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Abstract

The research deals with the measure and evaluation of the unevenness and texture of road pavements, by means
of unified procedures both for surveys and processing of acquired data, with the aim to represent the surface
characteristics as a spectrum in the domain of spatial frequencies (or wavelengths). The texture properties, in fact,
can be referred to many aspects of pavements performances, so allowing to establish thresholds for the
acceptability of new construction or to ensure good working conditions for existing road infrastructures.

The advantages of the proposed unified procedures are that the measurements are taken with modern and
advanced equipment, minimizing the impact on the normal road exercise; moreover, it is possible to propose an
optimized area in the frequency vs. texture level graph, where the spectrum has to fall into, in order to balance
some conflicting requirements. The boundaries of the area can be also referred to the specific characteristics of
the examined infrastructures; if a spectrum fits into the area, an optimal behaviour of the surface is ensured,
respect to the interaction phenomena between tires and pavement which are influenced by surface texture.

The proposal was tested with a case study, in which thresholds of performance parameters and boundaries of the
optimized area were decided onto the basis of correlations between road indexes and texture properties, coming
from the scientific literature or proposed on the basis of empirical results.
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1. Introduction
1.1 Pavement Surface and Road Performances

The interactions between road pavement and vehicle tyres influence many factors, directly or indirectly related
to safety and efficiency of road exercise. Various characteristics of road pavements have importance for these
problems, but a primary role is reserved to the surface geometry. A road pavement, in fact, can be realized in
different ways and using various materials, but in every case its surface is never perfectly flat, even and smooth.
It is important to know in detail the characteristics of surface, in order to evaluate and to ensure the related
functional performances (Henry & Dahir, 1979; Davis, 2001; Stroup-Gardiner et al., 2001).

For this purposes, the geometry of a paved road surface is usually described by means of specific characteristics
or properties, like the “texture”, the “unevenness” or the “roughness” and the National and International
Agencies provide methods and standard for their determination (ASTM/E965, 1996); these characteristics are
generally evaluated along linear profiles on the road surface (ISO13473-1:1997), considering some alignments
on the pavement, for example according to the longitudinal or the transversal direction.

The texture, in particular, is defined as “the deviation of a pavement surface from a true planar surface”
(ISO13473-1:1997); similarly, the roughness (that is the most common manner to indicate the unevenness of a
road surface, in a macroscopic scale) is defined as the vertical variation of the distance of real points of the
pavement, along a profile, from an ideal reference plane (Sayers & Karamihas, 1998). It appears clear that the
difference between the two cited properties is essentially due to the extension of the considered part of the
pavement and to the wavelength and dimension of the gaps between the pavement and the ideal reference plan.
In this sense, in the following of this paper, we will refer to the “texture” or to the “unevenness”, meaning and
including the entire domain of practical interest.
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In fact, both technical organizations (PIARC, 1987) and authors (Descornet, 1989) classify the roads surface
characteristics, referring to the wavelength (1) of the irregularities, so defining four basic classes as a function of
the domains of texture wavelengths (or, that is the same, according to the spatial frequency f, because the relation
/= 1/)A): this classification is shown in the Figure 1.
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Figure 1. Definition of fundamental texture classes, as a function of the wavelengths or the spatial frequencies

Among the most significant properties of a road pavement, affected by the surface texture, it is important to
consider: friction, drainage, noise, brightness, wearing, comfort, and so on. Moreover, the interaction phenomena
depend on the exercise conditions (speed, dimensions, masses and suspension of vehicles, road characteristics,
environmental conditions, etc.) and, again, on the wavelengths of the unevenness.

A proposal for the identification of relationships between fields of texture wavelengths and interaction

phenomena was presented by the World Road Association (PIARC, 1987), as showed in the Table 1.

