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Abstract

Skid resistance is a critical safety property of road pavements, directly affecting wet
braking performance and accident risk. Traditional prediction methadsluding

the Polished Stone Value (PSV) tekicus solely ora small fraction of theoarse
aggregateperformanceand have demonstrated limited reliability in forecasting
in-situ skid resistance ovehe service lifeof an asphalt surface cours&his thesis
investigates whether a more holistic laboratory measuremetite Friction After
Polishing (FAP)estt combined with quantitative characterisation of aggregate
topography and mineralogy, can improve prediction of lbegn in-situ skid
resistance as measured by the Sidewhgpsce Coefficient Routine Investigation
Machine (SCRIM).

A structured experimental programme was devised to (1) characterise polished
aggregate micrdexture via Mineral Liberation Analysis (MLA), Mohs hardness
grouping, and Alicona infinitBocus microscopy; (2) quantify friction evolution during
controlled poishing of aggregate mosaics and full asphalt cores using FAP; (3) assess
changes in threelimensional surface texture across incremental polishing cycles;
and (4) correlate laboratory friction outcomes with extensive SCRIM survey data
collected between 204¢2024 on matching asphalt designs under varied traffic

volumes.

Results reveal that aggregate mineralogical compositiand specifically the
proportion of hard versus soft mineral phasemfluences both micrdexture
retention and friction coefficient trajectories under polishing. FAP measurements
reached equilibrium byond the standard 9000 polishing cycles, suggesting that
current European test protocols underestimate lelgm wear effects AliconaG5
Infinite Focusderived surface and volumetridexture parameters demonstrated
statistically significant relationgs with FAP friction values. Critically, asphalt cores
exhibited stronger FAfSCRIM correlations than aggregate mosaics alone, validating

the importance of bindeaggregate interactions and mactexture contributions.



This thesis establishes that combined mineralogical and topographical
characterisation integrated wittFAPprovides a robust predictor of isitu skid
resistance performance. These findings support a shift toward performbased

surfacing specifications designed to maximise road safety and lifecycle efficiency.
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1.0Introduction

1.1Background

kid resistance is arguably the most important property of a road pavement surface
course to provide the user, the public, a safe pavement on which to travel. Skid
resistance specifications are continually developed to reduce accident rates and

maintain a serviceable road network.

{1AR NBaAradlryO0S Aa RSTAYSR la aiKS 02yl
FNAOGAZ2Y @At ofS 0S0¢ §HghwayskESgladde2WB) I Yy R
whereasfriction is defined asthe force that makes it difficult for one object to slide

along the surface of anothér(Cambridge University Press, 2023his ca be

impactedpredominantlyby the micro-texture and macrotexture of the pavement

The main texture components are identified as matawture, the gaps between
aggregate particles providing high speed wet skid resistance, and-texitoe, the
surface texture of the aggregate particles themselves providing slow speed wet skid

resistane (Dunford, 2013)

The skid resistance of a surface course has, for many years, been deemed dependent
on the Polished Stone Valu® &Y of the aggregate used within the material, traffic
loading and associated polishing impaitte texture depth and site geometrand

well as weathering and environmental factorbong term skidresistance

performance is often linked to the texture of tiseirface material.

In recent years however, this approach has been challenged and the simplistic
relationship between texture depthPSV and skidding resistance has been
investigated Studies have concluded that the PSV result is dependent upon the test
conditions usedJellie, 2003andthat the PSV test giveslack of confidence about

the prediction of insitu skid resistance performance, especially in the long term

(Descantes and Hamard, 2015)



The micretexture of the aggregate particles can be tested indirectly through the
Polished Stone Value (PSV) test (BS EN-802D09 (BSI, 2009)) which was
developed in 1958. This identifies the level of skid resistance of the aggregate
following a polising cycle, which aims to imitate the polishing action oFiiu

trafficking.

In contrast to the PSV test which assesses only th&d@3m aggregate portion, the

W2 SKy SNJ {FckairifierPalishihdlJFAP) test has been devela@zed tool

for simulating insitu polishing of aggregate and asphalt mixtures from vehicular
traffic and as such assesses the performance of the full bituminous mix material. This
method has been generally accepted by German contractors to predict the
performance of the mix and was incorporated as a European Standard in 2014 (BSI,
2014).

Within the UK, irsitu skid resistance is measured and specifisthga Sideways

Force Coefficient Routine Investigation Machine (SCRIM). Target SCRIM values,
known as Investigatory Levels) are prescribed for areas of the road network
dependent upon the accident risk for the strategic road netwBdsearch (Huschek,

2004) suggests that the FAP test method provides better correlation to Hséun

skid resistance measurement. Additional research has identified correlations
between PSV and FAP in eggpte only testing (Woodbridge et al., 2006,
Arampamoorthy and Patrick, 2011), but differences when using FAP with full asphalt
cores (Huschek, 2004, Woodward et al., 2013).

Furthermore, research has shown significant changes to aggregate-teittoe

during polishing (Do et al., 2007, Dunford et al., 2012) with a weak correlation
between the change in roughness using a standard roughness parameter and FAP
(Do et al., 2009)A correlation between skid resistance and aggregateeralogy

and hardness has also been shown (Kane et al., 2013).



1.2Problem Statement

There areseveralpublished accounts of poor skid resistance prediction from the
existing PSV test method (Roe and Hartshorne, 1998, Woodward et al., 2004, Perry
et al.,, 2001), indicating the need for an additional test procedure to accurately

predict the insitu performarte of aggregate and asphalt mixtures.

A potential replacement for the PSV test, and development to the prediction of skid
resistance throughout the industry, is the Friction After Polishing test procedure, also
referred to in literature as the Wehne®chulze test, which was incorporated as a
European Standard in 2014 (BSI, 2014).

The literature has shown various existing research into this test method, comparing
FAP to PSV (Allen et al., 2008, Woodbridge et al., 2006, Arampamoorthy and Patrick,
2011) investigating the link between FAP and SCRIM (Huschek, 2004, Woodward et
al., 2013, aggregate micrtexture (Do et al., 2007, Do et al., 2009, Dunford et al.,
2012) andmineralogy(Kane et al., 2013).

This accumulated research reviewed has shown that there is a correlation between
PSV and FAP when using aggregate mosaics in FAP (Woodbridge et al., 20086,
Arampamoorthy and Patrick, 2011) as the single size aggregate is comparable to the
PSV test sample.awever, there are differences in the skid resistance prediction
results when using the full asphalt mix within the FAP measurement (Huschek, 2004,
Woodward et al., 2013) which incorporates the full aggregate grading, bitumen and

natural orientation and spang of the aggregate particles.

Testing using FAP hgenerallybeen performed with 9@00 polishing cycles as per
the recent European standard, howeveis unclear if the polishing impacts continue
past this point(Huschek, 2004)Further polishing cycles towards an equilibrium
aggregate conditiors reviewed within this research to challenge thgactthis has

on the correlations identified.

Previous esearch has shown, following the removal of the bitumen film, the friction

coefficient and asphalt mixture performance is determined by the aggregate.



Significant changes within thraicro-texture of aggregate particles, and reduction in
asperity height, were showbecause otthe polishing processHowever, there is
currently nocomprehensivaesearchwithin the UKto link the aggregatéopology
andmineralogyto the texture developmentrom polishingand associated functional
characteristics of the micrtexture of the aggregate particleBurthermore, the in

situ skid resistance measurement is, especially within the UK, dominated by SCRIM
measurement. Talate, no research has identified a link between the contributory

factors identified above and this-situ skid resistance measurement.

Research gaps have been identified on the link between aggregate topology,
mineralogyand thelongterm prediction of insitu skid resistance through existing
laboratory test methods.There are significant gaps identified between how
aggregate is specified within the Specification for Highway W(BkBN) Design
Manual for Roads and Bridgd3NIRB compared to the impact on the overall asphalt
skid resistance performance and how the coarse aggregate changes throughout a

polishing cycle.

Specification and researdre focused on coarse aggregate only measurements to
predict the performance of a holistic material containiagrange of aggregate
fractions and bitumen Researchhas looked at measurements of asphalt skid
resistance in the laboratory compared tositu over a limited data set anfdiled to

identify significant correlations.

This research has looked to answeesle gaps by undertaking a detailed analysis of
the impact ofmineralogyand polishing on thetopology of aggregate, and the link
between laboratory measurements of skid resistaram@oss a range of polishing
cycleson both aggregate only and asphalt sampledaige data sets of isitu skid

resistance.



1.3Research Aims

The research andesting conductedhroughout this thesisooks to answer the gaps
within the existing research indicated above and use the relationship between the
variables to produce an isitu skid resistance prediction for asphalt surface course

materials.

The aim of this research is to understand the relationship between the surface
topography,mineralogyand wet skid resistance of aggregate impacting on the skid
resistance of an asphalt surface course material as measured withiRAlRtest
method and identify howthese manifestin in-situ skid resistancéhrough SCRIM
survey and the practical implementation of aggregate specification within a PFI

contract setting

The objectives of this thesis are:

1. To characterise théopology of polished aggregatéhrough micretexture

andmineralogymeasurements

2. To undertakepolishing to generate a range of aggregate mitaxtures,

characterise them and review the relationship to measured friction.

3. To studythe relationship between aggregate only samples and asphalt
mixtures through longerm (or repeated) polishingnd the impact on the
skid resistance through Friction After Polishing measuremants identify

recommendations for revisions of the testing methodology and procedure

4. To assesghe microtexture changes of aggregate under polishiagd
investigate the relationship tdongterm in-situ skid resistance through

SCRIMneasurements



The first objective is achieved by undertaking Mineral Liberation Analysis (MLA) on
aggregate samples with a known skid resistance value (using PSV) to identify minerals
within the aggregate samples. The known hardness value (using Mohs hardness) is
then used to calculate the aggregate hardness parameter of the aggregate source
YR RAFFSNBYUGAFIGS FINBFa 2F aKIFINRE |FyR da
YAYSNIrfta gAfft LI dzO1 2dzi 2F GKS |33aNB3AF G
polish. The mineralogical information gained on the aggregatéll be usedto
characterise the micrdexture. The micrdexture is obtained through use of the

AliconaG5Infinite Focusnicroscope.

The secondobjectiveis achievedoy conducting polishing using the Friction After
Polishing test method with aggregate mosaics and evaluating changes in the micro
texture of aggregate during polishing using the characterisation from objective two.
The polishing procedurbas beenstopped at set cycle intervals (stress levels) to
undertake friction testing and to sample the mielexture through the Alicon&5
Infinite Focus microscope. Analybigs thenbeen undertaken on the friction after
polishing result and changes in migexture to attempt to find a relationship with

the aggregatemineralogy

Thethird objectiveis achievedising the procedure detailed in tteecondobjective
testing micretexture at the 0 and 5 stress level poiri@and 180 000 polishing cycles
respectively) using asphalt sampleDetailed comparisons are made between
aggregate only and asphalt measuremenEaP and thebserved changes in micro

texture.

The burth objectiveis achievedoy analysing the results from objectéwo and
three, alongside SCRIM data obtained frorssitu testing of the same asphattix,
installed across two local authority networkgth a range of traffic loading and

environmentalconditions the Isle of Wight and London Borough of Hounslow



1.4Report Organisation

This PhD thesis is organised irtehapters.

Chapter 1 has provided background to the problem e$ito skid resistance, its

impact on the road user and the need for long term prediction.

Chapter 2 reviews the available literature relating to existing skid resistandace

texture measurementand predictiontechniques and their use in skid resistance

policy.

Chapter 3summarses the methodologyand ntroduces the thesis hypothesis,

experimental programme and how the test plaascoveredthe stated objectives.
Chapter 4orovides the experimental findings of tlaggregatestudies

Chapter 5 provides the experimental findingisthe Friction After Polishing study
considered in terms Friction After Polishing performanfeaggregate and asphalt

samplesand the relationship to Polished Stone Value

Chapter 6 provides thexperimental findings of theurfacetexture measurements.
This is considered in terms ofpact of polishing on the surface texture of aggregate
samples The chapter links the findings of surface texture measurements to those

presented in chapters 4 and 5.

Chapter7 provides theSCRIM data availabnd analyses the dateelated to the
asphalt mixtures selecterklative totraffic loading The chapter considers the data

in relation to the findings of chapters 4, 5 and 6.

Chapter8 provides astudy and analysis of the dapaesented in Chaptersd7 and
provides a summary of the research project and the key conclusions drEtwen

implications for industry and recommendations for further works are discussed.

Chapter9 contains the bibliography of literature reviewed as part of this research.



2.0Literature Review

Theaim of this research is to develop a methodology for predicting the-teng

skid resistance properties and performance of asphalt surface course materials. This
chapter provides a review of subjects and available literature influential to this
methodology and the wider aims of this researgtresented across the topics listed

below;

1. Roadhavement

2. Skidresistance and its specification and policy
3. Texturecharacterisation

4. Aggregatgroperties

5. Skid resistance measurement and prediction



2.1 The Road Pavement

Asphalt is a material comprised of roughly 95% aggregate by weight, and 5% asphalt
binder, most commonly bitume The ratio of individual aggregates and asphalt
binder, referred to herafter as bitumen,and the source, shape and size of the
aggregatehas a largempacton the properties of the final asphalt matersiich as

the compaction vad contentand surface texturevhich can all affect the surface of

the pavement and the interaction between the pavement and the user

2.1.1 Surface Course
The asphalt surface course, also known as the wearing course, acts iatetfece
between the pavemenand the vehicle. Thenaterial design, compaction and raw
material components can all significantffect this interface and therefore the

performance of the surface coursed impact on the user

There are a wide range of surface course material types, each one incorporating
varying restrictions on the raw aggregate and bitumnaccount for the wide range
of requirements of a pavement surface e¢ea Additionally, the raw material source
varies greatly and can create large variances in the final performance of the material,
even between two asphalt surface courses that have been designed and constructed

to identical standards.

The main types of surface course currently used within the UK, and standardised

through BS EN 13108 include:

Asphalt Concrete
Hot Rolled Asphalt
Stone Mastic Asphalt
Mastic Asphalt

= =2 4 -4 -2

Porous Asphalt

Any of these asphalt materials can, and commonly are, modifigdg binder

additivessuch agolymersor fibres to enhance their performance.



The required properties of an asphalt surface course are stated WitkiRBCD 236
(Highways England, 2022)
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2.2Skidding Resistance

CS 2283 (i I dHe &ontdbution of the road surface to the overall friction available
between the tyre and the road surface is known as skid resistafidgghways
England, 2021)

{1AR NBaAradl yOS KI the forde @eeloped Shen RiigedhdtNsk 6 S R
prevented from rotating slides along the pavement surfa¢elighway Research
Board, 1972)

It is widely known that the skid resistance of any pavement surface can be affected
by severalvariables, including surface condition, traffic volumes and the resultant
wear of the pavement surface, the micro and matemture and the weather

conditions.

ThereforeCS 22&ilso stated) K MK S& 4§ SNY GaiAR NBaAaidlyOSé
properties of tle road surface in wet conditiohsd ¢ KA a A& (2 Sy adzNI
resistance value obtained for any given pavement surface is taken in the worst

conditions.

Throughout thisthess G KS GSNY WaliAR NBaAxallyoSQ gAf

conditions.

2.2.1 Importance of Skidding Resistance
Within the UK, the amount of traffic, or miles travelled, has dramatically increased
within the last 60/70 years. Throughout this time, the number of reported casualties
has largely remained constant, with a noted reduction within the years 219,
shown inFigure2.1 with data obtained from(Department for Transport, 2025)

These figures can be used to indicate a dramatic increase in road travel safety.
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No. Casualties (thousands) / No. Vehilce Mile

1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025
Year

@ Billion vehicle miles @ All reported casualties

Figure2.1: UK Road casualties and vehicle miles X98023 (Department for
Transport, 2025)

This reduction can beattributed to various safety campaigns such as the
enforcement of lower drinidrive limits etc. Throughout this time, the development

of improved road surface skid resistance, enhanced by surface course material
development, SCRIM condition surveys andd skesistance policiegshas also

contributed to the accident rate reduction

From the most recent data set available (202Bg proportion of fatal collisions
FaaA3adySR G2 ( KS8ossYGreat BRi@ is 423 JDeparSnent for
Transport, 2024a)with accident and casualtytes rebounding quicklin 2022 to

pre-pandemic levels andslowdownin rate of casualty reductian

As well as the drive to improve safetgnflicting areas of focus such as Whole Life
and Capitalworks costsand Carbon Footprint pusthe importance of durability of
materials, to reduce frequency of treatment interventiorend extent the

performance life of the pavements.

12



As such, long term skid resistance is,k&ith importance placed on thavailability
to test, predict and specifyor long term skid resistance performance of asphalt

products.

13



2.3Skid Resistance Policy

European standards rely on a harmonised set of CEN/ISO test methods that
distinguish materials characterisation (both aggregate avaterial level) from in

service functional performance (such as network friction and macrotexture):

Aggregate Polish PotentiglEN 10978:2020 establishes the Polished Stone Value
(PSV) as the reference method for assessing coarse aggregate in surfacing for both

type testing and dispute resolution.

Mixture-Level Durable Frictiom EN 1269749:2022 (WehnegSchulze) evaluates
Friction After Polishing (FAP) at 60 km/h on laboraqangpared slabs or cores
following controlled polishing cycles, facilitating a link between laboratory and field
performanceby quantifying the mixture's capacity to retain microtexture under wear

conditions.

Macrotexture (Drainage & Speed Sensitivitg) ISO 13473:2019 provides
measurements of Mean Profile Depth (MPD) using surface profiling techniques, with
broad application in construction compliance, contractual performance monitoring,

and safety analytics

In-Service Friction (Continuous Monitoring) The CEN/TS 15901 series details
protocols for devices measuring sidewdgsce and longitudinal fixed/controlled
slip (including SKM, SCRIM, GripTester, ViaFriction), thereby enabling standardised

wet-friction indices across road networks.

Within England, the skid resistance of thtorway andtrunk road network is the
responsibility ofNational Highways (pwviously Highwayg Englandand Highways
Agency pre2015). The skid resistané® maintained in accordance with th2esign
Manual for Roads and Bridges (DNJRBdmonitored annually usinghe Sideways

force Coefficient Routine Investigation MachiBCRINmeasurement.

