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Glossary 
 

𝐹𝐹𝑓𝑓 Friction force (N) 
𝜇𝜇 Coefficient of friction (COF) - 
𝑁𝑁 Normal force (N) 
𝐴𝐴 Real contact area (m2) 
𝜇𝜇𝐴𝐴 Adhesion - 
𝜇𝜇𝐷𝐷 Deformation - 
𝜇𝜇𝐻𝐻 Hysteresis - 
𝜅𝜅 Longitudinal slip ratio - 
V Longitudinal driving speed (m/s) 
𝜔𝜔 Rotational velocity (rad/s) 
𝑅𝑅𝑒𝑒 Effective radius (m) 
𝑘𝑘𝑓𝑓 Spring constant (N/m) 
𝐹𝐹𝑠𝑠 Side force (N) 
𝑥𝑥𝑠𝑠 Side deformation (m) 
𝑅𝑅𝑎𝑎 Arithmetic average of the absolute values of the distance of the 

asperities to the mean line 
(μm) 

𝑅𝑅𝑞𝑞 Root mean squared of the distance of the asperities to the mean line (μm) 
𝑅𝑅𝑠𝑠𝑞𝑞 Skewness - 
𝐹𝐹𝑐𝑐 Counter force to centrifugal force  (N) 
α Slip angle (˚) 
𝑉𝑉𝑐𝑐  Circumferential velocity (m/s) 
𝑉𝑉𝑡𝑡 Traveling velocity (m/s) 
𝑉𝑉𝑆𝑆 Slip velocity (m/s) 
ν Effective number of chains in a real network per unit volume  (mol/cm3) 

ΔM difference between maximum and minimum torque  (dNm) 
SFC Side force coefficient  - 

T Temperature (˚C) 
R2 Linear regression coefficient - 
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1. Introduction 

One of the key considerations for any vehicle is safety. The vehicle-related incidents are 
one of the top 10 causes of death. Road traffic injuries are the leading cause of death among 
young people, aged 15–29 years. About 1.25 million people die each year as a result of road 
traffic crashes [1]. On average, there was a vehicle-related fatality every sixteen minutes in 
the USA according to the National Highway Traffic Safety Administration (NHTSA, 2010) and 
the economic cost of the traffic crashes was estimated $230.6 Billion in 2010 [2]. 

Most studies have shown that sufficient friction between the tire and the road is a 
critical factor in reducing crashes apart from risky driving1 [1-4]. Since tires are the only 
contact area of a vehicle with the ground, tire traction or grip is a determining factor in 
transmitting all the forces to the ground or road. Therefore, evaluating and understanding 
tire grip properties is vital. 

Good level of handling is a prerequisite for a vehicle’s steering, braking, accelerating and 
cornering. For improving and developing tire compounds and designing new tires, extensive 
tire tests are required which are mostly time consuming and costly. Hence, it is very 
attractive to be able to predict the tire performance in the laboratory to evaluate whether 
the new design fulfills its requirements. As a result, it is essential to predict the tire 
performance and evaluate its properties before manufacturing a tire.  

To be able to predict the tire grip, it is indisputable to have an insight into friction 
phenomena. Since friction is a manifold and intricate phenomenon, tire grip prediction is 
difficult and remains a controversy field for many researchers [5-8]. Methods of predicting 
tire grip are making use of mainly indoor tire testing machines. Even though, the test 
methods are useful only after manufacturing the whole tire. Various type of devices and 
testing machines are available that are able to measure the tribological properties of the 
rubber compounds in the laboratory. The most important point is how to design a 
procedure using the laboratory instrument on the rubber compounds that possibly 
simulates the tire-road conditions. In other words, how closely correlates the laboratory 
results with the reality of the tire-road results. Up-to-date, no satisfactory results in good 
correlation with the real tire data have yet been obtained with the available laboratory 
tribometers [8-13]. 

                                                                 
 

1 According to NHTSA: risky driving is drunk, distracted, drowsy, speeding, no seat belt, drugged 
driving  
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The ranking and rating of tribological behavior of tire tread compounds in the laboratory 
depends strongly on the type of test and its conditions. Grip and wear evaluation of tread 
compounds suffer from the fact that not only absolute values but relative ratings depend 
strongly on the experimental conditions which reflect tire-road circumstances. Therefore, a 
meaningful laboratory evaluation could really smoothen the path on this journey.  

The Laboratory Abrasion Tester 100 (LAT100) is originally invented as an abrader 
machine that is able to simulate a wide range of experimental conditions. Afterwards, it was 
developed for measuring wet grip and rolling resistance. It has been shown that the results 
of measuring wet grip with LAT100 give a strong correlation with ABS braking on the road 
[9, 12]. Moreover, a good correlation between tire tests and laboratory test results have 
been obtained for abrasion and rolling resistance evaluation [9-11, 13]. LAT100 has a high 
potential to be used as an advanced machine for measuring and predicting tire 
performance. However, the possibility of measuring and predicting the dry grip with LAT100 
is not investigated yet. 

It is noteworthy that all tests at laboratory scale are carried out on “small” rubber 
compound samples; while in reality “tires” have a complex structure with an interface to 
the road. Therefore, a wide range of other factors are influential for obtaining a realistic 
prediction. For instance, tire friction or the grip level of the tire is a function of the tire 
construction, cavity design, tread design, road surface characteristics, temperature and as 
well as the tread compound characterization [14]. In addition, different surface structures 
also can play an important role at the interface.  Considering all these factors in one 
laboratory device to meet all the requirements for predicting the tire grip is an elaborate 
task to accomplish. Subsequently, it has remained intricate to acquire a strong correlation 
between road and laboratory results. 

The outline of this literature study starts with tribology science and tire grip in detail; it 
continues with different types of tribometers and in particular the LAT100 machine and 
finalizes with a short review on available indoor and outdoor testing methods. 

1.1. Thesis structure 
Chapter 2 covers a literature study of the tribology area, friction mechanisms, tire grip 

and forces and introduces tribometers specifically the LAT100. Chapter 3 presents mainly 
the process of the tire data preparation. In Chapter 4 the crosslink density level of the 
LAT100 wheel with the tire tread are measured and compared to ensure that the rubber 
wheel is uniformly cured in width and radius direction and have a similar crosslink density 
to the tire tread crosslink density. 

The experimental part of this thesis is divided into two phases according to iterations 
for designing the dry grip test procedure. The first phase was performed with four tread 
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compounds in order to explore the LAT100 parameters. The main goal of the initial phase 
was to define the preliminary dry grip test procedure and expand it to the larger number of 
specimens, Chapter 5 and 6.  

The second phase, in Chapter 7 which is the main part of the project, was executed with 
10 different tread compounds to cover a wide range of dry grip levels. The extensive tire 
testing was performed to provide sufficient data for achieving comprehensive and strong 
correlation between tire data and LAT100 data.  

1.2. References 
1. The top 10 causes of death. 2017 January [cited 2017 April 6]; [WHO (world health 

organization)]. Available from: www.who.int. 
2. Flintsch, G.W., et al., The little book of tire pavement friction. 1.0 ed. 2012. 
3. Mihajlovic, S., et al., Methods for experimental investigations on tyre-road-grip at 

arbitrary roads. Internationale Konferenz ESAR "Expertensymposium Accident 
Research“, 2013. 

4. risky driving. 2017  [cited 2017 April 4]; [NHTSA (National Highway Traffic Safety 
Administration)]. Available from: www.nhtsa.gov. 

5. Chapter 1 Introduction, in Tribology and Interface Engineering Series, Z. Si-Wei, 
Editor. 2004, Elsevier. p. 1-6. 

6. Miller, S.L., et al. Calculation Longidudinal wheel slip and tire parameters using GPS 
velocity. in American control conference. 2001. Arlington. 

7. Brown, R., friction and wear, in Physical testing of rubbers. 2006, Springer. p. 219-
243. 

8. Grosch, K.A., The Rolling Resistance, Wear and Traction Properties of Tread 
Compounds. Rubber Chemistry and Technology, 1996. 69(3): p. 495-568. 

9. Grosch, K.A., A new way to evaluate traction-and wear properties of tire tread 
compounds, in Rubber Division, American Chemical Society. 1997: Cleveland, Ohio. 

10. Grosch, K.A., Correlation Between Road Wear of Tires and Computer Road Wear 
Simulation Using Laboratory Abrasion Data. Rubber Chemistry and Technology, 
2004. 77(5): p. 791-814. 

11. Grosch, K.A., Rubber Abrasion and Tire Wear. Rubber Chemistry and Technology, 
2008. 81(3): p. 470-505. 

12. Heinz, M., A Universal Method to Predict Wet Traction Behaviour of Tyre Tread 
Compounds in the Laboratory. Journal of Rubber Research, 2010. 13(2): p. 91-102. 

13. Heinz, M. and K.A. Grosch, A Laboratory Method to Comprehensively Evaluate 
Abrasion, Traction and Rolling Resistance of Tire Tread Compounds. Rubber 
Chemistry and Technology, 2007. 80(4): p. 580-607. 

14. Grosch, K., Some Factors Influencing the Traction of Radial Ply Tires. Rubber 
Chemistry and Technology, 1984. 57(5): p. 889-907. 
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2. Literature study 
 

2.1. Tribology 
Tribology is the “OLOGY” or science of “TRIBEIN”. The word comes from the same Greek 

root as “TRIBULATION”. A faithful translation defines tribology as the study of rubbing or 
sliding. The modern and broadest meaning is the study of friction, lubrication, and wear [1]. 
The definition of tribology of elastomers as a branch of tribology could be "the science and 
technology for investigating the regularities of the emergence, change and developing of 
various tribological phenomena in rubber and rubber-like materials and their tribological 
applications". Tribological phenomena concern the combination of interactions between 
the interacting surfaces in relative motion and the environment, including all of the 
following interactions: mechanical, physical, chemical, thermo-chemical, mechano-
chemical and tribo-chemical [2].  

2.2. Friction 
Friction can be simply defined as: “We need to overcome friction in order to move one 

material against another, a common phenomenon in our everyday world. Nails hold 
because of friction. We couldn't walk or even crawl without friction [3]’’. 

2.2.1. Friction regime  
In general, friction is divided into two regimes as Figure 2.1 illustrates. In the static 

friction regime, the friction force increases with increasing tangential displacement up to 
the value necessary to initiate macro-sliding of the bodies in contact.  

 

Figure 2.1: Friction force versus tangential displacement; friction regimes [4] 
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2.2.2. Friction classic laws 
Probably Leonardo da Vinci (1452-1519) was the first who developed the basic concepts 

of friction and Amontons (1699) was inspired by his drawings and sketches. “Amontons ‘s 
law” showed the proportionality between the frictional force and the normal force [5]. A 
mathematical form of the friction law was described by Charles Augustin Coulomb who 
conducted careful experiments to analyze the magnitude of the coefficient of friction during 
sliding as follows: 

𝐹𝐹𝑓𝑓 = 𝜇𝜇𝑁𝑁  Eq. 1 

where 𝐹𝐹𝑓𝑓 is the friction force (N), 𝜇𝜇 the coefficient of friction (COF), and 𝑁𝑁 the normal 
force (N). The classic laws of friction are summarized as follows [4-7]: 

• The static coefficient is greater than or equal to the kinetic coefficient. 
• There is a proportionality between the friction force and the load. 
• The COF is not dependent on the apparent contact area nor on the sliding speed. 

The classic laws served as a guide for the investigators and reflect remarkable insight 
into the mechanisms of dry friction. However, these basic laws do not cover all the features 
for elastomers and rubber-like materials; because of the viscoelasticity of rubber materials, 
rubber friction differs from friction between hard solids. As a result, other parameters 
influence the rubber friction theory. 

2.2.3. Effects of different parameters on rubber friction 
According to the classic laws of friction, there is a linear load dependency in solids such 

as metals and the friction force is independent of both speed and temperature. While, 
rubber friction depends on the load in a nonlinear function. Moreover, it strongly depends 
on speed and temperature [8-11]. 

2.2.3.1. Load dependency 

According to Eq. 1, 𝜇𝜇 is independent on the load which is not always the case for rubber. 
Schallamach [10] presented some experimental evidence that the load dependency of 
rubber friction can be explained by the proportionality of the frictional force to the real 
contact area between rubber and track. He determined the real area of contact, by elastic 
deformation of the asperities on the rubber surface. For soft rubber on smooth surfaces, 
the real contact area increases with the load as follows: 

𝐴𝐴 ∝ 𝑁𝑁2/3  Eq. 2 

where A refers to the real contact area (m2) and N is the normal force (N), which leads 
to the following relation for COF: 
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𝜇𝜇 ∝ 𝑁𝑁−1/3  Eq. 3 

Schallamach carried out extensive experiments with several hard tread compounds on 
surfaces with various asperity shapes and coarseness and showed that the exponent in Eq. 
3 changes to -1/9; therefore the load dependency may be neglected in the case of rough 
surfaces [10, 12]. Figure 2.2 shows the COF of various tread compounds as a function of 
load. 

 
Figure 2.2: log scale of COF versus log normal pressure on silicon carbide paper, grade 180, (a) 

unfilled NR (b) NR/50 phr HAF (c) GR-S (Krylene)/50 phr HAF, velocity 0.00212 cm/s [10] 

Fuijkawa and et al. [13] measured an actual contact ratio α, which is defined as the real 
contact area to apparent contact area on various surfaces and contact pressures and it is 
shown in Figure 2.3. For instance, the actual contact ratio of a passenger tire with a typical 
apparent contact pressure of 300 kPa to 500 kPa for three kinds of test pavement, is about 
0.1; this level shows how small the real contact area is in comparison to the apparent 
contact area.  

To conclude, the COF in elastomers is dependent on the real contact area. This is 
because the viscoelastic properties of rubber act in various ways for the numerous types of 
asperities of the surface. Table 2.1 shows a good summary of the general idea about the 
load dependency of soft rubber on smooth surfaces. 

Table 2.1: comparison of load dependency of solid material with rubber-like material [1] 
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Figure 2.3: Actual contact ratio vs apparent contact pressure for three kinds of test pavement [13] 

2.2.3.2. Temperature and speed dependency 

Rubber friction is strongly dependent on speed and temperature, which is dominated 
by the viscoelastic properties. An equivalence exists between the effects of temperature 
and speed, which was first explained by William, Landel, Ferry (WLF) [14]; The famous WLF 
transformation equation demonstrated this equivalence for viscoelastic properties by 
applying a universal function. Grosch showed that this transformation equation is applicable 
to rubber friction for both gum and filled rubber compounds [9, 15]. The COF was measured 
at various temperatures over a range of velocities; By considering the highest speed is low 
enough to neglect the temperature rise during the measurements. By plotting the COF 
versus 𝑎𝑎𝑇𝑇𝑣𝑣 in a logarithmic scale, where log 𝑎𝑎𝑇𝑇 is given by the WLF equation [15, 16], a 
“master curve” is generated. The master curve is a single curve of COF from many segments 
as shown for an Acrylate-Butadiene Rubber (ABR) gum compound as an example in 
Figure 2.4. The type of rubber compounds and track surfaces affect the shape of the master 
curve and its position on the log 𝑎𝑎𝑇𝑇 𝑣𝑣 axis. 



11 
 

 
Figure 2.4: (left) Experimental friction data  as function of log speed at different temperatures; 

(right) master curve of an Acrylate-Butadiene Rubber gum compound on a clean dry silicon carbide 
180 track surface, referred to room temperature [15] 

2.2.4. Friction mechanism 
The basic mechanism of friction in dry relative motion attributes to two main factors.  

The first is the adhesion force, which occurs in the region of real contact area. The second 
term may be described as a deformation component. By assuming no interaction between 
the two factors, the total friction force (𝐹𝐹) may be written [6]: 

𝐹𝐹 = 𝐹𝐹𝑎𝑎𝑎𝑎ℎ𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒 + 𝐹𝐹𝑎𝑎𝑒𝑒𝑓𝑓𝑒𝑒𝑑𝑑𝑑𝑑𝑎𝑎𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒 Eq. 4 

Dividing each components of this equation by the load 𝑁𝑁, the corresponding equation 
is written in terms of friction coefficients as follows: 

𝜇𝜇 = 𝜇𝜇𝐴𝐴 + 𝜇𝜇𝐷𝐷     Eq. 5 

where the suffixes A and D denote the adhesion and deformation terms respectively [6, 
7]. Moore [6] described that by choosing a careful experimental condition, the contribution 
of either adhesion or deformation coefficient is negligible. For instance, the dominant 
mechanism on an optically smooth surface is purely adhesion. Alternatively, the measured 
friction force can be attributed solely to the deformation component on lubricated rough 
surfaces. It is also mentioned that in the normal case of dry sliding between rough surfaces, 
the coefficient of adhesional friction is generally at least twice as high as the deformation 
contribution [6].  
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2.2.5. Rubber friction mechanism 
In the contact area between an elastomer and a rough surface in relative motion, the 

adhesion component of the friction force is referred as molecular interaction between the 
rubber and the substrate. The deformation term is due to a delayed recovery of the 
elastomer after indentation by a particular asperity, which is generally termed the hysteresis 
component of friction [6].  

 

Figure 2.5: Principal components of elastomeric friction [6] 

Figure 2.5 shows how the total friction force develops in sliding over a single asperity is 
separated into an adhesion and a deformation part [6]. Therefore: 

𝐹𝐹𝑎𝑎𝑒𝑒𝑓𝑓𝑒𝑒𝑑𝑑𝑑𝑑𝑎𝑎𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐹𝐹ℎ𝑦𝑦𝑠𝑠𝑡𝑡𝑒𝑒𝑑𝑑𝑒𝑒𝑠𝑠𝑒𝑒𝑠𝑠   Eq. 6 

𝐹𝐹 = 𝐹𝐹𝑎𝑎𝑎𝑎ℎ𝑒𝑒𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒 + 𝐹𝐹ℎ𝑦𝑦𝑠𝑠𝑡𝑡𝑒𝑒𝑑𝑑𝑒𝑒𝑠𝑠𝑒𝑒𝑠𝑠   Eq. 7 

𝜇𝜇 = 𝜇𝜇𝐴𝐴 + 𝜇𝜇𝐻𝐻     Eq. 8 

Moore [6] also described the adhesion as a surface effect, whereas hysteresis is a bulk 
phenomenon that depends on the viscoelastic properties of the elastomer.  

A disruptive stick-slip process at the molecular level is fundamentally responsible for 
adhesion and several theories exist to explain this phenomenon. However, both adhesion 
and hysteresis can be attributed to the viscoelastic properties of rubber at the macroscopic 
level [6].  

2.3. Tire grip 
Tires support and transmit all types of loads or forces such as vertical, longitudinal 

braking, driving, cornering, and camber thrust. All of the forces are necessary for the 
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directional control of the vehicle. The best compromise in tire construction regarding 
carcass stiffness, tread pattern and compound is to engineer the tire to meet the 
requirement of the “vehicle suspension engineer”. 

Tire grip is a concept that describes the traction between the tire and the road. This 
traction is generated by the forces in various driving states such as cornering, braking, and 
accelerating. A tire with better grip provides a shorter stopping distance which is the 
distance that the vehicle needs to come to a full stop; or avoids rolling over which is the 
case especially for a racing car. In total, proper tire grip obtains good level of handling.  

