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Abstract

This thesis proposes the use of new methodologiegrediction of performances of

asphalt mixtures.

Recent improvements in technology make it possioleadopt new methods of
investigation with the dual objective of improvitlge performance in the survey of the
parameters and investigate new properties so faamalyzed. In particular, the image
analysis and the tyre/surface interaction belorantonovative framework, which is next

to flank, if not replace, the classic measuremeattar employed.

The thesis deals with the use of these technoldgrethe analysis of three rubberized

stone mastic asphalts, which were laid on a strefticbad close to Bologna, Italy.

Three different surveys were carried out on sitenduthe first year of service. The
surveys included the change in texture and skigteage due to the traffic, along with
the acoustic properties of the pavement. Local &l ws dynamic continuous

measurements were carried out, involving the usebfilometer and a skiddometer.

A second phase involved the prediction of the sarfgparameters with simulated
trafficking on Road Test Machine. At each stagesiofiulated trafficking, change in
macrotexture, skid resistance, adhesion betweambit and aggregates and finally

contact pressures and areas were assessed.

The image analysis is used for the assessmentadhesion between the bitumen and
the aggregate. The proposed procedure overcomeshibricomings of the current
evaluation, offering great reliability and accuracy

The images are then processed in order to create@i2ls of the asphalt specimens and
investigate the surface and volume properties.

The tyre/pavement interaction is another fundaniguit@nomena that received little

considerations from the research, given its impaea

A final discussion summarizes these investigatiopseparately review three different
simulated periods, i.e. the early life, the in-segvequilibrium and the end of life. In order
to accelerate the distress, one slab was subjéotétmersion Wheel Track test, the

results of which were interpreted through the saméodologies.






Abstract

Questa tesi propone l'utilizzo di nuove metodologier predire le prestazioni di

conglomerati bituminosi.

| recenti progressi nella tecnologia rendono paesddottare nuovi metodi di indagine
con il duplice obiettivo di migliorare il rendimentel rilievo dei parametri e approfondire
nuove caratteristiche ancora non studiate. In gadre, I'analisi delle immagini e

I'interazione ruota/pavimentazione appartengonai@@ontesto innovativo destinato ad

affiancare, se non a sostituire, i metodi clagiondagine finora impiegati.

La tesi tratta 'impiego di queste tecnologie panalisi di tre miscele di stone mastic
asphalt contenenti polverino di gomma, le qualiosstiate stese in un tratto stradale vicino

a Bologna.

Nell'arco temporale di un anno dopo la stesa stabeffettuati tre differenti rilievi. Essi
hanno permesso di indagare I'evoluzione dei panamhgiessitura, attrito e riduzione del
rumore di rotolamento. Sono state effettuate migunetuali e dinamiche in continuo

mediante l'utilizzo di un profilometro e dello skidmeter.

Una seconda fase ha previsto la stima dei paraswgiérficiali a seguito di trafficamento
simulato in laboratorio. Ad ogni livello sono statfieterminati i cambiamenti di

macrotessitura, attrito, adesione bitume inertaché le pressioni e I'area di contatto.

L’analisi delle immagini € usata per determinaradésione tra inerte e bitume. La
procedura proposta supera le limitazioni della tealione visiva, offrendo grande

affidabilita e precisione.

Le immagini sono seguentemente combinate per cneadelli 3D dei campioni di

conglomerato e studiare i parametri superficialokimetrici.

L’interazione ruota pavimentazione € un altro feeamfondamentale che, nonostante la

sua importanza, ha ricevuto poca considerazioria deg¢rca.

La discussione finale sintetizza i vari aspettingsati raggruppando tre diverse “etd”
della pavimentazione, ovvero inizio vita, equilig fine vita 0 ammaloramento. Al fine
di accelerare il processo di ammaloramento, un gamepe stato sottoposto a wheel track

ad immersione, interpretando i risultati con lesseemetodologie.
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Introduction

The pavement engineering industry is facing a ooiotis change nowadays. The concept
of sustainability is becoming of paramount impoc&n any field of research and has
become one of the main goal of the researchergufad by the recent legislative
measures and the public opinions. By way of exantpkelast International Conference
on Transportation Infrastructures, held in Pisadf4, dealt with theSustainability, Eco-

Efficiency, and Conservation in Transportation adtructure Asset Managemént

Efforts are made throughout the world in identityisuitable recycled materials for the
use in road pavements. Among them, one of the reased material is the crumb rubber,

which was the subject of numerous studies.

Moreover, recent improvements in technology malmssible to adopt new methods of
investigation with the dual objective of improvitlge performance in the survey of the
parameters and investigate new properties so taamadysed.

For instance, the use of non-contact methods baséde image analysis and processing
for 3D reconstruction, has potential for highwaymtoring and maintenance.

The tyre/pavement interaction is another fundamept@nomena that received little
considerations from the research, given its impaea

These techniques can be very useful for a betggnstanding of pavement surface texture
properties such as skid resistance, road surfase aad rolling resistance.

This thesis proposes the use of new technologrebécanalysis of surface characteristics
of road pavements. In particular, the study wagexout on three mixtures of rubberized
Stone Mastic Asphalts, which have been laid ometddt of road close to Bologna (Italy).
It is shown that the technologies adopted and thegsed parameters can be used to
describe and predict the texture change over tifoe: surface texture changes over time
will indicate how performance properties changerowae, therefore indicating the

condition of a pavement surface, i.e. its leveallistress.

The thesis is organized in ten Chapters.



Chapter 1 introduces the concepts of texture amdeiationship with other important
factors such as skid resistance. The measurensmigeies of texture and skid resistance

are presented.

Chapter 2 is a literature review of the researel tas carried out on the topic of this
thesis. The reviewed papers are divided in diffesections, i.e. texture, skid resistance,
tyre/surface interaction, recycling and sustaingbiacoustic properties of pavements.
The papers that are more linked to this thesisis@issed in details.

Chapter 3 reports the results of the mechanicatackerization of the mixture under

investigation.

Chapter 4 presents the adopted trial site and tefia results of the survey for monitoring

the health of workers during the laying of the mnes.

Chapter 5 deals with the results of the in-sitweys for the measurement of the tyre

rolling noise emissions and of the texture and ségistance.

Chapter 6 introduces the simulated traffic machames$ presents the results of the classic

measurements made in laboratory.

Chapter 7 presents the analysis of the adhesiomebatbitumen and aggregate of the

mixtures through an innovative 2D images technique.

Chapter 8 deals with the investigation of the textthange during simulated trafficking
with the close range photogrammetry. In particulae, investigations considered surface
and volume parameters, the study through slicesditferences between two machines

for the traffic simulation, the use of vinyl castreplicate the pavement macrotexture.

Chapter 9 deals with the tyre surface interactisiter a comparison between different
gradations of SMA, the rubberized surfaces undeestigation were characterized in

terms of peak pressures beneath the tyre, contears and frequency distribution.

Finally, Chapter 10 presents a discussion of theltg presented in the previous Chapter,
with special regard to the use of the laboratomapeeters to predict the condition of the

pavement surfaces.



Chapter 1

Texture and skid resistance

1.1 Texture of road pavement

Surface texture is an important road surface chenatc and relates to performance
requirements including skid resistance, road serfagcise, rolling resistance, surface
water drainage and surface spray. The pavementréeid defined as the deviation of a
pavement surface from a true planar surface, withi& wavelength ranges. The

wavelength is the minimum distance between perallyicepeated parts of the curve.

Term Wavelength
Microtexture A <0.5mm
Macrotexture 0.5 mm £ <50 mm
Megatexture 50 mm % <500 mm

Roughness 0.5mXkx<50m

Table 1.1: Texture wavelengths

Texture 0.1 mil 1 mil 10 mil gin.  1in. 11t. 10ft. 100ft.
Wavelength 1pm 10um 100 pum 1mm 10mm 100mm im 10m 100m
PIARC 1 1 1 1 1 1 1
Category Microtexture Macrotexture llllml Roughness

Ride Quality

Pavement
Surface
Characteristic
Influence

Tire Wear Vehicle Wear

In-Vehicle Noise

Key:

a Bad

Figure 1.1: Texture wavelengths and relationshijh wavement surface characteristics
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Road surface texture is classified as microtextunacrotexture, megatexture and
roughness. The texture characterization and tleenesponding wavelengths are shown
in Table 1.1. The definitions and terms presentethis section refer to the 1ISO 13473-
1:1997 and 13473-2:2002 standards.

Figure 1.1 illustrates how the different scalededfture influence surface performance

properties at the tyre-pavement interface.

1.1.1 Microtexture

Microtexture is the deviation of a pavement surfoen a true planar surface with the
characteristic dimensions along the surface oftless 0.5 mm (corresponding to texture
wavelengths with third-octave bands with up tomm of centre wavelengths). Peak-to-
peak amplitudes normally vary in the range 0.001 tm®.5 mm. This type of texture is
the texture which makes the surface feel moress h@rsh but which is usually too small
to be observed by the eye. It represents typitia#ysurface texture of aggregate particles,

which come in direct contact with the tyres.

Microtexture is therefore influenced by aggreggpetand its properties. Figure 1.1 shows
microtexture to influence tyre / road friction atyde wear. Microtexture is important to
ensure adequate skid resistance at low speed, aghareombination of microtexture and

macrotexture is required at higher speeds.

Microtexture is required to break through filmswadter that form between the surface of
the aggregate particle and the tyre (DMRB, 20086)s Tmproves tyre-pavement contact
and reduces the risk of aquaplaning. Poor micratextill increase the risk of insufficient
friction leading to reduction of vehicle controldaroad user safety. There is no method
currently available as a harmonised European Stdnida the measurement of road
surface in-situ microtexture (EN 1ISO 13473-5:2009).

However, the measurement of wet skid resistanceguai device such as SCRIM or
GripTester is assumed to offer an indication ofrotiexture. The only methods currently
available in Europe of measuring microtexture & laboratory polished stone value
(EN1097-8:2009) and Friction after polishing (EN 69Z-49:2014) test methods
(McQuaid, 2015).
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1.1.2 Macrotexture

Macrotexture is the deviation of a pavement surfame a true planar surface with the
characteristic dimensions along the surface ofthbto 50 mm (corresponding to texture
wavelengths with third-octave bands including thage 0.5 mm to 50 mm of centre
wavelengths). Peak-to-peak amplitudes may nornvally in the range 0. mm to 20 mm.
This type of texture is the texture, which has Wewgths in the same order of size as tyre

tread elements in the tyre/road interface.

Figure 1.1 shows macrotexture to influence tymadrfriction, exterior tyre / road noise,

rolling resistance, tyre wear and road surfaceenmsehicles.

The macrotexture is obtained by suitable proponigf the aggregate and mortar of the
surface or by certain surface finishing technig@asgfaces are normally designed with a
certain macrotexture in order to obtain a suitaldéer drainage in the tyre/road interface.
Indeed, Macrotexture enables drainage of water ftbentyre footprint, especially at

higher speeds and volumes of surface water.

According to the Design Manual for Roads and Bred@MRB, 2006), an important
difference between surfaces, which has a stroregiedin noise generation, is the degree
to which the surface aggregate particles protrbde@the plane of the tyre contact patch.
Positive texture describes a series of aggregatiesgaotruding from the surface that can
be formed, for instance, by rolling aggregate cimgp into the soft surface of an
underlying matrix during construction. Negative tteg describes a relatively flat
compacted surface that has a drainage network hbiblewlane of the contact patch. For

the same texture depth, the latter generate mgshtyee noise.

MM

POSITIVE
TEXTURE

NEGATIVE
TEXTURE

Figure 1.2: Positive and negative texture
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Positive and negative texture types are shown gurei 1.2. Hot rolled asphalt, surface
dressing and brushed concrete surfaces are ggnevalidered to be positively textured
whereas porous asphalt, Stone Mastic Asphalt, shifacing and exposed aggregate

concrete surfaces are generally considered to dgatinely textured.

1.1.3 Megatexture

Surface deviations from a true planar surface withe wavelength range 50 mm — 500
mm are known as megatexture. Figure 1.1 shows megat to influence rolling
resistance, discomfort, tyre / road friction andsean vehicles. It is usually an unwanted
characteristic resulting from defects or deteriorabf the pavement surface e.g. potholes
or waviness.

The measurement of megatexture issues such adgottam be carried out using profiles
obtained from a profilometer device (EN ISO 13472009).

1.2 Measurement of pavement surface texture

There are two basic types of pavement surfacerextigasurement i.e. contact and non-
contact. The methods may be sub-divided into thiogeare used to assess road surfaces

and those that have been used in laboratory basedtigations.

1.2.1 Contact

The sand patch or volumetric patch technique igl useoughout the world to assess
pavement surface macrotexture (EN 13036-1:201G).nméthod is used as the definitive
assessment, or control value of a pavement sunfaterials macrotexture against which
other measurement methods are compared. Desstd tas limited use in research. The
method relies on the spreading of a material, iigsahd or glass spheres, in a patch. The
material is distributed with a rubber pad to form approximately circular patch, the
average diameter of which is measured. By dividirggvolume of material by the area
covered, a value is obtained which represents\taemge depth of the layer, i.e. a 'mean
texture depth'. The test gives a mean texture ddpid) value. Material properties such
as aggregate size and shape are not indicated 88B611:2010) limiting its ability to

fully assess surface texture.
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EN 13036-3 (2002) details a method to determinéntitezontal drainability of pavement
surface texture. It is recommended for use onlgrapnoth, low macrotexture non-porous
surfaces. The method uses an outflow meter devidetime as a measure of surface
macrotexture. However the outflow meter providesimum insight into the complexity
of macrotexture. It gives little indication of adgterioration present in the surface, which
may contribute to quicker outflow times than wobklrepresentative of the surface. The
method has poor correlation with both MPD and MTéEflecting the different
characteristics being assessed (McQuaid, 2015).

1.2.2 Non-contact

Laser based dynamic profilometers have been usedday years to measure pavement
surface texture. These are typically vehicle modirded use high-speed lasers. The
measurements are either 2D profiles measured iwtiael path or 3D measurements of
a lane width. The profiles produced by these devian be used to compute various
profile statistics, such as the Mean Profile DMPD) and the Sensor Measured Texture
Depth (SMTD).

Mean profile depth (MPD) =
(1% peak level + 2™ peak level)/2) - average level

Profile depth Mean profile depth (MPD)
1* peak level

T 2™ peak level

Average level

(First half of baseline) (Second half of baseline)

Baseline

Estimated Texture Depth (ETD)
ETD=0,2 +0,8 MPD

Figure 1.3: Mean Profile Depth calculation

According to ISO 13473-1:1997, the MPD is calcuddby dividing the measured profile
into segments of 100 mm length (recommended basg [The slope of each segment is

suppressed by subtracting a linear regression efsdgment, providing a zero mean
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profile. The MTD may be estimated through a coneergquation. In this case, the MTD
is indicated as Estimated Texture Depth (ETD). iThedationship is:

ETD =0,2+ 0,8 MPD

An example of 2D wheel path measurement is the SITEK device. This is a WDM
Sideway-force Coefficient Routine Investigation Mee (SCRIM) that measures both

wet skid resistance and macrotexture in the sanezldath at either 30 or 60 mph.

Development of technology and data processingdsasgted in devices such as the Traffic
Speed Condition Survey device (TRACS). This usesamay of lasers to measures
macrotexture along with other data at highway spegdo 60 miles per hour. This allows
measurement of fretting, rut depth, estimates afasa type, cracking and sensor
measured texture depth (SMTD).

The Pavemetrics Laser Crack Measuring System (LGdd8 produce transverse profiles
of a road whilst travelling at speed. The LCMS dsissof laser line projectors, filters and
cameras. The device can scan a width of 4 m aautgon of 1 mm. Identity data is used
to allow interpretation of location. Features oa plavement surface such as rutting, cracks

and line markings can be identified with a 95% aety claimed (McQuaid, 2015).

The Siteco Road-Scanner is a vehicle to carry aapal survey of a road infrastructure
and combines the following technologies: GPS awdtill Positioning System, medium-
to-high resolution 5/8 front-mounted colour TV caaseand a rear-mounted vertical TV
camera, a Dynatest RSPIV profilometer, a 2 GHz ¢feSradar, an odometer and a Faro
Photon 120 helical laser scanner. The latter aegwircloud of laser points distributed on
a helicoid at a step of 20-40 cm and lastly, tlae T/ camera provides a continuous plane
view of the road surface of around 4 m in widthoflgrammetric measurements are
precise to 10 cm, while the relative accuracy aiadiby the laser scanner (distance

between 2 points) is of 2 mm (Lantieri et al., 2015

The Circular Track Meter (CT meter) is an examgdla atatic laser based non-contact
method of road surface texture measurement (ASTWEZ22009). The CT meter is used
in USA as a reference method of macrotexture measemt. The CT Meter uses a laser
to measure the profile of a circle 284 mm in disenetr 892 mm in circumference. The

profile is divided into eight segments of 111.5 rand the average mean profile depth
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(MPD) is determined for each of the segments ofcihee. The reported MPD is the
average of all eight segments depths. Severalestudported excellent correlations
between the volumetric patch techniqgue MTD and GieMeter MPD. Among them

Flintsch et al. (2003) regarded MPD as a two dinmrad estimate of the three

dimensional MTD.

1.3 Surface metrology on road pavements

Surface metrology is the science that deals wi¢ghctaracterization of a surface by the
amplitude, spacing and shape of its features. @tieegyoal of this thesis is to understand
the behaviour of asphalt mixtures that undergo Eted trafficking in terms of change of
texture. This section will introduce key conceptattare at the base of the analysis
presented in Chapter 8.

Figure 1.4 shows an example of a reconstructedusiace of an asphalt mixture. Even if
it could appear a perfect representation of thé sedace, it is not. In fact, it can be
affected by roughness and waviness. Thus, twardilare defined: the S-filter and the L-
filter- The first is defined as a filter that renesunwanted small-scale lateral components
of the measured surface such as measurement noigeationally irrelevant small
features. The second is used to remove unwantgd-tamale lateral components of the
surface, and the F-operator removes the nominat {tny default using a least square
method. The scale at which the filters operaterigrolled by the nesting index, which is
the extension of the notion of the original cut+etivelength and is suitable for all types
of filters. For example, for a Gaussian filter, tiesting index is equivalent to the cut-off
wavelength. These filters are used in combinatiooréate SF and SL surfaces. An SF
surface results from using an S-filter and an Fajpe in combination on a surface, and
an SL surface by using an L-filter on an SF surf&8wh are called scale-limited surface
(Leach, 2010).

The scale-limited surface depends on the filtets @perators used, with the scale being
controlled by the nesting indices of those filtéfke reference standard for the analysis
of 3D areal surface texture is the ISO 25178. Widéning all the parameters that will

be presented hereafter, it always refers to theaqtrof scale-limited surface.

However scale-limited surfaces may display “fratygle behaviours” over a range of
scales.
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A concept, which is essential and linked to anyhais, is thenaterial ratio The Material

Ratio, mr, is the ratio of an intersecting area, parallght® mean plane, passing through

the surface at a given height to the cross sedtiarga of the evaluation region. The
material ratio, according to Figure 1.5, is given b

Figure 1.4: Reconstructed 3D surface of an asghatiple

(A+B+C+D)
L

Material ratio =

100

Y

Figure 1.5: Concept of Material Ratio

The Areal Material Ratio Curve, referred to as Midbot Firestone Curvas established

by evaluatingmr at various levels from the highest peak to the etwvalley.
Mathematically it represents the cumulative proligbdensity function of the surface
profile's height. An example of the AFC is showrFigure 1.7. Using the Abbott curve,

10
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a graphical study can be performed in order toiensdr functional parameters

characterizing the profile, the surface or the wwduntersected by a line or a plane.

The equivalent straight line, calculated accordm¢SO 25178-2, intersects the 0 % and
100 % lines on thenr axis. From these points, two lines are plotte@lperto the x-axis;
these determine the core surface by separatingrttieiding hills and dales. The vertical
distance between these intersection lines is thermabcore. Their intersections with the
areal material ratio curve define the materialo®mrl and Smr2. They are usually set

at 10% and 80% respectively.

For one profile it is possible to extrapolate thegmeters Rk, Rpk, and Rvk. They
represent respectively the core roughness profittuding the protruding peaks and the
deep valleys, the average height of the protrugieaks above the core profile, and the
average depth of the profile valleys projectingotigh the core profile. The parameters
Rpk and Rvk are each calculated as the height efrifht-angle triangle, which is
constructed to have the same area as the “peak @ké&a or “valley area” (A2),

respectively.

Taking the previous concepts from one profile te snrface, the Abbott curve for the

surface can be calculated. The reduced peak hé&gkt,is a measure of the peak height
above the core roughness. The core roughness D&pths a measure of the “core”

roughness (peak-to-valley) of the surface with pgredominant peaks and valleys

removed, according to the set thresholds. The emtlualley depth, Svk, is a measure of
the valley depth below the core roughness.

----------------------- e s i :
. Rek 2 :
ey Dk bt el Tt o St 7 1 ey ek e P A o
y : Equivalent
Y \ Rk ! straight line
_____________________ '_____|_._____,_L__..______________________ I - y C/
1 ] |
| | Rvk ] E
]',

___________________________________________________________________________________

L Material
i,
100% ratio (Mr)

= O

=

-—

T
o
-
[}
()]
(=]

=

=

o 0O

- -

Figure 1.6: Abbott curve for a single profile aratgameters Rk, Rpk and Rvk (Bitelli et al.,
2012)
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I
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Figure 1.7: Abbott curve for a surface and parame®&, Spk, Svk (Bitelli et al., 2012)

Following the identical procedure, the AFC can dlewlated for the 3D surface, obtaining

volume parameters:

= Vv(mr), the Void Volume, is the volume of spacaibded by the surface texture
from a plane at a height corresponding to a chteehvalue to the lowest valley.
“mr” may be set to any value from 0% to 100%.

= Vwv(p), the Dale Void Volume, is the volume of spabounded by the surface
texture from a plane at a height correspondingrt@eterial ratio (mr) level, “p” to
the lowest valley. The default value for “p” is 8@t may be changed as needed.

= Vvc(p,q), The Core Void Volume, is the volume pase bounded by the texture
at heights corresponding to the material ratio @slaf “p” and “q”. The default

value for “p” is 10% and the default value for “ig"80%.

Vv(mr), Vvv(p) and Vvc(p,q) all indicate a measwfethe void volume provided by the
surface between various heights as establisheueoghiosen material ratio(s) values. The
volume parameters represents the more reliabldastydy the change of surface texture.

In this case, the y-axis is usually in terms ofrmAl/

1.4 Skid resistance

Friction between the tyre and road surface consfgt8o main components, both of which

are related to speed:

a) adhesion between tyre and surface, which iaetifan of the microtexture, and depends
on the nature of the materials in contact;
b) hysteresis, i.e. the loss of energy causedreydgformation, which is a function of the

macrotexture.

12
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Therefore, during a single braking operation thetibn available to the vehicle is not

constant.

In dry conditions all clean, surfaced roads hawega skidding resistance. In fact, when
in a dry and clean state, roads generally providgnificant differences in friction levels,

regardless the type of pavement and surface camafign. On the other hand, the water

acts as a lubrificant between the surface andytiee teducing friction.

The fine scale microtexture of the surface aggeegathe main contributor to sliding
resistance and is the dominant factor in deterrginuet skidding resistance at lower
speeds. Coarse Macrotexture, which provides raithage routes between the tyre and
road surface, and tyre resilience are importantofacin determining wet skidding
resistance at high speeds. Megatexture relatdsetooughness of the road and has no

effect on skidding resistance but affects noise EBVI2006).

1.5 Measurement of skid resistance

Laboratory methods are used for evaluating théidnacharacteristics of core samples or
laboratory-prepared samples. The two devices cilyréam use are the British Portable
Tester (BPT), and the Japanese Dynamic FrictioneTéBFTester). The BPT will be
discussed in a next Chapter as it was used fothbgss.

The Dynamic Friction Tester (DF Tester) is a pdeahstrument for measuring pavement
surface friction as a function of speed and unaeious conditions. The instrument is
comprised of a measuring unit and a control umitxg plotter or laptop can be used to
record data. The measuring unit consists of ardate to rotate horizontally at a specified
velocity before being lowered onto a wetted testasie for measurement of friction. The
torque-generated by the resistance between thestefstce and spring-loaded rubber
"sliders" attached to the underside of the rotatiigr is continuously monitored and

converted to a measurement of friction.

Device % Slip Speed Country
(yaw angle)  [km/h]
British Portable Tester 100 10 United Kingdom
DFTester 100 0+90 Japan

Table 1.2: Slider friction measurement devices (WREH2000)

13
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A summary of the devices for the friction measurenwirrently in use is presented in
Table 1.3-1.6. There are four basic types of fadlle friction measuring devices
depending on the slip condition of the measuringehlocked wheel, side force, fixed
slip, and variable slip (NCHRP, 2000).

Locked wheel systems produce a 100 percent sligiton. The relative velocity between
the surface of the tire and the pavement surfdee lip speed) is equal to the vehicle
speed. The brake is applied and the force is medsund averaged for 1 second after the
test wheel is fully locked. Because the force measent is continuous during the braking
process, these systems usually can detect thefpet#dn. The locked wheel testers are
usually fitted with a self-watering system for vesting, and a nominal water film of 0.5
mm is commonly used. When the measurement is madecdordance with ASTM
Standard Test Method E-274 the result is reportetha skid number SN that is the

measured value of friction times 100.

: % Slip Speed
Device (yaw angle)  [km/h] Country
ASTM E-274 Trailer 30+90 United States
Dagonal Braked Vehicle :
65 United States
(DBV) '
. 100 _
Japanese Skid Tester 30+90 Japan
LCPC Adhera 40+90 France
Polish SRT-3 30+90 Japan
Skidclometer BV-8 30+90 Sweden
Stutgarter 100, 20 30+90 Germany

Reibungsmesser (SRM)

Table 1.3: Locked Wheel friction measurement des/{(dCHRP, 2000)

Side force systems maintain the test wheel in agplt an angle (the yaw angle) to the
direction of motion, otherwise the wheel is allowedroll freely. The side force is

measured perpendicular to the plane of rotationadwrantage of this method is that these
devices can measure continuously through the ¢éetibs, whereas locked wheel devices
usually sample the friction over the distance cponding to 1 second of the vehicle

travel, after the brake is released.
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Chapter 1 — Texture and skid resistance

These systems produce a low-speed measuremerthexsgh the vehicle velocity is high.
Because these devices are low slip speed systeaysate sensitive to microtexture. For
this reason, they are usually used in conjunctidh & macrotexture measure. The most
frequently used side force devices are the MuMatel the SidewayForce Coefficient
Routine Investigation Machine (SCRIM). Because tlaeg relatively insensitive to
variations in macrotexture most SCRIMs are noweditiwith a laser macrotexture

measurement system mounted on the front of thecheeind are called SCRIMTEX.

Device % Slip Speed Country
(yaw angle) [km/h]
MuMeter 13 (7.5°) 20+90 United
Kingdom
Odoliograph 34 (20°) 30+90 Belgium
SCRIM 34 (20°) 30+90 United
Kingdom
Stradograph 21 (12°) 30+90 Denmark

Table 1.4: Side Force friction measurement de\isE&HRP, 2000)

Fixed Slip devices operate at a constant slip, llyshatween 10 and 20 percent. The test
wheel is driven at a lower angular velocity thanfiee rolling velocity. This is usually
accomplished by incorporating a gear reductiorhaircdrive of the test wheel drive shaft
from the drive shaft of the host vehicle. In somases, it is accomplished by hydraulic
retardation of the test wheel. These devices alsasnre low-speed friction as the slip
speed is V (% slip/100).

Device % Slip (yaw angle) Speed Country
[km/h]
DWW Trailer 86 30+90 Netherlands
Griptester 14.5 30+90 United Kingdom
Runway Friction tester 15 30+90 United States
Saab Friction Tester 15 30+90 Sweden
Skiddometer BV-I | 20 30+90 Sweden

Table 1.5: Fixed slip friction measurement devig¢SHRP, 2000)
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Like the side force method, the fixed slip methad also be operated continuously over
the test section without excessive wear of thetyest

An example of a fixed slip tester is the Gripteskdost fixed slip devices are designed to
operate at only one slip ratio; however the slifioraan be varied on some fixed slip

devices, referred to as variable fixed slip devices

Variable slip devices sweep through a predetermsetdof slip ratios. This is usually

accomplished by driving the test wheel throughagpmmed slip ratio using a hydraulic
motor. Some locked wheel testers can be operatadrinde that captures the friction as
the test tire proceeds from free rolling to thé&yfidcked wheel condition (0 to 100 percent
slip). Locked wheel testers can also be progranmmegerate in acccordance with ASTM
E1337, in which the brake is released just afterbak is reached (NCHRP, 2000).

Device % Slip Speed Country

(yaw angle) [km/h]
IMAG 0+100 30+90 France
Komatsu Skid Tester 10+30 30+60 Japan
Norsemeter Oscar 0+90 30+90 Norway
Norsemetel ROAR 0+90 30+90 Norway
Norsemeter SAUIAR 0+90 30+90 Norway

Table 1.6: Variable - Fixed slip friction measurarndevices (NCHRP, 2000)

1.6 PIARC harmonization — IFI index

Due to the great variety of measurement devicesWbrld Road Association - PIARC
carried out an International experiment to compane harmonize texture and skid
resistance measurements in the fall of 1992. Tivere 51 different friction and texture
measurements made by participants from 14 counfrfesmeasurements were conducted
on 54 sites as follows: 28 sites in Belgium (22public roads, 2 at airports, and 4 at
racetracks) and 26 sites in Spain (18 on publidsoand 8 at airports). Texture
measurements, and friction measurements. Eachofritester was operated at three
speeds: 30, 60 and 90 km/h, and each tester maddespveated runs at each speed. All
texture measurements were made on dry surfacesebafty water was applied to the

roadway. As a control, a microtexture measuremexst mwade before and after the skid
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testers made their tests. These data were useibto that there were no statistically

significant changes occurring during the testing.

Since the aim of the Technical Committee of thef&ar characteristics AIRPC was to
harmonize the different measurement methods usethéevaluation of friction and

texture of road surfaces, a single index was preghoBhe IFI index (International Friction
Index) is calculated using relationships obtainednfregressions of friction and textural
data detected with different types of equipment.

Where:

S, is the speed constant in km/h. It does not deenthe adopted equipment for the
friction measurement and it is function of the Mé&anfile Depth only. It is calculated as
follows.

S,=a+b -MPD

The coefficients a and b depend on the equipmeoptad for the measure of

macrotexture.

Fg is the parameter that represents the frictiohatéference speed of 60 km/h and it is
calculated as follows.
F60:A+B 'FR60+C‘MPD

The coefficients A, B and C depend on the typensefrument used for the measurement
of the friction, whileF R, is the friction coefficient measured by the addptestrument

at the sliding speed of 60 km/h, which is calcudads follows.

S—60
F60 == FRS 'eXp

Sp

FR; is the friction coefficient measured at the slgdspeed S of the adopted equipment,

which is calculated as follows.
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In this caseV is the measurement cart speed in km/h whils the sliding of the

measurement wheel.

A, B, and C were determined were tabulated in t8& M Standard Practice E-1960. The
value of C is always zero when the friction is mead with a smooth tread tire. However,
the termC - MPD was found to be necessary for ribbed or pattetestdires because they
are relatively insensitive to macrotexture.

The two parameters that make up the(ll-*—elO ; Sp) are sufficient to describe the friction
as a function of slip speed. Note that a texturasueement is required to apply the IFI.
Another advantage of the IFI is that the valueFgf for a pavement will be the same
regardless of the slip speed. That permits thevtdstle to operate at any safe speed that
could be at higher speeds on high-speed highwaytoarer speeds in urban situations.
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Chapter 2

Literature review

2.1 Texture

The texture of laboratory test specimens has tomdily been measured using the
volumetric patch technique as used for pavemefa@ng. This allows direct comparison
of road and laboratory data. However, researclttrasidered complimentary non-contact

alternatives to better understand the role of rexa different scales (McQuaid, 2015).

Among them Millar (2013) compared the use of a IDddheld laser and close range
photogrammetry (CRP) techniques and analyzed théelmaising functional volume

parameters.

Flintsch et al. (2003) discussed different techagfior measuring pavement surface
macrotexture and its application in pavement mamage and investigated a series of
correlations between different measuring devicesuiph the survey of many wearing

surfaces.

Sangiorgi et al (2013) used a laser laboratory ageto collect point cloud data for a
section of road surfaces and used a combinatiorouwghness parameters, MPD and

Abbott-Firestone Curve analysis techniques.

Friel (2013), Mitchell (2014) and McQuaid (2015edghe Close Range Photogrammetry
method and a hand held 3D laser respectively tesassurface texture changes with time
for asphalt test specimens subject to acceleratmaated trafficking with the Road Test

Machine.

