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Abstract
The evaluation of tire grip on the road is costly and consumes high energy and time, but is essential for safety. Prediction 
of tire grip on a laboratory scale is therefore always of interest and of utmost importance for research and material develop-
ments. It mostly suffers from lack of comparison with actual tire data. To involve all influencing factors on tire grip in a 
laboratory scale measurement is very complex. Therefore, it has always remained challenging to obtain a strong correlation 
between laboratory results and road data. In the present study, a new test method is developed for a Laboratory Abrasion 
Tester, LAT100, which enables to exploit the device as a tribometer. The objective was to develop a technique on a labora-
tory device to mimic the common test modalities for evaluating tire grip on the road with a trailer tester: lateral (α) and 
longitudinal (κ) sweep tests. The new method is validated by correlating the laboratory data with the two test modalities of 
real tire grip on a dry road using a trailer tester for six different tire tread compositions. For the LAT100 tests, solid rubber 
wheels are characterized at three different normal loads. The effects are comparable with actual tire data. The outcome of 
the new test method is in good agreement with actual tire trailer α-sweep tests.
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1 Introduction

Tire grip or traction is a concept that describes the grasp and 
interaction between the tire and the road to avoid vehicle 
skidding or sliding which is crucial for safety. The terms 
grip or traction both imply the same meaning and can be 
used interchangeably in this context. Proper tire grip pro-
vides a good level of handling which is a prerequisite for 
vehicle’s steering in various driving states such as corner-
ing, braking, and accelerating. The tire grip is the result of 
the generated frictional forces in the aforementioned driving 
states which are created by the tire slippage in the contact 
patch. When a vehicle brakes, accelerates, or corners, the 
tire tread elements in the contact area move a noticeable 
displacement in relation to the road. This is called slippage. 
For instance for an Anti-lock Braking System (ABS), the 
braking force is optimized based on a specific region of tire 
slippage to provide adequate frictional forces or grip and 
avoid tire skidding. This has been elaborated in detail in our 
previous studies [1, 2]. A tire rolling at a constant speed does 
not move relative to the road surface in the contact patch, 
apart from the shear deformations owing to various forms 
of rolling resistance and carcass (the tire internal structural 
body except for the tread layer) distortion which creates a 
very small slippage in the trailing edge. This is beyond the 
scope of this paper.

Numerous factors influence tire grip: first, the tire con-
struction, tread formulation and the pattern of the tire; 
second, the road surface characteristics, its condition and 
structure; and last temperature [3]. The general relationship 
between the frictional forces and the slippage is a specific 
characteristic of a tire design that includes the carcass, all 
rubbers used in the tire structure, and most important the 
tread. The slippage can be classified in lateral or longitudinal 
directions based on the driving states. Accordingly, it creates 
forces that can be categorized in two main modes: lateral 

(side) during cornering and longitudinal while braking or 
accelerating, both with their own specific characteristics.

The lateral force is the force that tires transmit to the 
ground during cornering in parallel to the rolling axis, see 
Fig. 1. The angle between the tire plane of symmetry and 
the actual moving direction of the vehicle in cornering is 
termed slip angle α (º) which creates lateral slippage. Fig-
ure 1 (left) shows atypical relationship between the lateral 
friction coefficient µy and the slip angle. Various lateral 
forces play a role during tire service, which differ by sev-
eral orders of magnitude. They encompass cornering forces, 
camber thrust, and minor residual influences comprised of 
two components—ply steer (pseudo-slip angle) and conicity 
(pseudo-camber) [4].

The longitudinal friction force is created when the tire 
contact patch moves a noticeable displacement in the for-
ward direction during braking or accelerating. The longitudi-
nal slippage is defined by the difference between the forward 
driving speed and the equivalent circumferential velocity of 
the wheel [5, 6]. According to the Society of Automotive 
Engineers (SAE), the longitudinal slip ratio κ is defined as

where Vx (m/s) is the longitudinal driving speed and Reω is 
the equivalent circumferential velocity of the wheel, where 
ω (rad/s) is the rotational velocity of the wheel and Re (m) 
is the effective tire radius. The latter is defined as the radius 
of the tire when rolling with no external torque applied to 
the spin axis. Since the tire flattens in the contact patch, this 
value lies somewhere in between the tire’s un-deformed and 
the static loaded radii [7]. Figure 1 (middle) shows the lon-
gitudinal friction coefficient µx vs. the negative braking slip 
ratio according to Eq. 1. Whereas all these phenomena also 
occur during accelerating conditions, then conversely the 
slip ratio is positive. Each tire is characterized by a specific 

(1)� = −
Vx − Re�

Vx

,

Fig. 1  The general relationships between the frictional forces and the slippage: (left) lateral and (middle) longitudinal braking modes; (right): a 
sketch of a rolling wheel as a guide for the normal, lateral, and longitudinal directions
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friction curve based on its carcass, tread pattern as well as 
the composition of the various rubber compounds. The typi-
cal important parameters of the friction curves are specified 
in Fig. 1. The slope of the lateral friction at small slip angles, 
typically smaller than 2–3° for a tire where the friction curve 
is still linear, represents the cornering stiffness of the tire 
which originates from tire carcass and tread stiffness.

Accordingly, there are two common methods for assess-
ing tire dry grip. First, lateral (α) sweep in which the α is 
varied over one complete cycle of slip angle at a specific 
normal load to the counter-surface at steady speed and a 
defined camber angle. Second, longitudinal (κ) sweep which 
is the variation of κ, while maintaining the α equal to zero. 
The degree of κ is continuously varied by applying a brak-
ing force to the wheel. Combined slip is also possible which 
involves variation of the κ and α simultaneously [8]. Dur-
ing tire tests the lateral and vertical forces and self-aligning 
torques are collected and by employing the Magic Formula 
(MF) of Pacejka [9] the data are modeled and presented in 
the form of the typical graphs as shown in Fig. 1. It is pos-
sible to perform the measurements at various normal loads 
and camber angles.

