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 A B S T R A C T

Tire-road interaction involves complex phenomena related to contact modeling and the evaluation of the 
friction coefficient in different conditions. Over the years, many approaches have been followed to develop 
physical models capable of considering all the relevant parameters, such as viscoelastic properties, road 
roughness and tire conditions. In this scenario, contact modeling is a fundamental topic as the effective contact 
area, when the tire is in contact with the road, is smaller than the nominal area due to the indentation of 
the rubber on road asperities. This paper presents an extended version of the Greenwood–Williamson contact 
model able to evaluate the ratio between the real contact area and the nominal one (𝐴𝑐∕𝐴0), exploiting a 
complete non-destructive characterization procedure for the evaluation of the tire tread viscoelastic properties 
and an innovative method to estimate the road roughness descriptors.
1. Introduction

A crucial role in understanding the complex phenomena governing 
tire-road interactions is played by contact mechanics and friction [1–3]. 
When friction occurs, energy dissipation takes place, and in micro-
contact regions subject to very high stresses, it can trigger micro-
fractures and subsequent surface wear [4–6]. An essential aspect of 
the tire-road interaction process is about how the rubber penetrates 
the road asperities during contact [7–9]. Since the area engaged by 
the rubber during contact with the asphalt depends on the level of 
indentation into the road profile, an effective way to assess its influence 
on the friction coefficient is by analyzing the ratio of the actual contact 
area (𝐴𝑐) to the nominal contact area (𝐴0), the latter representing the 
area that the rubber would cover if it conformed perfectly to all road 
asperities.

To study these effects, the proposed research activity presents a 
robust approach to predicting the 𝐴𝑐∕𝐴0 ratio and its relationship with 
experimental friction coefficient in both indoor and outdoor environ-
ments. This is achieved by integrating non-destructive characterization 
of tire viscoelasticity and an innovative method for analyzing road 
roughness.

Numerous authors have provided valuable insights into determining 
contact theories and, by extension, the level of indentation of the 
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rubber with the surface texture. The foundation of modern contact 
mechanics can be traced back to Heinrich Hertz’s work in 1882 [10]. 
Hertz’s contribution introduced a widely used analytical solution for 
the contact of two elastic axisymmetric parabolic structures. He pro-
vides a precise approximation for various contact scenarios, including 
interactions between two spheres. Moreover, by assuming an infinite 
radius of curvature for one of the bodies, the model naturally extends 
to analyze the contact between a sphere and an elastic half-space [11,
12]. Under the assumption of a quadratic pressure distribution, this 
framework enables the calculation of vertical displacement during 
contact, indentation of the elastic half-space, contact radius, and real 
contact area, given the sphere’s radius and the elastic modulus of the 
half-space [13].

Incorporating surface roughness into contact models presents con-
siderable challenges due to its complexity and randomness [14]. De-
spite these limitations, researchers have developed numerous models to 
predict contact behavior for rough real surfaces. Statistical models, in 
particular, have gained prominence by conceptualizing the real surface 
as a statistical distribution of asperities [15]. In such models, the total 
load is computed as the summation of individual loads on contacting 
asperities, allowing for the application of Hertz contact theory to each 
contact region corresponding to the asperities.
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Bowden and Tabor in 1939 highlighted the importance of surface 
roughness as a fundamental factor to consider in contact mechan-
ics [16]. Their investigations revealed a significant difference between 
the real and nominal contact areas of frictional partners. The presence 
of surface curvature or roughness often confines contact to microscopic 
areas near surface peaks or asperities, resulting in elevated contact 
stresses that can precipitate failure or yielding within the contact 
regions [17].

In the study of contact among real rough surfaces, Archard’s works 
in the 1950s [18,19] highlighted the discrepancy between the pre-
dictions of the Hertzian theory and experimental observations of a 
linear relationship between contact area and applied load. To address 
it, he proposed a generalized model considering the contact between 
rough surfaces, incorporating multiple levels of asperities leading to in-
creasingly accurate approximations to the linear relationship (between 
contact area and applied load) as more stages were considered. This 
multi-contact theory extends Hertzian contact theory to account for 
multiple contact areas between a rigid flat surface and a deformable 
flat surface containing a series of spherical asperities uniformly dis-
tributed along the 𝑧 axis. Furthermore, Archard’s findings underlined 
the presence of an infinite sequence of length scales within surface 
profiles. This causes difficulty in defining individual asperities, as their 
characterization depends on the chosen scale of observation. While 
larger sampling intervals reveal only the most prominent asperities, 
finer intervals expose many smaller features.

The generalization of the Hertz solution to arbitrarily shaped bodies 
is attributed to Ian Sneddon with his paper published in 1965 [20]. 
Sneddon’s work explores the interaction between a rigid body of ar-
bitrary shape and a linearly elastic half-space, providing solutions 
applicable to various punch shapes. However, these classical solutions 
present a nonlinear relationship between contact area and applied 
force and they are based on the simplified hypotheses of non-adhesive 
contact, where no tensile forces are allowed to occur within the contact 
area.

Greenwood and Williamson (GW) [21] and Bush [22] employed sta-
tistical methods to describe surface topography and built models able to 
evaluate the real contact area. In particular, their works revealed that 
in rough materials, the real contact area is generally proportional to the 
normal force. Greenwood and Williamson proposed their contact model 
in which the rough nature of a surface is described as a distribution of 
spherically shaped asperities, all with the same radius of curvature but 
varying in height according to a specified probability density function. 
Bush et al. introduced a slightly different model that departed from the 
spherical asperities assumed in the GW model, modeling the individual 
asperities with a paraboloidal shape with the same principal curvature. 
Jackson and Green offered a comprehensive and modern closed-form 
derivation of the classical Greenwood–Williamson model to bypass 
the difficulties of numerical integrations [23]. Their formulation offers 
a useful analytical reference for Hertzian-based contact models with 
spherical asperities and Gaussian height distributions.

To address the role of adhesion in contact mechanics, the Johnson-
Kendall-Roberts (JKR) model and the Derjaguin-Muller-Toporov (DMT) 
model were developed. The presence of adhesion between surfaces 
becomes particularly pronounced in softer materials like elastomers, 
where attractive forces between surfaces play a significant role and 
the attraction forces explain why a mechanical load is necessary to 
separate two solid bodies in intimate contact, especially under light 
loading conditions [24]. The mentioned models incorporate adhesive 
forces into the contact analysis, which are primarily based on solid–
solid (van der Waals) interactions. In 1971, Johnson, Kendall, and 
Roberts proposed their solution for adhesive contact, considering short-
range attraction forces within the contact area [25]. Shortly after, 
in 1975, Derjaguin and colleagues proposed the DMT model, which 
adds adhesive pressures outside the contact region [26]. Although 
in different regions, both these models introduce a surface adhesive 
2 
energy term in addition to the stored elastic energy and yield the same 
result as the Hertz model in the absence of adhesion.

Initially perceived as competing theories, the debate between the 
JKR and DMT models was resolved by recognizing that, while both 
correctly represent adhesive contact, their applicability depends on the 
material properties. Specifically, the DMT model is suitable for stiff 
samples with low adhesion, while the JKR model is applicable to softer 
samples with higher adhesion [27,28]. Maugis [29] demonstrated the 
transition from DMT to JKR behavior by incorporating adhesive forces 
both inside and outside the contact zone. His work reconciled these 
models offering a semi-analytical parametric solution to the adhesive 
contact problem. It should be underlined that in all these models, a 
nonlinear relationship between the normal load and contact area is 
found as well.

