
 
 

 

 
 
 

Influence of Aggregate Topology and 

Mineralogy on the Long-Term Skid Resistance 

Performance of Asphalt Surface Course 

Material  

 

 Thesis submitted to the University of Nottingham for the degree of 

Doctor of Philosophy 

March, 2025 

 

James Stokes 

14260986 

 

Supervisors: Gordon Airey, David Large 

 

Faculty of Engineering 

University of Nottingham 

 



 

i 
 

Abstract  

Skid resistance is a critical safety property of road pavements, directly affecting wet 

braking performance and accident risk. Traditional prediction methodsτincluding 

the Polished Stone Value (PSV) testτfocus solely on a small fraction of the coarse 

aggregate performance and have demonstrated limited reliability in forecasting 

in-situ skid resistance over the service life of an asphalt surface course. This thesis 

investigates whether a more holistic laboratory measurementτthe Friction After 

Polishing (FAP) testτcombined with quantitative characterisation of aggregate 

topography and mineralogy, can improve prediction of long-term in-situ skid 

resistance as measured by the Sideways-Force Coefficient Routine Investigation 

Machine (SCRIM). 

A structured experimental programme was devised to (1) characterise polished 

aggregate micro-texture via Mineral Liberation Analysis (MLA), Mohs hardness 

grouping, and Alicona infinite-focus microscopy; (2) quantify friction evolution during 

controlled polishing of aggregate mosaics and full asphalt cores using FAP; (3) assess 

changes in three-dimensional surface texture across incremental polishing cycles; 

and (4) correlate laboratory friction outcomes with extensive SCRIM survey data 

collected between 2014ς2024 on matching asphalt designs under varied traffic 

volumes. 

Results reveal that aggregate mineralogical compositionτand specifically the 

proportion of hard versus soft mineral phasesτinfluences both micro-texture 

retention and friction coefficient trajectories under polishing. FAP measurements 

reached equilibrium beyond the standard 90 000 polishing cycles, suggesting that 

current European test protocols underestimate long-term wear effects. Alicona G5 

Infinite Focus-derived surface and volumetric texture parameters demonstrated 

statistically significant relationships with FAP friction values. Critically, asphalt cores 

exhibited stronger FAPςSCRIM correlations than aggregate mosaics alone, validating 

the importance of binder-aggregate interactions and macro-texture contributions. 
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This thesis establishes that combined mineralogical and topographical 

characterisation integrated with FAP provides a robust predictor of in-situ skid 

resistance performance. These findings support a shift toward performance-based 

surfacing specifications designed to maximise road safety and lifecycle efficiency.  



 

iii 
 

Acknowledgements  

There are a great many people to be thanked in their support of myself and this 

project.  

Firstly, thanks to my supervisors Gordon Airey and Richard Large. Special thanks to 

my previous supervisor Tony Parry for his enthusiasm, support, and guidance for the 

direction of this research. I would also like to thank the various members of the 

University of Nottingham Metrology team for their support and encouragement with 

the experimental work.  

Thanks to National Highways and TRL, for the training on and use of their equipment 

and technical support. 

I would like to thank Jean Lefebvre (UK) and Eurovia UK Ltd for giving me the time 

and resources to conduct the research. Thanks to Ringway Infrastructure Services, 

Hounslow Highways and Island Roads for the use of their data, without which the 

findings of this work would not have been possible. 

In particular, I would like to thank the Jean Lefebvre team including Jonathan Core, 

Len Mills and Jordan Telles for their support and assistance with testing, materials, 

and industry application of knowledge.  

I am incredibly grateful to Michael Wright and Ahmed Nassar for their friendship, 

technical support, and encouragement to complete the work.  

Finally, I would like to thank my family for their endless support. The biggest thanks 

go to Rachel, my wife, for all of the times I have locked myself away and left her to 

look after the children, and for all of the times when I have not listened to a single 

word she has said to me because I had been thinking about aggregates and skid 

resistance. 

  



 

iv 
 

Contents 
 
Abstract .................................................................................................................... i 

Acknowledgements ................................................................................................ iii 

Contents ................................................................................................................. iv 

Table of Figures...................................................................................................... viii 

Table of Tables ....................................................................................................... xiii 

