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Abstract

Nowadays, finite element tyre models are often used to perform vehicle NVH (noise, vibration, harshness) simulations. To
account for the specific operating conditions, a road surface must be properly included in the model. This paper deals with a
methodology to experimentally evaluate and process road irregularity measurements, so as to generate a road surface input.
These surfaces are used to simulate the tyre/road interaction at the footprint, which is modelled as a contact surface in finite
element tyre models. For this reason, a linear profile of the road surface is not suitable for these simulations and the whole
surface must be considered. Starting from the measurements taken through a test equipment specifically designed to carry
laser sensors and scan road profiles, the Power Spectral Density (PSD) of a specific track is estimated and then interpolated
considering piecewise functions. Finally, a model to generate a road surface starting from the measured PSD is developed,

discussed and validated.

Keywords Pavement irregularity - Laser measurements - Power spectral density - Road surface generation - Tyre dynamics

1 Introduction

In the last decades, the automotive industry invested sig-
nificant resources in improving vehicle comfort. Nonethe-
less, vibrations and cabin interior noise are still two of the
main sources of passengers’ discomfort [1]. For this reason,
NVH (noise, vibration and harshness) analyses are often per-
formed to investigate the dynamics of vehicle components
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and optimize their performances. Nowadays, car cabin inte-
rior noise and vibrations up to 500 Hz are mainly related
to tyre dynamics and tyre/road interaction, together with
aerodynamic and powertrain contributions [2-5]. Due to
the increased demand for hybrid and electric vehicles, tyre
noise is becoming one of the major contributor to the overall
interior noise. As a consequence, modelling and simulating
these phenomena is a key aspect for the automotive industry.

Due to the continuous progresses in finite element (FE)
tyre modelling, simulations represent a valid alternative to
costly and time-consuming experimental campaigns and
they can provide reliable sensitivity analyses on tyre design
parameters. Refined 3D FE tyre models are developed to
analyse the tyre structural dynamics [6—8] and to enable
simulations in frequency ranges of interest for the cabin
interior noise investigation. However, proper modelling
of the complex tyre structure and of the different material
properties is not sufficient to perform NVH simulations, and
suitable models of the tyre/road interaction are required too.
To obtain reliable results, a fine discretization of the tyre
footprint region is fundamental. Moreover, considering that
tyre vibration is highly affected by the pavement character-
istics, a detailed description of the road irregularity needs to
be considered, taking into account that a road surface should

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s42947-023-00277-z&domain=pdf
http://orcid.org/0000-0001-5744-5455

L. Rapino et al.

be provided with a resolution higher than the characteristic
dimension of the finite elements in the tyre footprint region.

Focussing on the description of road surface irregulari-
ties, several indicators based on the processing of longitu-
dinal profiles are available [9-12] and standards devoted to
the definition of a uniform method for reporting vertical road
profile measurements have been published [13]. Considering
vehicle dynamics simulations, the road vertical irregular-
ity is typically described in terms of Power Spectral Den-
sity (PSD) functions [14], so that the profile amplitudes are
decomposed according to the related spatial frequencies.
Another widely used indicator is the International Rough-
ness Index (IRI), a scalar number typically used to quantify
the irregularity of highways [10]. Dealing with road profile
description, two different approaches can be adopted. The
first one relies on experimental measurements, which are
typically performed by means of profilometers [15]. The sec-
ond approach consists in generating profiles starting from
models. A comparison between real and generated profiles
as well as an analysis on the road profile generation are pro-
vided in [16, 17]. Several research activities were performed
in terms of longitudinal profiles indicators, generation and
measurement, however, no established procedure to generate
a realistic surface starting from measurements or indicators
is available yet. This paper proposes a methodology to cover
this research area, which is particularly useful in the FE tyre
simulation context.

