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Highlights

Abstract

* This paper presents the experimental investiga-
tion of tire performance on slush.

* Slush is defined as a mixture of snow and water,
and a mixture of crushed ice and water.

* Tire friction decreases increasing the mixture
amount of snow and water.

* Tire friction increases increasing the mixture
amount of crushed ice and water.

An investigation of tires behaviour on winter roads was always a high importance in the con-
text of road safety. This paper presents the experimental investigation of tire performance
on slush that is identified as two mixtures: a mixture of snow and water, and a mixture of
crushed ice and water. The measurements of longitudinal and lateral performance including
tire traction, braking and cornering were performed. Tire traction tests were performed for
both mixtures with different amount of material. A decreasing in the tire friction was ob-
served when amount of the mixture of snow and water was increased twice. For the mixture
of crushed ice and water, an opposite trend was observed. The standard deviation values for
the peak force coefficient showed a good reproducibility and reliability of performed tire

tests.
* The results of performed tire tests showed a good

reproducibility and reliability.
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1. Introduction

The frictional behaviour of tires on any surface is important for
vehicle safety and control [14, 24]. As tires are in direct contact with
the pavement, the vehicle is controlled directly due to its tire fric-
tion with the pavement, and parameters of the tires have a great influ-
ence on controlling stability and ride safety of the vehicle [21]. The
tire is the only component transmitting forces between the vehicle
and the ground, thus it has to maintain high forces during all driving
maneuvers [15]. Also, a knowledge of the current tire-road friction is
essential for future autonomous vehicles [2]. In general, the tire per-
formance is evaluated within longitudinal and lateral slip curves. The
shape of the curve is influenced by many parameters, for example the
friction characteristics of the tread rubber, which itself is influenced
by the texture of the road surface, the medium between the road and
the tire (e.g. water, snow, ice etc.) and the tire tread compounds [19].

In research papers a number of experimental studies of tire per-
formance on snow and ice can be found. The effects of operational
parameters, namely load on the tire, inflation pressure, toe angle, tread
depth, camber angle, ice temperature, ambient temperature and type
of ice surface using Standard Reference Test Tire were studied with
indoor test method [3] and outdoor test method [4]. Cutini et al. [8]
presented a method for testing winter tires in outdoor test facilities on
compacted snow and on iced surface. Results showed that the method
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was able to measure the small differences between the traction force
of the different sets of tires. Hjort et al. [12] presented a comprehen-
sive study of the performance of winter tires on snow, ice, and asphalt
using a mobile tire-testing device for snow and asphalt, and using
stationary tire-testing facility for ice. Both devices recorded the tire
forces and motions, and results suggested that the recorded data repre-
sent real vehicle performance. Salimi et al. [20] investigated the fric-
tion behaviour of tire with ice and snow using RT3-Curve, a lateral
friction measuring device. The study showed that ice had 55 % less
friction compared to bare dry conditions. Light, moderate, and heavy
snow reduced the dry surface friction significantly by 69, 75, and 81
%, respectively. Yokoyama et al. [23] studied the friction performance
of tires on snow covered roads to predict vehicle performance within
the grip range. The findings indicated that tire frictional force, as an
aspect of vehicle dynamic performance on snow covered roads, can
predict subjective evaluation results from actual vehicles by means of
tire pattern, compound, and contact patch pressure distribution char-
acteristics.

Unlike the tire performance on snow and ice, only a couple ap-
proaches can be found of investigation on tire performance on slush.
According to Klein-Paste [17] slush mainly consists of water and ice
particles and behaves like an incompressible fluid. The tire braking
action on slush is mainly reduced because of hydroplaning. When a
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tire rolls on a pavement covered with an incompressible fluid, it is
squeezing the fluid from under the footprint. This squeezing process
generates pressures on the surface of the tire footprint, delaying or
preventing it to get into contact with the underlying pavement. When
full hydroplaning occurs it provides almost no braking action as the
tire slides over the fluid film without reaching the pavement texture
at all. Hydroplaning is largely speed dependent since the speed deter-
mines how much time is available for the squeeze out. However, it is
also largely dependent on the fluid thickness.