1.0 Introduction ................................................................................................. 1 

1.1 Background .............................................................................................. 1 

1.2 Problem Statement .................................................................................. 3 

1.3 Research Aims .......................................................................................... 5 

1.4 Report Organisation ................................................................................. 7 

2.0 Literature Review ......................................................................................... 8 

2.1 The Road Pavement.................................................................................. 9 

2.1.1 Surface Course .................................................................................. 9 

2.2 Skidding Resistance ................................................................................ 11 

2.2.1 Importance of Skidding Resistance ................................................. 11 

2.3 Skid Resistance Policy ............................................................................. 14 

2.3.1 Skid Resistance Policy Development ............................................... 14 

2.3.2 Current Policy ................................................................................. 15 

2.3.3 Comparison with other European Countries ................................... 19 

2.3.4 Future Development ....................................................................... 21 

2.4 Surface Texture ...................................................................................... 22 

2.4.1 Macro-Texture ................................................................................ 24 

2.4.2 Micro-Texture ................................................................................. 25 

2.4.3 Road Surface Texture ...................................................................... 26 



 

v 
 

2.4.4 The Tyre Impact .............................................................................. 27 

2.4.5 Laboratory Texture Measurements ................................................. 28 

2.4.6 Laboratory Texture Processing ........................................................ 31 

2.4.7 Texture Characterisation................................................................. 34 

2.5 Further Aggregate Properties ................................................................. 38 

2.5.1 Aggregate Mineralogy ..................................................................... 38 

2.5.2 Scanning Electron Microscope ........................................................ 39 

2.6 Empirical Skid Resistance Measurements ............................................... 40 

2.6.1 Skid Resistance Measurement Discussion ....................................... 44 

2.7 Prediction of Skid Resistance Measurements.......................................... 46 

2.7.1 Polished Stone Value ...................................................................... 46 

2.7.2 Friction After Polishing .................................................................... 50 

2.7.3 Development of Skid Resistance Prediction .................................... 53 

2.7.4 Temperature Impact ....................................................................... 54 

2.8 The Tyre Impact ...................................................................................... 56 

2.9 Skid Resistance and Texture Correlations ............................................... 58 

2.10 Understanding ς Linking Empirical and Predictions ................................. 60 

2.11 Existing Research Summary and Analysis ................................................ 66 

3.0 Project Hypothesis and Experimental Programme Methodology ................ 68 

3.1 Study Material Selection ......................................................................... 69 

3.2 In-Situ Skid Resistance Measurement and Analysis ................................. 71 

3.3 Characterisation of Aggregate ................................................................ 73 

3.3.1 Mineral Liberation Analysis ............................................................. 73 

3.3.2 Mohs Hardness Parameter ............................................................. 73 

3.3.3 Particle Size Distribution ................................................................. 74 

3.3.4 Aggregate Hardness Parameter ...................................................... 74 



 

vi 
 

3.4 Sample Preparation for Laboratory Study ............................................... 75 

3.4.1 Laboratory Samples ς Aggregate Mosaics ....................................... 75 

3.4.2 Site Samples ................................................................................... 79 

3.5 Trial Study ς Polishing and Texture ......................................................... 83 

3.5.1 Friction After Polishing .................................................................... 83 

3.5.2 Texture Measurement .................................................................... 85 

3.6 Polishing and Texture Assessment Process ............................................. 90 

3.6.1 Test Methodology Aggregate Mosaics ............................................ 90 

3.6.2 Test Methodology Asphalt Core Samples ........................................ 94 

3.7 Data Analysis .......................................................................................... 95 

3.7.1 Friction After Polishing .................................................................... 95 

3.7.2 Aggregate Texture ς Alicona G5 Infinite Focus Microscope ............. 95 

3.8 Results Comparison and Discussion ........................................................ 96 

3.9 Summary Methodology .......................................................................... 97 

4.0 Assessment of Aggregate Properties .......................................................... 98 

4.1 Geological History .................................................................................. 99 

4.1.1 Gore ............................................................................................... 99 

4.1.2 Bremanger .................................................................................... 100 

4.1.3 Cliffe Hill ....................................................................................... 100 

4.1.4 Temple ......................................................................................... 101 

4.2 Aggregate Parameters .......................................................................... 103 

4.2.1 Standard Test Parameters ............................................................. 103 

4.2.2 Particle Size Distribution (Gradation) ............................................ 104 

4.3 Mineralogy ........................................................................................... 107 

4.4 Aggregate Parameter ........................................................................... 114 

4.5 Hardness Grouping ............................................................................... 116 



 