At automotive and tire industrial companies and insti-
tutes, indoor and outdoor test facilities are available for 
performing full-scale tire measurements to determine tire 
performances. The outdoor test installations are built on a 
truck or trailer that is equipped with a special wheel sus-
pension and guidance system to which a measuring hub is 
attached. Flat track tire testing machines also evaluate tire 
performances in an indoor laboratory on a full tire on corun-
dum sandpaper. The design of such systems presents a high 
degree of complexity in order to control the flatness of the 
rolling surface as well as its dynamic performance to keep it 
from interfering with the tire [10]. The measurements have 
a higher precision in comparison with the tire trailer testing 
because of controlled laboratory environment and condi-
tions, but less accuracy due to the type of test track [11]. At 
an actual range of loads and speeds of the tire, the flat track 
tests are not in good agreement with the trailer testing due to 
the sandpaper substrate which normally becomes saturated 
with abraded rubber particles which fill out the asperities 
of the test track. The possibilities of applying a simulated 
road in the indoor devices have been extensively discussed 
to obtain proper friction properties [12].

For material development concerning tire performance, 
both indoor and outdoor tire tests are enormously sophis-
ticated, time-consuming, and costly. It would be highly 
desirable to predict tire grip performance in a laboratory 
environment before manufacturing a full tire. Therefore, 
it is important to evaluate the friction properties which 
reflect the actual tire grip in a laboratory environment. 
The evaluated friction properties of the tire tread com-
pound can also be employed as input data for models and 

simulations for tire characteristics. The quality and para-
metrization of the tire models and simulations strongly 
depend on the correct rubber friction properties [13–17]. 
Tires are built up of a multitude of different elements, 
mostly rubber compounds, each contributing to the overall 
performance profile. This complex structure interacts with 
the road as counter-surface. Therefore, a wide range of fac-
tors influences realistic tire grip prediction with determi-
nation of the rubber friction in a laboratory environment. 
Considering all these factors in one laboratory device is a 
complex task to accomplish.

Many researchers implemented theoretical approaches to 
describe, understand and calculate friction with respect to 
influencing parameters such as temperature, rubber formula-
tions and its properties and surface characterization [18–25]. 
The friction behavior has also broadly been investigated 
using modeling and simulation by taking parameters such as 
speed, load, and temperature into account in order to obtain 
insight into transient friction curves which are difficult to 
acquire in a laboratory environment [9, 13, 15, 17, 26–29]. 
On the other side, a large number of testing measurement 
systems exist that can be classified mainly in two different 
test set-ups: linear and rotary which are based on the speci-
men geometry and its relative motion to the counter-surface. 
The results are commonly expressed in terms of the coef-
ficient of friction [14, 22, 30–38]. ISO 15,113 standard [39] 
for the frictional properties of rubber was first published in 
1999 and is probably the most comprehensive of all friction 
standards. It was developed from an earlier British stand-
ard, BS 903 Part A 61 [40]. The standard methods do not 
describe a specific apparatus but emphasize the importance 
of tight control of the various parameters and provides guid-
ance on the factors to be considered in measuring friction. In 
most mentioned test procedures, the objective is to provide 
the best correlation with the service conditions, together 
with good reproducibility between laboratories.

Among all available tribometers suitable for measuring 
tire tread frictional properties, there is a great interest in 
measurements with the Grosch wheel [1, 2, 13–17, 28, 31, 
41–48]. The main advantage is the rolling movement in the 
contact area with a renewed surface in each revolution. This 
helps the rubber to relax in a loading condition similar to 
a tire which leads to a more realistic temperature profile in 
the contact area. Using sliding body measurements does not 
provide a realistic input for tire modeling due to poor surface 
cooling [13]. Some researchers put more emphasize on the 
dynamic contact behavior of the rolling wheel because of 
similarities to the tire by the aid of modeling [13–17].

The Laboratory Abrasion Tester (LAT)100 is one of the 
machines that is able to simulate a wide range of test condi-
tions in a laboratory environment with a solid rubber sample 
wheel which was originally developed by Grosch in 1996 
[46] to measure the lateral force and the abrasion loss as a 
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function of various slip angles, loads, and speeds on different 
counter-surfaces. This apparatus has also been considered 
for the evaluation of rubber tribological properties due to 
its similarity to vehicle tire operating conditions [1, 28, 31, 
41–46, 48].

For tire grip assessments, so far most attention has been 
paid to car ABS braking distance data, especially on wet 
surfaces. Good agreements have been acquired with labora-
tory tribometers, both linear and rotary measurements, with 
ABS braking data. A Linear Friction Tester (LFT) provides 
a strong correlation with outdoor ABS data on wet [49] 
and snow surfaces [50], but not for dry surfaces primarily 
because of poor temperature control in the contact area [49]. 
The portable LFTs provide the possibility to perform in-situ 
measurements on the actual testing fields or road surfaces. 
Some good agreements have been reported between LAT100 
results and ABS braking data on different surfaces [1, 31, 
48].

In the present study, the prediction of tire grip on a dry 
surface is investigated in a laboratory environment with a 
LAT100, compared with the friction curves acquired from 
actual tire grip data in the two driving states of cornering and 
braking. Basically, the objective was to apply and simulate 
α- and κ-sweep tests of the trailer tire testing in the labora-
tory device. A new test method is developed for the LAT100 
by which the instrument can be utilized as a tribometer to 
generate the full friction curve. New dynamic functions are 
defined which enable one to work in a semi-automatic mode 
of the LAT100 machine. This allows to program the LAT100 
parameters: slip angle, load, and speed with time. The test 
method is designed in such a way that it needs substantially 
shorter test times in comparison with the conventional meas-
uring method of the LAT100. This method is verified and 
validated with actual tire data on a dry road, evaluated with 
a tire trailer tester with two test modalities of κ and α sweeps 
for a wide range of tread compounds. Corresponding solid 
rubber wheels are characterized on the modified LAT100 on 
a specific electro-corundum counter-surface with a particu-
lar grain size based on our earlier study [1], disc 180 of the 
LAT100 (see later). The experiments are performed at three 
different normal loads and the effects are compared between 
laboratory and tire samples. The results are in a good agree-
ment primarily with the actual tire trailer α-sweep tests.