In the past few decades, contact mechanics research has advanced 
considerably, integrating more sophisticated experimental tools and 
accurate numerical simulations. Persson developed a different approach 
to contact mechanics: it accounts that for small squeezing force the real 
contact area 𝐴𝑐 is proportional to the load 𝐹𝑁 , while as 𝐹𝑁  increases 
𝐴𝑐 approaches 𝐴0 in a continuous manner [30,31].

Le Gal and Klüppel introduced a semi-analytical method to accu-
rately describe the regions of a rough surface where actual contact 
occurs. This approach is crucial for calculating contact parameters 
that are predominantly influenced by the largest length scales of the 
surface profile [5], such as pressure distribution and friction. With a 
similar approach, Heinrich tends to emphasize the understanding of 
the interplay between viscoelastic properties and surface roughness 
at multiple scales. His theory integrates both the adhesive and hys-
teretic components of friction, examining how surface asperities deform 
elastomers and influence real contact areas [32].

Müser investigated the role of non-linearity and non-locality in in-
teractions involving both soft and hard materials [33]. He also provided 
significant insights into how micro-scale surface morphology dictates 
the contact area of solids and the forces they exert on one another.

Starting from the GW contact theory for its versatility and gener-
alizability, this study presents a physical-analytical model to predict 
the local tire-road contact area in both outdoor and racing contexts, as 
well as in controlled indoor environments. The main innovations are 
based on the introduction of a non-destructive approach to characterize 
the viscoelastic properties of the tire using an innovative device named 
VESevo (Viscoelasticity Evaluation System evolved), combined with 
a specific road roughness characterization process, which allows for 
the extraction of the main texture indicators. The proposed approach 
enables the simulation of the real-to-nominal contact area ratio 𝐴𝑐∕𝐴0, 
which shows a direct correlation with the friction coefficient. By scan-
ning the road surface, evaluating tire viscoelastic properties, assessing 
various operating conditions, and carefully processing input parame-
ters, this study demonstrates that an indentation-based local contact 
model can effectively capture the physical mechanisms underlying tire-
road interaction. By establishing a clear correlation between the 𝐴𝑐∕𝐴0
ratio and the experimental friction coefficient, the model gives the 
possibility to predict the friction behavior among the various surfaces 
before any experimental tests are performed. Furthermore, unlike tra-
ditional approaches, which often require surface-specific calibration or 
are limited to controlled environments, this model has been extended 
and validated across a remarkably different range of surfaces and 
condition, including both controlled indoor conditions and real-world 
outdoor scenarios. It demonstrates consistent performance on standard 
road samples or racing tracks as well as unconventional surfaces, such 
as sandpaper, without requiring adjustments to the methodology. This 
highlights the model’s robustness and practical applicability, providing 
reliable insights into relative friction levels across different surfaces and 
operational conditions. It also provides a fast and effective method for 
assessing tire performance, saving time and resources in testing and 
design processes, particularly for high-performance and racing appli-
cations. For these reasons, the model’s applicability across different 
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scenarios represents a significant advancement in the state of the art, 
offering both versatility and robustness.

This paper is organized as follows: Sections 2 and 3 provide the 
input details for the contact model. Specifically, Section 2 focuses on 
road roughness characterization, describing both indoor and outdoor 
environments along with the methods used for data acquisition. Sec-
tion 3 discusses the viscoelastic properties of the rubber compound 
considered in this research, highlighting their evaluation through a 
non-destructive procedure using the VESevo device. Section 4 intro-
duces the contact model used to compute the ratio between the real 
and nominal contact areas, emphasizing its dependence on surface 
roughness and tire operating conditions. Finally, Section 5 provides a 
detailed analysis of friction behavior, correlating experimental friction 
values with the simulated 𝐴𝑐∕𝐴0 ratios for both indoor and outdoor 
environments. This is followed by a final discussion in Section 6 and 
the conclusions in Section 7.

2. Road roughness characterization

Road roughness refers to deviations in the pavement surface height 
relative to a reference plane and is commonly measured along a single 
line profile or across multiple parallel profiles, which can be compiled 
into surface maps [34]. To support the case study presented here, a 
high-resolution profilometer was used to scan a variety of surfaces, 
providing detailed roughness profiles essential for determining the 
𝐴𝑐∕𝐴0 ratio. Specifically, several specimens were analyzed under con-
trolled indoor conditions; the selected surfaces varied in both chemical 
composition and indicative petrology (limestone, sandstone, granite, 
porphyry, and basalt). Beyond asphalt samples, sandpapers of different 
grit sizes were also scanned to simulate additional interaction scenarios 
with rubber, thus allowing the evaluation of a broader spectrum of 
surface roughness conditions. Moreover a range of outdoor tracks with 
distinct characteristics was investigated as well.

Fig.  1 shows the 2D roughness profiles of both road specimens and 
sandpapers, clearly illustrating the differences between the surfaces. 
Specifically, the profiles differ in terms of the distribution of peaks and 
valleys, the height and spacing of the peaks, and the overall roughness 
patterns, highlighting the distinct road roughness characteristics of 
each surface.

This analysis enabled consideration of different surfaces, challeng-
ing the model with unconventional scenarios, such as tire-sandpaper 
interactions similarly to what happens with flat track [35].

On the other side, five different tracks were scanned with the aim 
of running various simulations not only for indoor environments but 
also for outdoor ones. Through this approach, the model’s adaptability 
and coherence were evaluated across a broader spectrum of surface 
characteristics. A representation of an acquired profile as example for 
each track is shown in Fig.  2.

A wide range of techniques can be used to investigate the texture of 
asphalt for different surface topologies. In practice, statistical parame-
ters are often combined with spectral analysis tools to describe the road 
surface [36–38]. Roughness parameters are generally classified into 
three categories based on their function: amplitude parameters, spacing 
parameters, and hybrid parameters. Amplitude parameters capture ver-
tical attributes of the surface, critical for defining its topography. One of 
the most prominent and widely utilized among these is the center line 
average 𝑅𝑎, a general roughness indicator used for quality assessments: 

𝑅𝑎 = 1
𝐿∫

𝐿

0
|𝑧(𝑥) − 𝑚|𝑑𝑥 (1)

where 𝐿 is the sampling length of the profile, 𝑧(𝑥) is a generic surface 
profile and 𝑚 is the mean of the heights. By contrast, spacing parame-
ters convey information about horizontal features of the surface, such 
as the wavelength 𝜆 [39,40]: 

𝜆 = 2𝜋
∫ 𝐿
0 |𝑧(𝑥) − 𝑚|𝑑𝑥

𝐿 ′
(2)
∫0 |𝑧 (𝑥)|𝑑𝑥

3 
where 𝑧′(𝑥) is the slope of the profile.
To achieve a more holistic description of the captured profile, 

hybrid parameters are also considered. These merge characteristics 
of both amplitude and spacing, and thus any modifications to either 
vertical or horizontal measures can influence them. Typical examples 
include surface slope and curvature, both of which play a significant 
role in determining tribological properties.

