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Abstract: The most important task of the tire is to ensure driving safety by optimally transmitting
the required longitudinal and lateral driving forces. Although great progress has been made in
the past in the development of new materials and patterns, many questions remain unanswered
in the field of elastomer friction on rough surfaces. This is particularly true when an additional
intermediate medium is introduced into the contact, as for braking on wet roads in the form of
water. To better understand this process, a model of a single-tread block on a rough road surface
is developed. The influence of the fluid is represented by a physical meaningful friction law. The
model is validated with results of tire wet-braking tests on an internal drum test rig. The model can
map the interaction between tire tread, rough road surface and fluid film and the simulation results
show a good agreement with the measurement results. Based on the investigation of individual tread
blocks, a new approach to the description of the wet-braking behavior of passenger car tires was thus
demonstrated, which can be extended to more complex tread geometries in the future.

Keywords: tire; wet road; friction; pattern; FEM

1. Introduction

The main function of tires is to ensure safe driving by optimally transmitting the
required braking and steering forces. When braking on wet roads, many parameters play a
role. These include the properties of the tire rubber, the tread geometry of the tire, the nature
of the road surface as well as the driving speed, internal tire pressure and water height.
Although great progress has been made in the past in the development of new materials
and patterns, many questions remain unanswered in the field of elastomer friction on
rough surfaces. This is particularly true if an additional intermediate medium is introduced
into the contact, such as for braking on wet roads in the form of water. This application
will be examined in detail here to gain a deeper understanding of the processes in the tire
contact area during wet braking by means of tire simulations and tire measurements.

The main mechanisms of force transmission between rubber and road surface are
hysteresis and adhesion. According to PERSSON adhesion only contributes significantly
to the total friction on very clean and dry surfaces [1]. In addition to his own arguments,
he also relies on a publication by FULLER and TABOR [2]. However, he is of the opinion
that the lack of adhesion as the only explanation is not sufficient to explain the different
coefficients of friction on wet and dry surfaces. In [3] he attributes the effect to a smoothing
of the power spectrum by enclosed water pools and thus to a reduction of hysteresis
friction. A different opinion is expressed by SCHRAMM. He concludes from the comparison
of measurements with water and oil as an intermediate medium that if water is used
as an intermediate medium, the adhesive friction has a considerable share ([4], [p. 65]).
However, there is broad agreement that the most important mechanism is the remaining
hysteresis friction of the rubber ([5], [p. 36]), [3,6–10]. In addition, there is a contribution of
viscous friction due to the shear of the fluid film. However, this is neglected in most cases.
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DO ET AL. investigate in [11] the influence of micro-roughness on the coefficient of friction
at water heights below one millimeter. Although the coefficient of friction of pavements
without microtexture decreases as soon as the road surface is wet, this decrease occurs at
higher water heights in the case of greater micro-roughness.

In [12], KANE and CEREZO present a model to describe hysteresis friction on dry sur-
faces. The visco-elastic behavior of the rubber is modeled by a KELVIN-VOIGT element and
the frictional force results from the asymmetry of the pressure distribution on the uneven
road surface. This model is extended in [13] by the intermediate medium water. For this
purpose the influence of the fluid is modeled using a so-called ’pseudo’-hydrodynamic
plain bearing model. Using the REYNOLDS equation, the hydrodynamic buoyancy force
is determined and deducted from the normal force when calculating the friction forces.
The model predicts a strong decrease of the coefficient of friction at low macro-roughness
and high speeds, whereas the coefficient of friction decreases only very moderately at high
macro-roughness. Similar measurement results regarding the influence of micro-roughness
at low water levels can be found in [14].

In [15] Persson investigates the fluid dynamics in the contact area of an elastic solid with
a rough surface. The theory of the effective medium according to BRUGGEMAN [16] is used
to describe the influence of the road surface roughness on the fluid flow. The direct contact
between elastic solid and rough surface is described by PERSSONs contact theory [17,18].
Inertial effects of the fluid are neglected due to the low fluid film height. Furthermore,
the theory takes into account the anisotropy of the rough surface on different length scales.

GOLDEN presents in [19] a physical model based on the contact model of GREENWOOD

and WILLIAMSON [20] and the time dependence of the water film height with the theory
of MOORE [21]. Basic rubber properties, the road surface texture and the geometry of the
contact surface are considered. However, the influence of the pattern is only considered in
a simplified way via the existing negative pattern void.

WAGNER ET AL. map the hysteresis friction using a multi-scale model [22]. The adhesion
component is neglected here for the case of a wet road surface. The fluid only plays a role
by preventing the adhesion component, but it has no influence on the hysteresis component.
In a later publication the adhesion component will be considered, but the investigations
only concern relatively low sliding velocities up to 10 mm s−1 [23] and are therefore not
meaningful for braking on wet roads.

Contact between the rubber and the road surface on many length scales is necessary for
the transmission of braking forces through hysteresis friction. For this purpose, the water
film in contact must be squeezed out. In contrast to aquaplaning, the inertia of the water
plays only a minor role when the road surface is only damp or wet due to a low water level.
How quickly the water can be displaced from the contact area therefore depends primarily
on the viscosity of the fluid, the local surface pressure, the relative speed between rubber
and road surface and the texture of the road surface. The local contact conditions depend
on the tread pattern and the properties of the rubber. Longitudinal and lateral grooves,
as well as the distribution of the negative tread, no longer play such a decisive role here,
since the drainage of the entire tire footprint is not critical due to the low water height.

To better understand the processes in contact, the commercial FEM program ABAQUS
is used to build a model of a single-tread block on a rough road surface. Three different
tread geometries are modeled. Pattern BB (big blocks), pattern BBs (big blocks with sipes)
and pattern SB (small blocks). The three patterns used are shown in Figure 1. The block
dimensions are described in detail in Appendix A. These rather simple three patterns
were selected to reduce the complexity of the model and to allow conclusions to be drawn
about individual effects when discussing the model results. The influence of the viscous
fluid film between the rubber and the road surface is represented by a phenomenological
friction law.
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(a) (b) (c)
Figure 1. Schematic representation of the pattern geometries For detailed information see Appendix A.
The direction of travel is vertical. (a) Big blocks (BB). (b) Big blocks with sipes (BBs). (c) Small blocks (SB).

The aim of this model is to calculate the forces acting on a single-tread block when
passing through the tire contact patch on a wet road.

The simulation results are then validated with measurements that were performed
with test tires on the KIT (Karlsruhe Institute of Technology) inner drum test rig on a
real asphalt road. The pattern of the test tires is composed of individual tread blocks that
correspond to the tread blocks shown in the model. Therefore, the test results can be used
to validate the model, although only a single-tread block is modeled.