Table 1. Fields of texture wavelength and related interaction phenomena (PIARC, 1987)

PROPOSED CLASSIFICATION OD IRREGULARITIES ON ROAD PAVEMENT SURFACE

AREA RANGE OF DIMENSIONS IRREGULARITIES CONNECTED WITH IRREGULARITIES HAVE AN INFLUENCE ON
) Suliface texture of each aggregate depending on - Skid-resistance (at all speeds) on wet pavement
(particle) shape and angularity, texture of Skid-resistance (at all speeds) on dry or moist pavement
MICROTEXTURE A <0.5mm bituminous and cement mortar, surface texture of e peeds . 1stpave
R . - High frequency tyre/pavement rumbling noise (inside
paving and setts and rock slabs, edges of grooves in . .
. ; and outside the vehicle)
concrete slabs (saving or brushing treatment)
- Mix design: aggregate particle size, shape, spacing - Skid-resistance at medium to high speed on wet
and arrangement pavement
- Surface tretment: chipping bush hammering, - Splash and spray
MACROTEXTURE 0.5mm<A<50mm  aggregate exposure, grading (width, depth, - High and low frequency of tyre/pavement rumbling
frequency and orientation of grooves). noise (inside and outside of vehicle)
- Deficiencies: loss of clipping, cracks, wide joints - Rolling resistance
- Surface or internal drainage of the material - Optical properties of pavement
. - Vehicle control and stability
- Type of materials (natural stone setts or concrete . . TS
f - Comfort: high frequency mechanical vibrations in the
paving blocks . .
. . . steering and transmission gear
- Regularity of laying and compaction methods Water storage and loss of tyre/pavement contact:
MEGATEXTURE 50mm<A<0.5m - Deficiencies: corrugation, rutting, loss of surface reducedA : & ss of tyre/p :
material, potholes, spalled joints and cracks, step &rip . R .
. - Low frequency rumbling noise (inside and outside the
faulting, frost damage vehicle)
- Local treatments: planning, repairs - Vibration of buildings along the road
- Loss of tyre(pavement contact, reduced steerability and
- Quality of laying of the materials (spreading and  grip (even on dry pavement)
EVENNES compaction) - Comfort: high frequency vibrations (resonance of
(SHORT - Pavement deterioration by traffic: subsidence, unsprung masses)
WAVELENGHTS) depressions with or without crazing - Low frequency rumbling noise (outside the vehicle)
- Frost damage - Fuel consumption
- Vibration of buildings along the road
EVENNES A>0.5m
(MEDIUM
WAVELENGHTS)
Adiustment of layi . ¢ and euid - Vehicle stability
- Adjustment ol faying equipment and guidance - Comfort: low frequency vibration (resonance of
EVENNES systems dueney ¢
. unsprung masses)
(LONG WAVELENGHTS) - Levelling

- Deformation of the sub-grade soil

- Fuel consumption
- Infrasonic vibration
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It is easy to observe that the above listed interaction effects determine some functional performances of the
pavements that are related to the correct and reliable use of road infrastructures, especially in terms of users’
safety and comfort. For this reason, it is important to be able to determine or measure the geometric conditions of
a road surface, in order to accurately develop the design and construction activities as well as to plan and realize
the most appropriate pavement management programs, when the infrastructures are subjected to the wear due to
traffic and environmental actions.

1.2 Texture and Unevenness as Global Indicators of Pavement Performance

The interest of texture characterization, as an indicator related to the main functional pavement performances, is
particularly highlighted because this parameter is easy to be measured and it is independent on local and
environmental effects. Its determination, in effect, depends exclusively on geometric properties of the surface, so
it is invariant respect to temperature, presence of water or other contaminants on the pavement, chemical
modifications of materials, etc.

In addition the texture is a property related, in different way, to some conflicting performances of a pavement
(Hibbs & Larson, 1996; Baran & Henry, 1983); in this sense, in fact, it is important to have an high texture level
in order to maximize some functions (friction, vehicle control, prevention of aquaplaning) (Flintsch et al., 2012;
Hall et al., 2009), whereas considering other requirements (noise, tyres and fuel wearing, comfort), it is better to
have a low texture level (Rasmussen et al., 2007).

