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Abstract

Hydroplaning poses a significant risk to road safety, as a water wedge between the tires and the road reduces the vehicle’s
responsiveness to driver inputs. This phenomenon is influenced by factors such as vehicle speed, water depth, and tire wear,
directly impacting parameters like cornering stiffness, relaxation length, and friction coefficient. This study evaluates a
control logic designed to assist drivers during hydroplaning. A novel tire model was developed and integrated into a 14-
degree-of-freedom vehicle model to simulate hydroplaning effects, while an Advanced Driver-Assistance System (ADAS)
was designed to enhance vehicle control. A dynamic driving simulator was used to test driver interactions with the
proposed control system and assess its effectiveness. The ADAS was evaluated in double-lane-change and high-speed turn
scenarios, where drivers of varying experience levels were asked to complete the maneuver at different speeds, both with
and without the control system’s assistance. The control strategy helped the drivers to complete the maneuvers, reducing
their effort on the steering wheel. In conclusion, this study provided valuable insights into how everyday drivers manage
hydroplaning, highlighting ADAS’s potential to improve vehicle control and safety in such conditions.
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Introduction maneuver, while Metz et al. (2006) investigated the real axle
behaviour during straght motion.

Given the hazardous nature of hydroplaning, many
studies have sought to mitigate its effects. Hartman et al.
(2019) developed a control system using a simplified vehicle

Hydroplaning is a critical factor in road safety, significantly
increasing the risk of accidents under wet conditions. Sta-
tistics show that 10% of fatal crashes occur in adverse

weather, with 7% on wet roads and 3% on icy or snow- model to simulate hydroplaning, though it did not account
covered surfaces (World Health Organization, 2019). Hy- for the forces on the front tires during the phenomenon.

droplaning. (Albert, 1968) oceurs When a vyater layer SP~ Other studies, such as Jindrich et al. (2019) and Blandina
arates the tires from the road, rendering braking and steering etal. (2020), proposed using air streams to spray water away
ineffective and creating a highly hazardous situation. Its risk from the fr(;nt tires in order to reduce the risk of hydro-

dep.e nds on factc()irs suc?hhas speed, wa'Fer ldelp thi1 and tlr’e planing. Detecting the onset of hydroplaning is crucial for
design (Raste and Frerichs, 2016), particularly the tread’s activating corrective systems. Niskanen et al. (2015) pro-

abil.ity to draip water. For a given watc.:r. depth and trc.:ad posed various methods and devices for detecting hydro-
demgn', speed is the ke}{ Varlabl'e. The critical hydroplampg planing, while Wong (2001) developed a system aimed at
speed is the point at which the tire loses all the contact with

the road, compromising stability and directionality. This loss
of control, as highlighted by Malenska et al. (2021), severely
limits the tire’s responsiveness to driver inputs, increasing 'Mechanical department, Politecnico di Milano, Milano, ltaly
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recognizing hydroplaning conditions at the vehicle level, a
potentially important tool for preventing accidents.

The aim of this paper is the development of an Advanced
Driver Assistance System (ADAS) leveraging smart tire
technology for hydroplaning detection. When hydroplaning
is detected by the smart tires, the proposed controller assists
the driver by reducing vehicle speed and generating a
corrective yaw moment through rear-wheel torque vector-
ing. The controller was developed and tuned using nu-
merical simulations and subsequently validated in a
dynamic driving simulator to assess interactions with real
drivers and to evaluate driver feedback.

A key component of the simulation environment is a tire
model capable of accurately reproducing vehicle and driver
feedback under hydroplaning conditions while remaining
suitable for real-time execution.

In the scientific literature (Aboeosaoud et al., 2025; Yu
et al., 2026; Zhong et al., 2025), hydroplaning is typically
simulated using high-fidelity numerical approaches such as
the Material Point Method (MPM) and the Finite Element
Method (FEM). Although these methods provide highly
accurate results and are widely used for tire tread pattern
design, their computational cost makes them unsuitable for
real-time applications such as the one addressed in this
paper. To overcome this limitation, the present work in-
troduces a real-time-capable empirical tire model based on
Pacejka’s Magic Formula (Pacejka, 2006). The model is
enhanced through scaling factors applied to the peak friction
coefficient, cornering stiffness, longitudinal stiffness, and
relaxation lengths, enabling the reproduction of hydro-
planing dynamics across a range of maneuvers, including
frequency sweep steering inputs and double lane-change
tests.