2. Testing

The internal drum test bench of the Institute of Vehicle System Technology, which is
schematically shown in Figure 2, offers the possibility of carrying out braking tests with
individual car tires under controlled ambient conditions. It consists of a steel drum with
an inner diameter of 3.8 m, which is driven by an electric motor. The drum is equipped
with asphalt-loaded steel cassettes. The tire is driven by a hydraulic motor. Wheel load,
camber and slip angle are also adjusted by a hydraulic system. The resulting forces and
torques which are acting on the tire are measured with a 6-component measuring hub and
recorded with a frequency of 100 Hz. The internal tire pressure is controlled during the
entire measurement and thus kept constant. For wet measurements, water is applied to the
road surface behind the tire in the direction of travel. The water is then distributed evenly
on the road surface under the influence of the centrifugal forces within three quarters of
a revolution of the drum. The water level is measured by a capacitive sensor shortly in
front of the tire and the water inflow is adjusted by an automatic control. In this way,
a water level averaged over the circumference of the drum is set, but locally the water level
can vary on the different segments of the roadway. Since capacitive measurement is used,
1 mm water height describes the water quantity of 1 L m−2. Depending on the structure of
the roadway, a water level of 1 mm does not yet result in a closed water film. A detailed
description of the test stand can be found in [24,25].

During the measurement, the drum rotates at a constant speed, whereby the path
speed of the drum corresponds to the travel speed to be investigated. During braking,
the wheel is subjected to an increasing torque by the hydraulic motor. The µ-slip curves
measured here therefore describe the braking forces occurring at a constant track speed of
the drum.

The raw data recorded with 100 Hz is first corrected according to Augustin and
Unrau [26] for the influence of the drum curvature and then filtered. Then the coefficient of
friction µ as the quotient of longitudinal force and wheel load is plotted over the slip and the
Magic Formula according to Pacejka is parameterized for each individual measurement [27].
To reduce the sensitivity to outliers and vibrations in the measured raw data, the maximum
coefficient of friction µmax is calculated from the parameters of the Magic Formula.

To further reduce the influence of outliers and measurement inaccuracies, several
measurement repetitions are performed for each parameter combination and then the
mean value is calculated from the results. Since the skid resistance of the road surface can
change slightly during the measuring period, reference measurements were carried out
several times a day. These measurements were used to correct the influence of changing
skid resistance.
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b)

c)
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Figure 2. Schematic diagram of the internal drum test rig with water supply (a), capacitive water level
sensor (b), wheel guide (c), drum bearing (d) and road surface (e). The arrows mark the direction of
rotation of drum and tire.

3. Model

As shown in Figure 3, a defined normal force Fz(t) is applied to the tread block and it is
moved over the road surface in positive x direction with a given slip speed vs. The normal
force represents the part of the wheel load to be carried by the tread block. The influence of
the viscous intermediate medium water is represented by a phenomenological friction law
which will be described later. In the contact area, the shear and normal stress distributions
τ(x, y, t) and σ(x, y, t) result. If these are integrated, the free body diagram of the tread
block with the reaction force FN(t) and the resulting braking force Fx(t) on the right-hand
side of the Figure 3 is obtained. It is assumed that the water inside the valleys of the macro-
roughness, if there is any, does not contribute to the load support of the track, because the
water film heights considered in this model are too small to cause significant fluid inertia
effects. From this the global coefficient of friction

µG(t) =
Fx(t)
FN(t)

(1)

is calculated. Due to the inertia of the block, Fz(t) 6= FN(t) is generally valid.

µ(x, y, t)
x

z

FZ(t)

vs

σ(x, y, t)

τ(x, y, t)

x

z

FZ(t)

FN(t)
Fx(t)

vs

Figure 3. Representation of the contact between tread block and rough road surface. The thick blue
line represents the area of the viscous water film, µ(x, y, t) the time and location dependent coefficient
of friction prevailing in the contact.
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3.1. Phenomenological Friction Law

In case of lower water heights or a road surface that is only wetted, the viscosity of
the water is of decisive importance. On the largest length scale there seems to be contact
between rubber and the individual roughness peaks of the road surface. However, if the
contact area is enlarged, it will be noticed that a viscous residual water film remains
in the contact area. This initially prevents hysteresis friction on smaller length scales.
The contact pressure of the rubber squeezes out the viscous residual water film more and
more, thus enabling contact even on smaller length scales and thus the transmission of
frictional forces through hysteresis friction. How quickly the water film can be squeezed out
depends primarily on the viscosity of the fluid, the surface pressure, the size and geometry
of the local contact areas and the micro-roughness of the road surface. A calculation of
the viscous flow taking into account all length scales relevant for hysteresis friction is
practically impossible, therefore a phenomenological friction law is introduced at this
point, which must be parameterized. The aim of the friction law is the calculation of the
local friction coefficient for the contact between rubber and road surface depending on the
local pressure distribution in the contact area and its history. To derive the friction law,
a temporally constant local pressure distribution p̄(x, y) is assumed. Thus, the temporal
course of the local friction coefficient is determined by

µ(x, y, t) = µ∞ − (µ∞ − µ0)e−λ p̄(x,y)t (2)

and its temporal change by

d
dt

µ(x, y, t) = λ p̄(x, y)(µ∞ − µ0)e−λ p̄(x,y)t. (3)

The limit friction value µ∞ describes the maximum friction value that can be achieved
if a sufficiently long time t is available to squeeze the fluid in contact. µ∞ thus summarizes
the influence of the pavement texture on the coefficient of friction, if the viscous fluid film
is neglected. λ, on the other hand, describes the influence of the surface texture on the
squeeze-out of the viscous fluid film. The initial coefficient of friction µ0 describes the
coefficient of friction at the moment of first contact. In this case, the viscous water film
is still closed, and forces are only transmitted via the viscosity of the fluid. The temporal
course of the coefficient of friction is determined by the parameter λ. This indirectly
reflects the viscosity of the fluid and the micro-roughness of the road surface. The lower
the viscosity of the fluid and the higher the micro-roughness of the road surface, the
faster the fluid is squeezed out and the faster the coefficient of friction increases. This
corresponds to a large value of λ. If a sufficiently long time is allowed, the limit friction
value µ∞ is always reached, regardless of λ. The course of the friction value over time is
shown in Figure 4. The exponential and limited course of the coefficient of friction is based
on [28]. LORENT ET AL. establish there an exponential and restricted relation between time
and contact pressure, or between time and the distance for squeezing a fluid between a
smooth elastic and a rough rigid surface. It is, therefore, assumed in the following that the
coefficient of friction develops similarly to the contact pressure and the distance between
the surfaces mentioned in [28].

In general, there is no constant pressure distribution over time. Therefore, the friction
coefficient map

µk(pk, τ) = µ∞ − (µ∞ − µ0)e−λpkτ (4)

is defined. The total differential of the friction coefficient map is

d
dt

µk(pk, τ) =
∂

∂τ
µk(pk, τ) · dτ

dt
+

∂

∂pk
µk(pk, τ) ·

=0︷︸︸︷
dpk
dt

. (5)
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Figure 4. Exemplary course of the coefficient of friction µ(x, y, t) over time at a certain position x1, y1

for constant values of µ∞, µ0, a temporal constant local surface pressure p̄(x1, y1) and different values
of λ, where λ1 > λ2 > λ3.