Simulations are often performed with the aim of repro-
ducing realistic test conditions. To this end, experimental
measurements of specific test track surfaces are required.
Nonetheless, considering typical frequency ranges of inter-
est and the refined discretization of the footprint region of
the FE tyre model, high-resolution road surface scans of
extended lengths are needed. These measurements are dif-
ficult and time-consuming to be performed, thus a road sur-
face model must be introduced and tuned based on feasible
experimental measurements.

This paper deals with a methodology to experimentally
evaluate and post-process road irregularity measurements
to obtain inputs suitable for FEM simulations of a rolling
tyre. For the sake of brevity, details on FE tyre model-
ling and tyre/footprint interaction are out of the scopes of
this work; however, it is assumed that a refined footprint
mesh is defined and that it interacts with the road surface
along the vertical direction. Focussing on the description
of the road input, the target of this paper is the definition of
a methodology for road surfaces generation starting from
simple measurements performed by means of lasers and a
dedicated linear rail system. The PSD of a specific track is
evaluated and interpolated considering a piecewise func-
tion formulation. Eventually, assuming that the PSD is the
same along forward and lateral directions, a model for road
surface generation is introduced and validated. This strategy
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enables the generation of a road surface starting from typical
procedures for PSD evaluation, avoiding non-conventional,
high-resolution and extended road surface measurements.

The paper is organised as follows. In Sect. 2, the designed
measurement system is presented together with the descrip-
tion of the experimental campaign and data processing car-
ried out to characterize the considered track in terms of PSD.
In Sect. 3 the modelling strategy adopted to compute a 3D
surface model of the road track is presented and validated
against a reference measuring system. Section 4 draws the
conclusions.

2 Experimental Measurements and PSD
Estimation

In the 0-500 Hz frequency range, structure-borne car cabin
interior noise and vibrations are mainly related to tyre
dynamics and tyre/road interaction [5]. As a consequence,
frequency-domain NVH simulations based on FE tyre mod-
els are typically performed up to 500 Hz. The frequency
resolution and the tyre speed are other important simulation
parameters. In this work, the target is the evaluation of a
road surface for simulations with a frequency resolution of
1 Hz and a vehicle speed up to 90 km/h. According to these
parameters, a road input of 25 m length should be considered
to include wavelengths up to the maximum one. As regards
the lateral direction, the road input width should be greater
than or equal to the footprint lateral dimension and a spatial
resolution similar to the footprint mesh should be consid-
ered. Typically, footprint meshes with nodes distances rang-
ing from 1 to 3 mm are used, thus a road input discretization
of 1 mm is adopted.

Taking into account the above requirements, these
extended measurements are not feasible with conventional
devices. For this reason, an experimental campaign has been
carried out to measure road profiles to be later processed to
realize a road surface suitable for simulations. To this aim,
a dedicated measuring system has been designed (refer to
Sect. 2.1) to perform acquisitions of a reduced set of the
track (as described in Sect. 2.2). The results of the measur-
ing campaign are used for the estimation of the PSD of the
considered test track (Sect. 2.3). Eventually, these data are
adopted as the input for the generation of a road surface
according to the methodology reported in Sect. 3.

2.1 Road Scanner Design

To comply with the test requirements, the measuring sys-
tem shown in Fig. 1a has been designed. As a compromise
between lightweight, stiffness and ease of assembly, four
Bosch Rexroth aluminium beams have been adopted to real-
ize the supporting frame (length of 4 m, width of 0.6 m),



Measurement and Processing of Road Irregularity for Surface Generation and Tyre Dynamics...

Fig. 1 Measurement system designed to scan road roughness profiles.
a A schematic representation of the system, that carries a position
sensor (x coordinate) and two laser sensors for road scan (z, and z,).

which is meant to lie on the surface to be scanned. On top
of it, a moving frame composed of similar aluminium beams
carries the measuring system. 3D printed elements realize
the coupling between the fixed and moving frames. They
match the Bosch profiles and are screwed to the moving
frame (two on each runner) to provide the correct alignment
while operating. This aspect is fundamental for a smooth
movement of the frame, as well as the orthogonality of the
elements of the fixed frame, which was verified during the
assembly. Note that the prototype of the measuring system
relies on manual handling to make the frame move along
the fixed one. The possibility to make the measuring system
automatic by an electric drive could be considered for future
applications.