Lee and Huang [13] used a physical tire-snow interaction model
and presented results of calibration and validation of the interaction
model for wet snow wherein the volume fraction of water content
ranges from 3 % to 8 %. The main differences between dry and wet
snow were noticed in a higher coefficient of friction for the rear
wheel on dry snow than wet, and the traction force for wet snow was
higher than for dry indicating lower motion resistance for wet snow.
In Bhoopalam et al [5] study a slush with soil definition was used
evaluating the tire traction performance on different icy roads. The
study showed a 300 % increase in the peak traction during opera-
tion on ice covered with soil and slush (shaved ice and water mix),
compared to wet ice (ice covered with a thin layer of liquid water).
Bogdevicius et al [6] presented a theoretical approach of mechanism
of force transmission between a tire and slush-covered pavement. The
mathematical approach analysed the system “sub-block-slush layer-
drum”, wherein the slush was described as a multi-layer bulk. The
model evaluated mass change velocity of slush layer and physical-
mechanical properties of sub-block. The obtained velocities of slush
layers and friction forces enabled to determine generated heat per time
unit at each layer. Results showed that the top layer of slush has the
highest velocity and heat flow values.

This paper presents a comprehensive experimental study on tire
performance on slush that is identified with two different mixtures.
The experimental setup including test equipment, track preparation,
test procedure and the tire friction values for longitudinal and lateral
tire performance including tire traction, braking and cornering are
presented and discussed.

2. Experimental setup

In the following chapter experimental setup including test equip-
ment, track preparation and test procedure are presented. The Inter-
nal Drum Test Bench in Karlsruhe Institute of Technology was used
to perform measurements of tire force transmission on the different
amount and consistency of slush layer.

2.1. Test equipment

The Internal Drum Test Bench of Karlsruhe Institute of Technol-
ogy, showed in Fig. 1 allows tire measurements in controllable winter
conditions such as ice or snow. The test rig consists of the internal
drum (4) with a diameter of 3.8 m, wherein the tire (2), mounted on
a rigid wheel suspension, rolls on the installed track (5). Wheel and
drum can be driven independently for braking and traction tests. Slip
and camber angles, and vertical force are adjusted by hydraulic sys-
tem. The main technical specifications of the test bench are presented
in [11, 22]. All tire response data is measured inside the wheel hub
by a six-component measurement hub (3) and the main outputs are:
longitudinal force (F,), lateral force (F,) and vertical (wheel reaction)
force (F,).

The test rig is surrounded by a climate chamber with an air condi-
tioning system which allows cool down the testing room to —20°C.
For measurements on ice and snow tracks the test rig can be addition-
ally equipped with a snow production machine, a roller for snow com-
paction, a blade (7) for cutting ice or snow layer and infrared camera
for temperature measurements.

A special winter tire 205/55 R16 was used for the measurements.
The tire footprint at about 4000 N vertical load and 220 kPa inflation
pressure is showed in Fig. 2.

—

Fig. 1. Schematic view of the test bench. 1 — test stand; 2 — tested tire; 3 —
measuring hub; 4 — internal drum; 5 — track; 6 — borders; 7 — hydrau-
lic blade.

As it is seen from Fig. 2, the tire has a non-symmetrical tread pat-
tern. Its depth was 8 mm and shore hardness was 56A. The tire was
always kept in the testing room before the each measurement.

g

-

Fig. 2. The footprint of the tested tire

2.2. Slush track preparation

According to [10] slush is a mixture of water and snow, at the tem-
perature of zero or a little above the freezing point. Slush behaves
as a liquid in the sense that only insignificant shear forces may be
transmitted. The density of slush depends on its water content and is
always less than the density of water. The viscosity of slush is always
larger than that of water, and always increases with decreasing water
content. In The International Classification for Seasonal Snow on the
Ground [9] and [18] slush is presented as a soaked snow which has a
small air content and liquid water content is greater than 15 %. The
temperature of snow is equal or higher than 0°C.