When examining the texture of tarmac, it is necessary to analyze 
both the macro-roughness and micro-roughness. The former refers 
to more pronounced, long-wavelength irregularities, while the latter 
arises from shorter-wavelength variations, encompassing asperities (lo-
cal maxima) and valleys (local minima) with varying amplitude and 
spacing [41].

In the context of friction theory, these two scales play a crucial role 
in determining the interaction between surfaces. The macro-roughness 
primarily affects the overall contact area and load distribution, while 
the micro-roughness influences local adhesion and shear forces, as 
described in two-scale friction models [42]. These models highlight 
how surface texture at both scales contributes to tire grip and overall 
frictional behavior.

2.1. Innovative roughness data processing

The approach to the road roughness data processing presented in 
this work is based on geometric aspects of the surface texture, with the 
aim to overcome the limits of the spectral analysis, especially regarding 
the micro-scale. The innovation of the approach lies in the analytical 
analysis of the roughness profile: the presented approach introduces a 
structured methodology for extracting micro-roughness profiles directly 
from experimental macro-scale surface data. By isolating only the local 
maxima (which are physically relevant to tire-road contact), removing 
macro-slope effects and analyzing each micro-profile individually, the 
method allows for a more representative and physically grounded char-
acterization of the actual asperities involved in contact. This contrasts 
with more traditional frequency-domain spectral analyses, which can 
suffer from ambiguities. Specifically, for what concerns the Height 
Difference Correlation Function (HDCF), described in detail in the next 
paragraph, it becomes difficult to accurately identify key points such 
as the slope change, which is critical for determining road texture 
parameters at the micro-scale. Thus, the analysis of both macro and 
micro scale is a crucial topic for the tire-road interaction field [43].

In particular, according to the main road parameters previously 
presented, once the macro profile is acquired with a specific texture 
scanner, it is possible to evaluate the main macro roughness descriptors 
which give information about the global road roughness. Differently, by 
isolating the roughness of the single asperities, it is possible to analyze 
the micro-roughness of the acquired profile. The developed approach 
is based on the fact that the tire-road contact occurs on the peaks of 
the road profile [44]. For this reason, the aim is to detect the peaks 
from the acquired profile and subsequently extract micro-profiles of a 
specified width along the X-direction, defined as the direction in which 
the roughness profile was acquired. The steps followed to obtain the 
final micro-roughness profiles are presented in Fig.  3.

A step-by-step schematic representation of the procedure to obtain 
the final micro-roughness profiles is outlined below:

1. Acquisition of road roughness profile
2. Detection of local maxima by isolating only the peaks that 
contribute to the tire-road interaction

3. Removal of the underlying macro-slope effect to isolate individ-
ual rocks

4. Application of analytical formulations to obtain the micro-
roughness indicators
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Fig. 1. Road specimens and sandpapers 2D laser scan: (a) Road specimen 1, (b) Road specimen 2, (c) Road specimen 3, (d) Road specimen 4, (e) Road specimen 5, (f) Sandpaper 
grit 500, (g) Sandpaper grit 2000, (h) Zoom-in for both sandpapers.

Fig. 2. Tracks 2D laser scan: (a) Track 1, (b) Track 2, (c) Track 3, (d) Track 4, (e) Track 5.

Tribology International 210 (2025) 110772 
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Fig. 3. Micro-roughness profiles detection: (a) Experimentally acquired macro roughness profile, (b) Application of the smoother on the macro profile, (c) Local maxima 
identification, (d) Example of an extracted micro profile.
Table 1
Roughness indicators for the indoor road specimens.
 Variables Road 1 Road 2 Road 3 Road 4 Road 5  
 𝜆𝑀𝑎𝑐𝑟𝑜 (m) 2.63E−03 3.58E−03 4.13E−03 4.13E−03 3.70E−03  
 𝜆𝑚𝑖𝑐𝑟𝑜 (m) 7.64E−05 7.06E−05 7.02E−05 7.04E−05 7.39E−05  
 𝑅𝑎𝑀𝑎𝑐𝑟𝑜 (m) 5.32E−04 5.10E−04 5.22E−04 5.25E−04 5.32E−04  
 𝑅𝑎𝑚𝑖𝑐𝑟𝑜 (m) 1.52E−05 9.63E−06 8.97E−06 8.00E−06 8.66E−06  
 𝐾𝑢 (–) 5.24E+00 6.52E+00 7.21E+00 5.34E+00 5.56E+00  
 𝑆𝑘 (–) −1.42E+00 −1.86E+00 −1.90E+00 −1.50E+00 −1.48E+00 
 𝑀𝑃𝐷 (m) 1.28E−03 8.61E−04 1.10E−03 1.17E−03 1.11E−03  

It is thus clear that, to study the effect of the single asperities, the 
first step consists of the local maxima detection: to perform this, a 
smoother is applied to the macro profile in order to identify all the 
summits of the road profiles. To select only the peaks that contribute 
to tire-road contact, all the ones under the mean line of the profile have 
been neglected.

By isolating the profiles thus extracted, it can be observed that they 
are affected by the slope of the underneath road macro profile, which 
needs to be removed to have the final micro profile representative of 
the single rock. The various micro profiles are then used as input for the 
analytical formulation of the main descriptors and the average value is 
the final representation of the micro roughness indicators.

Some of the road roughness indicators related to both the road 
specimens and the tracks considered for this research activity in terms 
of roughness are reported in Tables  1 and 2, in which 𝐾𝑢 stays for 
Kurtosis, 𝑆𝑘 for Skewness and 𝑀𝑃𝐷 for Mean Penetration Depth.

The two-scale roughness indicators presented in Tables  1 and 2 
serve a dual purpose: to provide a comprehensive characterization of 
the road surface morphology at both macro and micro scales and to 
supply key inputs to the contact model. In particular, the roughness 
wavelength is directly used to calculate the 𝐴𝑐∕𝐴0 ratio.

2.2. Height difference correlation function

The Height Difference Correlation Function plays an important role 
in evaluating other road roughness parameters. Some of the indicators 
5 
Table 2
Roughness indicators for the outdoor tracks.
 Variables Track 1 Track 2 Track 3 Track 4 Track 5  
 𝜆𝑀𝑎𝑐𝑟𝑜 (m) 5.84E−03 5.52E−03 6.02E−03 4.13E−03 3.95E−03  
 𝜆𝑚𝑖𝑐𝑟𝑜 (m) 1.56E−04 1.84E−04 1.59E−04 1.82E−04 1.94E−04  
 𝑅𝑎𝑀𝑎𝑐𝑟𝑜 (m) 8.06E−04 7.43E−04 7.36E−04 5.07E−04 4.16E−04  
 𝑅𝑎𝑚𝑖𝑐𝑟𝑜 (m) 1.06E−05 1.21E−05 1.12E−05 1.10E−05 1.25E−05  
 𝐾𝑢 (–) 3.60E+00 2.36E+00 2.64E+00 2.94E+00 4.74E+00  
 𝑆𝑘 (–) −5.13E−01 2.30E−01 −4.08E−01 −8.05E−01 −1.36E+00 
 𝑀𝑃𝐷 (m) 2.88E−03 2.13E−03 1.78E−03 1.01E−03 8.76E−04  

derived from the HDCF are necessary road inputs for the contact model 
presented in this paper, as they directly contribute to the analytical 
formulation of the same. This function, denoted 𝐶𝑧(𝜆), represents the 
mean square height fluctuations of the surface relative to a horizon-
tal length scale 𝜆 [45]. In situations where two scaling regimes are 
required, one for macro roughness and another for micro roughness, 
the horizontal (𝜉∥) and vertical (𝜉⟂) cut-off lengths, along with the 
Hurst exponent (𝐻), are introduced. Under these conditions, 𝐶𝑧(𝜆) is 
described by [5,6,46]: 

