition Tread depth 

(mm) 

Rubber 

hardness  

1 S1 385/65 R22.5 Multi-use 4500 new 17 63 

2 S1W1    worn 10 64 

3 S1W2    worn 6 67 

4 S1W3    worn 3 64 

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

6 S2W1    worn 8 64 

7 S2W2    worn 5.5 68 

8 S3 385/65 R22.5 Multi-use 4500 new 15 64.5 

9 S3W    worn 7 67 

10 S4 385/65 R22.5 Fuel-eff. 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 R22.5 Multi-use 4500 new 12.5 65 

Table 2. Tested dual drive (D) tires. 

No Code name Tire size Tire type Rated load 

(kg) 

Condition Tread depth 

(mm) 

Rubber 

hardness  

14 D1 315/70 R22.5 Multi-use 3750/33501  new 18 68 

15 D1W   3750/3350 worn 3.5 72 

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

17 D2W   3550/3150 worn 6 65 

Table 3. Tested dual trailer (T) tires. 

No Code name Tire size Tire type Rated load 

(kg) 

Condition Tread depth 

(mm) 

Rubber 

hardness  

18 T1 265/70 R19.5 Multi-use 2725/2650 new 13.5 65 

19 T1W   2725/2650 worn 3 64 

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

21 T2W   2725/2650 worn 2 67 

 

 

1 Rated load for single/double use 
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2.2. Tire measurements 

The measurements were performed with both new and worn tires on dry asphalt and smooth ice at VTI 

tire testing facility in Linköping, see Figure 1 Additional measurements were also conducted on wet 

asphalt. The VTI facility is a flat-bed machine specifically designed for indoor tire friction 

measurements on ice (Nordström, 1994). It consists of a stationary but steerable tire test rig and a 55-

meter-long steel bar that can be covered with ice. This steel bar, representing the road surface, moves 

back and forth beneath the measuring wheel inside a 125-meter-long climate-controlled building. The 

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

can be controlled within a few tenths of a degree Celsius. For high-friction tests, asphalt-filled 

cassettes can be mounted on top of the steel bar. 

The ice tests were conducted indoors on smooth, polished ice at a temperature of -5 ±0.2 °C. The 

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

was approximately 0 ÁC. Measurements on dry asphalt were carried out with preheated tires, which 

were warmed by rolling on a rotating cylinder until the desired 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 

40 kN for single steer/trailer tires (S), 22.5 kN for drive tires (D), and 20 kN for twin trailer tires (T). 

In addition to the nominal load, measurements were also performed at 50% and 150% of these values. 

For inflation pressure, nominal values at room temperature (+20 ÁC) were considered, 9 bar for wide 

single tires, 8.5 bar for dual-mounted trailer tires, and 7.5 bar for drive tires (see Table 4). These values 

were chosen based on tire manufacturersô recommendations for different loads and common practice 

among haulers and drivers. For example, a Finnish study from 2001 (Partanen & Sainio, 2001) 

reported average inflation pressures of 8.6 bar for wide single tires and 7.9 bar for dual tires, which 

closely match the selected nominal values. Note 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 reached onebar above the nominal value (see Table 4). 

 

Figure 1. VTI tire testing facility. 
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Table 4. Tire test conditions. 

 Single steer/trailer tires Dual drive tires Dual trailer tires 

Nominal axle load (tonnes) 8.0 9.0 8.0 

Nominal inflation pressure (bars) 
at +20°C on dry asphalt 

9.0 7.5 8.5 

Tested wheel loads (kN) 20, 40, 60 11.25, 22.5, 33.75 10, 20, 30 

Inflation pressure (bars) for tested 
tires on ice 

9.0 7.0 8.5 

Inflation pressure (bars) for tested 
heated tires on dry asphalt 

10.0 8.5 9.5 

Inflation pressure (bars) for tested 
heated tires on wet asphalt 

10.0 8.5 9.5 

The investigation focused on lateral force versus slip angle, where steady-state curves were 

constructed from two separate measurements in which the slip angle was swept to ī15Á and +15Á, 

respectively. An overlapping slip-angle region between the two measurements allowed compensation 

for relaxation length effects, resulting in steady-state curves. 

For asphalt tests, the full ±15° interval was applied only at the lowest load, while a smaller interval 

was used 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 sufficient for all three loads. 

Additionally, a few tires were tested on wet asphalt at the VTI tire testing facility, where water was 

sprayed between the heated tire and the asphalt cassettes. 

Table 5. Tested surface for each tire. 

 Dry asphalt Wet asphalt Smooth ice Snow 

S1 x x x x 

S1W1 (10 mm) x    

S1W2 (6 mm) x    

S1W3 (3 mm) x x x x 

S2 x x x x 

S2W1 (8 mm) x    

S2W2 (5.5 mm) x x x x 

S3 x  x  

S3W (7 mm) x    

S4 x  x x 

S5 x  x  

S6 x  x  

S7 x  x  

D1 x x x x 

D1W x x x x 

D2 x  x x 

D2W x  x x 

T1 x  x  

T1W x  x  

T2 x  x  

T2W x  x  
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Figure 2. Tire testing trailer designed and built at 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 project (see Figure 2). 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 Chapter 8. The tested surface for each tire is listed in Table 5. 

2.3. Post processing of the tire data 

Measuring the steady-state 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 left. In each sweep, the slip angle is increased/decreased slowly from a small 

slip angle below/above zero until it reaches +15°/-15°. The overlapping slip-angle region between the 

two sweeps can be used to compensate for relaxation length effects, enabling the construction of 

steady-state curves relating lateral force to the slip angle. 

The delay caused by the relaxation length, „, in the buildup of tire lateral force, Ὂ, is modelled as: 

Ὂ Ὢ‌ 

‌ὸ
ὺ

„
‌ὸ ‌ ὸ  

where ‌  and Ŭ are the measured and contact point slip angles, respectively, and ὺ is the longitudinal 

speed of the tire. 

Tire cornering stiffness, ὅ , quantifies the rate at which a tire generates lateral force in response to tire 

small slip angles:  

ὅ
ὨὊ

Ὠɻ
 

The relationship between lateral force and slip angle is approximately linear at small slip angles: 

Ὂ  ὅ‌ 

Thus, cornering stiffness can be calculated from the slope of the lateral force-slip angle curve in the 

linear region, i.e. at small slip angles. To facilitate comparison between tires under different loading 

conditions, it is common to use cornering coefficient, ὅὅ, which is cornering stiffness normalized by 

the tire load, Fz: 

ὅὅ
ὅ
Ὂ 

Using these equations, optimization is applied to calculate the relaxation length that minimizes the 

distance between the two measured slip curves in the overlapping slip-angle region, resulting in two 
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connected slip curves, expressed as Ὂ Ὢ‌. Once the slip curve for the tire is obtained, the 

cornering stiffness is estimated by performing a linear fit within the slip-angle range of ±0.5°. An 

example of this procedure is shown in Figure 3. Prior to relaxation length compensation, the 

measurement data was filtered to reduce noise. Figure 4 illustrates a sample of measured data after 

lowpass filtering with different cut-off frequencies. 