vii 
 

5.0 Laboratory Polishing (Friction After Polishing) .......................................... 121 

5.1 Friction Measurement .......................................................................... 122 

5.2 Friction Measurement ς Speed Impact ................................................. 128 

6.0 Surface Texture Analysis ........................................................................... 132 

6.1 Visual Results ....................................................................................... 132 

6.2 Aggregate area selection and locating .................................................. 137 

6.3 Quantitative Results ............................................................................. 142 

6.3.1 Parameter Measurements ............................................................ 142 

6.3.2 Correlation Trends ........................................................................ 151 

7.0 SCRIM....................................................................................................... 161 

7.1 SCRIM Surveys ...................................................................................... 162 

7.2 Data Analysis ........................................................................................ 162 

7.3 Site Category Data Assessment ............................................................. 167 

7.4 SCRIM data conclusion ......................................................................... 171 

7.5 SCRIM and FAP Comparison ................................................................. 172 

8.0 Discussion and Conclusions ...................................................................... 175 

8.1 Micro-texture Evolution and Laboratory Friction Performance (Objectives 

1 & 2) 176 

8.2 Polishing Behaviour of Aggregates vs. Asphalt Mixtures (Objective 3) .. 180 

8.3 Linking Laboratory Polishing to In-Situ Skid Resistance (Objective 4) .... 184 

8.4 Implications for Practice ....................................................................... 188 

8.5 Recommendations for Further Work .................................................... 191 

8.6 Final Conclusion.................................................................................... 194 

9.0 References ............................................................................................... 195 

 

  



 

viii 
 

Table of Figures  

Figure 2.1: UK Road casualties and vehicle miles 1950 ς 2023 (Department for 

Transport, 2025) ............................................................................................ 12 

Figure 2.2: Pavement Surface Texture Characteristics (Dunford, 2013) .................. 22 

Figure 2.3: Micro and Macro-texture (ICAO, 2013) ................................................. 24 

Figure 2.4: Positive macro-texture, typically see in HRA and chippings................... 24 

Figure 2.5: Negative macro-texture, typically seen in an SMA or AC ....................... 25 

Figure 2.6: Volumetric Patch Test, reproduced from Jean Lefebvre UK Ltd (2018).. 25 

Figure 2.7: Alicona G5 Infinite Focus microscope (Alicona, 2017) ........................... 29 

Figure 2.8: Components of surface texture analysis (Zygo, 2024) ........................... 33 

Figure 2.9: Imagery of volumetric parameters, clockwise from top left as Vmp, Vmc, 

Vvv and Vvc. ................................................................................................... 37 

Figure 2.10: Sideways-force Coefficient Routine Investigation Machine (NCHRP, 

2009). ............................................................................................................. 40 

Figure 2.11: Close up view of SCRIM measurement tyre (WDM, 2017). .................. 41 

Figure 2.12: GripTester, showing the test wheel at the rear, linked via a chain to the 

drive wheels. Image obtained from Jean Lefebvre (UK) Ltd. ........................... 43 

Figure 2.13: micro GripTester. Manually driven continuous skid resistance 

measurement. Image obtained from Jean Lefebvre (UK) Ltd (2018). .............. 44 

Figure 2.14: PSV Polishing equipment (Northstone Materials, 2017) ...................... 47 

Figure 2.15: Friction After Polishing machine (Friel and Woodward, 2016) ............ 50 

Figure 2.16: FAP Polishing Head (left) and FAP Test Head (right)(Friel and 

Woodward, 2016). ......................................................................................... 52 

Figure 2.17: Wehner-Schulze friction coefficient against PSV, from (Allen, Phillips 

and Woodward, 2008).................................................................................... 60 

Figure 2.18: Skid resistance development prediction model (Huschek, 2004) ........ 62 

Figure 2.19: Wehner Schulze friction coefficient v SCRIM coefficient (Woodward et 

al., 2013) ........................................................................................................ 63 

Figure 3.1: Initial stage of positioning aggregate sample onto base plate ............... 76 

Figure 3.2: Full coverage of base plate with aggregate sample ............................... 76 



 

ix 
 

Figure 3.3: Void between aggregates being filled with sand to 50% of aggregate 

height ............................................................................................................. 77 

Figure 3.4: Full sample covered with sand, with excess sand blown from top of 

aggregate particles ......................................................................................... 77 

Figure 3.5: Mixed resin being added to mosaic ...................................................... 78 

Figure 3.6: Levelled resin being left to set .............................................................. 78 

Figure 3.7: Vertical image of completed aggregate mosaic ..................................... 78 

Figure 3.8: Horizontal image of completed aggregate mosaic ................................ 78 

Figure 3.9: Location of Hatton Road, Feltham, Hounslow ....................................... 80 

Figure 3.10: Hatton Road Cores A and B location ................................................... 81 

Figure 3.11: Hatton Road Core B site extraction ..................................................... 81 

Figure 3.12: Location of Newnham Road, Binstead, IOW........................................ 81 

Figure 3.13: Newnham Road Cores 2 location ........................................................ 82 

Figure 3.14: Newnham Road Core 2 site extraction ................................................ 82 

Figure 3.15: Initial Friction After Polishing test result ............................................. 84 

Figure 3.16: Aggregate sample with three profile lines for texture parameter 

measurements - London Borough of Hounslow network, 10mm TSCS Gore ς 

Cliffe Hill asphalt mix ...................................................................................... 87 

Figure 3.17: Graph of cumulative average of Ra from initial sample results on 10mm 