𝐶𝑧(𝜆) = 𝜉2⟂

(

𝜆
𝜉∥

)2𝐻𝑀
𝑓𝑜𝑟 𝜆𝑥 < 𝜆 < 𝜉∥ (3)

𝐶𝑧(𝜆) = 𝜉2⟂

(

𝜆𝑥
𝜉∥

)2𝐻𝑀 (

𝜆
𝜆𝑥

)2𝐻𝑚
𝑓𝑜𝑟 𝜆 < 𝜆𝑥 (4)

where 𝜆𝑥 denotes the point at which the two scaling regimes intersect, 
and the exponents 𝐻𝑚 and 𝐻𝑀  respectively capture the micro and 
macro roughness behavior.

The representation of the HDC function for both the indoor road 
specimens and the various tracks considered for this research activity 
is depicted in Fig.  4.

3. Tire tread viscoelastic properties evaluation from innovative 
non-destructive testing

Understanding the viscoelastic behavior of tire tread is essential 
for analyzing tire-road interaction, as it provides valuable insights 
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Fig. 4. HDC functions of the various surfaces: (a) HDC functions of the road specimens, (b) HDC functions of the tracks.
that complement other critical factors and contribute to optimizing 
vehicle performance. Viscoelastic materials exhibit characteristics of 
both elastic solids and viscous fluids [47,48]. The storage modulus, 
energy dissipation, and hysteresis of a viscoelastic material vary in 
response to two key factors: the frequency of the applied force and 
temperature, which influence the rubber in opposite ways [49]. At 
a constant temperature, an increase in stress frequency causes the 
polymer to adopt a glassy state. In contrast, when the temperature 
rises while the stress frequency remains unchanged, the material softens 
and behaves like rubber [50,51]. These effects stem from the interplay 
between molecular motion and strain rate. When the strain rate exceeds 
the speed at which molecular chains can rearrange within the polymer 
structure, the material behaves as a rigid glassy solid. In contrast, if the 
strain rate is lower than the molecular movement speed, the material 
displays rubbery characteristics. At extremely low temperatures, rub-
ber remains highly rigid; however, upon reaching a critical transition 
temperature, the molecular bonds within the polymer network begin to 
break, causing the rubber to soften significantly at higher temperatures. 
The temperature at which intermolecular bonds break down is called 
transition temperature and it is denoted as 𝑇𝑔 [52].

Determining the viscoelastic properties of the tire tread, affected 
by both rubber temperature and the frequency of bitumen asperity 
interactions, is crucial for modeling contact mechanics and estimating 
the upper limit of the local friction coefficient. Dynamic Mechanical 
Analysis (DMA) [53] is a commonly used destructive testing method 
for characterizing viscoelastic behavior, allowing for the assessment 
of hysteresis in accordance with the Time-Temperature Superposition 
Principle [54]. This technique requires polymer specimens of precise 
dimensions and relies on complex, costly equipment to analyze generic 
compound samples. Additionally, as a destructive method, it is un-
suitable for tire tread analysis without causing irreversible damage. 
This limitation creates a big challenge for motorsport racing teams, 
as those tires cannot be subjected to destructive testing. Indeed, due 
to strict constraints imposed by regulations and tire supplier, which 
prohibit any form of tire destruction, the ability to access viscoelastic 
data in such contexts is highly limited. In this context, the development 
and use of a non-destructive testing procedure capable of extracting 
the viscoelastic master curve of rubber represents a substantial ad-
vancement, enabling effective integration of experimental data into 
predictive modeling and vehicle performance optimization workflows.
6 
Fig. 5. VESevo device in operation for testing a high-performance tire.

The VESevo is a portable device (Fig.  5) developed by the Ve-
hicle Dynamics research group at the University of Naples Federico 
II. It enables non-destructive characterization of tire tread viscoelastic 
properties [55,56]. This innovative approach to assessing compound 
viscoelasticity serves as a key input for the physical-analytical model 
proposed in this study. At its core, the device features a steel rod 
equipped with a semi-spherical indenter that is free to bounce on the 
tire tread surface while sliding within a specially designed guide. The 
rod consistently starts from the same initial position for each test and 
its displacement is captured by an optical sensor with an exceptionally 
high frequency response. This setup allows for a large number of tests 
to be conducted in a short time with high repeatability, providing 
viscoelastic data that directly contribute to the model for predicting 
the 𝐴𝑐∕𝐴0 ratio.

The objective of the test is to obtain the rebound curves of the 
VESevo rod on the rubber sample for different thermal levels. Fig.  6 
illustrates how the shape of the rebounds changes with temperature.

The analysis of the rebound curves was conducted by separately 
examining the indenter’s free-fall phase and its contact phase with the 
rubber surface. This approach allowed for the estimation of mechanical 
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Fig. 6. VESevo rebound curves variation according to the temperature (in the colorbar on the right).
Fig. 7. Viscoelastic properties of the reference compound: (a) Storage modulus, (b) Loss factor.
properties, such as the stiffness and damping characteristics of both the 
instrumented indenter and the bulk rubber sample. These parameters 
were then utilized to generate the viscoelastic master curves of the 
reference compound through a proprietary algorithm [57].

Another crucial factor is the dependence of viscoelastic properties 
on both frequency and temperature, as previously discussed. To address 
this, the methodology establishes the master curve at a reference 
frequency and adjusts it according to the temperature variations. As a 
result, instead of evaluating the curve at the actual measured temper-
ature, it is assessed at an equivalent temperature that corresponds to 
the frequency of interest. This concept, known as shifted temperature, 
is implemented using the Williams-Landel-Ferry (WLF) equation [58].

The viscoelastic properties of the reference compound used in this 
research, for both indoor and outdoor environments, were evaluated 
using the VESevo device and are reported in Fig.  7.
7 
4. Contact model developed according to the Greenwood-
Williamson theory

The Greenwood and Williamson model was developed in 1966 [21] 
and considers the contact between two elastic bodies: a plane (smooth 
surface) and a nominally flat one (rough surface), where the distance 
between the first and the reference plane of the second is given by the 
separation 𝑑, as depicted in Fig.  8.

To solve this contact problem within the framework of GW theory, 
the rough surface is modeled to be covered with a large number 
of asperities, which are assumed to be spherical, at least near their 
summits, with the same radius 𝑅, and their heights vary following a 
continuous distribution 𝜙(𝑧), as it can be depicted in Fig.  9. According 
to [59], the spheres are assigned a fixed radius of curvature defined by: 
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Fig. 8. Contact between a plane and a nominally flat surface. The load is supported by those asperities (shaded) whose heights are greater than d.
Fig. 9. Continuous distribution 𝜙(𝑧) associated to the rough surface in the Greenwood 
Williamson framework.