To describe tire grip of various tire constructions on the road with a variety of surface 
texture, the tire-road interface always has great importance. Some of the important 
features of tire behavior at the interface are: 

• Normal force distribution 
• Actual slip velocity at various points in the contact area 
• Shape of the contact area  
• Deformation of the tread elements at a range of speeds as a function of tire 

geometry. 

2.3.1. Tire forces 
To achieve a better understanding of the tire grip, it is essential to have a closer look 

into the tire forces acting during the cornering and braking (accelerating) states.  

2.3.1.1. Side (Lateral) force 

Side force or lateral force is the force that tires transmit to the ground during cornering 
in perpendicular direction of the symmetry plane of the tire. This force is termed tire grip. 
Figure 2.6 shows all four side forces of the four tires at the center of gravity (CG) of the 
vehicle. At any time of cornering, the path forms an arc. The radius of that arc might be 
changing, but at any instant the path describes a specific arc. 

In other words, every point on the tread notices a regularly repeating vertical force and 
momentarily bears the tire’s share of the vehicle’s weight. As soon as the driver turns the 
steering wheel, the tread pulls the rest of the tire and generates forces that go through the 
wheel and the “suspension” to turn the vehicle. This force which is generated by the tread 
to change the vehicle's path is side force. The tire tread actually deforms as it rotates 
through the contact patch area. It is the tire's resistance to this deflection that creates the 
side force that turns the vehicle [17]. 
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Figure 2.6: All four side forces of the four tires at the center of gravity (CG) of the vehicle [17] 

2.3.1.2. Slip angle 

A tire generates side force with a slip angle, as shown in Figure 2.7. The angle between 
tire plane of symmetry and the actual velocity direction of the vehicle in cornering is termed 
slip angle. In other words, the slip angle occurs when the steering wheel is turned from 
straight ahead; It is the angle between the direction in which the tire is pointed and the 
direction in which the vehicle is actually going ("a" or α in Figure 2.7). It is noteworthy to say 
that “the elastic nature of a tire makes the slip angle possible” [17].  

     

Figure 2.7: Slip angle occurrence in steering [17, 18] 

2.3.1.3. The side force versus slip angle 

Figure 2.8 shows the general relationship between the side force and the slip angle. In 
fact, this relationship is a specific characteristic of a tire design that includes carcass, rubbers 
used in the tire structure and the rubber compounds in the tire tread. The shape of this 
curve is unique for each type of tire. 
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Figure 2.8: Side (lateral) force vs slip angle curve [19] 

As it is shown in Figure 2.8, the curve has two regions in three distinct shapes: 

1- Linear (elastic) region: at small slip angles, an increase in slip angle leads to a 
proportional increase in side force. The slope of this section of the curve is the 
"cornering stiffness" of the tire and it has a linear shape. The contact patch of tread 
is not sliding on the road at any point. Higher stiffness in the tread and sidewalls 
results in a steeper slope. A typical range for a radial tire is 100-400 kg/degree, with 
a lower range for passenger tires and a higher range for specialty racing tires [19]. 
 

2- Non-linear region in two different shapes: 
• Transitional region: At higher slip angles, portions of the tire contact patch are 

sliding and there is less increase in side force with an increase in the slip angle. 
As the curve is at its highest point, more of the contact patch is sliding and the 
tire generates less side force.  

• Frictional region: After the peak of the curve, the side force can be reduced by 
30% within a few degrees of extra slip angle. At the high slip angles, most of the 
contact patch is sliding and it produces a lot of heat and wear.  

The schematics in Figure 2.9 are obtained from visual observation of contact patch 
shapes at varying slip angles. The tire rolling is in the direction of the top of the page and 
the turning direction is to left. First, it shows that at higher slip angle the slip area increases 
and simultaneously the adhesive area decreases. Second, it presents the leading edge of 
the contact patch curves toward the turn. The leading edge of the contact patch points in 
the steering direction while the rear portion of the contact patch lags behind on the old 
heading direction. 
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Figure 2.9: Visual observation of contact patch shapes at varying slip angles [17] 

2.3.1.4. Longitudinal forces 

The forces on a tire during acceleration and braking deform the sidewall in a way that 
the contact patch moves a noticeable distance in the longitudinal direction and the tires 
generate a longitudinal force [17]. The difference between the longitudinal driving speed 𝑉𝑉 
(m/s) and the equivalent circumferential velocity of the wheel (𝑅𝑅𝑒𝑒𝜔𝜔) is the longitudinal slip, 
where 𝜔𝜔 (rad/s) is the rotational velocity of the wheel [19, 20]. According to the SAE2, 
longitudinal slip ratio is defined as: 

𝜅𝜅 = −  𝑉𝑉𝑥𝑥− 𝑅𝑅𝑒𝑒𝜔𝜔
𝑉𝑉𝑥𝑥

   Eq. 9 

where 𝑅𝑅𝑒𝑒 (m) is the effective tire radius which is defined to be 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 between the tire’s undeformed radius and static 
loaded radius [21].  

During hard braking, the tire rotates less than it would if there was no slip. It means that 
the tire patch is being pulled behind the wheel faster than the wheel’s circumferential 
velocity. Consequently, the slip ratio is always negative for braking. Therefore, in “locked” 
braking tires, the slip ratio equals a negative 1.0 for this condition [19]. On the contrary, all 
of these phenomena occur during the accelerating condition, but adversely, i.e. the slip ratio 
is always positive. Figure 2.10 shows the negative braking slip ratio in the locked wheel. 
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Figure 2.10: Braking slip ratio [19] 

2.4. Brush model 
The relation between force and slip is one of the most important laws in tire mechanics. 

This relation requires a sophisticated model for an elastic wheel. Because of the complex 
internal structure of tires, it becomes even more complicated comparing to a simple elastic 
wheel. One of the simplest models that describes some of the main features of slipping 
tires, is the “Brush” model or often called the Schallamach model [22]. It is based on the 
following assumptions:  

• The slip is caused by deformation of the rubber volume between the ground 
and the tire carcass. 

• This rubber volume is approximated as a large number of equally-spaced 
deformable elements like the fibers of a brush.  

• Every brush element can deform independently of one another. 
• It is assumed that there is a linear elastic relation between force and 

deformation with a spring constant: 

𝐹𝐹𝑠𝑠 = 𝑘𝑘𝑓𝑓 . 𝑥𝑥𝑠𝑠  Eq. 10 

where,  
𝑘𝑘𝑓𝑓: spring constant of the element (N/m) 
𝐹𝐹𝑠𝑠: side force applied on an element (N)  
𝑥𝑥𝑠𝑠: side deformation (m). 

• For the unit area, the stiffness 𝑘𝑘 is given by 𝑘𝑘 = 𝑛𝑛𝑘𝑘𝑓𝑓 where n is the number of 
bristles per unit area. It can be defined either for side or circumference slip. 

• This assumption of linear elasticity has the consequence that no distortion of 
the wheel occurs outside of the contact area. It means that the carcass is 
assumed to be stiff and it can neither be stretched nor shrunk, but it can flex 
towards the hub.  
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• The deformation of a brush is limited by the friction between the tire and the 
road [23]. 

The force-slip relation for the brush model is given by: 
 

𝐹𝐹 = 𝜇𝜇𝜇𝜇
𝜋𝜋

[ 2𝐶𝐶
1+𝐶𝐶2

− 𝑠𝑠𝑠𝑠𝑛𝑛−1 2𝐶𝐶
1+𝐶𝐶2

]  Eq. 11 

Where 𝐹𝐹 is either the side, braking or accelerating force (N), 𝑁𝑁 is the applied load (N), 𝜇𝜇 
is the coefficient of friction, and 𝐶𝐶 is a parameter depending on the type of force. Table 2.2 
shows the 𝐶𝐶 parameter in both cases of cornering or accelerating and braking, and the 
reduced equation and slope at small slip. 

 
Table 2.2: Brush model parameters 

In case of 𝐶𝐶 𝐹𝐹 at small slip Slope  

Cornering 
𝜋𝜋 
8
∗  
𝑘𝑘𝑠𝑠𝑎𝑎2 tan 𝜃𝜃

𝜇𝜇𝜇𝜇
 

𝑘𝑘𝑠𝑠𝑎𝑎2

2
 𝜃𝜃 𝐾𝐾𝑆𝑆 = 𝑘𝑘𝑠𝑠𝑎𝑎

2

2
 

Braking or accelerating 
𝜋𝜋 
8
∗  
𝑘𝑘𝑐𝑐𝑎𝑎2

𝜇𝜇𝜇𝜇
∗  

𝜅𝜅
1 − 𝜅𝜅

 
𝑘𝑘𝑐𝑐𝑎𝑎2

2
𝜅𝜅 𝐾𝐾𝐶𝐶 = 𝑘𝑘𝑐𝑐𝑎𝑎

2

2
 

 
Where,  
𝜃𝜃: slip angle (rad) 
𝑎𝑎: length of the contact area (m) 
𝑘𝑘𝑠𝑠:cornering stiffness normal to the plane of the wheel  
𝑘𝑘𝑐𝑐: similar coefficient to 𝑘𝑘𝑠𝑠 in circumferential slip 
𝜅𝜅: longitudinal slip. 
 
The slope of the relation between side force and slip angle, is termed the cornering 

stiffness 𝐾𝐾𝑆𝑆 of the wheel. 𝐾𝐾𝐶𝐶  is the circumferential slip stiffness of the wheel and has a 
different value from the cornering stiffness. In Eq. 11 both parameters are a measurable 
quantity based on N/rad [24]. 

 
Figure 2.11: Illustration of the deformation of the rubber layer between the tire carcass and the road 

according to the brush model [25] 
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Figure 2.11 illustrates the deformation of the rubber layer between the tire carcass and 
the road according to the brush model, the carcass moves with the velocity 𝑣𝑣𝑠𝑠𝑥𝑥 relative to 
the road. The brush model elements slide when the deformation reaches certain values 
which are calculable by the model (𝑥𝑥𝑠𝑠  in Figure 2.11).  

 
Figure 2.12: Longitudinal force in a driving wheel [25] 

Figure 2.12 shows the bristles in the brush model for a driven tire that transmit the 
longitudinal force. At small slip angles the force is independent of the load (except for the 
dependence of the length of the contact patch on the load) and independent of the friction 
coefficient. Three different possibilities in the entire contact patch arise: 

 
• Adhesion in the entire contact area; The slip curve is depending only on the 

rubber properties. 
• Both sliding and adhesion; The contact area is split into two sections, one with 

adhesion and one with sliding. 
• The entire tire surface slides against the ground. The braking force depends 

only on the friction coefficient at the actual condition [23]. 
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2.5. Roughness and its role on friction 
To classify the characteristics of the contact surface and to investigate the impact of 

surface texture on the tire performance, the PIARC3 has defined a scale based on the texture 
wavelength. Figure 2.13 shows the influence of the texture wavelength on the tire track 
interaction. 

 

Figure 2.13: Influence of the texture wavelength on the tire-surface interaction [26] 

Tire friction is dominated by the texture or roughness of the surface. Various textures 
contribute differently in friction components. The fine-scale texture (below about 0.5 mm) 
has a fundamental importance on dry roads and interacts directly with the tire rubber on a 
molecular scale and provides adhesion. As it is shown in Figure 2.14, the shape and the size 
of the aggregates influence directly the friction components. Clearly, measuring rubber 
friction on rough or smooth surfaces involves different mechanisms. Heinrich and Klüppel 
[27, 28] presented a basic formulation of rubber friction on rough, rigid surfaces that relates 
the frictional force to hysteretic energy losses of the rubber.  

                                                                 
 

3 Permanent International Association of Road Congress 



21 
 

 
Figure 2.14: Key component of tire track friction [26] 

2.5.1. Measurement of texture 
Several texture measurement methods are available and are possible to be carried out 

in the field or in the lab, such as a laser profile method, sand patch method or outflow 
meter. Some statistic amplitude parameters (𝑅𝑅𝑎𝑎,𝑅𝑅𝑞𝑞 ,𝑅𝑅𝑠𝑠𝑞𝑞) are helpful to describe the surface 
profile based on the geometry of the asperities. The relevant roughness parameters to the 
current topic are defined as following: 

𝑅𝑅𝑎𝑎 =  1
𝑒𝑒

 ∑ |𝑦𝑦𝑒𝑒|𝑒𝑒
𝑒𝑒=1    Eq. 12 

𝑅𝑅𝑠𝑠𝑘𝑘 =  1
𝑒𝑒𝑅𝑅𝑞𝑞3

 ∑ 𝑦𝑦𝑒𝑒3𝑒𝑒
𝑒𝑒=1   Eq. 13 

𝑅𝑅𝑞𝑞 =  �1
𝑒𝑒

 ∑ 𝑦𝑦𝑒𝑒2𝑒𝑒
𝑒𝑒=1    Eq. 14 

Where 𝑅𝑅𝑎𝑎 (𝜇𝜇𝜇𝜇) is the most common parameter which is an arithmetic average of the 
absolute values of the distance of the asperities to the mean line 𝑦𝑦 (𝜇𝜇𝜇𝜇), 𝑅𝑅𝑞𝑞(𝜇𝜇𝜇𝜇) is the 
root mean squared and 𝑅𝑅𝑠𝑠𝑞𝑞 is the skewness [29]. These amplitude parameters characterize 
the surface based on the vertical deviations of the roughness profile from the mean line. 
Many of them are closely related to the parameters found in statistics for characterizing 
population samples. A surface with a large 𝑅𝑅𝑎𝑎 value, or a positive 𝑅𝑅𝑠𝑠𝑞𝑞 has usually a high 
friction and wear quickly. The peaks in the roughness profile are not always the points of 
contact. The form and waviness (i.e. both amplitude and frequency) must also be 
considered. 

2.6. Tribometers 
Friction and wear are interrelated subjects, simply because friction is involved and plays 

its part in wear mechanisms. It is possible to study and measure both friction and wear in 
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the same experiment. However, in laboratory measurements on rubber, two separate test 
methods have been considered. Abrasion or wear test is quite common in the rubber 
industry and has been developed and standardized. While, the friction test rarely is 
standardized [30].  

2.6.1. Methods of measuring friction  
To measure the frictional force in a friction test, the essential requirements are two 

contacting surfaces with a relative motion between them. Figure 2.15 shows various 
arrangements for friction tests. Based on these arrangements, many researchers have tried 
to develop an apparatus to measure the coefficient of friction [18, 27, 30-38]. The friction 
behavior also have been investigated using modeling and simulation [23, 25, 39, 40].  

 
Figure 2.15: Arrangements for friction tests, (a) linear track; (b) rotating shaft; (c) towed sled; (d) pin 
and rotating place; (e) inclined plane, N: normal force, V: direction of motion, W: weight of the test 

piece [30] 

As it is discussed in the second chapter, rubber friction strongly depends on velocity, 
load, temperature and the interface between sample and surface. During a friction test, a 
condition known as 'slip-stick' sometimes occurs in which the relative velocity and the 
coefficient of friction between the two surfaces both oscillate around a mean value. The 
amplitude and frequency of the slip-stick vibrations depend on the rigidity and damping of 
the testing system as well as on the properties of the surfaces. To minimize slip-stick it is 
necessary to construct the test apparatus, particularly the drive and force measuring 
elements, as stiff as possible. The other factors such as lubricants, wear debris, ageing of 
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the surfaces and humidity also affect friction. Therefore, the friction test procedure must 
be carefully selected in a way that resembles the service conditions. 

Rapra apparatus (Figure 2.16) is a device that measures coefficient of friction in 
conjunction with a suitable tensile tester. The advantages of the apparatus are accurate 
measurements of small forces, a good range of velocity, a wide range of temperatures. The 
test piece geometry can be readily changed, tests on products or parts of products are 
feasible [30]. 

 

Figure 2.16: Rapra friction apparatus [30] 

There are various demands for friction tests including tests on products or part of 
products. In product areas of rubber friction on roads and floor surfaces, it is convenient to 
measure the coefficient of friction in-situ. As a result, a portable device is necessary. The 
friction of road surfaces is often measured with a slide tester developed by the Road 
Research Laboratory which is widely used on various surfaces for example floors and 
artificial sport surfaces. The measured “skid resistance” is approximately related to the 
coefficient of friction (𝜇𝜇) [30] by: 
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𝑆𝑆𝑘𝑘𝑠𝑠𝑆𝑆 𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑎𝑎𝑛𝑛𝑟𝑟𝑟𝑟 ~ 330𝜇𝜇
3+𝜇𝜇

  Eq. 15 

Several reviews of methods and equipment for friction measurements of rubbers have 
been reported, but the correlation between different methods with service conditions is 
relatively poor. It is perhaps not surprising considering the variety of geometries and test 
conditions in use and the complexity of the interaction between surfaces [30].  

2.6.2. Friction standard methods 
ISO 15113 standard for the frictional properties of rubber was published in 1999 and is 

probably the most comprehensive of friction standards. It was developed from a British 
standard, BS 903 Part A 61 [30]. No method exists in ASTM for the determination of rubber 
friction.  

The standard methods does not describe a specific apparatus but explains the 
importance of  a tight control of the parameters and indicates remarkable guidance both in 
the text and annexes on factors to be considered in obtaining friction measurements. Three 
procedures for determining dynamic friction are given: the initial friction, friction after 
repeated movement between the surfaces and friction in the presence of lubricants or 
contaminants. Some procedures are indicated for preparing the sliding surfaces.  

In most test procedures, the objective is to provide the best correlation with service 
conditions together with good reproducibility between laboratories. Since the number of 
friction measurement methods are limited and not fully developed, better understanding 
of abrasion tests provides a better insight into friction measurements.  

2.6.3. Types of abrasion test 
There are several standard methods for measuring abrasion for specific applications: 

• ASTM D5963: Rubber property-abrasion resistance (rotary drum abrader) 
• ASTM D1630: abrasion resistance (footwear abrader) 
• DIN ISO 4649:2010 Rubber, vulcanized or thermoplastic-determination of 

abrasion resistance using a rotating cylindrical drum device. 

ISO 23794 shows a range of abrasion test apparatus which are based on various wear 
mechanisms. In real situation more than one mechanism is usually involved but one may 
predominate; it is possible to categorize them in several ways: 

• Abrasive wear: is caused by sharp asperities cutting the rubber. It requires hard, 
sharp cutting edges and high friction. 
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• Fatigue wear: is caused by particles of rubber being detached as a result of dynamic 
stressing on a localized scale. It occurs with smooth or rough but blunt surfaces, 
and does not need high friction. 

• Adhesive wear: is the transfer of rubber to another surface as a result of adhesive 
forces between the two surfaces. It is less common, but can occur on smooth 
surfaces. 

• Roll formation: is sometimes considered as a separate mechanism. It happens 
when there is progressive tearing of layers of rubber and they form a roll. It occurs 
in high friction and relatively poor tear strength. Roll formation results in a 
characteristic abrasion pattern of ridges and grooves at right angles to the 
direction of movement. 

• Corrosive wear: is due to a direct chemical attack on the surface. 
• Erosive wear: is sometimes used for the action of particles in a liquid stream. 

 
Another distinction between various tests is applied by the test specimen geometry and 
abradant. Some common combinations are shown in Figure 2.17. Abradants can be 
classified into the following types: 

• Abrasive wheels; 
• Papers and cloths; 
• Metal knives; 
• Smooth surfaces; 
• Loose abradants. 