Thin Surface Course Gore-Cliffe Hill asphalt mix. ............................................ 88 

Figure 3.18: Sample 2019-02 aggregate location acetate overlay ........................... 91 

Figure 3.19: FAP glass calibration plate .................................................................. 92 

Figure 3.20: Aggregate mosaic in FAP test mould ................................................... 93 

Figure 3.21: Aggregate mosaic in mould situated beneath polishing rollers within 

FAP machine .................................................................................................. 93 

Figure 3.22: Upward directed image of FAP polishing rollers .................................. 93 

Figure 3.23: Upward directed image of FAP friction test head ................................ 93 

Figure 3.20: Test Summary ..................................................................................... 97 

Figure 4.1: Grading curve, coarse aggregate and TSCS asphalt mixes ................... 105 

Figure 4.2: MLA results legend ............................................................................. 107 

Figure 4.3: MLA results - Gore 10mm test plate (top) and close image (bottom) .. 108 



 

x 
 

Figure 4.4: MLA results - Bremanger 8-11mm test plate (top) and close image 

(bottom) ...................................................................................................... 109 

Figure 4.5: MLA results ς Cliffe Hill Fine Aggregate test plate and close-up image 111 

Figure 4.6: MLA results ς Temple Fine Aggregate test plate and close-up image .. 112 

Figure 4.7: MLA Mohs Hardness Filter ς Gore 10mm ........................................... 118 

Figure 4.8: MLA Mohs Hardness Filter ς Bremanger 11mm .................................. 118 

Figure 4.9: MLA Mohs Hardness Filter ς Cliffe Hill Fine Aggregate ........................ 119 

Figure 4.10: MLA Mohs Hardness Filter ς Temple Fine Aggregate ........................ 119 

Figure 5.1: Friction After Polishing results for aggregate mosaics ......................... 123 

Figure 5.2: Friction After Polishing results for asphalt core samples ..................... 123 

Figure 5.3: Logarithmic relationship of Friction After Polishing results for aggregate 

mosaics ........................................................................................................ 126 

Figure 5.4: Logarithmic relationship of Friction After Polishing results for asphalt 

core samples ................................................................................................ 126 

Figure 5.5: Graphical Legend for test speed outputs. ........................................... 128 

Figure 5.6: Test Speed Impact - Sample Gore 01 .................................................. 129 

Figure 5.7: Test Speed Impact - Sample Gore 02 .................................................. 129 

Figure 5.8: Test Speed Impact - Sample Bremanger 01 ......................................... 129 

Figure 5.9: Test Speed Impact - Sample Bremanger 02 ......................................... 129 

Figure 5.10: Test Speed Impact - Sample HH-01 ................................................... 130 

Figure 5.11: Test Speed Impact - Sample HH-02 ................................................... 130 

Figure 5.12: Test Speed Impact - Sample IOW-01 ................................................. 130 

Figure 5.13: Test Speed Impact - Sample IOW-02 ................................................. 130 

Figure 6.1: Gore aggregate sample S02-01-01 visual comparison ......................... 133 

Figure 6.2: Bremanger aggregate sample S4-01-02 visual comparison ................. 133 

Figure 6.3: LBH asphalt sample LBH-2_02_01 (with Gore aggregate).................... 135 

Figure 6.4: IOW asphalt sample IOW-2_02_01 (with Bremanger Aggregate) ........ 135 

Figure 6.5: .jpeg image output form Alicona measurement sample of S3-01 ........ 137 

Figure 6.6: Mountains Map area extraction imagery for S3-01_02 ....................... 138 

Figure 6.7: Colocalization studiable selection ....................................................... 139 

Figure 6.8: Zoomed-in view of manual alignment using point selection of 

identifiable features ..................................................................................... 140 



 

xi 
 

Figure 6.9: Extracted area wide image of 4 points used for accurate alignment of the 

two studiables .............................................................................................. 140 

Figure 6.10: Extracted selection of each stress point measurement following 

colocalization ............................................................................................... 141 

Figure 6.11: Gore Aggregate ς Average Sa after Gaussian filter of different 

wavelengths, normalised to peak value ........................................................ 143 

Figure 6.12: Bremanger Aggregate ς Average Sa after Gaussian filter of different 

wavelengths, normalised to peak value ........................................................ 144 

Figure 6.13: Sa Normalised for Gore and Bremanger aggregate sources .............. 145 

Figure 6.14: Sq Normalised for Gore and Bremanger aggregate sources .............. 145 

Figure 6.15: Sp Normalised for Gore and Bremanger aggregate sources .............. 146 

Figure 6.16: Sku Normalised for Gore and Bremanger aggregate sources ............ 146 

Figure 6.17: Vmp(10%) Normalised ...................................................................... 148 