𝑅 = 𝜉∥
2∕(4𝜋𝜉⟂) (5)

In this context, contact occurs at any asperity whose initial height 
exceeds 𝑑. The contact between an asperity and a smooth counter-
surface is described within the framework of Hertzian contact theory. 
This allows for the evaluation of the total contact area resulting from 
the interaction between individual asperities and a flat surface. In this 
way, it is possible to obtain the real contact area 𝐴𝑐 , which is smaller 
than the nominal one 𝐴0 due to the roughness effect.

The theory of Greenwood and Williamson was extended by Klüppel, 
Heinrich and Le Gal to describe the contact mechanism during tire-
road interaction accounting for the viscoelastic characterization of the 
rubber material and the statistical description of the road roughness [5,
32].

The implemented model for this research activity is based on the 
extension of the Greenwood–Williamson (GW) model by Klüppel and 
Heinrich to account for rubber friction on rough surfaces [6]. The 
mentioned model provides the 𝐴𝑐∕𝐴0 ratio for the contact between a 
viscoelastic material, the tire, and a rough surface. The model takes 
as input the tire’s operating conditions, including sliding velocity, the 
surface temperature of the rubber and the contact pressure between 
the two contacting bodies. Although various methods exist to estimate 
rough surface contact parameters [60], the approach adopted in this 
work follows [59,61], as it defines these parameters consistently with 
the specific extension of the GW model presented by Klüppel and 
Heinrich.

Together with the 𝐴𝑐∕𝐴0 ratio, an essential quantity is represented 
be the so-called minimal contact length scale 𝜆𝑚𝑖𝑛 which is obtained 
through an energy based condition of elastic contact [62]. In particular, 
𝜆𝑚𝑖𝑛 is evaluated as: 

𝜆𝑚𝑖𝑛
𝜉∥

≈

[

(

𝜆𝑥
𝜉∥

)3(𝐷𝑚−𝐷𝑀 ) 0.09𝜋𝑠3∕2𝜉⟂𝐹0(𝑡)|𝐸∗(2𝜋𝑣∕𝜆𝑚𝑖𝑛)|�̃�𝑠
𝜉∥|𝐸∗(2𝜋𝑣∕𝜉∥)|𝐹3∕2(𝑡𝑠)

]
1

3𝐷𝑚−6

(6)

where:

• 𝜉∥ corresponds to the largest wavelength found in the road pro-
file. In particular, the roughness wavelength is directly used to 
calculate the correlation length 𝜉∥, which enters the evaluation 
of the minimum contact length 𝜆𝑚𝑖𝑛 and ultimately influences the 
computed 𝐴𝑐∕𝐴0 ratio. Rather than estimating 𝜉∥ from the HDCF, 
an approach which may suffer from experimental uncertainties, 
it is computed analytically from the wavelength. This choice is 
consistent with the theoretical framework introduced by Klüppel 
and Heinrich and later implemented by Le Gal;

• 𝜉⟂ is defined by 𝜉2⟂ = 𝐶𝑧(𝜉∥), i.e., it is the square root of the HDC 
function evaluated at 𝜉 ;
∥

8 
Fig. 10. Height distribution 𝛷(𝑧) and summit height distribution 𝛷𝑠(𝑧) associated to 
the rough surface.

• 𝑣 represents the speed at which the rubber slides over the rough 
substrate;

• 𝐸∗( 2𝜋𝑣𝜆𝑚𝑖𝑛
) and 𝐸∗( 2𝜋𝑣𝜉∥

) represent the tire rubber’s dynamic modu-
lus evaluated at the frequencies 2𝜋𝑣

𝜆𝑚𝑖𝑛
 and 2𝜋𝑣

𝜉∥
. The temperature 

dependence is captured via the time–temperature superposition 
principle [51]. Indeed, viscoelastic modulus interpolation was 
cross-validated against master curve data to ensure consistency;

• 𝑠 is an affine parameter evaluated from a numerical optimization 
process. It maps the substrate’s original height distribution 𝛷(𝑧), 
to the summit height distribution 𝛷𝑠(𝑧) of macroscopic asperities, 
using: 

𝑧𝑠 = 𝑧𝑚𝑎𝑥 +
𝑧 − 𝑧𝑚𝑎𝑥

𝑠
(7)

where 𝑧𝑚𝑎𝑥 is the maximum substrate height. Fig.  10 shows an 
example of both 𝛷(𝑧) and 𝛷𝑠(𝑧) distributions of a rough profile. 
In particular, 𝑠 is obtained through a non-linear least squares 
minimization with a procedure that fits the statistical distribution 
of summits extracted from surface profiles to a Gaussian prob-
ability density function (pdf), by minimizing the error between 
the empirical summit distribution and the fitted model. Optimiza-
tion was performed using lsqnonlin with a MultiStart (MATLAB 
Global Optimization Toolbox), using 50 initial guesses to ensure 
robustness and convergence to the global minimum to avoid local 
minima;

• 𝐹0(𝑡) and 𝐹3∕2(𝑡𝑠) are the Greenwood–Williamson functions de-
fined as: 

𝐹0(𝑡) = ∫

∞

𝑡
𝛷(𝑧)𝑑𝑧 (8)

𝐹3∕2(𝑡𝑠) = ∫

∞

𝑡𝑠
(𝑧 − 𝑡𝑠)3∕2𝛷𝑠(𝑧)𝑑𝑧 (9)

where 
𝑡 = 𝑑

�̃�
(10)

is the normalized gap distance between rubber and substrate, 
with 𝑑 the actual gap determined by the equilibrium condition 
for contact pressure, and �̃� is the standard deviation of 𝛷(𝑧). 𝑑
was determined by numerically solving the non-linear contact 
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balance derived from GW theory. The force balance equation 
includes the mechanical response of asperities and their deforma-
tion under pressure 𝑝 and depends on the viscoelastic modulus of 
the rubber, which is dynamically adapted based on temperature 
and frequency. The solution was obtained using fsolve, starting 
from an initial guess and using suitable optimization tolerances. 
Similarly 

𝑡𝑠 =
𝑑𝑠
�̃�𝑠

(11)

where 𝑑𝑠 and �̃�𝑠 are the corresponding parameters for the sum-
mit height distribution 𝛷𝑠(𝑧). Both the integrals were numeri-
cally evaluated using quadrature-based integration (integral func-
tion). The integration bounds are derived from the normalized 
separation presented above;

• �̃�𝑠 represents the actual number of points of contact [63], evalu-
ated as: 
�̃�𝑠 = 6𝜋

√

3𝜆2𝑐𝑛𝑠 (12)

where 𝜆𝑐 ∼ 10−10 m is the lowest possible contact length, and 𝑛𝑠
is the microscopic summit density: 
𝑛𝑠 =

𝑚4

6𝜋
√

3𝑚2

(13)

Here, 𝑚2 and 𝑚4 represent the second and fourth moments of spec-
trum of the detrended surface profiles, computed via a gradient 
based method: 

𝑚2 =
⟨

( 𝑑𝑧
𝑑𝑥

)2⟩

𝑚4 =

⟨

(

𝑑2𝑧
𝑑𝑥2

)2
⟩

; (14)

This step ensures consistency with the original GW framework 
which relies on these moments to statistically characterize surface 
asperities;

• 𝐷𝑚 and 𝐷𝑀  come from analyzing the slopes of the HDC function 
in two different scaling regimes (Section 2.2);

• 𝜆𝑥 is the crossing point of the two scales (Section 2.2);

Based on Eq. (6), 𝜆𝑚𝑖𝑛 is evaluated with a numerical optimization 
process designed for solving systems of nonlinear equations by us-
ing the fsolve function. The optimization method iteratively refines 
estimates of 𝜆𝑚𝑖𝑛 to minimize the difference between calculated and ex-
pected values. This approach takes into account various tire operating 
conditions, including sliding velocity, surface temperature and contact 
pressure, alongside the tire’s viscoelastic properties shifted using the 
time–temperature superposition principle (WLF-type approach).