The proper test method should be selected based on service conditions. Every category has 
its own pros and cons; but reproducibility and availability in a convenient form are a 
necessity.  
 
2.6.4. Test conditions 

• Temperature: controlling the temperature of the contact surfaces during the test 
is very difficult, although the tests are carried out at ambient temperature; it has a 
huge impact in obtaining correlation between laboratory and service conditions. 

• Degree and rate of slip: relative movement or slip is crucial in determining the wear 
rate.  The higher slip gives a higher heat generation. 

• Contact pressure: under some conditions, if the abrasion mechanism changes, a 
large rise in temperature occurs and it depends on the friction between the 
surfaces. 

• Continuous contact: when the test piece is continuously and totally in contact with 
the abradant and there is no chance for the generated heat at the contact surfaces 
to being dissipated.  
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Figure 2.17: Test piece (1), abradant (2) in several forms [41] 

• Intermittent contact: is in contrary with the continuous contact. 
• Lubricants and contamination: the interface between surfaces is absolutely 

important because any change in the nature of the contact surfaces creates a big 
difference in the final results. Two arguments regarding the lubricants and 
contamination rise; First, applying deliberately another material or media between 
surfaces to simulate service condition, for instance, lubricants such as water or 
introduction of a particulate material to a surface to simulate tire running on a wet 
or dusty road. Second, removing wear debris by continuously brushing the test 
piece or by the use of air jets. It should be ensured that the air supply is not 
contaminated with oil or water from the compressor [41, 42].  

Clogging or smearing of the abradant is a common problem with the abradant, and it 
leads to invalid test results. It is normally caused by a high temperature at the contact 
surfaces and, although the problem can sometimes be reduced by introducing a powder 
between the surfaces, it should be treated as an indication that the test conditions are not 
suitable. If high temperatures are experienced in service, a test method should be chosen 
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in which a new abradant surface is continually used [41]. A summary of types of abrasion 
apparatus are listed in Table 2.3 according to the ISO 23794:2010. 

Table 2.3: A summary of types of abrasion apparatus [41] 

 

2.6.5. LAT100 
LAT100 is a compact machine that is designed in a way to simulate a wide range of 

service conditions for measuring abrasion and friction. The machine consists of a driven disc 
on which a rubber test wheel is pressed under a given normal load at a defined slip angle α 
(˚). All three force components acting on the wheel during the tests are recorded. 
Figure 2.18 shows a schematic of the measuring unit of LAT100. Both side and the friction 
force are direct output measurements of the machine and enable to rate and compare 
various rubber compounds. Basically, the applied slip in the LAT100 is based on the slip 
angle. Therefore, the measured side forces value is considered for characterizing rubber 
compounds.  
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Figure 2.18: Arrangement of test equipment [31]  

The test condition is defined in given load and slip speed on various surface roughness. 
The slip speed is created by combining the disc traveling velocity and the slip angle. The side 
and friction forces are generated by slip speed and the acting normal force. Figure 2.19 
shows the different velocities and the resultant forces of the sample wheel at the α slip 
angle; 𝑉𝑉𝑐𝑐  circumferential velocity, 𝑉𝑉𝑡𝑡 traveling velocity, 𝑉𝑉𝑆𝑆 slip velocity, 𝐹𝐹𝑐𝑐 counter force to 
centrifugal force, 𝐹𝐹𝑆𝑆 side force, 𝐹𝐹𝑓𝑓 frictional force.  

Vt

Fs

Ff α 
α 

 

Figure 2.19: Velocities of the sample wheel and the resultant forces  

Moreover, the machine is widely used for wet friction tests. The abrasive surface can be 
wetted with water at various temperatures and the side force at a slipping wheel is 
measured over a wide range of temperatures. It has been shown that results of measuring 
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wet grip, abrasion and rolling resistance with the LAT100 show a good correlation with tire 
test results on the real road. However, no satisfactory results in correlation with the real 
tire data have yet been obtained for predicting dry grip [15, 16, 31, 43-47].   

2.7. Indoor and outdoor testing 
A large number of test devices are available based either on the longitudinal or side 

friction principle. The designs are high technical and costly as well as limited portability [18]. 
At various automotive and tire industrial companies or institutes, test facilities are available 
for performing full-scale tire measurements to assess the tire performances. The test 
installation may be built on a truck or trailer that is equipped with a special wheel 
suspension and guidance system to which a measuring hub is attached [48]. In Figure 2.20, 
some examples are shown. The tire testing can be divided mainly into three different types 
of tests [49]:  

• Kappa sweep (κ-sweep) : variation of the longitudinal slip κ, while keeping the slip 
angle α equal to zero. 

• Alpha sweep (α-sweep) : variation of the slip angle α for a freely rolling tire (κ=0) 
• Combined slip: variation of the longitudinal slip κ for non-zero values of the slip 

angle α. 

 

Figure 2.20: Example of a vehicle based device [18] 

Linear friction tester (LFT) is a friction measuring device which is designed based on 
longitudinal friction principal. In the longitudinal friction principal at a 100% slip ratio (𝑆𝑆 =
1), there is no need to use a whole tire as a test object and a rubber sample or tire tread 
block can represent the whole tire friction.  

Figure 2.21 shows some examples for portable devices such as the “Skid resistance 
pendulum” and the “Abrollgleiter”. These devices determine the friction coefficient based 
on the difference energy ∆𝐸𝐸𝑎𝑎 due to dissipation in the applied friction process. Energy ∆𝐸𝐸𝑎𝑎  
translates into a certain value that represents the friction coefficient. Both portable devices 
presented in  Figure 2.21, convert initial energy into kinematic energy. Since for these 
systems, there is no electrical measurement value acquisition, as a result there is no 
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possibility of monitoring the occurred friction process over time. It requires high precision 
for adjustment which might lead to failed measurements. As a summary, a classification of 
the existing test methods are shown in Figure 2.22. 

 

Figure 2.21: Examples for portable devices [18] 

 

Test methods

Indoor laboratory test Outdoor testing

Portable device Vehicle based device

Lateral friction 
principle

Longitudinal friction 
principle

Abradant motion Test piece motion

e.g. LAT100
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e.g. LFT

 

Figure 2.22: Classification of test methods 
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3. Tire data 
 

The present chapter is dedicated mainly to the process of the tire data preparation. It is 
divided into two phases according to iterations for designing the dry grip test procedure. 
The first phase was performed with four tread compounds in order to explore the LAT100 
parameters. The main goal of the initial phase was to define the preliminary dry grip test 
procedure and expand it to the larger number of specimens. The second phase, which is the 
main part of the project, was executed with 10 different tread compounds to cover a wide 
range of dry grip levels. It includes the compound recipes and compound preparation and 
finally tire building and testing. The extensive tire testing was performed to provide 
sufficient data for achieving comprehensive and strong correlation between tire data and 
LAT100 data.  

3.1. Initial phase: 4 tread compounds 
In the first phase, four summer passenger tread compounds with various grip properties 

were selected. Full tires were manufactured with the same construction process using the 
same body components together with the four different tread compounds. The tire test 
type that was performed for all the four variants, was ABS braking distance. Table 3.1 shows 
the tire data ratings which were provided by Apollo Tyres Global R&D. The higher the rating 
the shorter the braking distance i.e. better dry grip. The tread named “Tread 1” in Table 3.1 
is considered as the reference for the rating calculation. 

Table 3.1: Tire braking data ratings 
Tire sample No. Rating (%) 

Tread 1 100.0 
Tread 2 102.6 
Tread 3 105.3 
Tread 4 102.0 

3.2. Main phase: 10 tread compounds 
The second phase was designed to provide broader information for the correlation 

between tire and LAT100 data, with a wider range of tread compounds. In the tread recipes, 
various particle sizes and types of filler were considered to cover an extensive variety of the 
dry grip properties.  

3.2.1. Compound recipes 
All 10 compounds were prepared according to the recipes as shown in Table 3.2, 

representing silica and carbon black filled compounds. Three types of silica, two types of 
silane and one carbon black type were used in the recipes. The curing system is an efficient 
sulphur based system. Two types of processing aid were employed, TDAE oil and/or 
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polyterpene resin. In all compounds, the filler and processing aid content remained the 
same.  

Table 3.2: Recipes of the 10 experimental tread compounds  
Ingredient Phr C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 

Sprintan SLR 4601 75           

High-Cis BR* 25           

ULTRASIL®VN 2 GR V** 80 - - 80 - - - - - - 
ULTRASIL®7000 GR V - 80 - - 80 - 80 40 - - 
ULTRASIL®9100 GR V - - 80 - - 80 - - - - 
Carbon black HP 
160 

V - - - - - - - 40 80 80 

Silane Si 266® V 5.8 5.8 7.25 - - - 5.8 2.9 - - 
Silane Si 363TM V - - - 9 9 11.25 - - - - 
TDAE oil V 30 30 30 30 30 30 10 10 10 30 
Sylvatraxx 4125 V - - - - - - 20 20 20 - 
ZnO 3.0           

Stearic acid 2.0           

Sulphur 1.7           

TBBS V 1.3 1.3 1.3 1.5 1.5 1.5 1.3 1.3 1.5 1.5 
DPG V 2 2 2 - - - 2 1 - - 

Total  225.8 225.8 227.3 227.2 227.2 229.5 225.8 221.9 218.2 218.2 
*Nickel catalyst ** Variable 

3.2.2. Process overview 
The workflow diagram to carry out the tire testing is described in Figure 3.1. After 

providing raw materials, the compound mixing was performed to obtain batches with a 
weight of around 20 kg. To prepare the full tire from the experimental compounds for the 
tire testing on the road, a large amount of compounds are needed. Because each compound 
is required to be extruded to the green tread dimension according to its specification and 
with considering variety range of the compounds with different rheological behaviors, it is 
not time and cost-effective. Therefore, the experimental tires were prepared via layered 
treads which were prepared in the lab. For this purpose, each layer was calendered 
according to the required specification to assemble the layered tread in the laboratory for 
tire building. In parallel, the compound properties were evaluated for calculating the proper 
tire vulcanization time. Then, the full tires were manufactured with the same construction 
process using the same body components together with the prepared layered treads. 
Eventually, the tire tests were performed. To compare tire data and calculate the ranking, 
a standard summer tread reference compound was used and standard tires were built from 
the reference compound. 
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Figure 3.1: Process overview  

3.2.3. Mixing 
All compounds were mixed in three stages at Polymer-Technik Elbe GmbH (PTE). The 

mixing stages were carried out in an intermeshing internal mixer with a mixing chamber of 
20 liter. The second mixing step was applied to homogenize the compound. An example of 
the first, second and final mixing stage fingerprint is shown in Figure 3.2 and Figure 3.3.  

 

Figure 3.2: Example of the first mixing stage (compound 1) 
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Figure 3.3: (A) Example of the second and (B) final mixing stage (compound 1) 

B 

A 
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3.2.4. Calendering and tread assembling 
To prepare layered treads, the compounds were calendered at the Deutsches Institut 

für Kautschuktechnologie e.V. (Hanover) and rolled according to the particular width and 
thickness. The full tread was prepared according to the specification of the tire size 
235/35R19 slick. After applying each layer, the layer was rolled firmly on the previous layer 
to avoid trapped air.  

3.2.5. Tire manufacturing 
The full tires were manufactured with the layered tread settings. In addition, the 

standard tires were build both using layered tread and the normal tread in Apollo 
Vredestein B.V. factory. After vulcanization, the tires were examined before mounting on 
the trailer test. Some of the tires were rejected after inspection due to a flat spot defect. 
None of the tires produced with the tread compound 2 was suitable for tire testing due to 
flat spot defect on the tire. For the rest of the samples, a sufficient number of tires were 
available. 

3.2.6. Tire testing 
Two types of tire test were performed at ATP Automotive Testing Papenburg GmbH 

testing field:  

• Kappa (κ) sweep test: with Apollo Tyre Global R&D and Tass international Delft-
Tyre test trailers 

• Alpha (α) sweep test: with TASS international Delft-Tyre test trailer.  

The tests were carried out at a constant 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 test sequence is described in Table 3.3. The α-sweep tests were performed from -12 to 
12˚ slip angle with a slip rate of 2 ˚/s.   

Table 3.3: Tire test procedure 
Sequence Test Run × Load 

1 Apollo κ-sweep 3 × @ 500 kg 
2 Apollo κ-sweep 3 × @ 350 kg 
3 Apollo κ-sweep 3 × @ 700 kg 
4 Tass κ-sweep 3 × @ 500 kg 
5 Tass κ-sweep 3 × @ 350 kg 
6 Tass κ-sweep 3 × @ 700 kg 
7 Tass α-sweep 3 × @ 500 kg 
8 Tass α-sweep 3 × @ 350 kg 
9 Tass α-sweep 3 × @ 700 kg 
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First, the κ-sweep tests were performed with the Apollo trailer, 3 runs per each load. 
The same tires were handed over to the Tass trailer. The Apollo κ-sweep test was carried 
out for all tires, 6 compounds were selected to be tested with the Tass trailer. The 
experiments were executed randomly for all the tires with various compounds. The tire 
order in the tests is shown in Table 3.4. The reference compound was tested after every 3 
experimental tires.  

Table 3.4: Tire order in the tests 
Sequence Compound Apollo κ-sweep Tass κ & α-sweep 

DAY 1 
1 Ref. standard Done Done 
2 Compound 5 Done Done 
3 Compound 7 Done Done 
4 Compound 1 Done Done 
5 Ref. standard Done Done 
6 Compound 8 Done Done 
7 Compound 9 Done Done 
8 Compound 10 Done Done 
9 Ref. standard Done Done 

10 Compound 4 Done - 
11 Compound 6 Done - 
12 Ref. standard Done - 

DAY 2 
13 Ref. standard Done - 
14 Ref, layers Done - 
15 Compound 3 Done, partly* - 
16 Ref. standard Done - 

Due to trapped air inside the tread layers of compound 3, the tests were not completed 
after the first run.  

3.2.7. Tire data 
Table 3.5 shows the braking force coefficient at peak (PBFC) ratings of the friction curve 

in the Apollo κ-sweep. The compounds were rated based on the average value of the 
reference compounds. Therefore, the ranking of the reference compound is indicated 100% 
in the data. The data are presented for the three different applied loads. The standard 
deviation and coefficient of variance (COV or relative standard deviation) of the reference 
compounds were calculated corresponding to each load data. The same calculations were 
performed for the Tass κ-sweep trailer test as indicated in Table 3.6. An example of a κ-
sweep friction curve at 350 kg for the tested compounds is illustrated in Figure 3.4 which is 
the longitudinal friction coefficient versus the longitudinal slip ratio (the κ parameter). 
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Table 3.5: Tire data, Apollo κ-sweep ratings; Reference set at 100% 
 350 kg 500 kg 700 kg 
Compound 5 100.0 95.6 96.4 
Compound 7 108.4 100.0 97.1 
Compound 1 104.2 98.0 92.4 
Mean all Refs 100.0 100.0 100.0 
Compound 8 99.3 96.6 94.1 
Compound 9 95.7 96.0 92.2 
Compound 10 95.4 94.2 90.6 
Compound 4 99.6 96.7 96.2 
Compound 6 98.5 99.1 98.7 
COV (%) Ref 2.8 1.2 1.8 

 

Table 3.6: Tire data, Tass κ-sweep ratings; Reference set at 100% 
 

 

 

 

 

 

 

Figure 3.4: The tire data friction curves at 350 kg, Tass κ-sweep 
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 350 kg 500 kg 700 kg 
Compound 5 101.4 97.0 98.4 
Compound 7 102.4 100.3 100.4 
Compound 1 100.7 98.7 96.1 
Mean all Refs 100.0 100.0 100.0 
Compound 8 97.9 96.0 96.0 
Compound 9 93.8 92.8 89.6 
Compound 10 92.8 90.0 90.3 
COV (%) Ref 2.2 2.1 2.1 
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Figure 3.5 shows an example of an α-sweep friction curve at 350 kg for the tested tread 
compounds which demonstrates the side force coefficient versus side angle (the side slip).  

 
Figure 3.5: The tire data friction curves at 350 kg, Tass α-sweep 

The data including slope at 0˚, min and max positions in the α-sweep friction curves 
and the individual COV are extracted in Table 3.7. 

3.2.8. Tire data analysis 

In this section, the collected tire data were compared and correlated together. All the 
performed tire tests are the outdoor type and the friction behaviors are measured on the 
real tires interface with the asphalt surface. Therefore, the correlation and comparison 
between the acquired tire data demonstrate the difference in tire test mechanisms, i.e. α-
sweep and κ-sweep. Subsequently, the correlation coefficients between the extremum 
points of the α-sweep and κ-sweep were calculated. As it is described in Table 3.8, the 
maximum and minimum points in α-sweep curves correlate together well. Moreover, a 
good correlation exists between the Apollo and Tass κ-sweep tests at PBFC, indicating that 
the trailers are comparable. However, the correlation coefficients between α-sweep and κ-
sweep tests are very poor which is probably related to the fact that different mechanisms 
govern in the contact area between the tire and asphalt. As it is shown in Figure 3.4 and 
Figure 3.5, the best compound in the κ-sweep test does not give the best behavior in the α-
sweep test. Therefore, the LAT100 data either may be correlated with the α-sweep or the 
κ-sweep test. With respect to the LAT100 test mechanism which is based on side slip, the 
chance to obtain a strong correlation with the α-sweep test is higher. All the correlation 
coefficients between tire data ratings at three different loads are summarized in Table 3.8. 
The tire data will be analyzed further in Chapter 7 in correlation with the LAT100 results. 
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Table 3.7: Slope at 0˚, min and max values and the ratings in α-sweep data for different loads 
 Rating Max. Rating Min. Rating slope at 0 

350 kg    
Compound 5 92.8 92.9 76.5 
Compound 7 101.1 100.2 84.4 
Compound 1 93.3 94.0 85.0 
Mean all Refs 100.0 100.0 100.0 
Compound 8 101.0 102.5 100.4 
Compound 9 101.3 101.3 116.1 
Compound 10 97.3 99.2 119.4 
COV (%) Ref 1.0 0.5 2.0 
500 kg    
Compound 5 92.7 93.5 74.9 
Compound 7 101.0 98.3 79.9 
Compound 1 93.3 93.3 80.2 
Mean all Refs 100.0 100.0 100.0 
Compound 8 99.2 99.3 93.8 
Compound 9 97.4 98.5 109.7 
Compound 10 95.2 98.4 111.2 
COV (%) Ref 1.6 0.1 3.2 
700 kg    
Compound 5 93.0 91.9 78.6 
Compound 7 101.1 99.2 82.9 
Compound 1 92.9 91.5 85.0 
Mean all Refs 100.0 100.0 100.0 
Compound 8 102.2 100.8 95.4 
Compound 9 103.1 100.4 100.1 
Compound 10 97.2 98.3 114.2 
COV (%) Ref 0.4 0.5 3.1 

Table 3.8: Correlation coefficients between the tire data ratings at three different loads 
 350 kg 500 kg 700 kg 
Tass α-sweep Max. and Tass α-sweep Min. 0.93 0.72 0.91 
Tass κ-sweep PBFC & Apollo κ-sweep PBFC 0.73 0.80 0.76 
Tass κ-sweep PBFC & Tass α-sweep Max 0.08 0.11 0.03 
Tass κ-sweep PBFC & Tass α-sweep Min 0.20 0.02 0.04 
Apollo κ-sweep PBFC & Tass α-sweep Max 0.00 0.37 0.01 
Apollo κ-sweep PBFC & Tass α-sweep Min 0.05 0.04 0.01 
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4. LAT100 Sample preparation measurements 
 

Normally, rubber samples in the laboratory are vulcanized according to the optimum 
curing condition based on the t95 of the rheometer curve which is a specified time to reach 
95 % of the difference in maximum and minimum torque in the curve at a certain 
temperature [1]. In this way compounds are cured in an equal condition to be compared 
and ranked. However, the best correlation between the tire data and LAT100 data is 
assumed to be when both rubber samples from the road and lab have a similar crosslink 
density. Therefore, it is necessary to select the curing condition, for vulcanizing the LAT100 
wheels, closest to the tire tread crosslink density in the lab. 