Losa et al. (2010) looked for a reliable pavemenfile data processing procedure for
evaluation of pavement macrotexture, accordingécdefinition of the ISO 13473-1, and
for the verification of the assumption of equivalenbetween the profilometric and

volumetric methods.
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2.1.1 A comparison of techniques to determine surface téxre data

This paper investigates the 3D capture of specsnéiace texture using both Close Range
Photogrammetry and High Resolution Scanner (HRShoda®logies. A vinyl cast with
vinamold was made and assessed. The vinyl castiteehresults in a permanent record
of the asphalt surface texture and allows for toased studies showing its evolution. The
3D meshes were analysed for a 2D and 3D areal péessnusing Digital Surf
MountainsMap 6. Analysis of the findings show hamd patch, 3D photogrammetry and

laser techniques data may be used to better uaddrabad surface textures.

The analysis was made on a laboratory compactewhed asphalt (HRA) test specimen.
This was 305 x 305 x 50 mm in size and had Silugeeywacke 20 mm chippings at a
spread rate 12 kg/mz2 applied during compactiomg¢ate macrotexture. The test specimen
underwent 10,000 wheel passes of accelerated afétking on the University of Ulster
Road Test Machine (RTM).

The CRP procedure used a Canon EOS 400D SLR caménag 10Mp CCD array and
a calibrated 60 mm macro lens. All images were wapt normal to the surface under
natural lighting conditions. The camera was mourded tripod and a remote shutter
release used to minimize camera shake. A framewfockntrol points was used to allow
the recovery of surface elevation and orientatibnwas calibrated using a digital
micrometer forming a control calibration file. Tbentrol points were cross matched with
additional tie points to reduce the level of redamcy. The stereo image pair, control
calibration file and camera calibration files weneported into Topcon ImageMaster
photogrammetric software. A TIN was created at almesolution of 0.5 mm. No filtering
was applied to the TIN in case it removed surfamgghness. The resultant Cartesian
coordinates of the TIN were exported in a commauspd value (CSV) file format into

Digital Surf MountainsMap Version 6 surface anaysoftware.

The HRS procedure used a ZScanner 800 high resonl8D laser scanner (HRS) with a
stated resolution of 50m. A combination of scan resolutions was used tgimize the
point cloud for the test specimen surface. Thi®ived an initial coarse scan at 2 mm
resolution followed by a fine resolution scan 0 @m. Figure 2 shows the reference
framework of control points used during laser soagnAfter scanning and prior to
export, the point cloud facets were edited to reenmedundant data points. The facet

resolution was set to 0.5 mm, allowing a compardblenodel with that produced though
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the CRP procedure. The point cloud was exporteé asXT file into Digital Surf
MountainsMap Version6 surface analysis softwargitBi Surf MountainsMap software
allowed 2D and 3D parameters to be measured irr@dacoe with BS EN ISO 25178-2.

The Study concluded that:

» The height parameters, Sq, Sa, Sp and Sv shooveistently higher values for the use
of the cast compared to the slab. The same re#dtiproccurs when the CRP method is
compared with the HRS. The Ssk and Sku values latecewell with each other for all

four 3D models. This suggests that the use of #s¢ for 3D capture of surface texture

recovered to a greater depth into the surface wherpared with the slab 3D models

» The AFC and percentage depth distribution data al@e to confirm the presence of
surface noise in CRP derived 3D models. As withvioress SMA analysis this had
negligible effect on the volumetric analysis (ARSIt did influence the height parameters.

» The removal of 1% AMBR to the peaks and valléA®IBR 1% - 99%) can be used to

remove outlier data due.

2.1.2 A study on texture and acoustic properties of colthid microsurfacings

This study aim was to develop a slurry seal miafasings, which, in addition to skid
resistance and roughness characteristics, woulMddeaolling noise reduction and eco-
compatibility characteristics with the use of rdegccrumb rubber. A 3D laser scanner
device has been used to evaluate the surface ¢eattdranalyze the roughness parameters.

Goals are similar to those reached by this PhDghes

Various bituminous mixtures for cold microsurfagngave been tested in laboratory
conditions: they contained porphyry and basalt egates and a fraction of crumb rubber
equal to 1.5 % on the mixture weight. Then, theyewrixed with Portland cement, water

and 60% bitumen emulsion modified with latex.

After the definition of the gradation curves by efetining the best dosage of the
compounds, four mixtures have been selected fomtsgu application: one with only
basaltic aggregates (KmodBB), one with basalticdsamd porphyritic aggregate
(KmodBP) and the same two mixtures, where a pattesand fraction has been replaced
by crumb rubber (KmodBBp and KmodBPp).
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After the microsurfacings have been laid, a sesiesm situ surveys was carried out to
characterize the road surface texture by meanshajtaprecision laser scanner device.
The system used in this work is produced by thetBlagine and is based on the Multi-
stripe Laser Triangulation (MLT) technology (Degkt8D), capable of recording the

three-dimensional representation of the surfaceiteof a portion of pavement.

The BPN and HS tests were performed in 10 longialtii-equidistant road sections for
both directions, in order to cover the whole ro&r@tsh, while two road areas per lane

close to the Sound Level Meter have been lasenschn

According to ISO 13473-2, 2D and 3D parameters wateulated for two of the three
analyzed sites. An interesting study was repredehie the correlation between the
emerged area and water volume retention. The sardg will be presented later for the
rubberized 8 mm SMA in the 3D Image analysis Cha@@angiorgi et al. found a higher
percentage of emerged areas in basaltic mixtunetgad of the basaltic and porphyritic
ones, stating that this results is linked to theatgr roughness of the surface. According
to the ISO 25178 other indicators were calculated,areal and volumetric parameters,
for a better classification of the pavement texttomponents (peaks, valleys and the core
roughness profile) through the construction ofAldott curves. Bearing ratio thresholds
were set by default to 10% and 80%. Volume of nigtpeak was found to be around 30

ml/m? and volume of void ranged between 66.30 and 8#Ia®2.

As for the acoustic measurements, the StatistiaasBy Method (UNI EN ISO 11819-
1) was chosen, for its reliability and represemtatess of the actual perception of road
noise by receptors located close to the transpontatfrastructure and it was applied on
a statistically significant sample of passing-byadovehicles. Results highlighted a
reduction equal to 2.2 dB(A) in the first site ftbe KmodBBp surface, compared to the
previous asphalt pavement, while for the KmodBB tme reduction was equal to 0.7
dB(A).

In the second site the tests returned more simakaults for both KmodBP and KmodBPp
mixtures, with a reduction respectively equal ®dB(A) and 1.6 dB(A). In the third site,

the A-weighted sound pressure levels related toanbe vehicle categories, did not
undergone significant modifications and, thereftine, SPBI indexes remain substantially

unaltered.
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The paper concludes with the announce of new exygatial and trial sites with the aim
of the study the relationship between geometricsatistical indicators of a road surface

texture and its noise performances: this PhD tremérms this statement.

2.1.3 Changes of surface dressing texture as related twrte and chipping size

This paper reports the findings of a research ptagestudy surface dressing performance
in terms of its aggregate embedment due to traffgcland of the skid resistance and
texture depth change with time. The influence appimg size is also discussed. The
reference materials are a range of smaller chippings embedded into three types of
underlying surfaces i.e. soft sand asphalt, 14mone&tMastic Asphalt (SMA) and
concrete. The test specimens were compacted udiiggahand roller compacter with a
minimum of 10 passes until the chippings were tmdtheir least dimension. Each test
specimen was kept in an oven at 200°C for 24 htmuremove the water present in the
emulsion. The rate of spread of binder and chippimgs in accordance to Road Note 39.
The wheel-tracker equipment was used to simulatédking of a small scale pavement
structure and test for chipping embedment into uhderlying material. Testing was
periodically stopped and changes in texture depthday skid resistance determined. The
authors divided the data into three stages. Tisé diage lasted for approximately 1960
passes of wheel tracking, followed by a secondestdgoetween 1950 to 6240 passes.
After 6240 passes, the test specimen was consi@sréeélonging to a third stage where
the rate of chipping embedment becomes minimal. dieussion of results is divided

into three parts, dealing with texture depth, skgistance and both of them respectively.

As for the texture depth, results showed that egrécking time increased texture depth
decreased at a gradually rate. Embedment was daipidlg the initial stages after which

the rate slows down which is expected as the chggobecome interlocked.

The development of early life dry skid resistan@swot as predictable as the decay in
texture depth. This was attributed to complex extgons linked to the aggregate particles
re-orientation, the embedding and polishing dupngonged tracking. This appeared to
cause an initial increase in skid resistance fadidy a gradual reduction. Skid resistance
attains a maximum value soon after constructiorerwdl! the asphalt film on the surface

has been worn away and the fresh gritty surfadbefiggregate is exposed. With time,
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skid resistance reduces under the action of traffid environmental factors. The same

behavior was found by the Author of this thesis afiltlbe presented in Chapter 7.

The rate of texture depth change was quite sinfdlagll types of specimens in stage 2
and stage 3, but not in stage 1. In stage 1, biggepings such as 10mm and 6mm show
a slightly higher rate of texture reduction complai@ 3mm chippings especially on the
soft sand asphalt underlying surfaces. The avdeagt dimension of the 10mm and 6mm
chippings are higher than the 3mm chippings resylin higher texture. Therefore, the
soft sand asphalt has more room to move flow ardi@d Omm and 6mm chippings and
results in increased embedment. In stage two,ffbet®f chippings size is less important
as texture reduction is more dependents on hardifeabe underlying surface. In stage
three, the texture changes became constant withroajor differences in texture depth

value due to the differences in chipping size.

In contrast with the texture depth, the smallereggte sizes provide higher levels of dry
skid resistance. Results shows that the 3mm clggpmaintain 70 to 90 dry PTV
throughout the whole time of testing. However, gglerr variation occurred for the 6mm
and 10mm chippings, especially after 180 minutesamking time. The differences were
probably due to the larger chippings size that mage sensitive to the different types of
underlying surface.

The results indicate similar findings to the suefalcessing performance in the field. This
study was able to show the texture depth decrdagest a gradually decreasing rate. This
change can be distinctively identified at 3 stagasely as stage 1 which is rapid linear
decay of texture, stage 2, slow linear decay ofutexand stage 3, period of erratic

behavior.

This behavior is confirmed by the tests that wél firesented later in Chapter 8 of this

thesis. In term of chipping size, smaller chippiggse better skid resistance. The data
tends to suggest a new emphasis towards smalleegagg sized surface dressings. The
skid resistance was also found to be high aftestroation and it started to drop due to

the polishing of the gritty surface of the aggregat
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2.2 Skid resistance

Skid resistance is of paramount importance forstifety of road users. Different devices
are available among highways agencies in order ssess the skid resistance on

pavements, as described in Chapter 1.

Researchers of every country of the world attempiestudy the phenomena that govern
friction and their relationship with other parametike texture.

Ueckermann et al. (2015) underlined that the s&gsistance measurement is depending
on factors like water film thickness, temperatumgasurement speed, rubber aging,

rubber wear, road evenness and curviness, whictifficult to control.

Ahammed & Tighe (2011) undertook a study to re-exasome of the pavement surface
texture and skid resistance related issues anti@isighway agencies in this area through
the analysis of data collected from nine asphahicoete surfaces. Essentially they

underline the existence of a correlation betweéth Elsistance and macrotexture.

Leandri et al. (2015) made a reliable estimatiopedk friction values experienced by
Skiddometer BV11 at a certain speed on severaktgpelense asphalt concrete surface
layers in order to propose a new model for preclicthe speed gradient of peak friction

values on asphalt pavements based on surface tdgsacs.

Kane et al. (2013) proposed an aggregate hardaeampter based on the mineralogical
composition of the aggregates and the hardnedseohtlividual mineral grains, which
resulted to gives a good indication of the abitifyan aggregate to retain its microtexture

and consequently its friction properties.

This section first report an interesting paper tiss the important studies made on the
relationship between road friction and road saf#tyollows a series of papers dealing
with the determination of skid resistance bothitaand in laboratory, which are in some

way connected with the topic of this thesis.
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2.2.1 An assessment of the skid resistance effect on tfiaf safety under wet -

pavement conditions

The relationship between road friction and roaetyahas been the object of numerous
studies. In general, they are based on data fr@meaific road network of the country

where the study is performed, but since the naifitbe problem is common, the results
have been used for international reference. Far prpose, most published research
results refer to the two most common skid resiggameasurements: SN and SCRIM.
Giles and Sabey (1959) conducted a study on tlaiaethip between skid resistance
measured with SN40 and accident rates. SN40 vaitud20 sites where crashes had
occurred due to skidding were compared with 10@eoarly selected control sites of

similar characteristics and traffic volumes.

The study concluded that the risk of skidding cessis extremely low when the SN40
value is greater than 65 and that it increasesligpor SN40 values below 50. In a US
study, Blackburn et al. (1978) analyzed the efté$N40 skid resistance values on wet-
pavement crash rates in 6 highway classes. Thewlfthat the variation of wet-pavement
crash rates per 1 unit SN40 skid resistance vahge-w0286 wet-pavement crashes/106
vehicle km. In Germany, Kamplade (1990) studied 484n long freeway segments to
determine the relationship between crash rategyarti wet pavement and the SCRIM
skid resistance.

They found a relationship between wet-pavementhcrates and SCRIM values. In a
study conducted in France, Yerpez and Ferrandeg6jlshowed that crashes related to
lack of friction on wet pavement are not always aanirated at sites where the skid
resistance is low. Instead, they accumulate ini@estwhere friction demand is high.
Nevertheless, Gothié (1990, 2000) conducted threkes with data from different types
of roads in France and observed a tight relatignsbtween the skid resistance measured
with SCRIM and crash rates. He found sharp inceasslopes of the crash-rate—skid-
resistance relationships at cut-off values thageabetween 52 and 55 for the different
samples that he analyzed.

In the UK, Roe et al. (1991) concluded that theoalis value of skid resistance was not
the most important factor influencing crash ratesthat these depended instead on the
relative risk of skidding at each particular sitdevertheless, the UK adopted a

comprehensive standard for the desired minimum $CRilues at 50 km/h for different
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road classes (motorway, dual carriageway, and esicglriageway), sections (curve,
approach to junctions, roundabout, etc.), and rgadients. These desired minimum
values are referred to as investigatory levels r@mdie from a minimum of 0.35 for a
motorway mainline to a maximum of .55 for an apptoto a traffic signal (Rogers and
Gargett, 1991). At the Pennsylvania Transportdtistitute, Xiao et al. (2000) found that
the safety condition, measured by the percent temuim wet-pavement accidents, could
be improved nearly 60% if the skid number increaBech 33.4 to 48. Lindenmann

(2004), using data from the entire Swiss natiorgiway network, surveyed nearly 6,000
km of roadway with the SCRIM. Attempts to correltte friction data with accident data

from 5 years were unsuccessful.

Kuttesch (2004) used accident and skid resistaat fdtom the Virginia wet-accident
reduction program as well as from sections withpré-identified accident or skid
problems. He found a statistically significant effef skid resistance on wet-accident rates
indicating that wet-accident rates increase witbre@sing skid numbers. He concluded
that a target skid number SN64 of 25-30 could kéfjed in general and that a target
number of 40 could have a positive effect on redgithe wet-accident rates on interstate
highways. Caliendo et al. (2007) calibrated crasdjotion models for a four-lane
median-divided Italian motorway. They found that \wavement significantly increases
the number of crashes. Although they consideredsttie friction coefficient, (SFC)
measured by means of a SCRIM device as a potenghnatory variable, it was not

found to be significant in the analysis, and it Wweerefore not included in the models.

Milton et al. (2008) used highway-injury data fréffashington State to calibrate a mixed
(random parameters) logit model to estimate thayrgeverity distributions of accidents
on highway segments. They considered three sewaiggories: property damage only,
possible injury, and injury accidents. The pavenfection number was found to be
significant in the possible-injury distribution. éarding to their results, increasing
pavement friction results in a decrease in thelihked of possible injury and,
simultaneously, in an increase in the probabilitypooperty damage only and injury
accidents. The authors suggest that this data efi@gt the behavior of some drivers who
overcompensate and drive too aggressively (thuatmegthe additional friction benefits)

while other drivers do not.
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2.2.2 Mobile laser scanning system for assessment of thainwater runoff and

drainage conditions on road pavements

The Authors used the data collected from a Mobipping system, named "Road-
Scanner" to develop a methodology for the analgdisrainwater runoff on road
pavements, providing possible solutions that apgossible with traditional tools. Mobile
Laser Scanning technology, together with data s by the operator, is an effective
tool to establish reliable maintenance operatigegisic to the problems encountered in
the field.

The vehicle used is equipped with a wide rangdaiesof-the-art sensors and devices to
carry out a rapid survey of a road infrastructurghwall its appurtenances, by
automatically acquiring large amounts of data.oiinbines the following technologies:
GPS and Inertial Positioning System, medium-to-higholution 5/8 front-mounted
colour TV cameras (1400x1000 or 1024x768) and mmeaunted vertical TV camera, a
Dynatest RSPIV profilometer, a 2 GHz IDS georadarpdometer and a Faro Photon 120

helical laser scanner.

The proposed approach was applied to a 15 km Btretchighway located in a
mountainous area and subjected to dangerous watler ipp and ponding. The data
analysis is based on the digital model of the madiace generated from the point cloud

obtained by the laser scanner. The methodology fslws.

The points are aligned on a regular grid with negtdar step. The amount of points
returned from the laser scanner is too high to &#edled in a Digital Terrain Model
(DTM), as well as being superfluous for identifyimgter runoff problems. For these
reasons, the first phase involves re-samplingdbkerlpoints, i.e., modifying the original
survey to reduce the number of points in the stmaugh a filtering operation to eliminate
all the points not belonging to the road surfadee Tilter automatically eliminates all the
points over 15 cm above the road surface, therééadng aside any car that overtakes
the Road-Scanner vehicle during survey operatibhne.pitch of the mesh model is fixed
at 20 cm. The reference altitude is derived frastasistical average of all the points within
the range. The color scale used to represent thesps based on the difference in altitude

between each point and the interpolating planeipusiy defined.
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Based on this grid, a DTM is created for each agaway. The single DTM, consisting
of approximately 2,300,000 points, is used to rebthie road alignment of the section
under study, and this fundamental data will seiwa support for the whole subsequent
processing. The laser scans the road sectiongawigimgular extension of 320° and a depth
of 150 m. The scan line, i.e. the number of painégsured for each rotation of the mirror
of the laser scanner, has a variable acquisitemait 20 to 30 cm, depending on the speed
of travel. Around 2,000 points, including 700 oe tibad, are acquired for each scan line,
giving an accuracy of 2 mm. Accordingly, sectians defined and all their geometrical
parameters are well know, in particular that of shagpe. For its calculation is chosen a
baseline, representative of the width of the roggwasoiding comprise edges that could
affect the result obtained; the point cloud is tireerpolated by a linear regression law,
based on the method of least squares. The digadehof road surface is an essential tool

for the hydraulic analysis of the highway.

The contour curves of the road, spaced 2 cm apartjetermined and are based on the
altitude of the individual cells of the DTM. Theefjuency and direction of these curves
provide information on the slope and on the flonediion of the runoff as well as water
depth. Based on the DTM, the authors developed dutador graphical display of the
runoff and of the water depth that is formed ongleement road surface. After evaluating
the absolute value of each cell and establishieglitection of flow, an iteration algorithm

assigns the amount of water for each cell to thx, fier a specified storm return period.

The flow path iteration algorithm selects amongaadnt cells the one with the highest
vertical drop, up to the side of the road. If itedonot find the path that leads to an
accumulated area, it repeats the iteration to anaitljacent cell taking into account the
new water level reached. A low drainage gradieati$eto standing water forming on the
road surface, which can undermine user safety togdocing the well-known effects of
spray and aquaplaning. The developed module canidehtifying the runoff type on the
pavement with chromatic scale indicating the amaf@imtater depth that is formed on the
road surface during a defined rainfall event. Aushzhoose the model developed by Ross

and Russam for predicting the water depth and egjtiito the DTM by way of ArcGIS.

The intensity of rain was determined from the istgnduration frequency curve which

correlates the rainfall intensity to the duratidrtlee event that occurs at every assigned
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return time. This is constructed by analyzing yearsainfall records registered by the

weather station closest to the road.

In the software the stream line, i.e. the lengtthefrunoff, is identified by the sequence
of the individual cells to which the longitudinaicitransverse slopes are associated. The
exact knowledge of the horizontal and vertical raigent of the road means that it is
possible to introduce several theories for desmguirainage systems. Among these, the
theory of Wooding, under certain conditions, isduge study the runoff process from a
flat surface by means of an approximation of theJa@t Venant equations. The rain
duration that causes the critical condition of maxmn runoff, a function of the road
alignment and the IDF curve, is first calculatedeTmaximum flow rate flowing out in

the generic section can therefore be obtained.

Once the geometry of the receiving elements sucladsr channels (and hence their
capacity Q) is known and a flow width on the cagelaay is fixed, the maximum spacing
between the outflow elements (road gullies andebaitains) is calculated as the ratio
between Q and 0. Using the data obtained by th&3$/lit is possible to analyze the
effectiveness of the drainage system for bothuheff towards the kerb shoulder and the
runoff towards the median shoulder. This analystsarried out for all possible horizontal
and vertical alignment configurations, which arentified by the average slope values
measured for each horizontal alignment and itsigradit is then possible to compare the
current spacing of road gullies and batter dragetermined from the geo-referenced
videos, with the maximum allowable spacing for iystem to function correctly in its

current state. In the case of negative feedbagkthien possible to identify the alignment

configurations on which to work.

The longitudinal evenness is examined using thea®gt class | profilometer, which
provides three values for IRI with a measuremetdrial of 10 m. These values are

displayed directly on the geo-referenced imagdalmrlated as a function of the distance.

The Authors present an application of the definext@dure, first analyzing the data and
secondly proposing a maintenance solution to resta safety and compliance with the

Standards of the road.

Different plots are show, which easily help identif the sections to be restored. Among

them:
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= current runoff situation;

= comparison between current and maximum allowaldeisg of batter drains;

= batter drain spacing design and comparison betwegent situation and design
solution;

= water depth: current situation vs design solution;

* medium expected water depth versus road alignneeriiguration;

At the end, an interesting investigation correlatesmedium expected water depth, WD,
versus the sideway force coefficient, SFC, meassegérately with SCRIM apparatus.
This was made in order to understand which condijoins are at a greater risk of
aquaplaning. Thresholds were set both for waterthdep mm, and sideway force

coefficient, 55, according to ANAS ltalian techristdandard. Therefore four different

zones were identified (A, B, C, D). A includes raketches with high WD and low SFC,

consequently with high risk of aquaplaning; on thiher hand, D includes those

configurations having the highest safety rate. 8 @rareas should be carefully analyzed,
as the effects of WD and SFC are opposite on tmglrisk.

Concluding, this paper validate MLS as a survey ts®d for resolving water related
issues on roads and consequently choosing spawiittenance work. As a large amount
of data can be collected and subsequently procetisedoad surface condition in the
presence of water can be determined, comparingdfisgmt parameters. The following

remarks summarized the work done:

= by detecting the slopes, the actual geometry ofdadway can be reconstructed
and a comparison can be made with standard reqgeiirtsm

» by applying a specific model to the DTM, it is piids to reconstruct the actual
runoff water on the road surface, highlighting thiécal cases. The weakest areas
are the same as found by case histories of the road

= the calculation of the water depth and the comparisetween current and design
situation allows the reduction of aquaplaning tiske quantified,;

= sections characterized by a greater risk of actickmbe identified by combining
friction measurements with calculated water depth;

= based on horizontal and vertical alignments, tassible to define the efficiency
of the existing drainage system and to quantifyetiect of possible maintenance

work, providing simple batter drain spacing graphs.
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2.2.3 Geometric texture indicators for safety on AC paverants with 1 mm 3D laser

texture data

In this paper pavement friction prediction modetieveloped based on the investigation
of several texture indicators that are widely usgehvement engineering but also in other
fields. The developed approach may be used ag-#ffestive and promising method for
the network level pavement safety survey. To aghtbe objective, 1 mm 3D texture data
with full lane coverage are collected using prajamg hardware: Digital Highway Data
Vehicle (DHDV) equipped with PaveVision3D Ultra.

The first is a system for conducting full lane deddlection on roadways at highway speed
up to 100 km/h. The second is an imaging sensbntdogy that is able to acquire both
2D and 3D laser imaging data from pavement surfa@eigh two separate left and right
sensors. The collected texture data has the remwdudf 0.3 mm in vertical direction and
1mm in the longitudinal direction. With the highvper line laser projection system and
custom optic filters, DHDV can work at highway s@esduring daytime and night time
and maintain image quality and consistency. Bymilating pavement surface using a
line laser and acquiring 2D and 3D images using3becameras, the surface intensity
variation and range variation in the vertical dil@c are captured based on the laser
imaging triangulation principle, through which tldestance from the camera to the
pavement is determined for each point on pavemefdce.

A Chinese road of approximately 393 m length wasseh as trial section for this study.
The route consists of two surface types: High KncBurface Treatment (HFST) and the
regular AC pavement surface type. HFST is locatettié middle of the test section. The

regular surface is located at the lead-in and m#adsegments.

The friction data are acquired with Dynatest 687§hiay friction tester, and 1 mm 3D
texture data are collected using DHDV with Pave3idblitra. The test section is sampled
into 84 segments, and each segment has lengtBdf(two 3D image long). To validate
the reliability of the collected friction data, && repetitive measurements are conducted,
obtaining correlation coefficients of 0.95, 0.98¢&.95, respectively. The mean friction
numbers (FNs) from the three measurements are fmsecthodel development and

validation.
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Six texture indicators, namely MPD, Skewness, KaigioTAR, SAR, and SBI are selected
for pavement friction model development. Basedh@nmultivariate regression analysis,
pavement friction (FNp) can be estimated with ike¢exture indicators by a mathematical

function.

The correlation between the predicted and measkisl based on the multivariate
regression analysis, shows an R-squared valug680A good agreement appears at the
lead-in and HFST segments, but a large differenigtseat the lead-out segment. In
addition, the sensitivity analyses of the predididl$ to the six texture indicators indicate
that Kurtosis and SAR have no significant influenoa the predicted FNs based on the
p-values (e.g. p > 0.05). The p-value for the rerng four variables is less than 0.05,
indicating the developed model is statisticallyndigant for pavement friction prediction.
Accordingly, pavement friction enables to be estedavith MPD, Skewness, TAR, and
SBI.

In this model the effects of each independent bém(e.g. MPD) on dependent variables
(e.g. FN) are assumed to be linear. If the effeftthe independent variables on the
dependent variables appear to be non-linear, tbdelrmay not be the appropriate fit for
the data. In this study the residual plots is ugednvestigate the linear effects of

independent variable on the dependent variable.

The findings from the presented research can be taspredict pavement friction based
on various texture indicators including amplitu#PD, Skewness), spacing (TAR), and
functional (SBI) parameters. This study would bendfeial in the continuous
measurement and evaluation of pavement safety Herproject- and network-level

pavement surveys.

2.2.4 Measuring skid resistance without contact

This interesting report investigates whether dethimaging of the road surface has
potential to be applied to the determination ofnotiexture and then to the measurement
of skid resistance. The ultimate objective of tisrk is the development of a method

suitable for implementation on a traffic-speed syrvehicle.

In this work Authors used a great number of aggesgthat are very typical of those used

in the construction of UK roads. These were phaphed using a line scan camera
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system, which has been developed separately fohwiigs Agency. The high-speed
colour line scan camera collects a single pixelenrdage 2048 pixels long at a scan rate
of 11kHz. The distance of the camera from the serfalows a width of approximately
55mm to be photographed, giving a transverse résolwf approximately 54m.
Distance is measured, and the camera is triggerezhpture, using a shaft encoder
mounted on a small wheel in contact with the raadiase. The line scan camera can be
triggered to record a line of image once everyr25Atrtificial polishing and friction
testing was carried out using the Wehner Schulislpng machine so that the change in

surface texture could be examined.

The specimens were made using seven aggregatesoAggregate particles are bound
together into discs using epoxy resin and sandchviare green in colour. For each
aggregate source, the discs were made in dupligtiea range of aggregate sizes 6 mm,
10 mm, 14mm and 20mm.

Photographs were taken of every sample before &ed @ach stage of concentrated
polishing. Following image collection the imagequiged processing to characterise the
microtexture. This was achieved by analysing angking the image to isolate chippings

from the remaining surface, followed by processfthe image of isolated chippings.

A critical part of this project has been the autompre-processing of images in order to

isolate the chippings. In a previous work of thehfars, this was done manually to obtain

small ‘windows’ of each full image for analysis, \wh was very slow, and considerably

reduced the amount of image actually used. It wasd that many small areas were

required for analysis before a stable result ca@lcchieved. By automatically masking

everything but the upper stone surfaces in the éniaig now possible to use the images
to their full extent. During this experiment theeusf green sand and green resin in the
specimens made this process quicker and more &echrd the algorithms developed do

also work on standard asphalt samples.

The second stage of the image processing is thaissd#ssing the microtexture, and
therefore the friction, on the regions of the imaggmented by the mask.

A characteristic parameter was developed in theigue stage of this work to assess the
microtexture, called “CMTL1”. This parameter utibséhe intensity of each pixel and
considers the density of pixel intensities withire image. The parameter was found to

correlate successfully with the measured coefftodédririction, although the relationship
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depended on the material being examined. Authagd to improve the results using
“CMT1”, again using intensity, but attempting toh&ve a material-independent
relationship. A new parameter “CMT2”, developedngsan initial set of the polished
specimens, uses a comparison of the intensityaf pxel with the intensities of adjacent
pixels, rather than with a predefined thresholdinaSMT1. The relationship between
and CMT2 was successful for two types of aggregatgsand did not hold after analysis
of further aggregate types. Therefore, the CMT2apeter was altered to use the
distribution of values calculated during analyssaell as the values themselves, and the

parameter “CMT2A” was created.

Results show that CMT2A predicts the friction wiel all but one sample, which has been
treated as an outlier. The report conclude withraark on the importance of determining
the likelihood and impact of erroneous measureméntghermore, it will be necessary

to investigate changes to the image analysis thiatimprove performance, such as

collection of many more images to gain a more stallkrage parameter value.

A 2D image analysis is proposed in Chapter 7 «f thesis for the analysis of adhesion

between bitumen and aggregates.

2.3 Tyre/surface interaction

Compared to other aspects of asphalt researclsthis area that has received relatively
little research given its importance. The prominstudies are presented in the next

paragraphs.

2.3.1 Measuring grip and the contact patch

This paper combines two investigations i.e. th@datory measurement of static contact
patch properties with the dynamic measurement ofgnip on-site, to better understand
the role of the tire in the measurement of tyreghalt interface properties of wet grip.
Both investigations were carried out at a rangerefinflation pressures using a new and
worn tire. In laboratory, although the British Stand for GripTester testing specifies a
tire inflation pressure of 20psi (137.9 kPa), thigaition pressures assessed ranged from 2

to 41psi (13.8 to 282.7kPa) while measuring theaxirpatch. The comparison of a new
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and a partially worn tires showed that at highatifin pressures their contact areas are

similar; however they start to diverge with decnegsnflation pressure.

The measured load from the pressure pad was photsidire inflation pressure for the
two tires. Both plots were similar showing greatemtasured load at lowest inflation
pressure. In theory the measure load should regw@istant as the test condition was
static. The highest values of measured load froenpitessure pad relate to the lower
inflation pressures. The Authors suggests thatdis&ibution of pressure within the
contact patch may be having an influence i.e. coinated under the sidewalls of the tire
at the lower inflation pressures. The lower valtarsthe new tire possibly reflect the

stiffening effect of the unworn tyre.

The relationship between the load and the contaet itom the pressure pad is shown.
The data plots different to what would be expectdticting the distribution of pressure
within the contact patch. Within the tyre inflatipressure range of 20 +/- 10psi the plots
show measured load to be relatively unaffectedyby inflation pressure. The variation
in pressure distribution measured within the canpatch may be affecting the data. The
Authors highlight that with respect to any attentpt model tyre/asphalt surface

interaction, this aspect of pressure distributiatihiv the contact patch is critical.

The second part of the investigation aimed to datex whether lower inflation pressure
of the tyre equals greater contact area; and tlyatwauld affect the measurement of wet
grip. The two tires used in the pressure mappirmeement were used. Test speed and
water application rate was kept constant for at taeasurement runs i.e. 50 km/h and
10.5 I/min respectively, according to the standast conditions for GripTesting. The
road surfacing assessed was Hot Rolled Asphalt (HiR#h 20mm chippings and a short
section of 3mm high friction surfacing (HFS). Siamitrends between measured wet grip
and inflation pressure were found for the two stefaand the two tires. However, there

were small but significant differences relatindhtaw interaction occurred.

The effect of inflation pressure is greater for 8mem HFS surfacing, whereas the lower
grip HRA appeared to be less affected by inflapoassure. Most effect occurred at the
lower inflation pressures used in the investigatidime plots show measured wet grip to
increase with increasing inflation pressure fohkotes and surfaces. For the new tire, the
amount of increase was greatest for the lowesatiofi pressures thereafter remaining

almost constant. The worn tire took longer to retch condition.
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Data of the static contact area were combined tghdynamic wet grip data for different

new tire inflation pressures. The Authors underline effect of tire wear and loading

under the sidewalls of the tire. Any attempt to elaiyre / asphalt surface interaction,

even for this simple smooth tire needs to constber aspect of pressure distribution

within the contact patch. The measurement of wiptigisimply not related to contact area
but also to the distribution of contact pressurthinithe patch and helps to explain the
relationships presented in this paper.