A synthetic representation of the quali-quantitative effects of texture and unevenness on pavement performances,
in terms of good or bad influence on them, also considering the different wavelengths, was proposed by PIARC
and can be explained by means of the graph reproduced in Figure 2.
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— — — — — — —
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Figure 2. Pavement surface characteristic influence (Bitelli et al., 2012; Wambold et al., 1995)

In consequence of that, it seems useful to refer to the texture and unevenness all road surface properties, so
obtaining the needed information to evaluate a pavement surface with a global representation. In other words, if
an unique representative parameter for texture could be defined, it is possible to establish some thresholds,
referred to this indicator (as maximum and minimum level) for each wavelength field, in order to obtain a
pavement which allows to balance the opposite performances of a road infrastructure (Alauddin & Tighe, 2008).

Nevertheless, for these aims, a difficulty rises because the traditional methods and techniques used to measure
and evaluate the surface characteristics present many differences and particularities, in dependence of the
extension of the surface to observe and the functional evaluation to perform. Furthermore, it is possible that the
measures could be not fully representative of the real condition of the pavement, in reference to all the functional
parameters that have to be determined. However, the recent developments of measurement and evaluation
methods, allow to take on the described problem with a global and unified approach.
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2. Methods for Measurements, Analysis and Evaluation

Road management Agencies periodically measure the pavement surface characteristics, with different methods
and equipment, in order to verify the acceptance respect to limit values (target, alert, threshold, etc.). The
methods and equipment available may be one or more for each measured performance. Table 2 summarizes the
commonly used measurement equipment for the pavement characteristics with the related technical standard.

Table 2. Examples of equipment for the measure of pavement performances

Discret Related Text
Pavement characteristic Example of equipment 1s?re ¢/ Standard elated Texture
Continuous Pavement
Pendulum test (Portable tester) Discrete EN 13036-4 micro
Skid resistence/friction Side-way force coefficient routine Continuous BS 7941-1

investigation machine (side force)

(Funtional - safety) micro-macro

Grip-tester (Fixed slip) Continuous BS 7941-2
Norwegian Norsemeter (Variable slip) Continuous ASTM E1859-11
Draznqge Outflow time or Permeameter Discrete ASTM E2380-09 macro
(Functional - safety)
Ride qL.talzty Acceleration measurement Continuous ISO 2631-1 mega-unev.
(Functional - comfort)
Noise (Environmental) Statistical I.’as.s-By (SPB) method Dlscr.ete ISO 11819-1 macro-mega
Close-proximity (CPX) method Continuous ISO 11819-2 macro-mega
Distress (Structural) Pavement Condition Index Continuous ASTM D6433-11 all
Dynamic load (Structural) Weigh-In-Motion Discrete ASTM E1318-09 mega-unev.
Deflection (Structural) Falling Weight Deflectometer Discrete ASTM D4694-09 not related

In general, many of these methods can be partially replaced by the measurement of pavement texture, in one or
more appropriate range of wavelengths; pavement texture measurement methods, moreover, vary depending on
the type of texture being evaluated (micro-, macro-texture, mega-texture, unevenness).

In effect, macro-, mega-texture and unevenness are currently measured with vehicle-mounted devices, that allow
fast surveys and generally do not require any traffic control. Indeed, the microtexture cannot be measured
directly, except in a laboratory, so it has to be indirectly estimated using low speed friction measurement devices
(Wambold et al., 1995; Karamihas et al., 1999).

The vehicles for fast surveys are equipped with a height measuring sensor (laser, ultrasonic, infrared, optical), an
odometer (a pulser on one of the front wheels) and an inertial reference unit (accelerometer); the system allows
to collect surface elevation data at intervals of 0.25 mm or less for macrotexture and of 2.5 cm or more for
megatexture and unevenness. The accuracy should be less than 0.1 mm for elevation data and less than 0.5% for
longitudinal distance (Karamihas et al., 1999).