2.3.1 Skid Resistance Policy Development
The initial proposals for skid resistance standards were put forward by (&886%)

who suggested varying the skid resistance requirements using four site categories

14



based on the site difficulty, or skiddingatcidentrisk, with each category given a

SdewaysForce Qoefficient (SFC) requirement

Alongside the surface coursesitu skid resistance, there was a recognition that the
properties of the aggregate used within the road surface course affected the skid
resistance. The Polished Stone Value (PSV) test was developed by Maclean and
Shergold(1958) designed to polish surfac®arseaggregate within the laboratory

and measure the skid resistance.

Thisledto further researcho develop tests to identify and specify appropriate road
aggregate materialdMlandatory standards were set by the Ministry of Transport in

1967, which specified theise of aggregates with a minimuSV value before
Szatkowski and Hoskirf$972)identified correlations between theF&, PSV and the

traffic volume. Thélransport and Road Research Laboratory (TRRL)dthaxioped

the link between skid resistance level and accident riskgoduced proposals in LR

510(Salt and Szatkowski, 1978} G N2 RdzOAy 3 | GNRAR &1 NI GAy3IE

The proposals within LR 5J8pngside the development of SCRIM (discussed further
in section2.6), set the basis for the firsh-situ skid resistance standafdr UK trunk
roads and motorways, HID6/87, which introduced SCRIMsfor 13 site categories,

and HD 36/87, which stated the minimum PSV required based on the site category

and commercial traffic volume.

2.3.2 Current Policy

These initial skid resistance management concepts have been developed into the

current skid resistance policpublished withinCS 22& { { A RRAy I fomttea A a d I y

strategic route networkcomplimented byCD 236% { dzZNF I OAy 3 al G SNR I f
alt AyGiSylyoOs (HighyaysENgatioRy ¢

C228 stipulateghe routine measurement through SCRIM to provide skid resistance
values in terms of the Characteristic Skid Coefficient (CSC) and compé#rsdhah
represent the limit below which the section of road requires further investigation.
Each section of thetrategicroad network is assigned a site category based on the

road type and geometry. Thiksare set relative to the skid resistance risk of each

15
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site categoryAn extract of the site categoriesd IL requirements is shownTable
2.1, where the overseeing organisation for the road network assigns the appropriate

IL for each location.

Within the table, LR indicates a lower IL that may be appropriate in lower risk
situations and ST indicates the range of ILs that should generally be used for roads

carrying significant levels of traffic.

Table2.1: Extract ofsite categories anéhvestigatorylevels, reproduced fronCS
228(Highways England, 2021)

IL for CSC data (skid data speed corrected to 50km/

Site category and definition and seasonally corrected)
0.30| 0.35| 0.40| 0.45| 0.50| 0.55| 0.60| 0.65
A | Motorway LR | ST
Non-event carriageway with one
B | way traffic LR | ST | ST
Non-event carriageway with two
C | way traffic LR | ST | ST

Approaches to and across minor|
and major junctions, approaches
Q | to roundabouts and traffic signal ST | ST | ST
Approaches to pedestrian

crossings and other high risk

K | situations ST | ST
R | Roundabout ST | ST
G1 | Gradient 510% longer than 50m ST | ST
G2 | Gradient >10% longer than 50m LR | ST | ST
Bend radius <500 carriageway
S1 | with one-way traffic ST | ST
Bend radius <500 carriageway
S2 | with two-way traffic LR | ST | ST

Where a road section is found to be below IL, an investigation is required to
determine what treatment is required to reduce the risk of skidding, with a more
detailed investigation required on those sites where a low CSC corresponds to an

increase in webr skidding crashes.

To ensure the optimum skid resistance performance of asphalt pavement surface
coursesCD 23Grovides aggregate specifications for all trunk roadgerms of PSV

and AAV (Aggregate Abrasion Value).
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There have been a number dévisionsto the specificationin the form of interim
advice notes updating the minimum PSV requirement$e most recent, CD 236,
brings together iterations of development and Interim Advice Notes to protiae
separate minimum PSV requirement taglevith an individual table for thin surface

course system asphalt surfacing.

An extract of the minimum PSV specifications for thin surface course systems is

reproduced inTable2.2.
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Table2.2: Minimum PSV for aggregates in new hot applied thin surface course

systemsgextractreproduced fromCD 23@Highways England, 2022)

PSV required for given IL, traffic level and type of site
Site efautt | 1L Traffic (@mmercial vehicle8ane/day) at design life
Category
1- | 251 | 501- | 751- | 100X | 2001 | 300% | 400% | 5001 | Over
250 [ 500 | 750 | 1000 | 2000 | 3000 [ 4000 | 5000 | 6000 | 6000
03] 50 | 50 | 50 50 50 50 50 53 63 63
A * 0.35 50 [ 50 | 50 50 50 53 53 53 63 63
03] 50 | 50 | 50 50 50 50 50 53 63 63
B * 0.35 50 [ 50 | 50 50 50 53 53 53 63 63
04 ] 50 | 50 | 50 50 53 58 58 58 63 68+
0.35 50 [ 50 | 50 50 50 53 53 58 63 63
C * 04| 50 | 53 | 53 58 58 63 63 63 68+ | 68+
045 53 | 53 | 58 58 63 63 63 63 68+ | 68+
* 045 60 | 65 | 65 | 68+ | 68+ | 68+ | 68+ | 68+ | 68+ | HFS
Q 05| 65| 65 | 65 | 68+ | 68+ | 68+ | HFS| HFS| HFS| HFS
0.55| 68+ | 68+ | HFS| HFS| HFS| HFS| HFS| HFS| HFS| HFS
* 05| 65| 65 | 65 | 68+ | 68+ | 68+ | HFS| HFS| HFS | HFS
“ 0.55| 68+ | 68+ | HFS| HFS| HFS| HFS| HFS | HFS | HFS| HFS
* 045 50 [ 55 | 60 60 65 65 68+ | 68+ | 68+ | 68+
R 0.5 | 68+| 68+ | 68+ | 68+ | 68+ | 68+ | 68+ | 68+ | 68+ | 68+
045 55 | 60 | 60 65 65 68+ | 68+ | 68+ | 68+ | 68+
¢! * 05| 60 | 68+ | 68+ | HFS| HFS| HFS| HFS| HFS| HFS | HFS
045 55 | 60 | 60 65 65 68+ | 68+ | 68+ | 68+ | 68+
G2 * 05| 60 | 68+ | 68+ | HFS| HFS| HFS| HFS| HFS| HFS | HFS
0.55( 68+ | HFS| HFS| HFS| HFS| HFS| HFS | HFS| HFS | HFS
* 045 50 [ 55 | 60 60 65 65 68+ | 68+ | HFS| HFS
St 0.5 | 68+| 68+ | 68+ | HFS| HFS| HFS| HFS| HFS | HFS | HFS
045 50 [ 55 | 60 60 65 65 68+ | 68+ | HFS| HFS
S2 * 0.5 | 68+| 68+ | 68+ | HFS| HFS| HFS| HFS| HFS| HFS | HFS
0.55| HFS| HFS| HFS| HFS| HFS| HFS| HFS | HFS| HFS | HFS

Where HFS indicates High Friction Surfaangsin basedreatment utilising very
hardaggregatewith a low Aggregate Abrasion Value (AAV) and a high Polished
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Stone Value (PSV) that provides the necessary friction with theduaeh as

calcined bauxite

The requirements iI€S 228 and CD 2ffovide legal responsibility for the provision
of adequate skid resistance onto tlewerseeing organisation with a duty of care to
the road user, through provision of minimum PSV valuesasured through the

results of a SCRIM survagd compared against sdid

2.3.3 Comparison with other European Countries

United Kingdom

To summasethe UKsituation,DMRB CS 228 (Skidding Resistance) establishes a risk
based framework forprioritising treatments using continuous sidewdygsce
measurements (SCRIM). Surface course material selection (DMRB CD 236) links
minimum PSV and maximum AAYV to site risk and traffic, with requirements focused

on adequate skidding resistance.

SCRIM dominates #situ network testing, but while PSV is central to aggregate
selection, there is increasing adoption of mixtdexel FAP and macrotexture metrics
in design and performance contracts to distinguish similar mixes for-tknmg

friction retention.
Ireland

¢CNFYALRNIO LYFNF A&GNHZOGdzZNE LNBfFyRQa- 0¢LLDO
SPWO00900), adheres to EN standards by mandating PSV and AAV requirements.
However, rather than providing a unified national table of values, the specific PSV

and AAV cteria are detailed within contraespecific appendicasnamely Appendix

7/1 for most surface courses, 7/21 for surface dressing, and 7/3 fopendbrmance

products. Friction After Polishing (EN 1268 is also explicitly referenced to assess

the durabilty of friction at the mixture levélTransport Infrastructure Ireland, 2017)

This approach allows designers flexibility to customise PSV/AAV specifications based
on site risk and project objectives, with increasing emphasis on verifying FAP for
enhanced durability. While EN 1087#emains the standard for PSV assessment and

Annex Afor AAV, Irish contracts on higlsk urban approaches and tighadius
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OdzNBBSa 2F0GSy |f A3y oA 68). CoWerdelik Milaiskrardl Ra 0 S g
fAyla 3ISYySNIffte NBI@Es NiBmately the adihdrid®es 2 T
requirements are determined by the relevant scheme appendix rather than a

national table (Tansport Infrastructure Ireland, 2024).
Germany

Germany implements the SKM (Seitenk#flitssverfahren) method for measuring
wet sidewaydorce friction at highway speeds, as specified in TP-Gtigf(SKM) and
consistent with CEN/TS 15981standards. Both equipment providers and federal or
state authorties highlight the established application of SKM in netwworite
assessments, with macrotexture data collected separatelych as through 3D laser

scanning and referenced to ISO standard®/S Messtechnik, 2024)
Netherlands

Dutch practice (CROW/Rijkswaterstaat) is performaede(e.g. weti { AR & f I 0 St
classes) and draws on EN 18®7r PSV when recipgtyle requirements are used
AAV isnot the governing metric, with Micr®eval/LA and deviebased friction

outcomes preferred in procurement and asset managen{8abbinket al., 2016)
France

France historically used CPA (coefficient de polissage accéléré), but today aligns with
EN 10978 (PSV) in material characterisation; national documents (e.g., NF/5#518
aggregate framework) and IFSTTAR practice reference PSV/WS for polishing studies
andspecifications. SCRHype sidewaydorce is used for network monitoringased

on NF P 9220-3/-4 and IFSTTAR methods, aligned with ISO/CEN standards

As with Germany, abrasion/fragmentation durability is more often controlled by

Micro-Deval/LA than AAV in routine spications(Normes nationales, 2020)
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Summary

Across Europehe PS\Mest method is harmonisedowever he numerical thresholds
are not harmonisedindividual ountries set thee via national technical rules or

project spedications often by mixture type and traffic category.

AAV is mainly required in the UK and Ireland (per EN-808@nex A); other regions
use MicreDeval (MDE) and Los Angeles (LA) indices for abrasion and fragmentation
durability, along with Friction After Polishing tests (EN 1289&t mix level or TP

Gesein-StB for aggregate) to assess ppstishing friction.

2.3.4 Future Development
Currently, there are no publicly released plans to update the UK skid resistance
policy, however the FAP test has been included as a requirement within the updated
Irish NRA specification for road works series 900 in IrelfRA, 2014fpr all surface
course materials including surface treatmen#hilst this requirement is currently
only for the test to baindertakenwithout a friction value requirement included, it is
anticipated that the requirement for undertaking the test is to develop a database of
results, covering a wide range of material types, to enahéedevelopment of &AP
result requirement.This has the potential to revolutionise the way asphalt materials
are specified and designed with respect to skiddiegistance ands discussed

further throughout thisliterature review.
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2.4Surface Texture

Within the asphalt industry, lsd resistance is ofterconsidered to be directly
proportional to, andmeasured empirically ashe texture of the pavement surface
This is also highlighted with specification of asphalt material design asduin
performance in contracts for works on both the Local Authority and Strategic Route

Networks(Specification for Highway Works, 2021)

The road surface texturs measured or classified in several scales and characterised
depending on the requirements of the measurement, such as ride comfort, noise and

skidresistanceThesescales are often referred to &durface characteristi€>

Whilst the texture of a road surface is threémensional, the surface texture is often
measured or referred to as twdimensionalmeasured along a linparallel to the

direction of vehicle movement and assuming the material is isotropic

The surface characteristics of a road surface course were detailed by PIARC in 1987
and graphically presenteldelow as drawn by Dunford2013) split into 4 general
groupslisted in reverse size order amevenness, mega texturajacrotexture and

micro-texture.

Tyre/Road
contact area
Physical Dimension 0.001mm 001mm 0.1mm 1mm 10mm 100mm im 10m 100m
Wavelength (m 10°* 10 10 10° 10* 10" 10° 10" 10°
Range of Microtexture ][ Macrotexture ][Megu- [ Uneveness
rregularlies
Friction and Skid Resistance Ride quaity
influenced ....................... Roling Resistance
performance ( Tyre wear | | TweRoadNoise festernal) |
o TyelRoad Noise (inside vehicle)
T

Figure2.2: Pavement Surface Texture Characteridfizgnford, 2013)
Thecategorisatiorof these groups is detailed below;
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1 Unevennesswavelengths of 0.5ng 50m.
Wavelength or profile characteristics within this group are likely due to
defects within the construction phase, or because of deformation of the

pavement. It can affect the rideability of the road surface and drainage

1 Mega texture wavelengths 50mng 500mm (0.5m).
Wavelength or profile characteristics within this group are likely due
potholes, rutting or cracking, or through construction joints. They can affect

the tyre noise associated with the ro&dm vibration in the tyre.

1 Macrotexture: wavelengths 0.5mng 50mm.
Wavelength or profile characteristics within this group are due to the
aggregate particles size, shape and spacing and can also affect the tyre noise.

Additionally, it can affect localised drainage to the tyre path.

 Microtexture:g I @St SYya30Ka XndpYYd
Wavelength or profile characteristics within this group are likely doe t
surface or mineral composition afoarseaggregate particlesised in the
asphalt materiallt can be affectedn-situ by polishing from traffic action and

weather conditions and affects both wet @mry skidding resistance.

The knowledge of wavelengths of surface texture affecting the skidding resistance
has been known for some timét the XVIII world road congress in Brussels, PIARC
(1987)identified wavelength less than 50mm to have the greatest impact on road
skidding resistangeknown as macro and microtexture as identified above
Additionally, and prior to the 1987 congres&ymmer and Meye(1967)stated that

wet pavement friction is dominated by macro amcro-texture.

Macro andmicro-texture are represented inFigure2.3 and explored further in the

following sections
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Micro-texture Macro-texture
(texture of stone) (overall texture of road)

ingiley

Figure2.3: Micro andMacrotexture (ICAO, 2013)

N

2.4.1 Macro-Texture
As stated abovanacrotexture can affect the localised drainage of the road surface
below a tyre Figure2.3 identifies gaps between particles which make up thacro
texture. These gaps provide channels through which water can be removed from the
pavement, and more importantly removed from the interaction between the
pavement and the tyre, in doing so reducing the risk of developing dynamic

hydroplaning(Gallaway, Ivey Jr. and Ross, 1979)

Macrotexture Oy 6S RSFAYSR a4 SAOKSNI WLRaAGAD
shownfiguratively inFigure2.4 and Figure2.5. Positive macrdexture is created by

the voids betweenaggregate particles which protrude from a flat surface. This
typically occurs in Hot Rolled Asphalt (HRA) where the mastic is laid pgoatse

aggregate chippings being applied and compacted into the asphalt.

Figure2.4: Positive macrdexture, typically seein HRA and chippings

Negative macrdexture is created by the voglwhich indent between aggregate
particles from a flat surface. This typically occiurghin surface course materials,
such as Asphalt Concrete (AC) or Stone Mastic Asphalt (SMA), where there is

generally coarse aggregate interlock throughout the asphalt material.
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Figure2.5: Negative macraexture, typically seen in an SMA or AC

Macrotexture is considered to greatly affect sHidg resistance at high speed
(>50kph).

Macrotexture is measured through the volumetric patch method, described in
section2.4.3 and specifiedor trunk roadswithin the SHWSpecification for Highway
Works, 2021jor initial texture depthacross varying asphalt materials across positive
and negative texture formulation# requirement is also made for a retained texture,

after 2-years insitu, with the texture level specified contract specific.

Figure2.6: Volumetric Patch Test, reproduced from Jean Lefebvre UK Ltd (2018)

2.4.2 Micro -Texture
Micro-textureis the texture of individual aggregate particles. It acts to break through

any water film remaining between the tyre and pavement surfafter the majority
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of the water has been removed by the madexture, preventing, or reducinghe
development of hydroplanings shown by Ong et £&005) The micretexture has a
significant impact ofow-speedd { A RRAYy 3 NBaAaidl yoS oXpni LK

There is no direct micrtexture requirement for aggregate partigdevithin the road
surface course, however the requirements are within the skid resistance level of the
aggregate. Current design and specification (as covered in Sezt®d holds
minimum requirements ofPSVof road surfacecoarseaggregate.The PSV test

procedure and relevant literature is further discussed in Se@i@ril

2.4.3 Road Surface Texture
Macrotexture is measured Hsitu using thevolumetric patch technique, where a
known volume ofjlass beads spread into a circular disk onto the pavement surface
and the diameter of the disk determines the texture depthhis is a European
Standard under BS EN 136B@SI, 2010)r'he texture depth of a pavement material
is currently used bwsset owners suchs National Highwaysr local authorities in
the specification of road surface materialvith requirements on then-situ initial
and retained texture depthThis is deemed to provide an assurance of the final skid
resistance of the road surface, however only at high speed, therefore additional skid
resistance testing is undertaken through SCRIM or other continuous skid resistance

measurement devicethroughout the lifespan of the pavement

Texture depth can additionally be measured quickly and at a full road section or
entire network level through a SCANNER (Surface Condition Assessment of the
National NEtwork of Roads) suryagported as Sensor Measured Texture Depth
(SMTD), or Mean Profile Depth (MPD) used widely in EudmeSCANNER texture
measurement records the distance between the sensor and the road surface using
laser measurement typically at 2mm intervals to provide the surface tex@uerent
SCANNER measurement includes ohé/ ¢oarser elements of mactexture (TRL,

2011; DfT, 2017pnd existinglaser measurement technologysed within the
SCANNER vehicliesiot capable of measuring finer mietexture(Vineret al., 2006)
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Within the asphalt industry, it is not widespread practice to measure riexture
empirically, as measurements are made indirectly through the Polished Stone Value
test (Section®.3.2and2.7.1) and as a resutheasuresin-situ skid resistance through

for example SCRIM5éction2.6), although this open to a number of additional

variables.