 
Figure 3. Relaxation length compensation and cornering stiffness estimation. 

 
Figure 4. Example of tire measurements on smooth ice, filtered using different cut-off frequencies. 

In Figure 5 and Figure 6, effects of different cut-off frequencies of the lowpass filter on the resulting 

cornering coefficient and peak friction are presented in bar charts. The influence of cutoff frequency 

was found to be negligible; therefore, the highest cutoff frequency that produced a smooth force-slip 

curve was selected for filtering, namely 5 Hz. 
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Figure 5. Impact of filter cut-off frequency on the estimated cornering coefficient. 

 

Figure 6. Impact of filter cut-off frequency on the measured peak friction. 
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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 data are available in Appendix 2. Results from snow 

measurements conducted by the University of Oulu are presented separately in Chapter9. 

3.1. Cornering coefficient 

Figure 7 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 performance; a 

worn tire with shallow tread depth can exhibit nearly twice the cornering coefficient of a new tire. 

Measurements were conducted at three load levels, the 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 

that testing at more than three load points and using the tireôs rated load as the reference scale, rather 

than the nominal load, might reveal consistent patterns. To explore this, tires S1, D1, and T1 were re-

measured on the steel bar at additional load cases. The results, shown in Figure 8, 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 budget scope of the project. It is likely that tread design plays a major 

role in this behavior. 

Figure 9 and Figure 10 present the cornering coefficient on smooth ice and wet asphalt. Similar 

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 primarily governed by rubber and carcass stiffness rather than friction level. A 

comparison of the cornering coefficient at the nominal load across different surfaces is shown in 

Figure 11, which supports this hypothesis for several of the tested tires. However, for one of the drive 

tires (D1), a clear influence of friction is observed, with the cornering coefficient decreasing 

considerably on smooth ice compared to dry asphalt, for both the new and worn specimens. 

 

Figure 7. Cornering coefficient of the test tires on dry asphalt at three load levels. 
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Figure 8. Dependency of cornering coefficient on load. Left: relative to nominal load; Right: relative 

to rated load for single-tire use. 

 

Figure 9. Cornering coefficient of the test tires on ice at three load levels. 

  

Figure 10. Cornering coefficient of the test tires on wet asphalt at three load levels. 
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Figure 11. Cornering coefficient at nominal load across different 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, as shown in Figure 12. 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 Table 6, 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 load, as illustrated in Figure 13. 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 load range. In 

several measurements, particularly at the lowest load, a distinct peak could not be observed within the 

tested slip angle interval of ±15°, suggesting that the true peak may be higher in those cases. 

Table 6. Peak lateral friction on 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% 

S2W2 100 % 90% 81% 

S3W 100 % 91% 84% 

S4 100 % 87% 80% 

D1 100 % 87% 80% 

D1W 100 % 91% 84% 

D2 100 % 90% 86% 

D2W 100 % 89% 81% 

T1 100 % 88% 79% 

T1W 100 % 87% 79% 

T2 100 % 87% 79% 

T2W 100 % 92% 84% 

Average 100 % 90% 82҈ Ғ ул҈ 
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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, respectively (see Figure 13). 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. 

  

Figure 12. Measured peak lateral friction on dry asphalt at three load levels. 

 

Figure 13. Measured/estimated peak lateral friction for all test tires at nominal load. Grey bars 

represent new tires; black bars represent worn tires. 

 

Figure 14. Measured peak lateral friction on smooth ice at three load levels. 
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Figure 15. Measured peak lateral friction on wet asphalt at three load levels. 

Similar patterns of peak lateral friction dependency on load can be observed for smooth ice and wet 

asphalt in Figure 14 and Figure 15. 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, which is more difficult 

to maintain consistently for ice and wet asphalt. 

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 for these higher friction values was not investigated further, 

but both worn T tires exhibited a very rough surface texture relative to the new ones, a characteristic 

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 in Figure 16 to Figure 18. 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 comparable (see Figure 19). 

 

Figure 16. Relaxation length on dry asphalt at three load levels. 
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Figure 17. Relaxation length on smooth ice at three load levels. 

 

Figure 18. Relaxation length on wet asphalt at three load levels. 

 

Figure 19. Relaxation length at the nominal load across different surfaces. 
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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 in Figure 20, where relaxation length is plotted against cornering 

coefficient for three different load levels on dry asphalt, with the corresponding correlation 

coefficients indicated in each plot. A clear and consistent linear trend between these two tire 

characteristics can be seen. 

 

Figure 20. Relationship between relaxation length and cornering coefficient at three load levels. 
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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 reflects its development during the PBS II project as a basis 

for an ISO standard, which was subsequently published in 2024 (ISO, 2024). 

The MF model used here is simplified compared to the full Magic Formula in the following ways: 

¶ Camber angle is excluded (assumed zero) 

¶ Only fully symmetric slip curves are considered 

¶ 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 in Table 7. Both models express lateral friction force as a function of two input variables: 

vertical load and slip angle. 

Table 7. Equations of the simple Magic Formula model and the ISO candidate model 

Simple Magic Formula Model ISO Candidate Model 

Ὂ Ὀ ÓÉÎὅ ÁÔÁÎὄ ‌ Ὁὄ ‌ ÁÔÁÎὄ ‌      (1) 

ὑ ὄ ὅ Ὀ                                                             (2) 

Corresponding function for the normalized lateral force: 

Ὂ Ὂϳ ‘ ÓÉÎὅ ÁÔÁÎὄ ɻ Ὁὄ ɻ ÁÔÁÎὄ ɻ   (3) 

‘ ὈȾὊ   ȟ   ὅὅ
ϳ

ὑȾὊ ὄ ὅ ‘       (4) 

Dependencies on load, using ὨὪ  Ὂ Ὂ ȾὊ  

ὅ  : constant 

Ὁ ὴ ὴ  ὨὪ                                                              (5) 

‘ ὴ ὴ  ὨὪ                                                            (6) 

ὑ ὴ  Ὂ  ÓÉÎς ÁÔÁÎὊȾὴ  Ὂ                      (7) 

ὅὅ ὑȾὊ  ÓÉÎς ÁÔÁÎ                         (8) 

Relaxation length: 

„ ὴ  ÓÉÎς ÁÔÁÎὊȾὴ  Ὂ Ὑ                      (9) 

Ὂ Ὂ ‘ ίὭὲὅ ὥὸὥὲ##Ⱦὅ ‘  ‌    (10) 

ὑ Ὂ ὅὅ                                                          (11) 

Corresponding function for the normalized lateral force: 

Ὂ Ὂϳ ‘ ίὭὲὅ ὥὸὥὲ##Ⱦὅ ‘  ‌    (12) 

 

 

Dependencies on load, using ὨὪ  Ὂ Ὂ ȾὊ  

ὅ  : constant 

## ## ρ ## ὨὪ                                   (13)  

 ‘ ‘  ρ ‘  ὨὪ                                                     (14) 

 

 

Relaxation length: 

„ „  Ͻρ ʎ  ὨὪ Ὑ                                              (15) 

ὄ     : stiffness factor, defined by cornering stiffness 
ὅ     : shape factor 
Ὀ     : peak lateral force 
Ὁ     Υ ŎǳǊǾŀǘǳǊŜ ŦŀŎǘƻǊ ό9Җмύ 
Ὂ    : lateral force 

Ὂ    : vertical force 
Ὂ   : nominal load 

ὅὅ : cornering coefficient 

ὑ     : cornering stiffness 
Ὑ    : tire radius 
‘    : peak lateral friction 

„    : relaxation length 

‌      : slip angle 
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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 nominal load, Ὂ . The 

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 category: 40 kN for single steer/trailer (S) tires, 22.5 kN for 

drive (D) tires, and 20 kN for twin 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. For a real tire, imperfections such as plysteer and conicity, may lead 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 parameter, the curvature factor E, 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. 