The main challenge preparing the slushy track was to keep the mix-
ture on the drum as much as possible to get a good track reproducibil-
ity when tire is rolling. For this reason, the special borders (6), showed
in Fig. 1, were installed not allowing to splash away the mixture from
the drum when tire was rolling. The next challenge was to equalize
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the slush mixture on the drum and don’t let it to fall down when drum
is rotating. After some attempts, it was decided to throw mixed mate-
rial directly on the rotating drum expecting that centrifugal forces F
showed in Fig. 3 will make it stick on the drum surface and prevents
from sliding. For this reason, a required drum speed was calculated
for different angle situations.
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Fig. 3. Forces acting on the slush at different angle when drum is rotating

When slush mixture is at 90° angle, the centrifugal F and gravity
F, forces are equalized:

_mVp (1)

m
€ R

where Vp refers to drum speed and R refers to drum radius. Then
drum speed can be expressed:

Vp=+gR 2)

A force equilibrium can be expressed accordingly to the angle 0° <
¢ < 90° and drum speed is calculated:

2
mg = mVp sing 3)
gR
Vn =
b sin@ )

At 0° a cohesion force occurs, thus equalizing total friction force Fy
with gravity force F,, we obtain:

2
"D+ F, = mg )

Then from equation (5) friction coefficient p and drum speed Vp
are expressed:

R
- R me—F 6
u mVI%(mg ©) (6)

R
Vb =,/H—m(mg-Fc) @)

Assuming that cohesion force F, which should increase the friction
between the mixture and the drum surface is neglected, the minimum
required speed of the drum is about 55 km/h (or about 277 rpm). The
calculated friction value was 0.07 wherein F_ was also neglected.

It was calculated that for 2 cm of height 62 1 of mixture are re-
quired. According to the calculation, the ratios of the mixture were
selected.

In this study slush was identified as a mixture of snow and water,
and a mixture of crushed ice and water. According to the slush defi-
nition presented in [9], the mixture should have more than 15 % of
water. Therefore, for the mixture of snow and water the ratios of 5.5:1
(55 1 of snow and 10 1 of water) and 11:2.2 were selected. For the
mixture of crushed ice and water the ratios of 6:0.75 (60 1 of crushed
ice and 7.5 1 of water) and 11:1.5 were selected.

For the mixture of snow and water, a snow was produced by cut-
ting ice with the blade (7) showed in Fig. 1. The ice was formed on
the drum by pouring the water at the temperature below 0°C. Usually,
for the tire-snow measurements snow is produced by snow produc-
tion machine that is using a liquid nitrogen. In our case, the presented
snow production method appeared to be more cost effective and al-
lowed to get a loose snow of about 400 kg/m? density. Further snow
is mixed up with the water and density of the mixture is determined.
An average density value for the snow and water mixture was 815 kg/
m?> with the standard deviation of 56 kg/m>. Then prepared mixture
(Fig. 4a) is thrown on the rotating drum at already calculated speed
(55 km/h). After stopping the drum (Fig. 4c¢), an initial height of the
mixture is measured that is about 2 cm or 4 cm according to the ratio
of the mixture.

The mixture of crushed ice and water (Fig. 4b) is prepared accord-
ingly to the mixture of snow and water. Simple ice cubes that are
crushed into small pieces (ice particles) and mixed up with the wa-
ter were used. An average density of the mixture was about 674 kg/
m?® with the standard deviation of 39 kg/m®. The prepared mixture is
thrown on the rotating drum and the same initial height of 2 cm and 4
cm was obtained according to the ratio of the mixture.

Fig. 4. Slush production. a) — mixture of snow and water. b) — mixture of crushed ice and water. c) — mixture of snow and water on the drum
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2.3. Test procedure

Once the track is prepared, the tire is installed on the test bench and
measurements could be performed recording the force and moment
data. The longitudinal tire slip S, is calculated by:

QR4 ~Vp
Sx _V—
D

®)

where Q refers to the angular velocity of the tire, Ry, refers to dy-
namic rolling radius of the tire that is determined while the wheel is
freely rotating before the measurement starts. Positive values repre-
sent traction and negative values braking slip.

The values of test parameters are presented in Table 1. For every
test the ambient temperature in the cooling chamber was kept about
0-1°C. The tire was rolling on the drum loaded with 4000 N, inflated
with the pressure of 220 kPa and with 0° camber angle. The driving
speed (the drum speed) was selected about 50 km/h constant speed.
Then the tire is accelerated or decelerated with in the test bench. The
cornering tests were performed as pure cornering, i.e. with a very low
slip. Up to 80 % slip is reached when tire is accelerated and about 70
% slip when it is braked. The tire turning (slip) angle has ranged from
—4° to 4° and was limited because of installed borders on the drum.