The advantage of the current study is first the comparison 
and correlation of laboratory data with the actual tire data 
on the road, and secondly the design of a unique method 
analogous to the tire situation on a laboratory scale for the 
evaluation of the rubber properties and the acquisition of 
full friction curves. This method also reduces the change of 
the rubber sample surface during the measurement which 
stems from the inherent rubber abrasion during the meas-
urements for acquiring the friction curves. The test results 

are comprehensively validated for a large variety of rubber 
compounds and test conditions.

2  Experimental

2.1  Tire Data Generation

2.1.1  Tread Compounds

Six passenger tread compounds C1 to C6 were designed 
comprising various types of carbon black and silica fillers 
with different particle sizes; C1 to C3 were pure silica rein-
forced, C4 was based on a blend of silica and carbon black, 
and C5 and C6 on pure carbon black. This was expected to 
provide a significant difference in tire grip. The reason for 
this wide selection was to strengthen the laboratory method 
validation in the current study.

To prepare full tires from experimental compounds for 
tire trailer testing on the road, large amounts of such com-
pounds are needed. Each compound needs to be extruded 
to the green tread dimension according to its specifica-
tion. Considering the different rheological behaviors of the 
compounds, various die designs would be required. Conse-
quently, it is not time- and cost-effective to extrude the full 
treads in a tire production line. Therefore, experimental tires 
were prepared via treads which were prepared in a labora-
tory environment. To prepare these treads, the rubber com-
pounds were calendered and rolled into the particular width 
and assembled according to the specification of the tire size 
235/35R19 slick. Full-size tires were manufactured with the 
same construction process using the same body components, 
but with the prepared treads. To compare tire data and calcu-
late the rating, an additional proprietary reference compound 
was used and considered as the standard tire.

2.1.2  Tire Tests

The two types of tire tests that were performed were κ and 
α sweep tests as explained in Sect. 1, on an asphalt testing 
field with a test trailer. The tests were carried out at a con-
stant speed of 60 km/h and at three different normal load 
settings: 3430, 4910 and 6870 N (corresponding to 350, 500, 
and 700 kg, respectively). The slip condition depending on 
the type of test mechanism differs. The α-sweep tests were 
performed from − 12° to + 12° slip angle with a slip rate of 
2°/s. The κ-sweep tests were performed at a constant slip 
angle α of 0° and the κ varied in a range of 0 to − 0.45 in the 
braking mode. For α-sweep tests the lateral forces Fy and for 
κ-sweep tests the longitudinal friction forces Fx were col-
lected. The experiments were executed randomly for all the 
tires with the various compounds with 3 times repetition for 
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the reference tire. The camber or inclination angles in these 
experiments are less than 0.5°, which is negligible.

2.2  Laboratory Data Generation

2.2.1  Test Set‑Up

The used laboratory set-up is known with the commer-
cial name LAT100 manufactured by VMI Holland B.V., 
the Netherlands. The details of the test set-up were fully 
described in our previous manuscript [1]. The measurement 
unit consists of a solid rubber test wheel which is pressed 
under a vertical load of Fz(N) normal to a driven disc as 
the counter-surface. The circumferential velocity of the test 
wheel Vc is induced by the disc traveling velocity, Vt = R × ω 
where R is the distance of the disc center to the center of the 
rubber wheel contact patch and ω (rad/s) is the rotational 

velocity of the disc. The average slip velocity VS in the con-
tact area is created by combining traveling velocity and slip 
angle, α, which for the center point of the test wheel in con-
tact with the disc is given by

The resultant forces are generated by the slip velocity and 
the acting normal force. A schematic view of the measure-
ment unit and the trigonometry of the velocities and result-
ant forces in the center of the contact patch: Fc counter-
centrifugal force, Fy lateral force, and Fx friction force are 
represented in Fig. 2. The coordinate system is considered 
to be linked to the center of the rubber wheel.

(2)Vs = Vt × sin �.

Fig. 2  Schematic views of the measurement unit of the LAT100

Fig. 3  Modified LAT100 software illustrating: a a triangular function of slip angle (°); and b a ramp function of speed (km/h) vs. distance (m)
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2.2.2  New Test Design

Within this study, a new test method was designed for the 
aforementioned test set-up. The conventional LAT100 could 
only be operated with static set points for the input param-
eters—disc traveling speed, normal load, slip angle—which 
had to be defined and imported in the machine software 
before each test run. The software was modified so as to 
be able to control the machine in a dynamic way in which 
the input parameters vary during the test runs based on 
defined functions to specified set points. The input param-
eters change vs. traveling distance or time with a pre-defined 
mathematical function with which the tire conditions on the 
road can be transformed to the rolling rubber wheel. For 
instance, Fig. 3 shows two examples of different dynamic 
functions of the modified LAT100 software; (a) slip angle 
as a triangular function of distance; and (b) speed as a ramp 
function of distance. Any combinations of the three input 
parameters with the dynamic functions are an option. It 
is also possible to program the test set-up in a way which 
allows one to simulate non-stop runs of different test condi-
tions on one rubber test wheel. This allows to simulate the 
actual tire behaviors on the road in a series of test condi-
tions and evaluate the rubber compound properties in a set of 
functions and test conditions resembling real tires. The test 
time is greatly decreased and the experiments can be per-
formed within minutes in comparison with at least one full 
day with the conventional LAT100 method. It also reduces 
the change of the rubber sample surface which is caused 
by abrasion during the measurements while acquiring the 
friction curves.