As micretexture cannot currently be adequately measured empirically-situ,
laboratory measurement techniques are required f@tailedtesting and research

applications.

2.4.4 The Tyre Impact
When a pneumatic tyre contacts an asphalt surface, the tread rudbésrms to
partially wrap around edgesf aggregate particleand penetrate into the interstitial
voids. This enveloping effect is governed by the interplay of contact pressure, rubber
modulus, and surface topography, and it critically influences the real contact area

and viscoelastic deformatiofYunet al., 2024)

Both classical and contemporary research consistently indicate that rubber friction
results from two interconnected mechanisms: (i) adhesion, involving molecular and
shear processes at real contact points, and (ii) viscoelastic hysteresis arising from bulk

deformation due tahe voids andsurface asperities.

At the tyrecasphalt interface the tread rubber behaves as a temperature spekd

dependent viscoelastic solid that partially envelops the pavement texture, i.e., it
RST2N¥Ya I NRdzyR FALISNAGASE FNRY GKS | 33aNB-
up to the millimetrescale (macrotexture), so that only a sube&toughness actually
providesload-bearing contact. This selective engagement acts as a spatigldes

filter on surface roughness, attenuating very fine asperities at low normal load or

high temperature, but engaging progressively shorter wavelengths.

D NR2 a O K Q-éurveystudies &latitified a friction peak as a function of speed and
demonstrated its temperaturelependent shif{Grosch, 1963More recent contact

mechanics models, such as those proposed by Persson, have further established the
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relationship between the spectral properties of surface asperities, the viscoelastic

modulus of rubber, and the resulting frictional behaviduorenzet al., 2015)

Tread rubber smooths out surface roughness by filtering short wavelengths, which
reduces energy loss and shear. The cutoff point depends on factors like temperature,
load, and compound, affecting the balance of adhesion and hysteresis as well as
which texures interact at different speeds and temperatures. Perssiyte models

and recent studies show how changes in operating conditions shift tyre response

along the master curvéSakhnevych and Genovese, 2024)

A surface with high microtexture may still underperform at speed if (i) water films
remain (insufficient macrotexture) or (ii) the tyre state shifts the effective cutoff to

longer wavelengths.

2.4.5 Laboratory Texture Measurements
A number ofaboratorytechniques used to measure surface texture are described in
detail by Leach{2011)and summarised by Dunfof@013) Relevant applications for

this research are covered below.
1. Stylus Profilometry:

Stylus profilometers are widely used for contact surface texture measurement. They
operate by dragging a stylus across the surface, converting vertical deflections into
electrical signals that can lamalysedo obtain surface profiles. While traditional and
costeffective, this method can introduce measurement artifaatsan effect oétylus

tip radius and surface interactions, particularly for soft materials (Harris et al., 2012).
2. Optical Scanning Interferometry:

This noncontact technique employs coherent light sources to measure surface
configurations. Interference patterns created by coherent light waves provide high
resolution topographical data bgnalysingphase shifts. The advantages include
reduced mechanical wear on surfaces and the ability to capture complex features
faster than contact methods (Wang et al., 2011). However, reflectivity and surface

slope can pose challenges in interpretation.
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3. Laser Scanning Microscopy:

Laser scanning microscopy (LSM) is another optical technique that enables detailed
charactersation of surface topography. By using laser beams to produce three
dimensional images, LSM can measure surface roughness and texture with high
precision. Owing to its adaptability in various applications, including biomedical
engineering, this technique veals intricate surface details vital for adhesion studies
Oht A@I NBanbl @ NNBGS SiG FfdX wnanmno®

Specific measurement devices for use in highway applications and aggregate include
the AliconaG5 Infinite Focusmicroscope, as used previously for measurement of
surface texture change of aggregates following poliskibwgnfordet al., 2012) This

uses norcontact, optical and threglimensional focus variation and vertical scanning

to provide topographical information on the section of the sample in focus.

Figure2.7: AliconaG5Infinite Focus microscop@licona, 2017)

The AliconaG5 Infinite Focusmicroscope uses a beam splitting mirror to direct a
white light source, focused via an objective lens, onto the test specimen. Light
reflected from the test specimen entering the objective lens is captured by a light

sensitive sensor behind the beam spiitf mirror. The objective lens is moved

29



vertically, continuously capturing light data reflected from the test specimen, until

each topographical region of the specimen has been captured in {beash, 2011)

The microscope software analyses the contrast in data from the reflected light
images and calculates the vertical position at which the focus was best. A
topographical image is then produced by the focus height of each area of the test

specimen.

The AliconaG5 Infinite Focusmicroscope has a range of objective lenses, ranging
from 2.5 to 100x magnification. The speed of data capture is highly dependent on the
objective lens, vertical and lateral resolution and thidienensional area under

inspection(Alicona, 2017)
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2.4.6 Laboratory Texture Processing
As measurement techniques advance, the posicessing of surface texture data
becomes crucial for accuracy and reliability. Data processing is essential for removing
outliers andnoise andmproving the fidelity of representatiofLeach and Haitjema,
2010) Software algorithms allow for the comparison of results across various
systems, ensuring consistency and standsation in reporting areal surface metrics
The alignment between measurement methods and data interpretation requires
robust algorithms that account for the nuances of surface characteristics, which are

becoming increasingly sophisticat@slenin and Leach, 2018)

When usinga process such as thaliconaG5Infinite Focusmicroscope described,
more detailed terminology and measurements can be made and ohégrated

further than the standard measurements used for surface texture ighways.

These techniques are more commonly used within the manufacturing industry to
analyse microscopic changes in the surface of the finished product which may
influence its performance. As such, tharface and surface textuage defined within

Mountains Map (a surface texture analysis software) as
Surface a boundary between material and air.
Surface texturethe fingerprint of the manufacturing proce¢Bigital Surf, 2024)

In a highways or pavement situatiothe surface texture in this context can be
viewed as the impact or fingerprint of both the initial processing of the aggregate,
the manufacturingand installationof the asphalt and the influence ¢dading and
shearing forcesthe combination of which is referred to as polishing, applied during

its service life.

In a research or laboratory settingyréace texture, or surfacdinish, analysis has
traditionally focusedon roughness and waviness, achieved by isolating these
components from the overall surface topography by eliminating form deviations and
micro-roughnesgLindsay, Newman and Francioni, 201®)rface topography, which
can be measured using speaall instruments, comprises various components
distinguished by their wavelengths, which dictates the spatial frequency of height
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variations across the surface. In effect, components exhibiting smaller wavelengths
demonstrate greater height variations over a given horizontal lerf@ho and al.,
2020)

Surface texture analysis typically involves isolating roughness and waviness
components, while the topography of an object, when measured with surface finish
instruments, can baplitinto distinct components based on the wavelengths of the
subject The inherent challenge lies in the relative nature of roughness and waviness,
where features classified as roughness on a larger workpiece might be considered
waviness on a smaller on&ao and al., 2020)raditional methods often involve
stylusbased instruments or optical techniques to capture surface profiles, which are
then subjected to filtering processes to separate different wavelength components
However, modern techniques employ advanced algorithms and computational

methods to analyse surface characterisiiptasad and al., 2005)

The complex nature of surface finish necessitates a comprehensive approach,
encompassing four primary component®rm, waviness, roughness, and micro

roughness

Form is characterized by long wavelengths, approximating the overall shape of the
object, and must be removed to accuratelyalysesurface texture, which is inclusive

of waviness and roughne@l§lasad and al., 2005)ooking at the machining industry,
deviations in formcanarise from inaccuracies in machine slides or guideways and
stress patterns withira component Formstenms from the inherent smoothness of
materials such as paper or cloth, where fowould bequantified using polynomial

functions(Masad and al., 2005)

Waviness, a largscale surface texture component, exhibits few variations across the
horizontal plane and is defined by longer wavelengths, typically ranging from 0.5 to
2.5 mm (Gao et al., 2020). In mechanical workpieces, waviness may result from low
frequency vibrations between the workpiece and the machining tool, influencing
mechanical contact in applications such as gaskets, bearings, and machining

processes.
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Figure2.8: Components of surface texture analy&ygo, 2024)

Roughnesss a smaliscale component of surface texturejth wavelengths ranging

from 20 pum to 500 um. Roughness parameters has@umerous variations across
the horizontalposition (Digital Surf, 2024)Surface topography, which is inherently
three-dimensional, offers a comprehensive representation of natural surface
characteristics Areal surface roughness, a 3D characterization parameter, is
commonly used to quantitatively describe surface topography by calculating the
arithmetic mean of absolute surface deviations from the mean plg&o and al.,
2020) Computational methods such as the radius method, gradient method, form
index, Fourier series, spherical harmonic series, and sphericity index can be
employed to describe surface characteristics, enabling the quantification of form,

angularity, and texturetamultiple scales (Masad et al., 2005).

aAONRBNRdzZAKYSaa o06<auv Ad UKS FAYySasgtheO2YLRY
shortest wavelengths inmeasurement and¢an be impacted by theampling noise.
Microroughness must be filtered before calculating the roughness parameters as
defined in the different standards. In general, microroughnessnsovedby band

pass filtering, using a microroughness-2ufF ¥ 6 OF f f SR fF YO Rl &z <
25 um(Digital Surf, 2024)
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Therefore, modern surface finish analysis benefits from integrating traditional
techniques with advanced computational methods to fully charasterand

understand surface properties.

2.4.7 Texture Characterisation
Understanding the texture of aggregates at a micro and macade is essential for
predicting and improving the skid resistance of pavement surfaces. Traditional 2D
profile-based measurements have gradually given way to 3D surface metrology,
which allowdor amore detailedaccurate characterisation of surface features. Using
areal surface and volumetric texture parameters, the complex interactions between
aggregate surfaces and tyres that contribute to friction, wear, and water drainage

can be evaluated

2D profile parameters capture surface features along a single line. However, real
world surfaces are inherently thredimensional. A single crosgction may miss
critical features that contribute to friction, such as isolated peaks, deep valleys, or
complex surface undulations. Areal texture parameters consider the entire scanned
surface areacapturing the statistical, spatial, and functional aspects of texture more
comprehensivelyDigital Surf, 2024)This is particularly important for aggregates,

where angularity, sharpness, and surface voids affect the overall skid resistance.

Before calculating texture parameters, the scale of interest must be defineether
micro-texture (fine-scale roughness) anacrotexture (larger surface undulations)
Multiple filtering operations are available with varying uses depending on the desired
outcome. For digital surface texture measurement focussing on surface profile, the
most appropriate filter is Gaussian, with 50% transmission at th@ffutavelengtls

(International Organization for Standardization, 2021)
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A Gaussian filter smooths the surfadata using a bekhaped weighting function. It
acts as a lowass or bangass filter to remove unwanted wavelengths from the

surface scan. Theut-off wavelength defines which features are retained:

1 Short wavelengths (roughnessicro-texture)
1 Long wavelengths (wavinessacrotexture)

The Gaussian filtgorovides 50% transmission at the eaff wavelength, avoiding
artificial distortions that occur in harder cutoffShe equation for aGaussian

weighting function ishown infquations 1 and 2

i o —A (Egn. 1)

— 1@ X (Eqgn. 2)

Where:
T @ the position from the centre of the weighting function.

1 _ : minimum cutoff wavelength for the filter.

Gaussian filtering can be used to ensure consistency across different aggregate types
or scanning devicegeduce noise from higkfrequency components andsolate

texture scales deemed relevant to typavement interaction

Following appropriate filtering, results of varying surface texture parameter studies
can be analysedKey areal and volumetric texture parameters are summarised in

Table2.3.
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Table2.3: Key Areal and Volumetric Texture Parameters

Parameter| Category | Visual Example Potential Relevance
Aver roughness; correl
Areal Surface with uniform | * " 9¢ roUgnness, co e_ate
Sa . with overall skid resistande
Height roughness "
dry conditions
_ RMS roughness; sensitive to
Areal Surface with deep . g_ .
Sq . . outliers; high Sqg = high surfac
Height valleys and high peak o
variability
Areal Surface with one Maximum peako-valley
Sz Height sharp peak and one | height; important for drainage
g deep pit andmacrotexture
Skewness; negative values
Surface skewed g .
Ssk Shape mean valleys dominate (good
toward deep valleys
for water runoff)
. Kurtosis; high = sharp feature
Sharp spiky surface g . g . P
Sku Shape (improves friction), low =
flat plateau .
flatter (less grip)
. Peak density; high values
: Surface with densely : hig ,
Spd Spatial enhance contact points and
packed peaks .
grip
Surface with complex Surface complexity ratio;
Sdr Hybrid undulating higher = more interfacial areg
topography for tyre grip
. . .| Indicates the amount of
Surface with material . .
. . material in the loaebearing
vmc Volumetric | concentrated in the .
zone; affects durability and
core zone .
wear resistance
Surface with Material volume above core;
vVmp Volumetric | prominent upper linked to how much material
peaks contacts the tyre
.| Surface with Core void volume; load
Vvc Volumetric . . o
moderate voids bearing capacity indicator
. Valley void volume; higher =
.| Surface with deep y . J ,
Vvv Volumetric . better drainage and wet skid
valleys and voids .
resistance

The volumetric parameters are a key area of interest. As already discussed, research

has focused on thareal surface measurement parameters. Volumetric parameters
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provide an opportunity to investigateharacteristics such as peaks and voids, which

may further influencehe tyre interaction and water drainage.

Volumetric parameters of interest are showgraphically irFigure2.9.

Height (um)
Height (um)

Figure2.9: Imagery of volumetric parameters, clockwise from top left as Vmp, Vmc,
Vvv and Vvc.

To ensure the reliability of texture measurements, adherence to international
standards is vital. ISO 25178 lays the groundwork for areal surface texture
specifications and measurement methodologies, presenting a comprehensive set of

guidelines for diverseneasurement instruments (Qi et al., 2012).

The literaturehighlights the range ddnalysis effects on textunmeasurements and
emphasses the need for accurate calibration to maintain the traceability of

measurements, particularly in complex applicatighsach and Haitjema, 2010)
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2.5Further Aggregate Properties

2.5.1 Aggregate Mineralogy
Further to the texture of an aggregate, a significant property that determines that
entire characterisation of the aggregate is thineralogy or the group of minerals

that form the aggregate

The Mohs Hardness Scale, developed by Friedrich Mohs in 1812, is a pivotal tool for
assessing the scratch resistance of various minerals based on a comparative scale
from 1 Goftest- talc) to 10(hardest- diamond)(Okubo and Fukui, 201IJhe scale

used to measure the relative hardness of various minerals, with each score increase
reflecting a stepped increase in the ability to scratch the previous mineral. The
scoring mechanism provides an insight into the mineral and aggregate particle

durability, wear resistance, and suitability for various applications.

The original scale consists of ten minerals, each classified according to their ability to
scratch one another, establishing a practical framework for both academic and
industrial applicationgJanetzki, Benkendorff and Fairweather, 20&®3cent studies
corroborate the significance of the Mohs Hardness Scale, highlighting its relevance in
various scientific investigations. For instance, research by Gerberich €04b)
reflects on the physical properties of Mohs minerals and their classification within
the scale, asserting that minerals like diamond demonstrate unique mechanical
behaviours, including varying fracture toughness characteristics. The hardness of
these mineals also influences theinsage for example, diamond's exceptional
hardness makes it ideal for cutting toqldiamond tipped bladeswhile corundum
(Mohs 9) is used in abrasive applications due to its substantial hardness and durability
(Li et al, 2013) Furthermore, advanced materials like silicon carbide (&f€)
becoming increasingly important in higémperature applicationdecause otheir

mechanical and chemical stabil{fgauer and Kador, 2003)

TheMohs scale acts as a foundational concept in materials engineering. The hardness
readings of materials such as synthetic compounds and composites are frequently

correlated to their mechanical properties, supporting efforts in opsing new
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material formulations. For instance, sapphires, with a hardness of 9, are often
selected for semiconductors and optical applications due to their resilience against
scratches and degradatiofibeng, Zhong and Xu, 2022)nderstanding the Mohs
Hardness Scale is not just acadenti@lso possesses practical significance across
disciplines. From geology, where it informs the classification and study of minerals,

to industries utilsing materials for their specific hardness properties.

The influence of aggregate morphology on skid resistance cannot be overstated. Lu
et al. (2018)described howmacrotexture, governed by aggregate shape and size,
plays a pivotal role in generating friction forces duriragficking, particularly at high
speeds. Woodward and Fri¢2017)pointed out that specific aggregates, such as
calcined bauxite, have demonstrated remarkable longevity in skid resistance under
traffic, highlighting the benefits of selecting particular aggregate types to sustain

pavement performance.

2.5.2 Scanning Electron Microscope
A methodology to determine the aggregatmineralogyis through a Scanning
Electron Microscope (SEM). This uses a beam of electrons, fired by an electron gun,
accelerated down through lenses held within a vacuum in the microscope and
focused onto the test specimen. Scan coils within the microscope enabkdehtron

0SFY (2 waolyQ IONRPaa GKS aLISOAYSYy &adzNFI

As the accelerated electron beam hits the specimen, the energy within the electrons
is dissipated as they slow within the test specimen, producing secondary and back
scattered electrons and-rays. These are detected within the microscope and used
to detemine the topography (electrons) and additionally the mineralogical

composition ()ays) of the test specimefiNanoscience Instruments, 2017)

Conventional SEM techniques can produce much greater magnification gha
standard optical microscope, however samples are required to be in a vacuum and
must be conductive to electrons. Aggregate samples are therefore coated, usually in

graphite, to provide a conductive surface.
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2.6Empirical Skid Resistance Measurements

There are a number of current skid resistance measurementodsuvihat measure
in-situ skid resistance through the frictional force between a rubber test head (wheel

or slider) and a wetted pavement surface.

Asreported earlier regardingkid resistance policy, throughout the th€ Sideways
force Coefficient Routine Investigation Machi@CRINis the determining factor in
the success or otherwise of the-gitu skid resistance performanc&he SCRIM
shown inFigure2.10 and Figure2.11, is used widely throughouhe UK across the

classified network.

