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Scientific Contribution 

 
The research presented in this dissertation is centered on advancing the current 
state of knowledge about tyre/road friction. The main results of this thesis led 
to the following specific advancements in this field: 

 
1. At actual road conditions, the surface roughness variations of a pave-

ment do not solely arise from the polishing of a small percentage of the 
top surface roughness topography. The full surface topography under-
goes changes in macro- and micro-scale. Thus, the PSD calculated using 
the full surface topography, as well as the fractal parameters originated 
from it, cannot be employed to narrate the actual link that exists between 
pavement roughness and friction. Accordingly, the surface roughness 
characterization for tyre/road friction studies at actual road conditions 
needs to be carried out only on the relevant portion of the surface topog-
raphy. 

 
2. The calculation procedure for the top topography surface roughness 

power spectrum was clarified. The realization that the top PSD gives 
about the surface roughness, when it is calculated at different percent-
ages of the top topography, was manifested. 

 
3. It was shown that the top 50% PSD is the only relevant top PSD for con-

tact mechanics calculations, since only top 50% PSD gives the correct 
realization over the asperity distribution of the surface topography. 

 
4. For the top PSD calculations, neither defining a common depth nor a 

common surface area ratio of the pavements’ topographies are the most 
suitable method to find the relevant depth of contact. Both techniques 
impose an intrinsic error on the correlation between friction and long 
roughness wavelengths, as rubber sees long wavelengths differently on 
different pavements. 

 
5. A strong correlation was achieved between the friction and the short-

scale roughness of the pavements, when roughness was characterized 
through the top PSD. 
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6. The replication performance of a high-precision 3D-printer for replicat-
ing the 3D topography of a road pavement was shown to be down to 0.5 
mm in wavelength. 

 
7. Using a 3D printer, polymer blocks with prescribed macro-roughness 

were produced, by which for the first time, the distinct influence of 
macro-roughness on rubber friction was studied. The macro-roughness 
in general tends to reduce rubber friction and the results suggested that 
macro-roughness influences frictional heating, which tends to reduce 
the friction coefficient of rubber. However, the magnitude of macro-
roughness impacts is dependent on the test conditions. 

 
8. From the rubber friction experiments over six decades in velocity, 

Gaussian-like friction-velocity curves μ(v) were observed for two distinct 
rubber compounds (a summer and a winter compound) with a peak 
around 10-2 m s-1. 

 
9. An important source of uncertainty in the predictions of the Persson’s 

friction theory [1], comes from the fact that the exact non-linear large-
strain viscoelastic properties of the filled rubbers is not known at high 
frequencies. The other challenge is to determine the long-wavevector 
cut-off q1, i.e. the shortest surface roughness wavelength that is contrib-
uting to the friction coefficient. 

 
10. Measurements at different (background) temperatures and high sliding 

velocities using a summer compound showed that the μ(v) curve is 
shifted towards lower velocities by about one decade in velocity for every 
~15°C reduction in temperature. A winter compound showed much less 
sensitivity to temperature variations. 



 

1. Introduction 

1.1 Literature and motivation 

Without a doubt, the friction between vehicle tyres and road surface is of great 
importance for traffic safety. Alongside the environmental factors, the friction 
available at the tyre-road interface is determined by both the characteristics of 
the tyre and the surface of the pavement. Hence, improving the friction perfor-
mance without trade-offs with other design parameters such as rolling re-
sistance, noise and durability of tyre/pavement has long been among the chal-
lenges of tyre manufacturers and road authorities.  

From the pavement side, it is well-known that the traffic-induced polishing of 
the pavement surface aggregates reduces the pavement surface skid resistance 
(a term often used to denote contribution to the friction from the pavement). 
Laboratory experiments (e.g.[2]–[4]), using accelerated polishing machines, al-
ready shown that polishing alters the pavement surface roughness profile, 
which directly links to its skid resistance variations. However, until recent years, 
it was not feasible to conduct similar experiments at actual road conditions due 
to the portability issues of high resolution surface profilers. Now, with the in-
troduction of such portable devices, a necessity is felt to conduct field experi-
ments that can address the real variations of the pavement surface roughness. 
Meanwhile, the biggest challenge has always been to link the measured surface 
roughness to the recorded friction data. To quantify pavement surface rough-
ness, quite often, basic depth and skewness metrics have been used, which could 
not well describe the interaction of the tyre with the road. The surface roughness 
of asphalt pavements is somehow unique among other engineering surfaces. 
The relevant surface roughness spectrum that is contributing to friction covers 
a broad range of wavelengths, starting from aggregate-level surface roughness 
down to many tiny features on top of those. This multiscale surface roughness 
asks for indicators that, most of all, are independent of any scale. Additionally, 
significant consideration must be given to the physics of the contact between 
tyre and road pavements. The tyre rubber normally does not make contacts eve-
rywhere on the pavement (full contact) and thus, a partial contact is typically 
expected for passenger/truck tyre interactions on roads [5], [6]. Therefore, an 
ideal surface roughness characterisation for tyre/road friction must only con-
sider the portion of the pavement surface roughness, where the tyre meets the 
road. 

Although the research on pavement skid resistance is tightly intertwined with 
the works of tyre industries, for long the physics of rubber friction attracted 

1 
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mainly the tyre experts in the field. Many physicist became involved in the topic, 
which has led to major advancements on the theories of rubber friction and con-
tact mechanics [1], [5], [7]–[16]. Yet, a theory that can fully explain the experi-
ments has not been derived. The challenges in the theoretical predictions origi-
nate primarily from the complex behaviour of rubbers, being sensitive to the 
variations in temperature and perturbing frequencies. But, the multi-scale na-
ture of the pavement surface roughness adds up to this complexity, where the 
influence of surface roughness at different length scales to rubber friction is not 
well quantified, and, even at some scales, not well understood. Despite the many 
experimental works e.g. [3], [4], [14], [17]–[22] that has found connection be-
tween the short-scale surface roughness of pavements and tyre/road friction, 
still, it is so difficult to attribute the results to a specific roughness length scale. 
Thus, it seems imperative to perform rubber friction experiments, under differ-
ent test conditions, and using counter-surfaces with controlled (or even prede-
fined) surface roughness, to get quantitative insight towards the physics prevail-
ing this interaction. Only through such detailed experimental studies, and later 
direct comparisons with theoretical predictions, it is possible to deal with the 
complex topic of tyre/road friction. 

 
 

1.2 Research objectives 

The main objectives of the research shaping this dissertation were to fill in some 
of the existing gaps in the body of knowledge related to tyre/road friction. In 
this course, the first aim was to conduct field experiments to monitor the actual 
variations in pavements surface roughness, from aggregate-level rough-
ness down to the resolution allowed by the optical profiler. This is an area where 
no similar field experiment is currently available in the literature. Then, the re-
search was targeted at pavement surface roughness characterisation 
techniques, in particular, the surface roughness power spectrum. It intended 
to deal with the range of applicability of surface roughness power spec-
trum at actual road conditions for tyre/road friction studies. It attempted 
to deepen the current understanding about its supplementary technique, i.e. 
top topography surface roughness power spectrum, by showing its ap-
propriate calculation procedure, limitations and practical applications, when re-
lating pavement surface roughness information to friction.  

To advance the current understanding on the contribution of surface rough-
ness to rubber friction, the objective was to introduce, in practice, the unique 
potential of three-dimensional printing technology for tyre/road 
friction studies. This opens the door for controlled experiments on the influ-
ence of roughness on rubber friction. Utilizing this technology, attempts were 
made to demonstrate the distinct influence of surface roughness at 
scales close to the aggregate size on rubber friction (which is typically 
ignored in dry friction studies). Meanwhile, experiments studied the frictional 
behaviour of rubbers at high sliding velocities, which are more relevant 



for tyre/road interactions, yet are less studied experimentally in the literature. 
The results of the experiments were to be compared to the predictions 
of the viscoelastic contribution to the friction using Persson’s rubber 
friction theory [1] to address the current sources of uncertainties in the pre-
dictions of the theory. 

 
 

1.3 Structure of dissertation 

This article-based dissertation is comprised of a research summary, plus the 
original scientific papers, which are the solid outcomes of this doctoral disser-
tation. The summary section that is presented in the beginning is divided into 
four chapters. It starts with an introduction to the topic by clarifying the current 
state of knowledge in the field and identifying the gaps in the literature, which 
led to the definitions of the research objectives. In chapter 2, the background 
knowledge as well as the research methodologies opted to carry out the research 
is stated. This is followed by chapter 3, where a concise collection of the results 
achieved throughout the research is provided and discussed. The summary sec-
tion then ends with a conclusion chapter, providing remarks about the research 
achievements and suggestions for future works. The rest of the dissertation is 
dedicated to the full contribution of this thesis in the form of appended scientific 
articles. 
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2. Research Methodology 

2.1 Pavement surface roughness characterisation 

The use of the term “surface roughness” can be somehow tricky in pavement 
and highway related research. What is widely known to road authorities as road 
“roughness” refers to the longitudinal irregularities in the orders of meters, 
which are relevant for the ride quality of vehicles. However, here the road sur-
face roughness which is a term often cited in the physics of rubber friction, in-
volves scales shorter than the length of the tyre/road contact patch. In PIARC 
(World Road Association) definitions, the road surface roughness length scales 
relevant for pavement skid resistance are categorised as mega-texture (50 mm 
< λ < 500 mm), macro-texture (0.5 mm < λ < 50 mm) and micro-texture (0 < λ 
< 0.5 mm) [23]. In this thesis, the terms macro and micro, wherever used, gen-
erally point out to the surface roughness at lateral scales close to the size of the 
aggregates and scales shorter than those, respectively. 