The pavement profile is computed from a combination of longitudinal distance, height and acceleration
measurements. The height sensors used in profilometers measure 16000 times or more per second (16 kHz). It is
impractical to record and use all data that is transduced by the sensors in a profiler. Thus, data are recorded into
computer memory at discrete intervals relating to speed vehicle and range of texture (sample interval, Ax).

Profiles can be processed in different ways to obtain both synthetic and global texture measurement indexes.
Table 3 provides more details on typical pavement texture/unevenness measurement indexes, their applicability
and the related technical standard.
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Table 3. Indexes for the characterization of pavement texture/unevenness

Measurement Index

Associated Standard Type of parameter

Related Texture Pavement

Mean profile depth (MPD)

International Roughness Index (IRI)

Surface texture (Ra)

Texture spectrum levels

Simulating Vehicular Response

Simulating Truck Response

ISO 13473-1
ASTM E 1845-09

ASTM E1926-08

ISO 4287

ISO 13473-4

ASTME 1170-97
ISO 2631-1
ASTM E 2034-99
ISO 2631-1

Sintetic index
Sintetic index
Sintetic index

Spectral analysis

Sintetic index and
Spectral analysis
Sintetic index and
Spectral analysis

Macrotexture

Megatexture and
Unevenness
Microtexture and
Macrotexture
Macro-Megatexture and
Unevenness
Megatexture and
Unevenness
Megatexture and
Unevenness

In particular, the spectral analysis of road profiles (Power Spectral Density PSD and other spectra) allows to
analyse simultaneously and in continuous the texture/unevenness of pavement, so characterizing the most
important properties. In fact, many studies show good correlations between the intrinsic properties of the
pavements (functional, environmental and structural) and the related ranges of texture/unevenness.

In the range of unevenness, some relations between PSD and the indicators of road properties are given in
(Kropac & Mucka, 2007; Sun, 2003). Other researches (Cantisani & Loprencipe, 2010; Mucka & Granlund,
2012) show good correlations between synthetic index of road roughness (IRI) and whole body vibration. In
(Bogsjo & Rychlik, 2009) a method for vehicle fatigue damage prediction, caused by a road with random
irregularities is described. Ai and Martin (2012) have developed a new heavy vehicle roughness band index
(HVRI) well correlated with PSD of road profiles. The wavelength range lying between macrotexture and
unevenness is the main influencing factor of the rolling resistance (Descornet, 1990). Steinauer and Ueckermann
(2002) showed that a mathematical relationship exists between PSD and dynamic wheel loads.

In the range of mega-, macro- and micro-texture, many studies (Wambold et al., 1995; Ergun et al., 2005;
Flintsch et al., 2003) have shown that the friction have a good correlation with synthetic indexes of pavement
macrotexture (MPD, MTD, etc.). In addition, regarding to road safety, it is demonstrated a clear relationship
between pavement macrotexture and crash occurrence (Cairney & Styles, 2005; Pulugurtha et al., 2010). Various
correlations and models have been proposed in the literature between road texture and rolling noise (Descornet
& Sandberg, 1980; Hamet & Klein, 2000; Huschek, 1996; Sandberg & Descornet, 1980; Rasmussen et al., 2007,
Domenichini et al., 1999; Losa et al., 2010).

It is possible to harmonize the characteristics of pavement texture regarding two or more performances
(Descornet, 1989). Recently, Alauddin and Tighe (2008) have focused on optimizing the surface characteristics
regard to safety and noise.

It may be difficult for Road Agencies, to optimize all performances of pavements; for this reason normally they
refer to synthetic indexes expressing only the most important performances. It would be useful to verify all
required performances at the same time, over the entire field of surface characteristics, so considering the
suitability of the pavement in a global assessment.

