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Abstract 

This article deals with the most suitable calculation procedure for top topography surface roughness power spectrum 

(PSD). The information top PSD provides about the roughness characteristics and its practical application in tyre-road 

friction studies are covered. The influence of portions of top topography used for calculations on the realization these 

PSDs give about surface height distributions is investigated. Results of roughness PSDs generally proved to be 

dependent on portions of top topography used for calculations. A high correlation with an average around 0.8 was 

found with friction and top 20% of PSDs, but only at a short-scale surface roughness λ≤1mm. Low correlation 

coefficients between friction and longer λ were discussed through the depth of the penetration of the rubber into each 

pavement. 
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1 Introduction 

Rubber friction has long attracted the interest of many physicists, tyre experts and pavement engineers. With the recent 

development of the theories of rubber friction and contact mechanics [1–7], the complexity of the relation between 

road surface roughness and rubber friction is now more highlighted than before. Although many experimental works 

have addressed this connection [8–20], the multiscale nature of the pavement surface roughness and the partial contact 

of the tyre rubber with this roughness profile make it difficult to explore meaningful relations between friction and 

simple roughness indicators.  

When dealing with this, the first step is to introduce roughness indicators that can fully characterize the top surface 

topography (tyre-road contact zone) on different length scales. Persson [2] employed the surface roughness power 

spectrum (PSD) for the characterization of randomly rough surfaces in multiscale and developed a theory of rubber 

friction for the sliding of a rubber block on a rough surface, with roughness on many different length scales. Chen and 

Wang [8], applying PSD to study the evolution of the surface profile of aggregates in the laboratory polishing process, 

reported changes in the micro-roughness as the main contribution to the loss of friction. However, Mahboob Kanafi 

et al. [15], employing the same roughness characterization method in a field experiment, concluded that the macro-

/micro-roughness variations of road pavements occur within the full surface topography and not exclusively on the 

top profile; thus, observing a pattern between full-profile PSD variations and the evolution of friction still remained a 

challenge in actual field conditions. In the field experiment of Hartikainen et al. [13], frequency-wise correlation of 

pavement friction with the PSD calculated only on the top profile (a technique first introduced by Persson et al. [21]) 

was conducted, with the highest correlation being found at the longest length scale under investigation. 

Although so far the top power spectrum appears to be the best technique to characterize the road surface profiles for 

tyre-road studies, the knowledge of the approperiate calculation of the top PSD and how the resulting top PSD must 

be interpreted in the calculations of the contact mechanics is still incomplete. In this regard, here, we dedicate the next 

section to a review of the characterization of the top surface topography of pavements by presenting the most suitable 

calculation procedure for the top PSD and illustrating the actual information it gives about the height distribution of a 

surface that is obtained through this top PSD. The application of this technique in the field experiments is then 

investigated thoroughly, using experimental data given in Section 3, inclusive of the monitoring of four road 

pavements during a nine-month evaluation period. In Section 4, a discussion is presented on the depth/portion of the 

top topography that is relevant for the top PSD calculations during tyre-road sliding contact and a rough estimate of 

this portion is then given for the experimental data. This is followed by sections providing the results and conclusions 

concerning the correlation between friction and the top PSD at each of the length scales under study, where the 

influence of the portion of the surface topography used in the top PSD calculations is also explored on the correlation 

results. 

  



 

2 Top topography power spectrum 

For a randomly rough surface, when the surface height distribution can be approximated with a Gaussian distribution, 

all the statistical properties of the surface roughness are contained in the surface roughness power spectrum C(q) where 

q is the roughness wavevector [21]. However, the surface characterization of asphalt pavements has, in many cases, 

shown non-random distribution of heights [13,15]. This skewed texture could arise from the hot mix asphalt 

compaction process or pavement mix types such as open-graded mixes, etc., but the magnitude of the pavement 

skewness also evolves through the year as a result of the change to warm seasons from cold periods and vice versa 

[15]. For a skewed pavement surface, any indicator of the surface roughness derived from the full surface profile 

overshadows the true roughness that actually contributes to the tyre/road contact. The conditions under which the tyre 

rubber is able to deform and make contact with the pavement surface everywhere (full contact) depend on the 

perpendicular pressure σ0. At the least, a local pressure in the order of the elastic modulus of the filled rubber E ≈ 10 

MPa (static case) is needed to satisfy the latter condition [2]. Thus, only partial contact is normally expected for typical 

passenger/truck tyre applications (σ0 < 1MPa), which only occur on top of the highest asperities. While pavement 

skewness escalates roughness indicators such as MPD (mean profile depth), 𝑅𝑞 (root mean square roughness) and 

even the energy represented at different frequencies of the roughness PSD, the increase in the parameters has no 

influence on the area of real contact, leading to false conclusions when these indicators are correlated with friction 

data. For this reason, there is an urge towards the characterization of surface roughness only on the top topography of 

pavements, still representing roughness at different length scales. 