Figure 6.18: Vmc(10%,80%) Normalised ............................................................... 148 

Figure 6.19: Vv(10%) Normalised ......................................................................... 150 

Figure 6.20: Vvc(10%,80%) Normalised ................................................................ 150 

Figure 6.21: Vvv(80%) Normalised ....................................................................... 151 

Figure 6.22: Sa comparison to FAP for Gore Aggregate and LBH Asphalt .............. 152 

Figure 6.23: Sp comparison to FAP for Gore Aggregate and LBH Asphatlt ............ 152 

Figure 6.24: Sku comparison to FAP for Gore aggregate and LBH Asphalt ............ 152 

Figure 6.25: Vmp comparison to FAP (Gore and LBH Asphalt) .............................. 153 

Figure 6.26: Vmc comparison to FAP (Gore and LBH Asphalt) .............................. 153 

Figure 6.27: Vv comparison to FAP (Gore and LBH Asphalt) ................................. 153 

Figure 6.28: Vvc comparison to FAP (Gore and LBH Asphalt) ................................ 154 

Figure 6.29: Vvv comparison to FAP (Gore and LBH Asphalt) ................................ 154 

Figure 6.30: Sa comparison to FAP (Bremanger and IOW Asphalt) ....................... 156 

Figure 6.31: Sp comparison to FAP (Bremanger and IOW Asphalt) ....................... 156 

Figure 6.32: Sku comparison to FAP (Bremanger and IOW Asphalt) ..................... 156 

Figure 6.33: Vmp comparison to FAP (Bremanger and IOW Asphalt) .................... 157 

Figure 6.34: Vmc comparison to FAP (Bremanger and IOW Asphalt) .................... 157 

Figure 6.35: Vv comparison to FAP (Bremanger and IOW Asphalt) ....................... 157 

Figure 6.36: Vvc comparison to FAP (Bremanger and IOW Asphalt) ..................... 158 



 

xii 
 

Figure 6.37: Vvv comparison to FAP (Bremanger and IOW Asphalt) ..................... 158 

Figure 7.1: Traffic Count Point 56900. A315 Staines Road, Feltham, Hounslow. ... 164 

Figure 7.2: Traffic Count Point 70083. A3054 West St, Ryde, IOW. ....................... 164 

Figure 7.3: Mean CSC by age across all surveys 2014 - 2024 ................................. 165 

Figure 7.4: Mean CSC by traffic volume across all surveys 2014 ς 2024 ................ 166 

Figure 7.5: IOW - Mean CSC per site category by surfacing age across all surveys 

2014 ς 2024 ................................................................................................. 167 

Figure 7.6: LBH - Mean CSC per site category by surfacing age across all surveys 

2014 ς 2024 ................................................................................................. 168 

Figure 7.7: LBH ς Mean CSC per site category with all data average within site 

category K ς all surveys 2014 ς 2024 ............................................................ 169 

Figure 7.8: FAP to SCRIM correlation at 1msa = 45 000 polishing cycles ............... 173 

Figure 7.9: FAP to SCRIM correlation at 1msa = 45 000 polishing cycles, from 900+ 

cycles ........................................................................................................... 173 

Figure 7.10: FAP to SCRIM correlation at 1msa = 45 000 polishing cycles from 900+ 

FAP cycles combining IOW and LBH asphalt core FAP and SCRIM. ................ 174 

 

  



 

xiii 
 

Table of Table s 

Table 2.1: Extract of site categories and investigatory levels, reproduced from cs 

228 (Highways England, 2021)........................................................................ 16 

Table 2.2: Minimum PSV for aggregates in new hot applied thin surface course 

systems, extract reproduced from CD 236 (Highways England, 2022)............. 18 

Table 2.3: Key Areal and Volumetric Texture Parameters ....................................... 36 

Table 3.1: Aggregate Sources ................................................................................. 70 

Table 3.2: Summary of SCRIM survey provider and vehicle .................................... 72 

Table 3.3: Alicona G5 Infinite Focus microscope variable control ........................... 87 

Table 3.4: Aggregate Mosaic Test Methodology - Test Points ................................. 90 

Table 3.5: Core Samples Test Methodology - Test Points ....................................... 94 

Table 4.1: Aggregate Sources ............................................................................... 103 

Table 4.2: Coarse aggregate mineralogical breakdown......................................... 110 

Table 4.3: Fine aggregate mineralogical breakdown ............................................. 113 

Table 4.4: Aggregate Hardness Parameter ........................................................... 115 

Table 4.5: Mohs hardness mineral grouping ς coarse / fine comparison .............. 116 

Table 4.6: Mohs hardness mineral grouping - coarse aggregate comparison ........ 117 

Table 4.7: Mohs Harness mineral grouping - fine aggregate comparison .............. 117 