Two type of sensors are installed on the moving frame.
On the one hand, a Leuze Electronic optical distance sensor
of the ODSL 30/24-30M-S12 type measures the longitudinal
position while proceeding along the test track (x coordinate
in Fig. 1a). The sensor has a measuring range up to 30 m and
requires a reference position, represented as a squared blue
obstacle in Fig. 1a. In the considered application, a forward
x coordinate ranging from 0 to 3.5 m can be covered (note
that the measuring distance is slightly smaller than the alu-
minium beam due to the size of the moving frame). On the
other hand, laser triangulation sensors of the MEL Micro-
electronics M5SL/20 type are installed to scan the road profile
(along the z direction). The sensors have a measuring range
of 20 mm with a focus distance of 50 mm. In the considered
application, two sensors have been installed in parallel, pro-
viding two scans of the considered test track for each step of
the measuring campaign. All sensors are provided with their
power supply and are connected through BNC cables to a NI
9239 voltage input module. Data are synchronously acquired
through a NI ¢cDAQ9178 data logger, at a sampling rate of
2000 Hz. Finally, a laptop completes the measurement chain.
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b Detail of the synchronous data acquisition, that allows associating
the z vertical track profiles to the x spatial coordinate at any time t

According to this setup, synchronized measurements of
the x and z coordinates of a 3.5 m portion of the considered
track can be performed (a schematic view of the measuring
procedure is also shown in Fig. 1b). Moreover, combining
the x and z measurements, a post-processing algorithm ena-
bles the evaluation of the road irregularity along equally
spaced intervals in the x direction (longitudinal).

2.2 Experimental Campaign

The track condition may differ along its whole length due
to several reasons, such as wear and environmental phe-
nomena. Thus, to account for the possible variability of the
asphalt surface, a series of acquisition has been realized.
Specifically, four different positions have been selected out
of the whole track, at approximately 60 m one apart the
other. Moreover, for each of them, 10 positionings along
the width of the track have been considered. In the end, 20
scans per position have been performed, for a total of 80
scans to gain statistical relevance in the description of the
considered test track.

In Fig. 2, the experimental setup adopted during the out-
door experimental campaign is presented. The fixed frame
is positioned along the vehicle travelling direction, aligned
towards the left side of the track and progressively re-posi-
tioned rightwards to complete the 10 repetitions. To provide
power supply and to carry the acquisition and conditioning
systems, a cart has been adopted. The laser triangulation
sensors require appropriate conditions in terms of surface
optical reflections, thus a lens protective device was also
installed.

2.3 Road Irregularity PSD

Once the measurements have been performed, the whole
dataset composed of 80 scans has been processed so as to
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Fig.2 Experimental campaign for track road surface measurements.
The designed scanner is placed on the track, laser sensors are manu-
ally operated, the blue cart carries the conditioning system and power

supply

compute the average PSD function describing the considered
track. The experimental results are shown as a blue line in
Fig. 3b. For completeness, a picture of the considered test
track is provided in Fig. 3a, where a 2 Euros coin is also
placed to provide a hint of the average size of the asperities
characterizing the considered asphalt.

The results are presented as a function of the spatial
frequency n (defined as the reciprocal of the wavelength

1). Along the x-axis the results are shown along the 0.3m™!
and 10°m~" range, that is consistent with the characteris-
tics of the measuring system. Specifically, these bounds
are respectively associated to the longest wavelength of
3.5 m (equal to the scanned portion of the track) and spa-
tial sampling of the road profile (1 mm). A distinction can
be made considering long wavelengths and shorter ones,
with a drastic change in the slope of the experimental data
registered above the threshold value of n = 40m™!, cor-
responding to A = 0.025m. This experimental evidence
is aligned with previous research activities [18] and can
thus be deemed as characteristic of the considered test
track. It should be reminded that the region of interest
for NVH simulation is well below the change of slope of
the diagram, as highlighted by dashed vertical lines which
correspond to the 1-500 Hz frequency range for a vehicle
travelling at a speed of 90 km/h.