When the surface geometry of a pavement is measured, the challenging task 
is the next step of surface characterization. This procedure is application de-
pendent, meaning that the selection of surface characterization techniques dif-
fers for ride quality, rolling resistance, noise, friction, etc. In tyre/road friction 
studies, the multi-scale nature of the road pavements along the fact that all 
roughness wavelengths are a priori equally important for rubber friction [5], 
both make it impractical to describe the surface with only a set of basic rough-
ness indicators. This multi-scale character of the asphalt road pavements is il-
lustrated in Figure 1 through the concept of fractals. Fractal surfaces have the 
property that they keep their pattern at every scale. In case the magnified view 
of a fractal surface looks the same under any magnification, the fractal is called 
a self-similar fractal (see Figure 1. (c) for a familiar self-similar fractal). However, 
there are many cases where one has to magnify a fractal surface by different 
scalings in different direcetions to see this self-similarity. These fractals are 
called self-affine fractals. As an example, for a 3D self-affine fractal surface, if 
we dilate the surface by a factor b along x and y direction, we must dilate by a 
factor bH along z direction to see exactly the pattern we had before dilation: 

 
) 

 
Here, H is called Hurst exponent and takes values between 0 and 1. Now, it 

becomes clear thar for a self-similar fractal H = 1. Pavements surfaces tend to 
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be nearly self-affine fractals for a finite range of length scales. Asphalt road sur-
faces typically have H≈0.8 [24]. The Hurst exponent is sometimes called the 
“roughness exponent”, since it is also a measure of how roughness changes with 
length scale. In Figure 1. (a) and (b), two fractal surfaces along with a magnified 
view of an asperity on each are presented. The fractal surfaces were mathemat-
ically generated with different Hurst exponents while other statistical properties 
of the surfaces were kept the same. As follows from the figure, at high magnifi-
cation, a lower Hurst exponent results in rougher surface characteristics. Worth 
noting that, the Hurst exponent is directly related to the fractal dimension D of 
a surface topography by D = 3-H. 

 
 

 

Figure 1. Fractal surfaces. (a) and (b) are mathematically generated self-affine fractals with H = 
0.7 and H= 0.9, respectively. (c) Romanesco broccoli is an example of a self-similar fractal in 
nature. 

On the account of this complexity in the surface roughness of pavements, basic 
amplitude parameters, such as root-mean-square roughness (Rq), mean profile 
depth (MPD), skewness (Rsk), kurtosis (Rku) or even BAC (bearing area curve) 



cannot narrate the link between roughness and friction. One fundamental limi-
tation of these parameters is that their reported values are dominant only by the 
longest wavelengths under study. These parameters are sensitive to the size of 
the measured area on the surface; hence, measurements from different instru-
ments usually cannot be compared to each other. 
 

2.1.1 Surface roughness power spectrum (PSD) 

In this dissertation, surface characterisation is mainly carried out by the surface 
roughness power spectrum, which is obtained through the Fast Fourier trans-
form (FFT) algorithm. One of the recent motives for the frequent use of PSD in 
the pavement surface roughness analysis has been its use as an input roughness 
indicator into rubber friction theories. In general, different signal processing 
techniques has been studied in the literature for the characterisation of pave-
ment surface roughness at multi-scale, such as attempts made by wavelet anal-
ysis [25], [26] and Hilbert-Huang transform (HHT) [27]–[29]. The basis of all 
methods lies on decomposing the surface profile/topography to its base fre-
quency contents, using predefined functions or empirical techniques. In wavelet 
and HH transforms, the time/space information are contained in the output re-
sults, i.e. the positioning information is not lost in the frequency domain. This 
is not the case for the power spectrum. However, the main question is how rel-
evant are the spatial information of the pavement surface roughness in 
tyre/road friction studies. The surface of an asphalt road pavement is mainly 
comprised of a mixture of aggregates and bitumen, randomly distributed along 
the pavement surface. Therefore, the assumption of pavement texture being of 
a stationary nature, where statistical properties of the surface are translationally 
invariant, is to some extent valid for studies of this character. In this manner, 
for a randomly rough isotropic surface, when the surface height distribution can 
be approximated with a Gaussian distribution, all the statistical properties of 
the surface are contained in its PSD defined by [24]: 
 

 

 
where x = (x,y)  and z = h(x) is the surface height topography. C(q) is the surface 
roughness power spectrum,  is the roughness wavevector and the nota-

tion …  stands for ensemble averaging. The integration is carried out over the 
surface area A, where A = Lx  × Ly  with Lx and Ly being the length of the topog-
raphy image in x and y direction, respectively. For the isotropic surfaces, C(q) 
vector is independent of its phase information and only depends on the magni-
tude of q. Therefore, one can apply a radial average to the 2D matrix of C(q) 
values (Figure 2. (a)) and obtain the radially averaged surface roughness power 
spectrum presented in Figure 2. (b), known as the PSD. Randomly rough Gauss-
ian isotropic surfaces are fully characterised by three parameters namely Rq, H 
and qr, which are illustrated in Figure 2. (b). A typical PSD of an asphalt road 
surface is similar to this graph. In case of an asphalt road pavement, qr namely 
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the roll-off wavevector, represents the nominal size of the surface aggregates. 
The Hurst exponent H, which was already introduced in the text, is a parameter 
that quantifies how roughness changes with the scale of the study. The Rq sur-
face roughness equals to the area under the power spectrum, which is a conse-
quence of the Parseval’s theorem. The two other wavevectors marked in the 
graph, i.e. q0 1 and q1, are the short- and long-wavenumber cut-offs, respectively. 
The q0 is determined by the lateral size L of the surface topography q0 , and 

the q1 is the shortest surface roughness wavelength that is contributing to the 
friction coefficient. Here, it is worth noting that, when there is a roll-off 
wavevector in the surface roughness power spectrum, which is the case for as-
phalt pavements measured in an area much larger than the size of their aggre-
gates, averaging over the measurement area is the same as an ensemble averag-
ing [24]. 
 

 

Figure 2. (a) The 2D-C(q) of an isotropic surface roughness. (b) The radially averaged surface 
roughness power spectrum of an isotropic surface roughness. A typical PSD for the surface of an 
asphalt pavement looks like the graph in (b). 

 
Now, what if the surface height of an asphalt road pavement deviates from an 
ideal Gaussian distribution (skewed topography), which is seen in the experi-
ments [Article I]? In addition, if the tyre makes only a partial contact with the 
road surface e.g. see [5], [21], [30]–[32], what would be the possible misinter-
pretations when considering the whole roughness topography to find relations 
with the friction coefficients. Here, the challenge arises from surface roughness 
characterisation of pavements not only at multi-scale, but also on the portion of 
the surface topography relevant for tyre/road contact. In a laboratory polishing 
experiments only the top portion of the pavement surface is subjected to change 
in roughness; therefore, any change in the PSD of full surface topography, in-
deed originates from the variations in the top topography. However, is this the 

                                                           
1 Sometimes the notation q0 is used to represent the roll-off wavevector. Currently, there is no 
cerain notation for the roll-off wavevector. In this summary, the notation qr is used, which we 
find more appropriate in this context. 



case for field measurements on actual road pavements under real environmen-
tal conditions? 

2.1.2 Top PSD and rubber penetration depth 

The hot mix asphalt compaction process, pavement mix design such as open-
graded asphalt pavements or even changes in the climate, all influence the pave-
ment surface skewness. Any non-random distribution in the surface heights bi-
ases the results of the calculated roughness power spectrum. Considering Figure 
3 as an example, the presence of a large valley in the surface topography esca-
lates the energy level on a wide range of wavelengths, while this increase has no 
influence on the corresponding friction coefficient of the pavement. For this rea-
son, there is an urge towards the multi-scale characterisation of the surface 
roughness only on the upper portion of the surface topography.  

 

 

Figure 3. Effect of surface skewness on the calculated PSD for a pavement surface topography. 
[Article I] 

 
The top and bottom surface roughness power spectrums were first introduced 
by Persson et al. [24] defined such that: 
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where hT(x) = h(x)  for h > 0 and zero otherwise, hB(x) = h(x)  for h < 0 and zero 
otherwise. Although this approach was first introduced by Persson et al.[24], 
the concept of its calculation and the realization it gives about the surface rough-
ness characteristics requires additional explanations. This has been covered in 
depth in [Article II] and summarised here as well. In this work, it is demon-
strated that what Hartikainen et al. [21] refer to as the “area-corrected/non-area 
corrected top power spectrum” is only related to assigning correct Rq to the cal-
culated top power spectrum.  

The Fourier transform is linear. This makes it trivial that for a randomly rough 
surface, the results of the calculations with each of the above formulations must 
contain exactly half of the energy that is present in the full C(q). This has been 
shown in Figure 4. (a) for a randomly rough fractal surface. However, what we 
expect is to see the exact same statistical roughness descriptions for the top, 
bottom and full PSD, as displayed in Figure 4. (b). On this account, it is essential 
to apply a correction to the Top/bottom PSD calculations, which here we call 
the “Rq correction”. Considering for instance the top PSD calculations, the bot-
tom surface topography is replaced with zeros. Therefore, the Rq that is repre-
sented in the top PSD is lower than the actual Rq of the top topography, i.e.: 

 

 

 

 
where N = NT+ NB  is the total number of data points in the full surface topog-
raphy, and NT and NB  are the corresponding number of data points in the top 
and bottom topography. Now, if we apply this correction to the calculations in 
Eq. (2), we obtain the Rq corrected top PSD (from now on we call it the top PSD) 
shown in Figure 4. (b) [For further details see Article II]. 
 

 

Figure 4. Top topography analysis of a fractal surface. (a) Full, top and bottom power spectra 
with no correction of Rq. (b) Compensating for the reduction in Rq for top and bottom power spec-
trum. [Article II] 



In general, the top power spectrum could be calculated for any portions of the 
top surface topography. Yet, for the tyre/road friction studies, it is the contact 
mechanics that determines the relevant portion of the surface topography for 
the calculations. There are two important sides to identifying this appropriate 
depth/portion of the surface topography. First, if the surface roughness of an 
asphalt pavement behaves like a self-affine fractal, then considering smaller and 
smaller portions of the top topography, only results in the filtering of the longer 
wavelengths more and more, with no influence on the short-scale roughness. 
But, on the second thought, what if on real road pavements the short-scale sur-
face roughness varies as rubber penetrates deeper into the surface height topog-
raphy (contrary to a case of fractal). Then, the top PSD will be influenced at all 
length scales by the portion of the top topography that is used in the calcula-
tions. 

