
Wednes day, May 20, 2026

Ing. Marco Sbros i 
R&D – Head of Tyre Modelling & Driving S imulator, P irelli Tyre

Matteo Romano
PhD Candidate, Univers ity of Naples  Federico II, MegaRide

Multi-s cale Wet T ire Dynamics : 
Modeling and Validation in a VI-grade S imulator



[ P IRELLI PROPRIETARY ] MULT I-S CALE WET  T IRE DYNAMICS : MODELING AND VALIDAT ION IN A VI-GRADE S IMULAT OR – S MART  P ROT OT YP ES  S UMMIT  2026 – MAY 19T H – 22ND UDINE

Multi-scale Wet T ire Dynamics : Modeling and Validation in a VI-grade S imulator

P hD Candidate Matteo Romano

Advis ors Flavio Farroni
Marco Sbros i
Andrea Sammartino
Filippo Bas s etto

Prof.
Ing.
Ing.
Ing.

RES EARCH FRAMEWORK



[ P IRELLI PROPRIETARY ] MULT I-S CALE WET  T IRE DYNAMICS : MODELING AND VALIDAT ION IN A VI-GRADE S IMULAT OR – S MART  P ROT OT YP ES  S UMMIT  2026 – MAY 19T H – 22ND UDINE

REAL T IME S IMULAT IONS

CAR&T IRE MAKERS

MOT ORS P ORT

COMP ANY OVERVIEW

CAR&T IRE MAKERS

REAL T IME S IMULAT IONS

MOT ORS P ORT

13
Motors port 
Categories

30
Racing 
T eams

5
Car-makers

4
T ire-makers



[ P IRELLI PROPRIETARY ] MULT I-S CALE WET  T IRE DYNAMICS : MODELING AND VALIDAT ION IN A VI-GRADE S IMULAT OR – S MART  P ROT OT YP ES  S UMMIT  2026 – MAY 19T H – 22ND UDINE

WHERE WE LEFT

Advanced tire modeling approach for vehicle 
behavior validation on low-friction surfaces

T es ting: T ire and vehicle 
level approaches .

Modeling: Wet multi-phys ical 
tire parametrization.

Validation: Good agreement 
with experimental res ults .

Multi-scale Wet T ire Dynamics : Modeling and 
Validation in a VI-grade S imulator

T es ting: Real-world tes ting (s traight and bend
aquaplaning).

Modeling: Phys ical hydrodynamics equations
added to Pirelli proprietary model.

Validation: Highly realis tic behavior confirmed.
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Vehicle level 
Real-T ime model integration DiL

Vehicle S imulation

Proprietary     ….. 
Phys ics -Bas ed Formulation

T ire S imulation

P IRELLI VIRT UALIZAT ION ENVIRONMENT

Des ign

High-Fidelity 
FEM models

extedend the capabilities of RealTime virtual tyre testing  by means of advanced multiscale physics modelling 
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From FEM Ins ight to Real-T ime Capability

Extracting P hys ical Mechanis ms
High-fidelity s imulations  reveal key phys ical behaviors  like hydrodynamic lift and 
tread-water interaction.

Experimental Validation
Controlled experiments  validate and calibrate the models  to ens ure accuracy and 
robus tnes s  acros s  conditions .

Reduced-Order Model Development
Validated phys ics  are reformulated into s implified models  optimized for s table 
real-time vehicle s imulations .

Driving-in-the-Loop Integration
The tyre model is  implemented within a VI-grade driving-in-the-loop environment to 
s imulate realis tic driving conditions .



[ P IRELLI PROPRIETARY ] MULT I-S CALE WET  T IRE DYNAMICS : MODELING AND VALIDAT ION IN A VI-GRADE S IMULAT OR – S MART  P ROT OT YP ES  S UMMIT  2026 – MAY 19T H – 22ND UDINE

REAL CAS E S T UDY: AQUAP LANING T ES T S

T ES T  FACILIT Y & EQUIP MENT

Outdoor wet performance 
tes ting at P irelli Vizzola 
proving ground.

Ins trumented vehicle.

T ES T ING S CENARIOS

Two s cenarios evaluated:

• Straight aquaplaning;

• Bend aquaplaning.

Two water film
thicknes s values .

DAT A & VALIDAT ION

Controlled and repeatable
tes t conditions .

Experimental data us ed
for model validation
through driving s imulator.