Once 𝜆𝑚𝑖𝑛 is established, the ratio 𝐴𝑐∕𝐴0 of the actual contact area 
to the nominal area follows from the analytical expression: 

𝐴𝑐
𝐴0

≈

(

𝜉∥𝐹 2
0 (𝑡)𝐹3∕2(𝑡𝑠)|𝐸∗(2𝜋𝑣∕𝜉∥)|�̃�2𝑠

808𝜋𝑠3∕2𝜉⟂|𝐸∗(2𝜋𝑣∕𝜆𝑚𝑖𝑛)|

)
1
3

(15)

While it is clear from the formulas (15) and (6) how the roughness 
data and viscoelastic properties enter the model, it is important to un-
derline that the sliding velocity, contact pressure and tire temperature 
are needed as well. In particular, the sliding velocity 𝑣 of the tire on 
the rough surface and the surface temperature of the tire 𝑇𝑠𝑢𝑟𝑓  are 
essential to evaluate the frequencies 2𝜋𝑣∕𝜆 and temperatures to which 
the storage modulus and loss factor correspond (viscoelastic master 
curves shifting), while the contact pressure 𝑝 is needed to evaluate 
properly, though a numerical optimization, the separation 𝑑 between 
the free surface of the rubber and the mean plane of the counter rough 
surface. Hence, it becomes clear that it is possible to obtain the 𝐴𝑐∕𝐴0
from the model as a function of 𝑝, 𝑇𝑠𝑢𝑟𝑓 , 𝑣.

An illustration of a road profile, highlighting its spherical macro-
asperities along with the indentation depth of the rubber on the rough 
surface, 𝑑, is presented in Fig.  11(a). Additionally, the height and sum-
mit distributions used for the numerical assessment of the 𝑠 parameter 
are shown in Fig.  11(b).
9 
For what concerns the outdoor analysis, given the roughness data of 
each track (Section 2), and the viscoelastic properties of the compound 
(Section 3), the extended GW model was employed to perform various 
simulations. The resulting 𝐴𝑐∕𝐴0 ratio (Eq. (15)), with a constant 
sliding velocity 𝑣, is illustrated in Fig.  12 as a function of 𝑇𝑠𝑢𝑟𝑓  and 𝑝 for 
each track. All results related to the outdoor environment are presented 
without numerical values for confidentiality purposes.

It can be observed that the model responds consistently to variations 
in both temperature and contact pressure. Specifically, as the tempera-
ture increases, the compound exhibits a softer behavior, resulting in a 
larger contact area and, consequently, a higher 𝐴𝑐∕𝐴0 ratio. A similar 
effect is related to the contact pressure since an increase of it leads 
to an higher level of indentation and thus an higher 𝐴𝑐∕𝐴0 ratio. A 
classification among the tracks is observable as well as track 5 and 4 
have the highest 𝐴𝑐∕𝐴0, track 3 shows a middle level of 𝐴𝑐∕𝐴0 and 
tracks 2 and 1 present the lowest 𝐴𝑐∕𝐴0 for all the conditions.

The consideration regarding the coherency of the model output can 
be better observable from Fig.  13 where the 𝐴𝑐∕𝐴0 ratio, simulated 
again with a constant sliding velocity, is reported as a function of 𝑇𝑆𝑢𝑟𝑓
for different values of pressure, in particular 𝑝1 < 𝑝2 < 𝑝3 < 𝑝4 <
𝑝5. Indeed an increase with both temperature and contact pressure is 
observable together with a saturation effect by increasing the contact 
pressure.

In the indoor environment, model simulations were performed at 
three distinct temperatures (25, 45, 70 ◦C) and three contact pressures 
(100, 150 and 200 kPa), using a fixed sliding velocity for the reference 
compound. The resulting 𝐴𝑐∕𝐴0 values, plotted as function of surface 
temperature (𝑇𝑠𝑢𝑟𝑓 ) and contact pressure (𝑝) for each road specimen 
considered in this study, are presented in Fig.  14.

The model continues to show consistent responses under variations 
in both temperature and contact pressure. Notably, roads 5 and 4 
exhibit the highest 𝐴𝑐∕𝐴0 ratios, road 3 displays an intermediate level, 
and roads 2 and 1 consistently yield the lowest 𝐴𝑐∕𝐴0 values for all 
tested conditions.

Moreover, the analysis was extended to two sandpaper surfaces 
with different grit sizes. This choice was made to challenge the model 
with a distinctly unique surface texture and thus represent a more 
unconventional interaction setting for the tire-surface system.

The 𝐴𝑐∕𝐴0 simulations as a function of pressure and temperature, 
along with the sandpapers, are shown in Fig.  15. It can be observed 
that, while the overall trend with tire temperature and contact pressure 
remains consistent, the sandpapers exhibit a globally higher 𝐴𝑐∕𝐴0
ratio compared to the road specimens, due to their distinctive surface 
texture. Indeed, it is noticeable that the sandpapers are on another level 
compared to the road specimens as by adding the simulated 𝐴𝑐∕𝐴0
for the sandpapers on the plot, the difference among the roads is not 
as observable anymore. This is representative of another category of 
surfaces, aligning with the high difference in terms of texture presented 
in Fig.  1.

5. Friction analysis

The contact model was used to estimate the 𝐴𝑐∕𝐴0 ratio by consid-
ering a specific compound, whose viscoelastic properties are reported 
in Section 3. This compound was used as a reference for both indoor 
and outdoor friction testing campaigns. In particular, regarding the 
indoor environment, the friction tester used for this research activity 
was the Evolved British Pendulum of the University of Naples Federico 
II [64] and all the tests were performed on five different road speci-
mens and two sandpapers, whose roughness characteristics have been 
presented in Section 2. Differently, the outdoor testing campaign was 
performed with a high-performance vehicle properly equipped with 
various sensors and the tests were performed on five different tracks, 
whose roughness properties have been presented in Section 2.

The aim of both the indoor and outdoor testing campaigns was to 
evaluate the experimental maximum friction and correlate this quantity 
with the simulated 𝐴 ∕𝐴  ratio.
𝑐 0
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Fig. 11. Road profile analysis: (a) spherical macro asperities and level of indentation of the rubber on the rough substrate, (b) height and peaks distribution for the numerical 
evaluation of the 𝑠 parameter.