Generally, about performance indexes, it is possible to indicate the related acceptance limits; in Table 4 some
reference limits for existing roads, referred to some measurable indexes or performance parameters, are shown.
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Table 4. Examples of acceptance limits for some performance parameters (existing roads)

Measurement Index or Performance Range of values for existing
. Related Texture Pavement
others magnitudes measured roads
M
Mean profile depth (MPD) Safety acrotexture and 0.5-1.5 [mm]
Megatexture

Megatexture and

International Roughness Index (IRI) Comfort
Unevenness

2.0-4.0 [m/km)]

British Pendoloum Number Safety Microtexture 50-70 [unitless]

Microtexture and

Side Force Coefficient (SFC) Safety Macrotexture 0.40-0.50 [unitless]
Dynamic Truck Axle Load Structural Megatexture and no stan.d'ard Yalue (only
Unevenness empirical indexes)
. Macrotexture and
Noise spectrum optimal levels (L) Environmental o L'=L(f) [dB] or [um]

Megatexture

It is important to highlight that some parameters are expressed by means of numerical and standardized indexes
related to pavement texture; on the other hand, considering other properties or performances (noise and structural
properties), standardized indexes are not established and it is necessary to use literature correlations to assess the
corresponding acceptance limits.

3. Methods for Pavement Profiles Analysis

Current measurements and surveys techniques allow to obtain a detailed texture characterization that can be used
to define the requirements for design, construction and management of the road pavement. However, it seems
necessary to propose a new procedure for the analysis and evaluation of data coming from surveys. The proposal
presented in this paper consists in an unified analysis, over the entire range of wavelengths (or frequencies)
having practical interest, of the data representing road profiles; in this way, it will be possible to establish the
acceptability field of the parameters, referred to an unique indicator that represents the texture level.

In particular, the suggested indicator consists in an expression of the texture referred to its amplitudes respect to
spatial frequencies. In fact, although the representation in the space domain would be the most natural expression
for a road pavement profile, it appears more interesting to analyse the profiles in the domain of spatial
frequencies, so representing them as a sum of sinusoidal waves; this kind of treatment is named “generalized
harmonic analysis”.

Starting from the measure of road profiles, obtained with the use of a constant sampling step, it is possible to
decompose them in sinusoidal waves. The texture, indeed, can be considered as a random wave-like
phenomenon, and therefore it is possible to obtain, for it, the discrete function of Power Spectral Density (PSD)
of amplitudes (Thompson, 1958; Ahmadi & Salami, 2010; Li et al., 2009).

The Technical Specification ISO 13473-4 defines the methods that should be used to implement a spectral
analysis of pavement surface, starting from measured profiles. The result of the frequency analysis is a texture
spectrum, usually expressed in one-third-octave bandwidth (or in another fractional-octave-band).

This Technical Specification offers three alternative methods to obtain the spectra; the third method offers
greater flexibility in choosing analysis parameters and uses a constant narrow bandwidth frequency analysis by
means of Discrete Fourier Transform (DFT), followed by a transformation of the narrow-band spectrum to an
octave- or one-third-octave-band spectrum, so obtaining the spectrum of texture level.

In this paper the third method has been implemented to characterize the texture of test pavements, starting to
their measured profiles. In Figure 3 the flow chart of applied method is shown.
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Figure 3. Flow chart to calculate the amplitude texture levels starting from measured profile

The following processes are necessary:

Anti-aliasing filtering: this filter is first used on a special signal sampler of profile, to restrict the bandwidth of a
signal in order to approximately satisfy the Nyquist-Shannon sampling theorem.

Digital sampling: the measured pavement profiles are performed at spatial sampling intervals Ax that are
determined according to ISO 13473-3 for the shortest wavelength involved in the spectral analysis. For each
range of texture the shortest wavelength is different, therefore the profilometers should be able to perform
different spatial sampling intervals AX (AXmacro» AXmegas AXunev)-

Treatments of drop-outs: in consequence to local operating conditions of height measuring sensor, some measure
are invalid; for a pavement profile, if the drop-out rate is not more than 10% then a linear interpolation may be
used to replace the invalid samples.

Slope and offset suppression: in consequence to operating principle of each profiler, the samples are referred to a
relative reference and normally in the pavement may be present some section with longitudinal slope. If the Z,(x)
is the native measurement profile is necessary to obtain a profile Z(x) for which both mean level and longitudinal
slope of the profile have to be brought to zero.