This system will be tested in a dynamic driving simulator
Gobbi et al., (2022) to assess its effectiveness in real-time
under hazardous conditions, particularly for less experi-
enced drivers. In addition to evaluating the performance of
the ADAS, the study will analyze both objective
measures—such as driving performance—and subjective
factors, such as driver feedback and trust in the system, to
provide a comprehensive understanding of its potential
impact.

Tire model development

A novel tire model was developed, building on the well-
known Pacejka’s MF-Tire model (Pacejka, 2006). The
original Pacejka model, widely used for describing tire-
road adhesion forces, can be extended to simulate ve-
hicle behavior during hydroplaning by introducing
specific scaling factors, derived from experimental
studies under hydroplaning conditions. These modifi-
cations adjust the model’s parameters based on key
variables, such as vehicle speed, water depth, and tire
and road surface characteristics. These changes aim to

represent the loss of adhesion due to water more ac-
curately, improving the prediction of traction, braking,
and steering forces under hydroplaning conditions
(Wong, 2001).

In practice, this scaling process involves altering
parameters like the maximum adhesion coefficient, the
adhesion force’s peak position, and the adhesion curves’
shape. The adjustments reflect the significant loss of
grip that occurs when water causes separation between
the tire and the road surface. Such modifications are
crucial for accurate vehicle simulation during critical
phases like hydroplaning, providing valuable data for
the design of advanced control systems, such as Anti-
lock Braking Systems (ABS) and Electronic Stability
Control (ESC).

MF-tire model for hydroplaning condition

The model requires input parameters such as camber, slip
angle (a), longitudinal slip (x), and relaxation length (1), and
it outputs the forces the tire exchanges with the ground. The
MEF-Tire model relies on simple analytical expressions for
the calculation of both lateral (£)) and longitudinal (F)
forces

{ F,(0) = Dy sin(C,atan(B,c — E,(B,c — atan(B,0))))
F.(0) = Dy sin( Cyatan(B.o — E, (B.c — atan(B,0))))

0

in the previous equations, B represents the stiffness factor, C
the shape factor, D the peak force defined as D = s,*u*F,
where u is the maximum friction coefficient between the tire
and the road, F’ is the tire vertical load and s, is the friction
coefficient scaling factor, and E the curvature factor.
Therefore, the cornering and longitudinal stiffnesses can be
obtained as
{Ky =s,%B,-C, - D, ?)
K, =s5xB,-C, D,

sy and s, refer to the scaling factors associated to the lon-
gitudinal and lateral stiffness.

Furthermore, the MF-Tire model also accounts for
combined slip conditions, where both longitudinal and
lateral forces are developed simultaneously (equation (3)).
The interaction between these forces is governed by the slip
ratio and slip angle, resulting in a combined force repre-
sentation crucial for accurate vehicle dynamics modeling

K tan(a) oy
oy = ; 0, = ;0=
l+x l+x Oy

The transient behavior of the tire is reproduced through a
1*" order differential model; lateral and longitudinal forces

1 P v
are delayed by the time constants T and Tk

3)
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Figure 1. Scheme of the MF-tire model accounting for hydroplaning scaling factors.
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vrepresents the longitudinal speed of the wheel center, while
Ay and A, refer to the relaxation lengths in the lateral and
longitudinal directions, respectively, and s/ and s/ their
relaxation length scaling factor.

A scheme of the model can be checked in the following
figure (Figure 1).

Scaling factors are implemented as lookup tables, with
the appropriate scaling determined based on the vehicle’s
speed input. For practical implementation, hydroplaning is
defined at a specific spatial position. Consequently, the
scaling factors must be activated when the vehicle’s position
coincides with the defined hydroplaning location.