 

 

 

Figure 21. Effect of curvature factor E on the peak position of the tire force-slip curve. Solid red line: 

slope at zero slip angle (CCy), dashed black line: asymptotic friction, blue marker: peak position. 
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The curvature factor E also determines the position of the peak value (a peak exists if C >1) of the tire 

forceïslip curve without altering other parameters, as expressed in Eq. 16. A positive E shifts the peak 

toward higher slip angles compared to the ISO candidate model (E=0), while a negative E moves the 

peak toward smaller angles. This effect is illustrated in Figure 21. 

Ὁ
ÐÅÁË Ⱦ

ÐÅÁËÁÒÃÔÁÎÐÅÁË
      (16) 

In the ISO candidate model, the peak position can also be adjusted using the shape factor C. However, 

this modification simultaneously affects the asymptotic friction value, ‘asym. The relationship between 

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

ὅ ς ÁÒÃÓÉÎÁÓÙÍ
      (17) 

 

 

 

Figure 22. Effect of peak friction value and the cornering coefficient on the peak position in the ISO 

candidate model. Solid red line: slope at zero slip angle (CCy), dashed black line: asymptotic friction, 

blue marker: peak position. 
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When ὅ ρ, the forceïslip curve has no peak and approaches the asymptotic value at infinitely large 

slip angles. For ὅ ρ, a peak appears, becoming more pronounced as C increases. Setting ὅ ς 
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 values of ὅ ς (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 

phenomenon: the slip angle at which peak friction occurs (see Eq. 18, valid for ὅ ρ). In contrast, 

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 cornering coefficient, as illustrated in Figure 22. 

‌ÐÅÁË
ẗ
ÔÁÎ      (18) 

4.2. ISO candidate model vs MF model 

To compare and assess the suitability of the two tire models, both were fitted to the measured data for 

the different tires. An example for the S1 tire is shown in in Figure 23 and Figure 24. Both models 

provide a reasonably good fit to the measurement data; however, the simplified MF model performs 

better at larger slip angles. 

Figure 25 presents a more detailed comparison, including zoomed views around the maximum 

measured values and the low slip-angle range. The differences between the two fitted models are 

minimal, particularly at low slip angles. An example for a worn tire (S1W2) is shown in Figure 26, 

where the discrepancy between the MF and ISO fits is more pronounced compared to new tires. 

 

Figure 23. ISO candidate fit to the measurement data from S1 tire 
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Figure 24. Simple MF fit to the measurement data from S1 tire 

 

Figure 25. Comparison of ISO candidate and simple Magic Formula fits for the S1 tire, with zoomed 

views around the peak region 

 

Figure 26. Comparison of ISO candidate and simple Magic Formula fits for the S1W2 tire, with 

zoomed views around the peak region 
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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 high-friction surfaces, heavy vehicles rarely reach large slip 

angles because lateral acceleration and rollover risk become limiting 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 models, including the effect of different load-

dependency formulations, the developed tire models were integrated into complete HCT vehicle 

models and simulated. 

4.3. Comparison of the tire models in complete vehicle simulations 

Simulations on dry asphalt were 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 speed, representing a severe lane-change maneuver, was chosen for 

the comparison. The 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 Matlab-Simulink. 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: 

¶ Adouble (tractorïsemitrailerïdollyïsemitrailer) 

¶ Truck -Bdouble (truckïdollyïlink trailerïsemitrailer) 

¶ Truck -Duo CAT (truckïcenter axle trailerïcenter axle trailer) 

Both loaded and unloaded cases were simulated. The performance measures considered were rearward 

amplification, high-speed transient offtracking, load transfer ratio, and yaw damping ratio. These 

measures, described below, are used for assessing lateral dynamics of heavy vehicles. 

Rearward Amplification  (RWA): During a sudden high-speed 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 combinations with multiple 

articulation points. Rearward amplification is 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 (RWA-ay) or yaw rate (RWA-r). A high rearward amplification value indicates an 

increased risk of swing-out or rollover of the last unit compared to what the driver experiences in the 

hauling unit. 

High Speed Transient Offtracking (HSTO): In a sudden high-speed 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 combinations. High speed transient offtracking is 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 left- and right-side tires, signaling the proximity to complete lift-

off. Load transfer ratio can be calculated as an average across all axles or for individual axles. In this 

study, the LTR value of the rearmost axle is used. A lateral transfer ratio of 0 corresponds to a 

stationary vehicle, while a value of 1 indicates that the entire axle/vehicle 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 the combination. 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 roadside 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 E. Additionally, two other aspects were examined: the 

influence of different load-dependency formulations on the cornering coefficient (CC), and relaxation 

length (RL). In the MF model, cornering coefficient and relaxation length are represented as nonlinear 

relations, given by eq. 8 and eq. 9, respectively. These were compared with linear alternatives 

described by eq. 13 and eq. 14. Further details are provided in the next section. 

4.3.1. Influence of cornering coefficientïload dependency formulations 

When using the simple MF tire model described in eq. 3, different formulations for the CC-load 

dependency can still be applied, and the same holds for the ISO candidate model. In this study, three 

alternatives were considered: a nonlinear dependency as in eq. 8, a linear dependency as in eq. 13, and 

a saturated-linear dependency, introduced as a third option 

The rationale for the third alternative is to capture the ñhat-shapedò CC-load dependency observed in 

some measured tires. A purely linear relation implies that the cornering coefficient increases as load 

decreases, whereas in a hat-shaped curve, the coefficient decreases or remains constant below a certain 

load. To reflect this behavior, the saturated-linear dependency assumes the cornering coefficient 

becomes constant below a defined load threshold. 

Table 8. Comparison of linear and nonlinear CCïload dependencies in a simple MF tire model and 

their impact on full-vehicle simulation (óayô and órô denote lateral acceleration and yaw rate). 