The worn of the tyre can be analysed and the deteas will be discussed in the Chapter
10 of this thesis.

2.3.2 The wear of Stone Mastic Asphalt due to slow spedugh stress simulated

laboratory trafficking

This paper has summarized a laboratory investigatito the wear Stone Mastic Asphalt
road surfacing material. Two types of hot mixtusplaalt surface course were used in this
laboratory investigation i.e. 14 mm SMA and 10 miWASmade in accordance with EN
13108-5. The coarse and fine aggregate used in dgyphalt mixtures was a Silurian
greywacke, with a declared PSV of 65 determinedcicordance with EN 1097-8. Five
test specimens of each SMA were selected for veséing using the RTM. It is proposed
that the RTM Wear Test gives better prediction effgrmance and durability as it uses
full-size pneumatic tires and subjects asphalt gpstimens to the worst conditions i.e.

slow speed high stress.

The contact patch area between a ASTM friction meag tire and the test specimen
surface was assessed using a methodology deveknpgidter University, that will be
discussed in a dedicated Chapter of this PhD thBRsigtionships between macrotexture
and PTV against simulated trafficking are proposéphasis is given to the tyre
pavement interaction with the presentation of teeetbpment of contact area with the
simulated trafficking and its relationship with matexture.

Contact area decreased over the first 500 wheskpdsr all test specimens. Thereafter
it continues to decrease at a lower rate for mb#tetest specimens. Little relationship
between texture depth and contact area was foureddata shows that despite there being

a significant range in texture depth the amounnheasured contact between the tire and
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asphalt remained the same. Author suggest thatgteater measured values of

macrotexture relate to greater depth of texture iné poorer compacted test specimen.

Conclusion summarize that 14 mm SMA and 10 mm SMAave in similar ways. The
main difference being 14 mm SMA has greater possiidcrotexture. The gyratory data
found good relationships between the amount of @mtign and macrotexture. For
negatively textured SMA, increasing macrotextuedlects poorer levels of compaction
creating texture and interconnected voids withentdst specimen. This will lead to future
durability problems for a material that is not dg&d to be porous. Relationships between
variables relating to newly compacted test specewegre found to quickly change with
the onset of simulated trafficking.

This raises issues with laboratory investigatitras o not involve some aspect of tire/test
specimen wear at their interface. Contact area dvappear to be a better property to
measure than macrotexture given issues with SMAtnegtexture. A poor relationship
between contact area and pendulum tester sugestsither something additional at the
contact interface has to be measured or theramaitations with the pendulum tester. It
is concluded that more research is required tebetiderstand wear at the tire/asphalt
interface and the prediction / measurement / mangd modelling of properties such as

skid resistance, rolling resistance and noise geioer.

2.3.3 Durable laboratory rubber friction test countersurfaces that replicate the
roughness of asphalt pavements

This paper is the resulted of a project foundedhsyEuropean Community under the
Marie Curie Industry—Academia Partnership and Pattsvas well as the Fonds National
de la Recherche Luxembourg. It deals with the dgpraent of a method for
manufacturing durable countersurfaces for testhmy ftiction of rubber samples in a
laboratory.

Four different types of samples were manufacturetitasted: two bitumen bound stone
mastic asphalt samples, one concrete bound saamuegne epoxy bound sample. All of
them replicated the surface roughness charactsristia 8 mm SMA. In order to avoid
changes in the friction levels due to binder renhthvabinder was pre-emptively removed

from the fresh sample surface by sandblasting anthwithout water for bitumen samples
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and cement or epoxy samples respectively. Aftebthder removal was completed, the

initial friction and roughness levels of the temtnple surfaces were measured.

Understanding tire—pavement interaction and esjetiiee friction is very important for
tire manufacturers to develop tires with continlgurscreasing performance and safety.
The authors used a laboratory rubber friction tdstecomparing the friction performance
of various rubber samples. However they ascertaimgiperforming meaningful friction
tests with rubber samples even in laboratory candtis challenging due to the effect of
the pavement surface roughness. On one hand, tfeEsuoughness of the laboratory
road sample should match that of the intendedrtviad-application. On the other hand,
the roughness should also remain as constant asbfgoshroughout test programs to
provide comparable results for the different rulkdsenples and to reduce test variability.
The latter is difficult to obtain since the rubberad friction evolves during the lifetime

of the pavement as a result of many different cause

Therefore, the aim of the research is developingsa surface for laboratory tests that
minimizes these changes during the targeted liten spf the surface, allowing more
repeatable and meaningful results from laboratobper friction tests. In order to reach
the goals of both surface roughness characteriatics durability, the countersurface
samples were prepared using three alternative linbd@éumen, epoxy and cement. The
mixtures were compacted to small slabs and theicgtylity of each surface type was
assessed using 3D surface topography scans andtedpboratory rubber friction
measurements. The purpose was to attain simildacgiroughness as in a target stone
mastic asphalt 8 mm SMA road surface. Granite fiboskenkyld quarry, located in
southern Finland, was used in the surface sampieddalits high resistance to wear by

studded tires.

The friction on each surface sample was measurdd@tanes 20 mm wide and 85 mm
long. The wear cycles using a 20 by 20 fmactangular sliding rubber block made out of
a rubber compound of a modern passenger car sutimeneere applied on one of the two
lane and the other one was used as a referencdridtion tests were performed using a
high-precision linear laboratory friction testemrihg the test the rubber block is loaded
on to the asphalt sample with a specified load,thed slid for a given distance at a given
speed while the longitudinal and vertical forcesvadl as the rubber block temperature

are being measured. The test parameters were ggtttbe nominal contact pressure was
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0.3 MPa and the sliding speed was 7 mm/s. The dspiréace was dry during the tests.
The test parameters were chosen to support fundahresearch on rubber friction, and

not necessarily to replicate typical road cond#ion

The surface scans were performed with a MicroCAdlinge-projection type optical 3D
scanner manufactured by GFMesstechnik GmbH. Thadeview of the device was 30
by 40 mn? and spatial resolution 58m while the height resolution waspdn. The test
lanes were captured by performing four scans oh.eac

The performance of each asphalt sample was evdluabeg four criteria: initial state and
evolution of surface topography, durability based/sual observations, and evolution of
friction results.

Both friction and surface characterization measer@s showed that no significant
changes took place in the surface roughness aibry or concrete lanes during the test
sessions.

The maximum number of wear test sweeps used irstins/ was set to 1000 based on the
target application and were not comparable to tmaber of polishing cycles used for
example in studies with the Wehner— Schultze maghivhich are normally 105-106
cycles. In fact the polishing cycles in the Wehi@ahkultze studies typically refer to the
number of passes with a rolling rubbercone in tlesgnce of water and abrasive particles
and the number of dry rubber sliding friction tadbpted in this study is expected to be

more severe, especially in terms of raveling.

Results showed that the bitumen bound samples igathibarly deterioration, probably
caused by the sandblasting. The authors suggesisthef different ageing methods in
place of sandblasting for the bitumen samples.ifiteglocking between the larger stones
on the surface is reduced with the removal of bénrand smaller sand particles. This is
similar with the ravelling caused by the drag & Wheel on the Immersion Wheel Track,
which results will be presented in Chapter 9. Eporgates stronger bonds between the
stones and is therefore able to withstand thesssesxerted on it during the testing much

better and perhaps retain more sand particlesgltiim sandblasting.

As for the replication of the surface topographyyahe bitumen and epoxy samples
matched the target surface in terms of roughneg®ipspectrum to a reasonable extent
while the concrete sample had an overall too lowghmess. As for the durability, the

samples bound by bitumen were removed from thédndests at an early stage due to
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detachment of stones. The only sample that was ddathto replicate the target surface

roughness and endured the repeated friction testgive epoxy sample.

2.4 Recycling and sustainability of road pavements

2.4.1 Stone Mastic Asphalts

Stone mastic asphalt (SMA) is a hot mix asphaketged in Germany during the 1960s
consisting of a gap graded coarse aggregate skekato high percentages of void filled
with a high binder content mortar. Because of tteekent performances of SMA in terms
of rut resistance, high skid resistance, high diitgbimproved resistance to reflective
cracking, SMA has been widely adopted in Europestiglia, USA, Canada, Japan, China
and many other countries worldwide, as a surfaceseofor heavily trafficked roadks
disadvantages are only related to tleed of stabilization in order to inhibit drain-dow

of the high content of asphalt and to the highanary costs.

2.4.1.1 Evaluation of SBS modified stone mastic asphalt pament performance

The purpose of this Turkish study is the investaraof SBS polymer modified stone
mastic asphalt performance. The tests were castielly comparing a standard SMA with
a SBS SMA. Optimal bitumen contents were calculatéti experimental stages. The
SBS modified SMA and reference SMA mixtures weraleated with Marshall Quotient
(MQ) approach, repeated creep test (RCT), inditectsile strength test (ITST),
Laboratoire Central des Ponts et Chaussees (LCH@gWracking tests. Results can be

summarized as follows:

= according to the MQ results SBS modified sampleggihigher values than
conventional control mixtures. Flow values wereaniéd with similar values but
higher stability. Higher MQ can be thought as maesistance to the plastic
deformation. Controversial results can be obtawdtd MQ approach for some
types of asphalt mixture gradations. Because atatral integrity and stone on
stone contact gradation for SMA MQ approach givesatarmonious results.

= as for ITS, both unconditioned control mixtures aodditioned control mixtures
have lower strength values with respect to SBS umest for 25 °C and 40 °C. It
was understood that SBS polymer modified mixtur@gehhigher load spreading
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capacity. This result indicates higher resistanaatting. As regard with the ITSR
values SBS mixtures have higher moisture damagstamase according to the
conventional control mixtures. Modified samples @avgher indirect tensile
strength than control ones.

= SBS modified mixtures was particularly found asupesior additive for rutting.
The repeated creep tests, based on Nottingham Aspéster, show that SBS
modified asphalt mixtures have higher permanerdrdedtion resistance than the
control mixtures for both 25 °C and 40 °C test temapures. At moderate
temperature, 25 °C SBS mixtures shows utmost pedoce and it is said that
fatigue performance of SBS modified mixtures waseaased.

=  SBS mixtures reveal highest performance accortdirige control mixtures. SBS
polymer modified asphalt mixtures gives at leastilide rutting resistance for
50,000 cycles with LCPC test results.

2.4.1.2 Comparison of performance of stone matrix asphalt nxtures using basalt

and limestone aggregates

The main objective of this study was to comparepdgormance of three kinds of stone
matrix asphalt mixtures, using basalt coarse aneé faggregates, named B-SMA,
limestone coarse and fine aggregates, named L-SiMiAbasalt coarse aggregates and
limestone fine aggregates, named BL-SMA.

According to the specifications for constructionhighway asphalt pavements of China,
a nominal maximum size 13.2 mm SMA mixture was Udeethe mix design in this study.
To achieve the comparability of performance evabmadf three kinds of SMA mixtures,
the principle of the same coarse skeleton structiie same asphalt content, and the
similar volumetric parameters of compacted mixtwes applied in mix design.

Crushed stones of basalt and limestone were usedéose aggregate and fine aggregate
respectively. Three particle sizes of coarse aggesg(13.2—16 mm, 9.5-13.2 mm, and
4.75-9.5 mm) of two kinds of stones were chosex p8rticle sizes of fine aggregates
(2.36—4.75 mm, 1.18-2.36 mm, 0.6-1.18 mm, 0.3—-0r6 0n15-0.3 mm, and 0.075-0.15
mm) of two kinds of stones were used. SBS modifsghalt binder supplied by a
commercial petroleum company was used in laboratdhg mineral filler used was

limestone powder, which was passed through the #28@&. Wood fibre as a drainage
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inhibitor for asphalt binder was applied in SMA muires. The Authors adopted four
performance tests in the laboratory: wheel trackiogv temperature beam bending,

moisture susceptibility, and dynamic modulus tests.

Statistical analysis was performed using the SiedisProduct and Service Solutions
(SPSS) program to conduct analysis of variance (XNOand Fisher’s least significant

difference (LSD) comparison. On the basis of tlsilts and analyses of this laboratory
test on the performance of SMA mixtures using liasal limestone aggregates, the main

findings and conclusions are summarized as follows:

= according to the wheel tracking test, B-SMA indésathe best rutting resistance,
followed by BL-SMA and L-SMA comes in last. Differees of dynamic stability,
which could be expressed by the number of timeshafel passing the sample per
rut depth on a time interval between 45 and 60 fmtyween B-SMA and L-SMA
and between BL-SMA and L-SMA are statistically sfgpant, while the
differences between B-SMA and BL-SMA are insigrafit.

= as a result of the beam bending test, L-SMA shbwdargest failure strain, while
B-SMA shows the smallest failure strain, and BL-SNBAbetween the two.
However, the difference of failure strain valuesAmen each SMA mixture is not
significant and this means the insignificant difieces in terms of low temperature
cracking susceptibility.

= the moisture susceptibility of three kinds of SMAxtares meet the requirement
of specifications, and aggregate type has no sogmf effect on the moisture
susceptibility at the 5% level.

» the dynamic modulus increases as loading frequermgases under a constant
testing temperature, while decreases as temperaicreases under a constant
frequency. B-SMA shows the greatest dynamic modudtlbowed by BL-SMA
and L-SMA comes in last. Also, master curves ofaigit modulus of SMA

mixtures were constructed.

Authors concluded the paper suggesting further stigations concerning the fatigue
cracking properties and the need to repeat the végh other asphalt binders to confirm

these findings.

43



Chapter 2 — Literature review

2.4.2 The art of recycling into road mixtures

The use of sustainable solutions in constructiolustry is increasingly becoming a need
of the Society. In the last years, lots of rese&uad been made with the goal to find new
solutions for waste valorisation and to increageatimount of wastes reused. Historically,
the first waste to be analysed and used in therpamtengineering has been the reclaimed

asphalt.

The waste materials are being used in asphalt reixtas additives, asphalt modifiers,
fillers or in partly substitution to aggregates.biPshed papers do not always show
successful results, so that not all materials @arekbused effectively in asphalt mixtures.
Abreu et al. (2015) studied recycled mixtures comg 50% of reclaimed asphalt (RA),
used motor oil (UMO) and waste high-density polyé&the (HDPE). It was concluded
that up to 7.5% of UMO and 4.0% of HDPE can be usea new modified binder for
asphalt mixtures with 50% of RA, which have exadllgroperties concerning the rutting,

the fatigue resistance and the water sensitivity.

Pasandin et al. (2015) investigated the feasilolitysing green liquor dregs and biomass
fly ash from the paper industry as filler in hobmaisphalt (HMA) for road pavement. It
is concluded that they lead to hot-mix asphalt wighoor water resistance (significantly
worse in the case of mixtures made with dregs l&)fidespite displaying adequate

mechanical properties (stiffness and permanentohetfiion).

Sangiorgi et al. (2014, 2016) investigated thegisinvaste bleaching clays from the food
industry as a substitute of common limestone filladitionally used in the production of

ACs for binder layers and open graded mixturesskayand mechanical characteristics
were assessed, with promising results in termaagnasing of Indirect Tensile Strength,

stiffness, and resistance to permanent deformation.

Mohd Hasan et al. (2016) evaluated the performaheewaste modified asphalt binders
made with Acrylonitrile Butadiene Styrene (ABS), ronitrile Butadiene Styrene-

Polycarbonate (ABS-PC) and High Impact Polystyr@ddPS) passing through a #50
sieve. The e-wastes were blended with the conir@dp as untreated and chemically
treated modified binders. Results showed thatrémtrnent with cumene hydroperoxide
increases significantly the stiffness and the mlas¢haviour compared to the control

binder, as well as the resistance to rutting ohakinders.
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Anwar Parvez et al. (2014) explored the asphaltifitation with Oil Fly Ash (OFA),
testing the rheological properties of pure and riredliasphalt binders. OFA were used at
2—-8% by weight of asphalt binder. An ARES rheometas used for temperature sweep,
dynamic shear and steady shear rheological measatemOFA - carboxylic group
modification reduced temperature susceptibilitynaidified asphalt binder and increased
the upper grading temperature. The rutting paran@te/ sind increased linearly with
OFAACOOH content of asphalt binder.

Morova et al. (2016) In this study, utility of pglgraphenylene terephtalamide (PT) was
investigated in hot mix asphalt as a fiber. Reslitsved that the best fiber rate was 0.25%
and determined optimum bitumen content remain emnstith the fiber additive for the
reference samples. Besides, some sample groupk pit@pared using different PTF rates
proved the specification limits and it was said fRaF can be used in asphalt concrete as

a fiber additive.

Baghaee Moghaddam et al. (2012) investigated feetefof adding different percentages
of waste polyethylene terephthalate (PET) with mmaxn size of 2.36 mm on stiffness
and fatigue properties of SMA mixtures at optimusplaalt contents. The results showed
that stiffness modulus of mixture increased at loamount of PET content but adding
higher amount of PET made mixture less stiff. Idiadn, PET reinforced mixtures

exhibit significantly higher fatigue lives comparedthe mixtures without PET.

K. Yan et al. (2015) analysed the compound modibcaeffect of waste tire rubber
(WTR) and reclaimed low density polyethylene (RB&}the asphalt binders’ rheological
properties. Results indicated a decreased peretratid phase angle, increased softening
point, rotational viscosity and complex modulugjigating that intermediate and high
temperature rheological properties of the asphale been improved by the modification
of WTR and RPE. However, the modification effect WiTR and RPE on the low
temperature rheological properties of asphaltorgroversial, as the addition of WTR

and RPE introduces decrease both in creep stifaredsn-value.

Gbomez-Meijide et al. (2015) investigated the s@ffa of cold asphalt mixtures (CAM)
with 100% recycled construction and demolition wasggregates (CDWA) through the
indirect tensile stiffness modulus (ITSM), the dyna modulus at different temperatures
and frequencies and the correlation between thdray Tound that CAM with CDWA

frequently achieved higher stiffness than contrda®s using natural aggregate (NA), but
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that they required significantly higher bitumen awdter contents. They were less
temperature susceptible, therefore, potentially endatigue resistant, but more

complicated to design.

2.4.3 Use of crumb-rubber into road mixtures

2.4.3.1 Evaluating the effects of the wet and dry processdsr including crumb
rubber modifier in hot mix asphalt

This dissertation was discussed in Alabama in 8@5land discusses the properties of
blends containing crumb rubber, CRM, modified it imix asphalts, both in wet and dry
process.

The Author refers to "react" ground CRM particldsen they are blended in the bitumen
prior to mixing with the aggregate, i.e. 'wet pregeThe dry process takes place when
CRM is added directly to the aggregate, rubberizthg aggregate and lessens
modification costs.

The primary objective of this study was to compheeperformance effects of adding the
same ground CRM to HMA by the wet versus the docpss. Secondary objectives were
to use the SUPERPAVE binder tests to determineetfeets of ground CRM in both a
reacted and unreacted state and determine howrégatgpn of ground CRM affects

binder and mix properties in both processes.

Phase I utilized all the SUPERPAVE performanceteeldinder tests. Four blends tested
involved fully reacted CRM (nominal maximum siz€sl6, 40, 50 and 120 mesh) in a
compatible AC-10 grade, while four other blendsonmporated unreacted CRM (same
sizes) in the same AC-10. The CRM/AC-10 weightoratas held constant at 15%. The
AC-10 and an AC-30 from the same source were @sted as controls. The reacted
blends were prepared by blending the CRM into tii218 at 177° C until viscosity
reached a maximum level and stabilized. They wee &iged according to SUPERPAVE
and tested. The unreacted blends were prepareditkiyymixing the CRM into the AC-
10, which was already aged according to SUPERPAWH ,immediately poured into test
samples. The reacted samples simulated wet prboedsrs, while dry process binders

likely act between the reacted and unreacted sample
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Test results indicated the fully reacted CRM img\all SUPERPAVE performance
modes, while the unreacted CRM did the same batésser degree. CRM size had very
little effect relative to the overall effect of tipeesence of CRM.

Phase | demonstrated the addition of both fullyctes and unreacted CRM improves
predicted binder performance using the SUPERPAVEEst@nd criteria. Since the
unreacted blends establish the "worst case" bimaelification by the dry process while
the reacted blends establish the "best case", amagsume the true binder modification
associated by adding the CRM dry is somewhere legtvilee unreacted and the reacted
blends. Generally, the reacted blends outperforthedunreacted blends, while both
outperformed the control blends. The SUPERPAVE iggdystem uses increments of 6°
C to distinguish between grades, both on the highlaw temperature ends. This 6 °C
incrementing of grades is used in the followingesteents to summarize the effects of

both reacted and unreacted CRM:

= for tenderness and rutting, the reacted blendsh(wit AC-10 base) were
approximately one SUPERPAVE grade better than te38 and two grades
better than the AC-10. The unreacted blends (alito an AC-10 base) were
approximately half grade better than the AC-30 ané and a half grades better
than the AC-10;

= for fatigue, the reacted blends were approximately grade better than the AC-
10 and two grades better than the AC-30. The utedablends were
approximately half grade better than the AC-10 ané and a half grades better
than the AC-30;

= For cold-temperature cracking with the S parametes, reacted blends were
approximately one grade better than the AC-10 eodgrades better than the AC-
30. The unreacted blends were approximately hatigbetter than the AC-10 and
one and a half grades better than the AC-30;

= for cold-temperature cracking with the m parametee, reacted blends were
approximately half grade better than the AC-10 ane and a half grades better
than the AC-30. The unreacted blends were apprdgignthe same grade as the
AC-10 and one grade better than the AC-30;

= all reacted and unreacted blends had better 'velatasticity” (lower phase angle

for the same stiffness) than the control blendso#tt high and low temperatures.
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This was demonstrated by plotting delta versusdgafl blends. The two control
blends (from the same source) had identical deltaus G" relationships;

= CRM size between 16M and 120M nominal maximum ke little influence on
binder properties relative to the overall largeefffrom the presence of CRM;

= The reacted blends aged slower in the TFO thanctimrols, suggesting the

addition of CRM slows the binder aging process.

Phase Il involved testing five mixes with a 100%distone gap-gradation: 16M wet, 16M
dry, 80M wet, 80M dry, and an AC-30 control. The @RAC-10 ratio was again held
constant at 15 %, even in the design of the dryemifrior to compaction, all the loose
mixes were short-term aged at 152 °C for four heairsmulate construction conditions.
The optimum binder contents to achieve 4% voidsudgntical between the wet and dry
mixes, for both CRM sizes. Resilient modulus at¢htemperatures, indirect tension, and
dynamic creep results all showed no significarfed#nce between the wet and dry mixes.
They also showed the control mix was more tempegatusceptible and had significantly

higher resilient moduli and tensile strengths tttenCRM mixes.

The five mixes tested in Phase Il were: 16M wetl1dry, 80M wet, 80M dry and a
control. All mixes had the same limestone aggreggp-gradation and compatible AC
source. The four CRM mixes had a constant CRM/ACati® of 0.15 while the control
mix's binder was an AC-30 with no CRM. All mixesneeshort-term aged for 4 hours at
152 °C before compacting into samples. Comparisare made between mixes of the
wet versus dry process, 16M versus 80M CRM, and G&Mus no CRM.

The author did not found substantial differencds/ben mixes when the CRM was added

wet rather than being added dry. This is suppdstethe following results:

= from the independent mix designs performed on eaighthe 16M wet and 16M
dry mixes each had identical optimum binder corstsptected at 5.0% to achieve
4% VTM. The 80M wet and 80M dry each had identmatimums of 4.4%. The
control mix had an optimum of 4.1 %. These idehtigaimums indicate the wet
and dry mixes are compacting identically. Since game amount of CRM and
AC-10 was in each of the wet and dry samples whaththe same CRM size, the
only difference between the wet and dry samplesheasthe CRM was added;

= none of the measured lab properties, (RM at 512548 °C, ITS and, from the

indirect tensile test, and permanesatfrom the dynamic creep test) were
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significantly different between the wet and dry sgxSome significant differences
were found between the 16M and 80M CRM mixes anaiédxen the control and
CRM mixes.
Furthermore there was no significant differenceveen the 16M and 80M CRM mixes
for RM (at 5, 25 and 40 °C) and for permanent creephe 16M CRM mixes did have
significantly highers, and significantly lower ITS compared to the 80MNIRixes.

Concluding, the control mix had significantly high&M (at 5, 25, and 40 °C), ITS aed

values compared to the four CRM mixes, but the peent creep: values were not

significantly different.

2.4.3.2 Improvement of Pavement Sustainability by the UsefoCrumb Rubber

Modified Asphalt Concrete for Wearing Courses

This paper reports on a research project perfortnexlaluate the advantages of using
crumb rubber in the production of low noise gapdgh asphalt concrete surfaces, by
using both the wet (W) and the dry (D) processescifically designed to reduce rolling

noise by optimizing surface texture.

The study also compared the mechanical and furadtiperformances of the mixes
obtained by using the two technologies in ordeadsess their respective potentials for
use as viable alternatives to other low noise dsafaces that improve pavement
sustainability. The two laid mixtures are both @&p graded (GG), 3 cm thick, mixed
with asphalt rubber (AR) and polymer modified bitim (PMB) respectively, and
containing similar percentages of crumb rubber%lahd 2.0% for the GGW and the
GGD respectively.

The in-situ measurement were made with the sampmguat adopted in the Zola Predosa
trial site, which is object of this PhD thesis. Tiesults of laboratory and in situ tests

showed that:

= The two mixtures showed similar ITS values, whioh lsigher than the minimum
values required by the national standards for gapgegl asphalt mixes to be used
as wearing courses. No problems pertaining to mm@stusceptibility arose for the

two mixes.
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= The AR shows a fatigue attitude similar to thathef PMA blended with the CRM.

= The GGW mix shows macrotexture values higher therse of the GGD mix,
depending on the greater nominal diameter of tlyeeste gradation. Over time,
the macrotexture of the two mixes increases, asdehdency is more pronounced
for the GGW mix.

= The friction levels recorded for both mixes highlighe increased level of safety
for traffic that can be obtained by using CRM ire throduction of asphalt
concretes. Over time, the friction level of the GGV shows a slight increase,
whereas the GGD mix shows a slight reduction. hikie to the greater adhesion
of the AR to the aggregate compared to the GGD miwhich the CRM acts as
an aggregate.

= Acoustic absorption coefficient measurements showmeaningful absorption
may be found for both the mixtures.

= The differences between the global CPXL level mesbson each experimental
wearing course and that measured on a traditioeakeal asphalt course 0/12
surface are about 4.5 dB(A) for the GGW mix anddB%A) for the GGD mix.

The study concludes highlighting the benefits imigof tire/road noise reduction that can
be obtained by using crumb rubber in the produabidow noise asphalt surfaces and the
mechanical and frictional performances of the cruotiber modified asphalt concretes
that the Authors suggest classifying as a constmuchaterial that can enhance the three

dimensions of sustainability.

2.4.3.3 The mechanical performance of dry-process crumb ruber modified hot
bituminous mixes: The influence of digestion time @ad crumb rubber

percentage

This paper describes an in-depth study of the doggss of adding crumb rubber to
asphalt mixes, which was the second phase of agu®\wstudy which analysed the
influence of the digestion time and crumb rubbettent in the design phase of the mixes.
This research study involved the analysis of themgables and their impact on the

mechanical performance of dry process bituminouemi

The mix had a discontinuous grain size (from whieh4—-2 mm fraction was eliminated).

It had a larger percentage of coarse aggregatechwhave it bearing capacity
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(approximately 65-80% of the total with a maximuzesof 8—-12 mm). The rest of the
mix was composed of fine aggregate 20—-35% of ttad)tavhich along with the bitumen
and the filler (7—10%) were the elements in motteat made the mix cohesive and
provided it with resistance to tangential stresshs.mixes used were spread in thin layers
(2-3.5 mm), and had an excellent surface macraxnd good skid resistance. The
aggregates selected for the mix design were ofnitthe coarse fraction and limestone

for the fine fraction.

The mixes studied had an identical mineral skeletxtept for the finest aggregate
fraction of the same size as the crumb rubber, hyldepending on the amount of crumb
rubber added, was modified so that it could be mroodated in the skeleton without
causing anomalies. The mixes only varied in thercpentage of crumb rubber (0%, 0.5%,
1%, and 1.5% of the total weight); the digestiometiused before compaction (45, 90, and
120 min); and the type of bitumen used (BM3c arsDB’0). The bitumen content of the
mixes had specified optimal amounts of bitumenpetiag to the Marshall test results.
During the manufacture of the CRM mixes, the terapge of the mix was increased to
180 °C (10 °C more than that of the reference mix)as to facilitate the interaction

between the rubber and the bitumen, thus improthegohesion of the mastic.

The manufacturing process first involved a 10 sdsa@uyitation of the natural aggregates
in the mineral skeleton in order to better homopenihem. In order to ensure a
homogeneous dispersion of the particles througth@uinix, the crumb rubber was added
to the aggregates and then mixed with them foragef 20 seconds. When the bitumen
was added, there was a 2 minutes agitation penbdtwas thoroughly blended with the
aggregates and crumb rubber. The last ingrediatgdhdias the filler. This was followed
by a final agitation lasting 3 minutes, which alldhthe formation of the mastic to provide
cohesion. The digestion process of the mix occuiredn oven at a compaction
temperature of 160-165 °C. The response of the snigemoisture was tested by the
moisture sensitivity test (EN 12697-12), and the@sponse to rutting (plastic
deformations) was tested by the wheel tracking(teNt12697-22).

The main conclusions of this study were the follogvi

= both the digestion time as well as the amountwindr rubber added to dry process
bituminous mixes had a significant influence on thechanical performance of
the mixes. Nevertheless, the amount of crumb rubsbére mixes had a greater
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impact on their mechanical performance, as reftbot the mix response to water
sensitivity and plastic deformation;

increasing the crumb rubber content over 1.0% chasmnsiderable reduction in
the density of the mixes, an increase in theivaid content, and a substantial loss
of cohesion. This signified that the mix had a lsatisfactory performance as
reflected in its indirect traction and retaineestth in response to moisture action
(due to the de-compaction produced by the rebodifiedte associated with the
resilient properties of rubber).

Moreover, the addition of crumb rubber in perceatagf 0.5% and 1% of the total
weight of the mix made it possible to obtain valt@sndirect traction resistance
and retained strength after immersion in water tirate similar to those of the
reference mix with high-performance bitumen. Irt fdtese values were even high
for certain digestion times. Results showed thainogd mix values were a
digestion time of 45 min and a crumb rubber contérit%o;

the amount of crumb rubber is once again a deténguifactor on the mixes’
resistance to plastic deformations (resistancautiing). In fact, results showed
that the addition of large quantities of crumb reiblo the mix (1.5%) greatly
improved its response to plastic deformationspéisormance in this respect was
much better than that of the reference mix. Everdwer crumb rubber contents
(0.5% and 1.0%), the deformation values were smbildhose obtained with the
high-performance bitumen. In this case, the digestime did not have as much
influence as in the case of the moisture sengjtteist;

despite the fact that the greater part of the mieslysed complied with the
Spanish regulations, the optimal values for théakdes studied were a digestion
time of 45 min and crumb rubber percentages of B#01.0% of the total weight

of the mix.
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2.5 Acoustic properties of pavements

2.5.1 A modified Close Proximity method to evaluate theiime trends of road

pavements acoustical performances

A new adapted measurement methodology based onn@®od has been presented to
improve the evaluation of road surface acoustiealgpmances, in terms of stability, in
time and space, and its effectiveness for a mitgadction. Concerning the requirements
of the ISO/DIS 11819-2, the procedure here propassss a finer spatial resolution,
defining the segment 5.76 m long. Moreover, it tak&#o account the measurement

uncertainty related to the single segment to cateuhe spatial weighted mean levels.

Data are used to determine the parameters foretaganship between speed and levels,
estimating levels at the reference speed and agithe blind speed correction used in
the original method. Thus, the knowledge about peere performances within the whole
typical road speed range is acquired and the rifyadf the levels estimation at reference
speed is improved. The use of special road surfaitbdow acoustical emission profiles
is one of the most applied solution to mitigatesedevels at dwellings in urban situations,

where other actions, such as noise barrier, afiewif

Anyway, time stability of these surfaces must benitwved in order to verify the
mitigation effects at dwellings. So acoustical libg for special pavements could be

done also over time.

Furthermore, the proposed methodology has beenedpplithin the LEOPOLDO
project, to survey three different pavement typeis, as experimental mitigation action

other than those performed on the reference surface

= SO 10844 optimized texture dense graded;
= monogranular open graded (0/10);

= SMA gap graded with optimized texture (0/8).