Ueckermann et al. [17] used summit profile PSD in order to exclude the surface cavities of the pavement. However, 

as also mentioned by the same authors, this method alters the information on the low-frequency components of the 

surface roughness. Altering texture components is not accepted in this context as all roughness wavelengths are a 

priori equally important in contact mechanics [2]. The top and bottom power spectrum approach was first introduced 

by Persson et al. [21] for surface characterization, defined by: 

𝐶𝑇(𝑞) =  
1

(2𝜋)2
 ∫ 𝑑2𝑥 〈ℎ𝑇(𝑥)ℎ𝑇(0)〉 𝑒−𝑖𝑞.𝑥                                                           (1) 

𝐶𝐵(𝑞) =  
1

(2𝜋)2
 ∫ 𝑑2𝑥 〈ℎ𝐵(𝑥)ℎ𝐵(0)〉𝑒−𝑖𝑞.𝑥                                                           (2) 

where ℎ𝑇(𝑥) = ℎ(𝑥) for ℎ > 0 and zero otherwise, ℎ𝐵(𝑥) = ℎ(𝑥) for ℎ < 0 and zero otherwise, and 〈...〉 stands for 

ensemble averaging, i.e. averaging over a collection of surfaces with the same statistical properties [21]. Although this 

approach was first presented by Persson et al. [21], the concept of its calculation and the realization it gives about the 

surface roughness components of a pavement require additional explanation. In general, the top power spectrum could 

be calculated for any portion of the top surface topography and not just above/below the average plane. In the work 

of Hartikainen et al. [13], the frequncy-wise correlation of the top power spectrum (calculated at a specific depth of 

height profile) with friction was studied for the first time; however, the concept of the calculation procedure is 

somehow not well identified. Here, we demonstrate that what Hartikainen et al. [13] refer to as the “area-

corrected/non-corrected top power spectrum” is only related to assigning the correct root mean square roughness 𝑅𝑞 to 

the calculated top power spectrum. Hence, the area correction or what we call here the Rq correction must be applied 

for an approperiate calculation of the top power spectrum, as described below. 

The Fourier transform is a linear transform: 

Ƒ {ℎ𝑇(𝑥) +  ℎ𝐵(𝑥)} =  Ƒ {ℎ𝑇(𝑥)} +  Ƒ {ℎ𝐵(𝑥)}                                                     (3) 

𝐶(𝑞) =  𝐶𝑇(𝑞) + 𝐶𝐵(𝑞)                                                                                              (4) 

where Ƒ denotes the Fourier transform and C(q) refers to the full surface roughness power spectrum. As a result, the 

top and bottom halves of a surface profile must have lower power than the full topography. For illustrative purposes, 

we consider a randomly rough fractal surface with the full power spectrum presented in Fig. 1 (a). We know that the 



top and bottom surface roughness power spectra of a fractal surface must have the same scaling as well as surface 

roughness energy at different frequencies than that of the full power spectrum, which is not the case for the calculations 

presented above (Fig. 1(a), top and bottom profile, each occupying 50% of the projected surface area). As stated in 

[21], if 𝑛𝑇 and 𝑛𝐵 are the fraction of the surface area where ℎ > 0 and ℎ < 0, respectively, with the condition that 

𝑛𝑇 +  𝑛𝐵 = 1, i.e. : 

𝑛𝑇 =  
𝑁𝑇

𝑁
                                                                                                                        (5) 

𝑛𝐵 =  
𝑁𝐵

𝑁
                                                                                                                        (6) 

where 𝑁 =  𝑁𝑇 + 𝑁𝐵 is the total number of data points in the full surface profile, and NT and NB are the corresponding 

number of data points in the top and bottom topography. We have [21]: 

𝐶∗
𝑇 =  

𝐶𝑇

𝑛𝑇

                                                                                                                       (7) 

𝐶∗
𝐵 =  

𝐶𝐵

𝑛𝐵

                                                                                                                       (8) 

which we call the 𝑅𝑞 corrected top and bottom power spectra of surface roughness (Fig. 1(b)). The reason behind this 

correction is the true energy (root mean square roughness) represented in the power spectral density graph. By 

definition, the root mean square roughness of a profile is: 