Windowing: to perform the spectral analysis should be applied to profile a Fourier Transform, for continuous
signal, that may be applied also to a sampling discrete signal (Discrete Fourier Transform). This analysis is based
on the assumption that the input discrete signal repeats itself with a period equal to the signal duration. The
singles signals may be linked only if at the edges of each discrete signal there are the same values equal to zero.
The windowing reduces the signal to zero at the edges limiting the attenuation of the signal out of the edges. The
general equation for determining the windowed profile Z; ,;, starting to original profile Z; is given in Equation (1)
U4 fori=0L. N1 (M

i,win

where w; is a set of coefficients that change the original profile to reduce this effect known as “leakage”.

Discrete Fourier Transform (DFT): The DFT takes a vector of N complex (or real) numbers Z;, i = 0,1,...,(N-1)
and transforms it into a vector of N complex numbers Z;, k= 0,1,...,(N-1).

Zk = i fz, . eij(%ji
i=0

where j is the imaginary unit j* = -1 2)

In general, for the time series of signal, DFT realizes a transformation from the time domain (s) to the frequency
domain (Hz, 1/s). In the case of road profiles the digitized input signal is always real and there isn’t a time series
but a measured distance. Therefore, for the road profile DFT involves a transformation from the distance domain
(in m) to the spatial frequency domain (in cycle/m or 1/4 where A is the wavelength).

The result of the DFT is a constant bandwidth narrow band spectrum Af with complex values. The bandwidth A4f
depends on the discrete profile length L = (N-1)* 4x and is equal to:
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Af = 1/L 3)
To ensure that Z; is independent on the length L of the discrete signal, it is necessary to use a window function

(windowing). For this reason, the Z; in Equation (2) should be a windowed signal (Z;,,.,).

The spatial frequency scale of Z; starts at 0 with steps equal to Af until f,,.. = (N/2 — 1)Af. The others Z, complex
values shall be not used because this function is symmetrical (double sided).

Power Spectral Density: The PSD is a measure in the frequency domain of the power (squared amplitude)
contained in a signal per unit frequency and it is expressed in m*/m” = m’ or in mm’. PSD is obtained by
dividing the squared amplitude of each narrow band by the spectral bandwidth Af according to equation

2|z,
zr = |Afk| for k=0,1,...,£%—1) 4

The result is a constant bandwidth spectrum; we can use different Af one for each considered range; for example,
for unevenness range, we can adopt Af,,er = 1/Lyney = 1/100 = 0.01 ¢/m where L,,., = 100 m is the evaluation
length of pavement profiles useful to evaluate a wavelength in one-third-octave bands spectral analysis A, umev
= 6.7 m; for macrotexture range, we can adopt Afyuco = 1/Lyaero = 1/1 = 1 ¢/m where L, = 1 m is the
evaluation length of pavement profiles useful to evaluate a wavelength in one-third-octave bands spectral
analysis A,qmacro = 0.067 m.

Further processing of the PSD is possible; the table shows others ways to express the spectral texture unit.

Table 5. Spectral texture units

Abbrev. Name Relation Unit

PSD Power Spectral Density m?[m™ =m’
PS Power Spectrum PS =PSD-Af m?

ASD Amplitude Spectral Density ASD=+/PSD m/m™ =m'?
AS Amplitude Spectrum AS=+/PS m

Lyx Texture Profile Level in dB Ly, =20- loglo[l/éSGJ dB

The transformation of a constant bandwidth spectrum to a constant-percentage bandwidth spectrum can be made
using the procedure proposed by ISO8608.

4. A Proposal for an Optimized Area for Road Performances

In previous sections, it was established that texture and unevenness properties can be effective to represent a road
pavement, with reference to various performances, both for the acceptance of new road works and to decide
when it is necessary to plan some maintenance interventions. The texture characteristics are really suitable
because they are reliable (respect to possible environmental and local factors that can alter the measurements of
real road conditions), easy to determine and clear to identify.