According to ISO/CD 11819-2 and taking into accopnevious studies available in

literature a self-powered vehicle has been developwmunting the two mandatory free
field microphones located close the rear right gideumatic, far from the exhaust pipe.
In particular this set-up was tested in other @sidigainst the influence of internal and

external noise sources (exhaust, engine, othedweamic sources).
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The tyre used is a Michelin XSE 185/65 R15 88T,oading to the reference ones
identified by the ISO/CD 11819-2 with a tread pattsimilar to the B type. It ran less
than 5000 km and it worked only during every measiant session. Before starting each
measurement session the pneumatic was driven samuasito be brought to the normal
operating temperature. As recommended by the IS®/819-2, measurements are
conducted only on perfectly dry surfaces. Measurgrsessions are carried out when
measured air temperature is within the range reptasive for the climatic zone and wind

speed not exceeding 5 m/s.

To minimize the influence of the variability on thiesults, the proposed procedure
prescribes that during the same measurement sessidnch a new surface is surveyed,
run repetitions have to be extended over a secoad surface close to the test one as
much as possible and chosen as reference. In yarfidn case the aim of the
measurements is to evaluate time trends, it isesigd to choose as reference a long aged
surface presumably acoustically stable in timeinasany cases the closest surface as
much similar to the ante-operam one as possiblengUthis technique (here called
differential criterion), acoustical characteristio$ different pavement types can be

compared.

Besides the acoustical uniformity of each singléasie can be evaluated in order to label
or verify the installation of special pavements mhaprepared for environmental noise
reduction. This technique can also be used to assescoustical performances of a road

surface over time.

2.5.2 Noise Abatement of Rubberized Hot Mix Asphalt: A Bief Review

This paper, published in 2015, is a short reviewhefvarious experiences about the noise
abatement properties of the rubberized asphalts.

Among them, a six-year study showed that rubberasgghalt reduces the traffic noise

level by 4 dB more than conventional non-rubberiasghalt even though, the noise

abatement declined with age for both materials.il&rty, a similar study concluded from

a ten-year experience that rubberized overlaysceedibe noise by 3 to 7 dB, where

conventional asphalt would reduce the noise by 4 d8 only, but the noise abatement

after ten years was measured to be between 0Bodhly. Thus, the difference between
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rubberized and non-rubberized overlays diminishés wme. A more recent study
obtained field measurements from 23 test sectionsultiple locations across California,
verified that rubberized mixes had lower soundnsity level. Results also revealed a
potential correlation between the noise level dmathickness of the section, as well as
the air-void content of the mix. The effect of tmess on noise abatement was analytically
confirmed by another study, which deals with atéirelement based model to evaluate
the vibration attenuation of various materials|udg rubberized asphalt. Presence of
rubber can also alter the noise frequencies tordkeguencies, where human ears feel
less discomfort; it is reported that most noisaiotidn in rubberized asphalt sections falls
within 500 to 4,000 Hz, which is consistent witle thatural frequency of tire noise. Field
studies have also included the effect of traffieespon noise abatement, showing higher
noise abatement for faster traffic flow. RHMA isseeffective on reducing the noise
generated by medium and large trucks, which thegirees and exhausts are responsible
for larger portion of the traffic noise. On the eage, RHMA reduces the noise by nearly
2 to 3 dB more than conventional hot mix asphaM&) and 4.5 to 6 dB more than
Portland cement concrete (PCC). Open graded agedaltes the noise up to 1.5 to 3 dB
more than dense graded and gap graded asphalts Higger void ratio.

The paper states that the effect of RHMA on nolssement decreases through the life
of the pavement. Long term studies have shownRIk¥A might still be effective on
noise reduction after six to ten years. At the séime, HMA overlay might reduce the
noise for up to 4 years only. Open-graded fricttonirse (OGFC) has shorter effective
life span for noise reduction than dense-gradedrwtasphalt.

Application of rubber tends to shift the frequeméyoise to lower frequencies, which is
basically closer to natural frequency of tire noisethe other word, rubber does not
resonate at high-frequency, and therefore, doeamptify the high frequency content of
the sound. Therefore, resulted noise would be riudeeable and less uncomfortable for
human ears. The frequency content might also Badk to higher frequencies as RHMA

becomes more compact and rubber becomes stiffaughraging.

It is concluded that RHMA effect on noise abatementhallenging. Testing methods,
prediction models, and long-term experimental tssare current challenges in evaluating

the impact of RHMA on noise reduction.
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2.5.3 The effects of pavement surface characteristics dite/pavement noise

The objective of this paper is to evaluate the atéfeof single and multiple pavement
surface characteristics on tire/pavement noisddeiairing the period from August 2009
to August 2011, noise levels and pavement surfaaeacteristics are measured quarterly
on many different asphalt pavements at 2009 NCAT ttack.

Among the forty-six asphalt pavement sections idetliin the 2009 NCAT oval-shaped
test track, 10 fine-graded and eight coarse gréi@oerpave pavement sections (all
constructed in 2009 except for E4 section in 200@@, SMA and five OGFC pavement

sections are selected and analyzed in this paper.

Tire/pavement noise was measured by On-board Sdntmhsity (OBSI) method
(AASHTO TP 76-08). Two sound intensity probes wesed in OBSI measurements, one
at the leading edge and another at the trailing efighe tire/pavement contact patch. All
measurements were conducted at 72 km/h using ar@eeWplander minivan with
SRTTs (Uniroyal tires). Three consecutive runs waken for each measurement. During
the period from August 2009 to August 2011, noiss wieasured nine times. The results
of OBSI measurements are called as Sound Intebsitgls (SILs) and given in terms of
spectral contents in one-third octave bands fro 34 through 4000 Hz. In this paper,
the frequencies of interest only include lower treqcies (315, 500, 1000 Hz) and higher
frequencies (1600, 2000 and 2500 Hz).

In addition to noise measurements, pavement sudhaeacteristics, which have been
reported to affect tire/pavement noise, were ct#lgéaduring the same period. Surface
texture was measured by circular texture meter (CaMl recorded in terms of Mean
Profile Depth (MPD). Pavement roughness was medswith inertial laser profiler
(mounted on a NCAT ARAN van) and reported as Iragamal Roughness Index (IRI).
Stiffness (reported as Dynamic Elasticity, E*) ved$ained according to the master curve
of E* of surface asphalt mixtures at different tesrgiures. Porosity and aggregate size
were determined using Quality Control (QC) docureahiring the initial constructions
and recorded as air void (VA) and nominal maximuggragate size (NMAS),

respectively.

The linear regression analysis method is used atuate the effects of single pavement

characteristic on noise levels. Furthermore Mudtiplirface characteristic analyses was
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adopted to understand which pavement surface dieaisdic is the paramount important

contributor to noise levels at different frequescid he relative significance of pavement
surface characteristics is determined using theimlmmee analysis methods. This method
can identify the inter-dependent problem in whicdle characteristic may highly correlate

with other characteristic. The general dominancegle are used to evaluate relative
significance of multiple pavement surface charasties on noise levels. The range of
dominance weights varies from 0 to 100. Dominaneggiat 100 means that noise level is
fully governed by this characteristic (that is, eticharacteristics have no effects on this
noise level). Conversely, weight 0 means that ¢thiaracteristic has no effect on noise

level. General dominance weights of all charadiessum up to 100.

The final discussion of the paper summarizes tgirigs between impervious and open-

graded asphalt pavements.

For the first, the surface texture increase nasels at lower frequencies (below 1600
Hz, especially at 500 Hz). So, in order to reducese levels efficiently it is suggested
reducing the Mean Profile Depth as far as possiile.this may sacrifice driving safety
on these pavements because friction between artilea pavement may decrease as
texture wavelength decreases. This implies thatanice between noise and driving safety
should be maintained. To meet this balance, textuagelength should fall into a
reasonable range. To design the future low-noipbaspavement, developing a surface

texture which can balance noise and safety wilk loseucial step.

Regarding Open-graded asphalt pavement, porosityinvasphalt pavement decrease
noise levels at every frequency (except at songuéecy). To reduce noise levels more
efficiently, the factors such as pore distributiorier-connected pore content, pore shape
and pore size, should be further taken into comata. Unfortunately, how these factors
affects noise generation is still unknown. Fronrentresearch, noise levels decrease with
the increasing of porosity. So, a balance betwegerand pavement durability should be

carefully maintained.
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2.5.4 Road pavement rehabilitation using a binder with ahigh content of crumb

rubber: Influence on noise reduction

This paper presents the laboratory characterizaaod the evaluation of field
performances of a gap-graded mix with 20% of crunfdber by weight of bitumen, added
by a wet process. Acoustical field characterizatiere performed by determining, at
different speeds, sound levels and noise spectr@suned in close proximity. Road
profiles along the test sections and sound absworpfi compacted sample cores also were
studied to analyze their relationship with the e@sitted.

A gap-graded bituminous mix, BBTM 11 A, accordiinggN-13108-2, with a maximum
aggregate size of 11.2 mm was used for the retatimi of the existing deteriorated

surface: a 15 year-old asphalt concrete type AGULES, according to EN-13108-1.

With the aim of studying the influence of the crumilbber on the acoustical properties,
two mixes were prepared with the same type of agges and gradation but different
type of bitumen. The first one is high viscosity difeed bitumen manufactured with
crumb rubber, made with base 35/50 penetrationeghgiimen. The amount of crumb
rubber added by wet process (CRMB) was 20% of thight of the base bitumen. The
crumb rubber particles used in the mix had a marinsize of 1 mm and was added
gradually into the asphalt binder at a reactionperature of 175-180 °C, and mixed
mechanically. The optimal bitumen percentage usedanufacture the mix was 8.3% of
the total mix weight. The bitumen used for the mefiee test section, which did not contain
crumb rubber, is conventional 50/70 penetrationlgtaitumen, with a content of 5.2% of
the total mix weight. In both cases, the optimalder content was determined according
to the Marshall mix design.

Materials characteristics in term of volumetric pedies and water sensitivity were
performed on cylindrical specimens manufacturedh i@l mm in diameter and 60 mm
in height. These test specimens were compacteddicgdo the standard EN 12697-30.
To evaluate the acoustic characteristics of congobobre samples, a 4206 Bruel&Kjaer
(B&K) impedance tube was employed. The impedanbe tonsists of a 100 mm inner
diameter with a loudspeaker mounted at one end.BRi¢ impedance tube allowed
measurements between 50 Hz and 1600 Hz.

The mean values of the close proximity tire/paveinmense levels at reference speeds of

80 km/h and 50 km/h, associated teach test secti@rs analyzed. Averaged values were
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calculated from measurements along eight stretohassleast 100 m, before and after the

reference section, using different runs.

The main conclusions that can be derived from dberatory and field measurements at

this stage are as follows:

the choice of binders, B 50/70 or high content Bfi@corporated by wet process,
for example, apart from texture and air void coh{eary similar for the mixtures

of this research), may be of great importance erattoustic behavior of asphalt
mixtures;

acoustical monitoring with a semi-anechoic chan{i#X methodology) shows

a significant noise reduction (around 2.5 dB(A) &t km/h) attributed to the

incorporation of CR in a high content to the gapegd mixture;

surface rehabilitation or new construction with gapded bituminous mixes with
a high content of CR appears to be a good envirataheeasure to significantly
mitigate noise pollution in urban areas; a varatd 2.5 dB(A) attributed to the

high content of CR is substantial as it corresppoimdgerms of equivalent traffic,

to approximately halving the traffic volume;

from an environmental point of view, a surface t@hiation of a deteriorated AC

16 surf S pavement with a CRMB gap-graded mix nmagrove tyre/pavement

noise reduction in around 4 dB(A);

the noise reduction due to the incorporation of BRtdkes place at frequency
domains between approximately 630 Hz and 2 kHz:yading with the peak of

the typical frequency spectrum generated by traffise;

the tire impact/vibrations and air-flow related rmacisms show different

dependencies on rolling speed: coefficients B alR@A) and 36 dB(A) are found,

respectively. This behavior has also appeared othan bituminous mixture

without crumb rubber;

according to variability of the acoustical monitayi of the road surface and
pavement texture from surface profiles it can bectaded that the production of
mixtures, paving operations and/or service conagjon addition to the inherent
properties of the mixtures, can strongly affect ithvservice performance of the

mixtures.
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2.5.5 Durability and variability of the acoustical perfor mance of rubberized road

surfaces

This paper describes results obtained by monitofong rubberized surfaces one year
after the laying and by evaluating the time stapf LEOPOLDO one by means of the
Close Proximity method (CPX). All surfaces herelgred are laid in real scenarios, so
the actual efficacy of this action is evaluatede Tésults on the LEOPOLDO surface show
spatial homogeneity, a good time stability and gnificant noise emission reduction.
Instead, analysis of the four rubberized surfabesvs variability in the results, probably
due to the pavement installation quality, as sui@obby the data. Thus, the rubberized
road surface looks to be a very efficient mitigatiechnology, providing the installation

have been carried out with care and proficiency.

The procedure applied by ARPAT within the LEOPOLPject combines the technical
international standard with the guidelines provideg HARMONOISE project.
HARMONOISE introduces a second measurement posiit®.0 m height and at 7.5 m
far from the central line of the measured lanantprove the evaluation of the influence
of local context, because the ground just outdigerbad carriage can change with the
location and it influences significantly the soupressure level at the 1.2 m height
position. Moreover, the applied procedure is baseteasuring the acoustical energy of
the various isolated vehicles passing by at diffespeeds, using the sound exposure level.
During the measurement session, pass-by soundupeesgnal and related speed are

registered.

The first rubberized surface analyzed is one oettgerimental pavements laid within the
LEOPOLDO project. This experimental surface is @ gaaded 0/8 with a bitumen
mixture modified by the addition of rubber crumlocyeled from scrap tires, through the
wet process. The reference surface is a part girrexisting pavement, a long aged DAC
0/12. Furthermore, after one month a DAC 0/12 serfaas laid next to the rubber surface,
allowing the evaluation of their different time éwton.

The CPX and SPB methods were applied in six measmesessions, carrying out a four
year long monitoring of the acoustical performancesoad surfaces. All LCPX values
are calculated at the reference speed of 50 kniardbberized surface installation shows
a good spatial homogeneity and the LCPX differéntddues between rubberized and

reference surfaces are significantly constantmeti
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On the contrary, the coeval DAC installation doesshow a spatial homogeneity and the
LCPX value increases significantly in time, redgcime difference with the reference
surface. In terms of emission spectrum, no sigafichape differences can be highlighted
among the three surfaces analyzed. The experinreiaérized installation shows a good
stability in time, better than the coeval DAC orand its efficacy is significantly

remarkable.

Beyond the research activity in the LEOPOLDO prj@dRPAT within this activity of
verifying the respect of noise limits provided legulations has monitored three rubber
surfaces with the CPX method. The four surfacegwad on urban or extra-urban roads
and every one was exposed at high traffic denbily,within different kind of Italian
weather conditions and climatic areas.

All the surfaces depths here analyzed are betwestm® cm. The first is the previously
analyzed, the second is a wet technique 0/12.&aceirthe third is a dry technique 0/6 and
the fourth is a 0/12.5 wet. Results are obtainedrdlsmetic mean of both lanes and are

corrected for air temperature.

In terms of absolute values, surface 1 and 4 ha@esame value of nearly 91.5 dB(A),
whereas surface 2 and 3 report different levelpeaetively 2.5 dB(A) lower and about
1.0 dB(A) higher. Anyway, in terms of differentilues, surface 1 and 2 have a lower
sound emission estimated in respectively aboaind76.2 dB(A). These results are clearly
better than those obtained for the other surfatesying differential values lower than 3
dB(A). It needs to be emphasized that a 3 dB(Aye#& often the minimum gain expected
from a surface used as mitigation action. Samelasions can be drawn from the results
obtained at 80 km/h. The analysis of differenti@ses is determined by the choice of the

reference surfaces during the measurement planning.

The frequency analysis is the last way to compaeedur surfaces here used. This type
of spectrum, also seen in the ISO 1793 series damalizing the acoustic response of
barriers, has the total energy sum always equéld8. It allows to compare different
emission energy spectra (here in 1/3 octave bamdgyder to identify the specific
frequency behaviors. All surfaces show a spectakm@mt 1000 Hz, with the same relative
intensity. The only shape details noteworthy aeegbcondary spectral peak at 2000 Hz
shown by surfaces 1 and 2, and the low frequen®ld€500—-630 Hz) of surface 2 being
higher than other surfaces. The secondary spegotaik for surface 1 and 2 have no
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remarkable effect on the LCPX values because |ete2000 Hz are 4 dB(A) lower than
the 1000 Hz ones and slightly influences the oVézaél.

On the contrary, a shifting energy towards low trexcies produces a significantly lower
overall level, through to the A-weighing. Surelljistis one of the reasons for the good
performance of surface 2. Anyway the frequency yamalis not able to justify the
differences among the surfaces.

The paper ends with a remark on the fact thatuhberized surface solution can represent
a very efficient and well adaptable mitigation antiespecially in an urban context where

other solutions cannot be applied (i.e. barridosy tontrol or open-graded surfaces).
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Materials characterization

3.1 Mixtures characterization

The aim of this preliminary characterization waslétermine the mechanical properties
of the mixtures. Different physical ad mechaniedt$ were carried out. A proper mix

design of the mixtures did not take place.

The mixtures composition in terms of grading cuhitymen content and rubber content
was in fact decided a priori following an agreemegitveen the different parts involved,
i.e. bitumen producer, University of Bologna, adpiaixture producer and paver and
finally rubber supplier. The composition was alsaséd on a literature review and

previous experiences.

Three different mixtures were established for thalysis and subsequent laying at the

Zola Predosa site. They are composed as follows:

= SMA 0/8 mm FF: 6.6% by weight of aggregates modifigumen + 0.3% fibres,
referred as SMA or SMA 0;

= SMA 0/8 mm 0.75 CR: bit.mod. 7.5% by weight of aggates modified bitumen
+ 0.75% by weight of aggregates of < 420 um cruntiber, referred as SMA
0.75;

= SMA 0/8 mm 0.75 CR: bit.mod. 8.5% by weight of aggates modified bitumen
+ 1.20% by weight of aggregates of < 420 um cruntiber, referred as SMA
1.20.

Figure 3.1 shows the grading curves of the thregures.
Table 3.1 resumes the composition of the blendsmingestigation.

The adding of bitumen and rubber leads to a rednati the bulk density of the specimens,
which passed from 2.387 for the SMA 0, to 2.349%fe SMA 0.75 and to 2.316 for the
SMA 1.20.
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The mixtures were compacted following the Marsipaticedures with 25, 50 and 75
blows each side. Residual voids and bulk densittesshown in Table 3.2. The residual
voids of standard and rubberized SMA are clearffiedknt, especially at few blows of

compaction.
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Figure 3.1: Grading curves of the mixtures

Following tests were conducted on samples compatté@ blows each side.

Physical characteristics Stalil(\jlar d U.M. S'\SA SON;@ Sll\gg
Bitumen by aggregate weight % 6.6 7.5 8.5
Rubber by aggregate weight % 0 0.75 1.20

Fibers by aggregate weight % 0.3 \ \

bulk density of aggregates and rubber 1097-6  k§/dm614 2.599 2.591
bulk density of asphalt concrete 12697-5 kgfdM@.387 2.349 2.316

Table 3.1: Physical characteristics of asphalt uned

Table 3.3 summarizes the results of water damadecantabro tests. The SMA 0.75
exhibits the greater water damage while the SMAd\s the best resistance with a 93.4%
according to 12697-12.
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Volumetric properties U.M. SMAO SMAO0.75 SMA1.20
Blow each side 50 50 50
Bulk density of the compacted kg/dr? 2 997 2 207 2931
sample
Residual voids % 3.4 6.1 5.0
Voids in the mineral aggregate 0
VMA Yo 18.8 21.0 20.1
Voids filled with bitumen VFB % 81.7 71.2 75.0
Blow each side 75 75 75
Residual voids % 2.0 4.9 4.4
Blow each side 25 25 25
Residual voids % 5.1 6.3 5.9

Table 3.2: Volumetric properties after Marshall gamtion

Physical EN SMA SMA
characteristics Standard it SR E 0.75 1.20
Water damage 12697-12 % 93.4 85.7 89.2

Cantabro after water

12697-17 % 4.3 51 3.4
damage

Table 3.3: Water damage and Cantabro tests

Results of Marshall tests are reported in Table8lgb here, SMA 0.75 shows the lower
stability compared to the similar value of SMA GaBMA 1.20. The same applies for

flow and stability.

Marshall test U.M. SMA SMA 0.75 SMA 1.20
Stability kN 11.16 9.51 11.07
Flow mm 3.90 3.65 3.99

Marshall Quotient KN/mm 2.86 2.60 2.78

Table 3.4: Marshall properties after 50 blows
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Results of Indirect tension test according to ER9/223 are shown in Table 3.5. SMA 0
exhibits the higher IT strength as well as IT cmétht. While SMA 1.20 IT strength is
similar to that of SMA 0, its IT coefficient is der to that of SMA 0.75.

Mechanical characteristics U.M. SMA SMA 0.75 SMA 1.20

Indirect Tensile Strength MPa 1.32 1.14 1.25

Indirect Tensile coefficient MPa 106.8 92.2 89.1
Compression strain 0.0194 0.0194 0.0220
Tensile strain 0.0027 0.0029 0.0036

Table 3.5: Indirect tensile results on Marshallcspens at 60°C

Results of Indirect tensile stiffness modulus sestording to EN 12697-26 are shown in
Table 3.6. Tests were carried out at 5, 20 andC38rfthree specimens each mixture. The
average value is reported in Table 4.7. SMA 0 axhiine higher ITSM over the three
temperatures. A lower ITSM of the rubberized migtuirs in line with the expectations.
Notwithstanding, ITSM are always greater than 4,Ba at 20 °C. Conversely, it is not
the SMA 1.20 but the SMA 0.75 having the small@§M, with an exception at the 5°C.

ITSM SMA O SMA 0.75 SMA 1.20
(MPa)
Sample 1 2 3 1 2 3 1 2 3

no.

5°C 13133 13305 13975 11306 12794 12267 11757 11647 11405
20°C 5626 5279 5909 4104 4184 3721 4879 4245 4473

35¢C° 1365 1162 1354 991 938 787 1122 1099 1046

Table 3.6: ITSM results on Marshall specimens fiédint temperatures

ITSM (MPa) 5°C 20°C 35°C
SMA O 13471 5605 1294
SMA 0.75 12122 4003 905
SMA 1.20 11603 4532 1089

Table 3.7: ITSM results on Marshall specimens figdint temperatures
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3.2 Quality acceptance controls: mechanical charactezation

While the mixtures were being laid at the Zola Bsadtrial site, which will be explained
in Chapter 5, tins of asphalts were sampled forqtedity acceptance controls, as shown

in Figure 3.2.

Figure 3.2: Sampling of material during the laying

The laboratories of Valli Zabban, i.e. the bitumsrpplier, and of the University of
Bologna carried out the mechanical characterizaiiothe sampled asphalts.

Figure 3.3 shows the comparison between the designé the sampled grading curves,

according to EN 12697-1. The sampled grading cuwee found to be in line with the

design.
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Figure 3.3: Designed and sampled grading curves
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Table 3.8 shows the physical properties of the $edngsphalts.

Table 3.9 reports the results of the Marshall castipa on the sampled mixtures,
according to EN 12697-30.

Physical characteristics Stailt\jlar d U.M. S'\SA SON;'E Sll\/;g
Bitumen by aggregate weight % 6.55 751 853
Rubber by aggregate weight % 0 0.75 1.20

bulk density of aggregates 1097-6  kgfdn2.617 2.599 2.575

bulk density of asphalt concrete 12697-5 kgfdM@.394 2.353 2.308

Table 3.8: Physical characteristics of asphalt uned

Volumetric properties U.M. SMAO SMAO0.75 SMA1.20
Compaction temperature °C 145 160 150
Blow each side 50 50 50
bulk density of the compacted kg/drr? 2931 2157 5183
sample
Residual voids % 6.8 8.3 54
Voids in the mineral aggregate 0
VMA %o 20.0 22.8 21.9
Voids filled with bitumen VFB % 66.0 63.6 75.4

Table 3.9: Volumetric properties after Marshall gaction

The comparison of these results with those of #sgh described in the 3.1 paragraph
highlights a substantial consistence of the data.

Table 3.10 shows the results of the Marshall tastording to EN 12697-34, on the
samples compacted with 50 blows.

Table 3.11 shows the results of the Indirect tengults on Marshall specimens at 60°C

compacted with 50 blows each face.

Terms in brackets refer to the difference with dlesign values; positive signs indicate a

greater value compared to the preliminary analysis.
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Marshall test U.M. SMA SMA 0.75 SMA 1.20
. 11.50 9.94 10.74
Stability kN (+0.34) (+0.43) (-0.33)
3.84 3.31 3.69
Flow mm (-0.06) (-0.34) (-0.30)
) 3.00 3.00 2.92
Marshall Quotient kKN/mm (+0.14) (+0.40) (+0.14)

Table 3.10: Marshall test after 50 blows of comimaict

Mechanical characteristics U.M. SMA SMA 0.75 SMA 1.20

1.38 1.14 1.42
Indirect Tensile Strength MPa
(+0.06) ) (+0.17)
106.3 91.0 117.3
Indirect Tensile coefficient MPa
(-0.5) (-1.2) (+28.2)

Compression strain 0.0204 0.0197 0.0191

Tensile strain 0.0033 0.0020 0.0028

Water sensitivity ITSR % 93.4 90.7 90.1

Table 3.11: Indirect tensile results on Marshadicgmens at 60°C

Differences are negligible for the SMA 0 and the/S®75, while the SMA 1.20 exhibits
higher indirect tensile strength and coefficient.

SMAO SMAO0.75 SMA1.20

Volumetric properties U.M.
Compaction temperature 145 160 150
Number of gyrations 10 10 10
Residual voids % 15.2 16.2 13.8

Number of gyrations 50 50 50
Residual voids % 8.0 9.6 7.0
Number of gyrations 130 130 130
% 4.5 6.5 4.1

Residual voids

Table 3.12: Volumetric properties after differentgpaction gyrations
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Besides the Marshall study, the sampled asphalte w@mpacted through a gyratory
compactor for a volumetric investigation, in ac@nrde with EN 12697-31. The mixtures

were compacted at 10, 50 and 130 gyrations ancethats are shown in Table 3.13.

Table 3.13 shows the Indirect tensile results esd¢tsamples compacted at 130 gyrations.

Mechanical characteristics U.M. SMA SMA 0.75 SMA 1.20

Indirect Tensile Strength Rt MPa 1.41 1.27 1.41
Indirect Tensile coefficient CTI MPa 100.9 83.2 B1.
Compression strain 0.0219 0.0239 0.0241
Tensile strain 0.0034 0.0032 0.0029

Table 3.13: Indirect tensile test on gyratory cooted samples at 25°C

Results show an essential uniformity between thesiil and the gyratory compacted
samples, in terms of ITS. The gaps are 0.03, M#lD2D1 MPa for SMA, SMA 0.75 and
SMA 1.20 respectively.

Finally, indirect tensile stiffness modulus ITSM, accordance with EN 12697-26, was
determined. Results are shown in Table 3.14. Redelthonstrates that the laid mixtures
exhibit greater ITSM values compared to those efggreliminary study. Remarkable is

that the ITSM of the rubberized mixtures appeabddess sensitive to the temperature

change, especially the SMA 1.20.

Temperature test

ITSM [MPa]
5° 20° 35°
SMA 20011 10860 3121
SMA 0.75 16108 7091 1842
SMA 1.20 14462 6890 2013

Table 3.14: Average ITSM
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The trial site

4.1 Trial site description

The experimental laying of the three SMA mixturessvearried out on a 300 m in a city
centre road stretch of the Zola Predosa city coupecovince of Bologna. A single
carriageway in two-way traffic composes the roaticiv adjoins the railway on a side
and the block on the other. The maintenance inteioe of the surface course was carried
out on both lanes with the laying of 4 cm of SMARe classic SMA mixture was laid on
the lane in the direction of Bologna, while the akbzed mixtures were laid on the
opposite lane in the direction of Modena, for ayiarof 150 m each. The laying took place
in the 31th of July 2014. The paving operationglds$or around 2 hours for each stretch.

Figure 4.1: Aerial view and location of the trigtesin Zola Predosa
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The air temperature ranged from 23.2 °C to 26.3d6@ng the paving with standard
asphalt, with a maximum wind speed of 4.8 km/h, &odh 27.7°C to 29.5°C degree

during the placement of rubberized asphalt, witheximum wind speed of 9.7 km/h.

\ 1420 i 15510 |

E ;
= dir B0 SMA
300 m

Figure 4.2: Plant of the experimental site
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Figure 4.4: Temperature verification during laying:rubber on the left, with rubber on the right

The laying took place following traditional techagles for Hot Mix Asphalt and the
mixtures were wax-modified in order to reduce tharking temperatures. An infrared

camera FLIR was used to monitor the temperaturaaglthis phase, as shown in Figure
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5.4 in which it is possible to observe that jusiobe compaction a maximum of 135°C
was registered close to the paver screed. The arediaying temperatures were very

similar and nearly around 125+130°C, which is ideaMWarm Mix Asphalts.

4.2 Environmental surveys

4.2.1 Polycyclic aromatic hydrocarbons (PAHS)

According to the Agency for Toxic Substances angeBse Registry (ATSDR), PAHs are
a group of chemicals that are formed during thenmglete burning of coal, oil, gas, wood,
garbage, or other organic substances, such ascwlzexl charbroiled meat. There are
more than 100 different PAHs. PAHs generally oasicomplex mixtures (for example,

as part of combustion products such as soot), isingle compounds.

To learn more about the significance of PAHs inghgironment, enormous efforts have
been devoted to quantifying the level of emissiassessing ambient concentrations,
characterizing speciation, and determining temggpatial trends. Currently, there is
broad agreement on the main emission sources bubh&ation of emission estimation
and reporting is still at an early stage of develept. Data from a number of occupational
health studies suggest that there is an associaéitween lung cancer and exposure to
PAH compounds.

The most important exposure route for lung canceulev appear to be via inhalation.
Several PAHs have been acknowledged as probablessible human carcinogens, most
of which are known to be associated with airboraeigles. BaP, a probable human
carcinogen found in appreciable concentrationseratmosphere, can be used as a marker
of the carcinogenic risk of airborne PAH (K.-H. Kehal., 2013).

Concise International Chemical Assessment Docum¢BI€ADs) are similar to

Environmental Health Criteria (EHC) documents iovyding internationally accepted

reviews on the effects on human health and the@mwient of chemicals or combinations
of chemicals. They aim to characterize the hazadl dose-response of exposure to
chemicals and to provide examples of exposure aibmand risk characterisations for
application at the national or local level. Amadhgm, the document no. 59 deals with
the asphalt, in other words the bitumen. It wasliphbd under the joint sponsorship of

the United Nations Environment Programme, the h@&gonal Labour Organization, and
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the World Health Organization, and produced withine framework of the Inter-
Organization Programme for the Sound Manageme@hemmicals. This section is a short
summarize of this work, in order to introduce tinalgsis carried out at the Zola Predosa
site.

The following can be found in this report:

“Asphalt (CAS No. 8052-42-4), more commonly refére as bitumen in Europe, is a
dark brown to black, cement-like semisolid or solidiscous liquid produced by the non-
destructive distillation of crude oil during petealm refining. Oxidized asphalt (CAS No.
64742-93-4), also called air-blown or air-refineg@halt, is asphalt (CAS No. 8052-42-
4) that has been treated by blowing air througlatitelevated temperatures to produce
physical properties required for the industrial usé the final product. Performance

specifications (e.g., paving asphalts and roofirgplalts), not chemical composition,

direct asphalt production.

The exact chemical composition of asphalt is depeian the chemical complexity of the
original crude petroleum and the manufacturing mes. Crude petroleum consists
mainly of aliphatic compounds, cyclic alkanes, aatim hydrocarbons, polycyclic
aromatic compounds (PACs), and metals (e.g., insickel, and vanadium). The
proportions of these chemicals can vary greatldose of significant differences in crude

petroleum from oil field to oil field or even afffégirent locations in the same oil field.

While the manufacturing process may change the igddyproperties of asphalt
dramatically, the chemical nature of the asphakslaot change unless thermal cracking
occurs. Raising the temperature will increase tkelihood of cracking and cause more
volatiles and even higher-boiling components toddeased from the residuum.

Although no two asphalts are chemically identicadl ahemical analysis cannot be used
to define the exact chemical structure or chemmahposition of asphalt, elemental
analyses indicate that most asphalts contain 79+&§%uveight carbon, 7+13% hydrogen,

traces to 8% sulphur, 2+8% oxygen, and traces tor8&ogen.

When asphalts are heated, vapours are releasethese vapours cool, they condense.
As such, these vapours are enriched in the moedil@tomponents present in the asphalt

and would be expected to be chemically and poténtiaxicologically distinct from the
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parent material. Asphalt fumes are the cloud of Ispeticles created by condensation

from the gaseous state after volatilization of adph

However, because the components in the vapour doondense all at once, workers are
exposed not only to asphalt fumes but also to vapdine physical nature of the fumes
and vapours has not been well characterized. Neelss, a chemical analysis of
oxidized roofing asphalt and non-oxidized pavinghadt fumes identified many of the
same chemical classes. In addition, differencebenway in which asphalts are handled
during paving and roofing operations probably irghce the composition of asphalt fumes

and vapours.