𝑅𝑞
2 =  

1

𝑁
 ∑ |ℎ(𝑥)|2

𝑁

𝑛=1

                                                                                                 (9) 

However, when we calculate the top power spectrum 𝐶𝑇(𝑞), the 𝑅𝑞 that is actually represented in the top PSD is lower 

than the actual Rq of the top topography as a result of the fact that the bottom profile is replaced with zero components: 

𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑅𝑞
2 =  

1

𝑁
 ∑ |ℎ𝑇(𝑥)|2                                                                       (10)

𝑁

1

 

𝐴𝑐𝑡𝑢𝑎𝑙 𝑅𝑞
2 =  

1

𝑁𝑇

 ∑ |ℎ𝑇(𝑥)|2                                                                              (11)

𝑁

1

 

In terms of conservation of energy (Parseval’s theorem), the area under the power spectral density curve equals 𝑅𝑞
2 : 

𝑅𝑞
2 =  

(2𝜋)2

𝐴
 ∑  

𝑛

1

∑|𝐶(𝑞)|2                                                                                 (12)

𝑚

1

  

where A is the surface area under study, and n and m are the grid of measured pixels in the surface height map. Now, 

in order for the calculated top power spectrum in Eq. (1) to have the actual 𝑅𝑞 presented in Eq. (11), one needs to 

divide the top power spectrum by 𝑛𝑇, which will result in an 𝑅𝑞-corrected top power spectrum 𝐶∗
𝑇 in Eq. 7. The same 

is true for the bottom power spectrum. On this account, it is necessary to compensate for the reduction in the 𝑅𝑞 when 

calculating the top/bottom power spectrum of a surface topography. 

 



 

Fig. 1. 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 spectrum. (c): Top topography of a fractal surface. (d): Generated artificial surface from the top topography 

PSD presented in (b) but with random phase, and with exactly the same statistical properties as the top topography in (c). 

 

Here, it is better to explain the information that the Rq-corrected top PSD brings about the surface roughness 

characteristics. We generate an artificial surface via the top PSD presented in Fig. 1(b) that was already calculated 

from the top 50% (𝑛𝑇 =  𝑛𝐵 = 0.5) topography in Fig. 1(c), using a random phase in the range [0 2π]. This results in 

a surface topography (Fig. 1(d)) which Persson et al. [21] described as the bottom profile being replaced by a mirrored 

top profile. In reality, even though the generated top surface is not exactly the same as the original top topography, it 

gives the same perception about the statistical roughness properties of the original top profile. Eventually, for a 

randomly rough surface, the phase information in the calculated PSD which describes all the positioning information 

about the surface roughness is unimportant (concept of randomness); thus, the Rq-corrected top PSD (from now on 

we call it the top PSD) could completely characterize the surface roughness characteristics of a surface profile of a 

random nature. 

The issue dealt with above considers the top PSD calculated from a top cut of the surface topography at 50% surface 

area. Now, we discuss what the cut-topography at different depths of the surface profile says about the surface 

roughness characteristics and asperity distribution on the top topography. If we cut a fractal surface at different heights 

above the average plane (mean, median and mode of the height distribution at ℎ = 0) as illustrated in Fig. 2(a), we 

can see that the calculated top PSDs in Fig. 2(b) reveal the true scaling of the short-scale roughness components. It is 

evident that the long-scale components of the surface roughness are filtered out when we choose smaller portions of 

the top topography. In the context of tyre-road contact, this does not mean altering long-wavelength components, as 

is the case with summit profile analysis [17]. The filtering implies that if the depth of the penetration of the rubber 



into the road surface asperities is at this height level, in practice the rubber cannot see the longer wavelengths that 

exist beyond this level.  

 

 

Fig. 2. On the effect of cut depth on surface roughness power spectrum. (a): Surface top topography of a fractal surface at different cut depths. (b): 

Effect of cut depths on top PSD. 

 

However, even though the correct scaling and short-scale roughness components are well preserved in the calculated 

top power spectrum, the calculations of the contact mechanics using any top power spectrum other than the top 50% 

lead to false conclusions. Looking at Fig. 3(a) and (c), the two topographies shown share the same surface roughness 

power spectrum as that given in Fig. 3(b), but have totally different asperity distributions. In other words, the 

distribution of the macroasperity contact regions will be completely different for the two illustrated surfaces. This 

arises from the percentage of the data and the corresponding Rq for that portion of the surface. For instance, considering 

the top 20% topography in Fig. 3(a), the Rq of this portion of the surface is the same as the Rq of the full topography 

of the generated surface in Fig. 3(c) (likewise, the top and bottom 50% of the data have almost the same Rq). It is 

worth mentioning that only the top half of the topography is shown in Fig. 3(c) with a view to better illustrating the 

distribution of the asperities. Thus, if only the top 50% of the data is chosen for analysis, the contact configuration 

will be fully characterized by means of the top power spectrum, as holds for Fig. 1(c) and (d). This is an important 

conclusion about the range of applicability of the top PSD method for the calculation of the contact mechanics.  