All the designed tires of this project are cured according to the same tire curing 
specification. Therefore, tread compounds might not be necessarily in the optimum curing 
conditions. This is due to the fact that a tire consists of at least 20 or more components, 
with 15 or more rubber compounds, assembled in a typical passenger car tire. Any deviation 
of the curing specification will change all the properties of the tire components. The tire 
vulcanization is a complex process. As the mold closes, a bladder inside the tire expands and 
presses the green tire against the mold. The high bladder pressure forces the uncured 
rubber into every detail of the inner surface of the mold. Super-heated steam or hot water 
is circulated within the bladder and around the mold for a certain time. After removing the 
tire from the mold, the curing is still ongoing during the cooling down process. Curing times, 
temperatures and pressure are computer-controlled to give full cure of the rubber 
compounds [2].  

In this chapter the crosslink density level of the LAT100 wheel with the tire tread are 
compared. Due to the fact that the LAT-sample is abraded from the radius direction in the 
experiment and interface with the abrasive disc in the width, it is necessary to ensure that 
the rubber wheel is uniformly cured in width and radius direction. Therefore, it is crucial to 
avoid crosslink density variation in the aforementioned directions to avoid oscillating 
friction properties. 

4.1. Crosslink density theory 
Crosslinking density is one of the most influential factors for the in-rubber compound 

properties. It is known from the literature that the degree of crosslinking affects the 
frictional properties [3, 4]. As it is described in Figure 4.1, the higher level of crosslink density 
reduces the friction property. The crosslink density of a rubber compound is characterized 
by using different methods [5-10]. One of the methods is determining the crosslinking 
density by equilibrium swelling in toluene and the calculation is on the basis of the Flory-
Rehner equation. This allows to characterize the density of the network in the rubber 
compound. It is reported based on the amount of crosslinking per unit volume (mol/cm3). 
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Figure 4.1: Dependence of the vulcanizate properties of the crosslink density [7] 

4.2. Experimental 
4.2.1. LAT100 Sample 

As it is explained in Chapter 2, different types of sample geometry are available for 
various tribometers and abraders. The LAT100 samples are in a form of a solid rubber wheel, 
with 19 mm thickness, external and internal diameter of 84 and 35 mm, respectively. The 
wheel is provided by compression molding curing method and it needs around 100-110 g of 
rubber compound, depending on the specific gravity of the rubber compound, for each 
wheel. The great advantage of the wheel shape sample is that the generated heat in the 
contact patch of sample with the abrasive surface does not accumulate. This behavior is 
analogous to the reality of the tire on the road surface.  

4.2.2. LAT100 wheel preparation 
To cure the rubber wheel, sheets of rubber compounds with a thickness of 6-8 mm were 

prepared with a Schwabenthan Polymix 80T 300ml two-roll mill. The rubber sheets were 
punched with a circular knife with an external and internal diameter of 80 and 35 mm, 
respectively, to provide a proper rubber pre-form for molding. The LAT100 mold was pre-
heated to the target temperature for a time period of 60 minutes in a Wickert press WLP 
1600. This is done to ensure a homogeneous temperature of the mold. Then, the cavities of 
the preheated mold were filled with the prepared pre-formed rubber compound. The 
sample weight for the mold was calculated based on each sample density and the cavity 
volume. The samples were cured at a cylinder pressure of 100 bar. The mold has 4 cavities 
in dimension of 245 mm x 295 mm with a press pressure of 0.14 bar/cm². The curing 
temperature and time may vary depending on the compound type. The curing 
characteristics are determined with a Moving Die Rheometer (MDR) according to ISO 6502. 
Due to the fact that the wheel has a thickness of almost 2 cm, it takes extra minutes to be 
vulcanized in the radial direction; 13 mins extra is applied for this purpose. The typical curing 
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condition was defined at 160 ˚C and t95+13 mins. According to simulation from Apollo Tyres 
Global R&D, the closest cure condition in the lab for the tread compound to the vulcanized 
tire condition is at a temperature of 170˚C and 11 mins time. 

4.2.3. Sample cutting 
 5 specimens from every sample were prepared. The samples were cut using a Berkel 

Classic 834 cutting machine in accordance to each experiment type (as described below) in 
equal size and equal weight around 0.4 ± 0.02 g.  

• The initial phase with the 4 compounds: 

 Three samples for the crosslink density measurements were selected and labeled: 
Wheel 170, Wheel 160, and Tire all from the sample “tread 1”. 

- Wheel 170: the LAT100 wheel vulcanized at 170˚C with 11 mins curing time 
- Wheel 160: the LAT100 wheel vulcanized at 160˚C with t95+13mins curing time  
- Tire: sample-taking directly from the tire  

Three experiments were performed and the cutting areas are shown Figure 4.2: 

1. Three layers: L1, L2, and L3 with a thickness of 1.5±0.2mm of the Tire, Wheel 
170, and Wheel 160 samples 

2. One layer: L1 with a thickness of 2.0±0.2mm at three equal positions, P1, P2, 
and P3, of the Wheel 170 and Wheel 160 samples 

3. Three equal positions in four peeled layers: L1, L2, L3, and L4 with a thickness 
of 1.5±0.2mm in three positions, P1, P2, and P3 of the Wheel 170 and Wheel 
160 samples. 

The number of specimens are summarized in Table 4.1. 

Table 4.1: Samples for the crosslink density measurement in initial phase 
No. Wheel 170 Wheel 160 Tire 
1 L1, L2, L3 L1, L2, L3 L1, L2, L3 
2 P1, P2, P3 from L1 P1, P2, P3 from L1 - 
3 P1, P2, P3 from L1, L2, L3, L4  P1, P2, P3 from L1, L2, L3, L4 - 

 

• The main phase with the 10 compounds: 

 The tire samples were analyzed for the crosslink density measurements after the tire 
testing. First compounds were peeled in a thin layer of 0.5 mm from the outside to remove 
the dirt and the abraded surface. Afterwards, the samples were cut in 2.0 ± 0.2 mm 
thickness from the peeled surface of the tires. Also the wheel sample cured at 170 ˚C and 
11 mins, were prepared with the same method. 
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Positions:
P1
P2
P3

Layers:
L1
L2
L3
L4

 

Figure 4.2: Layers and positions for the crosslink density measurements 

4.2.4. Crosslink density measurements 
Each sample was coded and placed in a small envelope made of Whatman filter paper 

90mm. The extraction process was carried out with Tetrahydrofuran (THF) and acetone 
solvents, obtained from Assink Chemie, in a Soxhlet extractor for three and two days, 
respectively. Afterwards, the samples were dried at 50˚C for two days until they reached a 
constant weight in the Gallenkamp vacuum oven with a full air circulation system. The dried 
weight of the samples was recorded. Finally, the samples were placed in toluene, provided 
from Assink Chemie, at room temperature (23 ± 1 ˚C) to reach an equilibrium with the 
solvent and after 5 days, all samples were weighted. The difference between the swollen 
weight and the dry weight is the amount of toluene that the rubber compound has 
absorbed. The calculation is performed based on ASTM D 6814-02 and according to the 
Florry-Rehner equation [11]: 

𝜈𝜈 = − ln(1−𝑉𝑉𝑟𝑟)+𝑉𝑉𝑟𝑟+𝜒𝜒𝑉𝑉𝑟𝑟2

𝑉𝑉𝑠𝑠(𝑉𝑉𝑟𝑟

1
3−0.5𝑉𝑉𝑟𝑟)

  Eq. 4.1 

Where, 
𝑉𝑉𝑑𝑑: Volume fraction of polymer in a swollen network in equilibrium with pure solvent  

𝑉𝑉𝑑𝑑 =
𝑚𝑚𝑅𝑅
𝜌𝜌𝑅𝑅

𝑚𝑚𝑅𝑅
𝜌𝜌𝑅𝑅

 + 
𝑚𝑚𝑆𝑆
𝜌𝜌𝑆𝑆

  Eq. 4.2 

𝜇𝜇𝑅𝑅: mass of dry rubber (g) 
𝜌𝜌𝑅𝑅: density of dry rubber (g/cm3) 
𝜇𝜇𝑆𝑆: mass of solvent (g) 
𝜌𝜌𝑆𝑆: density of solvent (g/cm3) 
ν: effective number of chains in a real network per unit volume (mol/cm3) 
χ: Flory-Huggins rubber-solvent interaction parameter (0.452 calculated based on the 
ratio of the BR/SSBR blend [9, 12]) 
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𝑉𝑉𝑠𝑠: molecular volume of solvent (106.2 cm3 /mol for toluene) 
 

4.3. Results and discussion 
4.3.1. Initial phase: 4 compounds 

The t95 obtained with the rheometer and the actual curing time (min) in the press of 4 
compounds at 160˚C are shown Table 4.2. Based on the t95, each curve is in different state 
of curing. Besides comparing the crosslink density level of the LAT-wheel with the tire, the 
wheel vulcanization homogeneity is investigated via crosslink density measurements. 

Table 4.2: The t95 and curing time (min) of the 4 compounds at 160˚C 
Compound C1 C2 C3 C4 
t95 (min) 20 8 21 10 
Curing time (min) 33 21 34 23 

In the first experiment, the crosslink density of the LAT-wheel and tire samples were 
measured in the radial direction. According to Figure 4.3 (A), the crosslink density of the 
wheels cured in two different conditions is comparable with the tire in the three mentioned 
layers. Moreover, according to the results the tread sample and the wheels in radial 
direction are cured uniformly. The second experiment was designed to compare the LAT100 
wheels in two different curing conditions in positions on the wheel thickness direction. With 
this experiment, the crosslink density of the wheels in different positions according to 
Table 4.1 were compared and the uniformities in thickness direction were checked. 
Figure 4.4 shows that for both wheels at least three layers, up to a depth of 4.5 mm, and for 
all positions are roughly equal and homogenously vulcanized. There are some changes in 
the crosslink density level in the layer four of Wheel 160 comparing to the layer one, but 
this will not influence the LAT100 measurements, as the wheel would not be abraded to the 
layer four.  

4.3.2. Main phase: 10 compounds 
The curing characteristics, t95 (min) and the difference between maximum and minimum 

torque (ΔM (dNm)), of the 10 compounds are summarized in Table 4.3 and the rheometer 
curves shown in Figure 4.5. In the initial phase, it was concluded that the tire tread and 
LAT100 wheels are homogeneously vulcanized. Additionally, the Wheel 160, Wheel 170, 
and the tire show the same crosslink density. According to Table 4.3, the t95 of all the 
compounds are close together, only the difference between maximum and minimum 
torque varies between the compounds. On the one hand, by choosing the closest curing 
condition based on the tire curing condition, the chance for a better correlation is higher 
because of friction measurements at the same level of crosslink density for the LAT100 
wheel and the tire sample. On the other hand, as it is depicted in Figure 4.5 (A), some cure 
curves of the compounds show a marching modulus effect. Therefore, not all compounds 
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are cured at the optimum curing condition which hinders a proper comparison of the 
compound friction properties. 

   

Figure 4.3: (A) comparing crosslink density of Tire, Wheel 160 and Wheel 170 samples in layers, (B) 
comparing crosslink density of Wheel 160 and Wheel 170 samples in positions 

   

Figure 4.4: Comparing crosslink density of (A) Wheel 160, and (B) Wheel 170 samples, layers in 
positions 

Table 4.3: Cure characteristics of the 10 compounds 

Compound C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 

t95 (min) 15.5 17.1 17.7 17.0 17.9 17.4 17.0 15.7 15.7 16.2 

ΔM (dNm) 15.4 13.2 14.7 8.6 9.4 12.5 12.3 13.2 16.1 16.2 
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To investigate and compare the crosslink density levels of the LAT100 wheels with the 
corresponding tire, further samples were prepared from the available tread samples after 
the tire tests were performed. Seven tire samples were suitable for sample-taking and the 
crosslink density was measured as it is indicated in Figure 4.6 (A). Two categories of the 
crosslink density level are visible. The compounds 1, 4, 5 and 6 are in one category having 
similar crosslinking densities, the compounds 7, 8 and 10 are in another category as well 
within the same range of crosslink densities. The difference between the two categories are 
small although significant. The reason for the difference could be because of using different 
types of filler in the two mentioned categories i.e. silica and carbon black. 

Accordingly, the extreme rheometer cases, which are the compounds 4, 6, 7, and 10 
with different rheo-curve shapes and ΔM, were selected; as it is shown in Figure 4.5 (B) to 
be compared with the LAT100 wheel. The samples were prepared according to section 
sample cutting. Figure 4.6(B) shows that the difference in crosslink density between the two 
categories are in a meaningful range of deviation corresponding to different levels of 
crosslink density for the LAT100 samples. A comparison between the LAT100 and tire 
crosslink density data (Figure 4.6 (C)) shows that the compounds 4 and 6 are in the same 
range of crosslink density but compound 7 and 10 exhibit small deviations. The number is 
also reported in Table 4.4  with the average COV of 1.9 %. 

Table 4.4: The average normalized crosslink density of tire and Wheel 170 data 
 C1 C4 C5 C6 C7 C8 C10 

Tire 92.3 86.8 89.5 91.6 81.4 81.7 81.2 
Wheel 170 - 85.2 - 90.0 73.9 - 76.3 

 

Figure 4.5: (A) Rheometer curves of the 10 compounds, (B) extreme rheometer curves of the four 
selected compounds for the crosslink density measurements 
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Figure 4.6: Crosslink density comparison of the main phase (A) tire samples, (B) Wheel 170 samples, 
(C) comparisons of tire and Wheel 170 samples 
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4.4. Conclusions 
- The LAT100 wheels cured at 160 ˚C and 170 ˚C are uniform in the crosslink density 

at least in a layer of 4.5 mm in the radial direction. 
- The LAT100 wheels cured at 160 ˚C and 170 ˚C are uniform in crosslink density at 

least in a layer of 4.5 mm in the axial direction. 
- Tire samples were uniformly cured in the tread thickness direction. 
- Based on the crosslink density measurements, crosslink density comparison 

between LAT100 and tire samples depends on the compound type. Overall, the 
curing condition for the main phase of the project was chosen 170 ˚C and 11 mins. 
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5. LAT100 initial phase 
 

In this chapter, initial phase experiments with the four tread compounds are discussed 
in order to explore the LAT100 parameters. In order to find a tool to predict the dry grip 
performance of a tire, LAT-samples were prepared and tested on the LAT100 from the same 
batch of the four tire tread compounds. The effect of various LAT100 parameters on the 
side force coefficient (SFC) was investigated. The obtained data were further evaluated in 
order to find a correlation between the LAT100 laboratory tests and the tire braking 
distance data, which are mentioned in Chapter 3. 

5.1. Introduction 
To design a dry grip procedure with the LAT100, many parameters are required to be 

investigated. Additionally, monitoring their influence on the friction phenomena is a 
requisite. All the influential parameters including LAT100 inputs, outputs with the 
measurement range, and the controlling test procedure factors are described in Table 5.1.  

Table 5.1: The dry grip design influential parameters 
LAT100 input parameters Test procedure factors LAT100 output parameters 
Slip angle (-45 to 45˚) 
Speed (0.002 to 100 km/h) 
Distance (1m to 20 km) 
Normal force (10 to 140 N) 
Powder* (1 to 100% dosage) 
Disc roughness 
Disc temperature (-20 to +80 °C) 

Disc roughness  
Wheel diameter  
Temperature  
Pressure distribution 
Friction components 
 

Friction force (5 to 100 N) 
Side force (-120 to 120 N) 
Surface temperature of LAT-
sample (-18 to 150 °C) 
 

*The powder is a mixture of electro corundum (AL2O3) and magnesium oxide (MgO) in a volume mixing ratio of 2:1.  

As it is extensively discussed in Chapter 2, friction is a complex phenomenon and the 
friction test procedure must be carefully selected in a way that resembles best the real 
service conditions. Numerous parameters are involved in the friction measurements in the 
LAT100. Adjusting appropriate test conditions and controlling the test procedure result in a 
higher chance to achieve good correlations. Therefore, the proper input parameters should 
be adjusted in respect to the tire data. Moreover, it is important to control the influential 
and changing variants during the test and analyze the outcome results in accordance to the 
tire data.  

This study concerns the impact of three LAT100 parameters on the SFC measurements 
in correlation with the tire data ratings. The objective is to gain insight into the speed, 
surface roughness, and disc temperature. The other relevant LAT100 parameters will be 
discussed in Chapter 6. 
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5.2. Experimental 
To determine dry grip, the side forces were measured, collected and evaluated on 

various surfaces under a given load and a defined slip speed, a wide range of surface 
roughness, and different disc temperatures; the designed test procedures are shown in 
Table 5.2. The measured side force is an important value which enables the rating of various 
compounds. Since the applied slip with LAT100 is based on the slip angle, the side force was 
evaluated. All the tests were performed at 75N normal load which is equal to the average 
load of the tire contact patch on the road [1, 2]. To resemble the tire test conditions with 
the LAT100, the powder is excluded during the dry grip experiments.  

The discs are characterized according to ISO525:2013(E). The disc type is an electro-
corundum type and the disc code represents the disc grain size. The higher code number 
indicates a finer surface. The “B” letter for disc 180 indicates that the disc is smoothened in 
the specified grain size. Hence, the grade 60 is the roughest and the code 320 is the 
smoothest in the mentioned disc lists. Two types of glass discs are also included in this study 
which are a clear glass disc and a roughened glass one, provided from VMI Holland BV-Tire 
Industry Equipment. After every single test for each slip angle for the identified procedures, 
the disc cleaning was done using an air pressure nozzle which simply removes the rubber 
debris and particles from the disc surface.  

Table 5.2: Dry grip test procedures 
No. Speed 

(km/h)  
Corresponding 
distance (m) 

Slip angle 
range (˚) 

Disc code Disc temperature (˚C) 

1 0.2, 2.1, 20 2, 17, 120 1 to 35 180B Room temperature 
2 2.1 17 3 to 35 60, 180, 180B, 320 Room temperature 
3* 6.3 30 3 to 35 60, 120, 180, 320,  

R-glass & C-glass  
Room temperature 

4 2.1  40 3 TCD 180** 10, 14, 18, 22, 24, 30  
*no cleaning applied for the disc in this test procedure, ** Temperature Controlled Disc 

In all test procedures, the experiments were carried out for 5 LAT-samples in which 
LAT-sample 1 and 5 are the same compound. To compare the friction properties, the SFC 
were calculated according to Eq. 5.1: 

𝑆𝑆𝐹𝐹𝐶𝐶 = 𝑆𝑆𝑒𝑒𝑎𝑎𝑒𝑒 𝐹𝐹𝑒𝑒𝑑𝑑𝑐𝑐𝑒𝑒 (𝜇𝜇)
𝜇𝜇𝑒𝑒𝑑𝑑𝑑𝑑𝑎𝑎𝑁𝑁 𝐹𝐹𝑒𝑒𝑑𝑑𝑐𝑐𝑒𝑒 (𝜇𝜇)

   Eq. 5.1 

To avoid creating an uneven surface or a conical shape on the LAT100 wheel during the 
test, the SF measurements were performed for both sides of the LAT100 wheel. The 
measured SFC for each data point is an average SFC over the right side of the LAT-sample 
(SFCR) and the left side of the LAT-sample (SFCL). The friction curves were obtained for the 
selected slip angles by collecting each single data point in a series of individual test 
conditions. The range of the slip angle was chosen in a way to cover the potential area of 
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ABS braking for the experiments, which is the peak area of the friction curve as already 
described in Chapter 2.  