Table 5.1: Friction After Polishing measurement points ....................................... 122 

Table 5.2: Percentage reduction of friction result across aggregate and asphalt 

samples at significant points against friction at 0 polishing cycles ................ 125 

Table 6.1: R2 values for aggregate and asphalt Friction after polishing (µ60) against 

surface texture and volumetric parameters. ................................................ 159 

Table 7.1: Site category and investigatory levels for SCRIM dataset ..................... 163 

Table 7.2: Total SCRIM surveyed length across each site category and dataset 2014 - 

2024 ............................................................................................................. 170 

Table 7.3: FAP Polishing Cycles to msa comparison .............................................. 172 



 

1 
 

1.0 Introduction  

1.1 Background  

Skid 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. 

{ƪƛŘ ǊŜǎƛǎǘŀƴŎŜ ƛǎ ŘŜŦƛƴŜŘ ŀǎ άǘƘŜ ŎƻƴǘǊƛōǳǘƛƻƴ ƻŦ ǘƘŜ ǊƻŀŘ ǎǳǊŦŀŎŜ ǘƻ ǘƘŜ ƻǾŜǊŀƭƭ 

ŦǊƛŎǘƛƻƴ ŀǾŀƛƭŀōƭŜ ōŜǘǿŜŜƴ ǘƘŜ ǘȅǊŜ ŀƴŘ ǘƘŜ ǊƻŀŘ ǎǳǊŦŀŎŜέ (Highways England, 2021), 

whereas friction is defined as άthe force that makes it difficult for one object to slide 

along the surface of anotherέ (Cambridge University Press, 2025). This can be 

impacted predominantly by the micro-texture and macro-texture of the pavement.   

The main texture components are identified as macro-texture, the gaps between 

aggregate particles providing high speed wet skid resistance, and micro-texture, the 

surface texture of the aggregate particles themselves providing slow speed wet skid 

resistance (Dunford, 2013).  

The skid resistance of a surface course has, for many years, been deemed dependent 

on the Polished Stone Value (PSV) of the aggregate used within the material, traffic 

loading and associated polishing impact, the texture depth and site geometry and 

well as weathering and environmental factors. Long term skid resistance 

performance is often linked to the texture of the surface material. 

In recent years however, this approach has been challenged and the simplistic 

relationship between texture depth, PSV and skidding resistance has been 

investigated. Studies have concluded that the PSV result is dependent upon the test 

conditions used (Jellie, 2003) and that the PSV test gives a lack of confidence about 

the prediction of in-situ skid resistance performance, especially in the long term 

(Descantes and Hamard, 2015). 
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The micro-texture of the aggregate particles can be tested indirectly through the 

Polished Stone Value (PSV) test (BS EN 1097-8: 2009 (BSI, 2009)) which was 

developed in 1958. This identifies the level of skid resistance of the aggregate 

following a polishing cycle, which aims to imitate the polishing action of in-situ 

trafficking. 

In contrast to the PSV test which assesses only the 6.3-10mm aggregate portion, the 

Ψ²ŜƘƴŜǊ {ŎƘǳƭȊŜΩ ƻǊ Friction After Polishing (FAP) test has been developed as a tool 

for simulating in-situ 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, in-situ skid resistance is measured and specified using a Sideways-

Force Coefficient Routine Investigation Machine (SCRIM). Target SCRIM values, 

known as Investigatory Levels (ILs), are prescribed for areas of the road network 

dependent upon the accident risk for the strategic road network. Research (Huschek, 

2004) suggests that the FAP test method provides better correlation to the in-situ 

skid resistance measurement. Additional research has identified correlations 

between PSV and FAP in aggregate 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 micro-texture 

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 aggregate mineralogy 

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

There are several published 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 in-situ performance 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 Wehner-Schulze 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 micro-texture (Do et al., 2007, Do et al., 2009, Dunford et al., 

2012) and mineralogy (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., 2006, 

Arampamoorthy and Patrick, 2011) as the single size aggregate is comparable to the 

PSV test sample. However, 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 spacing of the aggregate particles.  

Testing using FAP has generally been performed with 90 000 polishing cycles as per 

the recent European standard, however it is unclear if the polishing impacts continue 

past this point (Huschek, 2004). Further polishing cycles towards an equilibrium 

aggregate condition is reviewed within this research to challenge the impact this has 

on the correlations identified.  

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

coefficient and asphalt mixture performance is determined by the aggregate. 
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Significant changes within the micro-texture of aggregate particles, and reduction in 

asperity height, were shown because of the polishing process. However, there is 

currently no comprehensive research within the UK to link the aggregate topology 

and mineralogy to the texture development from polishing and associated functional 

characteristics of the micro-texture of the aggregate particles. Furthermore, the in-

situ 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 in-situ skid resistance measurement. 