The temporal change of the surface pressure dpk · dt−1 is neglected here, since the
absolute value of the surface pressure has a much larger influence on squeezing out
the viscous residual water film than the temporal change of the surface pressure. This
differential is now used to describe the change in the real coefficient of friction µ(x, y, ti) at
a point x, y at a time ti. First, the characteristic time τ(x, y, ti) is calculated by transforming
the Equation (4) to

τ(x, y, ti) = −
1

λ p̄(x, y, ti)
ln
(
−µ(x, y, ti)− µ∞

µ∞ − µ0

)
(6)

with pk = p̄(x, y, ti) and µk = µ(x, y, ti).
Figure 5 illustrates this calculation step. The current coefficient of friction µ(x, y, ti) = µk

and the current average surface pressure p̄(x, y, ti) = pk define a unique point in the
characteristic diagram µk(pk, τ). According to Equation (6) this point can be assigned a
characteristic time τ(x, y, ti). This τ(x, y, ti) represents the time which would have been
necessary to reach the friction value µ(x, y, ti) currently applied at the position x, y under
the assumption that the surface pressure p̄ would have corresponded to the currently
applied surface pressure p̄(x, y, ti) the whole time. For this τ(x, y, ti) the gradient

∂

∂τ
µk(pk, τ)

∣∣∣∣
τ(x,y,ti),pk= p̄(x,y,ti)

= λ p̄(x, y, ti)(µ∞ − µ0)e−λ p̄(x,y,ti)τ(x,y,ti). (7)

can be read from the map. For this approach, the incremental change of the physical time
dt at the current time ti corresponds to the incremental change of the characteristic time
dτ, therefore the relation dτ · dt−1 = 1 applies. The total differential of the friction value
µ(x, y, ti) is therefore

d
dt

µ(x, y, t)
∣∣∣∣
ti

=
∂

∂τ
µk(pk, τ)

∣∣∣∣
τ(x,y,ti),pk= p̄(x,y,ti)

. (8)

Equation (8) describes the temporal change of the coefficient of friction at a fixed
position of the track. This corresponds to the assumption that the viscous residual water
film determining the coefficient of friction is stationary on the track. However, due to the
slip that occurs during braking, the rubber and the road surface shift relative to each other.
If the viscous fluid film were to adhere completely to the rubber surface, the change of the
coefficient of friction over time in the x′, y′-coordinate system moving along with it could
be described analogously to Equation (8) by

∂

∂t
µ(x′, y′, t)

∣∣∣∣
ti

=
∂

∂τ
µk(pk, τ)

∣∣∣∣
τ(x′ ,y′ ,ti),pk= p̄(x′ ,y′ ,ti)

. (9)
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Figure 5. Extract from the friction coefficient map µk(pk, τ) for the local contact pressure
p̄(x, y, ti) = pk currently applied to a fixed point x, y. With the currently applied real coefficient
of friction µ(x, y, ti) = µk the characteristic time τ(x, y, ti) can be determined and thus again the
gradient ∂µk · ∂τ−1|τ(x,y,ti).

Figure 6 shows the x, y inertial coordinate system and the relative coordinate system
x′, y′ shifted by the vector~r. vs,x describes the slip velocity of the rubber fixed point Q in
x-direction. Due to the description in the relative coordinate system, which is also moved,
the total differential at time ti results to

d
dt

µ(x′, y′, t)
∣∣∣∣
ti

=

I︷ ︸︸ ︷
∂

∂τ
µk(pk, τ)

∣∣∣∣
τ(x′ ,y′ ,ti),pk= p̄(x′ ,y′ ,ti)

+

I I︷︸︸︷
dx′

dt

I I I︷ ︸︸ ︷
∂

∂x′
µ(x′, y′, t)

∣∣∣∣
ti

(10)

with

(
x′

y′

)
~ex′ ,~ey′

=

(
x
y

)
~ex ,~ey

−

=~r︷ ︸︸ ︷(
r1
r2

)
~ex ,~ey

. (11)

x

z

x′
z′

P

Q

~r hv

vs,x

Track

Rubber

Figure 6. Fixed inertial coordinate system x, y and rubber fixed relative coordinate system x′, y′.
The vector~r indicates the shift of the relative coordinate system with respect to the inertial system.

Part I describes the temporal change of the coefficient of friction at a moving point on
the rubber surface according to the friction coefficient map introduced in Equation (4) and
can be written analogous to Equation (7) as

∂

∂τ
µk(pk, τ)

∣∣∣∣
τ(ti),pk=p(x′ ,y′ ,ti)

= λ p̄(x′, y′, ti)(µ∞ − µ0)e−λ p̄(x′ ,y′ ,ti)τ(x′ ,y′ ,ti). (12)

Part II describes the time derivative of the relative coordinate

dx′

dt
=

d
dt
(x− r1) = −vs,x (13)

and corresponds to the negative local slip velocity vs,x between rubber and road surface in
x direction.
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Part III is the partial derivation of the coefficient of friction in the moving x′, y′

coordinate system. In general, this gradient cannot be represented in a closed form,
but only approximated by the backward difference quotient

∂µ(x′, y′, t)
∂x′

∣∣∣∣
ti

=
µ(x′, y′, ti)− µ(x′ −∆ x′, y′, ti)

∆x′
, (14)

with ∆x′ = vs,x ·∆ t and ∆t = ti+1− ti. The backward difference quotient is used because the
braking process gives a preferred direction for fluid transport in the direction of travel and
thus in a positive x direction. It should be noted that unlike the time gradient, the spatial
gradient is not calculated from the friction coefficient map µk(pk, τ), but from the local
friction coefficient µ(x, y, t) actually present on the road surface. This is not known a priori,
but the result of the numerical calculation with ABAQUS presented in Section 3.2.

For modeling the viscous effects of the fluid, it is assumed that the fluid adheres
to both the rubber and the road surface, so the relative velocity between fluid and road,
as well as between fluid and rubber, is zero. Since the relative velocity between rub-
ber and road surface is much smaller in the normal (z-)direction than in the tangential
(x-)direction, the linear velocity distribution in the fluid shown in Figure 7 on the left side
is a good approximation.

x

z

x′
z′

P

Q

~r

hv
2

vs,x

Track

Rubber

x

z

x′
z′

P

Q

~r

hv
2

vs,x

Track

Rubber

Figure 7. Velocity distribution over the water film height hv assuming a Poiseuille flow (left).
Approximated binary velocity distribution with equivalent volume flow (right).

This is now approximated by a binary velocity distribution, which has the same
volume flow. This simplification is made because in the later FE simulation only the
velocities and positions of the road and rubber surfaces are calculated. Since no fluid is
present in the FE simulation, no velocity distribution can be calculated in this fluid, only the
ones at the boundary surfaces of track and rubber. This results in the velocity distribution
shown on the right. The viscous water film is thus divided equally between the road and
rubber surface at a time t. Accordingly, for the change of the coefficient of friction according
to Equations (8) and (10)

d
dt

µ(x, y, t)
∣∣∣∣
ti

=
1
2

(
∂

∂τ
µk(pk, τ)

∣∣∣∣
τ(x,y,ti),pk= p̄(x,y,ti)

+
∂

∂τ
µk(pk, τ)

∣∣∣∣
τ(x′ ,y′ ,ti),pk= p̄(x′ ,y′ ,ti)

− vs,x
∂

∂x′
µ(x′, y′, t)

∣∣∣∣
ti

) (15)

results. If now the relative coordinate system is moved into the inertial coordinate system
in the current time step, with~r =~0 we get

d
dt

µ(x, y, t)
∣∣∣∣
ti

=
∂

∂τ
µk(pk, τ)

∣∣∣∣
τ(x,y,ti),pk= p̄(x,y,ti)

− 1
2

vs,x
∂

∂x
µ(x, y, t)

∣∣∣∣
ti

. (16)