Vehicle Combination Load Tire Model RWA-ay RWA-r HSTO LTR DR 

Adouble 

No load 

S1-MF-linear CC 1.40 1.41 0.50 0.20 0.31 

S1-MF-nonlinear CC 1.42 1.43 0.52 0.20 0.31 

Difference 1% 1% 4% 0% 0% 

Full load 

S1-MF-linear CC 1.65 1.68 0.70 0.64 0.36 

S1-MF-nonlinear CC 1.65 1.67 0.70 0.64 0.36 

Difference 0% 1% 0% 0% 0% 

Truck-Bdouble  

No load 

S1-MF-linear CC 1.51 1.36 0.48 0.17 0.34 

S1-MF-nonlinear CC 1.52 1.37 0.49 0.17 0.34 

Difference 1% 1% 2% 0% 0% 

Full load 

S1-MF-linear CC 1.78 1.68 0.60 0.43 0.38 

S1-MF-nonlinear CC 1.77 1.67 0.60 0.43 0.38 

Difference 1% 1% 0% 0% 0% 

Truck-Duo CAT  

No load 

S1-MF-linear CC 2.17 1.86 0.81 0.32 0.17 

S1-MF-nonlinear CC 2.19 1.88 0.82 0.32 0.17 

Difference 1% 1% 1% 0% 0% 

Full load 

S1-MF-linear CC 2.93 2.40 1.32 0.93 0.04 

S1-MF-nonlinear CC 2.96 2.45 1.37 0.93 0.04 

Difference 1% 2% 4% 0% 0% 
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Table 9. Comparison of linear and saturated-linear CCïload dependencies in a simple MF tire model 

and their impact on full-vehicle simulation (óayô and órô denote lateral acceleration and yaw rate). 

Vehicle Combination Load Tire Model RWA-ay RWA-r HSTO LTR DR 

Adouble 

No load 

T1-MF-linear CC 1.38 1.42 0.50 0.19 0.31 

T1-MF-saturated CC 1.42 1.48 0.55 0.20 0.30 

Difference 3% 4% 9% 5% 3% 

Full load 

T1-MF-linear CC 1.62 1.71 0.71 0.59 0.38 

T1-MF-saturated CC 1.63 1.72 0.72 0.59 0.38 

Difference 1% 1% 1% 0% 0% 

Truck-Bdouble  

No load 

T1-MF-linear CC 1.44 1.35 0.47 0.17 0.34 

T1-MF-saturated CC 1.47 1.39 0.51 0.17 0.33 

Difference 2% 3% 8% 0% 3% 

Full load 

T1-MF-linear CC 1.72 1.71 0.62 0.41 0.37 

T1-MF-saturated CC 1.72 1.71 0.62 0.41 0.37 

Difference 0% 0% 0% 0% 0% 

Truck-Duo CAT  

No load 

T1-MF-linear CC 2.17 1.92 0.84 0.31 0.16 

T1-MF-saturated CC 2.22 1.97 0.87 0.32 0.15 

Difference 2% 3% 3% 3% 6% 

Full load 

T1-MF-linear CC 2.80 2.31 1.26 0.82 0.06 

T1-MF-saturated CC 2.78 2.33 1.28 0.82 0.06 

Difference 1% 1% 2% 0% 0% 

The simple MF model was fitted to the measurement data from the S1 tire using two CC-load 

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 presented in Table 8. 

The linear and saturated-linear CCïload dependencies were also applied to the simple MF model fitted 

to measurement data from the T1 tire and compared in full-vehicle simulations. The results are 

presented in Table 9. The T1 tire was selected because it exhibited a hat-shaped CCïload dependency 

in the measurements. To reflect this behavior, the saturation point was set at 75% of the tireôs rated 

load, consistent with the measured data (see Figure 8). 

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 between the linear and saturated-linear 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 safety-critical and 

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

Based on these findings, it was concluded that a linear CCïload dependency is sufficient for tire 

models used in a PBS scheme and preferable due to its simplicity. 

4.3.2. Influence of relaxation lengthïload dependency formulations 

Two alternatives for describing the load dependency of relaxation length in a tire model were studied 

and compared: the nonlinear relation used in the original MF model (eq. 9), and a linear alternative as 

in eq. 15. 

The ISO candidate model was fitted to measurement data from the S1 tire using both RLïload 

dependency variants. These two tire models were then used in simulations with the three selected HCT 

vehicle models, and the results are presented in Table 10. An additional example using the simple MF 

model fitted to measurement data from the T1 tire is provided in Table 11. 
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Both examples show that the influence of the RLïload dependency formulation on the resulting PBS 

measures is negligible. Therefore, a linear RLïload dependency was selected for use in tire models 

within a PBS scheme, primarily due to its simplicity. 

Table 10. Comparison of linear and nonlinear RLïload dependencies in a candidate ISO model and 

their impact on full-vehicle simulation (óayô and órô denote lateral acceleration and yaw rate). 

Vehicle Combination Load Tire Model RWA-ay RWA-r HSTO LTR DR 

Adouble 

No load 

S1-ISO-nonlinear RL 1.40 1.41 0.50 0.20 0.31 

S1-ISO-linear RL 1.41 1.42 0.50 0.20 0.31 

Difference 1% 1% 0% 0% 0% 

Full load 

S1-ISO-nonlinear RL 1.65 1.68 0.71 0.64 0.36 

S1-ISO-linear RL 1.65 1.68 0.71 0.64 0.36 

Difference 0% 0% 0% 0% 0% 

Truck-Bdouble  

No load 

S1-ISO-nonlinear RL 1.50 1.35 0.48 0.17 0.34 

S1-ISO-linear RL 1.51 1.36 0.48 0.17 0.34 

Difference 1% 1% 0% 0% 0% 

Full load 

S1-ISO-nonlinear RL 1.78 1.68 0.61 0.43 0.38 

S1-ISO-linear RL 1.77 1.68 0.61 0.43 0.38 

Difference 1% 0% 0% 0% 0% 

Truck-Duo CAT  

No load 

S1-ISO-nonlinear RL 2.17 1.86 0.80 0.32 0.17 

S1-ISO-linear RL 2.18 1.86 0.80 0.32 0.17 

Difference 1% 0% 0% 0% 0% 

Full load 

S1-ISO-nonlinear RL 2.92 2.45 1.37 0.93 0.04 

S1-ISO-linear RL 3.12 2.53 1.40 0.95 0.03 

Difference 6% 3% 2% 2% 25% 

Table 11. Comparison of linear and nonlinear RLïload dependencies in a simple MF tire model and 

their impact on full-vehicle simulation (óayô and órô denote lateral acceleration and yaw rate). 