Figure2.10: Sidewaydorce Coefficient Routine Investigation MachiiNCHRP,
2009)
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Figure2.11: Close up view of SCRIM measurement {yv®M, 2017)

Throughout theNational Highways strategic route netwaakd the majority of the
local authority networks, e serviceability of a road pavement is based on Itte
stated withCS 22&f the Design Manual for Roads and Bridgegghways England,
2021) and thein-situ skidding grformance of the pavement as determined by
SCRIMas covered in Sectidh3.2 Therefore, the serviceable life of any pavement

surface course throughout the UK is highly dependent on the SCRIM output.

The SCRIM test method, originally developed in 1967 by W.D.M. Limitedauses
smooth test tyrdocated in the near side wheel path of the vehicle and angled &t 20

to the direction of travelThe SCRIM is a driven survey at test speed 50 kph, with the
contact patch of the test tyre moving over the pavement surface at approximately

17 kph.

The SCRIM provides a skid resistan@due, determined as the Sideways Force

Coefficient (SFC) or SCRIM Coefficient (SC). This value is the ratio between the

sideways force generated between the test tyre and the pavement surface and the

vertical load, nominally equivalent to 200kg measured dynami¢Bhytain, 2014)
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Over a given network, the SCRIM survey is usually conducted annually at different
times of the year (early / mid / late surveys), with a seasonal corre¢knawn as

the Local Equilibrium Correction Factor (LEGEplied to account for natural
variances in the skid resistance that occur throughout the year 'H@&€alculation

for a single annual skid survéy statedwithin each countg (hational annex of CS
228(Highways England, 2024nd requiresSCRIM values 10m subsectiongor the
previous 3 surveys to be averagadd divided by the 10m sukection average for

the current year.

There is a risk involved with the SCRIM surveys, as the current skid resistance policy
and historical skid resistance data throughout the UK is heavily reliant on this
machinery which only tests one line of the carriageway surface. Comparisons
between annual surveys can be significantly affected by a change in the driven line
of the survey As the industry continues to modernise, there is the potential for
significant development in the isitu skid resistance measurement field. Any
development would invele significant change to national ahatal skid resistance

policies.

Forlocal authoritynetworks where SCRIM is not undertakether continuousin-
situ skid resistance test metheduch asGripTestercanbe undertaken(Department
for Transport, 2024b)it is not possible to directly compare GripTesterd SCRIM
results due to the differentneasuremenimethods however a published correlation
shown in Equation B5C = 0.89*GN§ often used to provide equivalent values, which

should be treated with cautio(iTRL, 2017)
YO T w "O0 (Em. 3)

Where:

1 "YOSCRIM Coefficient.

T "OG Grip Number
The GripTestedeveloped by Findlay Irvine a smalltowed, threeewheeleddevice
widely used by local authoritiems a cheaper alternative to SCRINhe GripTester
differs from SCRIM in that the test wheein-line with the direction of movement
and operatesn the fixed slip princile. The test wheel is connected mechanically via
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a chain link to two drive wheela front and forcedo rotate slower that the driven
speed, generating a slip between the test tyre and the pavement sy$arelers,
Brittain and Premathilaka, 2015he GripTester is towed efentre, so that the test
wheel can be located in the nearside whgeaith, to test the area of the pavement

subject to greatest loading.he GripTestein operationis shown irFigure2.12.
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Figure2.12: GripTestershowing the test wheel at the rear, linked via a chain to the
drive wheelsImage obtained from Jean Lefebvre (UK) Ltd.

A recent development tthe in-situ skid resistance testing techniques is seen in the
micro GripTestershown inFigure2.13. This test method can be used for dry or wet
skid resistance measurement and uses the same principal as the trailer GripTester
with continuous skid resistancmeasurement butis pushed manually at walking
speed.The micro GripTester offers greater portability and enhanced testing where
the required test speed from SCRIM or GripTester cannotbieieved,or more

specific test locations are required
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Figure2.13: micro GripTester. Manually driven continuous skid resistance
measurement. Image obtainddbm Jean Lefebvre (UK) L({#D18)

Additional skid resistance test methods are in use throughout the industry including
the British Pendulum, designed as a portable skid resistance measuremecg.devi
The test produces a pendulum test value dependant on the energy loss as a rubber
slider moves over the pavement surface. The pendulum test method is limited as it
tests only one point of the pavemesurface,and a number of individual tests are

required to obtain an average value for the pavement section.

2.6.1 Skid Resistance Measurement Discussion
The review of thesections aboveletails thatmostin-situ measurementechniques
involve amoving wheel in the direction of traffic, which is important as it must closely
match the usability of the pavement surfateetest the objective in questigrwill a

moving wheel be able to stop when a braking force is applied

In contrast, the laboratory tests used within the highway specificatians

undertakenonly on the aggregate, often only on a limited fraction of the aggregate
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grading profile, which has questionable correlation to thekid resistance

performanceof the asphalt mixture thatleterminesthe overall performance.
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2.7Prediction of Skid Resistance Measurements

&id resistance measurements undertaken within the laboratory relate to a
prediction of thein-situ skid resistance, often when looking at one aspect of the
asphalt materiakhrough artificial polishing or traffic weaand as such should be

identified as separate to thempiricalmeasurements identified above.

Providing the most accurate prediction is a constant challeyigh sufficient
experience ancdomparisondata fromin-situ measurement, small scale laboratory
test procedures can providd AR NBaAaidl yOS WLINBRAOUAZ2Y&AQ

This section identifies relevant and commonly used skid resistance prediction test

procedures.

2.7.1 Polished Stone Value
The standardlaboratory skid resistance measurement is obtained through the
Polished Stone Value (PSWe development of the PSV test methweithin the UK
and its use in the characterisation of aggregate sources was introduced in Section

2.3.1

This test methodis used to provide grediction of thein-situ skid resistance
performance of a road surface throuficusing solely othe maincoarseaggregate
source and became a European Stiand in 2000, BS EN 10872009(BSlI, 2009)

The current test methodsiundertaken in two stages, accelerated polishing and a
FNROGA2Y 2 Nles Anidggre§ateractionJpasshtige KOm sieve and
retained on the Bmm sieveis used, retained on a 10mm flakiness sieve to ensure
cubic aggregate particles. Four curvedt specimenare then manufactured from

the aggregatesource, with the individual aggregate particles fixed in a resin. The test
specimens are then fixed in pairs around a test wheel and subjected to the polishing

cycle.

The polishing stage involves two phases of loading a solid rubber polishing tyre onto
the test specimen and rotating at 320rpm with a corn emery solution fed between

the polishing tyre and test specimen. The first, condition, phase uses a coarse corn
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emery for three hours, followed by a fine corn emery for a further three hours, to
simulate the insitu polishing action of road vehicleShe polishing equipment is

shown diagrammatically iRigure2.14.

|water
|reservoir
PSV POLISHING MACHINE ‘

L flow meter

polishing emery feeder

- feeder chute

14 No. PSV
_ specimens
mounted on
road wheel

Figure2.14: PSV Polishing equipmeiNorthstone Materials, 2017)

The skid resistance results are then obtained by testing the specimens with the
Portable Skid Resistance Tester, or pendulum. The test standard requires two curved
specimens manufactured from a control stone to be tested alongasigeadditional
specimens, and the results from these control specimens used to confirm the
polishing process and adjust skid resistance results to calculate the PSV of each

specimen.

Alongside the PSV test, the Aggregate Abrasion Value (AAVineastures how
resistant an aggregate is &rasion or in other words its durabilitioward polishing,
contained within Annex A of the same European standBi@l, 2009)The testuses
aggregate particles of grading 100% passing 850um sieve, 75% min pasging 600

sieve, 25% max passing 4@ sieve and retained on the 300um sieve

The aggregate particles are set into resin and subjected to abrasiog agrinding

apparatus and a specified sand. The AAV is calculated as the percentage loss of mass
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of the aggregate after a specified abrasion time. Aggregates with a high AAV can have
a high PSV as the aggregate surface abrades, preventing pokstdngaintaining
micro-texture. However, the londerm durability of the aggregate will be poor,
reducing the overall life span of the pavement surface and potentially leadiag to

low texture poorly performingurface course

ThePSVhas been used to specify road surface course materials since minimum levels
were set by the Ministry of Transport in 1967. After a link between B&C, and
traffic levels were identified by Szatkowski and HosKit/2) PSV was linked to
road site category and risk level in 1987 with the introduction of HD 15/87 and
HD36/87.

Despite the dramatic increase in importance of the PSV test, and the legal
responsibility put onto overseeing organisations, the test was not furtdeseloped

andremains relatively unchanged from its original development to date.

During the time period from the incorporation tfie PS\Mest into specificatiorand

this writing,there has been significant increases in the traffic larel loadingseen
throughout the UK, with variations to how the traffic loacpplied to the pavement
surface, and the interaction of the vehicles with the pavement through significant
developments to tyresrad braking systemsower application through the usage of
electric vehiclesand developments to the surface course materials ustmvever,

the PSVtest and requiremens have not developed. Additionally, whilst the
specifications were originally developed for use on the trunk road network and the
skid resistance level set accordingly, SCRIM requirements are now used throughout
the local authority road network on minor roadspnsideredin part due to the

culture of liability.

Therefore, questions have been askedtw PSV test within areas of the indusay

to its reliability to predicthe in-situ performance of asphalt materials.

Roe and Hartshorn@Roe and Hartshorne, 1998jised issue with the output of the
PSV test, where they identified aggregates did not perforrsitin as expected
through their PSV result, especially at high tradinc stresdevels.
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Woodward et al.(2001) indicated that, with only approximately 35 aggregate
particles in each test mould all of 1®.3mm aggregate size, a large amount of the
sample is being discounted as asphalt surface course matammaprisesa large
particle size distributionalso, that the requirement for high PSV levels hesulted

in a reduction in specification of other aggregate properties and focussed aggregate
demand on a small range of sources, increasing the price of the aggregate and

resulting in additional transport costs evlocal aggregates.

Additional researchundertaken by Woodward et al(2005) showed a poor
relationship between PSV and durability and significant variations of PSV results
GAUKAY &l YLX Sa FNBY | &Ay dtfe Standapd®@SNO&SKD ¢ K S
should not be considered as a measure of an ultimate state of polish, nor should it be

the sole basis of surfacing aggregate selectjalue to the impact of parameters not

included in the PSV test such as aggregate size.

Furthermore the method of the PSV test introduces operator dependesitiin the
manufacture of test samples when aggregate particles are placed into the resin
mould, with the technique resulting in particles aligned rather than randomly spaced
which may result in higher PSV outputs doencreased hysteresis loss@®ean and
Pidwerbesky, 1994)The same research also identified that the repeatability of the
PSV results can be affected by natural variation within the test aggregate. By
ALISOATFTAOLFE T & &St SOfionyhd sadipleompatedto aidhBodzd K Q  LJI
portion, the PSV was increased 5 points. Effisct can lead to manipulation of the
PSV test to obtain higher results for an aggregate source than may be apparent
the average sample which could significantly increase the value of an aggregate
sourceand potential inflationin overall specified values are results are increased to

meet demand

Potential developments to the PSV test to improve the skid resistance prediction
have beempresented within researcflellie, 2003; Woodward, Woodside and Jellie,
2004)which suggesan angled offset of the polishing tyre to input additiostresses

into the aggregate and obtain a level of skid resistance more representative of

conditions at high stressed locations.
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2.7.2 Friction After Polishing
The use of PSV, whilstlatively successful since its incorporation in 1967, requires
development due to the potential effect of a wider portion of the aggregate grading
and the design of the full mix material which determines thacrotexture. An
additional test method has been developad Friction After Polishing (FAP), initially
known as the WehneBchulze machineovered bythe European StandarB8S EN
12697n dDetermination of friction after polishig¢BSI, 2014)

Like the PSV test method, FAP was designed to provide a skid resistance value under
a controlled polishing level within the laboratodowever, ituses large diameter
specimens which can be of an aggregate only mosaic or from an asphalt mixture

either manufactured within the laboratory or a core sample from arsiin

B E
a1

pavement.

s

Friction measurement

ishing head
Polishing hea head

Water-abrasive mix

Figure2.15: Friction After Polishing machiriEriel and Woodward, 2016)

The FARNnachine is currently designed as twal@pendent stations, as shown in
Figure2.15, incorporating a polishing station and testing station. Specimens are
secured in an aluminium mould and attached to a mounting table within the machine

which enables the samples to be slid between the two test stations.
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Themachine polishes the test sample by lowering the polishing head, forcing three
conical shaped rubber rollers into contact with the test sample. Each roller is
independently suspended, with dimensions 56mm long, base diameter 80mm and
apex diameter 36mm. Ehthree rollers are aligned withn axis of rotatiorat 21° to

the horizontal plane and the contact length on the specimen is 60mm.

The polishing head has been designesditoulate the polishing action of vehicle tyres
on an insitu pavement surface. Eight gnees are cut length ways into the polishing
rollers with dimensions 3.5mm wide and 4.5mm deep to simulate the tread of a tyre
with a specifiecshore hardness of 65The polishing head has a total mass of 40kg,
which provides a contact pressure force frormcé roller onto the test samplef
approximately 0.4N/mm or 4 bar, which is equivalent to the tyre pressure of a

commercial veltle (Huschek, 2004)

The polishing headshown in the lefhand image ofigure2.16, rotates at a speed

of 500rpm in a clockwise direction. During polishing, a polishing mediygonmped

onto the test sampleconsistingof 60g of Quartzpowder (specified as less than
ndncoYY daAhffAaGermangpér lifrdNRwaterQiNBa@ Kfdityes

per minute. In current FAP machine designs, the polishing medium is contained
within a tank to the side and continualiyirredto ensurea homogeneous mixture as

required by the European Standard

The testhead shown in the righhand image ofigure2.16, is comprised of three

rubber slides of dimensions 30mm long and 14.5mm wide and a specsiede
hardness of 65. The test head has a total mass of 26kg, imparting a static contact
pressure of 0.20N/mr equivalent to a vehicle tyre pressure of 2 Ifauschek,

2004 ¢2 200FAY (GKS WgSGQ a{AR NBaraAaidlyoOosS
continually at a rate of 20litres per minute to obtain a water film thickness of 0.5mm.

The test head is dropped, rotating 2400kph, onto the test sample and allowed to

slide to a stopThe torque forced generated is measured continuously as a moment.
CNAOGAZ2Y FTNRY (GKS YIOKAYS Aa 200FAYySR |
is calculated as aatio between the torque measurement anthe vertical load

exerted by the test head on the samplghe standard recorded friction coefficient is
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the value calculated henthe test head has slowed to 60kph, denotedtls mean
value of friction pm. A friction measurement is also made from a glass control plate
before and after the test specimen. This is averhgied recorded agm. The Friction
After Polishing result,urar is then obtained from the following equation,

corresponding to a control surface with friction valuer, averaged over at least two

measurements
‘ ‘ ‘ ‘ (Eqgn. 4)
Where:

T : the position from the centre of the weighting function.

T ° :mean value of frictiorg the FAP result at 60kph

1 * dglass control plate FAP value

T ° dControl surface FA®alue

N

Figure2.16: FAP Polishing Hedleéft) andFAP Test Heddight)(Friel and
Woodward, 2016)
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2.7.3 Development of Skid Resistance Prediction
The development of FAP has the potential to significantly enhance the standard skid
resistance measurement andlongterm prediction through Ilaboratory
measurement High level comparisons of FAP and the existing skid resistance
prediction method, PSV, from their test methods alone indicate that FAP should
enable a more irdepth and accurate prediction value due to the ability to test the
full asphaltmix material, in contrast to the PSV test which includes only a portion of

the coarse aggregate.

As is well documented, early life skid resistance especially is not provided by the
coarse aggregate due to the bitumen filmparted during the asphalt mixing and
laying processes, but rather the maeexture of the whole asphalt material and
potentially the skid resistance of the fine aggregate parsieigthin the bitumen. This
became more evident with the increase in use of thin surfacing which, to increase
durability, included a higher bitumen content which was potentially polymer
modified. This rests in a thicker and more resistabitumen than with historical
asphalt mixes.Historical guidance on the installation of warning signs at new
surfacing locations, as given within IAN 49f@Rhways Agency, 2003jvas
superseded by IAN 49/13, which removed all requirements for warning signs stating
that while there is an increase in accident risk on new surfacing the number of fatal
accidents decreases, and the risk increase occurs omisdvsites, rather than high

risk areagHighways Agency, 2013)

It can be hypothesised from this comment thathigh-riskareas, the level of traffic
wear is greater comparkto low-riskareas, therefore exerting a greater force on the
asphalt surfacing and wearing the bitumen film away faster, exposing the aggregate

which provides the micrtexture providing ahigher skid resistanc@erformance

Thereare currently no standard requirements place to prove the early life skid
resistance of an asphalt materjabther thanindirectly throughan initial macre
texture measurement provided by the volumetric patch methddstated above, a
specific early life skid resistance measurememay not be required,ronically
SALISOA I NAE AY IINBAFBEK g KSNBE GKS | OOARSY
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on new surfacing material. However, on loisk sites where the bitumen film and

therefore reduced skid resistance may last longer, a case can be made.

This provides further thought toward$é¢ use and development of the FAP test
method which could provide a skid resistance measurement of the full asphalt mix at

varying levels of polishing.

As has been stated previously, there is currently a lack of a national skid resistance
standard for local authority roads, which has therefted to the incorporation of
national Highways Englan@ow National Highwaygjuidance for the trunk road
network into local authority network skid resistance policies prevent a legal
challenge This hasedto the over specification of PSV aggregate, causing a financial
and environmental burdemnd often preventing the required level of resurfacing

operations

Previous work has looked at the usesoffacetexture depthmeasurement®n local

road networks with the objective to provide a more workable specificat\ineret

al., 2006)using SCANNER texture measurement to undertake site and network level
measurements within a suitable timeframe. This concluded howeverdhatk S NS A &
no evidence to justify texture depth measurements being used as a surrogate for skid
NBEaAradl yoOS , s thé 8ONNNER yteékttire measurement is currently
incapable of micrdexture measurenent, which contributes tolow-speed skid

resistance, as measured by SCRIM.