The friction coefficient at time ti+1 = ti +∆ t is

µ(x, y, ti+1) = µ(x, y, ti) +∆ t
d
dt

µ(x, y, t)
∣∣∣∣
ti

(17)
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Inserting Equations (13) and (14) into Equation (16) lists

µ(x, y, ti+1) =

I︷ ︸︸ ︷
1
2

µ(x, y, ti)︸ ︷︷ ︸
I.a

+ µ(x−∆ x, y, ti)︸ ︷︷ ︸
I.b

+

I I︷ ︸︸ ︷
∆t

∂

∂τ
µk(pk, τ)

∣∣∣∣
τ(ti),pk= p̄(x,y,ti)

. (18)

Part I means that the coefficient of friction at one point P is calculated from the mean
value of the coefficient of friction at exactly this point and the coefficient of friction at an ad-
jacent point Q, which has exactly the distance ∆x = vs,x ·∆ t from P. This maps the transport
of the upper half of the fluid by adhering to the rubber surface moving with vs,x, as shown
in Figure 7 on the right. Part II represents the squeezing of the viscous residual water
film by the contact pressure p̄(x, y, ti) currently applied at the point P. The parameters
λ, µ0 and µ∞ must be determined by means of measurement data. A separate set of pa-
rameters must be defined for each material pairing of rubber and roadway, since these
parameters describe the influence of the viscosity of the fluid, the micro-roughness of
the roadway and the size and distribution of the local contact areas. For better under-
standing, pure longitudinal slip was assumed in the derivation of the friction law. In the
later implementation of the friction law, however, slip in transverse direction is also taken
into account.

3.2. Implementation in Abaqus

The model was implemented in ABAQUS EXPLICIT 2018. The most important settings
are summarized in Table 1.

The roadway was modeled as a three-dimensional rigid body with R3D3 elements.
The geometry of the roadway is based on a laser measurement of the asphalt surface.
The measured raw data was first filtered and smoothed before the surface was meshed
with an edge length of 1 mm. The pavement is fixed firmly in space. As pattern geometries
the patterns BB (big block), BBs (big block with sipes) and SB (small block) shown in
Figure 1 were modeled with C3D8R elements. Due to the underintegrated element types
the ’hourglass control’ recommended by ABAQUS is used by default. The blocks have a
height of 10.5 mm, which corresponds to the tread depth of the test tires of 7.5 mm plus
the intermediate structure above the steel belt with a height of 3 mm. The tread block was
meshed with an edge length of 0.5 mm. The convergence of the model was investigated
in [29]. Figure 8 shows the FE model consisting of roadway and block. The concentrated
load Fz(t) is converted to a surface load and acts on the surface ATop. The constant slip
velocity vS is specified for a node in the center of ATop as a start and boundary condition.
All other nodes of the ATop surface are rigidly coupled to it, which corresponds to an in-
finitesimal flat, rigid and massless slab on ATop. Both the contact between rubber and road
surface and the self-contact of the rubber were implemented with the KINEMATIC formula-
tion, because the use of the PENALTY formulation in combination with the subroutine vfric
led to erroneous results. In this case, the specification of a constant coefficient of friction
within the subroutine did not lead to the same result as the specification of a constant
coefficient of friction without subroutine. The KINEMATIC formulation leads to the same
result with a constant coefficient of friction with and without subroutine. This is again
almost identical to the result of the PENALTY formulation without subroutine. Due to the
computing time and the strongly non-linear behavior, caused by the large local deforma-
tions, an explicit integration method was used. The friction law presented in Section 3.1
was implemented in the subroutine vfric. A detailed description of this implementation
can be found in Section 3.2.2.
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Table 1. Overview of the most important settings in ABAQUS.

Description Setting

Element type block C3D8R
Element type track R3D3

Edge length block mesh 0.5 mm
Edge length track mesh 1 mm

Material model block Hyperelastic, mooney-rivlin
Viscoelastic, mooney-rivlin

Contact formulation KINEMATIC
Friction law vfric

Solver ABAQUS explicit
Large deformations NLgeom = yes

Version ABAQUS 2018

Printed using Abaqus/CAE on: Wed Apr 22 17:00:38 Mitteleuropäische Sommerzeit 2020

Master

Slave

ATop

Figure 8. FE model with the roadway as master and the tread block as slave. ATop is the top side of the tread block.

The simulation time depends strongly on the pattern used and especially on the
driving speed, since the contact time increases inversely proportional to the driving speed.
Simulations with one core and an Intel(R) Xeon(R) Gold 6134 CPU (3.2 GHz) result in the
simulation times shown in Table 2. The increased simulation effort due to the lamellas
is clearly visible. On the one hand, this is due to the self-contact between the individual
lamellae and on the other hand to the larger deformations in total.

Table 2. Simulation time in ABAQUS depending on pattern layout and driving speed when using an
Intel(R) Xeon(R) Gold 6134 CPU (3.2 GHz).

Pattern Speed Simulation Time

BB 50 km h−1 41 min
BB 140 km h−1 17 min
BBs 50 km h−1 119 min
BBs 140 km h−1 41 min
SB 50 km h−1 17 min
SB 140 km h−1 7 min

Table 3 shows the minimum, maximum, and average time increments for the three
different patterns. Although the increments for pattern BB and SB are relatively constant,
there is a clear difference between the minimum and maximum values for pattern BBs.
This is due to the large local deformation, which requires a significant reduction of the time
step size.
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Table 3. Smallest, largest and mean time increment during the simulation for the three investigated
tire patterns.

Time Increment BB BBs SB

Minimum 3.303× 10−7 ms 0.718× 10−7 ms 3.296× 10−7 ms
Mean 3.358× 10−7 ms 1.492× 10−7 ms 3.348× 10−7 ms

Maximum 3.389× 10−7 ms 2.183× 10−7 ms 3.383× 10−7 ms

3.2.1. Material Model

The rubber is modeled with hyperelastic and viscoelastic material properties.
The hyperelastic behavior is defined by the MOONEY-RIVLIN model. The required pa-
rameters c01, c10, D1 from [30] can be defined according to ([31], [p. 77]) via

c10 =
E f

4(1 + v)
, c01 =

E(1− f )
4(1 + v)

, D1 =
6(1− 2v)

E
(19)

with the modulus of elasticity E, the transverse contraction number v and the nonlinearity
factor f of the BLATZ-KO model [31,32]. The parameters

E = 2.8883 MPa, f = 0.6398, v = 0.495 (20)

were used (Calculated with the MOONEY-RIVLIN-Parameters of material m1 from ([31],
[Appendix C])).

The viscoelastic material behavior is approximated by Prony terms. By choosing the
PRONY parameters Ek and τk accordingly, the course of experimentally determined curves
of the storage and loss module as a function of frequency can be mapped. The equation for
the complex module is thus [30,31]

E∗(ω) = E∞ +
n

∑
k=1

Ekτ2
k ω2

1 + τ2
k ω2

+ i
n

∑
k=1

Ekτkω

1 + τ2
k ω2

. (21)

The following applies

E∞ = E(ω → 0) and (22)

E0 = E(ω → ∞) = E∞ +
n

∑
k=1

Ek (23)

for the static module E∞ and the instantaneous module E0. Figure 9 shows the course of
the storage modulus E′ and the loss modulus E′′ as a function of the angular frequency ω
for the rubber material used in this work.
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Figure 9. Storage module E′ and loss module E′′ for a rubber material as a function of frequency ω

(material m1 from ([31], [Appendix C])).