Since the compositions of asphalts and asphalt uamel vapours vary depending on
temperature, manufacturing process, presence oftigsdd and modifiers, and work
practices, it should be no surprise to learn tratidratory-generated asphalt fumes that
mimic asphalt fumes in the environment are diffidol produce. Researchers have
concluded that temperature, rate of stirring, andlipg versus pushing the collection air

all affect the chemical composition of the fumes.”
Section 6.2 of the same report deals with the huexposure.

“Data collected between 1994 and 1997 during sevawving surveys conducted in the
USA by NIOSH (2000) indicated that, in general, trioee weighted average (TWA)
personal breathing zone (PBZ) air concentrationsdoth total particulates (TP) and
benzene soluble particles (BSP) were below 0.5 fag@eometric mean (GM) full-shift
PBZ samples for TP and 0.073 to 0.12 nighespectively. However, GM data collected
during paving operations in a tunnel in Boston, Beshusetts, USA (Sylvain & Miller,
1996), indicated that PBZ exposures to TP and B8R wabout 3 times higher than
exposures measured during the seven NIOSH surveysea-air roadway paving sites
(NIOSH, 2000). Personal exposures to TP and BSBewifrom 1.09 to 2.17 mgirand
from 0.30 to 1.26 mgfnrespectively (Sylvain & Miller, 1996).

Other studies examined exposures to asphalt ngtainmbad paving sites, but also at hot-
mix plants, refineries and terminals, roofing mautfiring plants, and roofing
application sites in the USA (Hicks, 1995; Exxo897; Gamble et al.,, 1999). GM
exposures for TP and BSP varied across all indusfogs: TP ranged from 0.18 to 1.40
mg/n? and BSP ranged from 0.05 to 0.27 my/Meikkila et al. (2002) reported GM

75



Chapter 4 — The trial site

exposures for TP from asphalt (described by the@uas bitumen fume) of 0.4, 0.5, and
4.1 mg/m for paving operator, screed operator, and manuabktit paver, respectively.
Similarly, Burstyn et al. (2000) reported higher Gidphalt fume exposures (described
by the author as bitumen) during mastic laying @pens (2.29 mg/# compared with
exposures during paving operations (0.28 niy/fhese values indicate that exposures

may be higher in situations such as mastic laying.

Several investigators have attempted to assesalspiposure by the dermal route. Wolff
et al. (1989) collected dermal wipe samples byng@ 3 x 3 cm area of the forehead of
workers exposed to asphalt during the applicatibrhat asphalt to roofs in order to
evaluate the extent to which dermal absorption afygyclic aromatic hydrocarbons
(PAHs) may contribute to the total body burden. SEhelermal wipe samples were
analysed for specific PAHs. In the Wolff et al.§2Pstudy, PAH residues per square
centimetre of skin were higher in postshift samg&4—-31 ng/cr) than in preshift
samples (0.44-2.2 ng/én However, workers monitored during the entire fiog
application were potentially exposed to PAHs dutogh the removal of the old coal tar
pitch roof and the application of hot asphalt ftwetnew roof. Hicks (1995) collected
dermal wipe samples by wiping a 4 x 8 cm area ftbenback of the hand or forehead of
workers at various asphalt sectors.. The PAH cotteéinns determined from these
postshift samples ranged from 2.2 to 520 ng/cm

Workers in paving operations produced the largeshber of PAHs detected (12 of 16),
while refinery and roofing workers had the fewe& ¢f 16). However, the

HPLC/fluorescence technique used by these auttaomsat reliably identify and quantify

components of asphalt; their results are presefiedompleteness only. Toraason et al.
(2001, 2002) examined urinary 1- OHP concentratiahshe beginning and end of the
same work week (4 days later) in seven roofersapiptied hot asphalt products but had
no coal tar exposure during the preceding 3 mon#lisseven workers were smokers at
the time of the study. Urinary 1-OHP concentratiomsre statistically significantly

increased (P < 0.05) at the end of the work wetkt(sf work week 0.26 £0.13 pmol/mol
creatinine; end of work week 0.58 +0.29 pmol/mektinine). The average weekly TWA
exposure for TP and BSP for a crew of six asphally-ooofers was 0.24 £0.10 mg/m3
and 0.08 +0.02 mg/m3 ,respectively. The TWA expsdor TP and BSP for a seventh

roofer in another crew were 0.31 mg/m3 and 0.18m3g/ respectively.
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Heikkila et al. (2002) measured preshift and pasttshinary 1-OHP concentrations in
32 road pavers participating in a study to evaluasphalt fume exposures of workers
employed at 13 paving sites where 11 different al§phixtures were applied. The mean
TP exposure for the 11 asphalt mixtures ranged féo2nto 4.2 mg/m3 (AM [arithmetic
mean] = 0.6 mg/m3 ; GM = 0.5 mg/m3). The mean Tposure for all mixtures was
below 0.5 mg/m3 , with the exception of manual im&2t0 mg/m3). The control group
consisted of 78 smoking and non-smoking unexpolieg eavorkers obtained from a
national reference group for 1-OHP in Finland. Téethors reported that mean 1-OHP
concentrations were statistically significantly hey (P < 0.05) among pavers (AM = 6.6
nmol/litre, standard deviation [SD] =9.8) than irowitrols (AM = 1.6 nmol/litre, SD =
2.6) and twice as high among pavers who were sradkeeshift: AM = 8.5 nmol/litre,
SD = 10.5) as among pavers who were non-smokeesligt: AM = 4.0 nmol/litre, SD =
8.0) (P < 0.05) (P. Heikkila, personal communicatiéinnish Institute of Occupational
Health, Helsinki, 2003). A similar trend was obshin postshift data. There was no
difference between non-smoking road pavers or mookgg referents, suggesting that
smoking strongly influences urinary 1-OHP concettras and may not be a sensitive

measure of occupational asphalt fume exposure.”

4.2.2 Site survey and results

With the aim of understanding the side effectshw tise of crumb rubber into road
mixtures and ensure a safe and healthy environfoettie workers, emanated emissions

and gas were strictly monitored during laying phase

The monitoring was committed to the company Waste@hemicals. The data presented
in this section is the result of their work, whialas published in the report “Worker
exposure to pollutants contained in rubberized ama-rubberized asphalt mixtures —

survey at the work environment”.

The goal of this investigation is the evaluationtlod risks associated to the use of the
crumb rubber derived from scrap tires in asphattunes, with special regard to the fumes
emitted during the laying phase.

The environmental and cutaneous survey presenttusisection defines the exposition

levels to polycyclic aromatic hydrocarbons (PAHJ atust for the workers of the laying
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team having different tasks. Results are reporteéerms of pollutants mass (ng) for cubic
meter of breathed air (from both high-volume purop dir sampling and personal air
sampling pumps) and of pollutants mass (ng) foticerire square of exposed area (on

dermal patch for the cutaneous sampling).

Figure 4.5: Environmental and cutaneous surveys

During the laying of the rubberized and non-ruldedti mixtures the same workers were
monitored. This allowed to make a reliable compmarisf the exposition to emissions
generated from the two types of asphalt mixturedeurstudy. A summary of the

monitored parameters and workers is made in Talle 4

Worker task Monitored Road Asphalt Surveying time
parameter dimension type (hh:min)

Roller PAH 4.25m X Standard 02:00
inhalational 300m SMA
exposure
Screed operator PAH
inhalational
exposure
Paver operator PAH 4.25mx  Rubberized 02:15
inhalational 300m SMA
exposure
dermal exposure
Paver operator PAH
inhalational
exposure
dermal exposure

Table 4.1: Analysed parameters and monitored werker

The laying of the two asphalts type took placesémme day one after the other. The laying
time of the standard SMA took the same time contptréhe laying of the two rubberized
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mixtures. In order to ensure a sufficient monitgrinme, the rubberized surfaces were
monitored as they were one and refers to an avedagage of bitumen and rubber
between the two.

Figures 4.6, 4.7, 4.8 and 4.9 report the surveyhef concentration of the 11 PAHs
regulated by the EU or Italian regulation. The emwimental concentration of PAHs
resulted in all cases compliant with the Italiangulatory limit of 1ng/n3 of
Benzo[a]Pyrene (B(a)P).

The measured environmental concentrations werediff@rent from the background
concentrations of PAHs usually observed in othadiaih urban areas. The environmental
concentration of PAHSs resulted, on the averageetaring the paving with rubberized

asphalt in comparison with the paving with standesphalts.

m Standard Asphalt 5.15

|| ™ Rubberized Asphalt 3.95

Concentrazione (ng/m3)

Figure 4.6: Environmental survey — PAHs
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m Roller - m Roller -

Standard asphalt Rubberized asphalt
m Paver operator - Standard asphalt m Paver operator - Rubberized asphalt

Screed operator - Standard asphalt Screed operator - Rubberized asphalt

400
350
300
250
200
150
100

50 1

Concentrations [ng/m3]

Benz[a]anthracen
Benzolj]fluoranthen
Benzo[k]fluoranthen
Benzo[g,h,i]perylen
Benzo[a]pyren
Benzo[e]pyren
Chrysene
DiBenz[a,h]anthracen
Pyrene

Benzolb]fluoranthen
Indeno[1,2,3-c,d]pyren

Figure 4.7: PAHs concentration survey for workers
Figure 4.7 shows the exposure to PAHs inhalatiohfe workers.

Pavers are exposed to higher concentration of Palén standard asphalt is placed, in

comparison with rubberized asphalt. In this casedifference is not significant.

Screedmen are exposed to significantly higher aunagon of PAHs when standard
asphalt is placed, in comparison with rubberizqzhah.

Rollers are exposed to significantly higher concaman of PAHs when standard asphalt

is placed, in comparison with rubberized asphalt.

Regardless to the type of asphalt placed rolletissareedmen resulted exposed to higher

concentration of PAHs compared to the pavers.
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Figure 4.8: Breathable dust survey for workers
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Figure 4.9: PAHs measured with dermal patch apuaiedorkers
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With regard to the dermal pads data the highesbsegh worker the screedmen undergo
to a significantly higher dermal exposure to PAHsew standard asphalt is placed, in

comparison with rubberized asphalt.

Based on the outcome of the monitoring activitibe,use of rubberized asphalt resulted
in a significant, though slight reduction of theremental carcinogenic risk for workers.
Given the single trial site, is not possible toyadhat the observed benefit has to be
associated to site-specific conditions rather #twaan actual reduction of the release of
PAHs from rubberized asphalts. It is necessaryndetline that these benefits could

derive from the use of warm mix asphalts that l@aehe laying temperatures.
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5.1 Noise measurements

5.1.1 Test method

This section presents the test methods for noisasarements derived from tyre /
pavement interaction. The adopted method is basedhe Close Proximity Index,
stadardized in CPX ISO / DIS 11819-2.

The sound pressure signal is acquired by the ugev@imicrophones mounted in the
vicinity of the right rear tyre (185 R15 / 60),drig the vehicle at various constant speeds
on the pavement under investigation. The particplasition of the microphones is
sufficient condition for considering the noise cagirom the tyre / pavement interaction
as dominant, and considering negligible other Jelsicnoise sources like engine,
mechanical system and the exhaust pipe. A partienleoder applied to the left rear wheel

allows to acquire the space travelled and therdfggenstantaneous speed.

During data processing, the space signal path atysed so as to divide the signals
acquired according to a spatial basis equal to ab®0 m (section defined as a length
equal to 3 times the circumference of the measuyire). The sound pressure signals are
then processed in order to be associated with &adion of the spectrum in third octave
bands in the range 315 - 5000 Hz. The broadbanel legighted A, LCPX is finally
obtained as appropriately weighted sum of energgl$eof the spectrum in third octave

bands.

Therefore, each measure is associated to the spaegs, the spectrum in terms of third
octave bands and LCPX, to each section of the edveavement.

In order to increase the statistical robustnesthefresults, different acquisitions were
made by altering the traveling speed. Data are tsedlculate a linear regression with
the minimum chi-square method, based on the knefationship, which links the sound
levels to the traveling speed (logarithmic relasioip). Linear regression of the data

returns as a result the values of LCPX and spectnutinird octave bands calculated for
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the reference speed 50 km / h and 80 km / h prd\bglehe standard , with their associated

uncertainties, for each section.

In order to characterize the investigated pavem#msaverage values on the entire
measured sections of LCPX and of the band levelsarthird octave are calculated. The
statistical uncertainty associated component isieiguthe variance of the levels and thus

appears to be a measure of the homogeneity otthieed stretched.

The measurement technique is influenced by the mniegsconditions, with special regard
to the temperature and humidity of the air and hid pavement, in addition to the
instrumental uncertainties of calibration and asijuin. For these reasons, it is preferable
to apply a differential criterion and evaluate #eoustic performance of pavements in
relative terms to a reference pavement, measuretieosame campaign. This method
allows making comparisons between the results bdain different time sessions, in
order to evaluate the evolution of the performanceslucing the influence of the

boundary conditions.

5.1.2 Results

This section discusses the results of the noissunements based on the Close Proximity
Index (CPX ISO/DIS 11819-2), carried out duringethdifferent surveys, i.e. October
2014, April 2015 and October 2015. The goal isetednine the acoustic properties of
the rubberized pavements compared to the stanaed-®OOL, a spin-off company of
the Italian National Research Council (CNR) wasoapied to perform the measurements

and examine the data that will be shown hereafter.

Results are shown in Figure 5.1, 5.2 and 5.3 msesf absolute LCPX values at 50 km/h
for the reference SMA 0, SMA 0.75 and SMA 1.20 ezgjely. All data were adjusted

to take into account the temperature, as preschigate ISO standard.

Figures 5.4, 5.5 and 5.6 plot the emission spetitained at 50 km/h for the reference
SMA 0, SMA 0.75 and SMA 1.20 respectively.
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Lcpx dir. Bologna [dB(A)]

Lcpx dir. Modena [dB(A)]

92
91
90
89
88
87
86
85
84

u —0Oct 2014
B —— Apr 2015/
: + Oct 2015}
¥ N\
- -
£
IS Lir .
A-A g T T T T T T
II . F 11 1_I.A.-r"'-'t T
- L r A.J_J-
-
o s &X\f@k A A 1

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52

Measurement section

Figure 5.1: Lcpx dir. Bologna measured at 50 KnathSMA 0
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Figure 5.2: Lcpx dir. Modena measured at 50 KmfSolA 0.75
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Figure 5.3: Lcpx dir. Modena measured at 50 KmfSolA 1.20
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Figure 5.4: Emission spectra for SMA 0.00
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Figure 5.6: Emission spectra for SMA 1.20
Figures 5.7, 5.8 and 5.9 plot the Lcpx evolutionterms of dB(A), over the different
surveys for the three surfaces under investigatiopAO km/h, 50 km/h and 80 km/h

respectively. As expected, the registered noisdgirextly proportional to the speed of
measurement.
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Figures 5.10 and 5.11 plots shows the differeneésden the rubberized pavements and
the standard SMA pavement at different measuriregdg.
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Figure 5.7: Evolution of the average Lcpx measatetD km/h
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Figure 5.8: Evolution of the average Lcpx measatesD km/h
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Figure 5.11: Difference between Lcpx of 1.20 SMA &MA 0.00

After the analysis of the results of the measurdrsessions, it is concluded that both
pavings containing rubber offer an increasing atoumenefit over the time in terms of
reduced emission of tyre rolling noise comparethéostandard SMA pavement taken as

the reference.

It should be noted that the reference pavementsladvigh spatial variability of the noise
levels, which could result from unevenesses andeifeptions at the time of laying.

Therefore, the uncertainty associated with theag@walue is high and this is reflected
negatively on the uncertainty associated with iffer@ntial values calculated for the two

rubberized pavements.

This evidence highlights that the acoustic perfarogeof a pavement heavily depends not
only on the quality of the materials, but also by ttonstruction method. A spatial
dishomogeneity was also found for the rubberizecepeents, with the pavement SMA
1.20 presenting higher levels in the initial seasigconsidering the direction of travel).

The absolute values of LCPX can not be used foirectdcomparison between the
measurement sessions, as during the first wasaugee with wearing and hardness levels
next to the limits imposed by technical standardictv was replaced with a new tyre for
subsequent sessions. Indeed, lower levels of hesdared wearing of the tyre are linked
to smaller rolling noise, in accordance to the $enadound levels found in the second

measurement session compared to the first.
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The sound levels of the last measurement sess®orhigher for all the investigated
pavements, according to the normal evolution ofrtee pavements in the first year of
service. In any case, the two rubberized mixturdsbes LCPX levels at 50 km/h of 87
dB(A), which is significantly lower than the 93-88(A) of the in service pavements.

5.2 Texture and skid resistance

This section will discuss the results of the meassuent of texture and skid resistance on
the trial site of Zola Predosa. Both local and sardus measurement were carried out.
While the dynamic advanced measurements with Skigder and Profilometer covered
the entire paved surface, the static measureménta@otexture and skid resistance were
performed at intervals of about 12 + 13 meters2fdimeasuring points on each lane, as
shown in Figure 5.13. Tests were performed excalgiin the odd points (1 - 19) in the
standard SMA lane, while in the rubberized lanést@gere performed on each station
(referred to as G).

5.2.1 Static measurements

This section presents the results of the skid taasie® and the macrotexture investigations
at the locations described in Figure 5.13. Theystrof ten measurement points each
surface. The macrotexture was determined in acooedaith EN 13036-1 prior to the

measurement of the skid resistance in accordartbeBM 13036-4, which requires water.

Figure 5.12: BPN measured at different locationgnduthe surveys for SMA 0O

91



Chapter 5 — Site surveys

Vignola M
1] [ sMA 0TS
= E =
& | 5 [ Shad 20
e e B shi
& ¢ T
15 [aal19,
1 18[h1E
A bl B
1 =it
1 161hNE
13
1 1aldie
) EIE ]
EX EHE L
IR |
11010
T o ld e |
i ] &
8 | &
ut vy ﬂ
1 ol
5 =
1 ol s
= 4 =
105 lsh 5
A H 2
4 lam 4.
1 5 lhla
g 5
) E_IA
2 NI
ﬂl:\,}L ‘ =
14
., Bologna

Figure 5.13: Position of the measuring sectiortierstatic measurements
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5.2.1.1 Skid resistance

This section discusses the PTV values obtainetleatifferent measurement locations,
following the numbering indicated in Figure 5.12r@parisons between the materials and
during the surveys will be made, in order to astiesskid resistance during time. For the
evaluation of the eligible values of BPN / PTV, fdient specifications, technical

guidelines, scientific papers were taken as refaren

The technical guideline for bituminous pavementshef Province of Bolzano specifies
for SMA the following:

"In the period between 6 and 12 months from conapletf the paving, the skid resistance
must be assessed through a Skid Tester, accomi@iR 105/85. Alternatively, the SFC,
with the SCRIM equipment according to CNR 147/88,lme determined.

Values of BPN lesser than 60, or alternatively Sfedlies lesser than 0.60, will result in
penalties of 1% of the price for every point ofidgan.

Values of BPN lesser than 50, or alternatively Silies lesser than 0.50, will result in

the removal of the layer and the subsequent renactgin at the Company's expenses..."

The Office for design and execution of road wolRsvince of Turin specifies for hot
mix asphalts made with modified bitumen:

"For the wearing course the skid resistance, meagwith the Skid Tester in accordance
with EN 13036-4 must provide BPN values equal eatgr than 60; the MTD, determined
according to EN 13036-1, must be greater than araé¢p 0.4 mm. If the average value
of BPN or MTD, in a determined section is inferlban the prescribed values, a penalty
of the 15% is applied.

If the average value of BPN or MTD is less tharegual to 40 and 0.25 respectively, the
layer must be removed completely and a new layer tbabe laid. Alternatively,
roughening treatments have to be made in orderrioghbthe deficit value above the
threshold of acceptability.

If the maintenance is not successful, i.e. theqoitesd values are not reached, a 20% of
deduction will be applied”

The standard specifications, published by Italiamisdry of Infrastructures and
Transports, with regard to surfacings specifichesfbllowing:
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"In situ are also measured the skid resistanceuftothe skid tester, according to CNR
105/85 and the drainage capacity (except for sphistix) with portable permeabilimeter,
according to EN 12697-19.

The BPN must be greater than
= 50 for porous asphalt course;
= 55 for hot microsurfacing;
= 60 for splittmastix asphalt.

For lower values a deduction of 1% will be applidthe list price for each unit of

deviation".

The special tender of Brennero Highways, prescritmeSMA the following lower limits:
= PTV, according to EN 13036-4, greater than 55
= MTD, according to EN 13036-1, greater than 0.35 mm.

Noteworthy is that both the BPN and the PTV valdesved from the same tests and
differ only for the correction factor applied toetldetected value, prescribed in the
reference standard (Italian CNR or EN). This cdroecappears to be more severe in the
case of PTV value. Therefore, in order to obtaisadety” value, the PTV was taken as

reference. However, the BPN is also reported.

For the purpose of this research, the followingshold values were adopted:
= PTV> 55 for new paving (reference for the surveypotober 2014);
= PTV>50 for 6-12 months of service (reference Fa survey of April 2015);
= PVT> 35 for roads with more than 12 months of sEr(reference for the survey
of October 2015);

Measurement carried out in accordance with EN 13D3ée plotted in terms of British
Portable Number (Figures 5.14, 5.15 and 5.16) antkérims of Pendulum Test Value
(Figures 5.18, 5.19 and 5.20).
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Figure 5.14: BPN measured at different locationinduthe surveys for SMA 0
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Figure 5.15: BPN measured at different locationinguthe surveys for SMA 0.75
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Figure 5.16: BPN measured at different locationinguthe surveys for SMA 1.20
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Figure 5.17: Summary of the average BPN measurgdgithe surveys for the three mixtures

The average value of PTV between the ten measutepoants is 61.5, 55.8 and 55.5

respectively for the three surveys in chronologaraler (Table 5.1).

SMA 0 exhibits very uniform PTV values during thest survey, which become higher at
the second and third surveys. Ass shown in Taliletbe variance increases with time as

a clear indication of the surface wear over timeaSurement points 9 and 15 underwent

96



Chapter 5 — Site surveys

the greater decrease in the PTV. They are locatedin front of side streets, where

acceleration, deceleration and shear forces caud polished the surface.

PTV 10/2014 04/2015 10/2015
Average value 61 56 56
Variance 5,93 8,84 10,04
Standard deviation 2,44 2,97 3,17

Table 5.1: PTV statistics for SMA 0
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Figure 5.18: PTV measured at different locationsrmduthe surveys for SMA 0

SMA 0.75 provides an excellent uniformity of measuPTV values, especially in the

first and the third surveys. Outliers were foundimig the second survey in sections 13
and 20 (higher values), and 16 and 17 (lower vali¢swever, these values were found
to be in line with the mean value during the tisudvey. Values are reduced of 3+5 points

at the second survey and 6+10 at the third survey.

Being the PTV value one year after laying aroundtd8 performance of the mixture is

above the threshold.

PTV 10/2014 04/2015 10/2015
Average value 58 54 49
Variance 1.57 10.09 1.21
Standard deviation 1.25 3.18 1.10

Table 5.2: PTV statistics for SMA 0.75
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Figure 5.19: PTV measured at different locationsrduthe surveys for SMA 0.75

The rubberized surface SMA 1.20 provides for umfealues which are consistent on the

surveys. Variance and standard deviation, showrabie 6.4 are small.

On October 2015, the lowest value was recordeteaséction G9 which is just in front
of a supermarket. Car entering its parking couldehstressed the pavement, causing

polishing of the surface.

Values are reduced of 5+9 points at the seconcegwand 6+10 at the third survey. Being
the PTV value one year after laying around 52 p#dormance of the mixture is above
the threshold.

PTV 10/2014 04/2015 10/2015
Average value 59 53 52
Variance 3.16 6.92 5.24
Standard deviation 1.78 2.63 2.29

Table 5.3: PTV statistics for SMA 1.20
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Figure 5.20: PTV measured at different locationsrmdpthe surveys for SMA 1.20

Figure 5.21 shows a summary of the average valui@seoPTV for the three surfaces

under investigation and during the surveys.

The SMA 0 and SMA 1.20 reveals an almost identieaid. Although SMA 0 keeps a
higher PTV value, both surfaces show a reductioarofind 10% 6 months after laying.
The PTV value keep constant one year after layirlg &negligible reduction. The SMA
0.75 exhibits a smaller reduction of the PTV a@eanonths and a greater reduction after

12 months, which is around 15%.
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Figure 5.21: Summary of the average PTV measurddgithe surveys for the three mixtures
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5.2.1.2 Macrotexture

The texture of the pavement was firstly measuredgin the volumetric patch method, in
accordance with EN 13036-1.

For the evaluation of the acceptable values of MdiBerent specifications, technical

guidelines, scientific papers were taken as refaen

The standard specifications, published by Italiamisdry of Infrastructures and

Transports, with regard to surfacings, specifies:th
"The MTD, determined according to the CNR 94/88d#ad must be greater than:

= (0.8 for porous asphalts;
= 0.6 for hot microsurfacings;
= 0.5 for splittmastix asphalts.

Measures that are performed with a continuous meag@equipment must be referred to
MTD with appropriate correlations. The SFC and Mii@asurements must be made for
each lane, with a measurement step of 10 metesspariod of time comprised between
the 15th and the 180th day after the road had lmgemed to traffic. In case of occasional

and localized inhomogeneities, the measured valaese averaged every 50 m"

The "Brennero Highways" special tender specificagjorefers to the measurement of
PTV, according to UNI EN 13036-4, and MTD, accogiio UNI EN 13036-1, pertaining

to SMA, prescribing the following lower limits:

- 55 for PTV;

- 0.35 for MTD.

The special tender specifications of the Venetmregtates the following:

"SFC values below 40 and/or MTD values below 0.3B ke considered as full

responsibility of the contractor, that will haveeatively for free to:

= Achieve the complete removal of the layer and gubsh with a new one;
= carry out a roughening treatments in order to restthe parameters above the

prescribed thresholds”.

The Special technical standards of ANAS S.p.A iatlis that for asphalt mixtures:

100



Chapter 5 — Site surveys

"The SFC and MTD indicators should be greater tbaequal to 58 and 0.3 respectively.
The measures have to be made within a period & ¢iomprised between the 15th and
the 180th day from the opening to traffic, with &xeeption of porous asphalts etc..
Penalties will be applied for homogeneous stretolleen their average values of SFC
and / or MTD will be assesses lower than the piiescrthresholds; whenever both SFC
and MTD average values will be critical, the pegaltll be cumulative.

The reduction will be applied in percentage poitdsthe auction of the works of the
material involved these points correspond to halbercentage points by which the SFC
or the MTD differs from the thresholds. The dedurcivill cover the entire width of the
homogeneous section.

In any case SFC value can be accepted if less4Baiihe same applies for MTD values

lesser than 0.2".

The document "Maintenance and construction of pavest technical standards” of the

Italian motorway company, "Autostrade per I'ltalsgates that:

"The MTD measured through the mini texture metddi¥ TRRL) or by SCRIM must
be greater than or equal to the following value$ tim for normal and special asphalt
concretes. The SFC and MTD has to be performeeast lon a lane within a period
between the 15th and the 180th day from the openitrgffic, except for porous asphalts
and high friction surfaces for which the measuresta be carried out between the 60th

and the 270th day from the opening to traffic. ity @ase MTD can fall below 0.25 mm".

Tables 5.4, 5.5 and 5.6 show the statistics ohtbasured MTD for SMA 0, SMA 0.75

and SMA 1.20 respectively. Figures 5.22, 5.23 ald plot the MTD values as they were
measured on the road. These plots highlight thierdiices of MTDs between the
measurement points and during the surveys. Thanaeiof the data is consistent during
the surveys except for the SMA 0, which exhibitgraat variance during the last

measurement session.

MTD 10/2014 04/2015 10/2015
Average value 0.75 0.75 0.79
Variance 0.002 0.004 0.008
Standard deviation 0.046 0.065 0.090

Table 5.4: MTD statistics for SMA 0
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Figure 5.22: MTD measured at different locationsrtuthe surveys for SMA 0

MTD 10/2014 04/2015 10/2015
Average value 0.71 0.71 0.74
Variance 0.002 0.004 0.004
Standard deviation 0.043 0.064 0.060

Table 5.5: MTD statistics for SMA 0.75
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Figure 5.23: MTD measured at different locations during the sureey&MA 0.75
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MTD

10/2014

Average value

Variance

Standard deviation

0.70
0.003
0.056

04/2015 10/2015
0.63 0.68
0.005 0.002
0.069 0.043

1.0C

Table 5.6: MTD statistics for SMA 1.20
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Figure 5.24: MTD measured at different locationgrdythe surveys for SMA 1.20
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Figure 5.25: Summary of the average MTD measured during the survelye three mixtures
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Figure 5.25 shows a summary of the average valuesglthe surveys. The data shows
that all the surface layers exhibit a substantighhroughness, with the classic SMA
having mean values around 0.75 mm and the rublokeagaces having mean values
around 0.70 mm. One year after the laying, MTDeduced of about 1-5%, which does
not affect the performance. The rubberized surfasbégbit a similar macrotexture with
small differences. Overall the classic SMA showvestibst macrotexture in terms of MTD.
In any case, MTD values of the three surfacesagely above the thresholds set by the

adopted reference standards.

5.2.2 Dynamic advanced measurements
5.2.2.1 Skiddometer
5.2.2.1.1 Equipment and test methods

The Skiddometer BV11 is produced in Sweden, byHbeneland Vammas AEC. It is
constituted by a measuring carriage (Figure 5&8)ch is towed by a vehicle equipped
with an electronic computer for the data acquisitibhe sampling intervals is 2 meters.
The cart is made from a steel frame supported loy ftee wheels between which is
positioned the measurement wheel for the detectidhe friction between the tyre and
the surface of the road pavement. The measurenteglnduring the survey, rolls with a
predetermined "s" sliding with reference to theesiheels and equal to 17%. The surface
is adequately wetted in order to simulate the pres®f a water veil of 1 mm thickness.
The watering system is constituted by a mechampicaip, connected to one of the outer

wheels, which is able to vary the flow of watefunction of the survey speed.

Figure 5.26: Skiddometer BV11
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All device functions can be managed inside the mgwiehicle using the proprietary
electronic processor MI-90, which is able to comtinsly monitor the following
parameters:

= the shear resistance of the carriage towi)g (

= the vertical load on the measuring whe®&} (

the measurements speed (km/h);

the length of the analysed section (m);
= the air temperature (° C).
These parameters are used to calculate the BFRifigreorce Coefficient) expressed by

the equation:

BFC = 100 F
N P

In order to harmonize the different measurementhods used for the evaluation of
friction and texture of road surfaces, the Techni€ommittee of the Surface
characteristics AIRPC organized an internationapeexnentation. It followed the
proposal of the IFI index (International Frictiondex), which is calculated using
relationships obtained from regressions of friciamal textural data detected with different

types of equipment and is discussed extensiveGhiapter 1.

The coefficients for the IFI calculation with reéeice to the adopted equipment are shown
in Table 5.7.

A B A B C
11.1284 90.906 0.0396 0.85618 -0.01589

Table 5.7: coefficients adopted for IFI calculatio

The computation of the data measured during thetineampaigns allowed determining
the friction parameters BFC with a frequency ofmlOThe parameters measured on the
trial site are plotted versus the distance in Fegls.27, 5.28, 5.30, 5.31, 5.32 and 5.33.

For the evaluation of the reference values forBRE€ parameter, the paper "the friction
on ordinary asphalt surfaces measured with pariiatked wheel devices", written by M.
Losa, R. Bacci, P. Leandri was taken as refereflcat paper prescribes thresholds for

BFC according to the measuring speed:

105



Chapter 5 — Site surveys

= BFC >0.72 forv =20 km/h;
= BFC > 0.62 for v =50 km/h;
= BFC > 0.53 for v =80 km/h.

5.2.2.1.2 Results

This section presents the results of the LaseprdfSkiddometer campaigns on the trial
site. The Department of Civil and Industrial Engineg (DICI) of the University of Pisa
was appointed to carry out the measurements thidbevpresented hereafter.

The friction measurements, carried out at speed®0km/h, allowed determining the

longitudinal friction coefficient every 2 meters.

The measures with the skiddometer at the Zola Reetti@l site were performed at a speed
of 20 km/h. Accordingly, it was verified that theeasurement provided for BFC values

greater than 0.72.

After the first survey, the measured BFC on SMAfate shows a regular trend, with
values around 0.82 + 0.83 in the first half andb0rvthe second half. The average value
is 0.80.

The average value of the measured BFC is subdtgntichanged after the second survey
took place. Values stand around 0.85 in the figdt &nd 0.80 in the second half with an
average of 0.81.

One year after laying the BFC provided for the sawverage value. It can be concluded
that the classic SMA presents an overall good sésistance in terms of BFC values,
which are always greater than the set threshold.

The SMA 0.75 shows average BFC values of 0.77, &RDO0.81 for the three surveys in
chronological order. This indicates that the BF@d&eto grow with time, reaching the
same value of SMA one year after laying.