 

 

Fig. 3. 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. 



 

3 Experimental data 

The experimental data presented here was obtained during the monitoring of four pavements (Table 1) in Finland. 

Friction and 3D surface topography measurements of the pavements were conducted during a short period of nine 

months, from March to November, and only in dry surface conditions. Throughout this period, seven 

topography/friction data sets were obtained from the wearing course of the pavements in a 4-m evaluation length. 

Each data set was acquired during a two-hour time span; therefore, the air temperature in which the friction data was 

collected was almost the same for the four pavements. The air temperature was obtained from the observation station 

of the Finnish Meteorological Institute. The friction tester used was portable ASFT T2GO (ASFT Industries ABTM, 

Sweden) equipment with a fixed slip ratio of 20%. All the friction measurements were carried out under dry surface 

conditions. The measurements of the surface roughness were carried out by means of an optical portable non-contact 

3D-profilometer (GFM MikroCAD, Germany). At least 10 images were captured for a single pavement, each image 

being 46 × 29 mm2 and with a height and lateral resolution of 3 µm and 61 µm, respectively. A more detailed 

explanation of the experimental procedure can be found in [15]. 

 

Table 1 

Specification of roads studied. 

Site Road type Speed limit 
(km/h) 

Pavement age 
(years) 

Pavement type AADT 
(vehicles/day) 

Heavy vehiclesa 
(%) 

Ab Access road 40 > 10 AB16 < 300 < 0.5 

Bb Collector road 50 3 SMA11 10,000 10.7 
Cb Collector road 40 3 SMA11 12,000 4.5 

Db Ring road 70 3 SMA16 45,300 7 

Note: AADT, Annual Average Daily Traffic; DAC16 stands for Dense-graded Asphalt Cement with a nominal maximum aggregate size of 16 mm; 

SMA11 stands for Stone Mastic Asphalt with a nominal maximum aggregate size of 11 mm. 
a Heavy vehicle percentage = (number of heavy vehicles/AADT) ×100. 
b Names of sites located in the city of Espoo, Finland: A (Konemiehentie), B (Mankkaanlaaksontie),C (Sinimaentie) and D (Keha I) 

 

 

4 Best cut plane for tyre/road contact 

The contact condition determines the average depth of the rubber penetrating into the substrate surface roughness. To 

properly correlate the friction coefficients with the roughness of the pavements, we need to identify this indentation 

depth on each pavement and later consider only this portion of the surface top topography that is actually contributing 

to the friction for analysis. In order to estimate the average indentation depth or the average interfacial separation (�̅�) 

between the rubber surface and the substrate mean plane [22], knowledge about the tyre rubber used in the friction 

device is important. However, for typical commercial friction testers that are designed for field experiments (as used 

here), the detailed characteristics of the measurement tyre are not known. Therefore, a realistic approach would be to 

choose the most relevant surface plane for top topography analysis of all pavements while the sensitivity of the 

correlation analysis to this surface cut is also investigated. 

Hartikainen et al. [13] used a fixed depth of half the average 𝑅𝑞 of all the surfaces they studied for their top PSD 

calculations. From the correlation results, they deduced that using a fixed depth (0.5𝑅𝑞) for top PSD calculation 

provides a better correlation with the friction results compared to a fixed surface area (a certain percentage of the top 

topography) approach. Here, we argue this and present support for the generic privilege of a fixed surface area method, 

i.e. choosing a certain percentage of the top topography rather than a specific depth for the top PSD calculations. We 

start with a discussion on the best cut plane for correlating road roughness with friction and give a rough estimation 

on the order of �̅� between the tyre rubber and the pavements in this study. Persson [22] derived a relation between the 

average interfacial 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 𝐷𝑓 ≤ 2.5, he introduced a general form for the relation 

between the squeezing pressure and �̅� [22]: 