3.2.2. Local Friction Law

The friction law described in Section 3.1 was implemented with the Abaqus subroutine
vfric using the programming language FORTRAN 77 [33]. The roadway was defined in
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contact as master (surface) and the tread block as slave (surface). Based on Equation (18),
the friction value µsj(ti+1) is calculated for each node nsj of the slave surface at each time
step ti+1 (see Figure 8). The index j numbers all slave nodes in contact with the road surface.
The local surface pressure p̄j at the corresponding node is available from the simulation.
The time increment ∆t is determined by the step size of the solver. The parameters λ,
µ0 and µ∞ are passed to the program as constants before the simulation starts. Table 4
shows all vectors used in the implementation in Abaqus. For the node nsj the calculation
rule for the friction coefficient is

µsj(ti+1) =

I: µinitj
(ti)︷ ︸︸ ︷

1
2

(
µ̄mj(ti) + µsj(ti)

)
+

I I︷ ︸︸ ︷
∆t

∂

∂τ
µk(pk, τ)

∣∣∣∣
τ=τj(ti),pk= p̄j(ti)

. (24)

Table 4. Representation of all vectors used in the implementation in ABAQUS. Line 1 contains the
name of the vector, line 2 marks the entries of the corresponding vector. Line 3 summarizes the size
of the vector and line 4 indicates the run index, which is used to increment the entries of the vectors.

Name ~µs ~µm ~̄µm ~µinit ~̄p ~ns ~nm

Vector



µs1

...

...
µsj

...
µsNs





µm1

...
µmk

...
µsNm





µ̄m1

...

...
µ̄mj

...
µ̄mNs





µinit1
...
...

µinitj

...
µinitNs





p̄1
...
...

p̄j
...

p̄Ns





ns1

...

...
nsj

...
nsNs





nm1

...
nmk

...
nmNm


Size 1× Ns 1× Nm 1× Ns 1× Ns 1× Ns 1× Ns 1× Nm

Index j k j j j j k

Here µsj(ti) describes term I.b from Equation (18) and thus the part of the coefficient
of friction assigned to the rubber surface, since the node nsj has moved in the current time
increment ∆t with the local slip velocity vsj(ti) by the distance ∆x to the position of the
node nsj at time ti+1. The friction value µ̄mj(ti) is the friction value on the road at time ti at
the position of the node nsj at the end of the current time increment ti+1. The coefficient of
friction on the master surface represents the stationary portion of the fluid film on the road
surface. Therefore, the friction coefficient of the master surface is used at the position where
the slave node is located at time ti+1, and thus at the end of the current time increment
(see term I.a in Equation (18)). By formulating the surface as R3D3 elements, the node
nsj is located on a triangular surface, which is defined by the nodes of the master surface
nmk∀k ∈ Mj as shown in Figure 10.

x

z

nm1 nm2

nm3

ns1(ti) ns1(ti+1)

Figure 10. The node ns1 is located at time ti+1 on a triangular area which is defined by the nodes
nmk∀k ∈ M1 = nm1−3 of the master surface.
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Mj describes the set of all master nodes defining the area where the slave node nsj

is located at time ti+1. The coefficient of friction µ̄mj(ti) as a description for term I.a from
Equation (18) can be approximated as the mean value of the coefficients of friction at the
three adjacent master nodes and is therefore

µ̄mj(ti) =
1
3 ∑

k∈Mj

µmk (ti). (25)

A weighting of the values of µmk∀k ∈ Mj corresponding to their distance to nj was not
done to reduce the complexity of the model. µinitj(ti) thus describes the new coefficient of
friction by transporting a part of the viscous residual water film with the slip velocity ~vs
and leaving the other part of the residual water film on the road surface. This coefficient of
friction now changes due to further squeezing of the water film, which is described by term
I I from Equation (24). For the surface pressure p̄j(ti+1) at the slave node nsj pk = p̄j(ti+1)
applies and thus for the characteristic time at node nsj

τj(ti) = −
1

−λ p̄j(ti+1)
ln

(
µinitj(ti)− µ∞

µ∞ − µ0

)
(26)

applies. Due to the predefined implementation of the subroutine vfric by ABAQUS,
the surface pressure pj(ti+1) at the end of the current time increment is used to calcu-
late the friction coefficient gradient using the characteristic diagram µk(pk, τ). Physically,
this means that first the fluid film is divided between the two surfaces, then the incremental
displacement is performed due to the local slip, and finally the squeezing is calculated
based on the water film averaged by the incremental displacement. A different order
would also be conceivable, but since the model is freely parameterized anyway, this is not
of further importance. Thus, the friction coefficient µsj(ti+1) is completely defined and is
used for the calculation of the friction force at the corresponding slave node. This new
friction value will be stored for all slave nodes nsj until the next time step and will be used
again as µsj(ti) in the next time step. This data can be stored within the subroutine in
the STATEV variable provided by ABAQUS. Furthermore, in the next time step a value for
µmk (ti) is needed again (see Equation (24)), which is why the calculated value of µsj(ti) is
also stored proportionally in µmk (ti+1). The formulaic description is

µmk (ti+1) =
1

number (j ∈ Sk)
∑

j∈Sk

µsj(ti+1), (27)

where Sk describes the set of all slave nodes that are located at time ti+1 on one of the areas
defined by nmk . This relationship is shown in Figure 11. Since there are several slave nodes
on the areas defined by nmk , the new friction value µmk (ti+1) for a master node is calculated
as the average of the friction values µsj(ti+1)∀j ∈ Sk of all slave nodes directly adjacent
at time ti+1. This means that at the end of each time increment the friction coefficient
vectors ~µs and ~µm approximate the same course of a real friction coefficient µ(x, y, ti+1) in
space. A weighting of the values of µsj∀j ∈ Sk corresponding to their distance to mk was
omitted analogous to Equation (25). Alternatively, it would also be possible to use only the
four slave nodes that form the segment of the slave surface with which the master node
nmk is in contact. Which of these four nodes are in contact cannot be determined directly
from the subroutine. Therefore, the coarser approach of the mean value of all Slave nodes
located on an area defined by nmk is chosen here. The storage of µmk (ti+1) is not provided
in ABAQUS and is therefore carried out in FORTRAN 77 via a storage location for global
variables (Common block).
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x

z

nm1
nm2

nm3

nsj

Figure 11. The position of the master node nm2 and the directly neighboring master nodes at time ti.
In addition, the position of all slave nodes which are located at time ti+1 on areas connected to nm2 .

Figure 12 shows the program flow of the subroutine vfric. First, Equation (25) is used
to calculate the friction value ~̄µm on the master interface. The result is used in Equation (24),
part I together with the friction value on the slave surface ~µs(ti) to calculate the initial
friction value ~µinit. Thus, according to Equation (26) using ~̄ps, the characteristic time τ can
be calculated, which in turn is used in Equation (7) to read out the gradients ∂µk · ∂τ−1.
This allows the friction value ~µs(ti+1) to be determined in Equation (24), which is used by
ABAQUS to calculate the friction forces. Within the subroutine, the friction value ~µm(ti+1)
is then stored to the corresponding master node using Equation (27).