As a first step of the post-processing stage, the experi-
mental data have been fitted by a piecewise linear function,
which is reported in red in Fig. 3b. This way, an analyti-
cal formulation of the PSD function describing the road
irregularity of the considered test track can be computed.
The benefit of the proposed solution consists in the pos-
sibility to choose the desired frequency resolution, which
is a strategy typically adopted dealing with PSD functions.
In addition, it enables the evaluation of the function also
at lower frequencies, reaching the desired value of 1 Hz
(corresponding to n = 0.04m~"in Fig. 3b). In the next sec-
tion, the methodology designed to generate a road surface
is presented.
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Fig.3 Results of the experimental campaign. a Picture of the test
track with a 2 Euros coin placed as a reference size. b PSD of the
considered test track as a function of the spatial frequency n: the
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measured and interpolated PSD functions are reported in blue and
red respectively. Dashed lines identify the spatial frequency range of
interest for NVH simulation
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3 Generation of Road Surfaces from a Road
Irregularity PSD

In this section, a frequency-domain model of the road
surface in contact with one or more moving footprints is
defined. Then, the experimental measurements described
in the previous section are considered to tune the model
parameters to generate road surfaces that are specific of the
tracks under analysis. Eventually, the results and the valida-
tion of the methodology are reported to complete the discus-
sion, considering also data of a different track with smoother
irregularities.

3.1 Proposed Model

According to the discussion presented in Sects. 1 and 2, tyre
models for NVH simulations require a road surface descrip-
tion, so that vertical displacement z,,,,(x,y) is evaluated at a
given set of longitudinal and lateral coordinates (x,, yr) that
refer to a reference frame fixed to the ground. The trend of
the road surface along the lateral and longitudinal directions
can be analytically expressed as a 2D Fourier series, consid-
ering a related wave amplitude A; and a phase ¢;; for each
longitudinal-lateral spatial frequency pair (r;, m;). The latter
is randomised under the assumptions that the road irregular-
ity is a stationary random process, whereas the amplitude
Aj; is related to the characteristics of the specific pavement
under analysis. Thus, the expression of z,,,,(x,y) can be
written as:

Zyoad (X0 Y,) = 2 ZAU -cosQanx, + 2zmy, + ¢;) )
i

Equation (1) shows no time-dependancy since the road is
fixed in time. However, the tyre-road interaction is a strictly
time-dependent phenomenon due to the motion of the vehi-
cle along the road. For this reason, to perform tyre simula-
tions it is of interest to evaluate the vertical displacement
that the moving footprint undergoes at each time instant ¢.
Thus, a description of the footprint vertical displacement is
required and footprint nodes coordinates x; and y; (defined
according to a moving reference frame fixed with the foot-
print) must be considered as shown in Fig. 4.

The relationship between the road surface z,.,,4 (x,, yr) and
the footprint vertical displacement Z,gyin (X5, ) can be
derived combining the motion law of the vehicle and the
tyre/road interaction model. Assuming the vehicle to travel
at constant speed, the coordinates of the footprint nodes can
be expressed according to the road reference frame as:

X, =X+ V-t
Yr =Y @

yr yf

—
v

Fig.4 Footprint nodes of a FE tyre model running on a road profile at
a constant speed v. The footprint local reference frame is represented
in red, whereas the road absolute reference frame is represented in
black

As regards tyre/road contact model, different solutions
can be adopted depending on the required degree of accu-
racy [19-21]. In this paper, a simple interaction is intro-
duced by requiring the displacement of the footprint region
to coincide with the road surface. For this reason, once both
road surface and footprint vertical displacement are evalu-
ated according to the vehicle reference frame, the following
expression holds:

?fborprinr(’?f" Ypst ) = Zroua (xf +v-t, yf)
- Z ZAU ’ COS(Zﬂni(xf T t) + 2zmyy; + ¢g,') )
i

that can also be written as:

Zfootprint (va yf’ t)

x
= Z ZAI:]- . cos<27miv . (t + %) + 27rmjyf + ¢i/‘>
i

“
Equation (4) allows for a better discussion of the terms
of the expression. Considering the same lateral coordinate
Y, anode in the footprint outlet region undergoes the same
vertical displacement of a node of the inlet region, with a
delay that is proportional to the distance between the two
nodes At = Ax;/v. Moreover, the terms that multiply the
time-dependent component of the expression can be inter-
preted as circular frequencies:

2mny = w; 5)

Reminding that the goal of the proposed methodology
is the definition of a road roughness model to perform fre-
quency-domain simulations, Eq. (4) can be written including
Eq. (5) and making use of the Euler formula:
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oot print (fof»[) = Re(z ZAij Ll (H— " >+12n;r;,yf+j¢x;) —
— £

J

= Re(Z (2 Ay e-f(z”m/y./+¢ff')> ~e~fwi7{ ~e-’“)f’>

i J

(6)

From Eq. (6) it is possible to isolate the frequency-

domain expression of the footprint vertical displacements
Zpotprint (xf, Yrs a)i) at a given circular frequency o;:

S 0L
Zfootprint(‘xf’yf’wi) = <ZAU . elC nm,}f+¢,;)> . el %)

J

In this case, Zj,print (X7-Y5» @;) is a complex-valued func-
tion and the time delay related to the longitudinal position
x; is included as a phase shift & . The latter is typically
included in traditional vehicle simulations to model the rela-
tionship between front and rear axles. In the current work,
the formula leads to the same conclusion to account for the
time delay between nodes belonging to the same footprint.

Reformulating the expression introduced in Eq. (7), the
footprint vertical displacement can be expressed as a com-
plex number with amplitude Z; and a phase @; (to be shifted
according to the exponential e’ ):

X,

ip. e
Ztoot print (xf,yf,a)l.) =7 el . el 8)

The goal of the current work is to obtain an expression
of Z; and a phase @, carrying out simple PSD measurements
(see Sect. 2), without performing a complete road surface
scan. As regards the amplitude Z;, this can be directly esti-
mated from the results of the experimental campaign. Con-
sidering the relationship between a single-sided PSD G,(n)
and the spectra amplitude Z;, the following equation holds:

Z, = 1/2G,(n;) An &)

Concerning the phase @;, it can be estimated comparing
Eq. (7) and Eq. (8) and assuming that the measured PSD
is representative of both the longitudinal and the lateral
directions:

@Q; = arg(ZAij . ej(27rmjyf+¢,-/)>
j
= arg<z \/2G, (mj)Am . e/(z”mf}7f+¢'ff)>
J

According to Eq. (10), the phase of the footprint vertical
displacement can be defined as the phase of an equivalent
complex number. Its value is the result of a weighted sum,
whose weights are related to the irregularity PSD. Moreover,
each spatial frequency is associated with a random phase

10)
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¢; and a phase shift A¢ = 2zm;y, coming from the lateral
coordinate y, of the footprint node and the lateral spatial
frequency m;.

In the end, the proposed formulation enables the possi-
bility of generating a road surface from PSD measurements
through a frequency-domain approach, including proper
relationships along the lateral and longitudinal directions,
suitable to perform tyre dynamics simulations with detailed
FE models.

3.2 Results and Model Validation Against
Experimental Measurements

Based on the formulation described in Sect. 3.1, the foot-
print vertical displacement is evaluated in the frequency
domain. This data can be directly used as an input for NVH
tyre simulations. However, to visualize the spatial trend of
the generated road surfaces, Sect. 3.1 equations can be also
used to evaluate z,,qq (X, ¥, ) in the space domain. In this sec-
tion, this approach is adopted to validate the methodology
against data of two different asphalts. Geometrical-based
check are perfomed on the two generated surfaces to obtain
a validation that is independent on tyre models, simulation
procedures and parameters.