𝑝 ≈  0.5 𝜖 𝑞0 𝑅𝑞 𝐸∗𝑒−𝑢 /𝛾𝑅𝑞                                                                                     (13)  

where p is the squeezing pressure, 𝜖 ≈ 0.7493, 𝑞0 is the roll-off wavevector of the surface (in case of asphalt 

pavements, 𝑞0 is representative of the nominal aggregate size in a pavement roughness PSD), 𝐸∗ is the effective elastic 

modulus and 𝛾 ≈ 0.5 [22,23]. Asphalt road surfaces have shown fractal behaviour with 𝐷𝑓  ≈ 2.2 [21]. Using Eq. 13, 

in Fig. 4, the relation between the nominal contact pressure and �̅� is shown for a fractal surface with roughness 

parameters similar to the asphalt pavements under study. We now consider the worst case scenario for the order of 𝐸∗ 

in the calculations. Since the separation �̅� is dominant by the long wavelength components of the roughness spectrum 

[22–24], for a typical summer tyre compound sliding (here, forward velocity 𝑣 ≈ 14 𝑐𝑚/𝑠 with a 20% slip ratio), the 

elastic modulus of the tyre rubber (measurement temperatures −6𝐶° to 21.5𝐶°) with perturbing frequencies 𝜔 ≈

 𝑞0𝑣 ≈ 10 Hz could not be lower than 106.5 𝑃𝑎 ≈ 3𝑀𝑃𝑎 for the highest temperature, where the strain softening of 

the rubber is also included. For lower temperatures, the viscoelastic master curve of the rubber shifts towards the 

shorter frequencies and 𝐸∗ would definitely be much larger than what has been estimated. Knowing that the nominal 

contact pressure is around 0.05MPa (portable friction tester equipped with small tyres), we see an interfacial 

separation 
𝑢

𝑅𝑞
 > 1 (Fig. 4, the grey region). Thus, here, the contact on each of the pavements must have happened 

above its 𝑅𝑞 height level. It is worth mentioning that calculating an exact depth for the penetration of rubber on each 

pavement is a challenging task. In particular, the whole tyre geometry as well as non-uniform pressure distribution in 

the contact patch affect the average interfacial separation between tyre and pavement. Eq. 13 applies to the contact of 

a rough rigid solid (here the pavement) with an elastic solid with flat surface such as flat tread blocks. With all these 

in mind, the rough estimation given in the manuscript considers the worst case scenario of the measurement conditions. 

Above all, the focus of the paper is not to present the best estimation method for rubber penetration onto each 

pavement, but to establish and introduce the correct methodology that one needs to adopt when correlating friction 

data with roughness, pointing out the limitations as well as practical application of top PSD method along with the 

future challenges faced during these types of correlation analysis.  

 

 

Fig. 4. The relation between the (natural) logarithm of contact pressure to the average interfacial separation �̅� for the contact between a rigid solid 

with a randomly rough fractal surface with H=0.8, q0=500 and Rq=0.6mm. 

 

Now, for a randomly rough surface of Gaussian height distribution, we know that about 68% of the data are within 

one standard deviation σ (=𝑅𝑞 for zero mean) away from the mean. Seeing that �̅�  > 𝑅𝑞, and 50% of the data builds 



the top topography, the contact with such a surface must have happened in the top 16% of the data. In reality, asphalt 

pavements are skewed, of which the main consequences are twofold: first, they increase the 𝑅𝑞  of the pavement, while 

this rise does not influence the contact mechanics and second, they relocate the mode of the height distribution (the 

most frequent value in height distribution) and the mode no longer occurs at the mean plane of the surface topography. 

For the pavements under study, the mode and median of the height distribution were so close to each other that it is 

suggested that the best method to exclude the impact of the bottom profile would be to calculate the roughness 

indicators for the top 50% of the surface. In that event, the relation �̅�  > 𝑅𝑞 holds when 𝑅𝑞 is calculated only for the 

top 50% of the data and the contact on the four pavements must have happened on the top 16% of the surface 

topographies. 

Even though an estimation of the portion of the surface that the rubber penetrates is given above, the question still 

remains of whether to cut the topography at a fixed depth or a fixed surface ratio. To deal with this issue, we first 

discuss the relation between depth and area ratio for asphalt pavements. The best method to visualize this relation is 

through the use of the Abbott-Firestone curve or the Bearing Area Curve (BAC) of the surface topography. An 

illustration of the BAC for a randomly rough fractal surface is presented in Fig. 5(a). This curve is formed by cutting 

the surface topography at different depths from the top of the asperities to the bottom of the deep valleys and then 

calculating the percentage of the surface area that intersects with the cut plane. Ech et al. [25] were the first to introduce 