To pick out the correct portion of the top topography for the PSD calculations, 
we need to look for the average indentation depth or the average interfacial sep-
aration  of a tyre in contact with a road pavement. This is a challenging task, 
as the interactions between tyre and road involves a wide range of influential 
parameters. However, Persson [33] derived a relation between the average in-
terfacial separation and the normal load for the contact of a rigid solid with a 
randomly rough surface. For the case of a self-affine fractal surface with a fractal 
dimension D ≤ 2.5, he introduced a general form for the relation between the 
squeezing pressure and  [33]: 

 
 

 
where E* = E / (1 - ν2) and for rubber typically ν ≈ 0.5 , p is the squeezing pres-
sure, ϵ ≈0.7493, qr is again the roll-off wavevector of the surface, γ ≈0.5 [33], 
[34]. In this manner, a rough estimate over the depth of the rubber penetration 
into the pavements could be achieved by adopting Eq. (6), while setting the pa-
rameters as close to the experimental conditions as possible. The top PSD cal-
culated at this depth could then be used for further correlation analysis of the 
roughness with the friction. However, special care must be given to the sensitiv-
ity of the results to this estimated depth before making any conclusive interpre-
tations. 

 
 

2.2 Three-dimensional printing 

Performance optimisation of the tyre rubber compounds is one of the central 
areas of research and development at tyre industries. Among the research tools, 
controlled laboratory rubber friction experiments are of great importance to test 
the performance of different compounds. However, the surface roughness of the 
asphalt test specimens in use are constantly evolving through the course of the 
measurements, which makes the interpretation of the results challenging. 
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Above all, the exploration of the exact link between surface roughness and rub-
ber friction is still an open question in science. Let’s consider rubber friction 
experiments on two asphalts with different nominal aggregate size. Here, still 
the difference in the friction coefficients cannot directly be linked to their dif-
ference in macro- roughness, because usually the roughness at other length 
scales may differ, too. In this regard, the solution only lies in rubber friction 
experiments on counter-surfaces with controlled surface roughness at different 
length scales. 

Additive manufacturing, or three-dimensional (3D-) printing is a fast-growing 
technology which seems to induce fundamental changes in the manufacturing 
processes. This technique allows to synthesize customised designs, with cus-
tomised selection of materials. Although up to now, the technology is limited in 
the resolution of its final products as well as the available range of materials, the 
potential of this technology in the research fields is very promising.  

 
 

 

Figure 5. A printed replica of an asphalt pavement, the enclosed red area shows the printed re-
gion. The photo was taken after the friction tests. [Article III] 

 
For the first time, we have suggested the use of the 3D-printing technology in 
the fundamental research on tyre/road friction. In the first phase of this study, 
we investigated the replication efficacy of a high resolution commercial 3D-
printer in reproducing the surface roughness of actual road pavements. In Fig-
ure 5, a sample printed pattern of an asphalt pavement using the same 3D-
printer is presented. We started by measuring the surface topography of a piece 
from an actual road pavement by means of a high resolution optical profiler. 
However, in commercial optical profilers, the size of the measurement area on 
the sample surface is limited. Consequently, one single topography is insuffi-
cient in length for any later sliding friction experiments on top of the printed 
patterns. Hence, a feature-based image registration algorithm was developed 
and implemented during the research to automatically stitch the images ob-
tained from the surface of the sample. In Figure 6. (a), successful registration of 
14 images from the asphalt specimen is shown, resulting in a final topography 
with a length of 28 cm. It is also nice to see the effect of the topography size on 
the calculated surface roughness power spectrums. This is shown in Figure 6. 
(b) for the same asphalt piece under study. Since the nominal maximum size of 



the surface aggregates were quite large, one can see that a single image (3 cm in 
length) is not adequate for a correct estimation of the roll-off wavevector of the 
pavement surface. 

 
 

 

Figure 6. Final stitched topography of 14 images captured on the laboratory asphalt specimen. 
(b) surface roughness power spectrums of asphalt specimen for topographies of length 3 cm, 12 
cm and 28 cm. [Article III] 

 
The second phase of the study was focused on the ability of the 3D-printer to 
create customised polymer blocks with prescribed surface roughness. The ex-
periments were designed so that the separate impact of macro- and micro-
roughness on rubber friction could be evaluated. In the first case, we mathemat-
ically generated the topography z = h(x,y) of two randomly rough fractal sur-
faces with the same macro level roughness (same Rq and qr), but with different 
Hurst exponents (see Figure 7. (a) for corresponding PSDs). The second case 
was generated in a similar fashion, but this time, the three generated fractals 
had different macro-roughness, but the same micro-roughness (same H) as 
could be seen from their PSDs in Figure 7. (b). The latter is the typical PSD rep-
resentation of pavements that share the same aggregate material and mix de-
sign, but have different nominal aggregate sizes. Finally, the polymer blocks 
were then printed from these digital models for the rubber friction experiments. 

 
 

 

Figure 7. The calculated PSDs for the randomly rough fractal surfaces having (a) different Hurst 
exponents, or (b) different combinations of Rq and qr. [Article III] 
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2.3 Rubber friction 

Rubber is a viscoelastic material, meaning that the mechanical properties of the 
rubber lies in between the properties of a pure elastic material and a pure vis-
cous fluid. What makes rubber so special is its low elastic modulus and its high 
internal friction over a wide range of perturbing frequencies [5]. The viscoelastic 
properties of the tyre rubber compound are a critical element in determining 
the available friction at the tyre/road interface. For rubber friction, several dif-
ferent contributions are usually considered, but all are mainly grouped under 
the two contributions, namely adhesion and hysteresis. The adhesion contribu-
tion comes from the shearing processes at the area of real contact. Several dif-
ferent possibilities are proposed regarding the origins of this contribution in 
[14], such as adhesive bonding-stretching-debonding cycles, interfacial crack 
propagation or interaction between filler particles (for filled rubbers) with the 
counter-surface. However, for the rubber sliding on contaminated surfaces, 
rough surfaces, as well as rubber sliding at high velocities, this contribution to 
rubber friction is typically said to be negligible. Since, mostly, all three cases 
seem true for the tyre/road contact at actual field conditions, the dominant con-
tribution is frequently assigned to the bulk hysteresis in rubber. Here, it is worth 
noting that the relative importance of the two contributions to rubber friction is 
still an open topic in this research field. Yet, the measured friction coefficients 
cannot be predicted by the theory, when only a viscoelastic contribution to the 
rubber friction is assumed [14]. 

When the rubber is sliding over the asperities of a road surface, the (multi-
scale) surface roughness of the road exerts oscillating forces to the rubber in a 
wide range of frequencies (relevant to the roughness length scale). This results 
in viscoelastic deformations, and thus, hysteresis loss inside the rubber. Among 
the recent developments in the theories of rubber friction, so far only the pre-
dictions of the Persson’s theory [1], [5], [14] has fairly been able to explain the 
results of the laboratory rubber friction experiments [14], [18], [20], [35]. 
Persson derived a set of equations which calculate the viscoelastic contribution 
to the friction coefficient. When a rubber block is sliding on a hard randomly 
rough surface, the friction coefficient could be predicted by [5]: 

 

 

 
Here, ϕ is the wavevector phase angle in polar coordinates (where ϕ = 0 is the 

sliding direction), E = E' + iE'' is the complex viscoelastic modulus of the rubber 
where E' is the storage modulus and E'' is the loss modulus of the rubber, v is 
the sliding velocity, T0 is the rubber (background) temperature, σ0 is the nomi-
nal contact pressure, ν is the Poisson’s ratio of the rubber and Im stands for 
imaginary. The integral limits q0 and q1 are the short- and long- wavevector cut-
offs, respectively, that are used in the calculations. The P(q) is the ratio of the 
area of real contact to the nominal contact area (Ar/A0 ) at each magnification, 
which itself depends on C(q) (for details about the P(q) calculations see [5]). In 



the first theory of Persson (Eq. (7)) [5] which is known as the cold friction the-
ory, the local heating of the rubber from the frictional energy dissipation was 
not studied. Since the viscoelastic properties of the rubber are extremely sensi-
tive to the temperature, the theory was predicting much larger friction coeffi-
cients than those observed in the measurements at sliding velocities above 10-2 
m s-1 (where heating effects can no longer be neglected). Later, Persson extended 
his theory [5] to include these local (flash) temperatures Tq which are them-
selves dependent on the roughness length scales [1], [12]. With the calculation 
of Tq and later replacing this temperature with the term T0 in Eq. (7), the hot 
friction theory of Persson was then developed.  

One important input for Persson’s theory is the knowledge on the complex 
viscoelastic modulus of the rubber. This is typically measured by means of a dy-
namic mechanical analysis (DMA) instrument. In DMA, a sinusoidal defor-
mation is applied to the rubber sample over a few decades in frequency, but at 
various temperatures, and the sample response is then measured. Next, a mas-
ter curve is built from these single branches of the DMA results using the time-
temperature superposition principal [36], [37]. Most materials show a linear 
behaviour only in a limited range of strains (<0.1%). Within this linear region, 
the material’s response in independent of the strain amplitude. However, it was 
shown in [20] that the order of the strains involved in the asperity contact re-
gions is directly related to the root-mean-square slope (κ) of the surface rough-
ness. Since, for road surface κ≈1, the strain will be of order unity (100%) during 
the tyre/road contact [20]. On this account, it is essential to measure the non-
linear behaviour of the rubber compounds under large-strains. This is typically 
done by means of a strain sweep test in DMA, where the frequency is kept fixed, 
while the strain amplitude is incrementally increased until the sample ruptures, 
or else reaches a prescribed strain level.  

One important indicator that is obtained from the DMA results is the ratio 
between the loss modulus and the storage modulus of the rubber, well-known 
as the loss factor (or loss tangent): 

 

 

 
where δ is the phase lag that exists between the strain and the stress signals. The 
peak of the viscoelastic friction coefficient is predicted to appear within the fre-
quency regions where the loss tangent is at its maximum. In other words, we 
can expect a high hysteresis friction for the tyre/road contact, if the loss modu-
lus is at a high level, while still the rubber is soft enough to establish proper area 
of real contact with the road surface. 