Research gaps have been identified on the link between aggregate topology, 

mineralogy and the long-term prediction of in-situ skid resistance through existing 

laboratory test methods. There are significant gaps identified between how 

aggregate is specified within the Specification for Highway Works (SHW) / Design 

Manual for Roads and Bridges (DMRB) compared to the impact on the overall asphalt 

skid resistance performance and how the coarse aggregate changes throughout a 

polishing cycle.  

Specification and research are focused on coarse aggregate only measurements to 

predict the performance of a holistic material containing a range of aggregate 

fractions and bitumen. Research has looked at measurements of asphalt skid 

resistance in the laboratory compared to in-situ over a limited data set and failed to 

identify significant correlations.  

This research has looked to answer these gaps by undertaking a detailed analysis of 

the impact of mineralogy and polishing on the topology of aggregate, and the link 

between laboratory measurements of skid resistance across a range of polishing 

cycles on both aggregate only and asphalt samples to large data sets of in-situ skid 

resistance.  
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1.3 Research Aims 

The research and testing conducted throughout this thesis looks to answer the gaps 

within the existing research indicated above and use the relationship between the 

variables to produce an in-situ skid resistance prediction for asphalt surface course 

materials. 

The aim of this research is to understand the relationship between the surface 

topography, mineralogy and wet skid resistance of aggregate impacting on the skid 

resistance of an asphalt surface course material as measured within the FAP test 

method and identify how these manifest in in-situ skid resistance through SCRIM 

survey and the practical implementation of aggregate specification within a PFI 

contract setting.  

The objectives of this thesis are: 

 

1. To characterise the topology of polished aggregate through micro-texture 

and mineralogy measurements. 

 

2. To undertake polishing to generate a range of aggregate micro-textures, 

characterise them and review the relationship to measured friction. 

 

3. To study the relationship between aggregate only samples and asphalt 

mixtures through long-term (or repeated) polishing and the impact on the 

skid resistance through Friction After Polishing measurements and identify 

recommendations for revisions of the testing methodology and procedure. 

 

4. To assess the micro-texture changes of aggregate under polishing and 

investigate the relationship to long-term in-situ skid resistance through 

SCRIM measurements. 
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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 

ŀƴŘ ŘƛŦŦŜǊŜƴǘƛŀǘŜ ŀǊŜŀǎ ƻŦ άƘŀǊŘέ ŀƴŘ άǎƻŦǘέ ƳƛƴŜǊŀƭǎΦ Lǘ ƛǎ ƘȅǇƻǘƘŜǎƛǎŜŘ ǘƘŀǘ άƘŀǊŘέ 

ƳƛƴŜǊŀƭǎ ǿƛƭƭ ǇƭǳŎƪ ƻǳǘ ƻŦ ǘƘŜ ŀƎƎǊŜƎŀǘŜ ŘǳǊƛƴƎ ǿŜŀǊΣ ǿƘƛƭǎǘ άǎƻŦǘέ ƳƛƴŜǊŀƭǎ ǿƛƭƭ 

polish. The mineralogical information gained on the aggregate will be used to 

characterise the micro-texture. The micro-texture is obtained through use of the 

Alicona G5 Infinite Focus microscope. 

The second objective is achieved by 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 procedure has been stopped at set cycle intervals (stress levels) to 

undertake friction testing and to sample the micro-texture through the Alicona G5 

Infinite Focus microscope. Analysis has then been undertaken on the friction after 

polishing result and changes in micro-texture to attempt to find a relationship with 

the aggregate mineralogy. 

The third objective is achieved using the procedure detailed in the second objective, 

testing micro-texture at the 0 and 5 stress level points (0 and 180 000 polishing cycles 

respectively), using asphalt samples. Detailed comparisons are made between 

aggregate only and asphalt measurement of FAP and the observed changes in micro-

texture.  

The fourth objective is achieved by analysing the results from objectives two and 

three, alongside SCRIM data obtained from in-situ testing of the same asphalt mix, 

installed across two local authority networks with a range of traffic loading and 

environmental conditions, the Isle of Wight and London Borough of Hounslow. 
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1.4 Report Organisation  

This PhD thesis is organised into 9 chapters.  

Chapter 1 has provided background to the problem of in-situ 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 resistance, surface 

texture measurement and prediction techniques and their use in skid resistance 

policy.  

Chapter 3 summarises the methodology and introduces the thesis hypothesis, 

experimental programme and how the test plan has covered the stated objectives.  

Chapter 4 provides the experimental findings of the aggregate studies.  

Chapter 5 provides the experimental findings of the Friction After Polishing study, 

considered in terms Friction After Polishing performance of aggregate and asphalt 

samples and the relationship to Polished Stone Value. 