To correlate the LAT100 results with real road data, the friction behavior of the four 
tread compounds measured by LAT100 is rated as following:  

𝑆𝑆𝐹𝐹𝐶𝐶 𝑟𝑟𝑎𝑎𝑟𝑟𝑠𝑠𝑛𝑛𝑟𝑟 % = 𝑆𝑆𝐹𝐹𝐶𝐶 𝑆𝑆𝑎𝑎𝑑𝑑𝑆𝑆𝑁𝑁𝑒𝑒
𝑆𝑆𝐹𝐹𝐶𝐶 𝑅𝑅𝑒𝑒𝑓𝑓𝑒𝑒𝑑𝑑𝑒𝑒𝑒𝑒𝑐𝑐𝑒𝑒

∗ 100  Eq. 5.2 

As it is shown in Figure 2.19 (LAT100 trigonometry), the slip speed (𝑉𝑉𝑆𝑆) is given by: 

𝑉𝑉𝑆𝑆 = 𝑉𝑉𝑠𝑠𝑠𝑠𝑛𝑛 𝛼𝛼    Eq. 5.3 

where 𝛼𝛼 is the slip angle (˚) and 𝑉𝑉 is the traveling speed (km/h). The wide range of slip 
angles were in a form of single experiment points.  

For realistic and repeatable side force evaluations, it is necessary to remove the shiny 
vulcanization skin from the LAT-sample surface before measuring the side force. For this 
purpose, a sample run-in was carried out according to 75N normal load, 25 km/h speed, 13˚ 
slip angle, 500 m distance, 15 % powder, and repeated for the right and the left sides of the 
LAT-sample (1 (R/L) repetition) on disc 60. 

Additionally, a disc run-in is also required to be performed before using a brand-new 
disc. To prepare a correct friction curve, it is crucial to collect all the single experiment points 
at an equal surface roughness. Any deviation from the expected surface roughness based 
on the disc code, which represents the disc coarseness, interferes in the final results. The 
disc run-in is a pre-conditioning and by means of this, large asperities are levelled and the 
sharpness of the asperities all over the disc becomes uniform. In Table 5.3, the disc run-in 
test conditions are mentioned.  

Table 5.3: Disc run-in test conditions at 75 N load and 6.0 km/h speed 
 Condition 1 Condition 2 Condition 3 
Slip angle (˚) 13.0 6.0 9.0 
Distance (m) 1500 3000 1500 
Repetitions  2(R/L) 2(R/L) 2(R/L) 

Before each experiment starts, the LAT-samples were vulcanized according to the 
procedure described in Chapter 3 and stored for 24 hours at room temperature, 23˚C ±1 ˚C. 
Therefore, the initial temperatures of the samples are equal. 

5.3. Results and discussion 
The influence of several LAT100 parameters on the friction curve was determined. 

Furthermore, it was investigated which LAT100 test condition can predict the tire braking 
distance data in the best way. Procedure 1 shows the influence of various traveling speeds; 
procedure 2 and 3 show the effect of the surface roughness on the SFC with the two defined 
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test conditions. Procedure 4 shows the effect of the disc temperature at a specific test 
condition.  

Procedure 1: Speed effect 

Figure 5.1 shows the SFC versus slip angle curves at various traveling speeds for the five 
LAT-samples (the four tread compounds). The peak position of the curves varies with 
various speeds and reaches a plateau at the lowest speed. With increasing speed the peak 
position shifts to the left, towards the lower slip angle.  

 

Figure 5.1: SFC vs slip angle at various traveling speeds for the five LAT-samples 

The sudden drop in the SFC at 20 km/h in the compound 1 probably depends on the type of 
abrasion patterns. This compound abrades with “rolling formation” on the sample surface 
which decreases the side and friction force. After 20˚ slip angle at 20 km/h, the sever test 
condition leads to the high abrasion.  
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Figure 5.2 shows the SFC versus slip angle for each compound at various speeds. The 
higher speed shows mostly a higher SFC for all the compounds. However, the trend does 
not happen at severe test conditions (high speed and slip angle), which is mainly because 
of high temperature and abrasion in the contact area. This behavior i.e. the amount of 
generated heat and abrasion depends on the compound types and properties. 

 

Figure 5.2: SFC vs slip angle for each compound at various speed 
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Figure 5.3: SFC vs slip speed for compound 1, (small box) zoomed in at the lower slip 
speed range 

By replotting the curves based on the slip speed according to Eq. 5.3; the lower slip 
speed shows higher friction values. As an example, the SFC versus the slip speed for 
compound 1 is depicted in Figure 5.3 For the speed 0.2 km/h, the slip speed varies in a range 
of 0.003 to 0.11 km/h corresponding to the slip angle of 1 to 35˚ which is also rescaled in 
Figure 5.3 The lower the speed the lower the slippage that causes a higher friction. It reflects 
that with increasing vehicle speed the friction dramatically decreases and the friction level 
could drop to even an insufficient level. 

To find a correlation between LAT100 results and tire braking distance data, the average 
SFC rating over different areas of slip angle were used; all slip angle, low (1-17°) and high 
(20-35°) slip angle area as indicated in Table 5.4. Based on the calculated averages and the 
tire data, the correlation coefficients and linear slopes were calculated by the linear 
regression method using Matlab R2015b software which are summarized in Table 5.4. All 
correlation coefficients are on a low level which means that there is no significant 
correlation.  

Table 5.4: Correlation coefficients and linear regression slopes for Procedure 1 
 Slip angle area 20 km/h 2.1 km/h 0.2 km/h 

R2 
all 0.43 0.55 0.17 
1-17˚ 0.63 0.30 0.48 
20-35˚ 0.01 0.35 0.13 

Slope 
all 0.36 1.11 0.54 
1-17˚ 0.20 0.96 4.81 
20-35˚ 0.12 0.59 0.31 
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5.3.1. Procedure 2, 3: Roughness effect 
To determine which disc roughness predicts the road condition best, two different sets 

of experiments at different speeds with a various range of surface roughness were selected: 
procedure 2 and 3 (Table 5.2). The results of the test procedure 2 at a speed of 2.1 km/h for 
all compounds are shown in  

Figure 5.4. The rougher the surface the lower the SFC, which is because of the lower side 
force in the contact patch when using bigger grain size corundum discs. According to the 
literature, the larger contact area reduces the friction force [3]. It represents that the bigger 
grain size induces a larger contact area in the contact patch.  

 

Figure 5.4: SFC vs slip angle curves, effect of the surface roughness for the four 
compounds 
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There is an intersection after the SFC peak at around 23˚ slip angle which is most 
pronounced in compound 1. It is assumed that this is mainly because of created abrasion 
patterns on the wheel surface at higher slip angles which are caused by the severe test 
conditions. These abrasion patterns add rubber debris as one more media in the contact 
area which depend on the compound characteristics. As a result, the contact patches does 
not remain the same as in the beginning of the test at the lower slip angles.  

The correlation coefficients and the linear slope between the tire rating and the average 
SFC ratings over different slip angle areas for the various discs are summarized in Table 5.5. 
Disc 180 in the slip range of 25-35˚ shows the best correlation and possibly predicts the road 
surface conditions best according to the current tire data. Figure 5.5(A) demonstrates SFC 
vs slip angle curves for the five LAT-samples on disc 180. Figure 5.5(B) shows the correlation 
plot between the tire data ratings and the average SFC ratings over a 25-35˚ slip angle with 
the corresponding standard deviation.  

Table 5.5: Correlation coefficients and the linear slopes between the tire rating and the average SFC 
ratings over different slip angle areas for various discs 

 Slip angle areas Disc 180 Disc 60 Disc 180B Disc 320 

R2 
all 0.87 0.26 0.08 0.35 
25-35˚ 0.93 0.81 0.02 0.41 
3-23˚ 0.38 0.52 0.46 0.04 

Slope 
all 0.93 -0.49 -0.20 1.40 
25-35˚ 0.52 0.72 -0.18 0.13 
3-23˚ -0.09 0.05 0.07 -0.06 

  

Figure 5.5: (A) SFC vs slip angle curves for the five LAT-samples on disc 180, (B) correlation between 
tire data and average SFCs over 25-35˚ slip angle 
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roughness effect as well in Procedure 3 (Figure 5.6); The rougher the surface the lower the 
SFC becomes. The C-glass disc does not follow this trend. One possible reason for this could 
be that the dominant friction component on the clear glass is based mainly on an adhesion 
phenomenon [4, 5]. Therefore, a different friction mechanism is governing in comparison 
with the other discs. Additionally, the rubber debris sticks to the glass at higher temperature 
which is because of generated heat in the contact area and creates a film of rubber on it. 
Hence, the external film of material interferes with the friction measurements. It should be 
noted that the cleaning technique does not prevent smearing of the rubber compounds on 
the disc surface. Additionally, the wheels were cleaned from the formed rolled rubber due 
to abrasion of the wheel surface. While, none of the sticky and clung rolled rubber was 
peeled or pulled off from the LAT-sample. 

 

Figure 5.6: SFC vs slip angle curves on the different disc roughness for each compound 
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The friction curves for each disc are shown in Figure 5.7. Except for disc 60, all other SFC 
curves indicate an ongoing rise or step at the end of the curves after 23˚ slip angle. It 
explains the importance of surface cleaning for the friction measurements, otherwise the 
rubber debris sticks to the disc and the wheel surface, subsequently changes the rubber 
contact patch. This topic will be extensively discussed in Chapter 6 based on contact area 
footprints before and after the test. Another reason for the marching effect of the curves 
can be a high temperature gradient of the LAT-sample at the severe test conditions which 
will be discussed in Procedure 4. In Table 5.6, the correlation coefficients and the linear 
slopes between the tire rating and the average SFC ratings over different slip angle areas 
for the various discs are shown. The highest obtained correlation coefficient still belongs to 
disc 180 which is not a significant one. 

Table 5.6: The correlation coefficients and the linear slopes between the tire ratings and the average 
SFC ratings over different slip angle area for the various discs at 6.3 km/h 

 Slip angle 
area 

Disc 60 Disc 120 Disc 180 Disc 320 
Disc R- 
Glass 

Disc C- 
Glass 

R2 
all 0.52 0.21 0.46 0.26 0.14 0.34 
25-35˚ 0.05 0.43 0.78 0.37 0.19 0.59 
3-23˚ 0.25 0.15 0.68 0.06 0.04 0.25 

Slope 
all -0.08 0.10 0.09 -0.04 0.45 0.89 
25-35˚ -0.03 0.28 -0.08 -0.13 0.82 0.66 
3-23˚ -0.13 -0.04 0.24 0.04 0.15 1.08 

5.3.2. Procedure 4 
In the presence of friction, some energy is always lost in the form of heat and sometimes 

it is combined by material loss [6]. During the SF measurement, the surface temperature of 
the LAT-sample changes exponentially versus the distance as shown in  

Figure 5.8 (A). In the beginning of the curves, there is a rapid rise in the surface 
temperature of the sample and it levels out with increasing distance. This trend is even more 
pronounced at the 30˚ slip angle. The SF that is used for the SFC calculation in all the SFC 
curves (e.g. Figure 5.7) is an average value over the travelled distance. Figure 5.8 (B) gives 
two examples of the SF versus the distance at two different slip angles. Figure 5.8 (A) shows 
that the temperature changes correspondingly to the distance. The surface temperature 
gradient (ΔT) of the LAT-sample at 30˚ and 3˚ slip angle are around 16 ˚C and 2 ˚C, 
respectively. As a result of Figure 5.8 (A) and (B), the SF measurements (and subsequently 
the SFC values) are affected by the temperature. 

 



63 
 

 

Figure 5.7: SFC vs slip angle curves on the different discs at 6.3 km/h 
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Figure 5.8: Temperature profiles (A) and the corresponding SF (B) vs distance at 3 and 30˚ 
slip angle on disc 180 at the same test condition, the SF values are normalized 

To understand the effect of the surface temperature of the LAT-sample on the SFC 
measurements, a Temperature Controlled Disc (TCD) was applied. The TCD is used to 
control the temperature of the abrasive disc surface at a specific temperature. The TCD 
temperature is controlled by means of heat transfer fluid (Silicone oil) in a closed circuit. 
Therefore, the abrasive disc temperature remains the same during the test. 

Procedure 4 was designed to assess the temperature influence on the friction 
measurements. According to Table 5.2, the experiments were performed at 6 different disc 
temperatures, 10 to 30 ˚C with 4 ˚C intervals. The surface temperature of the LAT-sample is 
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Figure 5.9. At the disc temperatures higher than 22 ˚C, the LAT-sample is heating up and 
at the lower disc temperatures; i.e. <18 °C, the trend is vice versa. As the wheel travels over 
the disc at a temperature lower than ambient (e.g. 10 ˚C), the LAT-sample cools down. The 
surface temperature trend looks like a mirror image of the LAT-sample heating up trend at 
the higher temperatures. It represents that the cooling down rate because of the disc 
temperature is the dominant factor rather than the generated heat rate, because of the 
friction test. The same symmetrical trends for the temperature curves are observable for all 
compounds. 

 

Figure 5.9: Surface temperature of the wheels vs distance at different disc temperatures 
(DT) 
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Figure 5.8). The influence of the temperature on the side force measurements was 
shown by using a temperature controlled disc. 

The ΔT (˚C) and the SF (N) are plotted versus the disc temperature in Figure 5.10. The 
ΔT shows a linear increase with the rise in disc temperature. Furthermore, the temperature 
influence is more pronounced for compound 1 and 3.  

 

Figure 5.10: Side force and temperature gradients vs disc temperature for the four compounds 
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increasing disc temperature the SF decreases which is a similar effect that is visible for a tire 
(Figure 5.11).  

 

Figure 5.11: Tire lateral (side) force response vs slip angel (the friction curve) at two different 
temperature [7] 

5.4. Conclusions 
By using the LAT100 in the laboratory, the effect of traveling speed, surface roughness 

and surface temperature on the frictional and grip properties were investigated. The tires 
with four different tread compounds have been tested by ABS braking on the road as well 
as on the LAT100 in the laboratory. It can be concluded that: 

• With increasing speed the SFC decreased significantly.  
• LAT100 clearly can distinguish the effect of disc surface roughness. The rougher 

the disc surface the lower the SFC, which is because of lower frictional force in 
the contact patch of bigger grain size corundum discs.  

• The results of LAT100 were correlated to the tire data. At speed 2.1 km/h, 17 
m distance and the slip angle range of 25-35˚, the disc 180 shows the best 
correlations with 0.93 correlation coefficient. It could reflect the road surface 
conditions in the best way with the available tire data.   

• With increasing disc temperature the SFC decreases, which is a similar effect 
that is visible for a tire. 

5.5. References  
1. Grosch, K.A., A new way to evaluate traction-and wear properties of tire tread 

compounds, in Rubber Division, American Chemical Society. 1997: Cleveland, Ohio. 
2. Heinz, M. and K.A. Grosch, A Laboratory Method to Comprehensively Evaluate 

Abrasion, Traction and Rolling Resistance of Tire Tread Compounds. Rubber 
Chemistry and Technology, 2007. 80(4): p. 580-607. 

3. Schallamach, A., The Load Dependence of Rubber Friction. Proceedings of the 
Physical Society. Section B, 1952. 65: p. 657-661. 



68 
 

4. Moore, D.F., Frictional concept, in The friction and lubrication of elastomers. 1972, 
Pergamon press Inc. p. 1-29. 

5. Grosch, K.A., rubber friction and tire traction, in The pneumatic tire. 2006, NHTSA. 
p. 421-473. 

6. Chapter 1 Introduction, in Tribology and Interface Engineering Series, Z. Si-Wei, 
Editor. 2004, Elsevier. p. 1-6. 

7. Osson, H. Tire mathematical modeling course. in Tire technology conference. 2017. 
Hannover. 

 

 

 



69 
 

6. LAT100 initial phase, supplementary experiments 
 

In Chapter 5, the effect of the various traveling speeds, disc roughnesses, and various 
settings for temperature over a wide range of slip angles, with a defined distance and 
normal load in correlation with the tire data were investigated.  

The current chapter is a continuation of the previous chapter in which some 
supplementary experiments for the initial phase were performed. The repeatability of the 
dry grip experiments was studied. Moreover, further investigations into the negative slip 
angle and the slip speed were carried out to examine the accuracy of the slip speed equation 
in the LAT100 trigonometry. Afterwards, the experiment with the best correlation in 
Chapter 5 was repeated and the effect of the distance on the SF was determined. Finally, 
some extra measurements with a laser microscope were performed and the LAT-sample 
footprints were measured. All the results were examined to draw the final conclusion of the 
initial phase. 

6.1. Introduction 
As discussed in Chapter 2, the important matter for a tribometer is the repeatability of 

the results. For repeatable results it is necessary to assess the contact patch between the 
sample and the disc and all the influential factors such as the sample abrasion and the 
abrasion patterns.  

6.2. Experimental 
The test procedures are numbered as a continuation from Chapter 5. In Table 6.1, all the 

information about the test procedures are mentioned. All of the test procedures were 
measured at 75 N normal load and at room temperature (23±1 ˚C).  

Table 6.1: Test procedures 

Procedure Procedure target 
Speed 
(km/h)  

Distance 
(m) 

Slip angle 
(˚) 

Disc 
code 

5 Repeatability  11 200, 170 10.5 180 
6 Constant slip speed 8 to 13 65 to 80 8.8 to 14.5 180 
7 Negative slip angle 2.1 17 ±(1 to 30) 180B 
8 Modified Procedure 2  2.1 40 3 to 45 180 
9 Effect of distance 11, 2.1 Variable  Variable  180 

The test conditions in Procedure 6 were performed at a slip speed of 2 km/h at various 
traveling speed velocities according to Table 6.2. 
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Table 6.2: Test conditions based on the constant slip speed of 2 km/h 
Test No. Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 
Speed (km/h) 8 9 10 11 12 13 
Slip angle (˚) 14.5 12.8 11.5 10.5 9.6 8.8 
Distance (m) 65 68 71 74 77 80 

For the footprint measurements, a simple technique in the tire industry is applied which 
is the “ink print of the tire footprint” [1]. The LAT-sample footprints were prepared by 
applying  Stamping Pelikan ink on the surface of the wheel (after mounting on the LAT100) 
in the static mode under 75N normal load. Additionally, a paper was stick to the disc to 
collect the wheel footprint. The footprint images were analyzed using ImageJ 1.46r software 
based on colored points on the image and the contact areas were calculated.  