To evaluate the prediction capabilities of the theory, direct comparison of the 
theory with the measurements must be performed for a variety of different sys-
tems (different rubber compounds, counter-surfaces with different roughness 
properties, different sliding velocities and various temperatures). Here, we 
studied two rubber tread compounds, a typical summer tyre tread compound 
(referred in the text as S compound) and a typical winter tyre tread compound 
(referred in the text as W compound). In Figure 8 the compounds are compared 
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with each other in terms of their difference in the storage modulus, the loss 
modulus and the loss tangent using the DMA results measured at both small- 
and large-strains. Let’s consider the tan δ curves presented in Figure 8. (c). As 
can be seen from this figure, the peak of the loss tangents happen at two differ-
ent frequency regions for the two compounds. In fact, this is what tyre compa-
nies are looking for when optimising the performance of compounds for specific 
applications. All master curves shown in Figure 8 are obtained for a reference 
temperature T = 20 C°. However, as stated earlier in the text, the rubber visco-
elastic properties are extremely sensitive to temperature variations. Any de-
crease (increase) in temperature, results in the shift of the viscoelastic master 
curve to lower (higher) frequencies. In this sense, the hysteresis friction-velocity 
curve is expected to show a similar temperature dependency as that of the bulk 
viscoelastic modulus, which is very interesting to study. 

 
 

 
 

Figure 8. Dynamic mechanical analysis of a summer (S) and winter (W) compounds. (a) Real 
part of the elastic modulus. (b) Imaginary part of the viscoelastic modulus. (c) The tan δ of the 
compounds. The reference temperature used to build the master curves was 20 C°. The solid 
lines represent the results for small strain (0.04%) measurements. The squares show the results 
obtained by strain sweeps for the strain values which typically prevail on a surface with the root-
mean-square (rms) slope κ = 0.3. [Article IV]  

 
The large-strain viscoelastic master curves (the squares) presented in Figure 8 
are based on the calculations for a rubber in contact with a surface which has a 
root-mean-square slope κ = 0.3. However, based on our previous discussions, 
the tyre rubber typically undergoes very large strains during the contact with 



the road surface. This influence of κ on the resulting large-strain master curve 
of the rubber is given in Figure 9 (as an example, only the results of the storage 
modulus is presented). As follows from the figure, the number of the large strain 
data points available depends on κ, i.e. the actual strain involved in the asperity 
contact regions. This originates from the fact that the rheological behaviour of 
the rubber at high frequencies requires the strain sweep measurements to be 
carried out at very low temperatures. However, the lower the temperature, the 
rubber ruptures sooner during DMA measurements in the tensile mode. In this 
case, at low temperatures, the large-strain data are limited by a certain strain 
(much below the prescribed strain) where the rubber ruptures. Therefore, we 
can only extrapolate the unknown part of the viscoelastic modulus (dashed lines 
in Figure 9). In this work, the sensitivity of the Persson’s theory predictions on 
this extrapolated region is discussed. This is one source of uncertainty in the 
predictions of the theory. 

 
 

 

Figure 9. The effect of rms slope κ on the large-strain master curve for compound S. Due to the 
experimental limitations with DMA instrument in tensile mode, for higher frequencies, smooth ex-
trapolations were used (dash lines). [Article IV] 

 
For direct comparison with the theory, rubber friction experiments are typically 
carried out at such low sliding velocities that the frictional heating could be ne-
glected [14], [18], [20]. However, in typical tyre/road sliding contacts, the fric-
tional heating is inevitable. The frictional behaviour of rubbers under high slid-
ing velocities are not properly studied. Thus, there is a gap in the literature on 
the rubber friction experiments at high sliding velocities (above 10-2 m s-1). Here, 
we report on the rubber friction coefficients measured over six decades in veloc-
ities, from 10-6 m s-1 to 1 m s-1 using two custom-built friction instruments. The 
low velocity measurements were carried out using a simple Leonardo da Vinci 
setup. In this setup, two rubber blocks are glued to a wood plate, which are then 
sliding on the surface of the asphalt/printed samples. The sliding distance is 
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measured using a distance sensor and the sliding velocity v is obtained by divid-
ing the sliding distance with the sliding time. For further details regarding the 
Leonardo Da Vinci  setup, refer to [38]. The instrument could only measure the 
friction coefficient on the branch of the μ(v)-curve where the friction coefficient 
increases with increasing sliding velocities. For higher velocities (10-3 m s-1 < v 
< 1 m s-1), we used a linear friction tester. In this setup, a rubber block is glued 
to an aluminum plate, which is then sliding on the surface of the asphalt/printed 
samples. This instrument is equipped with a servo motor and a linear guide to 
produce the sliding movement. The normal load is applied by means of a pneu-
matic cylinder. For detailed specifications and a schematic of the instrument, 
see [39]. The impact of the sliding velocity, the rubber background temperature, 
the rubber compound as well as the substrate’s macro-roughness on the result-
ing rubber friction coefficients was explored experimentally in [Article IV], and 
the results are summarised here. 
  



3. Results and Discussions 

3.1 Actual macro- and micro-roughness variations of road pave-
ments 

In [Article I], the 3D surface topography of three asphalt pavements were mon-
itored for a period of nine months (from May to November) to examine the ac-
tual variations in their macro- and micro-roughness. The test sections were se-
lected based on the variability of their traffic flow and the number of heavy ve-
hicles per year. One of the pavements was a dense graded asphalt concrete (AB 
in Finnish or DAC in English) with a nominal maximum aggregate size of 16 mm 
(here pavement A) and the two others were stone mastic asphalts (SMA) with a 
nominal maximum aggregate size of 11 mm (here pavements B and C). For de-
tailed specification of the road refer to [Article I]. For surface roughness char-
acterisation, the primary technique was the surface roughness power spectrum. 
However, the measurement area of the portable optical profiler was limited (46 
mm × 29 mm), so the PSD results at macro-scale did not show enough statistical 
significance for the analysis. This relates to the fact that in PSD technique, the 
surface topography is being modelled by a series of sinusoidal waves; however, 
when the size of the topography is limited, there is a poor accuracy for long 
wavelengths. This could be overcome for instance by image stitching techniques 
to have a larger measurement area (see Figure 6. (b)). Hence, the macro-rough-
ness variation was monitored using two amplitude parameters: 

 

 

 

 

 
where z(x,y) is the surface height topography and A is the measured area on the 
pavement surface roughness. Both formulations were reconstructed from [40] 
by extending the 1D profile case to a 2D topography measurement. The results 
of the macro-roughness evolution are shown in Figure 10 for the three studied 
pavements. A box-and-whisker plot is used for visualising the data through their 
quartiles, with the whiskers representing one standard deviation above and be-
low the mean of each set. The red lines are the mean variations of the surface 
macro-roughness. The main result of the analysis is that, at actual road condi-
tions, both the magnitude and the skewness of the pavement surface macro-
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roughness varies through the time-scale of the study. Since the two SMA11 pave-
ments show different variation patterns in both their Rq and Rsk parameters, it 
was concluded that the patterns of the variations are not dependent on the pave-
ment types, but on their locations. 

The variations in the micro-roughness of the pavements were quantified using 
the PSDs. For the analysis, the assumption of normal distributions for the sur-
face topographies had to be made. To increase accuracy, topographies with high 
Rsk index were excluded in the PSD analysis (see Figure 3). Later in [Article II], 
the top PSD technique was employed which could handle also these skewed to-
pographies (see sections 3.3 – 3.5). Here, in all three pavements, the results 
showed that the micro-roughness was constantly evolving through time, while 
sometimes more prominent for a specific location. Roughly, the results sug-
gested an increasing trend in the micro-roughness of the pavements. As an ex-
ample, in Figure 11, the calculated PSDs for location C is presented. Looking at 
the magnified micro-region (corresponding to wavelengths 150-500 μm), the 
roughness had a nearly increasing trend through March to September. In other 
words, the wear phenomena, which corresponds to a reduction in the power of 
the spectral graph, was barely noticed as a dominant pattern. 

 

 

Figure 10. Variations in the Rq (left) and Rsk (right) surface roughness of the three pavements. 
Top graphs are the results for pavement A (AB16), middle graphs for pavement B (SMA11) and 
bottom graphs for pavement C (SMA11). [Article I] 

 
It would also be useful to see an overlay of the profiler’s camera images on the 
topography images, since it could help us observe patterns which can’t be per-
ceived from PSD graphs. This is shown in Figure 12 for location C, at four rep-
resentative months. From the figure, the micro-roughness outburst could also 



be seen from the images, for instance by comparing the images for March and 
August. The increase in the number of tiny black dots in the image related to 
August (compared to March) is a representation of higher micro-roughness 
level during the warm season. This qualitative observation is in line with the 
calculated PSDs shown in Figure 11 (see the magnified micro-region) where 
much higher power was also noticed for August compared to March. This phe-
nomenon could be a result of bitumen flow at higher temperatures that allows 
more of the aggregates to be exposed during warm periods. Also, we must admit 
that dust may penetrate the soft matrix of pavements at warm seasons, when it 
is accompanied by traffic stress. Next note about the figure was the cracks 
around most aggregates that started to show up in the early summer (see June 
and August images in Figure 12, cracks are marked with red arrows). This ob-
servation surprisingly vanished in November for all the surface topographies 
that were recorded on this location. This could be related to what is known as 
the self-healing of the road pavements, where a crack in the pavement could be 
closed by itself. It is also worth noting that the observation on cracks around 
stones was only noticed at the pavement surface of location C. 

Overall, the results showed that surface roughness power spectrum of the full 
surface topography could be utilized for the surface roughness monitoring of the 
pavements. However, it fails to solely characterize the surface roughness varia-
tions due to traffic-induced polishing at actual road conditions. This originates 
from the nature of field experiments compared to a laboratory say polishing ex-
periment, where only the top surface topography is subjected to change in 
roughness. At actual road conditions, the whole surface topography is subjected 
to many environmental factors, resulting in variations at both macro- and mi-
cro-scale in the whole surface topography. 