Vehicle Combination Load Tire Model RWA-ay RWA-r HSTO LTR DR 

Adouble 

No load 

T1-MF-nonlinear RL 1.38 1.42 0.50 0.19 0.31 

T1-MF-linear RL 1.39 1.43 0.51 0.19 0.31 

Difference 1% 1% 1% 0% 0% 

Full load 

T1-MF-nonlinear RL 1.62 1.71 0.71 0.59 0.38 

T1-MF-linear RL 1.62 1.71 0.71 0.59 0.39 

Difference 0% 0% 0% 0% 3% 

Truck-Bdouble  

No load 

T1-MF-nonlinear RL 1.44 1.35 0.47 0.17 0.34 

T1-MF-linear RL 1.45 1.36 0.47 0.17 0.34 

Difference 1% 1% 0% 0% 0% 

Full load 

T1-MF-nonlinear RL 1.72 1.71 0.62 0.41 0.37 

T1-MF-linear RL 1.72 1.71 0.62 0.41 0.37 

Difference 0% 0% 0% 0% 0% 

Truck-Duo CAT  

No load 

T1-MF-nonlinear RL 2.17 1.92 0.84 0.31 0.16 

T1-MF-linear RL 2.19 1.92 0.84 0.31 0.16 

Difference 1% 0% 0% 0% 0% 

Full load 

T1-MF-nonlinear RL 2.80 2.31 1.26 0.82 0.06 

T1-MF-linear RL 2.80 2.33 1.28 0.82 0.06 

Difference 0% 1% 2% 0% 0% 
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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, described by eq. 1 

and eq. 10, is the inclusion or exclusion of the curvature factor E. To assess its impact, complete-

vehicle simulations were performed for the three selected HCT configurations. The tire models were 

fitted to the measurement 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 for worn tires than for new ones. 

The results, presented in Table 12 and  

Table 13, show no significant differences between the simulation outcomes using the two tire models. 

Even for the worn tire, deviations in 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 ISO 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. Furthermore, it should 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 assess the ISO 

candidate modelôs applicability under other road surface conditions. 

Table 12. Comparison of full vehicle simulation results using the simple MF tire model and the ISO 

candidate model, fitted to the S1 tire data (óayô and órô denote lateral acceleration and yaw rate). 

Vehicle Combination Load Tire Model RWA-ay RWA-r HSTO LTR DR 

Adouble 

No load 

S1-ISO 1,40 1,41 0,50 0,20 0,31 

S1-MF 1,40 1,41 0,50 0,20 0,31 

Difference 0% 0% 0% 0% 0% 

Full load 

S1-ISO 1,65 1,68 0,71 0,64 0,36 

S1-MF 1,65 1,68 0,70 0,64 0,36 

Difference 0% 0% 1% 0% 0% 

Truck-Bdouble  

No load 

S1-ISO 1,50 1,35 0,48 0,17 0,34 

S1-MF 1,51 1,36 0,48 0,17 0,34 

Difference 1% 1% 0% 0% 0% 

Full load 

S1-ISO 1,78 1,68 0,61 0,43 0,38 

S1-MF 1,78 1,68 0,60 0,43 0,38 

Difference 0% 0% 2% 0% 0% 

Truck-Duo CAT  

No load 

S1-ISO 2,17 1,86 0,80 0,32 0,17 

S1-MF 2,17 1,86 0,81 0,32 0,17 

Difference 0% 0% 1% 0% 0% 

Full load 

S1-ISO 2,92 2,45 1,36 0,93 0,04 

S1-MF 2,93 2,40 1,32 0,93 0,04 

Difference 1% 2% 3% 0% 0% 
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Table 13. Comparison of full vehicle simulation results using the simple MF tire model and the ISO 

candidate model, fitted to the S3W tire data (óayô and órô denote lateral acceleration and yaw rate). 

Vehicle Combination Load Tire Model RWA-ay RWA-r HSTO LTR DR 

Adouble 

No load 

S3W-ISO 1,01 0,89 0,15 0,15 1,00 

S3W-MF 1,01 0,89 0,16 0,15 1,00 

Difference 0% 0% 6% 0% 0% 

Full load 

S3W-ISO 1,26 1,05 0,28 0,49 1,00 

S3W-MF 1,26 1,04 0,28 0,49 1,00 

Difference 0% 1% 0% 0% 0% 

Truck-Bdouble  

No load 

S3W-ISO 1,14 0,95 0,19 0,14 1,00 

S3W-MF 1,15 0,95 0,19 0,14 1,00 

Difference 1% 0% 0% 0% 0% 

Full load 

S3W-ISO 1,44 1,15 0,30 0,37 1,00 

S3W-MF 1,44 1,15 0,30 0,37 1,00 

Difference 0% 0% 0% 0% 0% 

Truck-Duo CAT  

No load 

S3W-ISO 1,58 1,23 0,37 0,23 0,32 

S3W-MF 1,59 1,24 0,38 0,23 0,32 

Difference 1% 1% 3% 0% 0% 

Full load 

S3W-ISO 2,40 1,80 0,75 0,80 0,12 

S3W-MF 2,33 1,72 0,69 0,82 0,12 

Difference 3% 4% 8% 2% 0% 
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5. Generic tires for a PBS scheme 

Based on the analysis presented in the previous chapter, the ISO candidate model, with linear 

dependencies of cornering coefficient, peak friction, and relaxation length on vertical force, was 

selected as the most suitable option for a PBS scheme. The equations for this tire model, as 

summarized in Table 7, are: 

Ὂ Ὂ ‘ ίὭὲὅ ὥὸὥὲ##Ⱦὅ ‘  ‌  

## ## ρ ## ὨὪ          ‘ ‘  ρ ‘  ὨὪ           „ „  Ͻρ ʎ  ὨὪ Ὑ 

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 typically simulated in a PBS scheme. As 

discussed in Chapter 3, new tires generally exhibit lower cornering coefficients than worn tires, 

resulting in poorer lateral dynamics performance, which is the primary focus of the PBS II 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 force the vehicle to stop in traffic or become immobilized under 

challenging conditions. Worn tires are also more prone to air-pressure 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 effects of tire wear and other 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 measured tire data, was 

developed using the new S tires. After analyzing the measurements, tire S4 was excluded from the 

average performance calculation because it is a fuel-efficient tire with a tread pattern similar to a worn 

tire (see Appendix 1 for tire images). Instead, Section 6.1 proposes a procedure for modeling worn 

tires and incorporating tread depth effects. Likewise, tire S5, which has a lower aspect ratio than the 

others, was not included in the parameterization of the generic tire model. 

Figure 27 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 that full-curve measurements were only 

performed at the lowest load (50% of nominal) for all tires. This limitation was due to two concerns: 

1. Measurements at large slip angles under higher loads could cause unnatural wear on the tire 

surface, affecting snow-grip performance in subsequent tests. 

2. The large lateral forces and vibrations generated during such measurements could potentially 

damage the tire testing facility. 

Therefore, full-curve 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, as seen in Figure 27. Additional 

calculated tire properties are presented in Figure 28, 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 with Volvoôs database of measured tires. The results 

are shown in Figure 29, 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 load, expressed as a percentage of the tireôs rated load, consistent with the reference 

used in the Volvo database. 



46  VTI rapport 1263A 

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 in measurement 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 evident for the S4 tire that appears in both datasets. 

 

Figure 27. Measured force-slip curve for the S tires. 

 

Figure 28. Calculated cornering coefficient, peak friction, and relaxation length for the S tires. 