The disc surface was characterized using a Keyence VK-9710 laser Microscope with a 
standard lens and magnification of 10.0x, 0.500μm pitch adjustment, and superfine quality.  

6.3. Results and discussion 
6.3.1. Procedure 5, repeatability 

Three repeatability tests were performed for the various compound types which are 
summarized in Table 6.3. All “Repeat” tests were carried out with the same test conditions; 
75 N normal load, 10.5˚ slip angle, 11 km/h speed on disc 180.  

Table 6.3: Repeatability tests 

Repeat  Compound 
No. of 
tested 
wheels 

Number of 
repetitions 

Distance 
(m) 

Pre-
conditioning* 

Test 
duration  

1 4 3 10 200 No Two days 
2 2 3 8 200 No  One day 
3 1 4 8 170 Yes  One day 

*The sample pre-conditioning was applied with the same test condition of Repeat test for a longer distance of 600 meters.  

Table 6.4: Maximum and minimum standard deviation for the SF and COV % for SFC rating for 
Repeat tests 

 Repeat 1 Repeat 2 Repeat 3 Repeat 3 (A)* 
 Max Min Max Min Max Min Max Min 

St Dev (Average SFC) 0.020 0.003 0.019 0.004 0.017 0.002 0.011 0.002 
St Dev (SFCL  and SFCR) 0.032 0.001 0.031 0.003 0.032 0.004 0.018 0.005 
COV % (SFC Rating) 2.5 0.4 2.3 0.5 2.1 0.2 1.4 0.3 

* The same test condition as Repeat 3, the SF is calculated over the distance range of 100-170m 

According to Table 6.4, the highest standard deviation of the average SFC is 0.02 in all 
Repeat tests. It represents that all the applied conditions for the repeatability tests i.e. pre-
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conditioning, test duration, and lower distance do not change the standard deviation 
significantly.  

The standard deviation is higher for the SFCL and SFCR data, at least 50 % higher 
comparing with the average SFC standard deviation. This could be due to the SF curves for 
the right and left sides of the LAT-sample which are different for some measurements. 
Figure 6.1 shows the differences in the SF curves versus the distance for the right and left 
side SF measurements for two different wheels in Repeat 3 test. In Figure 6.1 (A), the SF 
curves are not alike, although in Figure 6.1 (B) they are almost similar. For a short distance 
test like friction measurements, the difference between right and left side measurements 
could be an issue, while it is not pronounced for a long distance test such as an abrasion 
test [2].  

This difference between left and right can be caused by several reasons, such as the 
abrasion patterns on the LAT-wheel surface and the conical shape of the wheel after each 
right/left-side run. Additionally, the SF changes over the traveling distance in Figure 6.1. It 
seems that in the beginning of the curve the SF values are unstable. Therefore, one more 
calculation on Repeat 3 was done which is described in Repeat 3 (A) test (Table 6.4). The 
average SFC is calculated over the distance between 100-170m of the SF vs distance curves; 
i.e. the stable and flat part of the curves. As a result, the standard deviation for the SFC 
reduces from 0.02 to 0.01. 

 

Figure 6.1: SF vs distance for the right, R, and left, L, side measurements,  
(A) Wheel 3 and (B) Wheel 1 

The distance adjustment in the test procedure reduces the experimental error. The 
increase of the distance will result in lowering of the standard deviation. However, there is 
a limit for increasing the distance. It should be taken into account that the higher distance 
causes more abrasion which is a downside for the dry grip measurements and lowers the 
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experiment accuracy. In section 0 and 6.3.6, the effect of the distance and the footprint on 
the SF measurements will be discussed in detail. 

6.3.2. Procedure 6, constant slip speed 
Procedure 6 is designed based on the constant slip speed to investigate LAT100 

trigonometry and the physics behind Eq. 5.3. The slip angle is calculated based on the 
equation for the various traveling speeds. The distance is adjusted in accordance to the 
speed; all the test conditions are indicated in Table 6.2. 

With considering the repeatability information (roughly 2 and 0.02 as the standard 
deviation of the SFC rating and SFC), the results were compared in Table 6.5. The standard 
deviation of all the tests for every wheel is higher than the calculated standard deviation 
from the repeatability test; representing that the SFC ratings at a constant calculated slip 
speed are not the same.  

Table 6.5: SFC rating calculated based on Test 1 and the SFC rating standard deviation for each 
wheel 

Wheel No. Compound Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 St Dev 
1 1 100.0 103.6 107.1 107.0 99.9 113.1 5.0 
2 2 100.0 107.6 111.2 114.3 103.4 118.1 6.8 
3 3 100.0 104.0 105.3 111.3 100.6 115.7 6.2 
4 4 100.0 106.5 111.0 113.4 96.0 118.7 8.5 
5 1 100.0 104.6 107.3 111.7 98.0 116.1 6.9 

 

6.3.3. Procedure 7, negative slip angle 
After each test condition with a positive slip angle, the negative slip angle test was 

performed. Hence, the positive and negative slip angles were cross-checked. In Figure 6.2, 
the SFC versus distance curves for all the compounds appear symmetric. Nevertheless, the 
SFC ratings of the negative part do not correlate with the positive part ratings.  
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Figure 6.2: SFC curves for Procedure 7 

The correlation coefficients and regression slope values of the SFC ratings with the tire 
data ratings over the three ranges of the slip angles are compared in Table 6.6. 

Table 6.6: Correlation coefficients and slope values in Procedure 7 
  R2 Slope 
Slip angle areas all 1-14˚ 20-30˚ all 1-14˚ 20-30˚ 
Negative angle SFC ratings & 
tire data ratings 

0.33 0.32 0.75 -0.3 -0.12 5.37 

Positive angle SFC ratings & tire 
data ratings 

0.06 0.12 0.77 -0.48 0.42 -1.05 

Negative angle SFC ratings & 
positive angle SFC ratings 

0.04 0.56 0.65 -0.13 -4.19 0.8 

 It can be interpreted that similar test conditions do not give similar correlations with 
the tire data, which could represent that the initial conditions for the samples are not similar 
for each measurement point. Besides, the negative angle SFC ratings and the positive angle 
SFC ratings do not correlate, though it seems that the graphs are symmetric. The possible 
reasons for this phenomenon will be referred in section 0, the distance impact on the SF. 

6.3.4. Procedure 8, modified Procedure 2 
The aim of this section is to comprehend the best correlation of the previous chapter 

with a correlation coefficient of 0.93 on disc 180 at 2.1 km/h speed in Section 5.3.2. For this 
purpose, two approaches were applied: First, the distance was increased to 40 meters. 
Second, the sampler delay, which is the machine delay to start the data-recording, was 
changed from the default machine setting (5000) to 28445. With this number, the SFC is 
calculated between 20 to 40 meters distance. Therefore, the unstable SF in the beginning 
of the SF curve is omitted as discussed in Repeat 3(A) test (Figure 6.1). 
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Figure 6.3 (A) shows the SFC vs slip angle curves for the five LAT-samples in Procedure 
8. Not all the curves follow a similar trend. The curves do not have a resemblance in 
appearance after 18˚ slip angle with the curves in Procedure 2, see Figure 6.3 (B); although 
it was carried out with similar test conditions. The SFC drops after reaching a slip angle of 
23˚ for Compound 1. The same effect was already observed for Procedure 1 at 20 km/h for 
a slip angle above 23˚ in Chapter 5. It is noteworthy that the number of test conditions and 
the increased distance in this procedure are influential and more sample abrasion occurred. 
The comparison between Procedure 2 and 8 are shown in Figure 6.4 for each compound. 
Apart from the marching part of the curves, the SFC peaks shifted to the lower slip angle. 

 

 

Figure 6.3: SFC vs slip angle on the disc 180 in (A) Procedure 8 and (B) Procedure 2  

Nonetheless, the SFC ratings in Procedure 8 do not give the same correlations with the 
tire data ratings as observed with Procedure 2 on disc 180 with a correlation coefficient of 
0.93. The correlation coefficients and the slope values are summarized in Table 6.7. The 
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correlation coefficients are much lower than Procedure 2. Therefore, the distance 
adjustment is a crucial parameter in the dry grip procedure design.   

Table 6.7: The comparison between the correlations in Procedure 2 on the disc 180 and Procedure 8 
 Slip angle areas All 25-35˚ 3-23˚ 

Procedure 2 
R2 0.87 0.93 0.38 
Slope 0.93 0.52 -0.09 

Procedure 8 
R2 0.14 0.23 0.07 
Slope 0.16 0.09 0.16 

 

 

Figure 6.4: Comparison of the SFC vs slip angle in Procedure 8 and 2  
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6.3.5. Procedure 9, effect of distance 
With considering the distance as a ruling parameter, it is necessary to optimize the 

distance for each defined test condition. Several experiments were designed to determine 
the effect of distance on the SF. The SF oscillation vs distance varies at different speeds as 
described in Figure 6.5 (A) and (B) which is at the two different speeds and correspondingly 
the different distances. In the beginning of each curve a sudden drop of the SFs is observed 
and then they reach a plateau. In these cases, the optimized and stable parts of the SF 
curves can be between 200 to 300 meters for the speed of 11 km/h and between 20 to 40 
meters for the speed of 2.1 km/h. The optimized distance is defined as the shortest distance 
in the plateau area of the SF curve to have the minimum abrasion for the LAT-sample. 

 

Figure 6.5: An example of the normalized SF vs distance for Compound 3 at (A) 11 km/h, 10.5˚, 75 N 
and 1000 m, (B) 2.1 km/h, 10.5˚ and 150 m 
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To exclude the instability of the SF measurements in the beginning of the curves, the 
sampler delay in the machine software is used. With the advantage of this delay, the desired 
distance is designated for the SF measurement. As a result, as shown in Figure 6.6 (A), the 
SF lays in the stable part of the distance axis at the slip angle of 20˚. However, the optimized 
distance alters and depends on the slip angle variation; though it is adjusted as a constant 
value for a test procedure in accordance with the defined speed. As an example, the SFs 
versus distance at a slip angle of 30˚ in Procedure 8 are shown in Figure 6.6 (B); clearly they 
do not follow the same trend as the slip angle of 20˚ which are selected from the same 
procedure. Moreover, the SF oscillations also could be dependent on the type of compound 
and its properties.  

 

Figure 6.6: (A) SFs vs distance at 75 N, 2.1 km/h, 40m, and 20˚ for right and left sides of compound 3, 
(B) SFs vs distance at 75 N, 2.1 km/h, 40 m, and 30˚ for right and left sides of compound 1 

The distance optimization depends on the type of the test. For a short distance test such 
as the friction test it is very crucial to optimize the distance to reach a proper test procedure. 

80
82
84
86
88
90
92
94
96
98

100

0 10 20 30 40 50

N
or

m
al

ize
d 

SF

Distance (m)

Right
Left

80
82
84
86
88
90
92
94
96
98

100

0 10 20 30 40 50

N
or

m
al

ize
d 

SF

Distance (m)

Right
Left

(A) 

(B) 



78 

For a long test such as an abrasion test, the distance is far longer and this oscillation is a 
minor matter. Grosch [2-5] already developed the standard test procedures for the abrasion 
test. As an example, the total traveled distance in Procedure 8 is 16 times 40 m per 
experiment which results in 640 meters of the sample travel on the disc. The distance 
optimization is a requirement for each single slip angle in the dry grip test procedure, which 
is time consuming. In this regard, a new method will be discussed in Chapter 7. 

6.3.6. Footprint  
It was concluded so far that the distance is a determining parameter in the dry grip 

procedure design, due to the fact that the longer the sample travels on the abrasive surface, 
the more abrasion occurs; consequently it has a great impact on the sample contact patch. 
As seen in Procedure 8, the number of measuring points is also an influential factor on the 
SFC curve, because it results in a higher total traveled distance. This leads to sample contact 
patch variation during the experiment which is the striking parameter in the friction 
property measurements [6, 7]. To provide an insight into this matter, the footprints of the 
LAT-samples before and after Procedure 8 were measured. The calculated contact areas 
(cm2) and the prepared footprints with the ink method are presented in Table 6.8. Since the 
4 compounds have a similar range of hardness, Compound 1 as an example of the LAT-
sample before the test is included.  

Table 6.8: Compound footprints at 0˚ slip angle on disc 180 and the calculated footprint area 

 After Procedure 8 
Before 
Procedure 8  

Compound 1 2 3 4 1 

Footprints 

    
 

Area (cm2) 1.715 1.788 1.852 1.800 2.196 

The standard deviation for the measured areas is 0.067 cm2. It was evaluated based on 
ten times repetitions of a brand-new sample (after sample run-in) before Procedure 8 on 
disc 180. An example of the analysis method using the software is shown in Figure 6.7 (B); 
the white dotted parts in the ink print were exclude from the calculation.  

According to the areas in Table 6.8, the differences between the measured areas of the 
abraded samples are not significant; representing that the compound contact areas after 
the procedure are comparable. It is noteworthy that the footprints after the test have  
irregular geometric shapes, while it almost has a rectangular shape before the test. 
However, the contact area after the test is lower than the new sample before the test 
footprint. Although it seems logical due to the sample abrasion during the experiment, the 
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contact area of a LAT-sample is being changed during one SFC curve preparation. It leads to 
an unequal condition for the wheel sample in the beginning and the end part of the SFC 
curve. The abraded compounds after the test are shown in Figure 6.7 (A). 

            

Figure 6.7: (A) The abraded LAT-samples after the test, (B) area analysis with ImageJ software 

The ink print method just gives a rough estimation and a visual image of the contact area 
shapes. However, it represents the change of the sample contact patch during the 
experiment.  

6.3.7. Disc roughness 
The disc roughness measurements show that the disc sharpness before and after the 

test procedure has not changed significantly. The measurements were performed on the 
area that the samples traveled and a black rubber trace was observed on the disc, see 
Figure 6.8 (A).  

The average value of Ra and Rsk , which is explained in Chapter 2, are reported in 
Table 6.9; for the sample track area and the white parts. With the standard deviation of 7 
μm for the Ra, the difference is not significant.  

Table 6.9: Disc 180 roughness parameters before and after the test procedure 8 
 Ra(μm) Rsk 
Before test procedure 38 -0.631 
After test procedure 41 -0.174 

Within this measurement, the smeared trace of the rubber compound on the disc 
cannot be distinguished or can be counted as a source of error in the laser microscope 
measurements. 

 

(A)           Wheel 1, 2, 3, 4, 5 (B)      
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Figure 6.8: (A) Rubber trace on disc in disc sharpness measurement with Laser microscope, (B) an 
example of disc sharpness measurements 

6.4. Conclusions 
This chapter mainly focused on exploring the governing factor in the dry grip procedure. 

In this regard, the experiment repeatability, the effect of distance, negative slip angle, and 
constant slip speed were evaluated. Additionally, the contact area and disc sharpness were 
measured. It can be concluded: 

• The highest standard deviation of the measured SFC is 0.02 in all the Repeat 
tests. Distance adjustment in the test procedure reduces the experiment error. 
It reduces this value from 0.02 to 0.01 (around 50% drop). 

• The longer travelling distance results in lower standard deviation. Whereas, 
there is a limit for increasing the distance. It should be noted that the higher 
distance causes more abrasion. Consequently, it has a great impact on the 
sample contact patch, which is a drawback for the dry grip measurements and 
lowers the experiment accuracy. 

• The travelling distance is a determining parameter in the dry grip procedure 
design, due to the fact that the longer the sample travels on the abrasive 
surface, the more abrasion occurs;  

• The SFC ratings of the negative slip angle experiment and the positive ones do 
not correlate, though the SFC curve seems a symmetric graph in both negative 
and positive slip angle. It can be interpreted that the initial condition of the LAT-
sample was not alike for each measurement point.  

• The test results depends on the number of selected points for the experiment: 
the longer the traveled distance for a sample the higher the sample abrasion 
becomes. 

• The contact patches of the LAT-samples after the test procedure are not 
comparable with the contact patches in the beginning of the test procedure. It 

(A) (B) 

Sample track  
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represents that the contact area of a LAT-sample is being changed during one 
SFC curve preparation. It leads to an unequal condition for the wheel sample at 
the beginning and the end part of the SFC curve.  

• The disc roughness measurements showed that the disc sharpness before and 
after the test procedure was not changed significantly.  

• Calculating the SF, by applying an average over the averaged SFL and SFR in a 
defined distance results in lower experimental accuracy and increases the error 
bar in the results. 
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7. LAT100 main phase; mini alpha-sweep test 
 

Based on the conclusions from Chapter 6, the distance optimization is a requirement for 
each slip angle in the dry grip test procedure, which consumes a huge amount of time. 
Additionally, this could lead to a high chance of error and mistake by the machine operator. 
To improve this issue, a new method for measuring the friction properties was designed 
which basically was based on the gained experiences in the initial phase. This allows to 
enhance a much quicker test process. Subsequently, less variables alter during the test and 
the contact area remains as uniform as possible. This chapter contains the development of 
new techniques, the optimization and implementation of some designated test procedures 
according to the tire data. As mentioned in Chapter 3, ten different compounds were 
investigated for the further development in this phase of the project.  

7.1. Introduction 
From the initial phase of the project dealing with the four tire compounds, the best 

found correlation was at 2.1 km/h speed, 75 N load, 17 m distance on the disc 180 with the 
tire braking distance ratings. It was concluded that the distance has the highest importance 
on the dry grip test procedure. In addition, the test procedure depends on the number of 
test conditions. As a result, the contact patch of the sample was changing noticeably during 
one test procedure. Furthermore, obtaining the SFC curves were time consuming which can 
lead to higher errors in the experiments.  

To reduce the variation in the contact area and sample abrasion as much as possible, a 
new technique was designed which shows remarkably shorter test times. Basically, the idea 
was to apply and simulate the α- and κ-sweep tests in the real tire testing. For this purpose, 
new functions were defined which enable to work in a semi-automatic mode of the 
machine. This enables to program a dynamic function file for the LAT100 parameters (slip 
angle, load and speed). The standard machine is able to read control files where the 
operator can define modes and set points for each test run line by line. With this newly 
implemented interface, it is now also possible to control the machine in a special way. The 
set points for the standard version of the LAT100 were static values for one test run. The 
addition of the newly implemented method enlarges this to variable set points during the 
test runs in the control file. The target variables change within a defined function such as 
ramp, sine, triangle, square, sawtooth, bipolar (slip angle only). 

The input parameters i.e. speed, slip angle, and normal load can be functionalized by 
defining the relevant codes for the specific parameters versus the distance. For example, 
Figure 7.1 (A) and (B) show two examples of different functions; (A) slip angle versus 
distance can be described by a triangle function and (B) speed versus distance can be 
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described by a ramp function. Any combinations of the functions are possible. All the other 
parameters are set as described already in Chapter 5. 

 

 

Figure 7.1: LAT100 software (A): triangle function for slip angle and (B) ramp function for speed  

Moreover, two new measurement modes were developed: a manual start and an auto-
start. The auto-start mode allows non-stop runs of the experiments.  