P IRELLI T RACK - VIZZOLA

STRAIGHT BEND
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REAL CAS E S T UDY: AQUAP LANING T ES T S

T ES T  MET HODOLOGY – S T RAIGHT  AQUAP LANING

Fixed water depthWater depth

Entry s peed

T hrottle

S teering

Time

Sp
ee

d

Time

Th
ro

ttl
e

Time

0°

St
ee

r a
ng

le

Same as outdoor

Fixed 0°

Step to full throttle
ins ide bas in

100%

T ES T  MET HODOLOGY– BEND AQUAP LANING

Fixed water depthWater depth

S peed

T hrottle

S teering

Progres s ive
s peed increas e

Cons tant s teering
input

Cons tant throttle
demand

Time

Sp
ee

d

Time

Th
ro

ttl
e

100%

Time

St
ee

r a
ng

le

Velocity

Re
sid

ua
l L

at
er

al 
Ac

ce
ler

at
ion

 

 

 

   

   



[ P IRELLI PROPRIETARY ] MULT I-S CALE WET  T IRE DYNAMICS : MODELING AND VALIDAT ION IN A VI-GRADE S IMULAT OR – S MART  P ROT OT YP ES  S UMMIT  2026 – MAY 19T H – 22ND UDINE

WET  T IRE-ROAD INT ERACT ION
WHY WAT ER CHANGES  T IRE BEHAVIOR

THERMAL BEHAVIOR IMPACT

• enhanced heat removal

• tire works at lower temperature

LUBRICATION REGIME

• boundary lubrication

• elas to-hydrodynamic lubrication

• full hydroplaning

PHYSICAL CONTACT ALTERATION

• fills road cavities

• reduces effective roughnes s

Temperature Balance:
- lower grip
- higher stiffness

Hydrodynamic Forces:
- lift and drag forces
- higher rolling moment

Wet Contact:
- lower adhesion
- lower road roughness

Multi-physical phenomena

Path Clearing Effect:
- lower WFT for rear tires
- modified vehicle balance
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WET  T IRE-ROAD INT ERACT ION
FROM MULT I-P HYS ICS  T O MODELING S T RAT EGY

WET T IRE DYNAMICS :
MULT I-P HYS ICAL NAT URE

Water pres ence introduces
multiple interacting phenomena
that influence tire behavior.

HYDRODYNAMIC 
EFFECTS

PATH CLEARING 
EFFECTS

LOCAL CONTACT 
INTERACTION

THERMAL
EFFECTS

MODELING 
S T RAT EGY

HYDRODYNAMICS

Phys ics  bas ed model of macro 
and path clearing effects

THERMAL EFFECTS

Thermal and wet effects  
decoupling us ing thermoRIDE

MICRO-CONTACT

Currently under res earch

A phys ics -bas ed and
modular wet tire model
for accurate vehicle
behavior prediction

OUT COME
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EXP ERIMENT AL CHARACT ERIZAT ION

TEST SETUP

Flat trac dry tes ting

THERMAL RESPONSE INTERACTION CURVES

Complete thermal characterization
in dry conditions

Characterization of forces and load
dependency in dry conditions

Dry tes ting provides the bas eline needed to decouple thermal effects in wet conditions .

DRY BAS ELINE
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EXP ERIMENT AL CHARACT ERIZAT ION

TEST SETUP

Flat trac wet tes ting:
- Controllable WFT
- Repeatable conditions

THERMAL RESPONSE

Complete thermal characterization
in wet conditions

Identification of forces and load
dependency in wet conditions

Wet tes ting enables identification of water- induced force reduction and thermal behavior.

WAT ER-INDUCED EFFECT  IDENT IFICAT ION

Time
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m
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INTERACTION CURVES
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T HERMAL CHARACT ERIZAT ION

S tructural characterization

T hermal characterization
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non-des tructive thermal
and s tructural properties
characterization

calibration towards
flat trac dry data

inner layers
temperature
es timation, linked to
tire dynamic behavior

identification of grip
and s tiffnes s
dependence on
temperature and
inflation pres s ure
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FLAT  T RAC DRY DAT A FLAT  T RAC WET  DAT A

calibration refinement of thermal model
towards flat trac wet data

T IRE DIGIT ALIZAT ION MODEL - DRY CALIBRAT ION
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MODEL - WET  CALIBRAT ION

GRIP S T IFFNES S

low temperature on tire dynamics in
wet conditions were es timated

thermodynamic effect was
s eparated from performance drop
due to interaction with water

From activities  
pres ented at ZP S  2025
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Slip Angle

F
y

Dry Experimental

Wet Experimental

Simulation - Thermo OFF

Simulation - Thermo ON

T HERMAL EFFECT S

T HERMAL S IMULAT ION
Same operating conditions
as Flat-Trac tes ts

INTERACTION CURVES

T hermal effects
s ignificantly increas e
s tiffnes s

Fixed nominal Fz, water
film thicknes s and s peed

Grip & stiffnes s vs
temperature curves
identified

KEY RES ULT S

Improved agreement with
experimental data

Remaining dis crepancies
linked to interaction with
water

Peak force reduction 
due to low temperature

Stiffness increase 
due to tire cooling
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EXP ERIMENT AL CHARACT ERIZAT ION

TEST SETUP

Flat trac wet tes ting:
- Controllable WFT
- Repeatable conditions

INTERACTION CURVES

Speed effect on interaction forces
at fixed WFT and vertical load

Water depth effect on interaction
forces at fixed s peed and vertical load

Water film thickness and speed drive the reduction of available tire forces in wet conditions.