An identical trend and very similar values wererfddor SMA 1.20, which shows average
BFC values of 0.77, 0.81 and 0.82 on October 2@&ptil 2015 and October 2015
respectively. This indicates that the BFC tendgrtav with time, reaching the same value

of SMA one year after laying.
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BFC

Figure 5.27:

BFC

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

—(Qct 2014
=a—Apr 2015
—=Qct 2015

o
Lo
i

Distance [m]

o
[Te)

100
200
250

300

BFC for the reference Stone Mastichaspwith no rubber

------ 0.75 Oct 2014 ceee+1.20 Oct 2014
=== (.75 Apr 2015 ==o—1.20 Apr 2015
= (.75 Oct 2015 1.20 Oct 2015

50 100 150 200 250
Distance [m]
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BFC 10/2014 04/2015 10/2015

SMAOQ 0,80 0,81 0,80
SMA 0.75 0,77 0,81 0,82
SMA 1.20 0,77 0,80 0,81

Table 5.8: Summary of BFC during the surveys

5.2.2.2 LaserProf
5.2.2.2.1 Equipment and test methods

The texture of the road trial site, with speciajamling to the MPD was determined
through the LaserProf. It is a portable systemgiesd for road profiling measurements
with no need for permanent installations. The systan be mounted on the trailer hook
on a vehicle in a few minutes on-site.

LaserProf is a class | Inertial Profiler designed dquality control and supervision. It
complies with ISO 13473-3 (Table 5.9) for devicéassified with mobility features
"slow".

The equipment enables you to measure longitudnadilgs of any pavement surface. The
software supporting LaserProf consists of a reaétrecording and calculation module,
as well as a module for detailed data selectiocutation and report generation. Among
data included in the reports are:

. Raw Longitudinal Profile

. IRI or Inch per Mile

Derived results from the profile, MPD (Mean Profidepth) and ETD (Estimated Texture
Depth) can be calculated.

Reports can utilize the built-in graph generatiogld for both 2D and 3D graphs of any
of the results.

The high maximum speed capacity allows you to perimeasurements while the road is
open to the public and with the pace of undisturtbatlic. However, in order to obtain
high accuracy data, the survey was made at thel el km/h with measurement gap

of 1 mm.
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) o Sampling Vertical Laser Acquisition
Device Classification )
range resolution  frequency speed
Wavelength Mobility
contactless D-F slow 1 mm 0.05 mm 16 kHz 15 km/h

Table 5.9: Laseprof equipment for MPD survey

Figure 5.29: Laseprof equipment for MPD survey

The following paragraph will analyse the valuesv®¥D (Mean Profile Depth) and ETD
(Estimated Texture Depth) according to ISO 134783s<tAndards. MPD is the average
value of the depth of the profile points, calcutbtae a predefined distance of 100 mm,
referred to as the "baseline”. The baseline isdddiin two parts and the Mean Profile
Depth (MPD) for each individual profile is deterrathas the arithmetically averaged two
peak levels minus the average (profile) level.

The average level is zero as a result of the higdhgddtering or slope suppression
procedure as defined by ISO 13473-1.

ETD is the term used to identify the MTD when tiisticannot be measured by volumetric
method, but rather it is estimated once the MPRBniswn. This value can be obtained
through the application of ETD equation [mm] = .2.8 MPD [mm].

For the evaluation of the eligible values of MPETD, different technical guidelines,

scientific papers and standards were taken asreferas usual.

The special tender specifications of the Venetmregpecifies for SMA that:

"The surface macrotexture measured through lasgrument according to ISO 13473 in
terms of MPD (Mean Profile Depth) or in terms of Mih accordance with the EN 13036-
1, must be greater than 0.8 mm...the SFC MPD (MTD) &1 have to be measured
between the 60th and the 180th day from the opebitrgffic”.
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The "Brennero Highways" special tender specificatjspecifies the following:

"The value of the average profile depth (MPD), aseasure of macrotexture according
to ISO 13473, will have the following requirements:

(a) asphalt concretes type a: MBPD,5

(b) asphalt concretes type b: MPD,6

(c) temporary surface course (binder): MPQ4

(d) porous asphalts: MPEL,0

(e) multifunctional asphalts: MPED,8

() slurry seals:MPD-1,0

The survey of SFC and macrotexture has to be matienva period of time comprised

between 15th and 180th day from opening to traffic.

In the reportExperimental survey for the evaluation of macraiex and skid resistance
of a section of the S.P. 569 "Vignola" road in thn of Zola Predosa’published by the
road experimental laboratory of the departmentiaf and industrial engineering of the
University of PISA, the surface macrotexture issslaed by equating ETD to MTD. In
this case the table of the CNR 94/1983 standaagpdied.

ETD Classification

<0,20 Very fine
0,20<ETD < 0,40 Fine
0,40<ETD < 0,80 Average
0,80<ETD < 1,20 Coarse

> 1,20 Very coarse

Table 5.10: ETD classification according to CNR1983

For the present discussion, a MPD value in the gdmgween 0.5 mm and 0.8 mm,
identified in 0.60 mm, was taken as reference. e limits are provided by the

“Brennero highways specifications"” for asphalt mness having similar particle size and
materials used. The adopted value is justified ftbenfact that the investigated surfaces
do not represent a new construction but a maintandRegarding the ETD, the adopted

reference is linked to the experiences of the latooy of the University of Pisa.
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5.2.2.2.2 Results

Two months after the opening to traffic, the MPDueeof the first half of the SMA lane
appears to be oscillating, with values ranging ketw0.50 mm and 0.90 mm. In the
second half, instead, the MPD is settle in a rdmgeveen 0.60 mm and 0.65 mm with

little significant changes. The average value fier $MA is 0.65 mm.

After the second survey, the MPD of SMA shows all@gpattern around the mean value
of 0.60 mm, with a decrease of about 0.15/0.20 miyio the central section.

The MPD of SMA after the third survey shows a mmrgular trend compared to the
previous test campaigns, demonstrating that allesaare settling around the mean value.
This less variance is evident looking at FigureD5.Bhe average value for the SMA is

0.58 mm, which is 0.07 smaller than the averagéefirst measurement.
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Figure 5.30: MPD for the reference Stone Mastichsdpwith no rubber

Regarding the SMA 0.75, its MPD value diminishethva smaller rate compared to the
SMA. The average value, in fact, remains constaet the surveys, starting from 0.61

mm and reaching a final value of 0.58 mm, passiog{0.59.

The same can be said for the SMA 1.20. The stavtahge is 0.62 and an equilibrium is

reached at 0.58 after 6 months of trafficking.

All the surfaces meet the adopted requirementsngavPD values above the thresholds
over the surveys. Table 5.11 summarizes the mdaesraf MPD.
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Figure 5.31: MPD for the rubberized SMA surfaces
MPD 10/2014 04/2015 10/2015
SMAO 0,65 0,60 0,58
SMA 0.75 0,62 0,58 0,58
SMA 1.20 0,61 0,59 0,58

Table 5.11: Summary of MPD over the surveys

The same considerations can be made for the ETd@ girs directly proportional to MPD.
According to Table 5.10, the macrotexture of the¢hSMA is classified dRverage”.
Table 5.12 summarizes the mean values of ETD. Nwtéw is that values are identical

one year after laying.
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Figure 5.32: ETD for the reference Stone Mastich&bpwith no rubber
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Figure 5.33: ETD for the rubberized SMA surfaces
ETD 10/2014 04/2015 10/2015
SMA O 0,72 0,68 0,66
SMA 0.75 0,69 0,66 0,66
SMA 1.20 0,69 0,67 0,66

Table 5.12: Summary of ETD over the surveys
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Chapter 6

Laboratory simulated trafficking and classic
measurements

6.1 Introduction

This section introduces the investigations on tiuelied rubberized mixtures that were
made in laboratory. As seen in previous Chapthreetdifferent surveys were carried out
at the Zola Predosa trial site, covering a peribdne year after the laying. The surveys
allowed for a measurement of the texture and sggtance on site during the early life

of the pavement.
However, they say little about the performancéiefrnixtures during the years of service.

For this reason, the mixtures sampled during tlygndpwere subjected to simulated
trafficking with the Road Test Machine at the Umsrgy of Belfast, U.K. This allowed
measuring a series of parameters related to teahaeskid resistance at different stages

corresponding to a definite time of pavement servic

Since the aim of the thesis is to analyse the sartharacteristics of the rubberized Stone
Mastic Asphalts, the mixtures underwent a furthafficking with an old version of
Immersion Wheel Track. Accordingly, the resistarioeravelling and the adhesion
between bitumen and aggregates were studied witivative 2D and 3D image analysis.

As will be shown in Chapter 7 and 8.

This part of the research was carried out by théhnéwat the laboratory of Highway Engineering
of theUniversity of Belfast, U.K.
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6.2 Road Test Machine

The Road Test Machine (RTM) was used to subjetsfecimen surfaces to slow speed
high stress simulated accelerated trafficking coowl. Trafficking was stopped at
predetermined intervals to allow assessment of @ange in the surface of the test

specimen.

Figure 6.1 shows the RTM. It consists of a 2.1 mrameater table, which can
accommodate up to ten specimens of dimension JEbx 50 mm. The table rotates at
10 revolution per minutes, which equates to 1.1 Mfsw tyres are fitted at the start of
each investigation. Two Federal 195/70R14 tyrespargtioned vertically above the
rotating table to allow transverse trafficking a&sdhe width of the test specimen. Each
tyre applies a static load of 5 kN onto the surfata test specimen. The RTM operates
in an environmental room with a temperature of ID°€.

Nicholls, in the TRL Report 176 (1997), describesvithe RTM is used to assess the
resistance to wear of High Friction Surfacing sgstcimens. This involves 100,000 wheel
passes, during which the surface of the test smgtireaches a condition known as
equilibrium, which is approximately equivalent tot® 8 years of actual trafficking,
depending on the volume and heaviness of the lapplsed to the road.

Friel (2013) considered the addition of water dgrsimulated trafficking. This was
sprayed onto the test specimen immediately befongact with the tyres. Although the
RTM tyre angle remains constant throughout simdlatafficking, the Author consider

the tracking process causing the greatest amougtef test specimen interaction to be

slightly off-centre.

Figure 6.1: Road Test Machine
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6.3 Immersion wheel track

The immersion wheel track was test was developatienUnited Kingdom during the
1950s to look at adhesion of asphalt materialan@ dirawing of the original equipment

is shown in Figure 7.2.

In the original method a bituminous test specimeas wnmersed in water at 40°C for 1
hour. A loaded hard rubber tyre moved back andhfactross its surface. The combination
of soaking in water at an elevated temperaturevemekl tracking induced rutting of the

test specimen. Test duration could be increasedetermine when stripping of the

bitumen / aggregate bond occurred leading to coebdsilure of the test specimen. In
1987, McKibben modified the Immersion Wheel TracksT with a one way braking

system to increase contact stress during testittgtive solid rubber tyre replaced with a
steel tyre (Kennedy, 2014). This allows the test¢elto travel freely forward, then lock

and dragged back across the test specimen so mgduoechanism that could induce
ravelling failure (Mitchell, 2014).

Since the steel tyre was found to damage the agtg®gin this latest version of the test
method, the solid rubber tyre has been replacddamiteaded pneumatic tyre. The treaded
was chosen in preference to a slick tyre becausetter simulates interaction of a
tyreblock pattern with the asphalt surface textlree size of the existing immersion
wheel track equipment restricted the choice of tgst to a MOJO 10 x 4.5/5 go-cart
treaded wet tyre. This is a relatively cheap androonly available solution.

The one way braking system has been retained tease contact stress and so exploit
any weakness or issue that could result in preraaturability related failure (Kennedy,
2014).

Figure 7.3 shows the modified tyre assembly withttbaded test tyre. This is 430 mm by
170 mm made from 10 mm thick steel. Weights arediat either end to load the test tyre
against the asphalt test specimen. During teshiagdst specimen is immersed in water

at the required test temperature.

What makes a latest version of a 60 year old tethad innovative is the use of the image

analysis to interpret any change in the slab aftaulated trafficking.
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6.4 Mean Texture Depth — EN 13036-1

The volumetric patch technique derived Mean TexRepth (MTD) is a one dimensional

macrotexture classification and calculated in adance with EN 13036-1:2010.

In order to get a uniform circle of sand spread dke surface that could be inscribed into
the slab, a volume of 12.5 ml of sand was useédcoh test. The volume was obtained by
weighing 15.5 grams, based on the sand densitychwlias 1.24 g/cha The sand was
then spread evenly by carefully working the disthvitis face kept flat over the surface in
a rotary motion. The procedure was complete whemmloer outward distribution of sand
was possible. The diameter of the sand patch wasuned to the nearest 1 mm at 4

diameters approximately 45° apart using a ruler.

MTD was calculated as the ratio between the volommaterial and the average of the
four measured diameter. Results of the test agrdifit trafficking stages the 8 mm SMA
are shown in Figures 7.5 and 7.6. No remarkablieréiices were found between the

mixtures that exhibited similar trends.

MTD dropped down rapidly from initial values arou@d’O and reached an equilibrium
after 5,000 wheel passes. The texture depth kapdtaot until the end of trafficking,
except of the values corresponding to 75,000 wpas$es which seemed to reflect more

an error in the measurement rather than an inciadbe texture.

Figure 6.4: Sand placed onto the surface (left)eumhly spread for measuring MTD
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6.5 Pendulum Test — EN 13036-4

Pendulum test was carried out according to EN 13D36is known that rubber-road
friction evolves during the lifetime of the paveréecause of the aggregate polishing
and wearing, binder removal and the aging of thddyi (Kane et al. 2010). Measurements
were made at the same area of the surface at edfitking stages, which was detected
with the help of a steel frame placed onto theasigfafter placing the slab on the stage
and removed before the test.

Before each test the zero level was checked byiagsinat the reading were zero while
the arm swung freely. The support column of themgent was set vertical by means of
the three levelling screws. The axis of suspensiathe pendulum arm was adjusted so
that the slider could swing clear of the surfacehef specimen and traverse the surface
over a fixed length of 126 mm measured with a $pegauge. The surface and the slider

were wetted copiously just before releasing thedpknm arm.

Figure 6.7: Steel frame for detecting the areastitg

Since all measurements were made at the constapetature of 20°C, no corrections
were applied to the calculated PTV values. Sincgt five readings on samples that
underwent few wheel passes of trafficking diffebgdnore than three units, the PTV was
calculated as the constant value achieved by tia¢thiree swings. It was noted that, after
a rapid drop down of the reading, the values obthimpproached to a constant number

with a rate dependent on the trafficking.

The number of swings that were necessary in oeedch three consecutive constant
values were recorded and its plot on the numberhafel passes is shown in Figure 7.9.

During the early life of the pavement the numbeswings necessary to reach a constant
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value of PTV are higher compared to the mid-erg] lik. high wheel passes. This could
be linked to the bituplaning phenomenon; sincebihenen content of SMA materials is
high, the slider would skid as the bitumen is wadg the slip during the contact, leading

to instable measurements.

Although the bituplaning refers to dry conditiorcd@uld explain what was observed with
these testings. More details can be found in the&xwbBullas (2005).

Figure 6.8: Pendulum test. a) the surface is fipéhe slider is in contact with the surface; & th

arm is hold before it swings back to the surface
Figures 7.9 and 7.10 show the PTV values obtaieesiig the wheel passes of trafficking.

The development of early life skid resistance isaspredictable as the decay in texture
depth. This is attributed to complex interactiomked to the aggregate particles re-
orientation, under the loads of the simulated ickiifig.

Skid resistance achieves a maximum value soon @tepaction of the slabs, when the
asphalt film on the surface has been worn awaylanttesh gritty surface of the aggregate
is exposed. This is followed by a gradual reduction

PTV tends to decrease with trafficking before réaghran equilibrium at 40000 wheel
passes. A step in the curves were noted in cornelgmee of 10000 wp for 0.00 and 1.20
SMAs and 20000 for 0.75 SMA.
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Chapter 7

2D Image analysis

7.1 Introduction

The image analysis is an important tool for thelysis of different parameters in a great
fields of research. In the pavement engineeringpseseveral attempts have been made

for both in-situ and laboratory investigations.

Slimane et al. (2008) developed a measurement hachacterization method for road
microtexture based on image analysis. The firsttdwathe image measurement and
extraction of roughness information from imagese Tatter was obtained through a
geometrical and frequency based analysis of imdgading to descriptors related to the

shape and the density of surface asperities.

A similar work was carried out by Dunford (2011 )ieh is described in Chapter 1. This
report investigates whether detailed imaging ofrtfael surface has potential to be applied

to the determination of microtexture and then ®nieasurement of skid resistance.

Cafiso et al. (2006) presented a distress detegtiocedure which aims at producing a
result complying more closely to the distress idmattion manuals and protocols. The
process comprises the automated pavement imagecthofl using a high speed digital
acquisition system and the distress detection byafa@he pavement distress analyser. a

specialised

Lamperti et al. (2015) used the Image analysisudysthe adhesion between bitumen and
aggregate after rolling bottle test is performedpiRel inspection is carried out in order
to verify the accuracy of the proposed method. Reslhows an excellent reliability,

suggesting the method could overcome the shortggrohthe visual recognition.

This section is based on the above mentioned widtkr the procedure is presented, an
example on different coloured aggregates is prapdsaally, the method is used to assess
the bitumen aggregate adhesion at different stafyesnulated trafficking and after the

ravelling induced by the immersion wheel track.
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7.2 ImageJ overview

ImageJ is a public domain Java image processingaalysis program inspired by NIH
Image for the Macintosh. It runs, either as an ranlapplet or as a downloadable
application, on any computer with a Java 1.5 oerlairtual machine. Downloadable
distributions are available for Windows, Mac OS MKdalLinux. It can display, edit,
analyze, process, save and print 8—bit, 16—bit33x4bit images. It can read many image
formats including TIFF, GIF, JPEG, BMP, DICOM, FI'B&d ‘raw’. It supports ‘stacks’
(and hyperstacks), a series of images that shamegée window. It is multithreaded, so
time-consuming operations such as image file repdam be performed in parallel with

other operations.

It can calculate area and pixel value statisticasa@r-defined selections. It can measure
distances and angles. It can create density hategiand line profile plots. It supports
standard image processing functions such as contramipulation, sharpening,
smoothing, edge detection and median filterindokts geometric transformations such as
scaling, rotation and flips. Image can be zoometblg2:1 and down to 1:32. All analysis
and processing functions are available at any nfiagtion factor. The program supports
any number of images simultaneously, limited only dvailable memory. Spatial
calibration is available to provide real world dimséonal measurements in units such as

millimeters. Density or gray scale calibration isceavailable (Ferreira, 2012).

7.3Analysis procedure

ImageJ is proposed in this thesis as an effeatnsgye analysis tool to interpret results of
different tests on asphalt mixtures. The softwaaes wrimarily used to identify the
percentage of bitumen coverage on the aggregatasadphalt concrete sample. The aim
is to offer an alternative assessment method ierai overcome the potential limits of
the visual estimation procedure of the rolling leotest. In this paragraph the image

analysis procedure adopted is presented.

Digital pictures of partially bitumen coated aggatgs were taken and processed with
ImageJ. This estimation is based on RGB imagesaiteasubjected through a series of

filters, first deleting the background, and thealasing the only bitumen pixels. The
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bitumen coverage estimation is made by computiegatieas of the bitumen and of the

aggregates on the images.

A specific photographic set was developed (Figuig. The tested blends were put into a
plate filled with de-ionized water. The plate hagraen background and was irradiated
with 2 lamps with an angle of incidence of the tigieam of 45° in order to avoid
reflections. Picture were taken vertically with @ MP camera, with ISO 100, from a
distance of 30 cm. Pictures were further procesgéinl ImageJ. Among the different

colour spaces available, the YUV was chosen.

The YUV color space separate RGB into luminancedmdminance information (Ford
et al., 1998) in terms of one luma (Y) and two chiance (UV) components. Luma
stands for brightness, or lightness, while U argt®ide color information and are "color
difference" signals of blue minus luma (B-Y) and minus luma (R-Y). YUV was chosen
because of its ability to decouple the luminance emior information where the image
can be processed with no effect on the other @dorponents (Ibraheem et al., 2012).

—_—

Figure 7.1: Set for digital picturing of tested sdes

This peculiarity was confirmed after testing thbhestavailable colour spaces (i.e. HSB,
RGB and CIE Lab) which gave worse results in terofisquality of the image
classifications. The adopted software allows defire specific threshold for each of the
Y, U & V component that compose the image. For fhugpose, the plugin “Threshold
colour” was downloaded and installed from the conyfmwebsite.
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After the image was loaded, it was initially cut,arder to focus on a specific Area of
Interest (Aol). Therefore, acting on these rangpesitnage was filtered, leaving out the
background. This operation is not perfect and oertdack shadows were classified
wrongly as belonging to a material. However, awiit be shown later this error is

negligible.

Once the image contained only aggregates and hitupneels, referred to as non-
classified image (Figure 7.2b), the Y, U & V compats ranges were further reduced in

order to get only the bitumen pixels as shown endlassified image of Figure 7.2c.

Figure 7.2: Image filtering process. a) originaage; b) non-classified image; c) classified

image

The results at this point are three different insaggo the next step was to compute the
areas and compare them in order to have a measuhe ditumen coverage of the
aggregates. By clicking on “Analyze” and then “S&tasurements”, the “Area” box is
ticked.

It is worth to remember that ImageJ allows defingngcale. In other words one can sets
how many pixels equal a cm. A ruler, captured whit picture, would help to scale the
model. However, the purpose of this investigatias\& mere definition of a percentage
of area so that the images were not scaled andatfiv@are measured the sum of pixels
within the specified YUV ranges. The bitumen plgg@gates and the only bitumen areas
were automatically computed, enabling the calooiabf the percentage of the bitumen

coverage of the aggregates with the following eiquat

. Api
Bitumen coverage = bitumen -100 [%]
Abitumen+aggregates
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The proposed procedure was also validated in ¢od#bstain its degree of accuracy. Pixels
colours of samples images were manually chetkednderstand whether the imaging

software classified them correctly (i.e. backgroumtumen or aggregate) or not.

Figure 7.3: Validation of the technique: pixels’laoinspection for the non-classified (a) and

classified (b) images

For this purpose a specific Java-based code watemwrin order to superimpose a 51x51
grid of equidistant points on both the non-classifand the classified image and extract

their RGB values and (x,y) coordinates (Figure.7.3)

The selected pixels of both images were groupettiree different classes (aggregate,
bitumen and background) based on their RGB valéesording to the described
procedure of recognition, the passage from theatassified to the classified image was
analysed: if the estimation of the software wemeexi the bitumen classified pixels would
be still classified as bitumen, while the aggregpieels would be re-classified as
background.

The superimposed grid helped in identifying whethersoftware classification was made

correctly or not.

129



Chapter 7 — 2D Image analysis

Figure 7.4: Detail of pixels’ colour inspection:rpect and incorrect classifications

Figure 7.4 shows a detail of the pixels’ coloumpestion. Circles represent the correctly
classified pixels, (1) is background, (2) is bitumaand (3) is aggregate. The square (4) is
an example of misclassification; in fact this pixels classified as bitumen while it was
actually a shadow pertaining to the background. éi@x, almost all shadows were
classified correctly and represented far less théf of all the background pixels. The
adopted procedure validation allowed the generatfaonfusion matrices, which can be
used in a series of descriptive and analyticalrieghes, such as those based on accuracy
indices. In the search for the fundamental charsties of a generalized confusion matrix
for classifications, it is suggested that the maghould fulfil two characteristics in order

to identify a perfect matching case:

= diagonalization The matrix should be diagonal if, and only ife thssessed data
match perfectly the reference data;
= marginal sumsMarginal sums should match the total grades ftloenreference

and assessed data.

Four different accuracy indexes were computed &ohematrix (Table 7.1).
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Overall | Bitumen -| k-th User K-th
Accuracy| Aggregate| Accuracy| Producer
Accuracy Accuracy
OA BAA UA (k) PA (k)
Zk Pkk lec:1 Pkk Pkk Pkk
YijPej | Xk =1 Prj | 2P 2 P

Table 7.1 Accuracy indexes for a matrix with k skes

WherePkjis the element in rokwand column andPkkis the element in rokwand column

k. An overestimation of the reference pixel memhigrby the assessed pixel membership
leads to errors of commission type (linked to tlsethccuracy). These commission errors
appear in the off-diagonal cells along the ronwhef tlass. Conversely, an underestimation
of the reference value by the assessed value featsors of omission type (linked to the
Producer accuracy). These omission errors appetreiroff-diagonal cells along the

column of the class (Silvan-Cardenas et al., 2008).

7.4 Rolling Bottle test on different coloured aggregads

In order to verify the effectiveness and accuracihe software, a series of rolling bottle
tests was performed. Four different aggregates vested: porphyry, limestone, basalt
and blast furnace slag (Figure 7.5). They werecsstdiein order to cover a broad range of

colors.

All aggregates were sieved and washed to obtairld Bim fraction, according to
standard. The adopted base bitumen was a 70/100 peze bottles were tested for each
mix for 24 observations. The materials were heaed 60 °C. All the procedures
described in EN 12697-11 for mixing and testing eviallowed. Rolling speed was 60
rpm and the tests were performed at a temperat@@° € + 1°C. Visual observation were

made after 6 h and 24 h and digital images werentalkccordingly.

Table 7.1 shows the YUV ranges found for the imaigntification of the studied
bituminous materials. Y, U & V can vary from 0 t632 Lower or upper limits vary with
different exposure conditions, i.e. with naturghli, artificial light only or both. In order

to reproduce the analysis of the same materialsparator could apply these YUV sets
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and easily obtain the non-classified and the diassimages. For example, for the
identification of U parameter of the Limestone le tclassified image, the lower limit is

chosen between 80 and 100 and the upper limit3s 25

Figure 7.5: Aggregates under investigation: a) pwnp b) limestone, ¢) basalt, d) blast furnace

slag
. Blast Furnace
Limestone (L) Porphyry (P) Basalt (B) Slag (S)
Y 0-195 0-165 0-165 0-195
non -
classifie U (8071(?0) - 255 (80+90) - 255 (90+110) - 255 100 - 255
dimage| v (1102;1520) " | (115+120) - 255/ (105+120) - 255 120 - 255
Y | 0-(55+85) 0 - (25+35) 0 - (25+45) 120 - 255
classifie| U | (80+100) - 255 (80+90) - 255 (90+110) -255 100 - 255
d image - -
\Y, (110251520) (110+120) - 130, (105+120) - 255 120 - 128

Table 7.2: YUV ranges for materials’ recognition

Figure 7.6 shows the results of the tests. Theanatlumns represent the visual estimation
carried out by three independent skilled operatotsle the dark columns represent the
software semi-automatic classification. Results sttewn in terms of mean (%) and
standard deviation of all the observations, i.eeétfor the software and nine for the visual
estimations (three bottles and three operatorg)sidering the software recognition, the
limestone exhibited a percentage of coverage atuéshof 72.4 + 1.6 and of 58.4 + 1.4
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after 24 hours. The porphyry was the more prorstripping (40.6 £ 2.0 after 6 hours and
0.8 £ 0.2 after 24 hours). The basalt showed adnigliumen coverage after 6 hours 85.2
+ 0.8 and reached a coverage comparable to thmbestone after 24 hours (58.8 + 2.6).
The blast furnace slag gave the best performanopared to the other aggregates (87.91
+ 0.49 after 6 hours and 73.93 £ 1.48 after 24 &pur

Furthermore, Figure 7.6 allows for a comparisorwken the software and the visual
registrations. Regardless of the accuracy, lightred aggregates (L & P) exhibited the
higher gap between the visual estimation and tfigvace recognition, with a maximum
difference of 22.84 % for the limestone after 24itso

On the other hand, differences of recognition farkdaggregates like basalt and blast
furnace slag amounted to 5-6%. Standard deviatadnthe results of the software

measurements were smaller compared to those efighal estimations. As a result, the
proposed procedure would give reliable results Jats tested bottles, reducing the
material needed as well as test and processing time

CVisual — OMean Sullwae OVisual O Mean Software

— 100 = 100
= o 4=6.34% 4=5.13% = %
2 g | Le1305% f {— Z 80 4=5.71%
Y . i ol 'tli ==
B D0 s 4=544% 1
= & i[ 2 60 = -+
= =
% 50 4=18.94% % 350 ‘E
2 4 3 40
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Figure. 7.6: Results of rolling bottle tests afidrours (a) and 24 hours testing (b)

Table 7.3, 7.4, 7.5 & 7.6 show the confusion magiof the tested aggregates and their
accuracy indexes.bkGD’ stands for background, whileBit.” refers to the bitumen.
Results show that the software easily drops outhhekground, with a producer’'s
accuracy of 100%. The example of Table 3 showsShauit of the 208 total pixels of
Limestone were classified as bitumen while 17 duthe 222 pixels classified by the
software as Limestone actually belongs to bitumen.
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Reference data
Class L Bit. bkGD| Sum users
Accuracy
L 204 17 2 223 91.5%
Classified | o 5 529 8 542 97.6%
image
bkGD 0 0 1836| 1836  100.0%
Sum 209 546 1849 2601
Producers | o7 606 96.0% 99.5%
Accuracy

Table 7.3: Confusion matrix and accuracy indexes.imestone

Reference data

. User's
Class P Bit. bkGD Sum Accuracy
P 421 10 0 | 431 97.7%
Classified| gii | 15 316 17 | 348  90.8%
image
bkGD| O 0  1822| 1822 100.%
Sum 436 326 1839 2601
Producer's | gx cor 96.9% 99.1%
Accuracy

Table 7.4: Confusion matrix and accuracy indexe®fwrphyry

Reference data
Class B Bit. bkGD| Sum Users
Accuracy
B 133 16 1 150 88.7%
Classified Bit. 20 568 11 599 94.8%
image
bkGD 0 0 1852| 1852 100.0%
Sum 153 584 1864 2601
Producer's | g5 905 97.3% 99.4%
Accuracy

Table 7.5: Confusion matrix and accuracy indexe8asalt
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Reference data
Class S Bit. bkGD Sum Users
Accuracy
S 127 37 0 164 77.4%
Classified Bit. 13 397 10 420 94.5%
image
bkGD 0 0 2017| 2017 100.0%
Sum 140 434 20271 2601
Producers | 54 704 91506 99.5%
Accuracy

Table 7.6: Confusion matrix and accuracy indexe8fast furnace slag

The software well classified pixels belonging tard P having a Producer’s accuracy of
respectively 97.6% and 96.6%. As expected B amtl8,to their dark grey color, were

by far the most confound with the bitumen. Prodiscaccuracies were respectively

86.9% and 90.7%.

In the example in table 7.6, 37 out of the totad pbkels classified as blast furnace slag
by the software, actually belonged to bitumen. €ab¥V shows a summary of the Overall

Accuracy (OA) and the Bitumen — Aggregate Accurd@#4A) indexes for all the adopted

aggregates.
Aggregate L P B S
OA [%] 98.8 98.4 98.1 97.7
BAA [%] 97.1 96.7 95.1 91.3

Table 7.7: OA and BAA indexes for the tested aggtes

The OA index shows that the software is highly aatai The BAA index indicates that
the accuracy in recognizing the difference betwt#®nbitumen and the aggregate is
greater than 95% for L, P and B and greater th&a &0 S.

It is concluded that the lighter the colour of #tggregates, the higher the BAA. These
results confirmed the validity of the procedure pamed to the visual estimation, with a

consistent reduction of the errors and of the fiongéhe test execution.
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7.5 Effect of rubber on adhesion

7.5.1 Rolling Bottle test

The influence of the rubber on the adhesion wasstigated through a rolling bottle test,
performed on a 6/8 mm fraction of porphyry. Accogito 12697-11, the aggregates were
sieved, washed and dried at 160°C for three hdma]y they were mixed with a 50/70
pen bitumen. The reference standard recommendssthef 18.0 grams of bitumen for
510 grams of 6/8 mm aggregate fraction. In ordé¢ake into account the bitumen content
adopted for the SMA slabs under study, which waseiased of 1.0% for the 0.75 slab
and 2.0% for the 1.20 slab, the samples were coeapas shown in Table 7.8.

Sample 0.00 0.75 1.20
Aggregate 6/8 [g] 170 170 170
Bitumen 50/70 [g] 6.0 6.8 7.5

< 420 e Rubber [g] 0 1.3 2.0

Table. 7.8: Composition of the samples for themglbottle test

While emptying the bottles at the end of the rglperiod, it was noticed the presence of
the rubber as loose particles. This followed thep#idn of the dry process of rubber
inclusion. As the water strips the bitumen from délggregate, the crumb rubber is pushed

away from the surface.

Figure 7.7: Loss of rubber during the Rolling Bettbst
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Notwithstanding, results showed a substantial umity of the bitumen coverage on three
blends tested. Results are shown in Figure 7i8 highlighted that the rubber was added
to the bitumen — aggregate compound after theiingjhence once the aggregate was
fully coated. Although more tests need to be cdrrorit to fully understand the
phenomena, the rubber does not seem to affectlittessin between the porphyry and the
50/70 bitumen. Further research could vary the gntagms and/or the type of materials
involved, as well as mix the rubber to the aggregator to mixing with the bitumen.