~µs(ti) ~µm(ti)∆t ~̄ps(ti+1)

Eq. 25

Eq. 24, I Eq. 26 Eq. 7

Eq. 24

~µs(ti+1) Eq. 27 ~µm(ti+1)

ABAQUS

~̄µm(ti)

~µinit(ti+1)

= pk(ti+1)

= pk(ti+1)

τ(ti+1)~µinit(ti+1)

∂
∂τ µk(pk , τ)

Figure 12. Program flow of the subroutine vfric.

Figure 13 shows the local coefficient of friction on the road surface at the end of
simulation for pattern BBs. Where no contact is established, the viscous water film remains
undisturbed and the coefficient of friction is equal to µ0. On the roughness peaks the water
film has been squeezed out and the coefficient of friction µ∞ is present. On flatter elevations,
where lower contact pressures have prevailed, the coefficient of friction is between µ0 and
µ∞. At 50 km h−1 the tread block was longer in the tire contact area and therefore more
time was available to squeeze out the water. This is reflected in the slightly higher overall
friction coefficient level. It should be noted that the sliding path covered by the tread
block during the simulation is independent of the driving speed, since the sliding speed is
directly proportional to the driving speed, which in turn is inversely proportional to the
contact time.
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In some cases, areas can be seen where the coefficient of friction at 140 km h−1 is
higher than at 50 km h−1. On the one hand, the overall greater dynamics of the tread block
movement at 140 km h−1 can lead to contact being established briefly in some areas where
there would otherwise have been no contact at all between the rubber and the road surface.
This can be seen in the top right of Figure 13b. On the other hand, the material damping in
the rubber can lead to locally higher contact pressures and thus to a faster increase in the
coefficient of friction. Both effects are negligible for the global friction force.

(a) BBs, 50 km h−1 (b) BBs, 140 km h−1

µ

0.2

0.5

0.8

Figure 13. Local friction coefficient on the road surface at the end of the simulation for pattern BBs at 7.5% slip.
A 60 mm × 80 mm large section of the roadway is shown. Direction of travel is from left to right.

3.2.3. Wiping Edge

As an extension of the friction law, a so-called wiping edge effect was modeled.
The model idea is that an edge of the tread block does not float on the viscous residual
water film in front of it, but wipes it away. Since a high coefficient of friction is quickly
established under an edge due to the high surface pressure, this is carried along when the
edge slips over the road surface. This is illustrated in Figure 14.
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Figure 14. Schematic diagram of wiping edge effect.

At the time t1 a certain coefficient of friction is present at the points Q1 and P1. At point
P2 there is the initial friction value µ0. Up to time t2 Q1 now slides to the right by the
distance ∆x. Instead of forming the mean value of the friction values at Q1 and P2 according
to Equation (24), the following now applies for term I of Equation (24)

µinitj(ti) = µ̄mj(ti). (28)

So that we ignore the low coefficient of friction or high viscous residual water film at
P2 and use the higher coefficient of friction of Q1 instead. Whether it is really an edge is
checked in the simulation using two conditions. First, the friction value at the slave node
at the beginning of the time step must be higher than on the master surface. The condition
for this is

µ̄mj(ti) >= αwµ̄sj(ti). (29)

Physically, this means that the edge slides from a dry area of the roadway back onto
a wet part of the roadway. Accordingly, the coefficient of friction on the master surface
would be lower than on the slave node. However, Equation (28) adjusts this to the friction
coefficient at the slave node and the water film in front of the edge is thus ’wiped away’.
The threshold value αw ensures that minor irregularities in the friction coefficient curve are
not mistakenly classified as an edge. In addition, the condition

µmk (ti) = µ0 (30)

must be fulfilled for at least one k ∈ Mj. This means that at least one node of the road
segment on which the master node nsj is currently located must have the initial friction
value µ0, which corresponds to an undisturbed viscous residual water film at this node.
If this condition is not fulfilled, all neighboring nodes of the master were already in contact
at an earlier time and there is no undisturbed viscous residual water film that could be
wiped away from the tread block edge. A restriction of the nodes that could be considered
to be edges to certain areas was not carried out due to the sometimes very large tread block
deformations. In principle, every node of the tread block can be identified as an edge,
as long as the conditions from Equations (28) and (30) are fulfilled.

In Figure 15 all nodes of the roadway are shown on which the wiping edge effect
was detected until the end of the simulation. The color scale marks the friction coefficient
change caused by the wiping edge effect according to Equation (28). Apart from a few
false detections, the 4 edges of pattern BBs (b), or individual edges of pattern BB (a) are
clearly visible. In pattern BBs, the front edge is much more pronounced than the three
following edges. This is due to the fact that from a certain point in time the rear edges slip
over areas of the carriageway on which the water film has already been squeezed out by
the preceding block segment. Thus, Equation (30) is not fulfilled and no wiping edge effect



Vehicles 2021, 3 100

is detected. Nevertheless, there is a high coefficient of friction in this area, as can be seen
in Figure 13b.

(a) BB, 140 km h−1 (b) BBs, 140 km h−1

∆µ

0

0.15

0.3

Figure 15. Change of the coefficient of friction ∆µ due to the wiping edge effect. A 60 mm × 80 mm large section of the
roadway is shown. Direction of travel is from left to right.

3.2.4. Block Tilting and Hysteresis

Due to the macro-roughness of the road surface, it is possible that the edges of the
tread blocks get caught on individual roughness peaks. This causes a crosstalk of the
normal force into the circumferential force, which is why the global friction coefficient,
determined according to Equation (1), can theoretically be greater than the local limit
friction coefficient µ∞. Another reason for this is that the model maps hysteresis friction
due to the damping losses in the rubber material. Actually, hysteresis friction should be
modeled by the friction law, but the combination of damping material properties and
macro-rough pavement leads to directly modeling hysteresis friction on the largest length
scale of track roughness. Corresponding simulations have shown that damping in the
material law cannot be dispensed with, since otherwise, on the one hand, the dynamic
behavior of the model becomes very unstable and, on the other hand, no realistic contact
areas and contact pressures are calculated. These quantities are of elementary importance
for the friction law and the reason the roadway is modeled as a three-dimensional structure
with full macro-roughness at all. Therefore, when interpreting the results later, it must
be taken into account that they not only reflect the influence of the friction law, but also
include hysteresis friction on the largest length scale.

3.2.5. Loss of Contact

If a node of the tread block loses contact with the road surface, the friction value at
the corresponding slave node is reset to the initial friction value µ0. In this case, a rubber
element slides from one asperity over a valley in the roadway to the next asperity. During
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the time of loss of contact, the rubber surface can be wetted with water again, so it is
not useful to continue calculating with the coefficient of friction from the last contact.
Conversely, however, it is assumed that a roughness peak retains its coefficient of friction
even if contact with the rubber is lost in the meantime. A backflow of the fluid on tips that
have been drained at once is therefore not permitted. Physically, there is no reason the
fluid should flow back to a single peak, against the force of gravity and within the very
short time of only a few milliseconds.