 

 

Figure 11. Macro- and micro-roughness variations of the full surface roughness topographies of 
location C using PSD technique. [Article I] 
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Figure 12. Overlay of camera images over surface topography images for four representative 
months at location C. Only one indicative image is shown for each date. Red arrows mark the 
cracks around the stones. [Article I] 

3.2 Pavement friction coefficient: relation to measurement varia-
bles 

For this research summary, in Figure 13 only the result of the experiments cor-
responding to the measured friction variations at location C is presented (for 
two other locations refer to [Article I]). As follows from this figure, the measured 
friction coefficients increased with the increase in ambient temperature (Ta) and 
decreased as the temperature decreased again after summer period. A similar 
pattern in friction variations was also noticed at location B; but, only a fluctua-
tion in the friction coefficients was observed at location A [Article I]. One aim of 
the research was to judge the relevance of the fractal parameters as an indicator 
of the pavement surface roughness during pavement friction evaluation. Hence, 
the parameters H and qr along with one other indicator C(104) ( i.e. the power 
at q= 4 m-1) were obtained from the surface roughness power spectrums. Here, 
it is important to keep in mind that, the estimation of H and qr from the PSD, 
which is commonly done by curve fitting techniques, can itself be a source of 
error when these indicators are used in the analysis. The calculated PSDs some-
time show deviation from a self-affine fractal at short length scales, which af-
fects the estimation of Hurst exponent. Additionally, in current portable optical 
profilers, the size of the measurement area could sometimes be insufficient for 
a proper estimation of qr from the PSD graph (see [Article II], or refer to Figure 
6. (b) of this summary). 

 

 

Figure 13. The variations in the measured dry friction coefficient and the calculated Hurst expo-
nent during the study for location C. [Article I] 



In Figure 13, the variations of the H parameter through the time-scale of the 
study is also presented on the secondary vertical axis of the graph. However, to 
have a quantitative view on the effect of each measurement variable, i.e. rough-
ness indicators and temperature, on the variations in the friction coefficient, 
correlation analysis was carried out between friction and each of the variables. 
The Pearson correlation coefficient, which is a measure of the linear dependency 
between two quantities, was calculated for each two variables. This coefficient 
is obtained by dividing the covariance of the two variables by the product of their 
standard deviations. The results of the analysis are presented in Table 1 for the 
three studied pavements. From this table, the highest correlation coefficient was 
achieved for the relation between temperature and friction coefficients, exhibit-
ing a very strong positive correlation with each other. This was only true for two 
out of the three locations. The effect of temperature on friction coefficient is a 
controversial topic, since the relation is dependent on the friction tester espe-
cially the test speed and the tyre/rubber compounding used for testing. This 
makes it hard to compare the results obtained with different instruments. From 
pre-knowledge about the Hurst exponent, that a lower H value corresponds to 
a rougher surface at short length scales, one expects to observe a negative cor-
relation between H parameter and friction coefficient. However, this was only 
observed at one location with a weak strength of association. Even C(104) which 
is a direct measure of roughness amplitude at a certain length scale exhibited 
different relations with friction coefficient at each of the locations: a weak neg-
ative, a weak positive and a strong positive correlation coefficient. From the re-
sults, there seems to be a fundamental issue with the roughness indicators ob-
tained from the full surface topography, and accordingly from the calculated 
PSD of the full surface topography. Friction is dependent on the surface rough-
ness of the full topography if the variations in the surface roughness at different 
length scales only take place on the upper part of the surface topography, where 
the actual contact typically happens. In actual site measurements, the whole 
surface topography is evolving in macro- and micro-scale, in contrast to similar 
laboratory experiments. Therefore, there is a need for the characterisation of the 
pavement surface roughness only at the relevant portion of the top surface to-
pography. 

 

Table 1. Correlation of temperature and the chosen surface roughness indicators with dry friction 
coefficient. [Article I] 

  Pearson correlation coefficient 

Variable Location A Location B Location C 

H 0.358 0.097 -0.261 

C(104) -0.330 0.327 0.650 

qr -0.116 0.668 0.584 

Rq -0.428 -0.328 -0.350 

Ta 0.098 0.805 0.946 
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3.3 What does top PSD say about the surface roughness charac-
teristics?  

In Figure 14. (a), the top topography (h > 0) of a randomly rough fractal surface 
is shown. The top PSD calculated for this topography is presented in Figure 14. 
(b). Now, if we again generate a randomly rough fractal surface using this sur-
face roughness power spectrum, but adopting a random phase in the range [0 
2π], we reach to the surface topography exhibited in Figure 14. (c), which 
Persson et al. [24] described it as a surface topography in which the bottom to-
pography was replaced by a mirrored top topography. Although the new gener-
ated topography is not the same as the original top topography, it still gives the 
same perception about asperity distribution on the original top topography. 
Therefore, the prerequisite that the surface under characterisation must have a 
random nature is too important in this context. For a randomly rough surface, 
the phase information in the calculated PSD describes all the positioning infor-
mation about the surface roughness (e.g. in a pavement, the exact location of 
stones on the topography) which becomes unimportant for a statistical surface 
characterisation, and description of the contact mechanics on such a surface. 

 

 

Figure 14. Top topography of a generated fractal surface. (b) The calculated top PSD. (c) Gen-
erated randomly rough surface from the top PSD using a random phase in the range [0 2π]. 
[Article II] 

The top PSD can be calculated at any portions of the top topography and not 
just the top 50% of the surface topography. If we cut the topography of a fractal 
surface at different depths along the surface height, it is trivial that the calcu-
lated top PSDs will share the same scaling at short-scale wavelengths. However, 
the longer wavelengths will be filtered out, when we choose smaller portions of 
the top topography. In the context of tyre/road contact mechanics, this does not 
mean altering the long wavelengths of the road surface roughness. If, from ear-



lier knowledge, we know the rubber penetration depth into the surface asperi-
ties, then any longer wavelengths beyond this depth have no contribution to the 
friction, since the rubber cannot see those wavelengths. Therefore, the top PSD 
calculated at any portions of the top topography can be used for the surface 
characterisation. However, only the top PSD calculated at the top 50% of the 
surface topography gives a correct realization about the asperity heights distri-
butions, which are an important piece of information for the calculations of con-
tact mechanics. This is illustrated in Figure 15 using a generated fractal surface. 
In Figure 15. (a) and (b), the top 20% topography and its calculated top PSD for 
a fractal surface are presented, respectively. Now, if we again generate a ran-
domly rough surface from the top 20% PSD, we get a surface with totally differ-
ent asperity distributions (Figure 15. (c)) than the original top 20% topography. 
This arises from the percentage of data and the corresponding Rq for that por-
tion of the surface. In simple words, now the same Rq is contained in the old top 
20% topography and the new generated full topography, while they share the 
same PSD. This is an important conclusion about the range of applicability of 
the top PSD technique as an input for the contact mechanics calculations. 

 

 

Figure 15. Two topographies sharing the same PSD but with different asperity distribution. (a) 
Top 20% of a fractal surface. (b) Calculated top PSD for case (a). (c) Surface generated again 
from the PSD presented in (b); only the top 50% is shown for illustrative purposes. [Article II] 

 

3.4 Rubber penetration depth: cutting at a certain depth or a cer-
tain volume? 

For the experimental part of [Article II], we used the field data of [Article I]. 
During the field experiment, we monitored four different locations. In one of 
the locations, the surface of the pavement had deep holes and was so skewed 
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that we had to exclude it in the analysis presented in [Article I]. However, now 
with the aid of top PSD technique, the data monitored for that location was also 
included in the data analysis of [Article II].  

Before using the top PSD for the characterisation of the pavement surface 
roughness in friction studies, we first need to find the appropriate portion of the 
top topography relevant for this application. Using Eq. (6), one can roughly es-
timate the average interfacial separation between the rubber surface and the 
road pavement. However, the knowledge on the viscoelastic properties of the 
tyre tread rubber used in the friction tester is an important input for the estima-
tion of this depth. Since, the friction device used in the experimental setup was 
a typical commercial friction tester, the material characteristics of the tyre tread 
was unknown to us. In these scenarios, a realistic approach is to choose the most 
relevant depth of the rubber penetration into the pavements, while the sensitiv-
ity of any later interpretations based on this depth is also evaluated in the results. 
A previous work carried out by Hartikainen et al. [21] reported that using a fixed 
depth (0.5Rq of all the studied pavements) for top PSD calculations, later pro-
vided a better correlation of the top PSD with friction coefficients of the pave-
ments, compared to using a fixed area ratio for the calculations. Here, we argue 
that a fixed surface area ratio would be a more robust approach, although both 
techniques impose an intrinsic error in later correlation analysis of the top PSD 
with friction. The will be further discussed in section 3.5. 

 

 

Figure 16. The relation between the (natural) logarithm of contact pressure to the average inter-
facial separation  for the contact between a rigid solid with a randomly rough fractal surface with 
H=0.8, qr=500 and Rq=0.6 mm. [Article II] 

 
The relation between the nominal contact pressure and  is shown in Figure 16 
using Eq. (6). Shortly, the calculations were carried out for a fractal surface with 
D 2.2 (like most road pavements [24]). The worst-case scenario for the order 
of E* in Eq. (6) was then considered. Since, the seprartion is dominant by the 
long wavelength components of the roughness spectrum [33], [34], [41], for a 



typical summer tyre sliding (here, forward velocity v ≈ 14 cm s-1 with a 20% slip 
ratio), the effective elastic modulus of the tyre rubber (measurement tempera-
tures -6 °C to 21.5 °C) with perturbing frequencies ω ≈ qrv ≈ 10 Hz could not be 
lower than 106.5 MPa ≈ 3 MPa, where the strain softening of the rubber is also 
included. This is the case were the tread rubber would be the softest during the 
whole field experiment (for further details refer to [Article II]). Knowing that 
the nominal contact pressure of the portable friction tester was around 0.05 
MPa, we obtained an interfacial separation (the grey region in Figure 16). 

For a randomly rough surface of Gaussian height distribution, about 68% of 
data are within one standard deviation (=Rq, when mean plane is at the zero-
height level) away from the surface mean plane. Seeing that   > Rq, and 50% of 
the data is contained in the top topography, the contact must have happened in 
the top 16% of the surface topography. This relation still holds for a skewed sur-
face roughness, if we calculate the Rq only for the top 50% of the data. This way 
we can exclude the irrelevant rise of the Rq due to the deep valleys in the pave-
ment topography, which are not contributing to the tyre/road friction. 