7.2. Experimental 
All the experiments were performed on the disc 180, load 75 N, no powder was applied. 

The brand-new sample and disc were prepared according to the mentioned run-in 
procedures in Chapter 5. The measurements were limited to the one side of the LAT-wheel. 
From the LAT100 dynamic functions, the linear function of the slip angle is similar to the 
current tire test conditions. The LAT100 linear functions are the ramp, bipolar, and triangle. 
For all these functions, a new parameter, the angle rate, was defined. This angle rate (˚/s) 
is calculated as following:  
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𝑎𝑎𝑛𝑛𝑟𝑟𝑎𝑎𝑟𝑟 𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟 (˚/𝑠𝑠) =  𝑠𝑠𝑁𝑁𝑒𝑒𝑆𝑆 𝑎𝑎𝑒𝑒𝑎𝑎𝑁𝑁𝑒𝑒 (˚)∗𝑠𝑠𝑆𝑆𝑒𝑒𝑒𝑒𝑎𝑎 (𝑑𝑑/𝑠𝑠)
𝑎𝑎𝑒𝑒𝑠𝑠𝑡𝑡𝑎𝑎𝑒𝑒𝑐𝑐𝑒𝑒 (𝑑𝑑)

  Eq. 7.1 

The approximated range of speed was calculated based on the tested tire size 
(235/35R19) and the LAT-wheel dimension. Based on the tire aspect ratio and diameter, the 
tire circumference was calculated. The ratio of the tire circumference to the LAT-wheel 
circumference is roughly equal to 7.7. Therefore, the equivalent speed for the LAT-wheel 
was estimated to 7.8 km/h due to a speed of 60 km/h during the tire testing. The calculation 
as following: 

 Diameter of the sample wheel = 8,4 cm  circumference of the sample wheel = 26.4 
cm 

 Diameter of the sample tire = 64.7 cm  circumference of the sample tire = 203.3 cm 
 The ratio: 203.3 cm / 26.4 cm = 7.7 
 The equivalent LAT-wheel speed = 7.7 *60 =7.8 km/h 

However, for the designed sweep test with the LAT100, a wide range of speeds is 
considered as indicated in Table 5.2. The distance is calculated based on a constant angle 
rate to 1.53 ˚/s.  This rate is optimized based on the performed tests in Table 7.2. 

Table 7.1: Sweep tests 

 Function 
Speed 
[km/h]  

Slip angle 
rate [˚/s] 

Slip angle 
[˚] 

Distance 
[m] 

Repeatability  Ramp & Bipolar -10 11 1.53 35 70 
Trial test Ramp 11 1.53 35 70 

Sweep 1 
Bipolar -10 

11 1.53 25 70 
Sweep 2 2.1 1.53 25 13.3 
Sweep 3 20 1.53 25 127 

Sweep 4 
Modified ramp 

11 1.53 25 60 
Sweep 5 2.1 1.53 25 11.4 
Sweep 6 7.8 1.53 25 44 

 

Table 7.2: Angle rate optimization test procedures at 11 km/h speed  
angle (˚) distance (m) angle rate(˚/s) 
35 40 2.67 
35 40 2.67 
35 55 1.94 
35 70 1.53 
35 100 1.07 
35 130 0.82 
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From the ten compounds in which are detailed described in Chapter 3, the α-sweep tire 
data of 7 compounds and κ-sweep tire data of 9 compounds are available; this includes the 
reference compound. Therefore, the corresponding compounds were selected for 
performing the experiments with the LAT100. 

Three repeatability tests were performed using the various compound types which are 
summarized in Table 7.3. All repeat tests were carried out at the same test conditions; at 
75 N normal load, at a sweep from 0˚ to 35˚, at a speed of 11 km/h, and 70 m distance on 
the disc 180. These repeat tests were carried out on the remaining wheels from the initial 
phase and the reference compound of the main phase which was Compound 2 of the initial 
phase. 

Table 7.3: Repeatability test procedures 
Test  Compound Number of wheels Function Cleaning system* 
1 4 6 Ramp No 
2 3 5 Ramp Yes 
3 2  5 Bipolar -10 No 

*the cleaning system is referred in Chapter 6 

7.3. Results and discussion 

7.3.1. Optimum angle rate 
The angle rate for the tire test conditions was 2 ˚/s; the best possible angle rate for the 

LAT100 was optimized according to Table 7.2. The highest possible angle rate is 1.53 ˚/s. It 
is defined based on obtaining a proper and complete SFC curve for the adjusted test 
conditions. The minimum heat generation in the LAT-sample surface is considered as a 
criterion as shown in Table 7.4.  

Table 7.4: Temperature gradients for the optimum angle rate procedure 

distance (m) test time (s) angle rate(˚/s) ΔT  (˚C) 
Complete and 
Proper curve 

40 13.1 2.67 19.6 No 
40 13.1 2.67 21.2 No 
55 18 1.94 38.8 No 
70 22.9 1.53 40.5 Yes 
100 32.7 1.07 43.9 Yes 
130 42.5 0.82 55.7 Yes 

 

7.3.2. Repeatability 
The COV % of the performed experiments are reported in Table 7.5. The COVs were 

calculated at the peak, the slope at the linear part of the curve, and at different slip angle 
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areas of the SFC curve. The reason for the mentioned slip angle ranges in Table 7.5 will be 
explained in section 0. The COV values of the SFC peak were calculated based on a curve 
fitting of a polynomial degree 3 on the SFC curve using Matlab R2015b software. An air 
pressurized system was installed on the disc to determine if an additional step of cleaning 
is required.  The system consists of a nozzle placed right beneath the LAT-sample position 
to blow the pressurized air on the disc surface to remove the rubber debris. According to 
the data in Table 7.5 and Table 7.3, it is not necessary to use this additional step for cleaning.  

The COVs at the slopes are high, therefore, they cannot be applied as a proper indicator 
in the further evaluations. The COVs of the right and left sides of the LAT-samples show no 
significant difference. Thus, one side experiment seems to be sufficient.  

Table 7.5: COV % of the repeat tests 
    Slip angle area 

Test  Wheel side SFC Peak  Slope 1-6˚ 6-11˚ 11-16˚ 16-21˚ 21-26˚ 26-31˚ 

1 
Right 2.0 8.6 - 1.6 1.2 1.5 2.5 3.0 
Left 2.0 14.8 - 0.8 1.0 1.4 2.4 2.7 

2 Right 2.5 - - 1.7 1.5 1.7 2.5 2.9 

3 
Right 2.8 23.6 1.9 1.1 1.6 2.5 3.8 3.9 
Left 2.4 15.3 3.1 3.0 2.4 2.5 3.0 2.9 

The averaged COVs of both functions are summarized in Table 7.6. Basically, the curve 
is divided into two regions based on the COV variations; before and after  a slip angle of 21˚. 
In the region below 21˚, the COV is much lower than for higher slip angles. In total, the 
average errors in the bipolar -10 function are higher than for the ramp function. Overall, the 
SFC averages over the slip angle divisions reduce the experiment errors for slip angles lower 
than 21˚. To compare this with the tire data in Chapter 3, the COV of the α-sweep test was 
1.4%. 

Table 7.6: The average COV (%) 
  Slip angle area 

Function  SFC Peak  1-21˚ 21-31˚ 

Ramp 2.2 1.3 2.7 

Bipolar -10 2.6 2.3 3.4 

 

7.3.3. First trial ramp 
The first trial sweep tests for the main phase were performed with the described ten 

tire tread compounds. As test conditions, the optimized slip angle rate of 1.53 (˚/s), a ramp 
function sweep from 0˚ to 35˚ at 11 km/h speed and 70 m distance were selected 
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(Table 5.2). The ratings of the SFC peaks and the peak positions in the X axis are summarized 
in Table 7.7. The peak positions vary with the compound types. The experiment failed for 
Compound 10 due to the fact that the end set-point slip angle (35˚) could not be reached. 

Table 7.7: Ratings of the SFC peaks and the peak positions of the first trail ramp 
Compound Peak position (˚) Peak Rating 

1 22.7 92.6 
4 23.5 91.0 
5 24.1 95.7 
6 21.9 93.7 

Ref 20.8 100.0 
7 18.9 95.2 
8 17.8 102.7 
9 22.4 109.5 

 

Table 7.8: Correlation coefficients and slope values between SFC peak ratings and the tire data Max/ 
Min ratings of κ and α-sweeps 

 R2 Slope 
 350 kg 500 kg 700 kg 350 kg 500 kg 700 kg 
Apollo κ-sweep, Max 0.27 0.20 0.32 -0.81 -1.76 -1.51 
Tass κ-sweep, Max 0.90 0.82 0.69 -1.87 -2.21 -1.41 
Tass α-sweep, Max 0.44 0.12 0.57 1.03 0.66 1.02 
Tass α-sweep, Min 0.49 0.45 0.53 1.10 1.58 1.08 

The correlation between the SFC peak ratings with max/min ratings of the κ-sweep and 
α-sweep data are poor as indicated in Table 7.8. Although the correlation coefficients 
between Tass κ-sweep and SFC seem to be strong ones, the slope values are negative which 
represent that the correlations are not reasonable. 

In order to achieve a strong correlation between LAT100 data and the tire data, a proper 
correlation approach is essential. Since the tire data, presented in Chapter 3, are the fitted 
data using a tire model over the collected data points, a single point of the curve itself may 
not be a suitable indicator for the comparison of or correlating the tire data with the LAT100 
results.  

By comparing the SFC curves, α-sweep curves, and κ-sweep curves, only a similar trend 
is visible between the SFC curves and α-sweep tests in some slip angle areas, as shown in 
Figure 7.2. For instance, Compound 9 and 5 are in the highest and lowest order in both SFC 
and α-sweep graphs, respectively. Based on this observation, the curves were divided into 
several ranges of slip angles. The average friction coefficients (SFC for LAT100 data and Fy/Fz 
for the α-sweep tire data) over the segments of the slip angle were calculated. Finally, the 
obtained average over the graph segments were compared for the correlations. 
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Figure 7.2: SFC vs slip angle range of 6.o to 11.0˚, (B) α-sweep friction coefficient (Fy/Fz) in the range 
of -12.0 to -6.0˚ slip angle (α), (C) κ-sweep friction curves in the range of 0.05 to 0.25 kappa 

The ratings of the SFC averages over the 4 defined ranges of the slip angle are reported 
in Table 7.9. The α-sweep curves are divided into 8 segments with the defined codes are 
shown in Table 7.10. Moreover, the COVs over all the α-divisions with the detailed 
calculations are reported in Table 7.10; the average COV is 1.2%. The average ratings of the 
α-sweep friction coefficient are reported over the defined ranges in Table 7.11.  

Table 7.9: The average SFC ratings over different slip angle areas  
 Slip angle area 

Compound 6-11˚ 11-16˚ 16-21˚ 21-35˚ 
1 94.9 92.2 92.7 92.8 
4 90.3 88.9 90.6 91.0 
5 91.7 91.9 94.1 95.5 
6 95.1 93.0 94.1 91.9 

Ref 100.0 100.0 100.0 100.0 
7 102.2 98.2 96.8 89.3 
8 112.7 107.5 104.8 94.1 
9 116.1 112.4 110.2 109.6 
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Table 7.10: The α ranges for calculating the tire data rating with an specific code for each range and 
the COV (%) over the α ranges 

α area code A- B- C- D- D+ C+ B+ A+ 
 α range(˚) -(12 to 9) -(9 to 6) -(6 to 3) -(3 to 0) 0 to 3 3 to 6 6 to 9 9 to 12 

COV (%) 1.8 2.2 0.5 1.7 1.3 0.9 0.8 1.2 

Table 7.11: Averaged tire data ratings in the defined α ranges, Tass α-sweep data 
350 kg A- B- C- D- D+ C+ B+ A+ 

Compound 5 96.8 96.5 84.8 75.9 79.6 86.1 94.3 94.7 
Compound 7 109.5 105.8 92.0 86.4 84.0 91.5 101.3 103.6 
Compound 1 94.6 95.4 88.4 85.2 85.9 90.3 94.5 93.4 

Mean all Refs* 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Compound 8 110.2 105.3 98.8 100.1 98.7 99.4 103.1 103.4 
Compound 9 116.7 105.9 103.7 116.0 112.0 104.8 101.9 103.7 

Compound 10 103.5 99.7 101.2 117.7 112.7 103.3 98.5 99.8 
500 kg A- B- C- D- D+ C+ B+ A+ 

Compound 5 92.2 95.6 86.5 76.1 68.5 85.9 94.3 94.1 
Compound 7 106.4 106.5 93.1 81.7 72.8 90.3 99.5 100.7 
Compound 1 94.9 97.4 89.5 81.6 87.0 88.7 94.1 93.4 
Mean all Refs 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Compound 8 104.3 103.6 96.9 95.1 86.0 96.7 100.5 101.9 
Compound 9 107.3 103.8 97.7 105.1 133.9 100.0 100.0 103.8 

Compound 10 102.8 98.4 97.3 107.9 60.6 100.9 98.9 100.5 
700 kg A- B- C- D- D+ C+ B+ A+ 

Compound 5 93.3 96.2 88.0 81.8 69.0 86.3 92.3 91.9 
Compound 7 105.7 105.6 94.3 87.7 70.7 91.4 100.7 101.8 
Compound 1 98.0 97.1 90.0 86.9 76.6 88.8 92.6 92.0 
Mean all Refs 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Compound 8 107.4 105.4 98.9 99.5 74.8 98.0 103.1 103.9 
Compound 9 117.4 109.8 100.2 101.8 84.2 99.3 103.4 107.8 

Compound 10 102.3 100.1 99.6 110.8 114.5 101.8 99.6 101.5 
*refer to Chapter 3 

According to Table 7.12, the slope values of the correlation between the first LAT100 
trial tests and the κ-sweep tests are negative; whereas, those for the α-sweep test are 
positive. As indicated in Paragraph 3.2.8, different slip mechanisms govern in the contact 
area between the tire and asphalt in α-sweep and κ-sweep tests. Based on the results in the 
applied test conditions, the LAT100 data cannot be correlated with the κ-sweep tests within 
the selected test method.  
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Table 7.12: Slope values of the correlation between LAT100 SFC ratings with Tass α-sweep, κ-sweep, 
and Apollo κ-sweep 

Load LAT100 Tass α-sweep 
Tass  

κ-sweep 
Apollo  

κ-sweep 
 Slip angle 

areas 
α ranges  

 A- B- C- D- D+ C+ B+ A+ Max Max 

350 kg 

6-11˚ 1.02 1.72 1.13 0.60 0.67 1.18 2.19 1.02 -2.57 -0.68 
11-16˚ 0.84 1.39 1.02 0.53 0.61 1.06 1.81 0.84 -2.29 -0.76 
16-21˚ 0.66 1.05 0.83 0.44 0.51 0.86 1.37 0.66 -1.95 -0.76 
21-35˚ 0.36 0.34 0.66 0.39 0.48 0.73 0.48 0.36 -1.97 -1.10 

500 kg 

6-11˚ 1.35 1.71 1.33 0.65 0.28 1.21 2.57 1.35 -2.24 -0.84 
11-16˚ 1.09 1.31 1.22 0.61 0.26 1.12 2.21 1.09 -1.98 -0.79 
16-21˚ 0.81 0.92 0.97 0.51 0.23 0.92 1.70 0.81 -1.74 -0.83 
21-35˚ 0.33 0.07 0.69 0.47 0.28 0.80 0.75 0.33 -1.83 -1.28 

700 kg 

6-11˚ 1.08 1.66 1.49 0.94 0.16 1.28 1.76 1.08 -1.62 -1.51 
11-16˚ 0.89 1.36 1.34 0.85 0.22 1.17 1.49 0.89 -1.38 -1.12 
16-21˚ 0.70 1.05 1.07 0.69 0.21 0.95 1.15 0.70 -1.18 -0.86 
21-35˚ 0.48 0.58 0.75 0.55 0.35 0.73 0.56 0.48 -1.35 -0.75 

Correlation coefficients between LAT100 SFC ratings and the tire α-sweep test ratings 
are reported in Table 7.13. The obtained LAT100 data at a slip angle below 21˚ provides 
strong correlations with the α-sweep test. The LAT100 test mechanism which is based on 
side slip is similar to the α-sweep test and could explain the correlation. 

Table 7.13: Correlation coefficients between LAT100 SFC ratings and tire tests ratings at 11 km/h, 
ramp 

Load  LAT100  Tass α-sweep 
 

Slip angle areas 
α ranges 

 A- B- C- D- D+ C+ B+ A+ 

350 kg 

6-11˚ 0.85 0.74 0.74 0.78 0.71 0.75 0.76 0.71 
11-16˚ 0.81 0.67 0.83 0.87 0.82 0.84 0.73 0.69 
16-21˚ 0.75 0.57 0.82 0.88 0.86 0.85 0.63 0.60 
21-35˚ 0.20 0.05 0.47 0.61 0.69 0.53 0.07 0.07 

500 kg 

6-11˚ 0.75 0.55 0.51 0.63 0.48 0.58 0.64 0.83 
11-16˚ 0.68 0.45 0.59 0.75 0.58 0.69 0.66 0.85 
16-21˚ 0.58 0.34 0.57 0.79 0.64 0.71 0.59 0.79 
21-35˚ 0.08 0.00 0.25 0.61 0.84 0.47 0.10 0.24 

700 kg 

6-11˚ 0.90 0.87 0.67 0.68 0.04 0.60 0.83 0.89 
11-16˚ 0.86 0.81 0.75 0.77 0.10 0.70 0.82 0.90 
16-21˚ 0.80 0.73 0.72 0.76 0.13 0.70 0.74 0.84 
21-35˚ 0.33 0.19 0.31 0.42 0.31 0.36 0.15 0.27 
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Using the ranges of the slip angle provides an appropriate approach to correlate the tire 
data with the LAT100 results. In Table 7.13, the coefficients which are higher than 0.7 can 
be considered as strong ones. Those are shaded in grey. As already discussed, the LAT100 
SFC ratings in the slip angle range of 6˚ to 21˚ predict the α-sweep test in a good way in 
most areas at 350 and 700 kg loads. However, The correlation at 500 kg load is very disperse 
and also the region D+ at 700 kg load does not follow the same trend as the region D- by 
assuming a symmetric α-sweep test.  

If the α-sweep curves are symmetrically located, the averaged tire data ratings in the 
mirrored α ranges have to be correlated. Table 7.14 shows the correlation coefficients of 
the tire rating data that proves the symmetric friction properties for α-sweep at each load. 
A sudden drop in the coefficients happens at a load of 500kg in the α-range of D+. To 
examine how the tire data correlates in the range of different applied normal loads, the 
correlation coefficients are calculated in Table 7.15. The same decreasing trend repeats in 
the correlation of 350 and 700 kg loads with a load of 500 kg in the same α range (0˚ to 3˚) 
but in a positive slip angle. This might be referred to the tread temperature profile in the α-
sweep from -12 to 12˚ which is shown in Figure 7.3. The D+ region is the transient 
temperature area for the tire. As shown in Figure 7.3, in region D+, the tire temperature 
first decreases then increases. Apparently, it influences the rubber compound properties in 
the contact area. The area D+ and the 500 kg load are the ones which do not follow the 
similar trend.  