Figure 5a, c show 1 mXx 1 m portions of the generated
road surfaces, evaluated from the coarse PSD measured in
Sect. 2 and a smooth one, respectively. A random trend can
be observed both in the lateral and the longitudinal direc-
tions. Focussing the attention on the detailed zooms shown
in Fig. 5b, d a continuous trend is observed along the lon-
gitudinal and lateral directions. No discontinuities can be
generated since the profile is modelled as the superposition
of continuous harmonic functions (refer to Eq. 1). The two-
dimensional formulation of the proposed model represents a
difference with respect to alternative modelling approaches
based on parallel track models and lateral coherence func-
tions (details on parallel track models for vehicle simulations
are discussed in [22]). Moreover, results show that provid-
ing PSDs referring to tracks with different irregularities, the
generated surfaces are consistent with the provided inputs.

A preliminary validation of the road surface generation
is based on the comparison of the peak-to-peak vertical dis-
placements Az = z,,,,, — Z,,;,- The results of the comparison
are reported in Table 1. A good match between the artificial
profiles and the whole set of experimental measurements is
obtained, thus no significant global overestimation or under-
estimation of the surface irregularity is introduced with the
proposed formulation.

A second and more refined analysis has been performed
to validate the whole methodology, both in terms of meas-
urements and signal processing. At first, the measured PSDs
(Fig. 6, red curves) are compared with the PSDs of the gen-
erated surfaces (Fig. 6, purple curves), obtaining an exact
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Fig.5 The road surface generated from PSD measurements. In (a),
the 1 mXx 1 m road surface referring to the coarse asphalt. In (b), a
detailed view of the 0.02 m X 0.02 m bottom-left corner of (a). (¢) and

Table 1 Preliminary validation of the road surface generation: com-
parison of the peak-to-peak amplitude of the generated road surfaces
and the measured road profiles

Coarse surface Smooth surface

Experimental measure-
ments

Artificial 3D road Az e = 16.4mm Az
surface

Az, = 16.9mm Az, = 10.2mm

model = 9.6mm

match, thus validating the model proposed in Sect. 3.1. It
is worth mentioning that the trend of the measured PSD of
the smooth surface (Fig. 6b, red curves) has been verified to
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' [=] [+ B (-] -]
z - Height [mm]

IS

&

-3

0.02
0.018
0.016
0.014

E 0.012

0.01
0.008
0.006
0.004
0.002

0

0 0.005 0.01 0.015 0.02
x - Longitudinal [m]

(b)

0.02

0.018

0.016

0.014

o
=
=
N

<)
o
8

z - Height [mm]

y - Lateral [mm]
o
e

o
(=3
8

0.004

0.002

] 0.005 0.01
x - Longitudinal [mm]

(d)

(d) refer to the smooth asphalt. No local discontinuities are observ-
able in longitudinal and lateral direction

0.015 0.02

be characteristic of this track and, despite having a different
trend with respect to the PSD of the coarse surface, it is rep-
resentative of this asphalt. Secondly, a high-resolution refer-
ence profilometer capable of measuring small rectangular
portions of road surface was used during the experimental
tests described in Sect. 2 alongside the measuring device
proposed in this paper. Technical details on this reference
profilometer are omitted, however, it is worth mentioning
that this device is particularly suited to measure very short
wavelengths by means of acquisitions of small portions
of the road surface (a spatial resolution much lower than
1 mm can be reached). This profilometer cannot be directly
used for the evaluation of all wavelengths of interest for tyre
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Fig.6 Validation of the generated road surface PSD. Same trend
of the original PSD provided for the surface generation is obtained.
Moreover, measurements of a reference profilometer are used to