However, as previously said, some interaction phenomena are affected in an opposite way by the level of texture,
in the same wavelengths domain. A significant example is given by friction and rolling noise: in the
macrotexture domain (wavelengths from 0.5 mm to 50 mm, spatial frequencies from 2000 ¢/m to 20 ¢/m) an
increase of the macrotexture determines better performances of the road surface respect to the friction, especially
in wet conditions and for vehicles’ high speeds, but, on the other hand, it also produces an higher noise level. For
this reason, with the aim to optimize the performances of the road pavement in the macrotexture domain, it is
possible to set an interval of values for the selected texture indicator (in particular, the texture level): the lower
limit of the interval will be related to the friction performance, the upper one will be decided according to the
purpose to generate an acceptable rolling noise.

If we generalize the above proposed criteria, an “optimized area” can be defined, in the graph representing
frequency vs. texture level (see Figure 4); this area defines a field where the spectrum of a pavement texture has
to fit into, to ensure an adequate behaviour respect all the performances related to tyres-pavement interactions. If
the texture index overpasses the boundary of the area, some adjustments will be necessary to restore the optimal
conditions.
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Figure 4. Proposal of an “optimized area” for a texture index, in reference to road performances

The definition of the optimized area can be obtained if the threshold limits, for each domain, are established.
These limits can be determined on the basis of correlations available in the scientific literature, deduced from
empirical researches or established according to a judgemental decision, also considering the specific
characteristics of the road network and the level of needed performances.

5. Case Study

The described methods has been applied to 11 different road pavements, whose surface characteristics were
investigated respect to texture/unevenness properties and noise emission during the UE research project entitled
TINO (Measuring Understanding and Reducing Tire Noise Emission Under Realistic Vehicle Operating
Conditions Including the Contribution of the Road Surface-BRITE EURAM project no. 1552); the research
program, in fact, included experimental activities (both in situ and in laboratory) and data analysis (Domenichini,
etal., 1999).

The performed texture measurements were: microtexture measurement (by means of the British Portable
Pendulum), macrotexture measurement (by means of both stationary profilometer and volumetric method),
megatexture and unevenness measurements (by means of a walking profilometer). So, the pavement
texture/unevenness was evaluated in terms of:

e Synthetic Indexes of Profiles (MPD, according to ISO 13473-1, for macrotexture and IRI, according to
ASTM E1926-08, for megatexture and unevenness).

e Spectral Analysis of Profiles (Amplitude spectrum according to ISO 13473-4 and ISO 8608 for macro-,
mega-texture and unevenness).

The noise measurements included: Coast-By (CB) method and Close-Proximity (CPX) method. For each test the
noise spectra in the frequency domain in one-twelfth octave bands were obtained.

The performed measurements allowed to thoroughly investigate the relationships between rolling noise and
pavement texture, evaluating for each frequency of emitted noise the specific contribution of all the texture
wavelengths (or spatial frequencies); the results allowed to realize, in particular, a pavement specifically defined
with the aim to produce low rolling noise.

Starting from these profiles and considering their characteristics, expressed by synthetic indexes, and the relative
spectral analyses, the correlations between these indexes and the texture level for all spatial frequencies were
obtained; the intervals where the best correlations are achieved were so individuated (Figure 5).
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Figure 5. Correlation between texture level and synthetic indexes

The comparison of texture synthetic indexes (IRI and MPD) and those obtained from spectral analysis (PSD of
amplitudes) shows good agreement (with a regression coefficient of R* greater than 0.75, see Figure 6) only for
the wavelength ranges that typically influence the synthetic index. Thus, the IRI shows good agreement with the
amplitude in the unevenness wavelengths (0.6 m, 1.3-4 m and 6-11 m) and the MPD shows good agreement with
the amplitude in the mega and macro wavelengths (from 5 mm to 10 cm). The figure shows that the best
regression for IRI and MPD are achieved respectively for texture wavelength equal to 2.5 m and 3 cm.
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Figure 6. Correlations between MPD/IRI and Texture Amplitude

In the ranges where a good agreement was found, the fit curves were calculated for each wavelength; so, it is
possible to estimate the spectral amplitudes related to accepted values of IRI and MPD. For the rolling noise the
evaluation is more complex because it is necessary to use some experimental results (coming from TINO project
and other researches), in terms of correlations between generated noise levels and texture levels, to establish the
limits for the texture amplitudes, in order to contain the emitted noise.