Physical explanation of hydroplaning and
hydroplaning speed

Hydroplaning occurs when a wedge of water lifts the tire’s
contact patch off the ground. This phenomenon includes partial
hydroplaning, where only the front portion of the contact patch
becomes detached, and full hydroplaning, where the entire
contact patch is lifted, virtually rendering the tire unable to
transmit forces to the ground. This second condition is much
more dangerous than the first one, thus it is possible to define
the hydroplaning speed as the speed above which full hy-
droplaning occurs. It is primarily influenced by factors such as
tread pattern, tread wear, tire width, and water film thickness.
Figure 2, taken from Raste (2016), illustrates the impact of
tread depth (PT) and water thickness (WT) on hydroplaning
speed, highlighting the direct relationship between the tread
depth-to-water thickness ratio and hydroplaning risk: a higher
ratio corresponds to a lower risk.
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Figure 2. Hydroplaning speed versus water film thickness WT for different tread depths (Raste et al., 2016).
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Figure 3. Scaling factor of friction coefficient Fichtinger (2021).

Furthermore, hydroplaning has been shown to predom-
inantly affect the friction coefficient, relaxation length, and
cornering stiffness, as evidenced by studies in Sbrosi (2012)
and Fichtinger (2021). Since relaxation length and cornering
stiffness are directly linked to tire type, the analysis focuses
on a city car commercial tire. Arosio (2005) and Braghin
(2006) confirm that the type of tire minimally influences the
scaling factor for the friction coefficient.

Most important parameters and scaling factors

Several studies have explored how hydroplaning affects
key vehicle parameters. For example, Sbrosi (2012) and
Fichtinger (2021) focused on the impact of hydro-
planing on tire cornering stiffness, relaxation length,
and friction coefficient. Others, such as Mounce (2025)
and Kienle (2020), have examined how road texture
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Figure 4. Scaling factor of cornering stiffness for positive and negative load transfer (Sbrosi etal., 2012) (a). Model logic to select the right

scaling factor (b).
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Figure 5. Longitudinal stiffness scaling factor (Fichtinger et al., 2021).

influences the onset and severity of hydroplaning. The
design of the tire tread plays a crucial role as well, with
Bielse et al. (2022) analyzing how tread design affects
the maximum water flow a tire can handle, and Fwa
et al., 2009 exploring how groove patterns impact the
critical speed at which hydroplaning occurs. Further
research by Cerezo (2010) and Metz (2011) confirmed
that when the front tires experience hydroplaning, the
rear tires can still generate some force, a phenomenon
known as the cleaning effect, where the rear tires help
clear water from the front tires, slightly reducing the
effects of hydroplaning.

Friction coefficient

The friction coefficient between tire and road is a key
parameter which determines the limit of the force
transmittable to the ground. It affects the D parameter
proportionally, raising the peak of the tire characteristic

curve. Of course, traveling on wet roads causes a drop in
the friction potential, especially during a hydroplaning
event. In order to consider this phenomenon, the scaling
factor presented in Figure 3 has been introduced in the
model.

This relation between friction potential and vehicle speed in
hydroplaning conditions has been obtained from Fichtinger
(2021). Of course, the values p obtained are referred to a
certain tire model with a given vertical load. However, in this
application, the shape of the scaling factors curve obtained is
assumed valid for whichever tire model. During the simulations,
vertical load variations are included thanks to a load transfer
model directly implemented in the 14 dof vehicle model.

Cornering and longitudinal stiffness

In this model, a crucial role is played by the scaling
factors that reduce the value of the cornering stiffness.
Starting from the outcomes obtained in Sbrosi (2012), a
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Figure 6. Pseudo-relaxation length obtained by Sbrosi (2012).
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set of values included between 0 and 1 was derived as a
function of vehicle speed. As can be noted from
Figure 4(a), two different curves are necessary for the
cornering stiffness scaling factor. This is due to the
lateral load transfer occurring on the vehicle during
turning maneuvers. When this leads to an increment of
the vertical load on the tire, the red curve has to be
considered. Otherwise, the blue one must be taken into
account.

Figure 4(b) illustrates the selection of the appropriate
curves for a tire, indicating the correct scaling factor to be
applied based on the tire’s actual load.

Figure 5 shows the longitudinal stiffness scaling factor.
Changes in slip stiffness relative to vehicle speed provide an
early indication of potential hydroplaning risk. Indeed,
comparing the Figure 5 with respect to Figure 3, associated
to the reduction of the friction coefficient, longitudinal
stiffness drop appears at lower speeds.

Relaxation length

Tire relaxation length allows to consider the delay between
the steady-state force suggested by Pacejka and the transient
one. What is observed experimentally is that the tire re-
laxation length A is very influenced by the conditions of the
ground the vehicle is running on. In Sbrosi (2012), the
behavior of A as a function of the vehicle speed is
investigated.