Fig. 12. 𝐴𝑐∕𝐴0 simulation as a function of pressure and temperature for each track.

Fig. 13. 𝐴𝑐∕𝐴0 trend for different pressures as a function of the surface temperature - Track 1.
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Fig. 14. 𝐴𝑐∕𝐴0 simulation as a function of pressure and temperature for each road specimen and for the reference compound.
Fig. 15. 𝐴𝑐∕𝐴0 simulation as a function of pressure and temperature for each road specimen and sandpapers and for the reference compound.
5.1. Outdoor testing campaign

The outdoor testing campaign refers to a high-performance vehicle 
instrumented with a range of sensors and all the tests were carried out 
with the same compound on five different tracks. The acquired data was 
used to conduct a friction analysis and a comparison of the performance 
of the tire compound across each track. The aim of the research activity 
was to correlate the simulated 𝐴𝑐∕𝐴0 ratio with the corresponding 
experimental friction values exhibited with the same compound, road 
roughness and tire operating conditions.

The first step consists of extracting the friction values for each track 
based on the acquired telemetry data. The tire friction coefficient by 
definition is evaluated as: 

𝜇 =
𝐹𝑡
𝐹𝑧

(16)

where 𝐹𝑡 is the tangential force and 𝐹𝑧 is the vertical load acting on the 
tire. From this equation, it is thus possible to evaluate the longitudinal 
grip 𝜇𝑥 by considering the longitudinal component of the tangential 
forces 𝐹𝑥, and the lateral grip 𝜇𝑦 by considering the lateral component 
of the tangential forces 𝐹𝑦.

In particular, for this research activity, the attention was mainly 
posed on the pure lateral interaction within the so-called grip-limited 
zones which correspond to the highest friction conditions. Defining 
grip-limited zones as areas of interest proved useful, as it reduced the 
amount of collected data while focusing on conditions where the car 
exhibits high levels of grip. Indeed, achieving high grip values is a key 
to increase both tire performance and road safety.
11 
The theory of grip limited involves identifying all the conditions 
under which it is possible to establish a narrow region of friction values 
close to the border of the adherence ellipse [65]. In this way, only 
the regions associated with high grip values were considered, while 
those with low grip were excluded as they are less relevant for studying 
vehicle performance. Additionally, it is important to note that the loss 
of lateral grip is more critical than the loss of longitudinal grip, making 
the study of lateral adherence essential for understanding tire behavior.

To identify the pure lateral interaction, a series of thresholds have 
been defined on the data, in particular on the slip ratio, tire sideslip 
angle, longitudinal acceleration, lateral acceleration, longitudinal ve-
locity, vertical load and surface temperature channels. The lateral 
friction coefficient versus slip angle plot for the rear axle, obtained 
from the experimental friction testing campaign using the reference 
compound, is shown in Fig.  16. This figure also displays the data related 
to the five different tracks.

Starting from the relationship between lateral friction coefficient 
and slip angle, it is possible to obtain the lateral interaction curve and 
by evaluating the peak of this curve, the maximum attainable friction 
coefficient can be determined. An envelope curve was then imple-
mented to optimize the representation of the acquired data, enhancing 
the accuracy and reliability of the resulting point cloud representa-
tion. The envelope curve was determined through a mathematical 
optimization process to accurately represent the experimental data. To 
ensure robustness and reliability, multiple local maxima were identified 
across the data, and an average was computed to define the reference 
maximum friction coefficient. This approach minimizes the impact of 
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Fig. 16. Friction - Slip angle relationship: experimental points for each track.
Fig. 17. Friction - Slip angle: experimental points and envelope lateral curve for track 1.
outliers and noise, providing a consistent representation of the maxi-
mum achievable grip, which serves as an indicator of tire performance 
and road adherence.

This procedure was performed for each track, and the maximum 
friction coefficient extracted from the lateral interaction curve is rep-
resentative of the maximum friction conditions achieved for that track. 
An example of the envelope curve related to the telemetry data ob-
tained from track 1 for the rear axle is shown in Fig.  17, which also 
represents the enveloped experimental points.

The maximum friction values obtained for each track are detailed 
in the bar diagram shown in Fig.  18. It is noticeable that, under the 
best tire operating conditions characteristic of each track, the highest 
friction is achieved on tracks 4 and 5, track 3 has a medium level of 
friction, and the lowest friction is obtained on tracks 1 and 2.

5.2. Indoor testing campaign

The indoor friction testing campaign was carried out by considering 
the road specimens and the same compound presented in Section 4, re-
garding the 𝐴𝑐∕𝐴0 simulations for the indoor environment. The friction 
tester used in this research is an evolution of the British Pendulum, en-
hanced with additional sensors, from the University of Naples Federico 
II (Fig.  19).

It is equipped with a triaxial load cell and an encoder to measure 
the tangential and normal forces developed during contact between 
the rubber and the asphalt test specimen, as well as the velocity 
of the pendulum arm. This allows for the evaluation of the friction 
12 
coefficient 𝜇 by analyzing the signals resulting from the measurement 
that are recorded using an analog-to-digital converter and processed 
in an appropriate computing environment. The pendulum is supported 
by a robust structure designed to provide stability and allow proper 
positioning of the workbench. The testing bench has an oscillating arm 
which incorporates a pre-loading spring and a lever system to ensure 
consistent contact pressure between the rubber test specimen and the 
road surface during sliding. Additionally, a pre-loading mass is included 
to increase the inertia of the arm once the mechanism is activated.

The structure includes a graduated crown, which is used to identify 
the angular position of the arm relative to the axis passing through the 
center of oscillation and parallel to the workbench. An encoder is also 
integrated to measure the oscillation velocities accurately. The rubber 
specimen, shaped as a parallelepiped is located in the tread specimen 
holder using a specialized adhesive resistant to high mechanical and 
thermal stresses. The base also includes a robust mounting system 
to hold the road test specimens during experiments, with a load cell 
positioned underneath to measure the forces generated during testing.

To establish a relationship between the friction measurements and 
the simulated 𝐴𝑐∕𝐴0 ratio, tests were conducted under controlled tire 
temperature and sliding velocity conditions, mirroring those used in 
the contact model described in Section 4. Fig.  20 presents the friction 
outcomes obtained from the indoor testing campaign on the five road 
specimens and on two sandpapers (each with a different grit size), all 
evaluated using the same compound.

For what concerns the roads, it is possible to notice that for all the 
testing conditions, roads 5 and 4 are high-friction roads, road 3 has 
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Fig. 18. Maximum grip values for each track.
Fig. 19. British pendulum evolved.

a medium level of friction, and roads 2 and 1 are representative of 
low-friction surfaces.

Moreover, as previously noted, the analysis of the two sandpa-
pers with different grain sizes aimed to enhance the reliability of the 
results by incorporating an unconventional scenario, specifically the 
interaction between tires and sandpapers.

By analyzing the results on the tested sandpapers, it is observable 
that they are still coherent and robust since the obtained friction levels 
for the sandpapers are globally higher and different if compared to 
the road specimens, due to their peculiarity and singularity in terms 
of surface texture.