Table 1. The values of test parameters

Test parameter Value
Ambient temperature, °C 0-1

Vertical load, N 4000
Tire inflation pressure, kPa 220

Tire camber angle, ° 0
Driving speed, km/h 50
Slip ratio, % —70-80
Slip angle, —4 -4

a) 035

0.3 S -

0.25 C L M T -+
0.2

0.1
0.05

Force coefficient Fx/Fz

0 20 40
Slip (%)

Three types of measurements were performed: traction, braking
and cornering. Traction tests were performed for both mixtures with
different ratios, and for braking and cornering only with the mixture
of snow and water with the ratio of 5.5:1. For every test condition at
least three measurements were performed wherein after two measure-
ments the track was renewed with the hydraulic blade showed in Fig.
1 equalizing the layer of the mixture and then one more measurement
was performed. For the next test the track was renewed with the com-
pletely new mixture. The one traction or braking measurement lasted
up to 15 s and cornering measurement lasted up to 35 s since a special
test protocol was used specially designed for the snow track.

The results are presented as slip curves wherein a longitudinal
force coefficient (the ratio of longitudinal F, and vertical F, forces) is
the function of slip, and a lateral force coefficient (the ratio of lateral
F and vertical F,, forces) is the function of slip angle. For longitudinal
slip curves, a Magic Formula (MF) [16] was used to fit the data using
a least square minimization [1]. The standard deviation was calcu-
lated for the peak values of force coefficient. For the longitudinal tire
performance, the peak values were obtained from slip curves fitted
with MF.

3. Results

The average slip curves for tire traction tests for different mixtures
and ratios are presented in Fig. 5 and Fig. 6. Also the views of the
track after the measurements are presented to get a better insight of
tire performance.

A peak value of force coefficient for the mixture of snow and water
with the ratio 5.5:1 is 0.3 and is reached at about 20 % slip. Increasing
the amount of mixture twice decreases the force coefficient and the
peak value is 0.27 that is reached at the same slip. The standard devia-
tion for both peak values was 0.031 and 0.026 respectively, and each
value was calculated from three measurements.

A peak value of force coefficient for the mixture of crushed ice and
water with the ratio 6:0.75 is 0.25 and is reached at about 15 % slip.
Increasing the amount of mixture twice an opposite trend was ob-
served. The force coefficient is increasing and the peak value is 0.31
reached at about 10 % slip. The standard deviation for both peak val-
ues was 0.016 and 0.031 respectively, and was calculated from three

Fig. 5. Results of traction test for the mixture of snow and water a) Averaged slip curves fitted with Magic Formula for different mixture ratio b) Track after meas-
urements for the mixture ratio 5.5:1. ¢) Track after measurements for the mixture ratio 11:2.2.
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Fig. 6. Results of traction tests for the mixture of crushed ice and water. a) Averaged slip curves fitted with Magic Formula for different mixture ratio. b) Track after
measurements for the mixture ratio 6:075. c¢) Track after measurements for the mixture ratio 11:1.5.
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measurements for the mixture ratio 6:0.75, and from four measure-
ments for the mixture ratio 11:1.5.

An average slip curve fitted with Magic Formula for the tire brak-
ing test is presented in Fig. 7.
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Fig. 7. Averaged braking slip curve fitted with Magic Formula for the mixture
of snow and water with the ratio 5.5:1.

A peak value of the braking force coefficient for the mixture of
snow and water is equal to 0.26 and is reached at about 20 % slip,
the same value as for traction test. The peak value of braking is lower
than the peak value of traction (0.30) with the same mixture ratio.
The standard deviation of 0.02 for the peak value was calculated from
three measurements.

An average slip curve for the tire cornering test is presented in Fig. 8.
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Fig. 8. Averaged cornering slip curve for the mixture of snow and water with
the ratio 5.5:1.

For the cornering, the peak values of force coefficient at negative
and positive angles aren’t equal. At negative slip angle the peak value
is 0.26 and for the positive angle the value is higher, and is equal to
0.3. Both values are reached at about 4° of slip angle. The standard
deviation for both peak values is less than 0.01, that was calculated
from three measurements.