 

Figure 29. Calculated CC values of S tires in the PBS project compared with measured tires, with 

same dimension, in a Volvo database (dotted lines) and their average; S4 appears in both datasets. 
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5.1.1. Curve-fitting procedure 

After verifying the representativeness of the PBS data for the S-series tires, the forceïslip 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 calculated from all considered S tires were also incorporated 

into the fitting process. In the initial attempt, a curve-fitting algorithm was applied to match the ISO 

candidate model to the measured forceïslip curves of the S1 tire while enforcing the average cornering 

coefficient values. This approach resulted in a model with a C value below one, meaning the resulting 

tire curve lacked a peak and did not meet expected performance criteria. 

To illustrate this issue, Figure 30 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 represents the measured S tires.   

 

Figure 30. ISO candidate model fitted to S1 tire data alone (left plot), and fitted to S1 tire curves, with 

average CC values from all considered S tires (right plot). 

To incorporate peak friction information into the curve-fitting procedure, the peak friction positions of 

tires with full measurements at nominal load were first analyzed. Figure 31 shows the relationship 

between peak friction position (PP) and tread depth (TD) for the measured new and worn tires on dry 

asphalt. Both S and D tires exhibit similar behavior, and a linear fit appears to capture the PPïTD 

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, and its peak position aligns more closely 

with that of tires with lower tread depth. 

 

Figure 31. Peak friction position vs tread depth on 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 curve-fitting procedure was then refined by using the S1 forceïslip curves while enforcing 

both the calculated average cornering coefficient values and the estimated peak position. The resulting 

parameterized ISO candidate tire model, shown in Figure 32, demonstrates the expected characteristics 

of a new single steer/trailer tire, more accurately than the initial fitting attempt. 

 

Figure 32. The parameterized ISO candidate model, representing a generic new S tire. In the top 

graphs, measurement data are included with red color. 

5.1.2. Relaxation length modeling 

To model the relation length-load dependency on dry asphalt, the average of the estimated relaxation 

length of the selected S tires (from Figure 28) was evaluated at three measured load levels.  A linear fit 

shows good agreement with the average data points, as illustrated in Figure 33. 

 

Figure 33. Relaxation length on 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 the proposed generic model for the PBS scheme in Sweden, representing a 

warm single steer/trailer tire with 16 mm tread depth and an inflation pressure of 10 bar on dry asphalt, 
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are presented in Table 14. For the corresponding model equations, refer to the beginning of this 

chapter or Table 7. 

Table 14. Parameters of the single steer/trailer tire model for PBS. 

ἐἨ  

 (KN) 

╡  

□  
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(-) 

╒╒◐  

 (1/rad) 

╒╒◐▌ 

(-) 

Ⱨ◐  

(-) 

Ⱨ◐▌ 

(-) 

◐  

(-) 

◐▌ 

(-) 

40 0.536 1.41 7.76 -0.164 0.849 -0.128 0.990 0.854 

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 determine which tire was more representative. As 

shown in Figure 34, the D1 tire, measured in both the PBS project and the Volvo database, appears to 

be an outlier, while the D2 tire aligns more closely with the average drive tire. Therefore, 

measurement data from the D2 tire was used for parameterizing the generic D tire model. 

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

this, the linear PPïTD relationship shown by the solid line in Figure 31 was used. A tread depth of 

19 mm, corresponding to a peak position of approximately 21Á, was used for the generic D tire model. 

 

Figure 34. Calculated CC values of D tires in the PBS project compared with measured tires, with 

same dimension, in a Volvo database (dotted lines) and their average; D1 appears in both datasets. 

 

Figure 35. Relaxation length on dry asphalt for a generic new D tire (data from the D2 tire was used). 
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Table 15. Parameters of the drive tire model for PBS. 
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22.5 0.506 1.31 7.48 -0.185 0.809 -0.074 0.776 0.564 

For relaxation length, measurement data from the D2 tire was used again to ensure consistency with 

the cornering coefficient. As illustrated in Figure 35, 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 depth and an inflation pressure of 8.5 bar on dry 

asphalt, are presented in Table 15 and plotted in Figure 36. For the corresponding model equations, 

refer to the beginning of this chapter or Table 7. 

It should be noted that the PBS II 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 minor. Therefore, the developed D tire model is considered 

sufficient for PBS evaluation purposes. 

 

Figure 36. The parameterized ISO candidate model, representing a generic new D 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, the data was compared 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 closest size, 285/70 R19.5, was used for 

comparison. As shown in Figure 37, the T1 tire appears to be an outlier, while the T2 tire aligns more 

closely with the average twin trailer tire. Therefore, measurement data from the T2 tire was used for 

parameterizing the generic T tire model. 
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Figure 37. Calculated CC values of the T tires in the PBS project, versus CC values of the measured 

tires with similar dimensions in a Volvo tire database (dotted lines), and their resulting average. 

 

Figure 38. Relaxation length on dry asphalt for a generic new T tire (data from the T2 tire was used). 

As with previous cases, the peak position needed to be fixed during the curve-fitting procedure. For 

this, the linear PPïTD relationship for T tires, shown by the dashed line in Figure 31, was applied. A 

tread depth of 14 mm, corresponding to a peak position of approximately 20Á, was assumed for the T 

tire model. For relaxation length, measurement data from the T2 tire was used again to ensure 

consistency with the cornering coefficient. As illustrated in Figure 38, the linear fit agrees well with 

the measured data. 

 

Figure 39. The parameterized ISO candidate model, representing a generic new T tire. 
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The resulting parameters of the proposed generic model for the PBS scheme in Sweden, representing a 

warm twin trailer tire with 14 mm tread depth and an inflation pressure of 9.5 bar on dry asphalt, are 

presented in Table 16 and plotted in Figure 39. It should be noted that the PBS II 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 dual-mounted tires are required, the developed twin trailer tire 

model can be used. 

Table 16. Parameters of the twin trailer tire model for PBS 
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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, making it a more 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 addressing the impact of 

tire wear and develops models that 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 patterns, a worn-tire 

model can be developed. The influence of tread depth on peak position was discussed earlier in 

Section 5.1 and represented by a linear trend. In the following section, additional load-dependent 

models for cornering coefficient, peak friction, and relaxation length are developed under the 

assumption of a linear tread depth dependence. Using these linear relationships between key tire model 

parameters and tread depth, the model can be reparametrized to represent tires with a chosen tread 

depth. The shape factor C for a worn tire can then be calculated using the estimated values of 

cornering coefficient, peak friction, and peak position, and their interrelation described in eq. 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 each) would 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 obtain general tread 

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 

Figure 40 illustrates 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 analysis and the linear fit. As a rule of thumb, reducing 

tread depth by one millimeter increases the cornering coefficient by approximately 0.5 rad ĭ. 

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 new tires was used as the starting point for the fit. To 

maintain consistency with the ISO candidate modelôs linear dependence of cornering coefficient on 

load, an additional linear fit with respect to load was applied. For example, Figure 41 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. Consequently, the tread depth model aligns better with measurement 

data at higher loads, at the expense of accuracy at the lowest load (see Figure 42). 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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Figure 40. Cornering coefficient vs. tread depth on dry asphalt.  

Top: 50% of nominal load; Middle: nominal load; Bottom: 150% of nominal load 

 

Figure 41. Line fits of the cornering coefficient parameters (constant term and the tread depth 

dependent term) versus normalized load for the single trailer model. 
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Figure 42. Tread depth model for cornering coefficient compared to measurements. 