Therefore,a FAP / SCRIM / Texture relationship to be used withirsgeification
of skid resistance requirementsespecially for local authority networkbas the
potential to reduce the reliance of high PSV, high cost andlocal aggregate

sources

2.7.4 Temperature Impact
The relationship between temperature and asphalt skid resistance is a critical area of
research Temperature directly influences the rheological properties of asphalt
binders, which are charactedad as viscoelastic materials. As temperatures rise,

asphalt behaves more fluidly, potentially leading to conditions conducive to rutting
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and decreased skid resistamcConversely, at lower temperatures, asphalt becomes
more brittle, leading to thermal cracking and increased susceptibility to failure under
load (Hussairet al,, 2020)

Additionally, emperature affects hysteretic friction, which is crucial for
understanding tire interaction with pavement surfaces. Anupam et (2013)
demonstrated the application of a thermomechanical friction modgplaininghow
factors such as pavement texture, tire slip ratio, and temperature affect hysteretic
friction. This model confirms that as temperatures rise, the viscoelastic properties of
asphalt change, often leading to a reduction in friction. In their study, Wu et al. found
a statistically significant decrease in skid resistance with increased asphalt pavement
surface temperatures when conducting tests with both skid resistance testets a

British pendulum testeréWuet al.,, 2020)

The type of asphalt mix utsed also plays a significant role in determining skid
resistance under varying thermal conditions. Wang e24118b)explored the impact

of thermalresistant asphalt mixtures, which aim to mitigate the cooling effects and
improve overall pavement performancéhey found that enhanced formulations can
exhibit less temperature susceptibility, which could maintain higher skid resistance
levels during extreme heat events. HowevgrjieSs&ntial to recogse that while
hightemperature stability can be improved, other factors such as aggregate type,
angularity, and hardness remain critical in ensuring appropriate levelskidf s
resistancgQiet al., 2023)
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2.8The Tyre Impact

When a pneumatic tyre contacts an asphalt surface, the tread rubleéorms to
partially wrap around edgesf aggregate particlesnd penetrate into the interstitial
voids. This enveloping effect is governed by the interplay of contact pressure, rubber
modulus, and surface topography, and it critically influences the real contact area

and viscoelastic deformation

Both classical and contemporary research consistently indicate that rubber friction
results from two interconnected mechanisms: (i) adhesion, involving molecular and
shear processes at real contact points, and (ii) viscoelastic hysteresis arising from bulk

deformation due tahe voids andsurface asperities.

At the tyregasphalt interface the tread rubber behaves as a temperature spetd

dependent viscoelastic solid that partially envelops the pavement texture, i.e., it
RST2N¥Ya | NRdzyR FALISNAGASE FNRY GKS | 33aNB-
up to the millimetrescale (macrotexture), so that only a subsétoughness actually
providesload-bearing contact. This selective engagement acts as a spatigldes

filter on surface roughness, attenuating very fine asperities at low normal load or

high temperature, but engaging progressively shorter wavelengths.

D N2 a O K Q-éurveystudies &latdified a friction peak as a function of speed and
demonstrated its temperaturelependent shif{Grosch, 1963)More recent contact
mechanics models, such as those proposed by Persson, have further established the
relationship between the spectral properties of surface asperities, the viscoelastic

modulus of rubber, and the resulting frictional behaviduorenzet al., 2015)

Tread rubber smooths out surface roughness by filtering short wavelengths, which
reduces energy loss and shear. The cutoff point depends on factors like temperature,
load, and compound, affecting the balance of adhesion and hysteresis as well as
which texures interact at different speeds and temperatures. Perssijie models

and recent studies show how changes in operating conditions shift tyre response

along the master curvéSakhnevych and Genovese, 2024)
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A surface withhigh microtexture may still underperform at speed if (i) water films
remain (insufficient macrotexture) or (ii) the tyre state shifts the effective cutoff to

longer wavelengths.
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2.9Skid Resistance and Texture Correlations

The development of aggregatmicro-texture through polishing and its subsequent
iImpact on skid resistance has bepreviouslyinvestigated. Wang et a(2018a)
highlighted the geological composition and the specific polishing regimes of
aggregates, confirming a direct correlation between surface condition and the
frictional characteristicsThis was developed more recently by Lou g€28R3) who
demonstrated how the initiaimicro-texture plays a progressively crucial role in

sustaining skid resistance

The Aggregate Image Measuarent System (AIMS), a sophisticated imaging tbag
been developed anditilised to assess critical aggregate characteristics such as
angularity, sphericity, and surface textufeHWA, 2011)These featuresobtained
from the AIMS project, have beerorrelated with the textural properties of the
pavement, which arekey to evaluating skid resistance performance. Research
indicates thatmicro-texture primarily determines the coefficient of friction at lower
traffic speedsemphassing theneed tomaintain adequatenicro-texture to enhance

safety during lonspeed(Yanet al., 2019)

As the number of polishing cycles on pavement surfaces increasasjdhetexture
may no longer effectively contribute to skid resistance. Instemdcrotexture
becomes more critical, especially when polishing leads to a smoother surface,
suggesting a transition in the dominant texture properties affecting skid resistance

over the lifecycle of a pavemef(Guanet al., 2018)

Evidence supports that aggregate particle characteristics and gradation substantially
affect skid resistance, as heavier and more durable aggregates tend to maintain
desirable textural properties longer, thus sustaining higbled resistancéKumar

and Gupta, 2021)

Typesof aggregates such as granite and basalt have been shown to retain higher skid
resistance compared to softer aggregates like limestone, illustrating how aggregate
composition influences botimicro-texture and pavement performancéLiu et al.,

2020) Understanding the dynamics of skid resistance and its correlation with
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aggregatemicro-texture is vital for effective pavement design and maintenance
strategies. Innovations in measurement and modelling techniques, including
advanced texture assessment and performance prediction models, are ongoing to

enhance our understanding of these correlatigBsiet al., 2023)

The need for aetailedunderstandingof the interaction between different texture
scales is emphasd to improve predictive accuracy related to pavement skid

resistanceperformance
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2.10 Understanding z Linking Empirical and

Predictions

Some limitations to the PSV test have been covethtbughout this literature
review. The progression of skid resistance measurement from PSV, focusing on the
use of Friction After Polishing (referermt@s WehneiSchulze in earlier research), has

been widely researched.

Allen et al.(2008) compared the friction coefficient from Wehn&chulze and
aggregate PSV values for UK asphalt mixes, with PSV values ranging §@t &5
5-pointintervals. The results showed the friction coefficient decreasing from PSV 55

to 65, and then increasing dramatically at PSV 70, as shokigune2.17.
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Figure2.17: WehnerSchulze friction coefficient against PSV, fi@iten, Phillips
and Woodward, 2008)

The results indicate there is no direct link between the WeHaehulze friction
coefficient and PSV, indicating there is more to consider for skid resistance prediction

than seen in the PSV test.
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As such, when assessing initial WehB8ehulze test results, Woodbridge et(@006)
stated that whilst the current results rank test samples in the order corresponding to
PSV results, the particle size, surface area and texture depth of the samples all
influenced the skid resistance resultBhe PSV test does not account for these
additional skid resistance parameters, potentially incorporating variability into the

test output.

Toenable a better prediction of skid resistance, a link to gnedominant (UK)n-
situ measurement device, SCRIM, is imperativeddte, limited research has been
undertaken on the link between th&APfriction coefficient andthis in-situ skid

resistance measurement.

Early published researcimto the use of Friction After Polishing (referred to as
Wehner/Shulzemethod) and theprediction of skid resistancéHuschek, 2004
widely cited throughout the subject literaturelhe study tested cores from the
wheelpaths of a test site and compared the resutigshe Stuttgart Friction Tester

(SRM) converted to equivalent SCRIM values.

SRM values over 10 years on the test section emhble development of a

Gdzy A BSNEBEFf LISNF2NXYIFYOS FdzyOiAaAzy FT2N) a{AR

: 00 p (Egn. 5)
Where:

C: initial skid resistance,

t: service time (years),

b: characteristic value for skid resistance development

This relationship idepicted graphically ifigure2.18.
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t [years]

Figure2.18: Skid resistance development predictioodel (Huschek, 2004)

However,it is important to note thathis function is specific to the traffic levels that

were seen on the test section at the time.

A comparison of the characteristic skid value (parametdaolihe Wehner Schulze
polishing value (g9 from core samplesfter 180000 polishing cycleand PSV of
the aggregate shows a correlation only when values for test sections of crushed
gravel were removed, with Rvalues of 0.89 and 0.97 for the PSV anghdl

respectively, indicating an improveulediction with Wehner Schulze over PSV.

From the pwsresults, limited to average test results on surface coursé® §ears
old to ensure consistent characteristic skid resistance values, Huschek proposed the

following relationship between SCRIM angvgusing SCRIM values at 80km/h:
SC (80km/h) = 0.96s+ 0.06 (Eqgn. 6)
Where:

SC: SCRIM Coefficient
Uews  Wehner Schulze polishing value

More recent development is shown Woodward et al(2013) who studied a link

between theWehner Schulze friction coefficieraind UK SCRIM measuremengs

62



50km/h from a trial site constructed in 200&ver two aggregatéypes both of low
PSM60 and 55)with the relationship graphically representedfigure2.19.

In contrast with Huschek, this study used laboratory manufactured samples of the

asphalt specimens.
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Figure2.19: Wehner Schulze friction coefficient v SCRIM coeffi¢gMftodwardet
al., 2013)

The relationship identified shows good correlation between the Wehner 3ehul
friction coefficient andhe SCRIM coefficient, however only for individual aggregate
types. The studidentified a PSV 55 aggregate mix (quartz granite) to perform better

in terms of SCRIM than a PSV 60 aggregate mix (porphyry), providing evidence to the
school of tlought questioning the use of PSV to accurately prediesito skid

resistance.

Wehner Schulze values were obtained after polishing cycles, equivalent to
7.5msa using the relationship developed by T&@D7)or 6.5 years btrafficking on

the trial site (Woodwardet al., 2013) However, it was noted that equilibrium
conditions of the aggregate had not been reached, indicating further skid resistance

reductionand development of the obtained Wehner Schulze to SCRIM relationship.
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Other developments in this field have focused on the link between the friction after
polishing test procedure thragh Wehner Schulze and thexture development or
change in texture during polishings well as developing an agreed test method using
Wehner Schulze / Friction After Polishing. Research at LCPC,(Pagical., 2007)
used the Wehner Schulze, measuring the friction coefficient eveéd§Qlpolishing
cycles up to the maximum friction and then every(BD cycles to a total of 18100

cyclesto develop friction evolution curves for the test specimens.

Comparison between core samples from the road surface and laboratory produced
asphalt samples indicated a clear transition between the binderoval stage (as

the friction increases) and polishing stage, when the aggregate surface is exposed to
the polishng mechanism (laboratory rolleror insitu vehicle polishing) and overall
thisindicatesi K G G KS 2 SKy S Nafl¢ctd walzZhd aStual d2adtidtien K A y 3
variationg, however polishing condition, or skid resistance prediction, would require
initial road friction valuesFurther conclusions indicated that the mietexture of

aggregate particles was significantly affected by the polishing procedure.

Additional work further characterising the surface texture using the roughness
parameter R from line profile measurementgDo et al., 2009)indicated a weak
correlation between roughness measurement and Wehner Schulze friction
coefficient. Reduction in friction was considered dependamt the mineral
composition, or more accurately the variation in mineral composition of the

aggregate source.

Dunford et al (2012) and Dunford (2013) identified changes in micrdexture of
aggregate surfaces using tidiconaG5 Infinite Focusmicroscope after polishing

with the Wehner Schulze.

Comparisons were made to the development of areal roughness parametees
five polishing stages up to 9000, identifying a significant decrease in Wehner

Schulze friction coefficient as the roughnesg (@creases.

The study indicates further research on muitineral aggregatesand texture

polishing characteristicin addition to & is required however the major
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development within this study was the methodology for characterisation of the
aggregate surface texture during laboratory polishimghich will be considered

further within the testing methodology

Wider work looked at the correlation of laboratory measured long term skid
resistancethrough WehnefSchulze with aggregate mosaitcs the mineralogical
property of the aggregate, with aggregates given a hardness parameter based on the
Mohs hardness of individualinerals and their percentage composition of the whole
aggregate particle and the hardness parameter compared to the final friction

coefficient through WehnerdBulzgKane, Artamendi and Scarpas, 2013)

A link between the mineral composition, through petrographic analysis, and long
term skid resistancdresistance to polishingyas first indicated by Tourenq and
Fourmaintrax(1971) and summarised concisely by Kane ef2813)who defired

two required properties for good performance; average hardness (dmp) of the

aggregate and the contrast in hardness (Cd) of the mineral compasition

Qan BQu 1 (Egn. 7)
0Q B Qv Qus (Eqgn. 8)
Where:
dvi:  Vickers hardnesg&Smith and Sandland, 192@)each mineral
pi: Percentage mass of each mineral

dwv,:  Vickers hardness of most abundant mineral in the aggregate.

In the research bitane et a(2013) the Vickers hardness was replaced with the Mohs
hardness value of the minerals and the aggregate hardness parameter used with the

analysis calculated as the sum of the two aggregate properties.

The research identifiegood correlation between aggregate hardness parameter and

friction coefficient with the three aggregate samples used.
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2.11 Existing Research Summary and Analysis

There are a number of published accounts of poor skid resistance prediction from
the existing PSV test meth¢Boe and Hartshorne, 1998; Woodward, Woodside and
Jellie, 2004; Perry, Woodside and Woodward, 20@idicating the need for an
additional test procedure to accurately pretlitbe in-situ performance of aggregate

and asphalt mixtures.

A potential replacement for the PSV test, andievelopmentn the prediction of skid
resistance throughout the industry, is the Friction After Polishing test procedure, also
referred to in literature as the Wehner Schulze test, which was incorporated as a
European Standard in 201BSI, 2014)

The literature has shown various existing research into this test metbmtiparing
FAP to PSYAllen, Phillips and Woodward, 2008; Woodbridge, Dunford and Roe,
2006; Arampamoorthy and Patrick, 20lihyestigating the link between FAP and
SCRIMHuschek, 2004; Woodwast al., 2013) aggregate micréexture (Doet al.,
2007; Doet al.,, 2009; Dunforcet al, 2012)and mineralogy(Kane, Artamendi and
Scarpas, 2013)

This accumulat researt has shown thathere is a correlation between PSV and
FAP when using aggregate mosaics in f&eodbridge, Dunford and Roe, 2006;
Arampamoorthy and Patrick, 20143 thesingle size aggregate is comparableie
PSV test sample. However, there aliéferences in the skid resistance prediction
results when using the full asphalt mix within the FAP measureifirtugchek, 2004;
Woodwardet al., 2013)which incorporates the full aggregate grading, bitumen and

natural orientation and spacing of the aggregate particles.

Testing using FAP has either been performth 90 000 polishingcycles as per the
recent European standard, or 180 cycles, however it is indicated that equilibrium
of the aggregate friction performance has not been reached as yet unknown if
further polishing cycles towards an equilibrium aggregate condition would impact on

the correlations identifiedvithin the literatureto date.
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Research has shown, following the removal of the bitumen film, the friction
coefficient and asphalt mixture performance is determined by the aggregate.
Significant changes within thraicro-texture of aggregate particles, and reduction in
asperity height, were shown due to the polishing process. Additionally, the
mineralogyand associated aggregate hardness has shown, over a very small sample

size, a correlation to friction coefficient.

However, there is currently no research to link the aggregaieeralogy and
hardness to the texture development due to polishing potential mineral plucking,

and associated functional characteristics of the maendure of the aggregate
particles. Furthermore, the igitu skid resistance measurement is, especially within
the UK, dominated by SCRIM measurement. To date, no research has identified a link
between the contributory factors identified above and this-situ skid resistance

measurement.
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3.0Project Hypothesis and Experimental Programme

Methodology

The literature review has shown a range of testing methodel®gndresearch into
the field of aggregate surface topography and skid resistance. There are significant
gaps identified between how aggregate is specified within 8idW/ DMRB
compared to the impact on the overall asphalt skid resistance performance and how

the coarse aggregate changes throughout a polishing cycle.

The following testing methodology has been developed to investigate these gaps and
provide knowledge and understanding of the role of aggregate surface topography

on the performance of aggregate only and asphalt samples.

This chapter summarises the methodology for the experimental programme
presents laboratory and site specimens manufactured or sampled provides

results of trial studies where these have been undertaken.
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3.1Study Material Selection

Test samples for study within this reseamre chosen to effectively utilise available
data from long term sources (>3@arsin-situ) to maximise data. Asphalt materials
from two Private Finance Initiative (PFI) projects, commencing in 2013, have been
used due to the availability of aggregate and asphalt material data, samples and
annual UKPMS compliant condition surveys throughoutrbgvorks. The asphalt
materials chosen are Thin Surface Cougstems (TSCS), designed and installed in
accordance wittCl. 942 of thesSHW(Specification for Highway Works, 2021)

These PFI contracts / materials are:

1. London Borough of Hounslow

Gore / Cliffe HillThin Surface Course System

The London Borough of Hounslow (LBH) PFI contract consists of 430km (84.5km

subject to annual SCRIM survey).

The LBHs aLondon borough in west London, England, forming part of Outer
London.Thecontract is operated by Ringway Hounslow Highwaws, is
characterised by a London, urban environment with heavy, often channelised traffic

loading.

Carriageway surfacing utilising an asphalt designI®#m Gore (coarse)
aggregate and-@mm Cliffe Hill (fine) aggregate was chosen for use within this

analysis.

This asphalt mix was used between the start of the contract in 2013 and the end of

2016, across 240 schemes with a total lane length of 13.6 km

2. lIsle of Wight

Bremanger / Templérhin Surface Course System

The Isle of Wight (IOW) PFI contract consists of 745km (373km subject to annual
SCRIM survey).
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The IOW network ian island network, situated off the south coast of the UKe

contract is operated by Ringway Island Roads, and is charactessedural

environment, with relatively low traffic loading and evolved pavement

construction.

Surfacing utilising an asphalt design e8mm Bremangei(coarse) aggregate and 0O

4mm Temple (fine) aggregate was chosen for use within this analysis.

This asphalt mix was used between June 2015 and June 2017, across 304 schemes

with a total lane length of 19.7 km.

The aggregate sources stated above and used within this research are summarised

in Table3.1 with PSV and AAV data provided by the aggregate supplier.

Table3.1: Aggregate Sources

Contract Aggregate Aggregate | Size (mm) | PSV AAV
Source Type

LBH Gore | Gritstone | 4-10 65 8
Presteigne,
Wales
Cliffe Hill | Granite 0-4 54 1.7
Leicestershire

IOW Bremanger | | Bestone | 4-8 65 10
Svelgen, (Gritstone)
Norway
Temple | Silurian 0-4 65 5.5
Lisburn, Sandstone
Northern
Ireland
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3.2In-Situ Skid Resistance Measurement and

Analysis

The materials chosen and described above have been selected due to the detailed
knowledge of their design, installation, environment, loading and the annual skid

resistance surveys undertaken through SCRIM.