100
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Bitumen coverage [%]

SMA O SMA 0.75 SMA 1.20

Figure 7.8: Results of the rolling bottle test dguimen — rubber — aggregate blends

7.5.2 Simulated trafficking — RTM and IWT

ImageJ was also used to evaluate the adhesiore dffititnmen to the aggregate mixtures
after the slabs underwent the simulated traffickohgRoad Test Machine and Immersion
Wheel Track.

At the end of each stage, twenty-five pictures e slab were taken from different

orientations, in order to create the 3D model efshmple. This will be discussed better

in the next chapter.

The pictures were merged together through the Maftdmage Compositor Editor (ICE)
to create a single high-resolution image of the gamThis software is capable of
recognizing similar features between different ymies and performs the alignment and

subsequent composition of them to form a singlegena
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Initially, the pictures were loaded on ImageJ aythere saved from ICE, but this resulted
in an excessive computational time for the analy=s this reason, the pictures underwent
an intermediate step analysis into Lightr§oriThis allowed cropping the pictures by
saving the central square of them, which is onghnof the slab dimension and

approximately 2000 x 2000 pixels.

Lightroon® permitted also to highlight some pictures progsrto improve the analysis.

For instance, some of them were taken with a higtogure, causing reflections onto the
slab surface, especially after the Immersion WHeatk was performed, when small
water droplets appeared as white spots in thengicBy reducing the highlights and the

exposure, the noise was reduced.

Indeed, as the slab was not trafficked, it seemiffccudt to get the small stripped
aggregate as the surface appeared almost exchubibaek. By enhancing the saturation
of the colour, these parts became more visibld) tmhuman eyes and especially to the
software. It is important to highlight that thegeecations did not altered the colours and
then the results of the analysis. On the contiaey thnade possible an accurate analysis,

reducing the noise of the picture and making thetghklearer.

Figure 7.9: Picture improvement through Lightr6om
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5 0.00_40000 wp.jpg (25%) -8 R 0.00_40000 wp,jpg (25%) - =
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Figure 7.11: Areas selection process with ImageJ
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Figure 7.12: Development of the adhesion with ickihg for SMA surfaces
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Figures 7.10, 7.11 and 7.12 show the picture imgmuent through Lightroofhand the

slab analysis with ImageJ respectively.

Results of the 2D Image analysis for the traffickebdberized SMA slabs are shown in
Figure 7.12. Initially, the simulated traffickingpidly wear the surfaces, which appear

stripped from the bitumen for almost the 30% at®b@beel passes.

The rate of stripping then clearly reduces andattteesion reaches an equilibrium at 75000
wheel passes. It is interesting to observe thatdtbeping of the adhesion seems to be
accelerated by the presence of the rubber, notiarldsg the bigger amount of bitumen
of the rubberized surfaces. Indeed, the classic &8 the adhesion at higher level until

40000 wheel passes.

As expected, the Immersion Wheel Track causedamgtstripping of the bitumen of
approximately 15% after 225 minutes of testing. THok& of adhesion will certainly make

the slab weaker and prone to failure.
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3D Image analysis

8.1 Image capturing technique

Close Range Photogrammetry (CRP) was used as eamtact method of capture for 3D

modelling.

Development of the CRP method considered the naaitoifs that influence the method.
Initial calibrations allowed understanding the noetlof photos acquisition in terms of
number of pictures, orientation of the camerastgpd of framework. In order to achieve
a good accuracy of the models that would not beleiomental to the computation time,
a series of 25 images were taken for 275 x 275 tabssensuring at least 60 % forward
overlap and at least 30 % side overlap. The camasafixed on the shaft of a trolley and
the slab was moved after each picture was taketiasdhe camera positions would form

a regular 5 by 5 matrix across the slab.

A 60% Ove_rh’?;:v 4 Total Captured Area

Slab . / : //

// R
e :

/" Single
p
/" Captured /Irea\

N

Figure 8.1: CRP acquisition method for slabs
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Contextually, a series of 14 images were taked@onm diameter cores, moving the slabs
so that 2 rows of four picture would be taken agrbge diameter, and 2 rows of three on

the edge of the cores. The acquisition methodagvehn Figure 8.1.

CRP photogrammetry requires a specimen coordinategiwvork (Millar 2013). This was

achieved using a reference framework of contrahisailuring image capture to allow the
recovery of surface elevation. Two methods wewtrie. a scale rule and a calibrated
aluminium framework of control points. Although thee of a scale rule provides recovery
of surface elevation, it does not permit orientatad the surface. However, this can be

rectified by applying a bi-rotational transformatito the specimen 3D model.

Difficulties emerged in modelling the pins of thraibrated aluminium framework during
initial tests. This way would have been impossibleorrelate the reference points and
consequently apply the scale to the models. Thetusge ruler was the preferred method
and was used in the totality of laboratory investigns. An angular ruler was then fixed
with tape to the slab prior photos acquisition. GRRBges were captured using a Canon
EOS 6D with 20.2 megapixel full frame sensor an@ &n Macro lens, which is a high

standard SLR camera, ensuring high quality images.

Natural light and two LED lights one in front ofaaother illuminated the sample during
acquisition. No flash was used. A remote shuttitasee was adopted to minimise camera
shake. The accuracy of CRP relies on the qualitsnafjes captured. Calibration was not

required for the 3DF Zephyr Pro software.

8.2 Model creation — Zephyr, Meshlab

8.2.1 Introduction

Zephyr is a software for the 3D reconstruction lojfects from photos. It was developed
by 3Dflow, a consultancy company established urnideR011 as a spin-off of the
University of Verona. It is based on a Structu@frMotion (SfM) pipeline, codename
Samantha, which is a range imaging technique. $fers to the process of estimating
three-dimensional structures from two-dimensiomahge sequences, i.e. through a
moving camera (the motion). Three-dimensional retotion is the process of
recovering the properties of the environment artiaoplly of the sensing instrument from

a series of measures.
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The first stage of Samantha is devoted to the aaftionextraction and matching of
keypoints among all theavailable images. Its output is to be fed intoghemetric stage
that will perform the actual structure. Good antialde matches are the key for any
geometric computation. The images are organized attree with agglomerative
clustering, using a measure of overlap as therdistal he reconstruction then follows this
tree from the leaves to the root. As a resultpitedlems is broken into smaller instances,
which are then separately solved and combined. ddmdrogram produced by the
clustering stage imposes a hierarchical organizasicthe views. After the sparse point
cloud is generated, a novel multiview stereo atbarithat fully takes advantage of the

output of a structure and motion pipeline is afpti® generate a dense point cloud.
The main characteristics of Zephyr can be summaidsefollows:

= automatically recovering of the relative camerasimns and orientation along with

a sparse reconstruction of the scene directly fagat of casual images;
» Fully automatic camera orientation process;
= Tree-based reconstruction to handle an high nuwmiygnotos.

An extensively description can be found in the Rhé&sis of Toldo (2013).

8.2.2 3D model creation

The 3D modelling method of the samples was cawigdthrough 3DF Zephyr Version

1.020 software. The modelling was in 3 stages:
= reconstruction project: sparse point cloud;
= creation of a dense point cloud;

= scaling, rotating and exporting of the model far #nalysis.
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Figure 8.2: Initial Zephyr screen
Zephyr's interface is made of three main windowslaswn in Figure 8.2.

On the left there is the project window which sumizes the number of pictures loaded
and enlist the mesh reconstruction types. The mamlow is the workspace, which

visualizes the results of the software analysi® third window is used to manage control
points and distances, which help scaling the mtmlg}z real dimensions. The first step

was to use create a sparse point cloud by stitdioigether the photographs of a sample.

Figure 8.3: Zephyr window 1 and 3 (control pointsl @istances)
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Figure 8.4: Picture loading window

Once the necessary photographs were added to zedya screen displayed calibration,

camera and lens information. The settings seleicteghsure a higher level of accuracy

compared to the default settings, are shown iner&dl. This lengthened the process but

provided a more accurate model.

Name Setting Default
Keypoint Density High Medium
Matching Type Accurate Fast
Matching Stage Depth Automatic Automatic
Reprojection Error Tolerance Strict Normal
Bundle Adjustment Full Local
Photo Ordering Unordered Unordered

Table 8.1: Settings for the sparse point cloud agatpn

Keypoint Densitylet you control the number of keypoints to berastted for each

image. The more keypoints are extracted the moregiis required, but the chances

to align more images are increased.

= Matching Detail let you control the number of pairwise matchirevieen images.

The higher, the more time is required, but the

increased.

chanto align more images is
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= Matching Typelet you control the mode the features are mattiedadeen images.

= Error Tolerance let you control the maximum reprojection erroridg the geometric
reconstruction. A 'strict' value may lead to marewaate reconstructions while a 'wide'
value may increase the chances to align cameraw/thdd otherwise be discarded.

= Bundle Adjustment Mod&he bundle adjustment is an internal routine thiaimizes
the reprojection error at the end of each recoostmi stage. With the 'Full' mode all
the cameras and points will be adjusted, whil€ltbeal' mode is more efficient and
uses only the strictly needed points at each siagdhe 'Local and Restrained’ uses a
bounded maximum number of points for each camera

= Photo Ordering:'Sequential' means photos were taken in a se@lievdy (photo 1
close to photo 2, photo 2 close to photo 3 andrso 3 Unordered will result in a

longer run time.

Moreover, the software ask for the camera oriemtiapresets, allowing to select from a
drop down menu between aerial, human body, urbanckrse range, which was the
selected option. After having summarized the sessibis possible to launch the

calculation.

Figure 8.5: Camera orientations
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After the computation, the newly created sparsatpdoud is loaded on the workspace
as shown in Figure 8.6. A pop up menu indicate tdrethe photos have been oriented
and then used for the cloud creation. If the retanson has been successful, blue dots
show up the camera positions from which photos waken.

Figure 8.6: Sparse point cloud

Figure 8.7: Dense point cloud

The next step was to create a dense point clouel.s€ttings were left as default. The
sparse point cloud was cleaned before launchingdhgoutation in order to remove any

anomalies that could affect the results. FiguresBoivs a screenshot of the created dense
point cloud.
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The next step was to create the mesh. The onipgethange was to increase the polygon
count to high, giving a more accurate representatibthe surface. This controls the
number of triangles in the final mesh. Figure $i8vss the newly created mesh. The mesh

was exported in .PLY format for further processing.

Figure 8.8: Final mesh

Models created in Zephyr must be scaled to thedieaénsions of the samples. For this
purpose, a series of control points were selecyedidking the same point on multiple
images so that the software will adapt the mesbardawgly. In order to facilitate the visual
recognition, prior to photos acquisition an anguléer was fixed to the steel frame of the
slab so that it was captured together with the $ankjigure 8.9 shows a screenshot taken
during the control point acquisition; in this exdmphe 90 mm mark was selected on
seven different images. For each model created,dibi@rent control points, i.&known

centimetre markers, were selected.

The final step allowed to proper scale the modiestFwo cross distances between the
known control points were added for each model,thadeal distance set between them.
Then, by selecting ‘Scale world with control Distar’, the software scale the model and

re-arrange the clouds accordingly.
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Figure 8.9: Final mesh

Figure 8.10: Final mesh

A pop up window appear, with a message of the mesidual value. The closer this value
to O the more accurate the scaling. Achieving aevalver 1 translates to a high level of
inaccuracy and so the process should be repedtedretidual value was less than 0.01
for each model created.

This process can also be used to check the accafanaling with control points. If the

model has already been scaled, the program wikk givmeasurement of the distance
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between the two points. The new mesh with the ddfoontrol distances is visible on the

workspace, as seen in Figure 8.10.

The format of the created mesh is .PLY. Due toricgins on the software Mountains
Map cannot open this type of file. In order to cerithe file, Meshlab was used. This
program was also used to orientate the sampleathyrr®/hen the mesh is imported the
display is a side view of the upside down mestuortier to correct the filter “Transform

Flip and/or Swap Axis” was applied.

Figure 8.11: Final mesh

There is a notable colour difference when the s &xiswapped. This present due to the
lights during photo acquisition. It helps to idéntihe correct surface to orientate. The

mesh was then exported in .XYZ format so it cowddbpened in Mountains Map.

8.3 Surface imaging analysis — MountainsMap

All of the 3D models created in this thesis werealgsed using Digital Surf

MountainsMap Version 7 spatial information softwdveuntainsMap allows 2D and 3D
analysis of areal surface texture (EN ISO 251783DAmodel file is imported in the .xyz
format allowing a studiable to be formed. The testondiable refers to a MountainsMap

document that contains a dataset upon which aisatgsi be carried out.

Prior to the investigations, different operatorgevapplied to prepare the 3D model for

analysis:

1. Selection of the Area of Interest for analysis. Blab dimension, i.e. a 275 mm

side square, was reduced to a 145 by 225 mm rdetaegtred to the longitudinal
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axis. This allowed to compare the change in texinotaced by the RTM with the
wearing induced by the IWT focusing on the sama.a@ores, whose diameter
was 150 mm were analysed to an extent of 120 mewjrg out the external 30
mm.

2. Level by using rectangle least squares option deoto make the mean plane

within mountains.
3. Remove form
4. Re-level as the mean plane value had changed.

5. Set threshold function to remove top 0.5% of valudss brought the surface

much more levelled and reduced surface noise gexteby zephyr while trying
to compute deep holes.
6. Re-level

This series of operators for the studiable adjgstiras applied for each model to
ensure the analysis was carried out with apprapaaid accurate models, with the
least possible noise.

The operators used for the analysis varied accgtdithe different investigations and

will detailed prior to showing the results.

8.4 Preliminary analysis

A preliminary study was made to assess the inflaesicthe various parameters
extracted from MountainsMap. The three 8 mm slab®wompared with other Stone
Mastic Asphalt gradations: a 0/6 150 mm core, mf®275 x 275 mm slab and a 0/14
150 mm core. The materials are shown in Figure.8.12

The Volume of Peak Material was investigated byraig the lower limit, p to
predetermined areal material bearing ratio (AMBRIues on each Abbott Firestone
Curve (Figure 8.13). The upper limit, g was maimégi at 80 % AMBR. Figures 8.14,
8.15 and 8.16 show how Vmp, Vmc and Vvv changetdukfferent AMBR sets. As
the lower bearing ratio is raised the Vmp increaisthe expense of the Volume of
Material core. As the lower limit is set at the sawalue of the upper limit q, i.e. 80%,
the Volume of Material Core is zero (Figure 8.15).
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As expected, the bigger the aggregate gradatibeshigger are the Vmp and Vmc
recorded. The Volume of Void is not affected byharmge in the lower limit as it

depends upon a change in the upper limit only.

Figure 8.12: different gradations of SMA under stud

Figures 8.17 plots Vmp against PTV where the lolveit, p was adjusted to 5%,
obtaining Vmp5. The upper AFC limit, g was maintdrat 80 %. The Figure plots all
data during simulated trafficking, from 0 to 100008eel passes. No correlation is
evident between Vmp5 and PTV, indicating that thetibn is not related with the
magnitude of Vmp. This results is in line with Mc&ddi (2014).

Figure 8.18 plots Vmp80 against Mean Texture Depigasured with the Sand patch
method, throughout simulated trafficking. Data eltestered based on the aggregate
gradation. A linear correlation with an R? valu&d4 was found, demonstrating Vmp
at 80 % AMBR to increase with increasing MTD. Fig8r19 plots Sa against Vmp80.
The good linear correlations, especially for 6 mmd 8 mm samples suggest Sa could

be used to estimate Vmp80 without analysing the AFC
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Figure 8.13: Void volume and material volume pararse(EN ISO 25178:2012)

200(¢
1800
1600
1400
1200
1000
800
600
400
200

—=—6 mm

—=—8 mm 0.00

—=—8 mm 0.75

—=—8 mm 1.20
10 mm

—=—14 mm

Vmp [ml/m2]

0 20 40 60 80 100
Lower bearing ratio [%]

Figure 8.14: Vmp versus lower bearing ratio
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Figure 8.16: Vv versus lower bearing ratio
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Figure 8.18: Vmp80 versus MTD
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Figure 8.19: Vmp80 versus Sa

8.5 Results - Texture change with trafficking

8.5.1 Abbott-Firestone Curve and surface heights paramets

The most important and famous investigation fom8&dels of asphalt surfaces is related
to the Abbott Firestone Curve, AFC.

The Areal Material Ratio Curve, i.e. Abbot FiresdDurve, is established by evaluating
the material ratio at various levels from the higthpeak to the lowest valley. The
volumetric parameters were investigated by sethedower limit, p, to 5% and the upper
limit, g, to 80% on each AFC.

The Material Volume parameters Vmp, Vmc, Vvc and/Were extracted for each 3D

model and plotted versus the wheel passes to uaddrdhiow they change with the
simulated trafficking.

An example of the evolution of 3D models throughtoattficking, magnified on the z axis,

is shown in Figures 8.20. They can help understantiie subsequent analysis and plots.
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40000 wp

Figure 8.20: 3D Models of the 0.75 slab at difféteafficking stages - RTM
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Figure 8.21: 3D Models of the 0.75 slab at difféteafficking stages — end of RTM and IWT

8.5.1.1 Comparison between the slabs

Figures 8.22 and 8.23 show the development of VelofrMaterial Peak. The behaviour
of the three slabs is very similar as they areadtarized by the same sequence: an initial
drop, a rise at 2000 wheel passes (Figure 8.22than drop followed by a constant
increase in Vmpb5 starting from 20000 wheel pasSegife 8.23).

The value of Vmp shows an overall increase wittetis the surface texture is worn, the
depth, at which the cross sectional area of theslaface along a plane represents the 5%
of the entire slab cross sectional area, moves dan¢hthe volume of peak changes
accordingly.
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Figure 8.22: Volume of material peak 5% low linfids 8 mm slabs, early life
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Figure 8.23: Volume of material peak 5% low linfids 8 mm slabs
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Figure 8.24: Volume of material core 5% low limit for 8 mm SMA

The Dale Void Volume Vv, is the volume of spaceibded by the surface texture from
a plane at a height corresponding to 80% mateaitzb tevel to the lowest valley. As
shown in Figure 8.25, after initial fluctuation tparameter stabilized to a greater value
during RTM. An outlier was found for the 0.0 sldiihe volume of material core, shown

in Figure 8.24, exhibits a trend similar to thaMohp.
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Figure 8.25: Volume of void 5% low limit for 8 mm slabs
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Figure 8.26 shows the change of Sk with the simedladtafficking. Sk, which is the

distance between the highest and lowest leveleottine surface, generally increased with

trafficking.
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Figure 8.26: Sk for 8 mm slabs

The arithmetical mean height Sa, i.e. the mearasarfoughness, as shown in Figures
8.27 and 8.28, was found to be constant durindRiil test. No remarkable differences

were found between the three 8 mm slabs.

0.6
0.5
04 —
=
é L
< 0.3
N
0.2
—0—0.00
0.1 —0—0.75
—0—1.20
0
0 2000 4000 6000 8000 10000

Wheel passes

Figure 8.27: Sa for 8 mm slabs, early life
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Figure 8.28: Sa for 8 mm slabs

8.5.1.2 RTM versus IWT

Figure 8.29 shows the development of Vmp5 for Gl@b after trafficking of RTM and
IWT test. The dragging of the test wheel onto tindase wears the texture, creating ruts,
which lead to greater Vmp.
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Figure 8.29: Volume of material peak 5% low linfibs 0.75 slab
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The second parameter analysed is the Core Matérlame Vmc (Figure 8.30), which is
the volume of material comprising the texture betwdeights corresponding to the
material ratio values of 5% to 80%. After initialcrease, this parameter reaches an
equilibrium and keep constant until the end of shraulated trafficking. Similar to the

case of Vmp, the IWT induces a consistent incredsamc.
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Figure 8.30: Volume of material core 5% low linir0.75 slab

After initial fluctuation Vmc stabilized to a greatvalue during RTM. The IWT caused a
decrease which could be related to the dust rem&reed the surface and infilling the

pores during the immersion. The volume of voidiewen in Figure 8.31.
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Figure 8.31: Volume of void 5% low limit for 0.7%b

Figure 8.32 shows the change of Sk with the simedladtafficking. Sk, which is the
distance between the highest and lowest level®ttre surface, was found to increase
with a highest rate observed for the IWT compacethé RTM.
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Figure 8.32: Sk for 0.75 slab

The arithmetical mean height Sa was found to betamt during the RTM test. The IWT
induced, on the other hand, an increase of thsmpeter.
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Figure 8.33: Sa for 0.75 slab

163



Chapter 8 — 3D Image analysis

The arithmetical mean height Sa exhibits excelieetr correlations with Vimgaboth for
RTM and IWT, in accordance with what was showrhmpreliminary analysis paragraph.
Accordingly, Sa could be used to estimate Vmp80awuit analysing the Abbott Firestone
Curve even after IWT test.
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Figure 8.34: Sa versus Vmp80 for 0.75 slab

8.5.2 Void volume and projected Area

This investigation allows determining the volumevofd for a slice of the slab above a
given depth from the maximum height. In other woit$ighlights how the voids are
distributed inside the slab. It gives also the gpputy to compare the change in the void

distribution during the trafficking.

8.5.2.1 Comparison between the slabs

Figure 8.35 shows the volume of void of the trdé@d 0.00 slab. Generally, the different
curves exhibit a similar trend: a linear decreag@é volume of void with the depth inside
the slab, a change in the curvature around 1 mghh&ibm the highest point and a rapid
drop towards zero volume of void at the bottom.

Figure 8.35 shows that the 0.00 slab underwennaoitant difference in the texture from
the 40000 wheel passes. Since the y axis is tlgltikeom the highest point of the slab, a
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shift of the curve could be related to an elevabbsome aggregates. This could be the
case of the 40k curve, which is parallel to theddenbut not the case of the 75k curve

which assumed a different curvature.
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Figure 8.35: Volume of void low for 0.00 slab

The projected area, i.e. the projection of the slailace which stand below an horizontal
plane at a given height s plotted in Figure 8.3t €onsiderations made for the volume

of void can be applied for the projected area.
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Figure 8.36: Projected Area along height for 0lad s
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Figure 8.37: Volume of void low for 1.20 slab
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Figure 8.38: Projected Area along height for 1.20 slab
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Figure 8.39: Volume of void low for 1.20 slab

8.5.2.2 RTM versus IWT

Figure 8.40 shows the volume of void of the tr&i#id 0.75 slab. The different curves are
very close to each other. It is notable a smallatens between bundles of curves as the

curvature ch ange.
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Figure 8.40: Volume of void low for 0.75 slab
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Figure 8.41 and 8.42 are a magnification of theifeé@.40. The first highlight that, during
the early life of the pavement, the volume of tlegdvincrease as the trafficked curves

shift towards the right in the plot.

The latter shows that at 10000 wheel passes theneobf void decrease as it become
lower than it was immediately after the compactidénhe slab, i.e. at 100 wheel passes.
Then the volume of void remains stable up to 40008el passes. At 75000 wheel passes
the volume increase again and it reaches a finaévlack line in the plot), at the end of
RTM trafficking, close to that belonging to 2000 eeh passes. In other words, the slab
seems to loose material under the trafficking oMRIntil it reaches an equilibrium which

is maintained from 10000 to 40000 wheel passes.

The equilibrium value is lower than the previousagddelonging to 5000 wheel passes,
from which it can be inferred that the slab underinee compaction under the simulated
trafficking. At high number of wheel passes thewné of void increase again. This

change in the texture may be related to a losaniges and/or wearing, i.e. a damage of
the slab.
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Figure 8.41: Volume of void distribution along hieigor 0.75 slab, early life
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Figure 8.42: Volume of void along height for 0.7&ks

The theory of damage is confirmed looking at thenesalot, related to the second
trafficking that the 0.75 slab endured, i.e. theniension wheel track IWT (Figure 8.43).
Rutting along the surface was clearly notable witiman eyes after 225 minutes of the
test. This is confirmed by the plot, which exhililtat, as the time passes, the volume of

void increase.
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Figure 8.43: Volume of void along height for 0.7&bsduring IWT

Figure 8.44 shows that the damage caused by thersion wheel is far bigger than that

induced by the RTM. In fact, the curves belongioghe RTM are very closed to each
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other while the curves belonging to IWT, althoulgé slab endured less wheel passes, are

more distant.
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Figure 8.44: Volume of void along height summany@d/5 slab during RTM and IWT

Figures 8.45 and 8.46 show the projected areasivéing height from the highest point
for the trafficked 0.75 slab. No sensible differesaevere found compared to the volume
of void plots. The projected area, is higher ahhgyel of trafficking, compared to the
early life. As seen before, at 10000 to 40000 whpaskes a reduction in the projected area

was observed, especially for the first millimetfedepth from the highest point.
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Figure 8.45: Projected Area along height summar@fas slab during RTM
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Figure 8.46: Projected Area along height summargfé5 slab during IWT

The immersion wheel track caused the projectedtargerease at a given depth. This is
due to the rutting which created holes onto théaser These values are plotted in Figure
8.47, which shows the development of the projeares during IWT test. An excellent

R? was found, increasing with the depth of measuréimém the surface.
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Figure 8.47: Projected Area trend versus timefétrdint depth for IWT test

Figure 8.48 shows a summary of the projected anaagithe trafficking of the 0.75 slab
with both RTM and IWT.
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Figure 8.48: Projected Area along height summar@fé5 slab during RTM and IWT

8.5.3 Slice study

Another interesting way to understand the evolutibmaterial and voids inside the slabs
is the slice study. In particular, two differentsk were set for each slab, i.e. 1 mm from
the top height and 2 mm from the top height, winchividuated three regions of the slab.
The average volume of material height and the aeerslume of void height were
recorded for the high, median and low volume defiaed are plotted in Figures 8.49 to
8.60.

8.5.4.1 Comparison of the three different slabs

The three 8 mm slabs exhibited a very similar trasdcan be seen in Figure 8.50.
Although the values are slightly different, thetiai fluctuation and the decrease of the
volume of material high was found in any case. d@liferences in the absolute values

seem to be related to a different level of compacti
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Figure 8.49: Volume of material high for 8 mm slaarly life
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Figure 8.50: Volume of material high for 8 mm slabs

Volumes of void high belonging to 0.00 and 0.7%slavere found to be very similar
during the early life, while the overall trend b6et8 mm slabs is identical (Figure 8.51).
It generally decrease with the same ratio, asrdratlines are parallel. This could be
related to the stripping of the bitumen or the weaif the aggregates, leading to a
reduction in the material recorded in the first mhaepth.
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The volume of void shown in Figures 8.51 and 8.B2the complementary of what is

shown in Figure 8.49 and 8.50 respectively.
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Figure 8.52: Volume of void high for 8 mm slabs
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Figure 8.53: Volume of material median for 8 mnbslaearly life
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Figure 8.54: Volume of material median for 8 mnbsla

The volume of material in the slice between 1 mih 2mm depth, shown in Figure 8.53
and 8.54, was found to be constant during thediféhe slabs. Trend lines are almost

horizontals.
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Volume of void median plots, shows in Figures &858 8.56 can be read accordingly as

for the volume of material.
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Figure 8.56: Volume of void median for 8 mm slabs

The volume of the material low and its complementanid is presented in percentages

in place of millimetre. The heights of the slab tpening to the models at different
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trafficking stages were found to be slightly diefat. It would have been difficult to

compare volumes and voids in absolute terms aaugigdi

As shown in Figures 8.59 and 8.60, while therenaréifferences during the early life, a

slightly increase in the voids was found from 10@®@@5000 wheel passes.
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Figure 8.57: Volume of material low for 8 mm slabarly life
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Figure 8.58: Volume of material low for 8 mm slabs
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Figure 8.60: Volume of void low for 8 mm slabs

8.5.4.2 RTM versus IWT

The 0.75 slab plot is presented separately to igighthe effect of the trafficking induced
by the Immersion Wheel Track test. A good and d&nelR was found for each RTM

and IWT parameter respectively. In order to battederstand the subsequent plots, the
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map evolution of this investigation at differerafficking stages is presented in Figures
8.61 and 8.62.
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Figure 8.62: Slice study: map evolution for 0.7&bsIIWT

In the first volume, from the top height to one lmiktre depth, the average volume of
material exhibited an initial fluctuation with ansisoidal form until equilibrium at 10000
wheel passes, from which it decreased reachinga ¥ialue of 0.25 mm after 50000

revolutions of RTM.

The IWT caused the volume of material high to diopn rapidly, reaching a final value
after 225 minutes of test that is halved, i.e. Orif.
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Figure 8.63: Volume of material high for 0.75 slab

On the other hand, the average volume of void legtomplementary to the volume of
material. An initial fluctuation was observed, d=asing in the first 1000 wheel passes,
which is certainly related to the compaction of seh. After the equilibrium, at 10000
wheel passes, the average volume of void incregesething a final value of 0.75 mm
after 50000 revolutions in the RTM. As seen beftine, IWT produced a rapid increase

of this parameter compared to that of RTM.
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Figure 8.64: Volume of void high for 0.75 slab
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In the second volume, from one to two millimetrgiihe which represents the core of the
slab, the average volume of material is initialg ©0% of the total volume of the slice.
As the slab undergoes the trafficking, the volumoloivs an initial fluctuation with a
sinusoidal form until equilibrium at 10000 wheebkpas, from which it slightly decreases
reaching a final value of 0.86 mm at 50000 revohsiof RTM.
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Figure 8.65: Volume of material median for 0.7%sla
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Figure 8.66: Volume of void median for 0.75 slab

Data are always close to the trend line, which leighia R equal to 0.6404, higher
compared to that belonging to the first volume.
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Like the case of the first volume, the IWT cauges\tolume of material median to drop
down rapidly, reaching a final value of 0.72 mmeaf225 minutes of test. The’R
belonging to IWT data is 0.8559 which confirms ada@orrelation of the data along the

linear trend line.

The volume of material low, i.e. the bottom volurpégtted in Figure 8.67, represents
almost all the volume of the slice. Notwithstandihgg, the trafficking induced a slightly
reduction in this parameter also. Starting fronB898circa, this value reaches 98% at the
end of RTM and 96.8% at the end of IWT.
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Figure 8.68: Volume of void low for 0.75 slab

Values were plotted looking only at the percentalpasing out the absolute values of the
parameters. This was necessary to compare thesvaélenging to different trafficking,
since the models created with the photogrammethjbérd slightly different heights,

orders of 0.2 + 0.4 millimetres.

The great differences of the effect of Road Testize and Immersion Wheel Track on

both the volume of material and the volume of vaid evident.

After initial fluctuations, the volume of materidécreases with different rate during the
two different tests. The IWT induces a strong aa@ion on the wearing of material, due
to the combined action of dragging and high tesiperature. This results in a rapid drop

down of the volume of material.

On the other hand, the volume of void generalliofes the inverse path of the volume of

material, with an increase after initial fluctuatio

8.5.5 Use of vinyl material to replicate asphalt surfacenacrotexture

This chapter investigates the use of vinyl matetial replicate asphalt surface

macrotexture.

Cast replication facilitates practical and accurat®very of pavement surface texture.
According to McQuaid (2015), the 3D models of tbplicate showed capture to greater

depth into the surface macrotexture.

Vinyl cast replicates was created of 0.75 aspHali test specimen following 100,000

wheel passes of accelerated dry trafficking onRbad Test Machine.

The vinyl material used for the vinyl cast repleatchnique was a hot melt compound.
This is a red coloured, flexible, durable and noxig¢ material (MBFG, 2013). The vinyl
compound was cut into small pieces and heated@6CL5A template was placed around
the edges of the slab test specimen to contaifiulteVinamold. The fluid was poured
over the surface ensuring uniform coverage, as showigure 8.69. After cooling for a

few minutes the cast was peeled off the surfacee @Garequired during the removal

183



Chapter 8 — 3D Image analysis

process, especially when working with deeply teatiuslab test specimens. This resulted

in a reverse replicate of the slab test specimenite.

The use of Vinamold on the simulated trafficked hedp slab test specimens caused
localised bitumen staining on the vinyl cast regiés. Although no visible removal of
bitumen was noticed on the asphalt surfacing, sstgggethat use of this hot material did
not change surface texture, it is likely that theioen film removed will weaken the
adhesion between bitumen and aggregate. For ths®me the cast replicate was created
once the slab underwent all the 100000 wheel passesulated trafficking.

Figure 8.70: Peeling off the hot vinamold from #hab surface

It is interesting to understand the ability of gifeotogrammetry technique to replicate the

surface texture of the specimen, especially theripart which seems difficult to capture.

The 3D model of the vinyl replicate was createdbfeing the same procedures adopted
for the original slabs. Once the model was loade#lountainsMap, it was mirrored on

the z-axis to obtain a perfect replicate of thgioal slab.