4. Discussion

In this chapter the obtained results are explained and for this rea-
son the schematic view of the tire interaction with slush mixture is
presented in Fig. 9.

In experimental studies, when a tire interacts with the mixture of
snow and water, three zones appear in the contact area wherein differ-
ent forces act on the tire surface (Fig 9a.).

In the first zone, the tire surface is subjected to a high hydrody-
namic pressure. The magnitude of the pressure depends on the thick-
ness and rate of change of the slush layer, slush density and tire speed
in the horizontal and vertical directions.

High
Hydrodynamic
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Pressure Zone

Hydrodynamic
Pressure Zone

_ Contact
Pressure
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Contact Pressure
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Tire-Road Footprint
Wet
Surface
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v

Fig. 9. Schematic view of the tire interacting with slush mixture. (a) Contact
zones. (b) Pressure distribution between tire and surface

The viscosity of slush (fluidized snow) is about 50 times higher
than that of water (94.10/1.7914 = 52.53 Pa-s). The viscosity of slush
depends on the amount of snow and water. The higher the amount of
water, the closer the viscosity of the slush gets to the viscosity of the
water. Therefore, when the tire interacts with slush, the hydrodynamic
pressure is higher than the tire interacting with water.

In the second zone, the tire has contact with the road surface (the
drum) and slush layer. Due to the lower radial stiffness of the tire, the
tire deforms more at the centre of contact, resulting in lower slush
pressure at the centre of contact than it is at the tire edges. When the
tire presses on the slush layer, the speed of slush outflow will also
change. Because the tire edges are less deformed, in this area the tire
squeezes the slush out faster and mechanical contact between the tire
and the drum occurs. The slush becomes closed at the tire contact
centre, i.e. the slush is unable to escape from the contact area and this
zone concentrates the increased amount of slush (Fig. 5b and c).

As a result, the tangential stresses (frictional forces) at the contact
between the tire and the slush will be lower when the amount of water
in the slush is higher. This explains the lower tire friction with higher
amount of mixture in Fig. 5a.

When the tire presses on the mixture of crushed ice and water,
the space between the ice particles is reduced (air is squeezed) and
the mixture becomes significantly stiffer. With each revolution of
the wheel, the mixture in the rotating drum is densified. The verti-
cal force and centrifugal forces acting on the wheel cannot disturb
the structure of such a mixture, and after several revolutions of the
drum, the physical and mechanical properties of the layer become
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close to those of the ice cover. In such a mixture, a small amount of
water (7.5 1) fills the gaps between ice and snow particles, and the
mixture becomes more compressible, but the applied forces cannot
destroy the structure of the mixture. The wheel is rolling on the rigid
surface of the mixture. Increasing the amount of water in the mixture
of ratio 11:1.5 increases the space between the hard pieces of ice,
making the mixture less stiff.

The forces acting on the mixture (wheel contact force and centrifu-
gal forces) disrupt the structure of the mixture and the tire tread digs
into the mixture layer. As a result, the contact area of the tire increases
with the frictional forces. The higher water content in the mixture in-
creases the tire friction. This explains the higher values of force coef-
ficient obtained with the higher amount of mixture in Fig. 6a.

The lower friction for braking (Fig. 7) compared with the traction is
explained as follows: when tire is accelerated, the pressure in the first
zone (Fig. 9a.) increases and when it is braked, the tire angular veloc-
ity Q decreases and the pressure in the first zone is lower as similar to
aquaplaning [7]. The wheel reaction F, and longitudinal F, forces also
decrease, but due to increased area of slush (Fig. 9b.) the longitudinal
force F, is decreasing at higher rate than reaction force.

The difference in lateral tire friction at positive and negative slip
angles (Fig. 8) could be led by the non-symmetrical tire tread pat-
tern (Fig. 2).

A good repeatability and reliability were observed with the peak
values of force coefficient for all performed tests. The values of stand-
ard deviation ranged from 0.01 to 0.031 indicating that the peak val-
ues of force coefficient lied in a narrow band.

5. Conclusion

In this study, an experimental investigation of tire performance on
slush is proposed. The experimental tests were performed with In-
ternal Drum Test Bench wherein the tire is able to run on the pre-in-
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