SCRIM measurements are collected annually in accordance with DMRB CS 228
(originally HD28/04 at the commencement of the contracts) following dimgle
annual skid survey (SASS) approach to enable calculation of a seasonally corrected

SCRIM value, known as the characteristic skid coefficient (CSC).

Raw SCRIM survey results have been provided and analysed from¢22023
surveys. Result data is provided in the fornbimdifQHighways Maintenance Data
Interchange Formatfiles in accordance with UKPMS survey requirements with the
data assessed at 10m ssbction level and contract section level. The sections within
the PFI contracts are nominally based on road length up to a maximum of 500m
where the environment and trafiloading is generally consistent throughout. Data
will be further assessed atress point levels as determined witHbMRBCS 228 and

the localauthority skid resistance policies.

An assessmetitas also been made the SCRIM survey provider and vehielgin
the data analysis. Tabl8.2 details the SCRIM survey providers and vehicles

throughout the assessment period.
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Table3.2: Summary of SCRIM survey provider and vehicle

Survey Yeal LBHg Survey Provider | Vehiclg IOW¢ Survey Provider | Vehicle
2013 Highway Surveyors Ltd | HSL | PTS [YVH
2014 Highway Surveyors Ltd | HSL | PTS [YVH
2015 Highway Surveyors Ltd | HSL | PTS [YVH
2016 PTS | HSL PTS [YVH
2017 PTS | HSL PTS | HSL
2018 PTS | HSL PTS | HSL
2019 PTS | HSL WDM | S13
2020 PTS | HSL WDM | S13
2021 Ginger Lehmann | SVC WDM | S13
2022 Ginger Lehmann | SVC WDM | S13
2023 PTS | HSL WDM | S13
2024 PTS | HSL WDM | S13

Note, the vehicle reference indicated withirable3.2 (for example HSL) is provided

by the survey provider as reference to their vehicle undertaking the survey.

Survey vehicles and providers have varied due to the long term operational and
contractual nature of the networks under consideratiimn reasonsncludingvehicle

breakdown, unavailability and business change.
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3.3Characterisation of Aggregate

3.3.1 Mineral Liberation Analysis
A key requirement of this study is to investigate the geology of road sudaaese
aggregate to understand theimineralogy and how they polish. The literature
research has indicated thenineralogy and associated aggregate hardness of
aggregate correlates to the friction coefficigfitane, Artamendi and Scarpas, 2013)
however this has not previously been linked to the surface texture to develop a skid

resistance prediction.

To identify the composition of the aggregate selected for this studineral
Liberation AnalysisMLA) has beenundertaken to determine the mineralogical
composition of the aggregate samples within the asphalt materials selected. Testing
was undertaken at the University of Nottingham within the Nanoscale and
Microscale Research Centre, with Scanning Electron Microscope (SEM) based MLA
using Back Scattered Electron (BSE) signals to generate sample images to
differentiate minerals within the agregate. Eachineral grain viewed from the back
scattered electron signalsasidentified using xay analysis.Xay mappingvasthen

used to identify minerals of similar BSE intensity.

MLA has been undertaken for each of the four aggregate sources across the two

asphalt mixes chosen from the PFI netwadlkesailed within Chapter 4

3.3.2 Mohs Hardness Parameter
From the results of the MLA, the minerals identifiwdre thencharacterised based
on their associated Mohs hardness parameter, indicating the level of resistance to

polishing that individual mineral particles will have across the aggregate surface.

Li Aa KeLRiKSaAl SR ( Kwillihav¥ anyirSrbidsed polistidy WK A 3
NBaArxadlyoOoS FyR WLX dzO01Q 2dzi 2F GKS | 33INEF

hardness will polish.

73



Results from the MLAvere split at a Mohs hardness level of 5, witkblindicating
Wi26Q KINRySaa FyR pb AYRAOFGAY3 WKAIKQ
mineral types across the aggregate particdage,as first reviewed by Janetzki et al

(2020)

3.3.3 Particle Size Distribution
To quantify the differences within the aggregate sources across both coarse and fine
samples, theoarticle size distributionf each aggregate sourggasundertaken. This
Is astandardtest methodin accordance witlBS EN 12692:2015(BSI, 2015)used
to determine thegradation profile of the aggregate source and to undertake asphalt

mix designs using a combination of aggregate sources.

3.3.4 Aggregate Hardness Parameter
To quantify differences within the mineralogical composition with the full aggregate
particles in this study, the Aggregate Hardness Parameter (A&&Bealculated from
the mineral composition and Mohs hardness of each mineral, fronEipeations 7

and 8detailed within the literature review from Kane et(@013) reproduced below

Qan BQu 1 (Egn. 7)
0Q B Qv Qus (Eqn. 8)
Where:
dvi:  Vickers hardnesg&Smith and Sandland, 192@)each mineral
pi: Percentage mass of each mineral

dwv,:  Vickers hardness of most abundant mineral in the aggregate.
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3.4Sample Preparation for Laboratory Study

Samples of aggregates and the asphalt mixturese obtained to include aggregate
only samplegqlaboratory manufacturedand in-situ asphalt mixture(sampled via
coring)to enable laboratorand insitu studyand comparisorof skid resistance and

aggregate texture changes against polishing (tracking).

3.4.1 Laboratory Samples z Aggregate Mosaics
¢CKS F20dza 2F GKAA NBaSINDK Aa 2y (KS dza!
Polishing test method as a tool for simulatingsitu polishing of aggregate / asphalt
mixtures from vehicular traffic. As such, the Friction after Polishing device is used
within this test programme to provide polishing action and friction measurement

with the test methodology further described @hapter 6

CKNRdzZAK2dzii GKA& G(GKS&AAAZI (FARYSI beéluSediomh@SNA O A :

point onwards.

The initial phase of the methodology will focus on direct polishing / testing of
aggregate mosaic samples utilising coarse aggregate fractions from the stated
asphalt mix designs. The use of aggregate mosamstside of theFAPEuropean
standard (BS EN 1269B), howevetheywere used for this test programme to limit

the variability within the samples (variability in asphalt mixes from bitumen, fines
content, compaction etc.) and to enable a direct comparison between the coarse
aggregate friction perfanance, the micrdexture and mineralogical composition

and additionallyto provide acomparison to existing research.

Whilst there is no method of aggregate mosaic preparation specified within the
standard, the manufacturenethod of aggregate mosaic samples was developed
usingthe best practicemethodology described within TRL PPRGURL, 2015

systematic preparationwhich was developed utilising the same aggregate grading

sample as the PSV test

The procedure that has been used in this test programme for aggregate mosaic

manufacture is detailed below:
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1) Wash aggregate sample over a fine sieve to remove dust and leave to air dry
¢ 2 repetitions.
2) Grade the washed aggregate sample to obtain test portion
a. Passing 10mm sieve

b. Held in a 7.2mm Flakiness sieve.

A minimum of0.6kg of graded aggregate per specimgas required
Depending on the coarse aggregate sample, up to 75% of a 10mm bulk

aggregate samplevas removedluring grading.

3) Position graded aggregate samples on 225mm diameter base plate msuld
shown inFigure3.1andFigure3.2¢Sy ddz2NB G A3IKGf & LI O1 SR
each aggregate particle facing down.

The base plate was manufactured to mimic a 225mm core, with the polishing

andfriction test zone from the FAP test drawut to ensure coverage.

Figure 3.1: |Initial stage of Figure 3.2: Full coverage of bas
positioning aggregate sample on plate with aggregate sample
base plate
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4) Encase the baseplate and aggregate with a cylindrical mould (in this case a
cake tin was used)jlif voids between aggregate particles with fine sand to
approximately 50% of aggregate heigist shown irFigure3.3.

5) Lightly blow excess and from the tops of aggregate particles and ensure all

voids are filled and no base plate is visiéeshown irFigure3.4.

Figure3.3: Void between aggregate Figure3.4: Fullsample covered witt
being filled with sand to 50% ¢ sand, with excess sand blown fro
aggregate height top of aggregate particles

6) Lubricate edge of the frame with silicone spray.

7) Mix the 2part epoxy resin$afetrack EPM Redmas been used within this
test programme).

8) Add resin onto mosaic at approximate 20mm coveragyshown ifrigure3.5
¢ spread carefully to prevent aggregate movemedeteland allow to ses

shown inFigure3.6.

0.8 litresof resin wasequired for 20mm thick covering at diameter of 225mm

at a ratio of 6:1 filler to resin.

9) Remove from the mould and base plate once the resin hag sempleted

mosaic samples shown gure3.7 andFigure3.8.
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Figure 3.5: Mixed resin being Figure3.6: Levelled resirieing left to
added to mosaic set

Figure 3.7: Vertical image of Figure 3.8: Horizontal image o
completed aggregate mosaic completed aggregate mosaic



3.4.2 Site Samples
To provide a direct comparison with SCRIM measurements, asphalt mix samples
were tested within the Friction After Polishing process. The asphalt samydes
obtainedthrough core samples undertaken and recorded in accordance with DMRB
CS 229 Revision 0 (Clause 6.5 to 6.20). The e@ps225mm in diameter and

following recording trimmed to a depth of 30mm to enable FAP testing.

An initial trial sample was obtainegd enableatrial study and confirmation of further
testing methodology. Cosewere undertaken within the LBH network @nsimilar
asphalt material to those within the research scope of this thasi$ the data used

as described in Sectidnto finalise the texture and polishing methodology.

The final methodology for site samples within this research was set to cover the
current requirements of the FAP published standard and to provide sufficient

specimen coverage for the proposed research. The methodology is described below.

A minimum of 2cores shall be taken within each study material. The locations of

cores have been identified based on the following requirements

1. Treated with the identified study materials as stated within Section 3.2
2. An available full set of SCRIM data throughout study period of 2@023
3. Presence of a live DfT traffic count point across the study period

4. Structurally sound condition enabling testing of skid resistance

5. Ease of access for data collection and pavement assessment

The sites identified for pavement coring are below avete approved by the local

authority and their representatives for inclusion within this study:

79



London Borough of Hounslow Hatton Road, Feltham

The site issituated immediately southwest of Heathrow airpptocation shown in
Figure3.9. Installed June2014 using aof 4-10mm Gore (coarse) aggregate and O

4mm Cliffe Hill (finephin surface course asphalt

Figure3.9: Location oHatton Road, FelthapnHounslow

Coring at Hatton Road was undertakenAugust 2014y Jean Lefebvre UK L.td
location of cores onsite shown iRigure3.10. Coring consisted of 4 no. 225mm
diameter sampleshrough the full asphalt depthwith site image of extracted core
shown inFigure3.11. Cores were logged in the JLldKoratory in Cheshunt, UK,
before being trimmed to a usable depth for FAP testing at approximately 4@iten.

images of the core extraction are shown below.
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Figure3.10: Hatton Road Cores A and Figure 3.11: Hatton Road Core B sil

location extraction

Isle of Wight- Newnham Road, Binstead

The site issituated between Fishbourne and Ryde at the northeast of the Isle of
Wight, location shown irrigure3.12. InstalledJune 2016ising a 48mmBremanger

(coarse) aggregate and4inm Temple (fine) thin surface course asphalt

Figure3.12: Location of Newnham Road, Binstead, IOW

Coring at Newnham Road Btead was undertaken in September 204g Jean
Lefebvre UK, surface image and location of core sample shokigune3.13. Coring
consisted o#4 no. 225mm diameter corethrough the full asphalt depthwith site

image of the extracted core shown Kigure3.14. Cores were logged in the JLUK
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laboratory in Cheshunt, UK, before being trimmed to a usable depth for FAP testing

at approximately 40mm. Images of the core extraction and logging are shown below.

Y, . il ARG I
Figure 3.13: Newnham Road Cor@ Figure3.14: Newnham Road Core 2 si

location extraction
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3.5Trial Study z Polishing and Texture

To identify performance of skid resistance and aggregate texture changes when

subject to polishing, a combination of processvill be utilised, consisting of;

1 Friction measurement and polishing with Friction After Polishing and

1 Surface texture measurement with Alicona G5 Infinite Focus Microscope.

An initial trial studywas conducted to prove the testing methodology and identify

the polishing and assessment process to be utilised through the research testing.

3.5.1 Friction After Polishing
The test methodology is stateth British/European standard BS EN 12897

Determination of friction after polishing

All Friction After Polishing experimenkave beenundertaken using the device
owned by National Highways and operated and maintained by TRL, Wokingham. The
background and princlp of the test method is discussed in Section 2, the following

details the method of operation used within these experiments.

The initial methodologyas focusean direct polishing / testing of aggregate mosaic
samples utilising coarse aggregate fractions from the stated asphalt mix designs in
aggregate mosaics manufactured in accordance with the process stateekction

3.4.1

The Friction after Polishing test methodology was undertaken on the two initial
aggregate mosaic samples at a range of stress points between 0 an@0080
polishing cyclesThis is further than the standaBD 000polishing cycles due to gaps
highlighted within the existing literature of the equilibriynosition not being met at
90 000 cycles

A single specimen from each aggregate source was manufactured and tested at this
stage of the researcto manage time, financial and material resources. For the full
stage of testing, 2est specimens from each aggregate soungre manufactured

and tested to ensure results are within the acceptable repeatability limits.
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In addition to the test standard of 9000 cycles, polishing was stoppediatervals
as identified within BSEN 126870 { SO A2y TdH | & WF2NJ 23GKS
500, 15 000, 22 500, 30 000, 45 000, 135 000 and 180 000, and the friction after

polishing test procedure followed.

Friction after polishing test data is shownHRigure3.15.
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Figure3.15: Initial Friction After Polishing test result

The results ifrigure3.15follow a smooth logarithmic reduction in friction value, with

a 27% (Bremanger) and 23% (Gore) reduction across80&00polishing cycles.

As expected from available external data evaluated within the literature review, an
equilibrium point is not reached at the standard test completion point of080

cycles. A reduction in friction value is seen through Q80 polishing cycles.
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3.5.2 Texture Measurement
The Alicona G5 Infinite Focumiicroscope has been chosen to provide texture
measurement data across this research based on successes of past research studies
identified within the literature review(Dunford et al, 2012; Dunford, 2013; Senin
and Leach, 201&nd available equipment acceasthe University of Nottingham

To determine the optimal setup for th&licona G5 Infinite Focusicroscope to cover

all testing samples, multiple tests were undertaken to determine the optimal setup.
A pavement core was sampled from the London Borough of Hounslow network
within the nearside wheelpath. Initial polishing from trafficking was evident, with the
surface of the aggregate exposed in areas where the bitumen had been stripped. This
can be seen withinFigure 3.16 around the edge of the aggregate particle as
considerably lighter than the neaxposed ggregate section in the centre indicating
also a significantly variability in height of the aggregate particle as seen from the road

survey.

Using aggregate particles that had been polished (i.e. where the bitumen film had
been removed) testing was undertaken on a number of samples varying the

exposure, contrast, light settings and resolution to determine the optimum settings
in terms of testing output and test time requirements to ensure it was a viable

method. Data analysis was undekn using theAlicona 3D Viewer Softwar®

enable comparison.

The settings identified in
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Table 3.3 have been selected from thélicona G5 Infinite Focusmeasurement
outputs. This is to ensure the exposure, contrast, light settings and lateral and vertical
resolution were maintained throughout the research project and the measurement

results were comparable and repeatable throughout.
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Table3.3: AliconaG5Infinite Focusnicroscope variable control

Variable Setting

Vertical Resolution 41.9nm

Lateral Resolution 3.91um
Exposure 467 pys

Contrast 0.83

Objective x10 Magnification
Light Settings Coaxial

Following the selection of optimal measurement settings and due to the natural
variation in aggregate particles, images were taken of a total of 10 aggregate
particles. Texture measurements were made using the Alicona IF analysis software
over three profie paths to identify the number of aggregates required to find a

representative sample.

Figure3.16. Aggregate sample with three profile lines for texture parameter
measurements London Borough of Hounslow network, 10mm TSCS &Gtife
Hill asphalt mix
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It is noted thattexture measurements were made within the limits of the horizontal
surface of the aggregate particle and attempts were not maddetail the vertical

edges and potential impact of enveloping within this test methodology.

The Alicona output for the samples has been graphically depicted using a cumulative
average to obtain the number of samples required to find the overall average,
assuming Gaussian (normal) distribution where the averages of a large enough

sample will convege.

Using this process with a standard roughness characteristic to display the results, Ra,
the number of aggregate samples required to reach a cumulative average was found

to be 9, as shown iRigure3.17.
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Figure3.17: Graph of cumulative average of Ra from initial sample results on 10mm
Thin Surface Course Ge@diffe Hill asphalt mix.

Figure 3.17 graphically shows the results for the LBH asphalt mix consisting of
Gore/Cliffe Hill aggregate. The results were found to be similar for the IOW asphalt

mix consisting of Bremanger/Temple aggregate.
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Analysis was undertaken using a variety of standard roughness characteristics, input
within the AlicondF analysisoftware, and the order in which they were graphically
displayed for analysisvas variedto ensure the number of samples for a

representative source was correct.

From these results, the optimuiliconaG5Infinite Focusnicroscope settings have
been determined from the material samples within the research project. Using
these settings the number of samples required for a representative testing
programme has been determined. Within the ongoing testing programme, 9

aggregées will be analysed from each source, using the settings stated
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Table3.3.
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3.6Polishing and Texture Assessment Process

From the results of the trial study detailed in Sectio®,3he procedure for the full

laboratory studywasfinalised as below;

3.6.1 Test Methodology Aggregate Mosaics
Utilising the trial study data, furthetata pointson friction after polishing and surface
texture measurement cycles on aggregate mosaiese identified Therefore 7

stress pointsvere followed at the polishing cycles detailed in Table 3.4

Table3.4: Aggregate Mosaic Test Methodologiest Points

Stress Level Cumulative Successive Texture
Polishing Cycles Polishing Cycles | Measurement
(Using FAP test) (Using FAP test) | (Alicona IF)

0 0 0 Y

1 90 90 Y

2 900 810 Y

3 4 500 3600 Y

4 9 000 4500 N

5 45 000 36000 Y

6 90 000 45000 Y

7 180 000 90000 Y

Test points at 90 and 900 cyclesreadded where no testing was undertaken within
the initial tests as an attempt to evaluate very early life friction changes due to the
large reduction seen between 0 and 4 500 cycles whilst also following the logarithmic

results identified.