The resulting tread-depth-dependent models for the cornering coefficient in each tire category are 

listed below, with tread depth (ὸὨ) expressed in millimeters. 

Single steer/trailer  tires 

## ρυȢρ πȢτφπ ὸὨ 

## σȢρυ πȢρρχϽὸὨȾρυȢρ πȢτφϽὸὨ 

Driv e tires 

## ρφȢς πȢτφπ ὸὨ 

## σȢφπ πȢρρχϽὸὨȾρφȢς πȢτφϽὸὨ 

Twin trailer  tires 

## ρσȢσ πȢτφπ ὸὨ 

## ςȢςτ πȢρρχϽὸὨȾρσȢσ πȢτφϽὸὨ 

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 shown in Figure 43. 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 in Figure 44. The resulting linear trends are used to define the 

parameters required for a tire model representing a chosen tread depth. 

The tread-depth-dependent models for relaxation length in each tire category are listed below, 

expressed in units of R0. Tread depth (ὸὨ) is expressed in millimeters.  

Single steer/trailer tires  

„ ρȢφς πȢπσωρ ὸὨ 

„ ρȢσυ πȢπσρφϽὸὨȾρȢφς πȢπσωρϽὸὨ 

Drive tires 

„ ρȢυς πȢπσωρ ὸὨ 

„ ρȢπτ πȢπσρφϽὸὨȾρȢυς πȢπσωρϽὸὨ 

Twin trailer tires  

„ ρȢτσ πȢπσωρ ὸὨ 

„ ρȢςσ πȢπσρφϽὸὨȾρȢτσ πȢπσωρϽὸὨ 
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Figure 43. Relaxation length vs. tread depth on dry asphalt.  

Top: 50% of nominal load; Middle: nominal load; Bottom: 150% of nominal load 

 

Figure 44. Tread depth model for relaxation length on dry asphalt compared 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 ISO curve fits to the data. When measurements cover sufficiently 

large slip angles, the maximum measured friction and the peak friction 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 length (see Table 17). Tires 

D2 and T2 are excluded from the table because their curve fits did not produce a peak (shape factor 

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 points, as shown in 

Figure 45. 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 the fit (Figure 46). 

The resulting tread-depth-dependent models for peak friction in each tire category are listed below, 

with tread depth (td) expressed in millimeters. 

Single steer/trailer tires  

‘  πȢωψφψȢφ ρπ ὸὨ 

‘ πȢρτχπȢππςτϽὸὨȾπȢωψφπȢππψφϽὸὨ 

Drive tires 

‘ πȢωχςψȢφ ρπ ὸὨ 

‘ πȢρπυπȢππςτϽὸὨȾπȢωχςπȢππψφϽὸὨ 

Twin trailer tires  

‘ πȢωφρψȢφ ρπ ὸὨ 

‘ πȢςπυπȢππςτϽὸὨȾπȢωφρπȢππψφϽὸὨ 

Table 17. Peak friction parameters from ISO fits 

Tire 
Tread depth 

(mm) 
Ⱨ◐  Ⱨ◐▌ 

Generic Single trailer 16 0.849 -0.128 

S1 17 0.869 -0.141 

S4 13 0.935 -0.181 

S1W3 6 0.932 -0.144 

S2W2 8 0.890 -0.181 

S3W 7 0.923 -0.164 

Generic drive 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 

T1 13.5 0.841 -0.135 

T1W 3 0.945 -0.167 

T2W 2 0.966 -0.138 
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Figure 45. ISO peak value vs. tread depth on dry asphalt.  

Top: 50% of nominal load; Middle: nominal load; Bottom: 150% of nominal load 

 

Figure 46. Tread depth model for ISO peak friction on dry asphalt compared to individual tires 

values. 
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6.1.4. Effect of tire wear on peak position 

Effect of tread depth on the peak position is modeled from the line fits shown in Figure 31. The 

resulting models are listed below, with tread depth (td) expressed in millimeters. 

Single steer/trailer tires  

 ‌  ρψ πȢψχσϽὸὨρφ τȢπσ πȢψχσ ὸὨ 

Drive tires 

 ‌  ςρ πȢψχσϽὸὨρω τȢτρ πȢψχσ ὸὨ 

Twin trailer tires  

 ‌  ςπ πȢψχσϽὸὨρτ χȢχψ πȢψχσ ὸὨ 

6.2. Effects of tire inflation pressure 

Two tires, S1W1 and D1, were measured at different inflation pressures to investigate the effect of 

pressure on tire characteristics. The S1W1 tire was tested at 9.6 and 9.3 bar, in addition to the main 

measurement at 10 bar. The D1 tire was tested at 8.1 and 7.8 bar, in addition to the main measurement 

at 8.5 bar. 

Figure 47 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 S1W1 at 150% of nominal load. 

Relaxation length also appears to increase slightly as inflation pressure decreases (Figure 48), with the 

trend being more pronounced for the D1 tire than for S1W1. The effect of inflation pressure on peak 

friction, measured only at 50% of nominal load, was negligible. 

  

Figure 47. Effect of inflation pressure on the cornering coefficient. 

  

Figure 48. Effect of inflation pressure on the relaxation length. 
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7. Tire tests on wet asphalt 

Three tires, S1, S2, and D1, were 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 were necessary due 

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 Section 3.1, 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 (disregarding the potential 

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 

coefficient values were very similar to those on dry asphalt (see Appendix 2, Table 29). 

Peak friction and ISO peak position from wet asphalt measurements are summarized in Table 18. 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 because only three tires measured on wet asphalt were also 

tested at all loads on dry asphalt (S1, D1, and D1W). Figure 49 shows the measured peak lateral 

friction on wet and dry asphalt for the tires tested on wet asphalt, 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%. 

Table 18. Peak friction and peak position at nominal load from wet asphalt measurements 

Tire model 
Tread depth 

(mm) 
Peak friction at nominal load 

(measured) 
Peak friction at nominal load 

( from ISO fit ) 
Peak position 

(deg) 

 new worn new worn new worn new worn 

S1 17 3.0 0.640 0.641 - 0.599 Inf 11.2 

S2 16 5.5 0.699 0.715 0.721 0.712 19.8 11 

D1 18 3.5 0.672 0.710 0.678 0.698 9.8 5.7 

 

Figure 49. Peak lateral friction on 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 in Figure 50, 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 outlier (see section 5.2), and the generic 

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

 

Figure 50. ISO peak position on 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 peak friction 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 asphalt. This assumption may slightly 

overestimate performance 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 factor C can then be calculated using eq. 18. Relaxation length is also assumed to 

remain unchanged, considering the observed strong correlation between cornering coefficient and 

relaxation length (see Figure 20). The resulting models for wet asphalt for the three tire categories are 

presented in Table 19. Worn tire models for wet asphalt can be generated using the same method 

described in Section 6.1, 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 in Figure 51. 

Table 19. Suggested model parameters for new tires on wet asphalt (These models include 

uncertainties due to the limited measurement data available for wet asphalt). 