2.2.3  The Test Track

The employed laboratory test disc was based on our previous 
study [1] and provided by VMI Holland BV Tire Industry 
Equipment. It is composed of electro-corundum white  Al2O3 
powder bound in a ceramic binder with a weight ratio of 
85/15%. The grain size distribution of the used powder is the 
percentage of individually sized particles contained in the 
designated grit sizes and classified with the code 180 accord-
ing to ISO525:2013(E), as given in Table 1. The corundum 
particles in the ceramic binder are pressed together and the 
disc surfaces flattened by a grinding process using fine steel 
powder. The surface root mean square Sq of the disc rough-
ness was measured on an area of 1414 μm × 1080 μm as 
given in Table 1; A microscopic image of the disc surface 
was obtained with confocal laser scanning microscopy VK 
970 Keyence.

Table 1  Characterizations of the laboratory test track: disc coded 180 of LAT100

Disc designation 180 Microscopic image

Disc code EKW 180 SHARP

Particle size (μm) 60

Corundum sieve analysis (μm) 0% > 125
Maximum 15% > 90
Minimum 40% > 63
Minimum 65% > 53

Sq (μm) 96

Table 2  Experimental conditions on disc 180 in laboratory device

Parameters Experimental conditions

Loads (N) 55, 75 and 95
Speeds (km/h) 0.2, 2.1, 6.5, 11
Distance (m) 0.91, 9.5, 29.5, 50
Angle rate (°/s) 1.53
Slip angle (°) Sweep from 0 to 25



Tribology Letters (2020) 68:37 

1 3

Page 7 of 18 37

2.2.4  The Rubber Test Wheel Samples

From all tire tread compounds, laboratory rubber test wheels 
with external diameter of 84 mm and thickness of 19 mm 
were vulcanized in a Wickert laboratory press WLP 1600 for 
11 min at 170 °C under a pressure of 160 bar, optimized on 
basis of t90 cure meter data. Finally, the samples were stored 
for 12 h at room temperature, 22 °C ± 1 °C. Therefore, the 
initial temperatures of all samples were equal when starting 
the laboratory experiments.

2.2.5  Test Conditions

For realistic and repeatable evaluations, some pre-condi-
tioning test runs on a brand-new rubber sample and disc 
track were performed to remove the shiny outer vulcaniza-
tion skin from the rubber wheel samples and level the sharp 
asperities of the experimental track, like the test conditions 
described in [1]. After every single test for each slip angle, 
disc cleaning was performed using an air pressure nozzle 

which removed the rubber debris and particles from the disc 
surface. The linear function of the slip angle vs. traveling 
distance of the LAT100 is the closest operating test con-
dition compared to the described tire tests in Sect. 2.1.2. 
Hence, for the angle rate (°/s) which is the rate of slip angle 
α change with time or rather with distance traveled, the 
following relation with the conventional parameters of the 
LAT100 holds:

The lateral forces were evaluated under the applied nor-
mal load, slip angle, and traveling velocity Vt to determine 
the friction curve which is represented as µy according to

The ranges of speeds and loads as covered within the 
defined test conditions are listed in Table 2. The traveled dis-
tances are calculated according to Eq. 3 for a constant angle 
rate of 1.53°/s for each test condition. 1.53°/s of the angle 
rate is the optimized value based on the available machine 
setting to obtain a full friction curve within the range of 
defined variables. The speed range was based on “scaling 
down” the angular speed of the tested tire size (235/35R19) 
to the laboratory test wheel [51]. The speed, slip angle, and 
angle rate was calculated to get close to the tire service 
condition in the contact area using this scaling model. The 
ratio of the tire to the test wheel circumferences is around 
8. Therefore, the equivalent speed for the test wheel was 
estimated to be of order 8 times smaller compared to a speed 
of 60 km/h for the tire tests. Therefore, a range of 4 speeds 
from 0.2 km/h to 11 km/h was employed.

(3)angle rate (◦∕s) =
Slip angle (◦) × Speed (m∕s)

Distance (m)
.

(4)�y =
Fy(N)

Fz(N)
.

Table 3  Tire µx ratings at peaks of the tire κ-sweep friction curves for 
different loads

Tire µx at peaks

350 kg 500 kg 700 kg

C2 101.4 97 98.4
C3 102.4 100.3 100.4
C1 100.7 98.7 96.1
Average of all refs 100 100 100
C4 97.9 96 96
C5 93.8 92.8 89.6
C6 92.8 90 90.3
CV (%) ref 2.2 2.1 2.1
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Fig. 4  Normalized tire friction curves of the trailer tests at 350 kg load, (left) κ-sweep and (right) α-sweeps
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3  Results and Discussion

3.1  Tire Test Data

3.1.1  κ‑Sweep Tests

The tire µx value, see Fig. 1, is obtained by dividing the 
longitudinal braking friction force by the normal load Fx/Fz. 
Table 3 shows the tire µx ratings at Peaks of the friction 
curves in the κ-sweep tests; the Peak point is identified in 
Fig. 1. The compounds are rated based on the average val-
ues of the reference compound. The rating of the reference 
compound is set at 100%. The data are presented for the 
three different applied loads. The Coefficients of Varia-
tion (CV)—the ratio of standard deviation to the mean—of 
the reference compound were calculated corresponding to 
each load setting as also shown in Table 3 to provide an 
impression of the repeatability of the tests. An example of 
a κ-sweep friction curve at 350 kg for the tested compounds 

is illustrated in Fig. 4 (left) which is the normalized tire µx 
versus the slip ratio κ. All the µx values are normalized by 
dividing by the largest µx value of the reference compound 
and are expressed in percentage.1

3.1.2  α‑Sweep Tests

Tire µy is obtained by dividing the lateral force to the normal 
load Fy/Fz versus slip angle α(°). Figure 4 (right) shows an 
example at 350 kg load of the α-sweep friction curves for 
the tested tread compounds. All the µy values are normalized 
as carried out for the µx values, by dividing by the largest 
µx value of the reference compound. By this approach the 
magnitudes of the normalized µy are comparable with the 
normalized µx values. The data including slope S at 0˚, the 
minimum tire µy value (tire µy at Min.), the maximum tire µy 
value (tire µy at Max.) of the α-sweep friction curves, and the 
CVs for the reference compounds are represented in Table 4.