In addition, further testing of friction value only (no surface texture measurement)

wastaken at 9 000 cycles to further support the logarithmic result obtained.
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Aggregate location for texture measurement

Individual aggregate particles for assessment were chosen based orldbaiion
within the mosaic, ensuring particles were impactedH\P rollers and subject the

polishingproces.

Aggregates were subsequently logged to ensure identification for repeat testing via
an acetate overlayn a process originally developed by Dunfd2013) with a
minimum of 9 aggregate particles within each mosaic specitested An example
acerate fromsample 20192 (eferring to the second Gore aggregate mosaic) is

shown inFigure3.18.

2019-¢7

A

Figure3.18: Sample 20192 aggregate location acetate overlay

92



¢ KS OS dnil bktdm atibiy ©nable the acetate to be-tecated on the sample

between measurements, with corresponding markings on each sample.
FAPtesting

Each polishing stage and friction test was undertaken in accordance with the Friction
After Polishingoublished standard, BS EN 12683, A calibration plateas shown in
Figure3.19, made of textured glass, was testpdor to and after each test stage to
ensure accuracy of resultgriction results using the calibration plate have an
accepted rangewith results outside of that range indicating potential causes for

variationsuch as frictiortest rubbers requiring replacement.

Samples were set within a test mouyleigure3.20) which is secured into the FAP test
equipment Figure3.21) using 2 boltsto Sy a4 dzZNE G KS &l YLX S RARY
polishing or friction test processes. This was undertakgrmper the stated process
within  TRLunpublished guidanceoperational manual and standard operating

procedure fothe WehnefSchulze machine

Further images are shown of the FAP polishing rdfégu(e3.22) and test head
(Figure3.23) from the FAP device used within these testing.

Figure3.19: FAP glass calibration plate
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Figure 3.20: Aggregate mosaic in F/ Figure3.21: Aggregate mosaic in miul
test mould situated beneath polishing roller

within FAP machine

[ NS

Figure3.22: Upward directed image o Figure3.23: Upward directed image o
FAP polishing rollers FAPfriction test head
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3.6.2 Test Methodology Asphalt Core Samples
Within the full test procedure on asphalt core samples, friction after polishing testing

wasconducted at the same 7 stress points (polishing cycles).

Surface measurement testingasundertaken at stress points 0 and 7 (0 and 080
cycles respectively) to show a comparison of aggregate surface texture at the start
and end of the polishing regime and to ensure the methodolvgg operationally

achievablehrough resource and equipment availability
The testing summary is shown in Table. 3.5

Table3.5: Core Samples Test Methodologlest Points

Stress Level Cumulative Successive Texture
Polishing Cycles Polishing Cycles | Measurement
(Using FAP test) (Using FAP test) | (Alicona IF)

0 0 0 Y

1 90 90 N

2 900 810 N

3 4 500 3600 N

4 9 000 4500 N

5 45 000 36000 N

6 90 000 45000 N

7 180 000 90000 Y

Individual aggregates were selected and located in the same process as for
aggregate mosaics using an acetate overlay.
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3.7Data Analysis

Following completion of the test procedure detailed above, resulese processed
and analysed to enable a comparison between friction, texture and hardness

parameters.

3.7.1 Friction After Polishing
Standard results of Friction After Polishing are givepsaswith the friction result
given at a speed of 60kph as the test head decelerates from 108kptare provided
within Microsoft Excel. Friction outputs across the range of speeds as the test head
decelerateshave beemanalysed within Microsoft Excel to determine the change in

FAP performance throughout the stress levels.

3.7.2 Aggregate Texture z Alicona G5 Infinite Focus
Microscope
Surface texture measurements undertaken on the aggregate particles across all
stress levelshave been Yt @ASR GKNRdzZAK S5A3IAGIE T adz2NF Q&

commonlyused industry standard texture analysis package

Across all stress points, the surface texture da#s beenfiltered using a surface
levelling filterusinga Mountains Map levelling algorithmwhich uses subtraction
from a fitted least square plane before being oriented and overlapped to match data
from other stress points to provide a direct comparison in terms of surface location

and area.

The data has subsequently been filtered using a Gaussian filter with 50% transmission

at a range of wavelengths to determine the optimal wavelength for further analysis.

To compare values across filters and aggregate samplealues have been

normalised to the maximum value in each series
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3.8Results Comparison and Discussion

The final stage of the test methodologyg to compare obtained results across all
stress points for Friction after polishing asdrface texture, as well as aggregate

mineralogy to analyse and identify relationships between the obtained test data.

This analysibas beerundertaken using Microsoft Excel.
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3.9Summary Methodology
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Figure3.24: Test Summary
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4.0Assessment of Aggregate Properties

This chapter focuses on the studies undertaken on the aggregate samples and
presents the data captured.he aggregate properties contained within the chapter
and test resultsare standard test parameters in the form of PSV and AAV, particle
size distribution (grading) and mineral liberation analysis of both coarse and fine

aggregate sourcesnitial findings are identified and discussed.
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4.1Geological History

The four aggregate sources identified for testing within this thesis have been chosen
due to their use withirhighway networks corresponding to additional survey data
required. However originally they have been designed within these asphalt mixes due

to their general high performance of skid resistance.

4.1.1 Gore

Formation

Gore Quarry sits beside Dolyhir in the Old Radnor inlier along the Church Stretton
Fault Zone. The inlier exposes greywackes and sandstones that are overlain by
Silurian nearshore carbonates and siliciclastics. lifeis strongly fractured and
locally folded by Caledonian deformation associated with stsike reactivation on

the Church Stretton system.

Quarry and academic descriptions document the variation and structural complexity,
and that the location is a longtanding source of higRSV roadstone from the

Precambrian sandstones/greywack@&ewer, Lykakis and Wilkinson, 2014)
Fabric and Minerology

Immature greywacke typically comprises quartz, feldspar and lithic fragments in a
fine matrix, often with sutured quartz grains and pressaotution seams from
deformation. Widespread jointing and veinitgive added micro-scale relief the
combination of whiclyields abundant hard, angular quartz/feldspar miasperities

and a diverse minerology that resists uniform polishing.
Performance Implication

UK practice consistently ranks gritstone/greywacke above basalt and limestone for
PSV on average, albeit with wide group variation. Ggpe greywackes have the
high quartz content, angularity, and diversity of minerology that support persistent

microtexture under traffic; the fractured fabric also promotes selective plucking,

100



renewing micro texture rather than polishingvoodward, Woodside and Jellie,
2005)

4.1.2 Bremanger

Formation

After the Scandian phase of the Caledonian Orogeny, western Norway underwent
extensional collapse. Large lemngle detachments (Nordfjogbogn system) created
intermontane Devonian basins (Hornelen, Kvamshesten, Solund, etc.) filled with very
0 KA Ol nd)parsepclasticsaxial fluvial sandstones with marginal debris
flow/stream-flow conglomerates, commonly organised in coarsenipg/ard cycles
(Ulvik and Neeb, 1999Yhis mblishedthrough the Geological Surveyf Norway
(NGQ prepared for Bremanger Aggregates identifies Devonian sandstones west of
Gulestg with particularly good PR\AV for asphalt surface courseand large,

homogeneous reserves
Fabric and Minerology

These Devonian fluvial sandstones tend to be quadz andhardened with variable
feldspar and minor lithics; compaction, pressure solution and silica cement often
produce hard, interlocked quartz frameworks. Where sourced from homogeneous,
low-porosity units, they deliver low crushing values and high skid resistanitetfis

aggregate being commercially soldiestone)Bontrup, 2025)
Performance Implication

Quartzcemented sandstones develop and retain sharp asperitiesintra-granular
guartz fractureprovides fresh faces of aggregate under traffic loadirige uniformity
across the aggregate souredso maintainspolishing responsehence their strong

PSV/FAP reputation across European networks using this s@oo&up, 2025)

4.1.3 Cliffe Hill

Formation

Cliffe Hill extracts Ediacaran microdiorites/tonalites, known as "markfieldite," from

the Charnwood Forest terrane. This uniform, strong rock intruded volcaniclastic
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sequences and is wellocumented for its ~320 m exposed width, internal structure,

and quarry margins by geological reviews and the BGS Lgdeomeyet al., 2000)
Fabric and Minerology

Microdiorite consists of plagioclase and hornblende, with possible presence of
pyroxene and quartz. It is typically fine to medikgrained and commonly
equigranular, with markfieldite sometimes displaying granophyric groundmass
textures. Its equigranularilgcate framework contributes to resistance to crushing

and results in dense, angular crusher fines.
Performance Implication

Crushed microdiorite generates angular fines with rough surfaces, which strengthen
the mastic skeleton (SMA/storan-stone) and add to the microtexture at the mortar
film. Its hardness and low abrasion result in gradual polishing; when combined with
high-PSV coarse fractions, it maintains wet friction over tifiiéhateley and Barrett,
2006)

4.1.4 Temple

Formation

Around LisburpBelfastNorthern Ireland,the PermaTriassic Sherwood Sandstone
Group (SSG) forms extensive fluggdolian redbed successions of quasntich
sandstones and silty sandstones, with crbsslding and desiccation features.
GSNI/BGS summaries and NI regional geology show SSG deaiopnd
groundwater studies west of Lisbu¢Witchell, 2004)

Fabric and Minerology

Quartzrich, weltlsorted, often rounded grains with silica cement give hard but

smoother particlegMitchell, 2004)
Performance Implication

In thin surfacing/SMA, coarse aggregate govehes skid resistance performance.

However, quartzich fines (with angularity preserved after crushirg@n provide
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early life skid resistance within the bindenfiendhelp maintain stiffness and resist
ravelling, indirectly supporting microtexture retention around coasggregate
asperities.Within alternative asphalt types such as Hot Rolled Asphalt, the fine

aggregate has a more prominent role in the long term skid resistance performance
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4.2 Aggregate Parameters

The aggregate sources stated above and used within this research are summarised

in Table 4.1. Aggregate data presented has been obtained from the material

4.2.1 Sandard Test Parameters

suppliers, identified also within the table below.

Table4.1: Aggregate Sources

Contract| Aggregate Supplier | Aggregate | Nominal | PSV AAV
Source Type Size
(mm)
LBH Gore| Tarmac | Gritstone | 4-10 65 8
Presteigne,
Wales
Cliffe Hill | Hanson | Granite 0-4 54 1.7
Leicestershirg (Midland
Quarry
Products)
IOW Bremanger | | Granite | Bestone | 4-11 65 10
Svelgen, Import (Gritstone)
Norway Benelux
B.V.
Temple | Breedon | Silurian 0-4 65 5.5
Lisburn, (ex Sandstone
Northern White-
Ireland mountain
Quarries
Ltd
)

Note¢ PSV and AAV have been tested for each aggregate source in accordance with
the relevant test standard BS EN 16®7Therefore,the size of the aggregate

particlestestedrelate to the 0/10 aggregate sample.

Within the DMRB, CD 236 Surface course materials for constru@@hways
England, 2022)minimum PSV and maximum AAV values for coarse aggregatds us
within an asphalt surface course are stated within tables 3.3a/b and 3.10

respectively.
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The coarse aggregates within this study both show a PSV of 6&s)(R&\ch is
deemed as appropriate for higisk situations (approaches to junctions or
pedestrian crossings) for traffic volume up to 750 commercial vehicles/lane/day.

Within the PSV test, a higher value indicates increased resistance to polishing.

The AAV identified of 8 (Gore) and 10 (Bremanger) indicates the aggregates are
appropriate for the highest traffic volume class of >3250 commercial
vehicles/lane/day. Within the AAV test, a lower value indicates greater resistance to
wear, with aggregatesf AAV >16 generally considered too soft for using in asphalt

surface course materials.

The data obtained within these test results shows the aggregates selected are of
good quality, suitable for highisk situations within a highway network and indicating
the skid resistance remains high following a polishing procedure potentially due to

the resistance to abrasion shown.

This is to be expected due to the reasons for their inclusion within this study and
therefore would indicate a high level of performance across further testing within

this research.

Both PSV and AAV results are likely linked to the mineralogical composition of the

aggregate. Returning to the testing hypothesis, PSV could remain high due to a range
of minerals performing differently, enablingwaicro-textureto be maintained across

the aggregate surface. A low AAV result (high resistance to abrasion) indicates a high
proportion of the aggregate does not wear, or wear quickly, which challenges this

hypothesis.
Further assessments will be made as additional data is presented.

4.2.2 Particle Size Distribution (Gradation)
Grading of all aggregate samples has been undertaken in accordance with BS EN 933
1:2012, Particle size distributiog sieving method at the Jean Lefebvre UK Ltd

laboratory in Cheshunt, Hertfordshire.
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Whilst for individual tests within this research specific portions of the aggregate
sample araised;the gradation will have a key influence on thesitu skid resistance

of the asphalt mix.

The particle size distribution of the coarse aggregates is showfigare 4.1,
alongside the final grading curve of the corresponding asphalt mix studied

throughout this research.

—e—Bremanger 8/11 —e—Gore 10 10TSCS Bremanger —e— 10TSCS Gore
100
90
80
70
60
50
40
30
20

10

0.01 0.1 1 10

Figure4.1: Grading curve, coarse aggregate and TSCS asphalt mixes

The grading curve of the asphalt mixture is developed from individual grading
outputs from the aggregates used. The overlap of the curves sddgumned.1 shows

the influence of the chosen coarse aggregates within the coarse element of the
mixes, whist indicating the impact of the additional fine constituents such as crushed
rock and filler which provide a crucial role in holding the coarse aggregate tgeth

and providing structural integrity in the overall asphalt matefi&hanet al.,, 2023)

Due to the texture depth requirements at the time of installation (2@13016) as
set within the SHVWNd contractual output specification of the contracts where they

6SNB dzaSR:Z G(KS 3INIRAYy3I OdNDESEDANBRE PR AL
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graded This also supports the structural performance of the asphalt through
aggregate interlock increasing the resistance to permanent deformation. This
highlights the influence of the coarse aggregate on thesiin skid resistance
performance and raises the questiaf the influence of the fine or crushed rock
aggregate, especially where the PSV and AAV tests are undertaken on the coarse

element.
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4.3Mineralogy

Testing has been undertaken to determine the mineralogical composition of the
aggregate samples within the asphalt materials selected, analysed thidugtat

the University of Nottingham.

MLA has been undertaken for each of the four aggregate sources from the two
asphalt mixes chosen from the PFI networks. The results are displayed as a colour
map across the aggregate particles, showing the variability of minerals throughout

the aggregate.

Figure4.2 shows the MLA results legend, with graphical results for the coarse

aggregates shown iRigure4.3 andFigure4.4.

l:‘ Unknown . Low_Counts l:‘ No_XRay
l:‘ Quartz l:‘ Augite . Muscovite
. Hematite l:‘ Barite l:‘ Pyrite
. Calcite . Zircon l:‘ Apatite
[ chlorite [[] Titanite [ TiChlorite
l:‘ Al poor Augite . Epidote . Orthoclase
. T-oxide silicate intergrowth . Mixed Clays l:‘ Grossular
. Plagioclase

Figure4.2: MLA results legend
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1 mm

Figure4.3: MLA results Gore 10mm test plate (top) and close image (bottom)
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Figure4.4: MLA resultss Bremanger 8.1mm test plate (top) and close imag

(bottom)
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Figure 4.3 and Figure 4.4 display the wide range of minerals present in each

aggregate particleThedetails of each aggregate type are showi able4.2.

Table4.2: Coarse aggregate mineralogical breakdown

Aggregate Source Mineral Percentage of Aggregate
Quartz 44%
. Plagioclase 20%
@ Orthoclase 9%
§ Muscovite 8%
%’ Calcite 7%
=X Mixed Clays 6%
& Chlorite 2%
r% Epidote 2%
Quartz 53%
Plagioclase 18%
Muscovite 10%
— Mixed Clays 6%
% Augite 4%
8 Chlorite 3%
E,’ Orthoclase 3%
3 Epidote 1%

Although both samples are high performing, high PSV (>60) aggregates, certain
differences within the mineralogy are immediately clear. For example, the
Bremanger aggregate has considerable Orthoclase, whereas the Gore aggregate has

a higher percentage of Muscovite aMixeddays.

However,Table4.2 highlights similarities between the coarse aggregates across the
asphalt materials selected within this study, with 64% in Bremanger and 71% in Gore

containing Quartz and Plagioclase.

Figures 4.5 and 4.6 show the colour maps of the MLA outputs for the fine aggregates.

111



Figure4.5: MLA resultg, Cliffe HillFine Aggregattest plate and closeip image
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The range of minerals identified is clear within the images above. The quantitative

mineralogical breakdown of the fine aggregates is showrainie4.3.

Table4.3: Fine aggregate mineralogical breakdown

Aggregate Source Mineral Percentage of Aggregate
Quartz 28%
Plagioclase 24%
Mixed Clays 14%
Orthoclase 8%
Chlorite 6%
D Calcite 6%
,“g’ Muscovite 6%
L;L; Grossular 2%
E— TiChlorite 1%
2 Al poor Augite 1%
Plagioclase 29%
Quartz 18%
Muscovite 12%
Chlorite 10%
Orthoclase 7%
Epidote 5%
Mixed Clays 4%
%\ Calcite 3%
',_% Augite 3%
% Grossular 2%
o Al poor Augite 1%
) TiChlorite 1%

As with the coarse aggregate analysis, the two most abundant minerals are Quartz
and Plagioclase, although the cumulative percentages of these minerals within the

overall aggregate make up are less, totalling 52% for Temple and 47% for Cliffe Hill.

There is a greater range of minerals across both fine aggregate sources when

compared to the coarse aggregate.
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4.4 Aggregate Parameter

The Mohs hardness for each of the minerals identified throughout both coarse and
fine aggregate samples has been determined using expertise from the University of

Nottingham.

The aggregate hardness parameter (AHP) was then calculated from the mineral
composition and Mohs hardness of each mineral, filaquations 7 and 8etailed

within the literature review from Kane et £013) reproduced below.