Tire category 
ἐἨ  

 (KN)  

╡  

□  

╒ 

(-) 

╒╒◐  

 (1/rad) 

╒╒◐▌ 

(-) 

Ⱨ◐  

(-) 

Ⱨ◐▌ 

(-) 

◐  

(-) 

◐▌ 

(-) 

New S tire 40 0.536 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 
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Figure 51. The suggested generic tire models 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 conditions, tire measurements on smooth ice with a 

surface temperature of -5 ±0.2 °C, were carried out at the VTI tire testing facility. The humidity in the 

tunnel containing the ice surface was between 40 and 60 percent, and the tire temperature was around 

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 polishing tire (a 

Goodyear Ultra Grip WTS 385/55R22.5) at a constant slip angle of 10°. The purpose of the polishing 

process is to remove an initial surface harshness and make the ice friction quite constant during 

repeated tire measurements. It also provides a reference value of the ice friction, and by performing a 

few polishing tests at the end of the measurement day, potential changes of the ice friction can 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 testing. To compensate for 

possible ice friction variations, each tire was tested twice on different days. Three tires were measured 

each day, using a balanced test order as shown in Table 20, to minimize the influence of ice friction 

variations. Therefore, the measured slip curve for each tire is constructed as the average of two curves, 

one from each measurement day. Cornering coefficient and relaxation length values are also average 

values from the two separate measurements. An 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 of such a process was questionable and therefore not pursued. 

Table 20. Example of a balanced test order for three tires 

Test day Test 1 Test 2 Test 3 

1 Tire 1 Tire 2 Tire 3 

2 Tire 3 Tire 2 Tire 1 

The following subsections present generic models for new tires of each tire category on ice. The single 

steer/trailer tire model represents the average properties of the five different tires previously used for 

the high-friction model. The drive and twin-trailer models represent the average properties of the two 

drive tires and the two twin-trailer tires, respectively. Unlike the high-friction models, both tires in 

each tire category were 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 and high-friction 

surfaces, differences arise due to variations in tire temperature and inflation pressure. Lower tire 

temperatures on ice tend to increase the cornering coefficient, while reduced inflation pressure in cold 

tires has the opposite effect. Consequently, the ice and high-friction models exhibit slightly different 

cornering coefficient values. 

Slip curves on ice generally show a more pronounced peak compared to those on high-friction 

surfaces. Therefore, it was examined whether the ISO model could describe these curves with 

sufficient accuracy or 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 bar, the ice measurements were performed with cold tires 

(approximately 0 ÁC) at 9 bar. The average slip curve, estimated cornering coefficient, relaxation 

length, and peak friction from these measurements are shown in Figure 52 and Figure 53. 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 model. As shown in Figure 53, the cornering coefficient for the 

ice measurements is very similar to that for dry asphalt, which is about 8 rad-1 at nominal load with a 

15% change for a 50% wheel load alteration. The corresponding peak friction change is 10%. 

A load dependent ISO model curve fit of the average slip curve was performed using a linear 

approximation of the measured cornering coefficient values, with the results shown in Figure 54. The 

overall agreement between measurement and fit is good, although the fit underestimates the peak 

friction at the highest load. To evaluate whether an ISO curve fit with prioritized accuracy at small slip 

angles (within ± 3°) using a weighted cost function would be better suited for a parameterization on 

ice, such a curve fitting was also made. In addition, curve fitting using the modified MF model, which 

has an additional degree of freedom (the E-parameter) compared to the ISO model, was performed. 

The same cornering coefficient and relaxation length were applied across all three parameterizations. 

A comparison of the results is presented in Figure 55, and parameter values are listed in Table 21. The 

linear fit for relaxation length aligns well with the average data points, as shown in Figure 56. 

 

Figure 52. Single steer/trailer tires on ice, measured slip curve, and constructed average slip curve. 

 

Figure 53. Single steer/trailer tires on ice, measured cornering coefficient, peak friction and 

relaxation length. 
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Figure 54. The parameterized ISO candidate model, representing a generic new S tire on ice. In the 

top graphs, measurement data are included with red color. 

 

Figure 55. Comparison of different curve fits for the average single steer/trailer tire. 

  

Figure 56. Relaxation length on ice for a generic new S tire. 
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While the weighted ISO optimization better captures the peak value at the highest load compared to 

the standard ISO fit, it places the peak at a larger slip angle and overestimates friction beyond the 

peak. A real improvement requires the MF model, where the E-parameter allows greater flexibility in 

peak position with respect to load. 

The ISO model may still be sufficiently accurate for many simulation cases, given that dynamic load 

shifts on low-friction surfaces are small. However, if simulations include overloading, the modified 

MF parameterization offers improved accuracy. The resulting model parameters for the ISO models 

and the simple Magic Formula model are listed in Table 21 and Table 22. 

Table 21. Parameters of the single steer/trailer tire model on ice for the ISO model 

ISO 
formulation 

ἐἨ  

 (KN)  

╡  

□  

╒ 

(-) 

╒╒◐  

 (1/rad) 

╒╒◐▌ 

(-) 

Ⱨ◐  

(-) 

Ⱨ◐▌ 

(-) 

◐  

(-) 

◐▌ 

(-) 

Standard  

ISO fit 
40 0.536 1.80 7.83 -0.139 0.145 -0.280 0.895 0.892 

ISO fit  

with weights 
40 0.536 1.80 7.83 -0.139 0.145 -0.220 0.895 0.892 

Table 22. Parameters of the single steer/trailer tire model on ice for the simple MF model 

ἐἨ  

 (KN)  

╡  

□  

╒ 

(-) 

╒╒◐  

 (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 

The results of the new drive tires measurements on ice are presented in Figure 57 and Figure 58. As 

shown in Figure 58, the cornering coefficient does not decrease monotonically with wheel load but 

instead exhibits a óhat-shapedô trend, where deviations from the nominal load, either higher or lower, 

result in reduction of cornering coefficient. This decrease is small, about 2-6 % for a 50 % change in 

wheel load. Consequently, a linear fit to the measurement data, while slightly overestimating cornering 

coefficient at low loads and underestimating at high loads, remains close to the measured values in 

absolute terms. 

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 a near-linear relationship with 

load, being roughly proportional to it. 

 

Figure 57. Drive tires on ice, measured slip curves and constructed average slip curve. 
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Curve fitting using both the ISO model and the simple Magic Formula model was performed in the 

same manner as for the S tires. The results are shown in Figure 59 and Figure 60. The linear fit for 

relaxation length aligns well with the average data points, as shown in Figure 61. 

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 peak at negative slip angles suggests. Most likely, the 

measurements at positive slip angles failed to capture the true peak, resulting in an asymmetric 

measured slip curve. 

 

Figure 58. Drive tires on ice, measured cornering coefficient, peak friction and relaxation length. 

 

Figure 59. The parameterized ISO candidate model, representing a generic new D tire on ice. In the 

top graphs, measurement data are included with red color. 

 

Figure 60. Comparison of different curve fits for the average drive tire. 




























