 
 

 

Figure 17. (a) Typical BAC of a pavement. (b) Comparing the BACs of the four pavements under 
study on one of the test dates. [Article II] 

 
Although in this study, we estimated the most relevant area ratio for the calcu-
lations of the top PSD, still for a general case the question remains whether to 
cut the topography at a certain depth or a certain area ratio. The best technique 
to visualise the relation between the depth and the surface area ratio is through 
the bearing area curve (BAC). In principal, BAC is nothing but the cumulative 
probability function of the surface height topography. Therefore, the only pa-
rameter that influences its shape is the standard deviation of the surface heights. 
In Figure 17. (a), a typical BAC for a pavement surface along with its three dis-
tinct zones are illustrated. For tyre/road friction studies, the most relevant re-
gion of the graph is the upper zone, which is contributing the most to the contact. 
A comparison of the BACs for the four pavements under study is given in Figure 
17. (b). Now, let’s consider the upper zone of this graph. Following from this 
region, we can deduce that if we assign a common depth for the calculations of 
the top PSD, this may involve only say top 20% in one pavement, while holding 
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more that 50% of the topography in some other pavement. Therefore, only if the 
pavements under study share the same level of Rq, it makes sense to choose a 
certain depth for the top PSD calculations. 

For road pavements under study, the percentage of the data used for the cal-
culations of the top PSD mostly influenced their results, though the magnitude 
of this effect was different for different pavements. This is presented in Figure 
18, where the results of the top PSD calculations as a function of the area ratio 
is shown for six indicative wavelengths. In a nutshell, there are three main ob-
servations: I. There was a major difference between the PSD calculated at the 
100% area ratio and the PSD calculated at say top 20% and the difference was 
the highest for the pavement with the highest skewness (refer to BAC curves in 
Figure 17. (b) for the order of pavements’ skewness). II. As λ moves to longer 
wavelengths, the variations in the top PSD generally became more prominent: 
the larger the surface area involved, the longer wavelengths were more visible 
in the top topography. III. The variations in the top PSD is the least for the short-
est λ and area ratio  80%. These three observations regarding the effect of area 
ratio on the top PSD calculations influence the correlation analysis of top PSD 
with friction, which will be discussed in the following section. 

 

 

Figure 18. Variations in the calculated top PSD as a function of area ratio at different wavelengths 
for the four pavements on one of the test dates. [Article II] 



3.5 Relation between top PSDs and friction coefficients 

From estimation of rubber penetration depth, the top 20% PSD was found to be 
the most relevant PSD for the pavements of this study. However, to see the im-
pact of area ratio on the correlation results, in addition to the top 20% PSD, the 
correlation between the friction coefficients and the top PSD calculated at the 
60% area ratio and the 100% area ratio (i.e. the full PSD) was also considered. 
For each test date, the correlation between the frictions of the four pavements 
with the PSD was calculated at every λ. In this way, the influence of the temper-
ature, which was found in [Article I] as the most influential parameter on the 
correlation results, was excluded. Moreover, based on the pre-analysis of the 
results, the data sets where the ambient temperature was below zero, were also 
excluded from the results (see [Article II] for the results regarding subzero tem-
peratures). The correlation results are summarized in Figure 19 for the three 
different area ratios used for the PSD calculations. The results represent the av-
erage values obtained from different measurement dates.  

 

 

Figure 19. Correlation coefficients between friction and roughness at different λ when different 
area ratios are used for the PSD calculations. [Article II] 

 
In Figure 19, we first start discussing the correlation graph of the top 20% PSD. 
The most important observation was the strong correlation coefficient around 
0.8 between the friction and the top 20% PSD for mm. Admitting the im-
portance of this finding, we argue that an opposite conclusion should not be 
drawn for mm. The results do not signify that the contribution of the 
longer wavelengths was insignificant for the tyre/road friction. From the theory 
[5] we already know that all roughness length scales are a priori equally im-
portant for rubber friction. This observation must be originated from an error 
that is introduced to the results by assuming a fixed depth (Hartikainen et al. 
[21]) or a fixed area ratio ([Article II]) for the top PSD calculations. Therefore, 
an accurate correlation analysis between friction and all the relevant roughness 

29 



30 
 

length scales requires the knowledge on the depth of the rubber penetration on 
each individual pavement. The tyre may see the longer wavelengths differently 
on each pavement. Therefore, the top PSD calculated at a certain area ratio 
could only be used for the correlation analysis between friction and short-scale 
surface roughness. 

It is also worthwhile to see the correlation results, when other portions of the 
surface topography are used for the PSD calculations. For the 60% area ratio, 
almost similar correlation coefficients to the case of 20% area ratio was noticed 
between friction and  mm. This observation originates from Figure 18 
where the PSD results were almost stable for the shorter length scales of the 20% 
and 60% area ratios. For the longer wavelengths, the discussion presented in 
the previous paragraph still holds for the PSD at 60% area ratio. In the case of 
full topography (100%), the correlation dropped for the short-scale roughness, 
which is what we were expecting to see: any roughness indicators derived from 
the full surface topography cannot relate well the pavement friction with its sur-
face roughness. 
 

3.6 Replication efficacy of the 3D-printer 

The goodness of the 3D printing job was analysed by means of two different 
optical profilers to cover a broad range of relevant wavelengths. The results of 
the surface roughness analysis are shown in Figure 20. From the profilometry 
with the fringe projection technique, the long wavelengths were replicated per-
fectly. However, for 0.5 mm < λ < 2 mm, a small reduction in the power of the 
spectral graph was noticed. At even shorter wavelengths, an increase in the 
roughness was noticed by this profiler, which was later discredited by the results 
obtained from the white light interferometry (WLI) profiler, and the opposite 
conclusion was proved right: the printed replica had lower short-scale rough-
ness than that of the original asphalt pavement. Overall, the high-resolution 3D-
printer could fairly replicate the surface roughness of the asphalt specimen 
down to 0.5 mm in wavelengths. This conclusion was also true for the replica-
tion efficacy of the artificially generated surface roughness patterns already dis-
cussed in section 2. For the result figures regarding the surface roughness anal-
ysis of these printed samples refer to the original article [(Article III]). 

 

3.7 Frictional behavior of the 3D-printed samples 

The rubber friction experiments were carried out on the asphalt piece as well as 
the printed samples. Altogether, there were three friction measurement sets: I. 
Replica vs the original asphalt surface. II. Printed blocks having the same 
macro-roughness, but generated with different Hurst exponents (Figure 7. (a)). 
III. Printed blocks having the same micro-roughness, but generated with differ-
ent combinations of Rq and qr, i.e. different macro-roughness (Figure 7. (b)). 
The mathematical modellings of the generated surface roughness patterns were 



already covered in section 2.2. The rubber blocks used in all the friction experi-
ments were from the same tread compound. The results of the rubber friction 
experiments are summarised in Figure 21. 

 
 

 

Figure 20. The replication efficacy of the 3D printer at different length scales. [Article III] 

 
We start by comparing the results of the friction experiments on the asphalt 
specimen and its printed replica shown in Figure 21. (a). The main observation 
was the difference of around 0.2 in the friction coefficients of the two substrates. 
Even the patterns of the friction variations as a function of sweep numbers were 
different for the asphalt sample and its printed replica. If we had more options 
as print materials, i.e. materials with close thermal characteristics to asphalt 
pavements such as thermally conductive plastics, we could separate and quan-
tify the impact of micro-roughness from macro-roughness on rubber friction. 
However, here this phenomenon is combined with the effect arising from the 
different thermal conductivities of the substrates. The difference in the friction 
behaviour of the two substrates must stemmed from the different thermal in-
teractions that were involved during sliding. First, the substrates had different 
micro-level roughness, and second, they had different thermal conductivities. It 
is apparent that the thermal conductivity of the asphalt sample was higher than 
that of the acrylic-based polymer used for printing. This results in different heat 
diffusion rates of the rubbers with the substrates during sliding. We monitored 
the variation in the surface temperature of the rubbers just after the end of each 
50-sweep sliding sets, using a thermal camera. For these two substrates, the re-
sults of the thermal analysis are presented in Figure 22. As follows from this 
figure, the average surface temperature of the rubbers sliding on the asphalt 
specimen were relatively lower than those of the printed samples. In addition to 
different heat diffusion rates, we attributed this to the continuous wear of the 
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rubber sample on the asphalt specimen, which was observed during the tests. 
Therefore, a new surface layer of the rubber, with a lower surface temperature, 
was constantly exposed to the asphalt specimen during sliding. For replica, the 
wearing of the rubber sample was mild. 

 
 

 

Figure 21. Variation of μ versus number of sweeps for (a) asphalt specimen and its replica; (b) 
artificial patterns with different H; (c) artificial patterns with different Rq and qr combinations. [Arti-
cle III]  

 
The results of the friction experiments on the samples generated with two dif-
ferent Hurst exponents are presented in Figure 21. (b). For randomly rough sur-
faces, if they have similar macro-level roughness, a lower Hurst exponent signi-
fies higher micro-roughness. Although the relation between surface roughness 
and hysteresis friction is not so simple and linear (Eq. (7)), still it would be ex-
pected to observe higher friction for a surface with a lower H value. In this study, 
we were limited by the resolution of the 3D-printer. The surface roughness 
power spectrums of the two printed samples were too close to each other ([Ar-
ticle III]). Yet, from Figure 21. (b), the sample with lowest Hurst exponent 
showed slightly higher friction coefficients, which agreed with the expectations. 
With the current printing resolution, similar experiments in future could only 
concentrate on studying the influence of longer wavelengths on rubber friction. 

 
 



 

Figure 22. A scatter plot of the friction coefficients versus the average surface temperatures of 
the rubber samples after each 50-sweep set on the asphalt and its replica. [Article III] 

 
With the aid of 3D-printers, for the first time, we studied the distinct impact of 
macro-roughness on rubber friction. The results are presented in Figure 21. (c) 
for the three printed samples, where C3 is the sample with the largest aggregate 
size on its surface. From the figure, increasing the aggregate size, i.e. reducing 
the qr of a fractal surface reduced the friction coefficients. Since the difference 
became more evident after the early sweeps, it suggested a thermal origin for 
this observation. The analysis of the thermal camera images from the surface of 
the rubber samples also suggested a thermal basis for this phenomenon, which 
is shown in Figure 23. As follows from the figure, the rubber sample that was 
sliding over the printed sample with the largest aggregate size, had also the high-
est surface temperature. Our experimental conclusions were in line with the the-
oretical work of Persson [12] regarding the influence of the size of the macro-
asperity contact regions (i.e. macro-roughness). There, it was illustrated that the 
size of the macro-asperity contact regions matters. The rubber slides a longer 
distance on a larger macro-asperity. This influences the frictional heating, 
which tends to reduce rubber friction. 