3.2.6. Self-Contact

Due to the strong local deformations of the rubber, especially for the laminated pattern
BBs, self-contact of the rubber can occur. This contact is formulated identically to that
between the rubber and the road surface; however, a constant coefficient of friction of
µr = 0.2 is applied. Since the individual slats on their upper side are all fixed at the same
height and all have the same length, which is much greater than the distance between
the slats, only very small tangential displacements occur between adjacent slats at the
contact points. Therefore, the height of the coefficient of friction at this point is of secondary
importance. The relatively low value of µr = 0.2 was chosen because squeezing a water
film between two macro smooth surfaces at low surface pressure takes a very long time
and tangential forces are therefore probably only transmitted via the viscosity of the fluid.
The decisive factor is rather that the individual lamellae do not penetrate each other but
support each other. This phenomenon can also be seen in Figure 8 between the first and
second lamella. To secure the choice of the parameter, simulations with µr = 0.1 to 0.3
were carried out. In this case, the mean braking force changes only by a few per mile for
pattern BBs. Also, the temporal progressions of braking force and contact surface between
pattern BBs and road surface are almost identical. For patterns BB and SB, the results are,
as expected, independent of µr, since there is at best very local self-contact.

3.3. Parameterization

The local friction law forms the influence of the viscosity of the fluid as intermediate
medium in the contact area of the rubber with the roughness peaks of the road surface.
The parameters to be defined are µ0, µ∞ and λ. For each material pairing of rubber and
road surface a set of parameters must be defined which describes the micro-roughness of
the road surface, the size and distribution of asperites, the viscosity of the fluid as well as
the coefficient of friction of the corresponding material pairing. For the parameterization,
the measurement results of brake tests with the patterns BB and BBs are used. The results
of 1 mm water level and 50 km h−1 or 140 km h−1 driving speed are used.

The quality criteria are the sum of the least squares of errors regarding the devia-
tion between model and test result and the correlation between model and test result.
The parameter space in question was defined by preliminary simulative investigations and
is shown for the asphalt and safety-walk pavements as summarized in Table 5.

Table 5. Representation of the reasonable ranges for the parameters freely selectable in the model on
the investigated asphalt track.

Parameter Range

µ0/- 0.2
µ∞/- 0.6. . .0.9

λ/MPa−1 s−1 100 . . . 1000

The initial friction value µ0 represents the viscous friction at the moment of first contact
on a macroscopic level. At this point in time, the viscous residual water film is still closed,
and forces are transmitted exclusively via the shear of the fluid. Therefore, this parameter
is set to µ0 = 0.2 in the following. The limit coefficient of friction µ∞ describes the maximum
locally achievable coefficient of friction and should therefore be set in a similar range to the
measured global coefficient of friction. The most important parameter is λ, which as a unit
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has the reciprocal of the dynamic viscosity. If it is chosen too large, the limit friction value
µ∞ is established everywhere in the contact within a very short time, which corresponds to
a constant friction value without the influence of a fluid. In this case, the model predicts
neither a velocity nor a pattern dependence of the global coefficient of friction at the tread
block. If it is chosen too small, the contact time within a latching run of the tread block is
not sufficient to displace the viscous residual water film and viscous aquaplaning occurs,
as would be expected, for example, on an oil-covered road. The parameter space shown in
Table 5 is scanned full-factorially to parameterize the model according to the test results.

4. Results

In this section, the basic model results are discussed and checked for plausibility.
The parameterization of the model as shown in Table 6 is used. The choice of these param-
eters is explained in Section 5 and is taken as given here. The model validation based on
the measurement results is also explained in Section 5.

Table 6. Model parameters for the friction law.

µ∞/- µ0 /- λ /MPa−1 s−1 Track

0.8 0.2 600 asphalt

Figure 16a shows the temporal progression of the specified normal force at the top of
the block and the resulting normal and longitudinal force in contact. Despite the slowly in-
creasing load Fz(t), which acts as a ramp function, the block hits the road relatively abruptly
and is thus excited to oscillations in vertical direction, which decay within 1 ms, and thus
relatively quickly, due to the material damping. These oscillations become apparent in
the contact forces FN(t) and Fx(t). If the global friction coefficient shown in Figure 16b is
calculated from the contact forces according to Equation (1), these overshoots are largely
compensated. The mean value of this coefficient of friction serves as a descriptive variable
for the transmittable braking forces of the investigated pattern at the given parameters and
is later used to validate the model.
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(a) Wheel load component FZ(t) and the contact forces FN(t)
and Fx(t).
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Figure 16. Simulation results for pattern BB at 140 km h−1 and the parameters described in Table 6.

Depending on the driving speed and relative slip, the absolute slip speed vs is given at
the top of the block (see Figure 3). If the slip is varied for one speed, one of the µ-slip curves
shown in Figure 17 will result. The other curves are the result of simulations with the
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same parameters, but the block has been displaced by 20 mm on the track in the direction
of travel. Each of the points drawn is therefore the result of a separate simulation with
constant slip. All simulations on the same point of the pavement are connected to form a
curve. It can be seen that for all positions there is a maximum in the range between 5% and
7.5% slip. This is also the range in which the maximum of the µ-slip curves was measured
during the brake tests with a complete tire presented in Section 2. In the model, a certain
amount of slip is necessary to shear the tread block and thus build up longitudinal forces.
At high slip speeds, the coefficient of friction decreases again due to the time component of
the friction law. The greater the distance covered by the tread block, the greater the area of
the roadway on which the viscous residual water film must be displaced within the contact
time. At a constant coefficient of friction µ = µ∞ on the road surface, the global coefficient
of friction would continue to increase with increasing slip, since more energy would be
dissipated due to material damping. It can be clearly seen that the choice of position on the
road has a great influence on the result, which is not the same for all slip values. Therefore,
the choice of a representative road position is not possible and in the following the mean
value of simulations on five different road positions is used.
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Figure 17. Variation of slip and road position for pattern BB at 140 km h−1. The positions are each
displaced 20 mm relative to each other in the direction of travel.

Figure 18 shows the µ over slip curves for patterns BB and BBs. The larger geometric
stiffness of pattern BB compared to pattern BBs is clearly visible in the slope of the curves
from zero. Since the laminated block can deform more and the water is pressed out faster
due to the higher surface pressure, the curve only reaches its maximum at a higher slip.
In addition, the higher maximum value for pattern BBs can be seen. This is also based on a
faster increase in the local coefficient of friction due to the higher local surface pressure.
The coefficient of friction for 0% slip was not calculated, but assumed to be zero and
manually added to the diagram for a better visualization of the initial slope.
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Figure 18. Simulated µ-slip curves for patterns BB and BBs at 140 km h−1.

5. Validation

The first question is which measurements can be used to validate the wet grip model.
In Figure 19 measurement results of the complete tires on the internal drum test bench
are shown at 120 km h−1 on a damp road and at 1 mm water level. For pattern BB the
results are almost identical. For pattern BBs and SB, the coefficient of friction at 1 mm
is even higher than on damp pavement. This indicates that even at 1 mm the inertia of
the water plays only a minor role. A possible explanation for the poorer performance on
damp pavement is the influence of temperature. The lower the geometric stiffness of the
pattern, the worse the result with a damp pavement compared to 1 mm. Due to the strong
deformation of the rubber, locally higher contact pressures and thus higher temperatures
are achieved, which in turn can lead to a reduction of the hysteresis component. Due to
the constant water supply during the measurements with 1 mm, the total road and tire
temperature is lowered, so that this effect is reduced. It can therefore be assumed that
wet grip effects are dominant at 1 mm and at the same time an excessive temperature
influence is avoided, which is why the measurements at 1 mm water level are used for
model validation.