Recently, an empirical rolling noise prediction model based on pavement surface characteristics, was developed
(Losa et al., 2010); the model defines an ideal texture spectrum, for various vehicular speed (100 km/h, 50 km/h),
that reduces the rolling noise. The texture spectrum referred to 50 km/h, for example, could be used to establish
the upper limit of optimized area for the texture of pavements in urban area, where the speed are low and the
reduction of noise is very important.
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Figure 7. Verification of acceptance limits for the pavements considered as case study

If we draw in a graph representing frequency vs. texture level the limits of the optimized area (both for low noise
pavements and normal pavements) and the spectra of the 11 pavements, considered as a case study Figure 7, we
can see that some surfaces fit into and other overpass the boundaries of the area; this condition means that some
pavements can be accepted respect to the established limits of performance parameters and the other ones are not
acceptable. In particular, as expected, the low noise pavements defined in the TINO research project satisfy the
requirements for all the wavelengths considered ranges.

6. Conclusions

The geometry of road surfaces, that can be expressed in terms of texture or unevenness, is related to many
characteristics and performances of pavements. The effects regard the safety of road exercise (friction, drainage,
dynamic control of vehicle), the structural properties of the infrastructure (distress and deflection of pavement,
dynamic load), the functionality and the efficiency of the entire system (comfort, fuel consumption, wearing of
tyres, emissions, pollutions, ...) also with regard to the natural environment.

The interaction phenomena also depend on the domain of irregularities of road surface (unevenness, mega-,
macro- and micro-texture). In particular, there are some conflicting effects, for which a greater or lesser level of
texture can result in a better or worse performance of the pavement.

The availability of modern measurement techniques and advanced devices allows to acquire in continuous the
data needed for the geometric characterization of pavements; also the costs, in terms of time and equipment, is
relatively limited and there are few interferences with the normal exercise. Therefore, it seems useful to
introduce some comprehensive methods for the analysis and evaluation of the acquired data, according,
moreover, to previous studies and researches that propose synthetic representations or indicators for the
performances of road surfaces (Alauddin & Tighe, 2008). In particular, the analysis of the content in terms of
spatial frequency of the profiles, measured on the pavement, may allow to determine the PSD function of the
amplitudes and the deriving variables (the RMS of amplitudes or, more frequently, the level of texture), in the
entire range of frequencies (or wavelengths) which has a practical interest.

So, it is possible to obtain a spectrum of texture, characteristic for each pavement, which effectively represents
the surface geometry. This spectrum can be compared to an optimized area; if it fit into the area, the pavement
achieves a good compromise between all the functional requirements, instead, if the pavement overpasses the
boundary, it is necessary to plan some maintenance or rebuilding works. The limits of this optimized area can be
established on the basis of correlations between road performances and texture, coming from the literature or
according to decision criteria that can consider the specific characteristics of road infrastructures.

Referring to this last consideration, it is important to observe that the proposed methodology can result very
useful for road Agencies or Companies which supervise on road networks, because they can decide the
functional requirements according to technical and strategic role of the infrastructures (i.e., differentiating the
optimization limits for freeways or highways respect to rural roads) and taking into account the expectation of
users that are interested in. It would be possible to decide both the technical standards to ensure for new
constructions or for the acceptance of re-paving works and to define the criteria to plan the maintenance
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activities, required when a pavement loses its properties, as a result of wearing due to traffic and environmental
factors.

The unified method for analysis and evaluation of road surfaces, proposed in this article, may therefore be useful
for current technical practices and to improve the efficiency and effectiveness of the actions, performed by both
professional engineers and road Administrations.
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