 

 

Figure 23. The maximum surface temperature of the rubber as a function of the maximum ag-
gregate size on artificial fractal surfaces. [Article III] 
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To get a better insight about the significance of the macro-roughness on rubber 
friction, experiments of this kind need to be extended to different sliding veloc-
ities and temperatures, as well as different rubber compounds. This led to the 
following study, i.e. [Article IV], where rubber friction experiments on similar 
printed samples were carried out under different test conditions. The results of 
the experiments were then compared with the predictions of the viscoelastic 
contribution to the friction using Persson’s friction theory [1]. 

 
 

3.8 Friction-velocity curves at low and high sliding velocities  

We measured the friction coefficients for the two rubber compounds using two 
different friction instruments, namely the low velocity and high velocity friction 
instruments. This way, we measured the friction over six decades in velocity, 
from 10-6 m s-1 to 1 m s-1. The results of the friction measurements are shown in 
Figure 24, where the predictions of the viscoelastic contribution to the friction 
are also shown in the graphs. For the low velocity measurements, the results of 
the experiments also include measurements under lubricated conditions. The 
experimental results demonstrated that the shape of the μ(v) curve looks like a 
Gaussian curve; in other words, the friction variations show a "bell curve" shape 
for the 6 velocity decades under study. The friction coefficients showed a peak 
around 10-2 m s-1 for the both compounds. There were relatively good agree-
ments between the friction measurements of the two instruments. At the high 
velocity region (from 10-3 m s-1 to 1 m s-1), the friction dropped quickly as the 
velocity increased. This was attributed to the drop in the real area of contact as 
the sliding velocity increased. At high sliding velocities, and accordingly, high 
perturbing frequencies, the rubber becomes stiff, which reduces the real contact 
area of the rubber with the substrate. Looking at Figure 24, the results of the 
experiments follow well the hot branch of the theory predictions. However, 
based on the theory results, the viscoelastic contribution to the rubber friction 
cannot alone describe the experiments at different velocities. The peak of the 
μ(v) curve must originate from another contribution to the rubber friction, 
namely from the shearing of the real contact area. This peak is typically seen 
around 10-2 m s-1 at this temperature [14], [18]. For the experiments with lubri-
cants, the friction dropped when lubricants were poured on the 3D-printed sub-
strate before the sliding. The results were similar to the experimental work in 
[16] for asphalt surfaces, in particular, for surfaces having large stones, but flat 
and smooth surfaces. For both lubricated cases, i.e. water and water + soap as 
lubricants, the friction curves still followed the curve of the dry experiment. This 
is associated with the fluid squeeze out from a large fraction of the contact area, 
meaning that the dry friction still prevails, but it is reduced in magnitude. 

 
 



 

Figure 24. The measured friction coefficients (markers) and the calculated viscoelastic contribu-
tion to the friction coefficient (solid and dash lines), for compound (a) S and (b) W on substrate 
C1 as a function of sliding velocity. The dash lines are with the flash temperature included and 
the solid lines are without the flash temperature. The two different markers refer to the two differ-
ent friction testing instruments used: squares from the Leonardo da Vinci setup, and triangles 
from the linear friction tester. [Article IV] 

 

 

Figure 25. Sensitivity of the viscoelastic calculations to the input viscoelastic master curve of the 
rubber at (a) +18 °C and (b) -10 °C. The two lines refer to the calculation results when the two 
different extrapolation methods of Figure 9 are used in the theory. The dash lines are with the 
flash temperature included and the solid lines are without the flash temperature. [Article IV] 

 
One aim of the study was to describe the difficulties and sources of uncertainties, 
when dealing with the predictions of the theory. The biggest uncertainty comes 
from the large-strain behaviour of the filled rubbers at high frequencies, which 
is challenging to measure. The predictions of the theory at two different temper-
atures are shown in Figure 25. The two different curves relate to the two differ-
ent extrapolation methods used when handling the unknown part of the visco-
elastic master curve at large strains (see section 2.3, Figure 9). As follows rom 
the figure, at room temperature and low sliding velocities (v < 10-2 m s-1), same 
results were achieved using either of the extrapolation methods. Even for the 
higher velocities, still the predictions of the theory were not largely dependent 
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on the unknown part of the viscoelastic master curve. However, as the temper-
ature decreased to -10°C, the extrapolated region of the modulus became im-
portant. Decreasing the temperature, shifts the viscoelastic master curve of the 
rubber to lower frequencies. In the results presented here on, we used an ex-
trapolated upwards technique for that unknown region of the viscoelastic mod-
ulus [42]. 

3.9 Effect of temperature on the friction coefficients at high ve-
locities  

Temperature has a great influence on rubber friction. However, it is still difficult 
to quantify the effect of temperature variations on the friction coefficient of 
filled rubbers. We measured the friction coefficients of the rubber compounds 
under three different temperatures. The results of the measurements are pre-
sented in Figure 26. Based on the figure, the two compounds react differently 
under the same temperature variations. For the summer compound (named S) 
in Figure 26. (a), every 15 °C reduction in the temperature resulted in the shift 
of the measured friction coefficients by one decade in velocity. This contrasts 
with the results of the winter compound (named W) where the shifts of the ex-
perimental results in velocity were insignificant (Figure 26. (b)). Before discuss-
ing the results of the theory predictions, we again recall that there are uncer-
tainties in the theory predictions (see section 3.8). Therefore, direct comparison 
of the theory with the experiments was not feasible, when measurements were 
performed at low temperatures. Nevertheless, the peak of the predicted viscoe-
lastic contribution to the friction in Figure 26. (a) showed a good agreement 
with the experimental results. The peak of the graphs shifted by almost one dec-
ade in velocity as the temperature decreased. Similar observations were also 
true for the winter compound in Figure 26. (b). Thus, the theory predictions 
clarified that the observed phenomenon was dependent on the temperature in 
a similar way as the bulk viscoelastic modulus.  
 

 

Figure 26. The measured friction coefficients (markers) and calculated viscoelastic contribution 
to the friction coefficient (lines) as a function of sliding velocity for compound (a) S and (b) W, on 
substrate C3 at different temperatures. The dash lines are the results for the velocity ranges 
where the frictional heating is important. [Article IV] 



3.10 Effect of macro-roughness on rubber friction 

In [Article III], we concluded that the macro-roughness generally tends to re-
duce the friction coefficient of the rubber. There, we suggested that the macro-
roughness influences the frictional heating, which tends to reduce rubber fric-
tion. However, further experiments at different test conditions were still re-
quired to quantify the importance of macro-roughness on rubber friction. We 
measured the friction coefficients of the two rubber compounds on similar 3D-
printed samples than those used in [Article III], at different temperatures and 
sliding velocities. The results of the experiments for the summer compound are 
presented in Figure 27. One main outcome of this study was that the significance 
of the macro-roughness impacts on rubber friction depends a lot on the com-
pound itself. While macro-roughness reduced the friction coefficients of the 
summer compounds in most of the test conditions (Figure 27), the winter com-
pound was almost insensitive to the macro-roughness variations.  

Between the measurements at different temperatures, the experiment on the 
summer compound at +5 °C showed the highest variations in the friction coef-
ficients with the change in macro-roughness (see Figure 27. (c)). The reductions 
in the friction coefficients were sometimes as large as 0.2 in the friction level. 
Looking at the theory predictions in Figure 26. (a) for this temperature, we can 
see that the peak of the viscoelastic friction covers a broad range of measure-
ment velocities, compared to the room temperature predictions. This suggests 
that, the effect of macro-roughness on rubber friction are more pronounced, 
when the hysteresis contribution along with the frictional heating effects are the 
dominant phenomena. 

Here, it is also appropriate to note the importance of the surface roughness 
power spectrum in the predictions of the theory. In our measurements, we could 
only measure the surface roughness of the samples by means of our fringe pro-
jection optical profiler. Attempts to measure the surface roughness at shorter 
length scales by means of a stylus profiler and an atomic force microscopy 
(AFM) were failed, due to the coarse texture of the samples. Therefore, we had 
to extrapolate the roughness spectrum by an estimated Hurst exponent (H = 1 
was used) and then employ this estimated PSD for the model predictions [Arti-
cle IV]. Aside from this, the biggest challenge arises from the long-wavevector 
cut-off q1, i.e. the shortest surface roughness wavelength that is contributing to 
the friction coefficient. Therefore, q1 is a crucial parameter for the theory calcu-
lations. When rubber is sliding on the substrate, many different factors may de-
fine the cut-off wavevector of the surface roughness spectrum [18], [20], [43]. 
Yet, there is no straight-forward method to estimate its value. However, q1 is 
theoretically determined by the condition that κ = 1.3 including all q0 < q < q1 
[14]. With this treatment of q1, in [Article IV], different cut-offs were obtained 
for the printed samples, as they had different macro-roughness. Therefore, a 
contribution from this short-scale roughness difference was also introduced in 
the theory calculations. All in all, there were two main sources to the uncertain-
ties in the theory predictions: I. Inadequate knowledge about the large strain 
viscoelastic modulus of the rubbers. II. Complication involved in determining 
q1. In Figure 27. (a) and (c) the results of the theoretical predictions (with the 
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flash temperature included) are shown for the temperatures +18 °C and +5°C. 
From the theory predictions, the sample with the lowest macro-texture showed 
the highest viscoelastic friction in the velocity range of the measurements. When 
calculating the viscoelastic friction, not only the substrates had different macro-
texture, but also the large wavenumber cut-off q1 of the substrates were differ-
ent, as the procedure to determine the cut-off q1 is not exact.  