3.2  Laboratory Results with the Modified LAT100

The generated slip velocity with the LAT100 is based on 
varying the slip angle. Previously [1], the friction curves 

Table 4  Tire µy ratings at Min. and Max. points and the slope S at 0˚ 
of the tire α-sweep friction curves for different loads

Tire µy  at Max Tire µy  at Min S(slope) at 0°

350 kg
C2 92.8 92.9 76.5
C3 101.1 100.2 84.4
C1 93.3 94.0 85.0
Average of all refs 100.0 100.0 100.0
C4 101.0 102.5 100.4
C5 101.3 101.3 116.1
C6 97.3 99.2 119.4
CV (%) ref 1.0 0.5 2.0

500 kg
C2 92.7 93.5 74.9
C3 101.0 98.3 79.9
C1 93.3 93.3 80.2
Average of all refs 100.0 100.0 100.0
C4 99.2 99.3 93.8
C5 97.4 98.5 109.7
C6 95.2 98.4 111.2
CV (%) Ref 1.6 0.1 3.2

700 kg
C2 93.0 91.9 78.6
C3 101.1 99.2 82.9
C1 92.9 91.5 85.0
Average of all refs 100.0 100.0 100.0
C4 102.2 100.8 95.4
C5 103.1 100.4 100.1
C6 97.2 98.3 114.2
CV (%) Ref 0.4 0.5 3.1

Fig. 5  Example of a friction curve prepared by the modified LAT100 
for C2 at speed 2.1  km/h and load 55  N; dashed line: the linear 
regression at small slip angles, arrows: peak position on slip angle 
axis and the corresponding µy value

1 Actual tire data were considered to be proprietary. The point we try 
to make here is that the ranking of the tire data and laboratory results 
are similar. With this point, we validate the new laboratory technique. 
We support this with the statistical analysis of P-values and R-sq, as 
specified later in Figure 11. By doing so, the order of magnitude of 
normalized numbers are still comparable and the final results remain 
the same.
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were provided in a static mode where the traveling speeds, 
loads, and slip angles remained constant during a test run. 
In the present study, the experiments were carried out by 
varying the slip angle as a single dynamic linear function 
of distance based on the new test modality. This present test 
method is similar to the tire α-sweep test which provides a 
higher control of the abrasion and surface temperature of the 
test wheel in comparison with the single point measurement 

method. The test time is greatly decreased and the experi-
ments can be performed within seconds. An example of the 
generated friction curves by the newly designed modality is 
presented in Fig. 5. The best way for parametrization of the 
friction curves is applying models like the MF of Pacejka 
[9]. Data filtering was performed using Matlab R2017b by 
exploiting smoothing spline functions: see Fig. 5. In math-
ematics, a spline is a function defined piecewise by polyno-
mials. The spline is preferred over polynomial interpolation 
because it yields a good fitting. Accordingly, the slip angle 
position on the x-axis at Peak, µy value at Peak, and at last 
the slope S at small slip angles can be derived by a linear 
regression below 5° for LAT100.

The repeatability of the laboratory sweep tests was also 
investigated. The CV for the µy at Peak for the reference 
compound was measured as 1.2% which is comparable to the 
tire data: see Table 3 and 4. At higher slip angles, e.g., 25º 
the abrasion and high temperature create 1% more variation 
in the laboratory results. All sweep experiments with the 
modified LAT100 were performed under the test conditions 
mentioned in Table 2. After data smoothing for the output 
friction curves, the results were correlated with the collected 
tire data, see Sect. 3.4. Examples of smoothed µy vs. Slip 
angle (°) for the modified LAT100 for the various tested 
compounds at speed 6.5 km/h and 55 N load are presented 
in Fig. 6.

3.3  Tire Data Analysis

Before validating the new technique and correlating the 
laboratory results with the actual tire data, it is necessary to 
investigate the relation—if any—between the two different 
test modalities of α- and κ-sweep of the tire data for all six 
tread compounds. Both test modalities were outdoor types 
and the friction behaviors were measured on full-scale tire 
interfaces with the same road asphalt surface. Therefore, 

Fig. 6  Examples of laboratory µy vs. Slip angle (°) for all compounds 
in the modified LAT100

Table 5  Regression coefficients R2 between the tire data ratings at 
three different tire loads

Tire loads 350 kg 500 kg 700 kg

R2 between κ-sweep µx at 
peak & α-sweep µy at 
Max.

0.08 0.11 0.03

R2 between κ-sweep µx 
at peak & α-sweep µy 
at Min.

0.20 0.02 0.04

Fig. 7  µy at negative vs. positive 
slip angles for the reference 
compound at load 350 kg
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the comparison between the acquired tire data demonstrates 
the difference in the two tire test modalities. As discussed in 
Sect. 1, the differences between these test modalities are the 
slippages based on different displacement types and direc-
tions of tread elements: longitudinal and lateral, with their 
generated forces. For the κ-sweep test, the slip ratio is cal-
culated based on Eq. 1 and for the α-sweep the slip angle is 
considered.

In order to check eventual correlations, the tire µy val-
ues at the Max. and Min. points of the α-sweep curves 
were plotted on a linear scale vs. the µx values at Peak of 
the κ-sweep curves, as derived from Fig. 4. The regression 

coefficients R2 were calculated for different normal loads. 
The R2 values for the correlations between α- and κ-sweep 
tests are very poor: see Table 5. This indicates that the 
compound with the superior longitudinal grip in the 
κ-sweep test does not offer the best behavior in the lateral 
direction of the α-sweep test: see Fig. 4. It suggests dif-
ferent contributions of friction mechanisms: adhesion and 
hysteresis, that govern the contact between the tire and 
asphalt. It is therefore worthwhile to investigate how the 
different test mechanisms adversely affect the grip proper-
ties of longitudinal and lateral slippage mainly after the 
peak. It demonstrates that the two test modalities need to 
be looked at each on their own. This will be covered in a 
separate paper.