simulations up to 500 Hz, nonetheless its measurements are
useful to perform a validation in the range of wavelengths
in common with the device described in Sect. 2. Through
these measurements, it was possible to evaluate the PSDs
of the track irregularity and compare it with the PSD esti-
mated with the device described in Sect. 2 and the gener-
ated road surface one. The results are represented in Fig. 6.
Fluctuations can be observed on the reference profilometer
curve. In this case, the measurements were not interpolated
through piecewise functions, thus the results show the typi-
cal variability related to the peculiarities of the scanned track
portions. Despite this, the comparison shows that the PSDs
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validate both the original measurements with the device described in
Sect. 2 and the road surface generation

are in accordance, thus validating both the measurements
performed with the device introduced in Sect. 2 and the
data processing strategy described in Sect. 3 considering
two road surfaces with different characteristics.

Eventually, a further check has been performed to assess
the characteristics of the generated road surfaces in terms
of wave amplitudes along the longitudinal and lateral direc-
tions. To this aim, the generated road surfaces represented
in Fig. 5a, ¢ were processed to obtain the 2D Fourier series
expression described by Eq. 1. In Fig. 7, the trend of the A;
Fourier coefficients at the change of the longitudinal and
lateral spatial frequencies is represented. It can be observed



Measurement and Processing of Road Irregularity for Surface Generation and Tyre Dynamics...

500 0
450 -0.5
400 -1
g
350 15 2
a
E
300 -2 %’
> 8
I 250 25 g
=
3
200 3 L
a
o
(=}
150 35 =
o
100 -4
50 -4.5
-5
0 50 100 150 200 250 300 350 400 450 500

1A
X

(a)

log10{2D Fourier coeff amplitude)

500 0
450 05
400 -1
350 15
300 2

>

< 250 25

=
200 -3
150 3.5
100 4

50 45
0 -5

100 150 200 250 300 350 400 450 500
‘1[)\x

(b)

Fig.7 Trends of the amplitudes of the 2D Fourier series describing the road surfaces represented in Fig. 5a (a) and Fig. 5c (b). Comparing the
lateral and longitudinal directions, the results are in accordance with model assumptions

that the amplitudes of the road surface (represented in loga-
rithmic scale) are similar along the lateral and longitudinal
directions, in accordance with the assumption applied to
derive Eq. 10.

4 Conclusions

In this paper, a methodology to generate a road surface start-
ing from experimental data has been proposed. To this end,
a measuring system has been specifically designed, consist-
ing of a fixed frame that carries a moving frame with laser
sensors, manually operated to scan road profiles. As a future
application, the possibility to instal an electric drive can be
considered. The data processing consists of two steps: at
first, the PSD of the experimental road profiles has been
computed, considering different measuring positions along
the track to gather statistical relevance. Secondly, a model-
ling strategy based on a 2D Fourier series decomposition
has been proposed. Attention has been devoted to design a
suitable strategy to guarantee the proper continuity of the
resulting road surface, considering the relative phase of
contiguous surface layers. A three step validation has been
performed considering a rough and a smooth profiles. First,
the peak-to-peak amplitude has been considered, showing
satisfactory agreement against direct measurements. Sec-
ondly, the road surface generation and the PSD measure-
ments have been validated against experimental data coming
from a reference profilometer. Finally, the wave amplitudes
of the generated road surface were investigated to check the
consistency with the model assumption, obtaining satisfac-
tory results. These analyses validated the PSD measurements

taken with the measuring system described in Sect. 2 and the
data processing strategy described in Sect. 3.

In the end, a methodology to generate a road surface
has been defined, based on a simple measuring setup and
a suitable data processing. The proposed strategy could be
adopted to carry out NVH tyre simulations based on refined
FE tyre models with footprint regions modelled as surfaces
in contact with the road. Tyre simulations can also benefit
of further studies on tyre/road interaction mechanisms and
the investigation of the effect of environmental conditions
on tyre rolling.
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