Qdan BQu 1 (Eqn. 7)
6Q B Qo QUs (Eqgn. 8)
Where:
dvi:  Vickers hardnesg&Smith and Sandland, 192@)each mineral
pi: Percentage mass of each mineral

dw:  Vickers hardness of most abundant mineral in the aggregate.
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Table4.4: Aggregate Hardness Parameter

Aggregate Mineral Mohs Mineral dmp Cd AHP
hardness Composition (%)
Quartz 6 44%
Plagioclase 6 20% 4.95 087 5.82
Orthoclase 6 9%
Muscovite 15 8%
s Calcite 3 7%
2 & MixedClays 2 6%
£ £ Chlorite 2 2%
2 S Epidote 6.5 2%
Quartz 6 53%
Plagioclase 6 18% 5.03 085 5388
Muscovite 15 10%
Mixed Clays 2 6%
Augite 5.5 4%
< Chlorite 2 3%
o % Orthoclase 6 3%
3 @ Epidote 6.5 1%
Quartz 6 28%
Plagioclase 6 24% 447 1.36 584
Mixed Clays 2 14%
Orthoclase 6 8%
Chlorite 2 6%
Calcite 3 6%
Muscovite 15 6%
o Grossular 6.5 2%
f_Elg TiChlorite 2 1%
L L Al poorAugite 5 1%
Plagioclase 6 29%
Quartz 6 18% 449 1.32 5.82
Muscovite 15 12%
Chlorite 2 10%
Orthoclase 6 7%
Epidote 6.5 5%
Mixed Clays 2 4%
Calcite 3 3%
Augite 55 3%
% _ Grossular 6.5 2%
o § Al poor Augite 5 1%
O L TiChlorite 2 1%
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The AHP resultslentified indicate very little difference between the four aggregate
sources. This potentially was to be expected due to the consistently high PSV of the
aggregates and their widespread use within the road network, indicating good
performance with regards to skigsistance however the consistency is stark across

all 4unique aggregate sources.

4.5Hardness Grouping

The hypothesis within this research was that areas of hard minerals would pluck out
of the aggregate surface, whereas soft(er) minerals would polish, with the effect of
maintaining the overallmicrotexture of the aggregate particle providing a

serviceable skid resistance indicated initially by a high PSV characterisation.

To visualise the hard / soft split of minerals throughout the aggregates, a Mohs
KINRySaa aSLI NI GAZ2Y @FtdsS gl a aGFr1Sy Fa B

soft areas).

Figure4.7 to Figure4.10 present this split throughout the aggregate sources studied
GAOGKAY GKAAa NBaSINOK gAGK | NBlFa HBp KINR
black), whilsfTable4.5 - Table4.7 detail the minerals within each group.

Table4.5: Mohs hardness mineral groupiagcoarse/ fine comparison

Percentage| Percentage
of Total | of Total
Group Mineral Mohs Hardness| (Coarse) (Fine)
Epidote 6.5 2% 5%
Grossular 6.5 0% 2%
Hard" (white) Quar.tz 6 49% 23%
Plagioclase 6 19% 27%
Orthoclase 6 6% 8%
Augite 5.5 4% 3%
Al poor Augite |5 0% 1%
Calcite 3 7% 5%
Soft' (black) Mixeq Clays 2 6% 9%
Chlorite 2 3% 8%
TiChlorite 2 0% 1%
Muscovite 15 9% 9%

117



Table4.6: Mohshardness mineral groupingcoarse aggregate comparison

Percentage | Percentage
of Total | of Total
Group Mineral MohsHardness | (Gore) (Bremanger)
Epidote 6.5 1% 2%
Grossular 6.5 - -
Hard" (white) Quar.tz 6 53% 44%
Plagioclase |6 18% 20%
Orthoclase 6 3% 9%
Augite 5.5 4% -
Al poor Augite| 5 - -
Calcite 3 - 7%
, Mixed Clays | 2 6% 6%
Soft: (black) et iorite 2 3% 2%
TiChlorite 2 - -
Muscovite 15 10% 8%

Table4.7: MohsHarness mineral groupingine aggregate comparison

Percentage | Percentage
of Total | of Total
(Cliffe  Hill| (Temple
Group Mineral MohsHardness | Fine) Fine)
Epidote 6.5 5% -
Grossular 6.5 2% 2%
Hard" (white) Quar.tz 6 18% 28%
Plagioclase 6 29% 24%
Orthoclase 6 7% 8%
Augite 5.5 3% -
Al poor Augite| 5 1% 1%
Calcite 3 3% 6%
Soft (black) Mixeq Clays |2 4% 14%
Chlorite 2 10% 6%
TiChlorite 2 1% 1%
Muscovite 15 12% 6%

118




Figure4.7: MLA Mohs Hardness FilteGore 10mm

Figure4.8: MLA Mohs Hardness FilteBremanger 11mm
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Figure4.9: MLA Mohs Hafdh.eSs' FilteCliffe HillFine Aggregate

L3

Figure4.10: MLA Mohs Hardness FilteiTempleFine Aggregate
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areas that may pluck out or polish during the FAP test procedure.

The impact of polishing across the aggregate particles will be analysed further

throughout subsequent testing within this research.
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5.0Laboratory Polishing (Friction After Polishing)

Aggregate only mosaics and asphalt cores taken frogitinschemes have been
tested within the National Highways Friction After Polishing device operated by TRL,
Wokingham, Berkshire as described in Chapter 3.

The following sections within this chapter detail the data obtained and provide initial

analysis and conclusions of the results.
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5.1Friction Measurement

As detailed in Chapter 3riftion test points for the study were selected across 7
stress points (polishing cycles) to cover the logarithmic range of the results seen

within the initial test attempts. For both the aggregate only mosaics and asphalt

cores these are:

Table5.1: Friction After Polishing measurement points

Stress Level Cumulative Polishing Successive Polishing
Cycles Cycles

0 0 0

1 90 90

2 900 810

3 4 500 3600

4 9000 4500

5 45 000 36000

6 90 000 45000

7 180 000 90000

Results are presented as in accordance with the reporting requirements of BS EN
1269749 asthe friction coefficient u at 60km/hr, denoted agqhenceforth within
this research.Figure5.1 presents jdo results across the 7 stress points for both

aggregate samplesndFigureb.2 presents this data for the asphalt core samples
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Figureb5.1: Friction After Polishing results for aggregate mosaics

0.600
—o—LBH (Gore) —#—10W (Bremanger)

0.550

0.450

‘+
|
1

0.400
0 20000 40000 60000 80000 100000 120000 140000 160000 180000

Polishing Cycles

Figure5.2: Friction After Polishing results for asphalt core sammple
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For the aggregate mosaic samplase results demonstrate a similar friction profile

for both samples. The bars included on the graph have been calculated using the
standard deviation of the 2 samples which make up the average result for each
aggregate type. All results are within the Ox@8iance limit for individual specimens

as stated within BS EN 12699.

When comparing the averaged data points across both sources, results at each
polishing stage are also within the 0.03 variance limit, indicating the difference in
performance is insignificant. This comparison is to be expected based on the choice
of aggre@gte and their usage throughout asphalt mix designs as high performance,
high PSV surfaceoarseaggregate however this variance limit of 0.03 within the
standard appears to be high based on the results obtaiAdditionally the standard
deviatiors of the measurements (shown figuratively by the heighteofor barg
towards the final polishing stages (90 000 and 180 000 cycles) are seen to be less

than in earlier stages indicating tlwensistence in longer term performance.

Whilst overall images are similar, clear differences are apparent between the

aggregate mosai@igure5.1) and asphalt core sampl€Bigureb.2).

The aggregate mosaics showm Figure5.1 demonstrate acurved reduction in
friction across polishing cycles as generally repeated throughout literature and the
industry as the standard skid resistance profile over time. There is considerable
Wy2A3aSQ 6AGKAY polking Mdgesdehichamayl bé attiik@itgdStol
variances within the test method and friction value measurement rather than the

performance othe aggregate.

The asphalt samples conversely show a generally smoother pnofiiesignificantly
less reduction, or change, in overall friction value betweeq IB0 000 polishing

cycles.

For aggregate mosaics, both samples show a 27% reduction in fript§racross

the 180 000 cycleOnly 26% reduction is seen frong @0 000 cycles.
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For the asphalt mosaicthe samples show 6% (LBH) and 8% (Bremamngeuxtion
in Weoacross 180 000 cycles, with a 5% &Aareduction respectively from@®0 000

cycles.
The percentage change at significant points is detailelchinle5.2.

Table5.2: Percentageeductionof friction result across aggregate and asphalt
samples at significant poinegyainstfriction at O polishing cycles

Stress Gore Bremanger | LBH IOW

Level Cycles Aggregate | Aggregate | Asphalt Asphalt
5 9000 20% 22% 0% 2%
7 90000 26% 26% 5% 6%
9 180000 27% 26% 6% 8%

Stress levels 5, 7 and 9 have been detailed on the table above to highlight change

points in friction across the polishing / stress cycles.

In aggregate only samplesha majority of the overall friction measurement
reductionis seen within the first 9 000 polishing cyclesth negligible change seen
from 90 000 to 180 000 polishing cycles.

Conversely, in the asphaamples relatively little overall change is seen within the
first 9 000 cycles, with the LBH asphalt sample showing no redwetien comparing

the 0 and 9 000 cycles friction resuN&riance in both asphalt samples is seen across
the resultsin Figure5.2 between 0¢ 9 000 cycles with an immediate reduction in
friction, followed by a minor recovery prior to the more traditionally sesdow skid
resistance reductionAcross the full resultwith the asphalt sampleghe significant

reduction within the asphalt samples is seen from 9 000a®00 cycles

This variance between the types of samples indicttasa significant impact to the
overall frictionperformance of asphalt is implied by a factor other than toarse

aggregate performance.

To further analysehe variation in friction change across the polishing cycles, the
results have been presented belowith polishing cyclesxfaxis)on a logarithmic

scale for aggregate onl¥igure5.3) and asphaltKigure5.4) samples.

126



0.600

——Gore —#—Bremanger

0.550

£0.500

0.450

0.400
1 10 100 1000 10000 100000
Polishing Cycles

Figure5.3: Logarithmic relationship d¥riction After Polishing results for aggregate
mosaics
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Figureb.4: Logarithmic relationship diriction After Polishing results for asphalt core
samples
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Thegraphs of logarithmic scale show more clearly the early life progression of the

friction measurements within both sample sets.

Theresults for theaggregate only mosai¢gigure5.3) show aconsecutive reduction
in friction result with each measurement stage. There is a generally consistent
reduction in both samples from 0900 polishing cycleand from 9 00@ 180 000
cycleswith an inflection point betweert 300 and 9 000 cycleshere the friction

change that characterises thpolishing impact occurs.

This result indicatethat to identify the elements that have significant impaois
result, focus should be on the elements that change between 4 500 and 9 000

polishing cycles.

However, for the logarithmic scale graph of the asphalt sampliggi(e5.4), results

from 900¢ 9 000 appear to show the opposite impact.

For both LBH and IOW asphalt samples, the trend shdas and immediatdriction
reduction before a plateau between 90900 cycles and an increase in friction from
900¢ 9 000 cycles.

Within asphalt samples, the increase in friction in early life is attributed to the
removal of the bituminous fil,surrounding the aggregate particles which can explain

the increase to 9 000 cycles.

The reduction in friction from 9 000 cycles therefore is attributed to the polishing of
the aggregate particles themselveshe results show a logarithmic reduction in
friction from 9 00Q; 180 000 polishing cycles, demonstrated amasistent gradient

on the logarithmic graph iRigureb.4.

These results will be compared to the surface texture amditu skid resistance

measurements within Chapters 6 andespectivelyof this thesis.
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5.2Friction Measurement z Speed Impact

Within the above data presentation and analysis tesults shown are the standard
output requirements for Friction After PolishiligAPwithin the published standard,
with results reported at a test speed of 60km/h (37.2mph) providing the reported

friction coefficientuso.

Within the FAP test, the test headtcelerates to 100km/h before coming into contact
with the test sampleFollowing contact, the test head is allowed to decelerate freely
(i.e. is not subject to forces other than tlagrect contact with the test samplefs a
result ofthe friction between the test head and the test sample, the speed of the test
head reduceswith friction results recorded by the FAP device acrosestispeeds

throughout this declaration.

Further extraction of the FAP data enables a view of friction values at all speeds,
rather than solely the 60kph repaatl value The friction valugi has been extracted

at 10km/h intervals from 10Q Okm/h and isshownin Figure5.6 to Figure5.13 with

the legend shown ifrigureb.5.

®0 90 ®9500 ®4500 ®95000 ®45000 ®950000 @ 180000

Figure5.5: Graphical Legend for test speed outputs.
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Figure5.6: Test Speed ImpaeSample Gore 01
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Figureb.7: Test Speed ImpaeSample Gore 02
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Figure5.10: Test Speed ImpaeSample HFO1
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Figure5.12: Test Speed ImpaeSample IOW1
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Figure5.6 to Figure5.9 show profile of friction against measurement speed through

the test head of the Friction After Polishing device for the aggregate only mosaics.

There isgenerallyuniform spacing of friction resultst all speedsithin Figure5.8
and Figure5.9 representing the Bremanger sampleith a change betweerd 500
and 9000 cyclesThis step change from 4 500 and 9 000 cyisl@sore pronounced

in Figureb.6 andFigure5.7 representing the Gore sample.

Figure5.10to Figure5.13, show the profile of friction against measurement speed
for the asphalt core samples. Clear differenbesveen these anthe aggregate only
mosaics are seen as the measurement results are more closely grouped throughout
the full range of test speedsligned with the results shown in the full friction after
polishing graphical results where the asphalt samplesvan overall slower friction

reduction

Figure5.10 to Figure5.13 show that this occurs across all test speeds without
noticeable change points throughout the test polishing cycles indicating a smoother

pattern of overall polishing and friction reduction.

Across both sample sets, ttiend of results throughout the range of test speeds is
consistent. This is important for comparisons across aggregate only and asphalt
samples to ensure a test speed selected for analysigides a reliable comparison.
Within the case for this research the test speed of 60km/h as stated withirigbe

standard is used.

Therange of results is greater at lower test speeds than closer to the start speed of
100km/h. This result may be influenced by the depth of water film present during
the test as applied water is ejected from the sample during initial rotations of the

test head, leaving a reduced water film at lower test speeds.

Temperature of both thesample and the test head may influence this change in
result across theéest speeds. Thessociated temperature impact of skid resistance
has been detailed within Chapter 2 from previous studiBlsis is not analysed in

detail within this research.
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6.0Surface Texture Analysis

Aggregate only mosaics and asphalt cores taken frogitinschemes have been
analysed using the process described in Chapter 3. The following sections within this
chapter detail how the data has been processed and the results obtained. Initial
conclusionsare made as to the changes in the surface texture throughout this
process and both a visual and data focussed assessment of the changes observed

carried out

6.1Visual Results

Visual changes of individual aggregate particles are displayed below using the image
exportsfrom the AliconaG5Infinite Focusneasurement. Aarticle from each coarse
aggregate source (Goend Bremanggrhas been selected to display in this section

along withaggregates from each asphalt mixture
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Polishing Cycles

900 4500 45000 90000 180000

Figure6.1: Gore aggregate sample SO2-01 visual comparison

Polishing Cycles
900 4500 45000 90000 180000

Figure6.2: Bremanger aggregate sample-@402 visual comparison
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Figure6.1 and Figure6.2 show Gore aggregate particle SO2-01 and Bremanger
aggregate particle S6d1-02 respectively using thenageexport from theAlicona
G5Infinite Focusnicroscope. Settings for the capture of these images are as per the

variables identified within the campaign analysis and detailed within Chapter 3.

From a visual review of the above images, changes cam&wed through colour

and brightness changes. Figure6.1 with the Gore aggregate, changes are observed
Ay 20SNIff ONAIKIySaa NBRddzOAYy3I GKNRdIzAK
in the bottomleft-handcorner as we view the image presented here betweerg90

900 polishing cycles and progresses through the remaining cycles. Towartdgthe
handside of the image, localised bright points are visible throughout the polishing

stages that vary in brightness and shape.

Within the Bremanger sample, the image at O polishing cycles shows a highly
reflective, bright aggregate surface. This is seen to decrease through polishing cycles
before apparently increasing from 45,000 cycles up to 180,000 cycles. During this
progressio, the area of high reflection changes from across the full surface of the

aggregate to being centralised.

In both samples, the changes within the initial stages are relatively dramatic,
especially when compared to the changes between cycles 45,000 to 180,000. These
changes align with those seen within the friction after polishing results where the
rate of chame reduces logarithmically throughout the process towards an
equilibrium. Whilst not presented here, these align with visual observations made

throughout other aggregate particles tested and analysed within this thesis.

A similar comparison is madeFigure6.3 and Figure6.4 with aggregate samples for

the asphalt mirs tested.
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Polishing Cycles
0 180 000

Figure6.3: LBH asphalt sample LRHO02_01 (with Gore aggregate)

Polishing Cycles
0 180 000

Figure6.4: IOW asphalt sample IO0% 02_01 (with Bremanger Aggregate)
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Figure6.3 and Figure6.4 show theGore aggregate within the LBH asphalt mix and
Bremanger aggregate within the IOW asphalt mixtures respecti@elly.imagesat

0 and 180 000 polishing cyclase presented

The changes observed from one image to the next are stark, aithincrease in
brightness in the more polished image. Ttustrasts withthe aggregate only images

which showed a reduction in brightness throughout the polishing cycles.

This can be explained by the inclusion of bitumen within the asphalt samples creating
a darker image. As the polishing cycles remove the bitumenafiichbitumen/fine

aggregatemasticthe sample will appear brighter.

Within Figure6.3, the topography changes across the imagpearclearly. Smaller
fine aggregates to th&eft-handside of the image are more visible and pronounced

at 180 000 cycleand a dip towards theight-handside of the image appears.

Within Figure6.4 the changes in topography are less immediately obvious but can be

seen aroundhe darker dips becoming more pronounced.

These topography changebserved at this visual comparison areombined effect
of the bitumen/mastic removal andnicrotexture changedue to mineralogical

polishing of the aggregate surface.

137



6.2Aggregate area selection and locating

Numerous aggregate particles were measured throughout the surface texture
measurement process using tAdiconaG5Infinite Focusnicroscope. The image files

of each aggregate were reviewed across the polishing cycles to select 9 particles from
each aggregate source for further analysis. This was based on ensuring continuous
data collection across the aggregate particle, or speaf&a of the particle of
interest, plus continuous data collection for each stress level{Por 0 to 180,000

polishing cycls).

Figure 6.5 shows the .jpeg image exported from the Alicona measurements for
sample S®1, covering4 aggregate particlesat 180 000 polishing cycle3hese
particles have been further referenced-88 01, 02, 03 and _04.

Figure6.5: .jpeg image output form Alicona measurement sample e083

138

















































































































































