the application of the BAC to evaluate the evolution of the macrotexture of pavements and here we scrutinize this 

application in the evaluation of tyre/road friction. Literally, BAC is the cumulative probability density function of the 

surface height profile; thus, the main parameter influencing its shape is the standard deviation σ of the height 

distribution. As shown in Fig. 5(b) for fractal topographies, reducing the aggregate size, i.e. increasing the roll-off 

wavevector 𝑞0, has no influence on BAC unless σ, which is an indicator of the full surface topography, differs in the 

pavements. Therefore, BAC, similar to many other roughness indicators, is incapable of correlating the evolution of 

top surface roughness to friction data. Here, we restate the complexity of this system, seeing that none of the typical 

roughness characterization techniques works well when it comes to tyre/road contact phenomena. Nevertheless, BAC 

is employed in the present study to indicate the relation between the depth and the area percentage of the pavement 

topographies. 

 

Fig. 5. The relation between depth and surface area using Bearing Area Curve BAC: (a) Typical BAC for a randomly rough fractal surface. (b) On 

the effect of 𝑅𝑞 and 𝑞0 on the behaviour of BAC. 

 

Looking at Fig. 6(a), where the BAC for a typical pavement topography is exemplified, we observe that the BAC 

divides the surface profile into three distinct zones: I. the peak zone where the top of the stone asperities are located, 

alongside the fact that this is the surface portion of the profile that we are interested in; II. a linear zone, where the 

bodies of the stones are covered; III. another crucial section of the surface topography, specified as valleys that hold 

rainwater on the pavement. A comparison of the BAC of the four pavements that were studied in Fig. 6(b) finally 



helps us to conclude that if we assign a common depth for the top PSD analysis, this height level may hold 20% of 

the top surface profile in one pavement, while including over 50% of the surface area in the other asphalt surface. 

Therefore, it only makes sense to choose a unique depth for analysis if the pavements under study share a similar 𝑅𝑞, 

which is typically not the case. It is worth mentioning that the difference between the skewness of the surfaces can 

clearly be observed from the BACs, meaning that the water-handling capacity of the pavements is different. This may 

influence the depth of the water layer on the surfaces in the course of wet friction experiments and must be accounted 

for during data analysis. In the present study, it is not an issue as the friction experiments were carried out in dry 

conditions. 

 

Fig. 6. Bearing area curve BAC of surface topography. (a) Typical BAC of a pavement. (b) Comparing the BACs of the pavements under study 

on one of the test dates. 

 

In general, we are interested in seeing the influence of the percentage of data (if any) on the calculated top PSD at 

different wavelengths λ. This is illustrated in Fig. 7 for the pavements under study. As follows from the figure, there 

is a major difference between the full PSD (100% area ratio) and the PSD calculated at the top, say, 20% surface 

profile, which is prominent for pavement D, with the highest skewness, as already shown in Fig. 6(b). For λ > 1 mm, 

for instance considering 𝜆 = 6𝑚𝑚, the variation in PSD as a function of the area ratio is usually more evident 

compared to shorter wavelengths, since with the increase in the surface ratio involved, the longer wavelengths 

gradually appear in the calculations, which are in general sensitive to the pavement profile. If road surfaces behave 

similarly to a fractal surface, then to evaluate the short-scale roughness, no best cut plane exists (see Fig. 2(b)). This 

statement is almost true for the shortest wavelength in the graph, 𝜆 = 200µ𝑚 in an area ratio ≤ 80%. Typically, for 

area ratios below 20%, which is the area we are mostly interested in, the variation in the power spectrum as a function 

of λ increases with a rise in λ. This can later affect the correlation analysis of roughness PSD with friction and is 

discussed in the next section during the correlation analysis between the friction results and the roughness at different 

length scales. 

 

 



 

Fig. 7. Effect of percentage of data on the PSD of surface profiles at different wavelengths for the four pavements on one of the test dates. 

 

5 Relation between top PSD and friction 

Rubber friction on road surfaces is a complex problem with different contributory factors [26]. If we consider the 

contribution of hysteresis to be dominant in tyre/road interaction at the high velocities relevant to this application, 

according to the theory developed by Persson [2]: 

𝜇 =  
1

2
 ∫ 𝑑𝑞 𝑞3 𝐶(𝑞) 𝑃(𝑞) ∫ 𝑑𝜙 𝐼𝑚 

𝐸(𝑞𝑣 cos 𝜙)

(1 − 𝜈2) 𝜎0

2𝜋

0

𝑞1

𝑞𝐿

                                    (14) 

where 𝐶(𝑞) is the surface roughness power spectrum PSD and 𝑃(𝑞) is the area of real contact with the nominal contact 

area (
𝐴

𝐴0
), which itself depends on 𝐶(𝑞). According to these relations, it is obvious that the relation between friction 

and roughness, even if the roughness is treated at many scales by means of the surface roughness power spectrum, is 

not so simple to achieve. In principle, all frequencies are a priori equally important for rubber friction [2]. Although 

the short-scale roughness usually makes the dominant contribution to the area of real contact [27] and viscoelastic 

deformations, the contact stiffness which defines the depth of the rubber penetration is dominant by the long-

wavelength components of the road roughness profile [23,24].  