6. Discussion

Based on the analysis of the simulated 𝐴𝑐∕𝐴0 ratios and the ex-
perimental friction values, it is noteworthy that the ranking of the 
simulated 𝐴𝑐∕𝐴0 ratios matches that of the maximum friction values 
in both outdoor and indoor environments.

For what concerns the outdoor, this can be clearly observed by 
comparing Fig.  12 reporting the simulated 𝐴 ∕𝐴  ratio for each track 
𝑐 0

13 
Table 3
Classification of the 𝐴𝑐∕𝐴0 ratio (values reported for 𝑇𝑠𝑢𝑟𝑓 = 70 ◦C, 𝑝 = 100 kPa and 
𝑣𝑠 = 1.85 m/s) and friction values from the highest to the lowest with respect to the 
track.
 Ranking Friction coefficient 𝐴𝑐∕𝐴0  
 1◦ Track 5 4.45E−04 for Track 5 
 2◦ Track 4 4.42E−04 for Track 4 
 3◦ Track 3 3.44E−04 for Track 3 
 4◦ Track 2 2.25E−04 for Track 2 
 5◦ Track 1 1.89E−04 for Track 1 

and Fig.  18 in which the experimental friction values for each track 
are reported. A clear correlation emerges between the friction measure-
ments and the model’s predicted 𝐴𝑐∕𝐴0 ratio: higher friction values 
align with larger 𝐴𝑐∕𝐴0, whereas lower friction values correspond 
to smaller 𝐴𝑐∕𝐴0. Indeed, combining the friction values classification 
and the 𝐴𝑐∕𝐴0 ratio ranking within the same table highlights a clear 
correlation between the two quantities. This is evident in the Table  3 in 
which the classification of the 𝐴𝑐∕𝐴0 ratio and friction values from the 
highest to the lowest with respect to the track is presented. The values 
reported in the table are for a single condition but the relationship is 
valid for all the combinations.

Interestingly, this evidence suggests a strong correlation between 
the 𝐴𝑐∕𝐴0 ratio and the experimental friction coefficient: by consid-
ering the same compound and simulating 𝐴𝑐∕𝐴0 ratio for a specific 
surface, a high 𝐴𝑐∕𝐴0 ratio corresponds to high grip track and vice 
versa.

Moreover, as observed for the outdoor environment, even in the in-
door one it is possible to state the classification of the simulated 𝐴𝑐∕𝐴0
ratio for each road specimen is the same as that of the experimental grip 
values in the same operating conditions. This can be clearly observed 
by comparing Fig.  14, which reports the simulated 𝐴𝑐∕𝐴0 ratio for 
each road specimen, with Fig.  20, which presents the experimental 
friction values for the same specimens, using the same tire compound 
and operating conditions. In addition, this observation holds even when 
considering specific scenarios involving sandpapers with unique surface 
textures. By comparing the simulated 𝐴𝑐∕𝐴0 ratio presented in Fig.  15 
with the experimental friction values shown in Fig.  20, it is evident 
again that a higher 𝐴𝑐∕𝐴0 ratio leads to a higher experimental friction 
coefficient.

A summary of the grip value classification and the simulated 𝐴𝑐∕𝐴0
ratio ranking for the various surfaces considered in the indoor envi-
ronment is provided in Table  4. The table presents the classification of 
both 𝐴𝑐∕𝐴0 ratios and friction values, from highest to lowest,for road 
specimens and sandpapers, once again highlighting a clear correlation 
between the two quantities. Also in this case, the values reported in the 
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Fig. 20. Friction tests results on both road specimens and sandpapers from the British Pendulum evolved for the reference compound.
Table 4
Classification of the 𝐴𝑐∕𝐴0 ratio (values reported for 𝑇𝑠𝑢𝑟𝑓 = 70 ◦C, 𝑝 = 100 kPa 
and 𝑣𝑠 = 1.85 m/s) and friction values (values reported for 𝑇𝑠𝑢𝑟𝑓 = 70 ◦C and 𝑣𝑠
= 1.85 m/s) from the highest to the lowest with respect to the road specimens and
sandpapers.
 Ranking Friction coefficient 𝐴𝑐∕𝐴0  
 1◦ 2.12 for Sandpaper 2000 5.54E−03 for Sandpaper 2000  
 2◦ 1.95 for Sandpaper 500 2.30E−03 for Sandpaper 500  
 3◦ 1.79 for Road Specimen 5 1.71E−03 for Road Specimen 5 
 4◦ 1.73 for Road Specimen 4 1.25E−03 for Road Specimen 4 
 5◦ 1.65 for Road Specimen 3 1.06E−03 for Road Specimen 3 
 6◦ 1.52 for Road Specimen 2 9.41E−04 for Road Specimen 2 
 7◦ 1.45 for Road Specimen 1 6.86E−04 for Road Specimen 1 

table are for a single condition but the relationship is valid for all the 
combinations.

The presented results clearly demonstrate that the simulated 𝐴𝑐∕𝐴0
values consistently align with the experimental friction measurements. 
This correlation is significant: higher friction surfaces correspond to 
higher 𝐴𝑐∕𝐴0 values predicted by the model, while lower friction 
surfaces yield lower 𝐴𝑐∕𝐴0 values. Additionally, whenever two sur-
faces produce similar friction levels, the model predicts comparable 
𝐴𝑐∕𝐴0 values under the same conditions. This consistent relationship 
underscores the reliability of the model and its effectiveness in pre-
dicting friction behavior, highlighting its potential utility in real-world 
applications.

7. Conclusions

In this paper, a physical-analytical contact model was developed 
to predict tire-road interaction by analyzing road roughness, tire vis-
coelasticity, and tire operating conditions through the 𝐴𝑐∕𝐴0 ratio. 
Notably, it showed a strong relationship between the 𝐴𝑐∕𝐴0 ratio and 
experimental friction values at the same operating conditions. The con-
sistency of the results is evident in both outdoor environments, where 
a properly equipped high-performance vehicle on five different tracks 
was considered, and indoor settings, where the tests were conducted 
under controlled conditions using the British Pendulum evolved as 
friction tester on seven different surfaces, including two sandpapers 
with different granulometry to explore unconventional scenarios to 
validate the results. Despite the higher friction coefficients exhibited 
by the sandpapers compared to road surfaces, the model consistently 
predicts a greater real contact area.

In both environments, the classification of the experimental grip 
values aligns properly with the classification of the simulated 𝐴𝑐∕𝐴0
across the various surfaces. This physical-analytical approach closely 
correlates with the experimental friction values expected on a given 
14 
surface. Such analysis supports the evaluation of expected friction lev-
els in tire-road interactions, with direct implications for road safety. It is 
also beneficial in motorsport, enabling performance analysis in virtual 
environments to maximize grip on track according to the selected tire 
compound.

Furthermore, this ratio is significantly affected by the roughness 
of the road surface, the tire’s viscoelastic properties and its operating 
conditions. This forms the basis for further analysis on these topics 
and lays the groundwork for a comprehensive friction analysis. Indeed, 
starting from the results obtained and reported in this paper, further 
developments will focus on implementing of a physical friction model, 
that leverages the observed correlation between variables (friction 
coefficient and 𝐴𝑐∕𝐴0) to predict friction maps for specific roads with 
reference to specific tire compounds.
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