As itis possible to notice in Figure 6, values of A tend
to strongly increase as the vehicle approaches hydro-
planing speeds: at 90 km/h, the relaxation length is
nearly doubled with respect to the nominal one. This
indicates that at velocities close to hydroplaning ones,
not only is the tire less capable of generating traction
and cornering forces, but in order to generate those
forces, a strong time delay is needed.

Extension of the scaling factors to different water
film thickness

When the hydroplaning speed is exceeded, the water layer
lifts the tire, eliminating road contact. Due to limited ex-
perimental data, the tire is assumed to have a maximum
volumetric drainage capacity, expressed as

V = Axtxy 5)

where V is the volumetric flow rate, A is the frontal area
of the tire, t is the water film thickness, v is the vehicle
speed. Literature provides scaling factors evolution with
speed (Fichtinger et al., 2021; Sbrosi et al., 2012) at a
single water film thickness, and the evolution of the
hydroplaning speed as a function of water film thickness
and tread pattern (Raste et al., 2016). Therefore, to
extend the available scaling factor curves to different
water film thicknesses, the maximum volumetric flow
rate of the tire must be known. This can be derived from
Sbrosi (2012), using the testing speed, film thickness,
and tire geometry. For a new water film thickness tyews
the hydroplaning speed is computed a

4

Ax tNew

(6)

VHydro =

Below this speed, the tire remains in contact with the
ground, and scaling factors are unchanged with respect to
Figures 3—6. For speeds above ViygroNew» rip decreases as
scaling factors drop. To account for this across multiple
water thicknesses, an equivalent speed is introduced to map
the new condition onto the reference curves

v

Vequiv = *VHydro, ref (7)

VH 'ydro, New
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Figure 8. Model validation with respect to experimental data available in Sbrosi (2012).

where:

®  VhydroNew 1S the hydroplaning speed for the new water
thickness

®  Viydroser 1S the hydroplaning speed under reference
condition (Sbrosi et al., 2012)

® v is the speed at the new water thickness

®  Vequiv is the equivalent speed used to retrieve scaling
factors from reference curves.

This approach ensures consistency when extrapolating
scaling factors beyond the original test conditions.

Rear tires: Cleaning effect

So far, the discussion primarily addresses the behavior of a
single tire encountering a specific water layer depth at a
given speed. This approach is especially relevant for the
front tires. However, numerous studies have examined the
“cleaning effect,” wherein the rear tires benefit from the
front tires’ displacement of water from the road surface
(Metz et al., 2011). This effect, incorporated into the present
model, results in an elevated critical hydroplaning speed for
the rear axle. As a result, the rear tires can often maintain
road contact even when the front tires are fully hydro-
planing. This variation in water depth between the front and
rear wheels occurs because the front tires remove a portion
of the water film, and the interval before the rear tires en-
counter the same area is typically insufficient for the water
layer to re-form fully. A key factor here is the “recovering

speed” (Vr), defined as the speed at which the water film
begins to regenerate between the front and rear tires. By
analyzing this speed in relation to water film depth, it is
possible to model the relationship between the water film
depths experienced by the front and rear tires (Cerezo et al.,
2010), as illustrated in Figure 7.

According to Cerezo (2011), for speed above 80 km/h,
the water-film thickness can decrease until 30% between the
front and the rear wheels. This model provides insight into
the differential conditions affecting front and rear tires
during hydroplaning, thereby improving predictions of
vehicle stability in wet conditions.

In conclusion, critical hydroplaning speed on the rear
tires can be estimated to be 35 km/h above the front one.
Since in this work, highway running condition will be
analyzed, it is possible to state that rear tires are running on
partial dry asphalt, keeping the ability to respond to driver
inputs.

Model validation

To verify that the proposed tire model is able to faithfully
reproduce a hydroplaning condition, it is necessary to
conduct an appropriate model validation. To do so, ex-
perimental data obtained from Sbrosi (2012) have been
given as input to the model. The maneuver consists in a
swept sine steer test with steering frequency between 0.5 Hz
and 2.5 Hz, on a special straight track filled with 8-mm-deep
water layer, and a vehicle speed of 85 km/h. Figure 8 reports
the test slip angle given as input to the model and the
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Figure 9. Selected maneuvers for simulations: Double lane change (DLC) (a), constant radius turn (b).

comparison between the experimental lateral forces ac-
quired through smart tires and the numerical lateral forces
computed by the simulation. The model reproduces the
experimentally observed asymmetry in the tire response to a
sine-sweep input and reasonably captures the frequency-
dependent reduction in cornering force.