In order to assess the differences between the Imdtie volume of void low and the
projected area along the height of the slab wenepcwed. The plots of the original and
the vinyl replicate samples are shown in Figur&4 &nd 8.72.
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Results indicates a perfect overlap between theesuiindicating the suitability of the
technique for correctly creating the 3D model. dhde stated that, for a 0/8 asphalt
concrete, having negative texture like the SMA undeestigation, the vinyl replicate
does not add valuable information for the 3D modell
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Figure 8.71: Comparison of Volume of void for ongi and vinyl replicate samples
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Chapter 9

The tyre — pavement interaction

9.1 Introduction

This section will discuss the investigation of tiyee/stone mastic asphalt interaction.
Contact stress is generated by traffic loadinghattire / asphalt interface and affects
asphalt properties such as skid resistance, pemhdatrmation and resistance to fatigue
failure (Woodward et al., 2013).

The investigation consisted in measuring the caratigea and the pressure generated by a
loaded griptester tyre on the SMA surfaces, atgtexdhined simulated trafficking stages
with RTM.

In order to better comprehend the results, a pneling analysis on the parameters
affecting the measurement is presented, as wellcsnparison with other SMA having

different grading curves.

9.2 Test description

The test method involve the use of a modified Wesdggeel tracking machine, allowing
for both dynamic and static testing. The existimiglrer wheel for the machine is replaced
with a Findlay Irvine GripTester tyre, which is nually used for friction measurement on
roads and runways and standardized in BS 7941-Q:208e load applied on the
GripTester tyre during laboratory testing is eqlenato the load experienced by the tyre
during the surface friction measurement of an atrpoway using GripTester. This load
is simulated by applying a load of 3.34 kg to thd ef the modified wheel tracker’s level
arm (Figure 9.1).

The tyre/asphalt interface is measured using thENGOR pressure mapping system.
This system includes a flexible pressure imagimgsemat, which has a 2.54 mm spatial
resolution and 3,600 sensing points. Accordinghg tnat is extremely sensitive and
therefore, dust and other debris in contact wighrttat can cause anomalies to be captured
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during recording. The pressure mat is interfaceth WiSENSOR X3 Pro Version 6
software, which facilitate quick data acquisitiordgrocessing. The system is capable of
capturing up to 16 frames per second, i.e. indi@dontact images, recording the pressure
for each of the 3,600 sensors.

Data are visually processed by selecting a framemenming them together to form a
continuous contact patch or alternatively selectingarea of interest. Pressure maps can
be viewed in both 2D and 3D formats that can bdyeesmpared selecting the “Multi-
view Mode” or the “Frame compare mode”. The spaifalssure matrix can be exported

into a comma separated valued (CSV) file in orddrd analysed with Microsoft Excel.

Figure 9.1: Equipment for the tyre/surface intaémacanalysis

9.3 Understanding tyre/surface interaction

Tyrelsurface interface governs the safety and dlitsabf a particular surface when in
contact with a rolling tyre. Therefore, understaugdihis interface is of vital importance,

to pavement engineers.

The aim of this paragraph is to analyse the tyrédsa interface of simple surfaces in
order to better understand and interpret the presdistribution between the tyre and
complex surfaces, which is the case of almost Exyble and rigid pavement. Certainly,

some pavement surfaces would appear smooth andcwitsistent texture but they are
not. A bituminous or cementitious mixture is a céexpand heterogeneous compound

formed by different units. The particles orientatidimension, angularity combined with
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small unevenness largely affect the pressure bligian at the interface. This lead to
various multi-dimensional forces and stresses agesl, which occur as a direct result of
the complex interaction between a flexible rublyee tand a rigid pavement surface (De
Beer, 2008). The tyre/surface interface is affetdéegely by surface texture at different
wavelengths, also being affected by tyre propedies vehicle dynamics (Woodward et
al., 2013).

Initial tests and calibrations allowed understagdiactors that affect the measurement.
The first investigation evaluated the static confaich on a reference smooth glass of

four radial positions of a partially worn Finlayiine GripTester tyre (Figure 9.2).

Figure 9.2: Positions of the GripTester tyre far flreliminary assessment

For each position a series of static measurement wene changing the following

parameters:

= inflation pressure of the tyre: 10, 20, 30 and 4 gorresponding to 69, 138, 207
and 276 kPa;

= |oad applied to the end of the modified wheel teatklevel arm: 0, 3.265, 5.701
and 7.709 kg.

An example of a contact patch of the tyre on tlasgduring static measurement is shown
in Figure 9.3 Hot colors indicate high contact ptes. It can be observed the cross
symmetry of the contact patch and a longitudinakatricity caused by the load applied
to the end of the level arm. Height and width & tyre footprint were manually measured

while the software automatically gave contact patieda, average and peak pressure.
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Figure 9.3: Contact patch of a reference smootssgla

Data were exported and subsequently processed omddit Excel, leading to plots in
Figures 9.4 t0 9.12.

Width and height of the tyre footprint were fourmdite directly proportional to the load
applied exhibiting similar rates for the differanflation pressure values. Width values
especially, as shown in Figure 9.4, were very simiéxcept the 69 kPa pressure inflation

case that exhibited an extreme increase with the. lo
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Figure 9.4: Load applied to the end of the level aersus width of the tyre footprint
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Changing the inflation pressure led to greateredéifices in the height compared to the
width of the footprint (Figures 9.4 & 9.5).

10

9 069 kPa ¢ 138 KPa m207 kPa a 276 kPa

8

N [

; /‘7"
g 6 A DD/‘Q cD
g ° 7
g /
J 4 [

3 Aﬁ@J/Q @

, ///

) ///

0 &ﬂ./ o

0 1 2 3 4 5 6

Height [cm]

Figure 9.5: Load applied to the end of the level &ersus height of the tyre footprint
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Figure 9.6: Load applied to the end of the level &ersus contact patch area of the tyre

The contact area plotted in Figure 9.6 showedttiemmore the tyre is inflated the smaller

will be its footprint and the bigger the load theater the differences between the cases.
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Figure 9.7: Load applied to the end of the level &ersus average pressure
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Figure 9.8: Inflation pressure versus average measured pressure

Figure 9.7 and 9.8 show the linear correlation leetwthe average pressure of contact
with the load applied and the inflation pressurgpestively. Higher inflation pressures
caused the variance of the average contact pressurerease. In other words, the
difference between the pressure developed with aadl lapplied and the pressure
developed with 7.7 kg applied to the end of theelearm was greater at high inflation

pressure.
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Figure 9.9 shows the relationship between the gegpeessure and the contact area. Since
a rubber tyre is deformable, these two parametere directly proportional so that as the

tyre was more loaded both the average pressurtharmbntact area increased.

Lowering the inflation pressure reduced the anguoefficient of the trend line i.e. greater
contact area corresponding to the same increasentdict pressure. The 69 kPa inflation

pressure was a limit: the average pressure remamestant while the contact area raised.

The opposite would have occurred if the tyre hagnbefinitely rigid: no contact area
growth and average pressure dependent on the i@ In fact, as the tyre was more

inflated, i.e. rigid, the trend lines tended toviegtical.

Figure 9.10 shows the relationship between thatioih pressure and the contact area. It
is clear that as the inflation pressure increaezl{rend lines corresponding to different
loads applied tend to get closer. This is in linthwhat found by Millar et al. (2011),
which demonstrated less differences of contacthpbttween different tires at higher
inflation pressures.
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Figure 9.9: Average measured pressure versus ¢qath area
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In order to verify the reliability of the static m&urements, results obtained at the four

different positions of the tyre selected for th&t$evere compared.

A variability in the results arose as shown in Fg8.11 and 9.12, corresponding to the

average pressure and the contact area respectively.
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Figure 9.11: Average measured pressure versusajualobd
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Figure 9.12: Contact area versus load applied

Figure 9.13: Contact patch of a rejected tyre

The contact patch area can also indicate irredidardf the tyre surface as shown in
Figure 9.13. Three were the anomalies found otintghis tyre:

= cross asymmetry of the pressure distribution;
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= a non-contact point incorporated in the contactanmedicating a local lack of
material inside the tyre;

= a hot point, indicating a bulge of the rubber;

While these anomalies had been easily recogniztithgethe tyre on a reference smooth
glass, they would have been confused with surfacegularities during routine

pavement/tyre interactions investigations.

It was inferred that the tyre irregularities cafeef the measurement so that the results
could be compromised. Accordingly, after validatitine same tyre was used for all the

analysis.

Furthermore, all the static measurements presentdte next paragraphs were carried

out with the validated tyre on the same position.

9.4 |deal surfaces

Once the relationship between the parameters iedalvthe tyre/surface interaction were
established, ideal surfaces with consistent textweree studied. This was a fundamental

step in order to comprehend further analysis onpgtexnsurfaces.

The tests were performed in dynamic mode by slgmishing the stage onto which the
Finlay Irvine tyre was supported so that the tpléed over accordingly. During every test

200 frames were recorded with a frequency ratédfdmes/second.

Based on the previous experience, the testing wyas the same for every test.
Furthermore, a permanent mark was made on it $cetleay test was carried out on the

same tyre strip.
Three ideal surfaces were selected for this stkdyu(e 9.14):

= smooth glass;
= gsmall tiles texture, 1 cm side and rounded corners;

= big tiles texture, 2 cm side and flat corners.

Both the tiles surfaces were tested twice centifiegtyre on a groove within the mosaic

and on a single row of tiles to better comprehdradffects of the spaces between the
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cells. From now on, the first will be referred ®“&roove Centred”, G.C., and the latter
“Tile Centred”, T.C.

Figure 9.16, 9.17, 9.18, 9.19, 9.20 show the pressaps for the tested surfaces. In order
to optimize the reading of the maps, different exglues were adopted for plotting each
surfaces: the colour palette change accordinglyesenting low-pressure values with
cold colours like blue and high-pressure value$ Wit colours like red. A low threshold
was set at 68.95 kPa so that the software marksraghe cells that satisfy the criteria.
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Figure 9.14: Small and big tiles mosaics
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Figure 9.15: Pressure legend for the glass andithtles plots (left) and for the small tiles ot
(right)
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Range values are 68.95 kPa to 303.37 kPa for glagbig tiles surfaces and 68.95 kPa
to 386.11 kPa for small tiles surface.

F

Figure 9.18: Pressure distribution strip for the tilies. Wheel centred on the groove (G.C.)

The contact patch of the tyre on the glass (Fi§uté) highlights the smoothness of the
surface. The pressure is well distributed overthigre surface and kept constant within a
small range of values, less than 300 kPa. Conséguas the variance is small no peaks
were detected.

The contact patches of the tyre on the big tilesaios in Figures 9.17 and 9.18 show that
the contact primary develop on the corners of iles.tWhen the tyre was centred on a
row of tiles the pressure observed was minimalhentyre axle strip and reached the
maximum value on the border of the tiles, especiatl the corners. No big differences
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were observed as the tyre was centred on a grevee,;if case the pressure seemed to be

slightly better distributed, with less peaks on¢beners.

The contact patches of the tyre on the small titesaics are shown in Figures 9.19 and
9.20. The tyre is in contact with more and smdiles so that the resulting contact area is
reduced compared to the previous case resultirghigher pressure. Furthermore, the
form of this type of tile which is not flat and hgst rounded corners imply that the
pressure is primary developed on the centre diildse The alignment of the tyre with the

tiles did not affect the pressure distributions.

Figure 9.20: Pressure distribution strip for theaBiles. Wheel centred on the groove (G.C.)

Data were also analysed analytically by exportirggpures and contact areas values into
an Excel spreadsheet. In particular, two differgraphs, allowing for an intuitive

comparison between different surfaces, were created

= average pressure frequency distribution;

= average pressure cumulative frequency distribution.

In order to better represent the results, the fiistribution was obtained by classifying
every pressure value of the tyre/surface interactnbo 68.95 kPa size bins, which is

equivalent to the low pressure threshold, whildlerlatter 10 kPa size bins were adopted.
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Figures 9.22 and 9.23 show the frequencies plaotthiothree ideal surfaces. The glass
density curve is very compact, with the centrassleeaching the 70% of the frequency,
indicating that the pressure values, as seen hedogevery constant over the interaction
surface. The peak pressure is under 300 kPa.

The big tiles surface density curve is more spiaadi exhibits a higher peak pressure of
approximately 400 kPa. The most central classss flequent compared to the glass with
a value of 40%.

Finally, the small tiles surface shows, among tired studied surfaces, the more spread
distribution. Three consecutive classes can beiderexl central as pressure values are
equally distributed between 68.95 kPa and 344.7&. Whe peak pressure is higher

compared to glass and big tiles surfaces and s£c¢m500 kPa.

These cases have shown an inverse proportionadityden the peak pressure and the
contact area: the smaller the contact area (Fig@®) the higher the peak pressure.
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Figure 9.21: Pressure distribution strip for theabriiles. Wheel centred on the groove (G.C.)
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Figure 9.23: Cumulative frequency comparison faisgland tiles

9.5 Different asphalt surfaces

This section deals with the study of different rgagvement surfaces, in order to

comprehend and compare their interaction with yhe. t
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In particular, different gradations of Stone Ma#igphalt were analysed, i.e. a 0/6 core,
a 8 mm slab, a 0/10 m slab and a 0/14 core. Funibrer, a plain surface was taken as
reference and two positive texture surfaces wede@do the comparison: a high friction
surface and a cycle lane surface. The tests weferped in static mode, by applying a

load of 3.3 kg to the end of the level arm.

Figure 9.24 shows the relationship between thespresand the contact area. As stated in
the previous section, pressure have shown an ieyeoportionality with the contact area:

the smaller the contact area the higher the pedkhanaverage pressure.
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Figure 9.24: Cumulative frequency comparison féledent surfaces

Figure 9.25 shows a comparison between averagk,goessure and contact area for the
investigated surfaces. They can be grouped in thifesrent couples. SMA 6 and SMA 8

exhibit very similar, having low peak pressures aigh contact areas. SMA 10 and the
cycle surface show similar contact area of 1F circa and intermediate peak pressure.
Finally, SMA 14 and the high friction surface, altlgh representing highly pronounced
negative and positive texture surfaces respectigblgw a similar behaviour with a small

contact area and a peak pressure higher than 90 KRe bundles are clear in Figure

9.28, which shows the pressure cumulative frequency

Figure 9.26 shows the pressure frequency distohuiihe first bundle, SMA 6 and SMA
8, exhibit uniform and consistent curves along mhedian, while the second bundle

formed by SMA 10 and the cycle surface differ frama first for a tail towards the high-

202



Chapter 9 — The tyre — pavement interaction

pressure levels. HFS and SMA 14 curves are asynuragtd spread towards the high-

pressure levels, especially the latter that is@adrly scattering.
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Figure 9.25: Comparison of pressure and contaetfaredifferent surfaces

Figure 9.27 shows a magnification of the frequenlistribution highlighting the
discontinuity of SMA 14 pressure, which fluctuatevards the zero.
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Figure 9.26: Pressure frequency distribution féedent surfaces
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Figure 9.28: Cumulative frequency distribution dlifferent surfaces

This paragraph discusses the tyre/surface interafti the three 0/8 stone mastic asphalts
under investigation. The slab test specimens, afarg compacted inside a 275 x 275
mm steel frame with a roller compactor, underwed,@00 wheel passes of simulated
trafficking using the RTM.
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Trafficking was stopped at regular intervals toedetine the tyre/surface interaction with
dynamic measurements in the direction of the thiffig. In order to evaluate the change
in the texture the slab was tested on the sanpeattavery stage. A weight of 3.3 kg was
applied at the end of the level arm of the ModifWdssex wheel track and the same strip
of the tyre was used for each test.

9.6.1 mm SMA 0.00

The 0.00% rubber 0/8 mm SMA slab underwent 0, 300, 1000, 2000, 5000, 10000,
20000, 40000 and 75000 wheel passes of simula#atking with RTM.

Figure 9.29 and 9.30 show respectively the frequeartd the cumulative frequency

distribution of the contact pressure. The densifve is asymmetric, raising rapidly to

reach the most frequent values, which are complisddeen the range 100 — 250 kPa,
and dropping gentler towards the high-pressureesaéinding up with a tail representing
the peak pressure values, attested around 500Tkizaform was found to be typical, as

it came up for each measurement.
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Figure 9.29: Frequency distribution comparisondiffierent trafficked 8 mm 0.00 SMA
specimen

At first sight, no sensible differences are evidadticed by the simulated trafficking with

the pressure maintaining very similar density andalative frequency curves. The
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interaction, in terms of contact pressures, betwkenyre and the surface is substantially

the same notwithstanding the trafficking the sladarwent.

However, by applying a magnification on the higlegsure area of the frequency

distributions, Figure 9.31, it is possible to ampeite that, as the slab start to be high

trafficked, the contact pressure increase, indigati change in the texture of the slab.
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Figure 9.30: Cumulative frequency comparison féfedent trafficked 8 mm 0.00 SMA
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Figure 9.31: Magnification of the density distritmut tail for 8 mm 0.00 SMA specimen
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Figure 9.32: Magnification of the high-pressuresdi@ 8 mm 0.00 SMA specimens

9.6.2 8 mm SMA 0.75

Having noticed a change in the texture with théfitleang of the first tested slab, the
0.75% rubber 0/8 mm SMA slab underwent 0 to 100@0@el passes of simulated
trafficking, while the investigation was deepengdstopping the trafficking at 200, 500,
1000, 2000, 5000, 10000, 20000, 40000, 75000 a6@UMwheel passes.

Figures 9.33 and 9.34 show the pressure map eonlatithe different stages. The range
values of representation is 68.95 to 358.53 kResdeire maps are very similar up to 5000
wheel passes. From 10000 wheel passes, it is p@ssibbserve a change in the contact
area, with the creation of small non-contact holbich shape change with the
trafficking. From 40000 wheel passes the pressaise definitely, as highlighted by the

red hot spots on the maps, which indicate highamirgressure points.

Figure 9.35 and 9.37 show the frequency and theutative frequency distributions.
These curves assumed the typical forms describékeimprevious paragraph. Here the

change in the pressure is clear and evident.

Blue and green indicators, which designate theydde of the pavement (200 to 5000

wp), are very close to each other and the varigsoenimum.
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Figure 9.33: Early life pressure maps evolutiondfals SMA
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Figure 9.34: Pressure maps evolution for 0.75 SMA
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Yellow and orange lines (10000 and 20000 respdgjiverhich stand for the first years
of service of the pavement, are slightly shiftethileft side of the graphs, and the density
distribution is more centred on the median valugh wven less variance. This might
indicate that the slab underwent a better compactiwler traffic so that the particles have
been rearranged causing the average and the pesdupe to reduce. The shifting is even

more evident in the density distribution graph ands magnification in Figure 9.36.
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Figure 9.35: Frequency distribution comparisondiffierent trafficked 8 mm 0.75 SMA
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Figure 9.36: Magnification of the most frequentgagre area for 8 mm 0.75 SMA specimens

210



Chapter 9 — The tyre — pavement interaction

While the slab underwent the last three cycles raffitking, its texture changed
accordingly. The pink, purple and black curves,alhindicate 40000, 75000 and 100000
wheel passes respectively, represent the thirdlbwfcturves of these graphs. Here the

median value drop while the tail raise, indicatangpread of the pressure over a wider

range of values and simultaneously an increadeeipéak pressure value.
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Figure 9.38: Magnification of the high-pressureagie 8 mm 0.75 SMA specimens
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9.6.3 8 mm SMA 1.20

The 1.20% rubber 0/8 mm SMA slab underwent 0 to0D00wheel passes of simulated
trafficking, stopped for measurement at 200, 50001 2000, 5000, 10000, 20000, 40000,
75000 and 100000 wheel passes. Figure 9.39 and shdd the frequency and the

cumulative frequency distributions.
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The same considerations made for the other ruldzbslabs can be applied here.
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Figure 9.42: Magnification of the high-pressuresaii@ 8 mm 1.20 SMA specimens
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Chapter 10

Discussion

10.1 Introduction

This thesis deals with the characterization ofuextand skid resistance of rubberized
Stone Mastic Asphalts mixtures. These fundamentgbgrties of surface courses were
assessed both in situ and in laboratory, as sgaewous sections. In particular, the image
analysis and the measurement of contact pressetesgoto an innovative framework,
which is next to flank, if not replace, the classieasurements so far employed.
Accordingly, this Chapter aims to discuss the itssobtained, looking for comparison

between parameters and giving interpretationsemth

10.2 Texture evolution

The texture change of the experimental laying duthe first year of service has been
shown in Chapter 5 in terms of MTD, MPD and ETDs#&é&s underline a substantial
uniformity of the parameters between the three nadse bringing to the conclusion that
the rubber did not influence the texture. As expeéct uniform reduction in the profile

depth took place during the pavement service.

The laboratory investigation allowed measuring téwdure over a greater simulated in-
service period. The texture evolution was examianeder different point of views, as
shown in Chapter 8. In order to give an overvievilmse aspects, results are summarized

here in terms of skewneSskand kurtosiSku

The skewness represents the degree of symmethedurface heights about the mean
plane. Itis derived from the amplitude distribuatimurve and represents the degree of bias,
either in the upward or downward direction. Sinces inormalised bysq it is unit-less
and can assume positive values, indicating thegongthnce of peaks, or negative values,
indicating valley structures comprising the surfae®wever, this parameter cannot

distinguish if profile spikes are evenly distribditabove or below the mean line and it is
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strongly influenced by any isolated peaks or valgyeach, 2010). A graphical

explanation is shown in Figure 10.1.
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Figure 10.1: Skewness of a surface (Smith, 2002)

Unlike the skewness, the kurtoSlkucan detect if the profile peaks are distributednn
even manner across the sampling length trace, hsasv@roviding information on the
spikiness of the area. The presence of inordindtiglly peaks or deep valleys results in
high kurtosis, Sku>3.00, while a bumpy surface tppphy exhbits a small kurtosis,
Sku<3.00.

A surface with a Gaussian height distribution haskewness of zero and a kurtosis of
three. Surfaces described as gradually varying, dfeextreme peaks or valley features,
will tend to have Sku <3.00. Ssk is useful in sfygay honed surfaces and monitoring

for different types of wear conditions. Sku is wsddr indicating the presence of either
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peak or valley defects which may occur on a surfiehigan metrolog¥). Different

textures, having opposite Ssk and Sku values aersin Figures 10.2 and 10.3.

JULLS

Figure 10.2: Example of a periodic texture, wittkvalue 0.16 Skuvalue 1.63 (Michigan
metrologyP)

Figure 10.3: Example of a spiky texture, wiikkvalue 3.20Skuvalue 18.71 (Michigan
metrologyP)

The texture evolution is explained by considerihge¢ different stages of the slab

lifetime:

= the early life, equivalent to approximately thesfis000 + 10000 wheel passes of
simulated trafficking;

= the mid-life, under which the slabs undergo 10@®3000 wheel passes;

= the end of life, which is reached after 75000 whpasdses and/or especially after

the immersion wheel track test.

10.2.1 Early life evolution

Figures 10.4 and 10.5 show the skewness and theskatrend respectively, over the first

ten thousands wheel passes of simulated trafficiegults exhibit an initial fluctuation,
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i.e. the skewness drop from “-1.0” to “-1.5” ancethrise again, until it reaches an

equilibrium, while the opposite was found for thetbsis, with values in the range 4 + 6.
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Figure 10.4: Skewness versus wheel passes, darly li
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Figure 10.5: Kurtosis versus wheel passes, edgly i

During this early stage the increasing of the aldsolalue of the skewness and the
decreasing of kurtosis is related to the stripmhthe bitumen mortar, which lead to less
material to be recorded above the mean plane atitetoe-orientation of the particles

under the loads as the slab keep compacting. Indfégure 7.12 shows that the stripping
of the bitumen mortar from the top of the surfaeetplace in a greater extent during the
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early life. In order to show this, the picture o&étSMA 0.75 slab after 100 and 5000 wheel
passes are shown in Figure 10.6.

Figure 10.6: Pictures of the 0.75 SMA surface a0 and 5000 wheel passes

This could also be the explanation of the dimimghof the contact area during the early
life, as shown in Figure 10.7. As a matter of fastthe bitumen is worn away, the tyre
relies on a lesser area of contact.

14
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10

Contact area [cm2]
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0 5000 10000 15000 20000
Wheel passes

Figure 10.7: Contact area versus wheel passes

As for the pressures beneath the tyre, Chaptegt@ighted that they evolve very slowly.
In particular, Figure 9.34 showed that pressurainduhe early stage stand within a
bundle, which is uniform without any peaks.

219



Chapter 10 — Discussion

Indeed, Figure 8.22 showed a reduction of the cEmbiolume of peak material in the

early life.

Figure 10.8 explains the initial peak of the kuido®r the SMA 1.20. A subsidence

occurred at 500 wheel passes, making the remagxéaré peaks more isolated.

17
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Figure 10.8: Early life 3D models of SMA 1.20 slab

10.2.2 Mid-life

During the mid-life most of the investigated parséeng appear to have reached an

equilibrium, while others still evolve.
Skewness and kurtosis evolution during traffickamg shown in Figure 10.9 and 10.10.
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Figure 10.9: Skewness versus wheel passes
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Both remain almost constant, with the first exhifgta small increase with the wheel
passes. This mean that the distribution of the biilthe material does not change with

reference to the mean plane and the surfaces kegmegative texture.

The SMA 0 value corresponding to 75000 wheel passek be an outlier.
7

6

Sku

——0.00 —=—0.75 —<—1.20

0 20000 40000 60000 80000 100000
Wheel passes

Figure 10.10: Kurtosis versus wheel passes

The contact area continues to evolve during tletiife with a consistent trend between
the three surfaces, as shown in Figure 10.11. Wteraction decrease continuously,

reaching a minimum at 20000 wheel passes, aftechwipeak in the contact area was

observed.
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Figure 10.11: Contact area versus wheel passes
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While the decrease is linked to the wearing of m@ten the top of the surface, the peak,
which is common to the three mixtures, may be aasatto a particular polishing state,

which flatten the surface, and less likely to aipke re-orientation.

As for the pressures beneath the tyre, a changepiake after 10000 wheel passes. As
seen in Chapter 9, after the early stage the preesthibit a decrease in the range 10000
+ 20000 wheel passes again, before raising agalrshawing peaks of high pressures
towards the end of life. This reduction correspotadihie drop of the contact area.

Figure 8.23 highlighted an increase of the volurh@emak material during time, while
Figure 8.24 showed that the Volume of material gesched an equilibrium only after
40000 wheel passes.

This part of the life is characterized by a conbas polishing of the surface. As the
volume of peak is related to the areal materiakibhgaratio, this means the plane that
intersects the 5% of area moved down increasingetb@ded volume, as it would have

been disjointed with the polishing of material.

The maximum stripping of the surface is reacheer approximately 75000 wheel passes

of simulated trafficking, as shown in Figure 10.12

Figure 10.12: Picture of the 0.75 SMA slab aftecd@@and 75000 wheel passes

A good correlation was found between MTD and thetact area, as shown in Figure
10.13. Although there would not be a reason whiyaange in one of them would influence
the other, this relationship is proposed as thesanpeters evolve similarly under the
simulated trafficking. In fact, while the macrotese is reduced as a consequence of the
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compaction of the surface, the contact area iscelias the bitumen removal and the

polishing of the surface take place.

The relationship is especially true during the\ehii¢, when these parameters behave very
similarly.
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Figure 10.13: MTD versus Contact area

10.2.3 End of life — distress

The simulated trafficking with the RTM was stopmd.00000 wheel passes. According
to Nicholls (1997) at this stage the surface oftést specimen reaches a condition known
as equilibrium, which is approximately equivalent to 8 years of actual trafficking.
However, the plots in the previous paragraphs lggked that, at the end of the RTM test,
the texture is still changing. In particular, Figut0.9 shows the skewness to diminish,
while Figure 10.10 shows the kurtosis to increagech is an indication of the presence
of new inordinately peaks. This can be confirmedtiy continuous decrease of the

contact area, which indicates that the interaatéies even more on the few spikes.

In order to accelerate the decay and investigatetéixture change of a distressed
pavement, the SMA 0.75 slab was subjected to theeirsion wheel track test. As shown
in Chapter 8, the most notable effect of the IW& gidden change in the parameter under
investigation. Figure 10.14 shows the skewnesstlamdurtosis of a the SMA 0.75 slab

during RTM and IWT. The skewness raises considgrawards the zero value, while
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the kurtosis approaches the value of three, whicltheé case of a periodic texture.

Conversely, the real surface is far away from hguarperiodic texture.
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Figure 10.14: Skewness and kurtosis for the SMA 0.7

Figure 10.15 shows the 3D model of the SMA 0.75 slathe end of the IWT test. The
ruts induced by the dragging action across theasarfre clearly visible. The original
texture is maintained on the side of the slab. &ltfh not regular, the surface at this stage

has lost its original negative texture.

Figure 10.15: 3D model of the SMA 0.75 after 225 utés of IWT

As for the tyre - surface interaction, the measw@eisi made on the SMA 0.75 slab are
shown in Figure 10.16 and 10.17 in terms of fregyeand cumulative distribution

respectively. A significant change was found betw#dee 20000 and the 40000 wheel
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passes. The contact pressure increased, exhilnitorg values of high pressure, which
could be linked to some stones that rose up aniseqoience of the shear action of the
tyres.

However, a more prominent change took place agmigeof the IWT. Not only the values
having high pressure are more likely, but the paassures are also higher compared to
the case of the RTM. The average contact areaeoéttip, which is not indicated in the
plots, is in line with the other measurements anehkto 11.30 cr

Figure 10.18 shows the pressure map belonginget&MA 0.75 slab at the end of the
simulated trafficking with RTM and at the end of TWest. The maps, plotted with the
same pressure legend, underline the differencébeomagnitude of pressures. Figure
10.19, which plots the map after IWT with a greégend, makes it clear that the contact

occurs at the side of the ruts, on which alignnaeatpositioned the hot spots.
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Figure 10.16: Frequency distribution of the tyr@graent interaction pressure for the SMA 0.75
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Figure 10.17: Cumulative frequency of the tyre pagst interaction pressure for the SMA 0.75

Figure 10.18: Pressuraap ofthe SMA 0.75 slab at the end of RTM and IWT teség¢pure
legend: 68.95 + 399.9 kPa)

Figure 10.19: Pressure map of the SMA 0.75 sldbeaénd of IWT test (pressure legend: 68.95
+703.26 kPa)
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Although no direct correlations were found so flt,the parameters presented can be

adopted for the prediction of the texture evolutddran asphalt surfaces.

227



228



Conclusions

This thesis proposes the use of new technologregbécanalysis of surface characteristics
of rubberized stone mastic asphalts. Accordinglp, important themes are dealt, i.e. the

sustainability and the use of new technologies.

As for the employ of the crumb rubber into road tmigs, results confirmed that this
solution is suitable for surface course as it isaerimental for the skid resistance and it
does not imply changes in the macrotexture. This a@nfirmed both in situ and in
laboratory. Moreover the rubber allows for a redurctof the tyre rolling noise levels,

especially in the early life of the pavements.

Although in-service performances are not affectaakticular attention must be paid
during the manufacturing and laying phases. Howessr shown in this thesis, by
containing the temperatures the environmental andkevs exposures to fumes are

reduced.

As for the new technologies, the in-situ measurdmesonfirmed that dynamic
measurements represent extraordinary tools forstiveey of surface properties of
pavements, while classic outdated solutions lilkeviblumetric patch technique and skid

tester could be left apart in the near future.

However, the in-situ measurements say little altbetdevelopment of the parameters

during the in-service life.

For this reason, when studying new mixes for mediange scale production, the
prediction of textural properties is fundamentalprder to optimize the mix design and/or
planning proper maintenance, for time saving amshemizing the investment and, above

everything, maximize the safety of users.

The work at the base of this thesis combined teeofiswo different simulated trafficking
machines, i.e. the TRL Road Test Machine and arvetdion of an Immersion Wheel
Track. What makes the research innovative is tieeafighe image analysis and of the

Close Range Photogrammetry for the assessmenedexture changes of the asphalt

229



samples. These techniques showed potential foglpEmmanently included in advanced

analysis of pavements performances, offering gaedtnew insights for the studies.

Moreover, a very interesting phenomena that is ggeg for the analysis is the
investigation of the tyre/surface interactions.ded, pressures and areas of contact are
strictly linked to texture and skid resistance. ®@cmixture has been characterized in
laboratory, the measurement of these factors amitas surface laid on site, would allow

to understand the level of distress of the paveraedf based on the traffic, to predict how

the surface will behave in the next future.
Some recommendations can be made for future works.

The way the texture change over time is strictlpadalent from the manufacturing
process. Even if the mixtures is sampled durinddlimg, as in the case of this work, the
compaction method should be as close as possilthkat@dopted on site. Non-properly
compacted asphalt mixtures could behave differentynpared to well compacted

samples, and accordingly not reflecting the reaéigpecially in the early life.

Although it is quite impossible, new research isded in order to improve the capability
of reproducing the same site conditions in labayatas the behaviour of asphalt mixtures

is temperature dependent, a simulated traffickiagmme should consider this factor.

While the proposed parameters are capable for gineglithe behaviour of a pavement
during its lifetime, new efforts need to be addeels® find correlations among parameters.
As many of them were found to be fluctuating, esdcin the early life, a strong

attention to details and separate treatments &diffierent life stages could help.
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