3.3.1  Symmetry of Tire α‑Sweep Tests

In order to properly analyze the tire data, it is important 
to judge whether the α-sweep curves are symmetrical. 
The tire µy values in the mirrored α-ranges: negative and 
positive slip angles, per each load for all compounds were 
correlated. Figure 7 shows an example of the correlated 
µy values at the positive slip angle vs. the negative slip 
angle for the reference compound at load 350 kg. If the 
curves were perfectly symmetrical, the R2 values should 
be 1.0. The R2 value of 1.0 value before the Max. and Min. 
points of the friction curves demonstrates full symmetry. 
Given the uncertainties in performing the tests beyond the 
Max. and Min. points where sliding occurs, the curves are 
not fully symmetrical, although the ratings of the respec-
tive compounds in the positive and negative ranges of slip 
angle are still correlated: see Fig. 7a.

Another approach is to correlate the tire data, compar-
ing the µy values for different applied normal loads. The 
correlation coefficients R2 are given in Table 6, which 
demonstrates that even with different loads the friction 
behaviors remain reasonably well correlated.

Table 6  Correlation coefficients 
R2 between µy values at positive 
and negative slip angles for 
different loads

Loads (kg) R2

350, 500 0.90
350, 700 0.91
500, 700 0.89
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Fig. 8  Tire tread surface temperatures in a sweep from − 12 to 12˚ for 
the Reference compound
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Fig. 9  Temperatures from the trailer α-sweep tests at different loads for all tread compounds: 350 kg, 500 kg, and 700 kg from left to right, 
respectively; tire testing at constant speed of 60 km/h according to Sect. 2.1
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Fig. 10  Examples of the 
correlation between friction 
coefficients at peaks of the 
normalized tire α-sweep (up) 
and κ-sweep (down) tests with 
laboratory results
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Table 7  Calculated R2 values 
according to Fig. 10, for 
comparison between the tire µy 
values from α-sweep data and 
laboratory µy values at Peak for 
all test conditions

Laboratory results 
Speed (km/h) 0.2 2.1 6.5 11

Figure 11 Tire load
(kg) Load (N) 55 75 95 55 75 95 55 75 95 55 75 95

a 350 0.61 0.53 0.61 0.81 0.77 0.70 0.85 0.75 0.48 0.07 0.33 0.14
b 500 0.57 0.51 0.56 0.71 0.71 0.69 0.85 0.71 0.50 0.05 0.19 0.09
c 700 0.58 0.50 0.56 0.71 0.69 0.64 0.79 0.70 0.39 0.07 0.32 0.12
d 350 0.55 0.45 0.54 0.71 0.72 0.54 0.67 0.69 0.27 0.19 0.44 0.26
e 500 0.34 0.25 0.33 0.54 0.58 0.37 0.54 0.52 0.18 0.28 0.29 0.34T
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R2 values:

0.56 0.47 0.51 0.63 0.62 0.53 0.63 0.63 0.21 0.12 0.51 0.17
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3.3.2  Tire Temperature

The tire temperature profiles in a half circle sweep 
from − 12° to 12° for different applied loads are shown in 
Fig. 8. The temperature drops by the sweep from − 12° to 0° 
and rises again when it reaches slip angle 12°. By increasing 
load, the temperature profile shifts upward to higher tem-
peratures. The temperatures from the trailer α-sweep test 
at different loads for all tread compounds are presented in 
Fig. 9. For every sweep from − 12° to 12°, the temperature 
profiles are similar for each compound but slightly higher for 
C5 due to its special application. When the tire direction is 
changed from negative to positive slip angles, the abrasion 
pattern of the tread compounds also changes. This leads to 
non-symmetrical α-sweep curves. The temperature profiles 
presented in the current context were recorded with outdoor 
tire testing within two days. The reader also is referred to 
Table 10 in the supplementary data for further comparisons. 

3.4  Validation of the Laboratory Technique 
in Comparison with the Road Data

3.4.1  The Validation Approach

After all the preparatory work, the laboratory method can 
now be validated with the analyzed tire data. The approach 
to validate the new technique is by correlating the two 
groups of the collected data in the laboratory and on the 
road; the 6 test wheels vs. the 6 tire samples at all test con-
ditions. The fitting parameters derived from the friction 
curves of the tire data in Tables 3 and 4 and the laboratory 
results in, e.g., Figure 5 were correlated linearly. Examples 
of linear regression between the tire trailer α- or κ- sweep 
tests and the modified LAT100 results for all compounds 
are shown in Fig. 10. The high correlation coefficient R2 for 
the α-sweep test indicates that the relative ranking of the 
measured µy for the six compounds on laboratory scale with 
the new technique is similar to the tire data on the road. The 
regression slopes of the figures for α- and κ-sweep tests with 
laboratory results are opposite of one another, indicating that 

Fig. 11  Graphical representations of Table 7 Rows a, b, c: the regres-
sion coefficients R2 (z-axis) vs. load and speed of the laboratory 
results; the R2 values are based on correlations between the tire µy 

values at Min. of the α-sweep tests at different tire loads: a 350 kg, 
b 500 kg, and c 700 kg, and the µy values at Peak for the laboratory 
results

Fig. 12  Graphical representations of Table 7 Rows d, e, f: the regres-
sion coefficients R2 (z-axis) vs. load and speed of the laboratory 
results; the R2 values are based on correlations between the tire µy 

values at Max. of the α-sweep tests at different tire loads: d 350 kg, 
e 500 kg, and f 700 kg, and the µy values at Peak for the laboratory 
results
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the new test set-up of the modified LAT100 only correlates 
with the tire trailer α-sweep tests with positive slopes; the 
higher the µy in the laboratory, the higher the µy on the road. 
The positive slopes between the LAT100 and tire α-sweep 
data emphasize the similarities between both test mecha-
nisms. The P value of the linear regression between the tire 
µy and laboratory µy is smaller than 0.05 which attributes to 
a statistically significant correlation within a 95% confidence 
interval; this is not the case for the regression between tire 
µx and laboratory µy as indicated in Fig. 10. The negative 
slopes of the correlation with the κ-sweep does not have a 
physical meaning in the present context. All slopes for all 
tested conditions are summarized in Table 11 in the sup-
plementary data.