WAT ER-INDUCED EFFECT  IDENT IFICAT ION

INTERACTION CURVES

SPEED
WATER DEPTH
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WET  T IRE-ROAD INT ERACT ION

P HYS ICS -BAS ED 
HYDRODYNAMIC MODELWater film thicknes s

S peed

Vertical load

T ire geometry

Lift Force: vertical
load reduction due
to water.

Drag Force: water
res is tance.

Rolling Moment:
as ymmetric water
dis tribution effect.

MODEL INPUTS MODEL OUTPUTS

MODELING OF WAT ER-INDUCED HYDRODYNAMICS
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MODEL RES P ONS E – HYDRODYNAMIC EFFECT S

S IMULAT ION CONDIT IONS
Same operating conditions
as Flat-Trac tes ts

INTERACTION CURVES

Model captures the main
trends of experimental data

Fixed nominal Fz

Fixed water film thicknes s

Increas ing s peed

KEY RES ULT S

Grip los s is partially driven
by hydrodynamic lift

Peak force reduction 
with increasing speed

Similar stiffness for 
simulated behavior

Simulated grip is higher
than experimental 
mis s ing local effects

NEXT  S T EP
Include wet local contact
effects on tire dynamics

HYDRODYNAMICS MICRO-CONTACT
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FROM WET  T IRE P HYS ICS  T O VEHICLE S IMULAT ION

WET  MODEL OUT P UT S

COUP LING WIT H VEHICLE S IMULAT ION

FZ,RES

FX,DRAG

MY

Res idual vertical load replaces nominal load
in tire-road forces computation

Hydrodynamic drag force is included in the
longitudinal force balance

Water- induced rolling moment contributes to
rolling res is tance

Model computes modified longitudinal and
lateral forces bas ed on water film thicknes s
and vehicle s peed.

P ath clearing effect reduces rear axle water
depth depending on vehicle geometry, s peed
and motion
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VEHICLE S IMULAT ION IN AQUAP LANING CONDIT IONS

FROM WET  T IRE P HYS ICS  T O VEHICLE S IMULAT ION

S CENARIOS REP RODUCED IN VI-CRT

• Straight aquaplaning

• Bend aquaplaning

Performed at medium and high water

film thicknes s

VEHICLE & T IRE S ET UP

• Same vehicle s etup as outdoor tes ts

• Same tire s et and inflation pres s ure

• Same maneuvers

REFERENCE DAT A: outdoor aquaplaning tes ts performed at Vizzola Pirelli proving ground with ins trumented vehicle.

MODEL VALIDAT ION

Compare s imulation with

outdoor data

Validate aquaplaning ons et

(s traight & bend)

A s s e s s vehicle dynamics

cons is tency in extreme wet

Ensure s imulator realis m for

DiL applications
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S IMULAT ION RES ULT S  – S T RAIGHT  AQUAP LANING

MODEL VALIDAT ION

Accurate prediction of critical hydroplaning s peed

Consistent longitudinal acceleration drop and wheel s lip
evolution during full hydroplaning ons et

HIGH WAT ER DEP T H
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FL Real

FR Real

FL Sim

FR Sim

S imulated Maneuver

Hydroplaning s peed

Strong correlation
between s imulation and
outdoor data at:

- Medium water depth

- High water depth
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S IMULAT ION RES ULT S  – BEND AQUAP LANING

MODEL VALIDAT ION

HIGH WAT ER DEP T H

Hydroplaning s peed

Strong correlation
between s imulation and
outdoor data at:

- Medium water depth

- High water depth

Robust prediction of hydroplaning thres hold maintained under
s evere wet bending conditions

Residual lateral acceleration trend confirms realis tic lateral force
degradation
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Create videos with https://clipchamp.com/en/video-editor - free online video editor, video compressor, video converter.
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CONCLUS IONS  AND FUT URE DEVELOP MENT S
In the pres ent work:

• A phys ics -bas ed wet tire module was developed and integrated into P irelli
T yre Model framework introducing hydrodynamic lift, drag and water-induced
rolling moment into the tire-road interaction framework;

• The model was integrated at the driving s imulator including path clearing
effects (rear axle) to reproduce aquaplaning conditions ;

• Validation agains t s traight and bend aquaplaning tes ts at Vizzola s howed
s trong correlation with outdoor vehicle behavior, confirming realis tic wet
dynamics reproduction.

Future developments during the P hD res earch activity:

• Extend the framework toward a hybrid predictive wet model, combining global
hydrodynamics with local wet-contact effects to improve robus tnes s , trans ferability
and real-time applicability.
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