Table 7.14: Correlation coefficients between the symmetric α ranges 
Loads (kg) A- & A+ B- & B+ C- & C+ D- & D+ 
350 0.84 0.89 0.98 0.99 
500 0.89 0.89 0.91 0.16 
700 0.84 0.89 0.95 0.70 

Table 7.15: Correlation coefficients between different loads in the α ranges 

loads A- B- C- D- D+ C+ B+ A+ slope 

350, 500 0.84 0.90 0.90 0.96 0.18 0.96 0.92 0.91 0.98 

350, 700 0.90 0.91 0.97 0.92 0.58 0.94 0.96 0.89 0.90 

500, 700 0.79 0.80 0.97 0.95 0.00 0.99 0.95 0.99 0.90 
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Figure 7.3: Tread surface temperature in a sweep from -12 to 12˚ for the Ref. compound 

7.3.4. Bipolar function -10 
Because of the data acquisition delay, the ramp function curves did not start from the 

zero slip angle in the first trail test. A bipolar function -10 was developed to start from the 
negative slip angle that compensates the sample delay-recording; the bipolar -10 function 
sweeps the slip angle from -10˚ to the adjusted slip angle in the test procedure. This extra 
slip angle sweep from -10˚ was already considered in the distance calculation.  

Based on the results from the first trial test, no correlation exists with the κ-sweep data. 
Therefore, the rest of the experiments were performed using the 7 compounds for which 
just the α-sweep data were available; these were all compounds beside compound 4 and 6. 
The testing order of the LAT-wheel were similar to the order of the tire testing. The end slip 
angle was reduced to 25˚ because of the failure of compound 10 in the first trial ramp 
experiment; besides, there were not sufficient correlations after a slip angle of 21˚.  

In Table 7.16, Table 7.17, and Table 7.18, the correlation coefficients between the α-
sweep test and the bipolar -10 function were described at three different speeds. It was 
concluded that the good correlation coefficients are depended on the tire load and the 
sample speed. By changing the function to the bipolar -10, the good correlation coefficients 
are not following the same trend as the ramp function in the first trial test at the same 11 
km/h speed. Thus, the choice of the proper function is an important factor. This could be 
due to different wheel temperature profiles at various functions.  
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Table 7.16: Correlation coefficients between LAT100 SFC ratings and α-sweep test results at 11 km/h 
speed, bipolar -10 function 

 LAT100  Tass α-sweep 
Tire 
Load 

Slip angle areas 
α ranges 

A- B- C- D- D+ C+ B+ A+ 
 1-6˚ 0.46 0.42 0.84 0.75 0.73 0.82 0.64 0.60 

350 
kg 

6-11˚ 0.63 0.53 0.94 0.79 0.76 0.89 0.69 0.68 
11-16˚ 0.39 0.46 0.51 0.30 0.26 0.40 0.53 0.57 
16-21˚ 0.01 0.05 0.04 0.00 0.00 0.01 0.06 0.08 
21-25˚ 0.01 0.00 0.00 0.02 0.03 0.01 0.00 0.01 

 1-6˚ 0.56 0.21 0.76 0.77 0.06 0.81 0.77 0.78 

500 
kg 

6-11˚ 0.71 0.36 0.84 0.79 0.35 0.84 0.80 0.90 
11-16˚ 0.58 0.48 0.61 0.33 0.29 0.44 0.66 0.62 
16-21˚ 0.07 0.12 0.13 0.01 0.11 0.04 0.12 0.07 
21-25˚ 0.01 0.05 0.03 0.01 0.07 0.00 0.02 0.00 

 1-6˚ 0.41 0.38 0.88 0.81 0.33 0.86 0.77 0.74 

700 
kg 

6-11˚ 0.70 0.62 0.92 0.68 0.26 0.81 0.85 0.90 
11-16˚ 0.42 0.46 0.56 0.23 0.12 0.41 0.58 0.57 
16-21˚ 0.02 0.04 0.07 0.00 0.03 0.03 0.05 0.04 
21-25˚ 0.02 0.04 0.07 0.00 0.03 0.03 0.05 0.04 

 

Table 7.17: Correlation coefficients between LAT100 SFC ratings and α-sweep test results at 2.1 
km/h speed, bipolar -10 function 

 LAT100  Tass α-sweep 
Tire 
Load 

Slip angle areas 
α ranges 

A- B- C- D- D+ C+ B+ A+ 
 1-6˚ 0.55 0.32 0.71 0.80 0.76 0.75 0.35 0.36 

350 kg 

6-11˚ 0.66 0.42 0.78 0.83 0.79 0.81 0.45 0.47 
11-16˚ 0.73 0.50 0.81 0.81 0.77 0.81 0.54 0.56 
16-21˚ 0.73 0.53 0.83 0.82 0.77 0.82 0.58 0.61 
21-25˚ 0.55 0.38 0.82 0.87 0.80 0.83 0.45 0.47 

 1-6˚ 0.56 0.21 0.44 0.65 0.38 0.57 0.36 0.57 

500 kg 

6-11˚ 0.62 0.25 0.51 0.70 0.38 0.63 0.47 0.70 
11-16˚ 0.69 0.31 0.55 0.70 0.37 0.65 0.55 0.78 
16-21˚ 0.75 0.36 0.59 0.70 0.33 0.67 0.60 0.81 
21-25˚ 0.69 0.29 0.61 0.75 0.27 0.70 0.52 0.70 

 1-6˚ 0.78 0.55 0.56 0.56 0.17 0.53 0.51 0.66 

700 kg 

6-11˚ 0.82 0.63 0.65 0.60 0.17 0.60 0.62 0.78 
11-16˚ 0.85 0.69 0.69 0.60 0.16 0.62 0.70 0.85 
16-21˚ 0.85 0.71 0.73 0.62 0.17 0.65 0.75 0.88 
21-25˚ 0.85 0.71 0.73 0.62 0.17 0.65 0.75 0.88 
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Table 7.18: Correlation coefficients between LAT100 SFC ratings and α-sweep test results at 20 km/h 
speed, bipolar -10 function 

 LAT100  Tass α-sweep 
Tire 
Load 

Slip angle areas 
α ranges 

A- B- C- D- D+ C+ B+ A+ 
 1-6˚ 0.53 0.24 0.50 0.63 0.62 0.54 0.19 0.26 

350 
kg 

6-11˚ 0.65 0.38 0.73 0.80 0.77 0.75 0.39 0.44 
11-16˚ 0.66 0.38 0.68 0.77 0.74 0.71 0.36 0.43 
16-21˚ 0.63 0.35 0.62 0.76 0.72 0.66 0.31 0.38 
21-25˚ 0.56 0.29 0.58 0.75 0.71 0.63 0.25 0.32 

 1-6˚ 0.35 0.09 0.22 0.50 0.33 0.39 0.20 0.46 

500 
kg 

6-11˚ 0.55 0.19 0.44 0.68 0.34 0.60 0.42 0.68 
11-16˚ 0.54 0.18 0.38 0.64 0.29 0.55 0.39 0.66 
16-21˚ 0.52 0.16 0.32 0.60 0.26 0.49 0.33 0.59 
21-25˚ 0.47 0.13 0.28 0.58 0.24 0.46 0.26 0.52 

 1-6˚ 0.61 0.44 0.35 0.38 0.12 0.34 0.33 0.53 

700 
kg 

6-11˚ 0.74 0.58 0.59 0.56 0.18 0.55 0.56 0.74 
11-16˚ 0.73 0.57 0.54 0.54 0.16 0.51 0.54 0.72 
16-21˚ 0.72 0.54 0.48 0.51 0.15 0.46 0.48 0.67 
21-25˚ 0.72 0.54 0.48 0.51 0.15 0.46 0.48 0.67 

 

7.3.5. Modified ramp function  
To minimize the influence of temperature, the modified ramp function was developed 

in which a free rolling was included in the beginning of the step 2/2 to compensate the 
sampler delay problem. In Table 7.19, Table 7.20, and Table 7.21, the correlation results of 
the α-sweep tests and that of the modified ramp function are described at 11 km/h, 2.1 
km/h, and 7.8 km/h, respectively. The speed of 7.8 km/h gives the best correlation using 
the modified ramp function. 
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Table 7.19: Correlation coefficients between LAT100 SFC ratings and α-sweep test results at 11 km/h  
speed, modified ramp 

 LAT100  Tass α-sweep 
Tire 
Load 

Slip angle areas 
α ranges 

A- B- C- D- D+ C+ B+ A+ 
 1-6˚ 0.68 0.50 0.69 0.71 0.68 0.70 0.55 0.58 

350 kg 

6-11˚ 0.60 0.48 0.83 0.83 0.78 0.83 0.61 0.63 
11-16˚ 0.32 0.33 0.65 0.62 0.57 0.63 0.52 0.52 
16-21˚ 0.15 0.25 0.34 0.25 0.21 0.27 0.34 0.42 
21-25˚ 0.02 0.08 0.03 0.00 0.00 0.01 0.08 0.13 

 1-6˚ 0.58 0.23 0.45 0.62 0.12 0.57 0.56 0.76 

500 kg 

6-11˚ 0.68 0.27 0.66 0.77 0.07 0.75 0.70 0.82 
11-16˚ 0.53 0.20 0.64 0.62 0.00 0.66 0.69 0.64 
16-21˚ 0.42 0.24 0.47 0.29 0.02 0.37 0.57 0.43 
21-25˚ 0.11 0.16 0.12 0.01 0.01 0.03 0.17 0.09 

 1-6˚ 0.41 0.43 0.61 0.49 0.17 0.56 0.65 0.71 

700 kg 

6-11˚ 0.62 0.56 0.63 0.61 0.13 0.59 0.69 0.78 
11-16˚ 0.57 0.50 0.81 0.80 0.29 0.79 0.78 0.82 
16-21˚ 0.24 0.24 0.73 0.76 0.40 0.76 0.64 0.58 
21-25˚ 0.24 0.24 0.73 0.76 0.40 0.76 0.64 0.58 

 

Table 7.20: Correlation coefficients between LAT100 SFC ratings and α-sweep test results at 2.1 
km/h  speed, modified ramp 

 LAT100  Tass α-sweep 
Tire 
Load 

Slip angle areas 
α ranges 

A- B- C- D- D+ C+ B+ A+ 
 1-6˚ 0.44 0.19 0.58 0.74 0.72 0.64 0.17 0.21 

350 kg 

6-11˚ 0.66 0.39 0.71 0.77 0.74 0.74 0.40 0.42 
11-16˚ 0.71 0.47 0.74 0.77 0.73 0.76 0.49 0.50 
16-21˚ 0.69 0.50 0.76 0.76 0.70 0.77 0.55 0.54 
21-25˚ 0.68 0.48 0.75 0.77 0.72 0.77 0.52 0.52 

 1-6˚ 0.37 0.08 0.29 0.59 0.38 0.47 0.19 0.42 

500 kg 

6-11˚ 0.56 0.22 0.42 0.64 0.42 0.56 0.39 0.64 
11-16˚ 0.63 0.28 0.46 0.64 0.37 0.57 0.46 0.71 
16-21˚ 0.71 0.36 0.53 0.63 0.36 0.59 0.52 0.72 
21-25˚ 0.69 0.33 0.50 0.64 0.32 0.58 0.50 0.71 

 1-6˚ 0.64 0.41 0.40 0.47 0.19 0.41 0.32 0.50 

700 kg 

6-11˚ 0.82 0.62 0.56 0.52 0.12 0.51 0.56 0.73 
11-16˚ 0.85 0.67 0.61 0.55 0.11 0.55 0.64 0.79 
16-21˚ 0.85 0.67 0.61 0.55 0.11 0.55 0.64 0.79 
21-25˚ 0.85 0.67 0.61 0.55 0.11 0.55 0.64 0.79 
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Table 7.21: Correlation coefficients between LAT100 SFC ratings and α-sweep test results at 7.8 
km/h  speed, modified ramp 

 LAT100  Tass α-sweep 
Tire 
Load 

Slip angle areas 
α ranges 

A- B- C- D- D+ C+ B+ A+ 
 1-6˚ 0.63 0.42 0.82 0.86 0.81 0.84 0.48 0.49 

350 kg 

6-11˚ 0.64 0.49 0.88 0.85 0.80 0.87 0.60 0.58 
11-16˚ 0.57 0.48 0.84 0.78 0.72 0.83 0.64 0.59 
16-21˚ 0.48 0.44 0.79 0.73 0.65 0.77 0.61 0.55 
21-25˚ 0.42 0.40 0.71 0.66 0.58 0.70 0.57 0.50 

 1-6˚ 0.67 0.28 0.58 0.74 0.35 0.68 0.51 0.72 

500 kg 

6-11˚ 0.74 0.35 0.68 0.75 0.28 0.74 0.64 0.79 
11-16˚ 0.76 0.40 0.72 0.70 0.21 0.72 0.68 0.76 
16-21˚ 0.74 0.39 0.71 0.65 0.14 0.68 0.66 0.70 
21-25˚ 0.69 0.38 0.66 0.59 0.11 0.62 0.61 0.62 

 1-6˚ 0.80 0.61 0.70 0.65 0.21 0.65 0.65 0.79 

700 kg 

6-11˚ 0.78 0.63 0.80 0.70 0.23 0.73 0.76 0.84 
11-16˚ 0.71 0.58 0.81 0.69 0.23 0.73 0.77 0.80 
16-21˚ 0.60 0.50 0.78 0.68 0.25 0.71 0.72 0.72 
21-25˚ 0.60 0.50 0.78 0.68 0.25 0.71 0.72 0.72 

7.4. Conclusions 
• Applying an additional cleaning step is not required on the LAT100 for measuring 

the mini α-sweep.  
• There was no correlation between the κ-sweep tests and the LAT100 mini α-sweep 

results. 
• The dynamic functions also influence the correlation coefficients. 
• The correlation coefficients are dependent on the LAT100 speed and the tire loads. 
• The best correlation is found between the α-sweep test and the LAT100 results at 

11 km/h speed, an angle rate of 1.53 ˚/s with the ramp function. 
• The best correlations can be realized in the α range of -6˚ to 6˚ at 350 kg and the α 

range of ±(12˚ to 9˚) at 700 kg tire load when the slip angle is below 21˚ of the 
LAT100 data. 

• The LAT100 SFC curves provided by the ramp function are a good indicator for 
predicting the α-sweep tire test based on defining a proper test condition with the 
LAT100. 
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Summary  
 

During the R&D phase, measurements on lab scale are necessary in order to evaluate 
new materials concerning their performance in tires. In addition, for tire developments 
extensive, time-consuming, and costly road tests are necessary. Up to now, there is no 
method and equipment in the lab scale available to measure dry grip with a satisfying 
correlation to road performance. Considering all influencing factors in dry grip 
measurement in one laboratory device is necessary to meet all the requirements for 
predicting the tire grip. Subsequently, it has remained intricate to acquire a strong 
correlation between road and laboratory results.  

The aim of this project is to design and develop a test method for measuring dry grip in 
the lab, using the Laboratory Abrasion Tester 100 (LAT100) which is common for measuring 
abrasion and wet grip in the lab to correlate these results with real tire-road results.  

In this project, the LAT100 was developed further for measuring friction properties and 
predicting dry grip with a new designed method based on a good correlation with the real 
tire data. The design was performed in two phases with different tire data.  

In the first phase, tires with four different tread compounds were tested by ABS braking 
on the road. By using LAT100 in the laboratory, the effect of different LAT100 parameters 
i.e. traveling speed, surface roughness and sample temperature on the friction and grip 
properties were investigated. With increasing disc speed and roughness, the side force 
coefficient (SFC) decreases. With increasing disc temperature, the SFC is reduced at 3˚ slip 
angle, which describes the cornering stiffness effect of a tire. The results of LAT100 were 
correlated with the tire braking distance data. At 2.1 km/h speed, 17 m distance and the 
slip angle range of 25-35˚, the disc 180 shows the best correlation with a correlation 
coefficient of 0.93. This design reflects the road surface conditions in the best way with the 
available tire data.  

Further research were carried out to explore the governing factors in the dry grip 
procedure. The travelling distance is a determining parameter in the dry grip procedure 
design, due to the fact that a longer time of the samples travelling on the abrasive surface 
leads to a higher abrasion. This results in an unequal condition for the wheel sample at the 
beginning and the end part of the SFC curve; eventually in varying the contact area of the 
LAT100 sample during one SFC curve preparation. Consequently, it lowers the experimental 
accuracy. However, a distance optimization for each slip angle consumes a huge amount of 
time with the risk of error and operator mistakes.  

To reduce the variation in the contact area and sample abrasion as much as possible, a 
new test method was designed which shows remarkably shorter test times. Basically, the 
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idea was to apply and simulate the α and κ-sweep tests of the real tire testing. For this 
purpose, new functions were defined which enable to work in a semi-automatic mode of 
the LAT100 machine. This enables to program a dynamic function file for the LAT100 
parameters (slip angle, load and speed). As a result, less variables alter during the test and 
the contact area remains as uniform as possible.  

This newly developed method was the basic for starting the second phase with ten 
different compounds designed with a wide expected range of dry grip. The obtained tire 
data are based on α and κ-sweep tests. There was no correlation between the κ-sweep tests 
and the LAT100 results. The best correlation is between: 

• the α-sweep test in the α-range of -6˚ to 6˚ at 350 kg and the α-range of ±(12˚ to 9˚) 
at 700 kg tire load. 

and 

• a slip angle range of 6˚ to 21˚ of the LAT100 SFC curves at 11 km/h speed, 75 N 
normal load with applying a ramp function of slip angle versus distance at 1.53 ˚/s 
angle rate on a disc 180.  

The results also indicate that the dynamic functions, speed, and the tire loads influence 
the correlation coefficients. LAT100 SFC curves provided by the ramp function slip angle vs 
distance are a good indicator for predicting the α-sweep tire test results based on defining 
a close test condition to the real tire data in the laboratory. The found correlation with the 
new designed test method is a satisfying correlation for predicting the available obtained 
tire data in laboratory. 
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Outlook 
 

In this project, LAT100 was introduced as a tribometer, although it had been originally 
developed as an abrader. With the new design, LAT100 has a higher potential to be used as 
an advanced machine for measuring and predicting tire performance quicker.  

However, the maximum position of the LAT100 friction curve as a function of slip angle 
is not the same as the real tire test. It would be of extra value to investigate further the 
slippage distribution in the contact area of the sample with the disc by mathematical 
modeling. Afterwards, compare this slippage distribution with the real tire road contact 
area to predict the tire performances more precise and accurate with LAT100. 

It seems that a pattern exists in the correlation between α-sweep and LAT100 results; 
the correlations change with the speed variation in every segment of the friction curves. It 
is valuable to explain the logic and reason behind it. The last investigation on the LAT100 
shows that it cannot be explained with the temperature alone. 

Applying asphalt as a real surface might be another valuable option in the case of dry 
grip, since the grip test is fast enough to keep the asphalt surface stable during the test. 
Additionally, with the advantage of the new dynamic function in the LAT100, it is possible 
to optimize new and fast test procedures for the wet grip as well. 

In the current abrasion procedure with LAT100, the tests need to be performed in a long 
procedure with many varying test conditions. It normally takes a week depending on the 
number of samples. Using a periodic bipolar triangle dynamic function could lead to shorter 
tests. Moreover, with this function the machine is able to finish the abrasion test procedure 
without switching the right to the left side. That can enormously reduce the operator errors 
and more importantly save time. 

There is ample room for carrying out more research on LAT100 as a multi-function 
abrader and tribometer with many “whys” to answer. In addition, not much information is 
available to explain which ingredients give the best frictional properties in tire formulation. 
As already seen in the tire data, the best compound in the κ-sweep test does not give the 
best behavior in the α-sweep test.  

The new design of this project could be the basic for further research in this area. 
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