It should be noted though that the data of the full-scale 
tire tests, i.e., α- and κ-sweeps interfacing with the same 
asphalt as the counter-surface, already could not be corre-
lated as explained in Sect. 3.3 of the tire data analysis, see 
Table 5. As indicated before in Sect. 2.2.1, the slippage in 
the contact area of the laboratory test wheel and the tire 
in α-sweep test are both lateral. Still considering the vast 
selected range of rubber tread compounds for the present 
study, the prediction of actual tire lateral grip on the road 
with a solid test wheel within a laboratory environment is 
highly successful. However, the argument of the effect of 
different types of slippage by the two test modalities on fric-
tion should be investigated further.

3.4.2  Correlations Between Laboratory Results and Tire 
Data

To explore the interaction between load and speed in labo-
ratory measurement conditions in Table 2 on prediction of 
the tire α-sweep tests, the validation approach of Sect. 3.4.1 
was employed to all laboratory and tire test data. The regres-
sion coefficients R2 between the µy values at Max./Min. of 
the tire α-sweeps and the µy values at Peak for the modified 
LAT100 sweep tests are summarized in Table 7. Each value 
in Table 7 shows the calculated R2 for all six compounds like 
in Fig. 10. 3D graphical representations of the correlation 
coefficients are presented in Figs. 11 and 12; which shows 
where the interaction of two factors of load and speed results 
in the occurrence of the strong correlations.  

Where the R2 values are the highest, the relative rank-
ings of the measured µy for the six compounds with the new 
laboratory technique are closest to tire data on the road. 
For the laboratory experimental parameters, the speed has 
a quadratic influence on the R2 values, vs. the load with a 
linear impact. Therefore, the speed is the most significant 
and the effect of normal load is less pronounced compared 
to the influence of speed. The dependency of the coefficient 
of friction on speed was also demonstrated by Grosch to be 
quadratic, where he showed the similarity to the viscoelastic 
properties tan δ of the rubber [52].

The R2 values are largest for speed around 6.5 km/h. The 
scaling down of the traveling speed of the tested tire size 
(235/35R19) to the laboratory test wheel, as explained in 
section test conditions, was estimated to be around 8 times 
smaller compared to a speed of 60 km/h for the tire tests. 
The present results validate the scaling down of the tire 
radius to the laboratory test wheel. The contact and relaxa-
tion times of the rubber elements in each revolution of the 
tire and laboratory wheel are similar. This concept is more 
clear by elaborating on basis of the well-known tire brush 
model [53]: the volume of rubber of the tread in the contact 
area is assumed to be a number of deformable elastic bristles 
that touch the counter-surface. The time lapse between when 
a bristle leaves the contact area until it comes in contact 
again will approximately be the same between the tire and 
the test wheel. That provides a bristle or rather a volume 
element of the tread the same time to relax from deforma-
tion at similar angular velocity. It implies that analogous test 
mechanisms and dynamics on the road and in the laboratory 
scale are generated. Therefore, the comparison can be nar-
rowed down mainly to the rubber tribological properties of 
the tread compound of the tire and test wheel.

3.4.3  Correlations of Cornering Stiffness

Additional to correlating the tire µy values at Max./Min. and 
laboratory µy value at Peak, the so-called cornering stiffness 
represented by the S (slope) at 0° of the tire α-sweep data 
and the S at small slip angles for the laboratory µy curves can 
also be correlated: see Fig. 5 for the slope. The calculated R2 
values are presented in Table 8. The tire cornering stiffness 
stems mainly from the tread compound stiffness because 

Table 8  Calculated R2 values 
for comparison between the tire 
α-sweep data and laboratory 
results for slope S at all test 
conditions

Slope at 0° for
Tire α-sweep

Laboratory results for S at small slip angles

Tire load Speed (km/h) 0.2 2.1 6.5 11

Load (N) 55 75 95 55 75 95 55 75 95 55 75 95

350 kg 0.91 0.86 0.41 0.87 0.84 0.78 0.86 0.86 0.56 0.89 0.90 0.77
500 kg R2 values 0.94 0.86 0.47 0.90 0.88 0.68 0.90 0.89 0.61 0.90 0.89 0.74
700 kg 0.70 0.79 0.14 0.61 0.57 0.58 0.60 0.60 0.26 0.71 0.79 0.80
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the structure of all tested tires is the same. For the solid 
test wheels, the radial thickness represents the cornering 
stiffness. Also higher load directly affects Re which leads a 
drastic change for the calculated R2 values. So, the correla-
tions for slope S become worse at the higher loads of tires 
and test wheels, which shows the limit to the load ranges 
that can be applied.

3.4.4  Visual Comparisons Between Road and Laboratory

A point to mention still is the fact that the R2 values for 
correlation with the µy at Max. are somewhat lower than 
the µy at Min. The reason is that the friction curves for the 
α-sweep tests are not fully symmetrical as already explained 
in Sect. 3.3, Fig. 7. This is a consequence of the way the 
α-sweep tests on the real tires are executed. It comes from 
the temperature and the abrasion pattern in the contact area 
of the tire with the road in the sliding regions of the friction 
curves. However, there are not only the correlations between 

the µy at Max. and Min. of the tire data and µy at Peak of the 
laboratory results, the whole friction curves are comparable 
with the tire data, compare Figs. 6 and 13.