In general, the force asymmetry due to load shift during
turning is much more pronounced compared to dry road
conditions, due to the hydrodynamic interaction between
tire and water that characterizes the hydroplaning phe-
nomenon. This effect is introduced by the scaling factor on
the normalized cornering stiffness presented in Figure 4.
Another noteworthy effect is that of relaxation length, which
significantly delays the development of the lateral force: as
can be appreciated, with an increase in the sweep frequency,
a significant decrease in lateral force is observed, even at
relatively low frequencies like 2.5 Hz.

ADAS for hydroplaning prevention

To mitigate the effects of hydroplaning, this paper
proposes an Advanced Driver Assistance System
(ADAS) that leverages smart tires capable of detecting
hydroplaning risk in real time (Niskanen et al., 2015;
Niskanen et al., 2014; Niskanen et al., 2015). When
hydroplaning is detected, the developed ADAS assists
the driver by reducing vehicle speed and applying rear-
wheel torque vectoring. The latter is particularly ef-
fective because the rear tires operate on a road surface
partially cleared of water by the front tires.

The ADAS was developed through offline numerical
simulations using a 14-degree-of-freedom vehicle
model implemented in the VI-CarRealTime (VI-CRT)
environment and equipped with the hydroplaning tire
model previously described. The proposed real-time tire
model is employed to simulate the onset of hydro-
planing and to estimate the available tire—road friction

under varying water-film conditions. By providing a
physics-based representation of tire-road interaction
during hydroplaning, the model enables the simulation
of a wide range of driving manoeuvres, including
double lane-change tests.

Finally, the developed ADAS was evaluated through
driver-in-the-loop simulations conducted on the Politecnico
di Milano dynamic driving simulator (DriSMi), with the aim
of assessing driver feedback.

ADAS strategy

The ADAS control strategy is activated by smart tires that
are the responsible in detecting the phenomenon (Niskanen
etal., 2014; Niskanen et al., 2015). The goals of the logic are
essentially two:

® First, to reduce the speed of the vehicle below the
hydroplaning speed, in order to ensure its safety and
stability.

® Second, to create a yawing moment that allows the driver
to complete the maneuver when the vehicle is facing a
maneuver that involves strong lateral dynamics.

As already explained, when hydroplaning occurs, rear
tires are the only one still in contact with the ground, thanks
to the cleaning effect. Thus, firstly the logic cuts the engine
power, and disengages the brake pedal to prevent destabi-
lizing forces, then it applies braking torque to the rear axle
depending on the steering wheel angle (SWA) asked by the
driver. If —5<SWA <S5, the braking torque is equally dis-
tributed on the left and right wheel, thus no torque vectoring
is applied. Instead, if |SWA|>5, the yaw rate i defines the
direction of the turn. The logic considers if the vehicle is
understeering or oversteering, examining the error between
the vehicle’s yaw rate and reference yaw rate (y,,,). This
latter defines the yaw rate that the vehicle should maintain
during a maneuver according to driver SWA inputs and
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vehicle features. It is calculated according to equation (5),
where v is the vehicle speed, SWA the steering wheel angle
input, / the vehicle wheelbase, and Kdes the desired un-
dersteering coefficient for the vehicle

vxSWA

(//rc{f l(l + Kdesvz) ( )

The error between yaw rate and reference yaw rate is
reported as follows

Ay =y, — v )

If the vehicle’s yaw rate is smaller (higher) in magnitude
than the reference yaw rate, it means that the car is turning
less than desired by the driver, thus is understeering
(oversteering). In this case, the inner (outer) wheel of the
curve will be braked more to create a yawing moment that
tightens (widens) the trajectory.