The purpose of mentioning the complexity of the friction/roughness relation was to remain cautious when interpreting 

the results of the correlation analysis. Now, according to the earlier estimation of the depth of penetration of the rubber, 

the top 20% of the surface profile is first chosen for the top PSD calculations. For each test date, the correlation 

between the friction coefficients of the four pavements with the PSD at every λ is studied. In this fashion, the influence 

of the temperature, which, on the evidence of our earlier study [15], is the most influential parameter in 

friction/roughness correlation, is excluded. The results of the analysis of the correlation between the friction 

coefficients with roughness in the two limited cases of λ = 200 µm and λ = 500 µm is presented in Fig. 8 for the 

seven test dates that were studied. As follows from the figure, other than April, a high correlation, even around 1, is 

observed between the friction and short-scale roughness. Although the measurements were carried out in dry 

conditions, because of the freezing weather conditions on some dates, there is a possibility of ice particles appearing 

on the test track of a pavement. 

 

Fig. 8. Correlation between friction coefficients and roughness at λ = 200 µm and λ = 500 µm for different test dates. 

Therefore, excluding the April data sets, similar results to the previous graph are introduced in Fig. 9 (a), but this time 

including all the roughness length scales relevant to this application. Since it is impractical to enter very long 

wavelengths in the correlation analysis because of the filtering nature of the top PSD calculations, only the results for 

𝜆 < 6.3𝑚𝑚 are shown. The results of 𝜆 < 120µ𝑚 are also avoided because of the inaccuracies of the optical profiler 

at these high frequencies. The solid line in the figure is the average of the correlation coefficients for the six dates, 

while the grey regions show the upper and lower boundaries. There are two main facts that can be derived from the 

figure. First, there is considerable variation in the results, especially for the longer wavelengths. If we again try to 

exclude data sets where the ambient temperature was below zero degrees (C°), we come to Fig. 9 (b), where almost 

equal variations in the correlation are observed among different wavelengths. Although the considerable variations in 

the results could be attributed to the presence of ice particles at sub-zero ambient temperatures, because of the 

complexity of rubber friction and its strong dependence on temperature (and sliding velocities, which are not a constant 

value in a rolling tyre, as is the case here), no final conclusion can be drawn at the moment. 

Second, the highest correlation with an average around 0.8 is only observed for 𝜆 ≤ 1𝑚𝑚. Admitting the importance 

of this finding on the correlation between the top 20% short-scale roughness and friction, we declare that the opposite 

conclusion for 𝜆 > 1𝑚𝑚 should not be concluded from the results. The fact that the average correlation drops to zero 

(see Fig. 9(b)) as the wavelength increases from 1 mm to 6 mm does not mean that the contribution of longer 

wavelengths is insignificant for rubber friction. Hartikainen et al. [13], observing similar behaviour to us, concluded 

that the shortest wavelengths contribute the most to wet rubber friction. While this statement is generally true in terms 

of the contribution of hysteresis to the friction [28], we argue that the observation on longer wavelengths probably 

originates to a great extent from the error introduced by the earlier assumption that was made in choosing a common 

depth (Hartikainen et al. [13]) or a common area ratio (the present work) for calculating the top PSD. Even though a 

common area ratio (top 16%) approach was shown to be a better method in estimating the portion of the top pavement 

topography involved in tyre/road interaction, still, the exact depth of the penetration of the rubber must have been 

different on different pavements and the rubber sees the longer wavelengths differently on each pavement.  