For a better visualization, the α-sweep curves of Fig. 4 
(right) were split in two parts: positive and negative slip 
angles and replotted in a right-handed Cartesian coordinate 
system. An example is shown in Fig. 13 for the six com-
pounds for load 350 kg. By comparing the laboratory results 
and the tire α-sweep data at different loads, the effect of 
the normal load on the tires and the LAT100 test samples 
is shown to be similar. An example of this trend at speed 
6.5 km/h is shown in Fig. 14 for compound C4; see the 
supplementary data for the rest of compounds at different 
experimental test conditions.

As to the influence of different tire loads on the R2 values 
in Table 7, the laboratory results are correlating satisfac-
torily with the minimum tire α-sweep data at all loads at 
the speed of 6.5 km/h. This is due to the fact that the tire 
data themselves already correlated well among themselves 
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Fig. 13  Splitting and replotting the α-sweep curves of the normalized tire data in a right-handed Cartesian coordinate system for the load 350 kg
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at different loads: see Table 6. The effect of normal load is 
less pronounced compared to the influence of speed. This 
corresponds with Schallamach and Grosch who showed that 
the proportionality of the friction coefficient to the normal 
load is of a power − 1/3 for a smooth surface to − 1/9 for 
a rough one [54, 55]: so the effect is limited than speed. 
Moreover, the larger load also decreased the Re in Eq. 1 of 
the test wheel. That explains the poorer correlation at higher 
load in the laboratory results, e.g., for 95 N.

3.4.5  Temperature Effect

Figure 15 demonstrates the temperature profiles for LAT100 
sweeps at load 55 N and speed 6.5 km/h for all compounds. 
The final surface temperatures of the test wheels for differ-
ent compounds as presented in Table 9 are slightly lower 
than the tire temperatures in Supplementary Table 10. The 
speed has again more influence on temperature rise rather 
than load.

3.4.6  Concluding Remarks

Above all, the lateral forces measured with the laboratory 
test method are solely expected to be the cornering forces; 
compared to tire α-sweep tests the total collected lateral 
forces are comprised of major cornering forces and minor 
contributions of camber thrust and residual influences of ply 
steer and conicity from the tire structure. Given the large 
differences between the full-scale tires with air inside and 
the solid rubber test wheels in the laboratory, and the many 
influencing factors involved, the correlation coefficient of 
0.844 in Fig. 10 for the modified LAT100 test method on 
the laboratory track, i.e., the disc 180 for this vast range of 
rubber compounds, is a surprisingly satisfactory correlation 
and as discussed statistically significant, provided the proper 
experimental conditions are applied based on the scaling-
down model as presented here above. This shows the utmost 
importance of modeling the small solid rubber wheel in the 
lab and compare it with the tire load distribution to obtain 
an insight into the different ranges of slip angles in x-axes 
of Figs. 6 and 13. This will be the subject of a future study.

4  Conclusions

Prediction of tire grip on a laboratory scale is always of 
interest and of high importance for research and material 
developments. In the present study, a new test method was 
developed for a Laboratory Abrasion Tester, (LAT100) 
in which the device is exploited as a tribometer with the 
aim of mimicking the common test modalities of evaluat-
ing the tire grip on the road with a trailer tester: lateral (α) 
and longitudinal (κ) sweep tests. For validation, the new test 
method was compared with tire grip data collected with the 
two modalities of a trailer tester on a dry test track for six 
different tire tread compositions.
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Fig. 15  An example of the surface temperature profiles of the 6 com-
pounds at speed 6.5 km/h and 55 N load

Table 9  The final sample 
temperatures of the laboratory 
wheels at different speeds and 
loads

Load (N) Speed (km/h) C1 C2 C3 C4 C5 C6

55 0.2 23 24 24 23 24 24
2.1 27 29 28 29 32 30
6.5 39 40 38 41 43 41
11 49 50 50 49 51 46

75 0.2 25 24 24 24 24 24
2.1 28 29 29 30 32 31
6.5 41 45 42 46 45 45
11 54 56 56 54 59 53

95 0.2 23 24 23 23 23 23
2.1 29 30 30 31 33 32
6.5 42 42 45 49 54 45
11 54 59 57 55 61 56
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• Correlation for the α-sweep tests (lateral slip, i.e., “cor-
nering grip”) were found to be strong (R2 value >  − 0.84; 
P value < 0.05 and a 95% of confidence interval).

• The R2 values for the correlations between tire α- and 
κ-sweep tests on the road are poor. Consequently, the 
correlations for the κ-sweep tests (longitudinal slip, i.e., 
“acceleration and braking grip”) were not found in agree-
ment with the laboratory test set-up.

• Benchtop testing for ranking of lateral slip performance 
over a range of loads and speeds can be conducted in only 
1 min, compared with months of preparation and trailer 
testing of real tires.

• The correlation coefficients are the strongest, based on 
scaling down of the tire radius to the laboratory test 
wheel. The condition of appr. 7 km/h and 55 N load 
on the benchtop tester gives the best correlation with 
60 km/h and 350 kg load for α-sweep tests on the tire 
trailer tester.

• Given the large differences between the full-scale tires 
with air inside and the solid rubber test wheel in the labo-
ratory, the obtained correlations for this vast range of 
rubber compounds are surprisingly satisfactory, provided 
the proper experimental conditions are applied based on 
the scaling-down model as presented.

• Additional work is required to better understand the two 
different modalities involved in tire slippage in lateral 
and longitudinal directions on the road, to be able to also 
propose new scaling rules for the longitudinal slip on a 
laboratory benchtop test.

• The approach described to predict actual dry tire grip as 
a function of speed and load with this laboratory device 
offers a positive new horizon to evaluate tire grip.
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