Proposed maneuvers

Hydroplaning becomes increasingly hazardous as vehicle
speed and water levels rise, posing significant risks under
typical highway conditions. Prior studies have introduced

methodologies for assessing a driver’s ability to maintain
control through performance metrics such as steering rate
and angular acceleration (Erseus et al., 2013), while others
have examined the effects of simulator fidelity and scenario
complexity on driver workload using physiological and self-
reported measures, including heart rate, pupil dilation, and
cognitive stress levels (Mueller et al., 2014). Building on
these findings, this study focuses on high-risk highway
scenarios, emphasizing key maneuvers used to evaluate
vehicle handling and driver control. One such maneuver is
the double-lane-change (DLC) test (Figure 9(a)), which
assesses a vehicle’s ability to evade sudden obstacles by
executing two successive lane changes. Commonly per-
formed on highways for overtaking or obstacle avoidance,
the DLC imposes significant lateral forces on the vehicle
(Jalali et al., 2013). Although its dimensions are defined in
ISO 3888-2, modifications were made to accommodate
drivers with varying skill levels. As illustrated, the first lane
change occurs between 250 m and 300 m, followed by the
second between 300 m and 350 m, with a return to the
original lane beyond 350 m. Another key maneuver is the
constant-radius high-speed turn (Figure 9(b)), which, with
its 150-m radius, evaluates vehicle stability under sustained
lateral acceleration.
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Offline simulation

Before conducting tests on the driving simulator, offline
simulations were carried out to evaluate the performance of
both the control logic and the tire model. Offline simulation
serves as a crucial step for tuning the control parameters and
optimizing the strategy under ideal driver conditions. To this
end, a driver model was implemented, where a PD controller
governed the steering input and a PID controller managed
throttle and braking actions.

As an illustrative case, the validity of the tire model was
evaluated through a Double Lane Change (DLC) maneuver
at a speed of 100 km/h with a water film thickness of 5 mm,
as shown in Figure 10.

Looking the trajectory comparison (Figure 10(a)),
without the assistance of the ADAS control, the tire is fully
lifted, without the driver possibly governing the vehicle.
When the logic is activated, Figure 10(b), braking the rear
tires, the vehicle speed reduces down the critical hydro-
planing one. Therefore, the vehicle gains drivability, helping
the driver to avoid the cones.

Figure 11 highlights the torque vectoring action when the
steering wheel angle asked by the driver is larger then |5|
degrees. In the first rows of cones (250m-290 m), the
driver must perform a lane change on the left. Thus, a
larger braking torque is applied on the rear left tire. Then
the driver must steer on the right (290 m-310 m) to
remain in the new lane, leading to a larger torque on the
rear right tire. The driver remains on the lane for 30 m,
where the steer is straight, and the vehicle speed is under
the critical one; no torque vectoring is required. Finally,
the driver comes back on the original lane (340 m-—
370 m). Once again, a larger torque is required on the rear
left tire.

Driver in the loop simulation

Driver-in-the-loop (DIL) simulation bridges the gap be-
tween the real world and simulation. It is fundamental since
human behavior during dangerous conditions can be con-
sidered. The testing activity has been carried out at DriSMi

(Driving Simulator of the Politecnico di Milano), a labo-
ratory that houses a new generation dynamic driving sim-
ulator (Gobbi et al., 2022).

This section analyzes the impact of activating the
ADAS control system. An objective assessment is
performed by comparing the vehicle trajectory in tests
conducted with the control system both enabled and
disabled. This analysis aims to quantify the effective-
ness of the hydroplaning scenario generated using the
novel tire model and to evaluate the performance of the
proposed ADAS strategy when integrated with a human
driver in a realistic and potentially hazardous scenario
(Figure 12).

The experimental campaign involved a panel of
37 drivers to evaluate the efficacy of the control logic. The
participants included 10 novice drivers, defined as having
obtained their driving license within the last 3 years in
accordance with Italian law, and 27 experienced drivers.
Among the participants, 9 were female and 28 were male.
Additionally, 7 participants reported having attended driv-
ing courses, while 18 had prior experience with hydro-
planing. The effectiveness of the control logic was then
assessed by the different rates of success in completing the
maneuvers.

For both the maneuvers, a speed of 105 knm/h and 5 mm
puddle depth has been considered.

Figure 12. Driving simulator of the Politecnico di Milano (Gobbi
et al,, 2022).
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Figure 13. Average and standard deviation of the drivers with (blue) and without (red) ADAS assistance: trajectories (a), SWA (b).