First the model parameters µ∞ and λ must be determined. They are selected so that
the best possible approximation to the test results is achieved for patterns BB and BBs at
1 mm water level. This results in the parameters already shown in Table 6. For this purpose,
the parameter space shown in Table 5 was searched full-factorially with increments of
δµ∞ = 0.1 and δλ = 100 MPa−1 s−1. Finally, the combination of parameters is used which
provides the best correlation between model and test and at the same time minimizes
the sum of the error squares. The selection was made manually. Due to the relatively
large scatter in the test results, a more extensive and automatic optimization of the model
parameters was not found useful. Instead, the aim was to map the most important effects
regarding pattern and speed influence at a realistic friction coefficient level. In addition,
the model behaves relatively linear with small changes of µ∞ and the exact position of the
absolute friction coefficient level could thus be adjusted by a corresponding adjustment of
µ∞ without significantly changing the correlation between measurement and model.

Figure 20 shows the simulation results of the wet grip model for the parameters shown
in Table 6. The relative slip was set to 7.5%. This is the range in which µmax was measured
during brake tests and the maximum of most simulated µ-slip curves. This is also the
range in which the maximum of the friction coefficients measured during ABS braking is
observed ([34], [p. 25]). For comparison, the test results are shown at 1 mm water level.
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Figure 20. Comparison of the wet grip model with the measurement results at 1 mm water level
on asphalt.

The decrease over speed is slightly smaller for pattern BBs than for patterns BB
and SB. Although the test results point in the same direction, the increasing grip level
for pattern BBs is not considered to be plausible and will not be further discussed. In
contrast, the higher level of friction for pattern BBs is clearly visible in the model. This
is mainly due to the local friction law from Section 3.2.2, which rewards the higher local
contact pressures by a faster squeezing of the viscous residual water film. To confirm this
hypothesis, Figure 21 shows the progression of the contact area and the global coefficient
of friction over time. Again, the mean value of the curves calculated for five different road
positions was calculated. The course of µ over the speed is almost linear for all patterns,
which is why only the speeds of 50 km h−1, 100 km h−1 and 140 km h−1 were simulated.
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Figure 21. Simulation results for pattern BB at 140 km h−1 and the parameters described in Table 6.
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The calculated contact areas are not scaled, which is why the contact area of pattern
SB is much smaller than the contact area of patterns BB and BBs. For the following
argumentation, the change of contact area over time is deciding. For all patterns, overshoot
occurs in the contact area after the first contact. Pattern SB then settles down at a relatively
constant level, while a slight drop in the contact surface can be observed for pattern BB.
Pattern BBs starts with almost the same contact area as pattern BB, but subsequently the
setting up of the individual slats leads to a significantly reduced contact area. Since the
wheel load remains constant, the surface pressure in contact is correspondingly higher.
This is reflected in the global coefficient of friction µG(t) shown on the right, which increases
much higher for pattern BBs. The different course only occurs after 1 ms, since the tread
blocks must first be deformed by the slip movement. It should also be noted here that the
global coefficient of friction is higher than the maximum local coefficient of friction µ∞ due
to material damping and edge effects (see Section 3.2.4).

Figure 22 shows a section through the tread blocks of pattern BB and BBs after
1.9 ms and 3.8 ms respectively. Pattern BB is only slightly deformed and the pressure
distribution in the contact changes only slightly due to the slip movement of the tread
block. With pattern BBs, it is clearly visible how the second block segment gets stuck on a
road elevation. As a result, this segment is strongly deformed, and locally higher contact
pressures arise.

(a) BB after 1.9 ms (b) BB after3.8 ms

(c) BBs after 1.9 ms (d) BBs after 3.8 ms
Figure 22. Deformed tread blocks for patterns BB (a) and BBs (b) at 140 km h−1. The color scale indicates the Mises
equivalent stress and covers the same range of values for all representations.
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Figure 23 shows the coefficient of friction on the road surface after 3 ms. It can be
clearly seen that the coefficient of friction for pattern BBs is higher on average and that
there is a larger area with a high coefficient of friction.

The model predicts a slightly better performance for pattern BB than for pattern SB.
In the test results, both patterns perform almost identically. The reason for the poorer
performance of pattern SB could be the smaller block-length of pattern SB. The leading
edge is subjected to less stress, which means that there is no canting or curling of the edge.
This leads to the strong reduction in contact area for pattern BBs, and the effect is still
visible with pattern BB due to the slightly decreasing contact area in Figure 21a.

(a) BB (b) BBs

µ

0.2

0.5

0.8

Figure 23. Local coefficient of friction on the road surface after 3 ms at 140 km h−1 for the patterns BBs and BBs.

The error bars on the measured curves in Figure 20 indicate the standard deviation.
Due to the measurement inaccuracies alone, complete agreement between model and
measurement is not to be expected. Nevertheless, it must be noted that the spread between
BB and BBs in the model is limited and cannot be increased arbitrarily even if the model
parameters are varied.

In addition, a simulation without the wiping edge effect (see Section 3.2.3) was per-
formed for comparison. A reduction of the global friction coefficient of maximum 0.6% can
be observed. The effect of the wiping edge is therefore negligible here, at least compared
to the influence of the local contact pressure distribution on the friction law. However,
the edge was identified only indirectly, as described in Section 3.2.3, so that a more precise
detection of the edges could possibly lead to a somewhat greater influence of the effect.
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6. Conclusions

An FE model of a single-tread block was built to investigate the pattern-dependent wet-
braking behavior of passenger car tires on an asphalt track. The material properties of the
rubber are considered by a viscoelastic and a hyperelastic material law. A three-dimensional
image of the road macrotexture reflects the influence of the road surface used in the model.
The friction coefficient in the contact area is described by a phenomenological friction law.
The underlying idea of the model is that there is initially a thin viscous water film in the
contact area, which strongly reduces the local friction coefficient. This is squeezed out by
the local surface pressure and the local friction coefficient increases. With this model the
much better performance of the siped pattern can be explained, as could be shown by the
validation of the model with braking tests on an internal drum test bench. The model
presented here allows the consideration of the interactions between a rough road surface,
deformable tread blocks and a viscous fluid film at very low water heights. In particular,
it should be emphasized that very low water heights were modeled, at which the inertia of
the fluid and the drainage of the tire contact patch play a negligible role.

Author Contributions: Supervision, F.G., B.W. and H.-J.U.; conceptualization, J.L. and P.W.; writing—
original draft preparation, J.L.; writing—review and editing, J.L., P.W. and H.-J.U. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Financial support by Continental Reifen Deutschland GmbH is gratefully ac-
knowledged. Furthermore, we acknowledge support by the KIT-Publication Fund of the Karlsruhe
Institute of Technology.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:
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COS Coordinate system

Appendix A

Table A1. Length and width of the tread blocks, as well as negative void of the whole pattern
and number of block rows in lateral and longitudinal direction. Pattern BBs has the same external
dimensions as BB, but due to the 0.5 mm width of the sipes, it has a slightly larger negative pattern
void portion.

Abbrv. Block-
Length/mm

Block-
Width/mm

Negative-
Portion/% Rows/Width Rows/circ.

BB 38.0 69.6 18.53 3 50
BBs 38.0 69.6 22.27 3 50
SB 23.2 36.8 18.20 5 80
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