 
 

 

Figure 27. The measured friction coefficients (markers) and the calculated viscoelastic contribu-
tion to the friction coefficient (dashed lines) of the 3D-printed samples with different macro-texture 
at (a) +18 °C (dry condition) (b) +18 °C (wet) (c) +5°C (dry) and (d) -10°C (dry) as a function of 
sliding velocity. [Article IV] 

  



 

4. Conclusions 

To deal with the complex and important topic of the tyre/road friction, one 
needs to break the problem down into some simpler forms, and then start to 
tackle these smaller problems. In this dissertation, a series of laboratory and 
field experiments were designed to study the dominant parameters that influ-
ence tyre/road friction. The impact of road surface roughness on tyre rubber 
friction was of great interest and a key focus of the dissertation. Meantime, the 
research introduced the potential of the cutting-edge technology of the 3D-
printers as a research tool to study the surface roughness impacts on rubber 
friction. 

 
During the field experiment in [Article I], the research addressed the actual 

macro- and micro-roughness variations of the road pavements over a period of 
nine months. The results clearly exhibited that the full surface roughness topog-
raphy of the pavements, under real road environments, went through changes 
in both macro- and micro-scale. In the next phase, the applicability of the sur-
face roughness power spectrum, i.e. PSD, in narrating the link between road 
surface roughness and friction was evaluated. Based on the analysis, the use of 
the PSD and the parameters obtained from it (such as Hurst exponent) showed 
restrictions for this application. Any non-random or highly skewed surface 
roughness topography resulted in a spurious PSD, with no physical meaning to-
wards the measured friction. Above all, it was argued that the variations in the 
friction and the PSD could be associated with each other, only if, the surface 
roughness variations take place on the top portion of the surface topography. 
Though, as mentioned earlier, this was not the case for the surface roughness 
variations at actual road conditions. Overall, this was the first time that a port-
able high-resolution profiler was used to monitor the variations in the surface 
roughness of pavements at actual field conditions. An extension of this research 
work can include a longer time span for monitoring the roughness variations. 
As an example, field experiments can monitor the surface of the pavements dur-
ing the whole pavement lifetime. In this manner, a physical model based on the 
reality could be built for the prediction of pavement polishing, and hence, the 
pavement age. So far, similar research works were carried out using extracted 
cores from the roads [44], which are laborious and costly processes. Neverthe-
less, the current technological limitations must also be stated for these field ex-
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periments. At present, the resolution of the portable profilers are limited in mi-
cro-scale. As a result, if the time scale of the study is too short, the wear occur-
rence could be beyond the resolution of the profiler. Also, the size of the meas-
uring area could be improved, when the variations in macro-scale are of interest. 
In [Article III] an image stitching algorithm was developed for the optical pro-
filer; yet, the stitching algorithm imposes some errors at micro-scale to the 
stitched topography. It is very appealing if portable optical profilers are 
equipped with built-in stitching protocols. 

 
Due to the restrictions in the PSD for field experiments, in [Article II] the top 

PSD technique was implemented during the research work to handle the surface 
roughness characterisation on the top topography of the pavements. This tech-
nique was first introduced by Persson et al. [24], and was later employed in the 
experimental work of Hartikainen [45] to correlate pavement roughness with 
friction. However, the suitable calculation procedure for this technique required 
additional explanation, which was missed in [21], [45]. It was demonstrated that 
what Hartikainen et al. [21] refer to as the “area-corrected/non-area corrected 
top power spectrum” is only related to assigning correct Rq to the calculated top 
power spectrum.  During the research, the concept of top PSD calculated at dif-
ferent portions of the surface topography were explained through illustrations. 
The application of the top PSD technique in tyre/road friction studies was then 
shown by applying the method to the existing field data of [Article I]. The pen-
etration depth of the tyre rubber into the pavement asperities was roughly esti-
mated, and found to be in the top 16% of the surface topographies. The results 
of the correlation analysis between the friction coefficients and the top 20% 
PSDs demonstrated a strong correlation around 0.8, but only at the short-scale 
surface roughness mm. Hartikainen et al. [21], observing similar behav-
iour to us, concluded that the shortest wavelengths contribute the most to wet 
rubber friction. While this statement is generally true in terms of the contribu-
tion of hysteresis to the friction [14], we argued that the observation on longer 
wavelengths probably originated from the error introduced by our assumptions 
in choosing a certain depth (Hartikainen et al. [21]) or a certain area ratio ([Ar-
ticle II]) for calculating the top PSD. It was concluded that the estimation of the 
rubber penetration depth onto each individual pavement is a prerequisite to 
finding the correct relation between the friction and the longer wavelengths. All 
in all, top PSD seems by far the most relevant method for correlating pavement 
roughness at short length scales to the rubber friction. However, spectral meth-
ods are still sensitive to the non-randomness in data. Future research initially 
can examine the surface of a variety of pavements with different mix designs to 
answer questions like: How often surface data are random and Gaussian? What 
are the relations to their mix design? How environmental conditions influence 
the nature of data? Based on these thorough examinations, appropriate signal 
processing methods can be picked or even enhanced for surface roughness char-
acterization of pavements at the top topography, where the tyre meets the pave-
ment. Only through meaningful surface roughness characterisation of pave-
ments, it is possible to optimise the trade-offs between friction performance, 



rolling resistance, noise and wear for both tyre design and pavement construc-
tion, by answering the first and main question: what is the optimal surface 
roughness for each of these desirable qualities. In addition, estimation of the 
rubber penetration depth into the pavement surface roughness during sliding 
can be improved, not just from the theory point of view, but also from the input 
parameters to the model. The knowledge on the viscoelastic properties of the 
test rubber/tyre is of high importance in the tyre/road friction studies. There-
fore, proper DMA analysis of the test rubbers must be reported as well in the 
test design of any future experiments. 

 
Thereafter, in [Article III] the research presented a novel method to evaluate 

the effect of surface roughness on rubber friction. With the aid of a high-resolu-
tion 3D-printer, the surface topography of an asphalt piece was replicated with 
a fair replication efficacy at macro-level for wavelengths down to 0.5 mm. It is 
clear that currently even the resolution of the best 3D-printer is not enough to 
replicate all the relevant length scales. Even an ideal 3D-printed replica of a 
pavement surface roughness will be faced with the current limit in the printing 
materials, and thus, cannot substitute a real road pavement in rubber friction 
experiments. However, this method can improve our understanding of the sur-
face roughness impacts on rubber friction. In the research, the strength of the 
3D-printer in creating customized designs was employed to study the macro-
roughness impacts on rubber friction. Randomly rough surface topographies 
were mathematically generated with different macro-roughness. Using the 3D-
printer, polymer blocks were then built with the prescribed surface roughness. 
Preliminary rubber friction experiments on these printed substrates, for the first 
time showed the distinct influence of the macro-roughness on the dry friction 
coefficient of rubber. Macro-roughness reduced the friction coefficients, and the 
results suggested that the effects are related to the frictional heating. In addition 
to the application cited for the technology in this dissertation, 3D-printed sub-
strates could be used, for instance, in controlled wet friction experiments. With 
the 3D-printing technology, aside from current technological boundaries, some-
times the limit only is our imagination. 

 
 To gain a quantitative insight on how macro-roughness affects rubber fric-

tion, a detailed study at different sliding velocities and temperatures using two 
different compounds was carried out in [Article IV]. The measurement veloci-
ties covered over six decades in the sliding velocities, in particular, high sliding 
velocities (v > 10-3 m s-1) where the frictional heating can no longer be neglected. 
For both compounds, a Gaussian-like friction-velocity curve μ(v) was observed 
with a peak around 10-2 m s-1. Measurements at different temperatures on the 
summer compound showed that the μ(v) curve shifted towards lower velocities 
by one decade for every 15°C reduction in temperature. However, the winter 
compound was surprisingly insensitive to the temperature variations. Finally, 
measurements on the substrates with different macro-roughness confirmed 
that macro-roughness influences the dry friction coefficient of rubber. In gen-
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eral, macro-roughness tends to reduce rubber friction. However, the magni-
tudes of the impacts are dependent on the test conditions. For the summer com-
pound, the reductions were sometimes as large as 0.2 in the friction coefficients, 
while the winter compound was much less sensitive to the macro-roughness 
variations. The results of the experiments were also compared to the predictions 
of the viscoelastic contribution to the friction using Persson’s friction theory [1]. 
The two main sources of uncertainties in the theory predictions were addressed 
to be, first, an inadequate knowledge about the large strain viscoelastic modulus 
of the rubbers, and second, the complication involved in determining the long-
wavevector cut-off q1. In recent years, the rubber friction theories have come 
close to the friction prediction. Yet, the research gaps need to be dealt with be-
fore applying the theory to the experiments, such as better DMA measurements 
and studies on the determining factors of q1. Based on the results of the experi-
ments and the theory predictions, the macro-roughness effects seem to be more 
visible when the hysteresis contribution along with the frictional heating, are 
the dominant phenomena. Although the research showed the impact of macro-
roughness on the dry rubber friction, future research is still required to quantify 
the impact of pavement macro-roughness on tyre/road friction. If the macro-
roughness influences rubber friction mainly via frictional heating and heat dif-
fusion, then similar controlled experiments on 3D-printed samples with differ-
ent material properties would be important to judge the importance of the 
macro-roughness in practical tyre/road applications. Moreover, macro-rough-
ness is a measure of both roughness wavelength and amplitude. Here, it seems 
that the macro-roughness wavelength is the dominant parameter for the dry 
rubber friction, i.e. shorter roll-off wavelength (larger qr) results in less fric-
tional heating. However, proper macro-roughness amplitude is a relevant pa-
rameter for example for the tyre/road wet friction to prevent aquaplaning [46]. 
Therefore, extended research is required to conclude about the optimum macro-
roughness in terms of both wavelength and amplitude on dry/wet grip [45], roll-
ing resistance [47]–[49], noise, hydroplaning, durability/wear, energy con-
sumption and even air pollution. 

 
In a nutshell, the research presented in this dissertation has advanced the cur-

rent state of knowledge about the tyre/road friction. This specifically applies to 
the areas of field experiments, surface roughness characterisation techniques 
for road pavements, fundamental studies about roughness impacts on rubber 
friction, and laboratory rubber friction experiments; although road safety, fuel 
economy, tyre design and road management reside in the big picture. 
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