Double lane change

The first maneuver result is reported in the next figures.
With the assistance of the ADAS, drivers are able to
avoid obstacles and complete the maneuver safely.
Figure 13(a) highlights the standard deviation of the
trajectory (dashed lines), and the average of the tra-
jectories followed by the drivers (solid lines). Taking
advantage of the ADAS logic, the drivers can close the
maneuver without crashing into the cones (yellow dots).
Indeed, the standard deviation of the trajectories is
always within the rows of cones.

Figure 13(b) highlights the steering wheel angle required
by the drivers. It is interesting that in the case of ADAS OFF,
drivers are always late with respect to the cones. Thus, they
are going to crash into them. Furthermore, to counteract the
delay, they are asking for more steering wheel. To avoid
crashing into the cones, it is therefore necessary higher
skills.

Figure 14 highlights the lateral force exchanged with
the ground by the tires. It is interesting to notice how the
level of force exchanged by the front tires during the

first lane change is larger when the logic is active.
Therefore, the logic was able to reduce the vehicle speed
under the critical hydroplaning one. Moreover, when the
control logic is deactivated, the front tire forces exhibit
a delay relative to the obstacle positions, impairing the
driver’s ability to effectively avoid them. This delay
arises from the tire’s relaxation length and cornering
stiffness, which contribute to a lag in the build-up of
lateral forces.

Finally, Figure 15 reports the evolution of the braking
torque produced by the logic. In the first part, before 300 m, the
vehicle must move on the left, so larger torque is applied to the
left tire. Slightly before 300 m, drivers start moving again on the
right to the original lane, thus larger torque is applied on the
right. After 320 m, the vehicle’s speed is below the critical
hydroplaning one, thus the less torque is applied.

Constant radius high-speed turn

The second maneuver result (Figure 16(a)) is reported in the
next figures. With the assistance of the ADAS, all drivers
perform the turn and complete the maneuver safely. Without
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Figure 14. Average and dispersion of the lateral forces developed by the tire with (blue) and without (red) ADAS control logic during

DLC.

the assistance of the ADAS, almost all drivers are unable to
fulfill the maneuver. The average is out of the limits, and the
variance is large.

Figure 16(b) highlights the steering wheel angle asked by
the drivers. Without ADAS logic activated, drivers must ask
for a larger steering angle to close the maneuver. The vehicle

is always late concerning the turn, since the lateral force
build-up is delayed due to relaxation length and cornering
stiffness drop of performance.

Looking at the lateral forces on the tires, the re-
duction of the vehicle speed thanks to the ADAS helps
in reaching the maximum force exchangeable with the
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Figure 15. Average braking torque applied on rear tires with control logic active, during DLC.
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Figure 18. Average braking torque applied on rear tires with
control logic active, during high-speed turn.

ground in a lower amount of time. Furthermore, since
the drivers are steering on the right, the lateral
load transfer increases the weight on the left tires
(Figure 17).

Finally, it is possible to compare the torque applied
on the rear axle (Figure 18). Since the turn is charac-
terized by a constant radius, the rear right (inner) tire
undergoes to larger lateral force. This torque vectoring
helps the drivers in steering the vehicle.

Conclusion

This work introduces an Advanced Driver Assistance
System (ADAS) designed to prevent or mitigate hydro-
planing effects by leveraging smart tire technology. To
enable the simulation of hydroplaning conditions and
their assessment in a driving simulator, an enhanced tire
model was developed. The model builds upon the tra-
ditional Magic Formula by integrating velocity-
dependent scaling factors, further extended to account
for the water depth, and additional physical phenomena
relevant to wet conditions, such as the cleaning effect of
rear tires. The model was compared with sine sweep test
data available in the literature to verify its consistency and
capability to reproduce key trends observed under hy-
droplaning scenarios, providing a solid basis for ADAS
development.

Once the tyre model was ready and validated, a control
system was designed to counteract the hydroplaning. The
system working principle is a reduction of the vehicle speed
well below the critical hydroplaning one. To activate it, it
has been assumed to have smart tires on-board the vehicle
itself.

An experimental testing campaign has been performed at
the DriSMi laboratory, in Politecnico di Milano. Human
drivers tested the control strategy, confirming its effec-
tiveness in completing maneuvers that were otherwise
impossible. Offline simulations and driver-in-the-loop
driving simulator tests provided key insights into driver
behavior and control strategy performance.
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