Therefore, the observation in Fig. 9 should be linked to the information in Fig. 7, where we concluded that even for 

an area ratio ≤ 20%, the top PSD changes as a function of area ratio, in which the variations are more prominent for 

a longer λ. Without exact knowledge of the penetration depth of the rubber on each pavement, which is a challenging 

task, the correlation analysis of friction and roughness using the top PSD as the roughness indictor is limited to 

meaningful correlations only with the short-scale roughness (here the microroughness). In order to see the robustness 

of this approach, in Fig. 10, we present the results of frequency-wise correlation analysis between all the friction 

measurements and all the roughness measurements. As already expected, the correlation drops when all the 

experimental data are considered together. This is in accordance to our previous study [15] where a high correlation 

was only noticed for the correlation between friction and temperature. Here, the measurement temperatures ranged 

from −6𝐶° to 21.5𝐶° which significantly affect the viscoelastic response of the tyre rubber to the perturbing 

frequencies coming from the road roughness. 

 

 

 Fig. 9. Correlation between friction coefficients and roughness at all length scales. The solid lines are the average correlation of different dates, 

with grey regions showing the upper and lower boundaries of correlation. 

 

Fig. 10. Correlation between all the friction data and all roughness data at different length scales.  

 

Last, we briefly address the results of the correlation analysis for other area ratios than the top 20%. Although, on the 

basis of the early estimation of the penetration depth, the top 20% was selected as a good approximation of the relevant 

portion of the top topography involved in the contact, it is worthwhile to take a look at the correlation results shown 

in Fig. 11 for 20%, 60% and 100% surface topographies. As previously observed in Fig. 7, for shorter λ and area ratios 

below 80%, the roughness does not change considerably with a change in the area ratio. Thus, it is trivial that for the 

shorter length scales of the 60% area ratio graph in Fig. 11, similar correlation levels to the 20% case can be noticed. 



For λ > 1 mm, the discussion presented in the previous paragraph is valid when 20% and 60% correlation patterns 

are compared. Finally, in the case of full topography (100%), we can see that the correlation in short-scale roughness 

drops, as we also expected from the beginning that any indicators of the roughness derived from the full surface profile 

could not relate the roughness to the friction well. For longer wavelengths, a weak correlation with friction is seen for 

the PSD calculated at 100% area ratio. However, based on the results presented in Fig.6 (b), the pavements (especially 

pavement D) have skewed topographies, or in other words, the bottom profiles have deep valleys which are not 

actually contributing to dry friction. This skewness affects the calculated PSD for 100% area ratio, as already shown 

in Fig.7 where the PSD outcomes rise for the 100% area ratio, and the magnitude is largest for the most skewed 

pavement. In short, if the skewness of a pavement is zero, then probably the calculated PSD based on the 100% area 

ratio shows some correlation (if exists) between long wavelengths and friction. But, for correlation analysis in the case 

of skewed pavements (here), the PSD calculated based on 100% area ratio is affected by the bottom profile which has 

no contribution to friction. Therefore, although a weak correlation of friction with long wavelengths is noticed in 

Fig.11, we would rather not make a conclusion formed on this observation, as we don’t have a clear support for that. 

 

 

 

Fig. 11. The influence of the top PSD area ratio on the correlation results. 

 

 

 

6 Conclusion 

We described the most approperiate method for calculating the top surface roughness power spectrum. The realization 

given by the top PSD about the surface roughness components and the asperity distributions was illustrated for 

different top portions of the surface topography. It was shown that the top PSD calculated at any portion of the top 

surface profile except the top 50% leads to false conclusions about the actual asperity distributions. However, such a 

top PSD at any top portion of the surface profile could be utilized for characterization of the surface roughness at 

different length scales. 

We addressed the difficulty that is faced when finding the correlation between roughness and friction for field 

experiments. Such a correlation between the friction and the roughness at different length scales (from macro- to 

micro-scale) requires exact knowledge of the depth of the penetration of the rubber into the asperities in the pavement. 



This depth was roughly estimated to be in the top 16% of the surface topographies of the pavements in the present 

study. The results showed that the area ratio of the surface topography used for the top PSD calculations generally 

influences the resulting roughness power spectra of road pavements. 

Here, a high correlation with an average around 0.8 was found with the friction and the top 20% of PSDs, but only at 

short-scale surface roughness 𝜆 ≤ 1𝑚𝑚. It was manifested that both defining a common depth and a common surface 

area ratio during the top PSD calculations impose an intrinsic error on the later correlation results of friction with long 

𝜆, since the rubber sees the long wavelengths differently on different pavements. In other words, it is only through the 

estimation of the depth of the penetration of the rubber into each pavement and later calculating the top PSD at this 

certain depth that a reliable correlation can be achieved between friction and all the roughness length scales relevant 

to the rubber friction. On the basis of the findings and the procedure that was developed, the top PSD is introduced as 

being by far the most relevant method for correlating pavement roughness at short length scales to the rubber friction. 
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