Chapter 6 provides the experimental findings of the surface texture measurements. 

This is considered in terms of impact 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. 

Chapter 7 provides the SCRIM data available and analyses the data related to the 

asphalt mixtures selected relative to traffic loading. The chapter considers the data 

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

Chapter 8 provides a study and analysis of the data presented in Chapters 4 ς 7 and 

provides a summary of the research project and the key conclusions drawn. The 

implications for industry and recommendations for further works are discussed.  

Chapter 9 contains the bibliography of literature reviewed as part of this research. 
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2.0 Literature Review  

The aim of this research is to develop a methodology for predicting the long-term 

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 research, presented across the topics listed 

below; 

1. Road pavement 

2. Skid resistance and its specification and policy 

3. Texture characterisation 

4. Aggregate properties 

5. Skid resistance measurement and prediction 
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2.1 The Road Pavement  

Asphalt is a material comprised of roughly 95% aggregate by weight, and 5% asphalt 

binder, most commonly bitumen. The ratio of individual aggregates and asphalt 

binder, referred to hereafter as bitumen, and the source, shape and size of the 

aggregate, has a large impact on the properties of the final asphalt material such as 

the compaction, void content and surface texture which 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 as the interface 

between the pavement and the vehicle. The material design, compaction and raw 

material components can all significantly affect this interface and therefore the 

performance of the surface course and impact on the user.  

There are a wide range of surface course material types, each one incorporating 

varying restrictions on the raw aggregate and bitumen, to account for the wide range 

of requirements of a pavement surface course. 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  

¶ Porous Asphalt  

Any of these asphalt materials can, and commonly are, modified using binder 

additives such as polymers or fibres to enhance their performance. 
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The required properties of an asphalt surface course are stated within DMRB CD 236 

(Highways England, 2022). 
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2.2 Skidding Resistance   

CS 228 ǎǘŀǘŜǎ άThe contribution of the road surface to the overall friction available 

between the tyre and the road surface is known as skid resistanceέ (Highways 

England, 2021).  

{ƪƛŘ ǊŜǎƛǎǘŀƴŎŜ Ƙŀǎ ŀƭǎƻ ōŜŜƴ ŘŜǎŎǊƛōŜŘ ŀǎ άthe force developed when a tire that is 

prevented from rotating slides along the pavement surfaceέ (Highway Research 

Board, 1972). 

It is widely known that the skid resistance of any pavement surface can be affected 

by several variables, including surface condition, traffic volumes and the resultant 

wear of the pavement surface, the micro and macro-texture and the weather 

conditions.  

Therefore CS 228 also states ǘƘŀǘ άǘƘŜ ǘŜǊƳ άǎƪƛŘ ǊŜǎƛǎǘŀƴŎŜέ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ŦǊƛŎǘƛƻƴŀƭ 

properties of the road surface in wet conditionsέΦ ¢Ƙƛǎ ƛǎ ǘƻ ŜƴǎǳǊŜ ǘƘŀǘ ǘƘŜ ǎƪƛŘ 

resistance value obtained for any given pavement surface is taken in the worst 

conditions. 

Throughout this thesisΣ ǘƘŜ ǘŜǊƳ ΨǎƪƛŘ ǊŜǎƛǎǘŀƴŎŜΩ ǿƛƭƭ ƭƛƪŜǿƛǎŜ ǊŜŦŜǊ ǘƻ ǘƘŜ ǊƻŀŘ ƛƴ ǿŜǘ 

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 2000 ς 2019, 

shown in Figure 2.1 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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Figure 2.1: UK Road casualties and vehicle miles 1950 ς 2023 (Department for 
Transport, 2025) 

This reduction can be attributed to various safety campaigns such as the 

enforcement of lower drink-drive limits etc. Throughout this time, the development 

of improved road surface skid resistance, enhanced by surface course material 

development, SCRIM condition surveys and skid resistance policies, has also 

contributed to the accident rate reduction.   

From the most recent data set available (2023), the proportion of fatal collisions 

ŀǎǎƛƎƴŜŘ ǘƻ ǘƘŜ ΨwƻŀŘΩ ǎǳǊŦŀŎŜ across Great Britain is 12.3% (Department for 

Transport, 2024a), with accident and casualty rates rebounding quickly in 2022 to 

pre-pandemic levels and a slowdown in rate of casualty reduction. 

As well as the drive to improve safety, conflicting areas of focus such as Whole Life 

and Capital works costs and Carbon Footprint push the importance of durability of 

materials, to reduce frequency of treatment interventions and extent the 

performance life of the pavements.  
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As such, long term skid resistance is key, with importance placed on the availability 

to test, predict and specify for long term skid resistance performance of asphalt 

products.   
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2.3 Skid Resistance Policy  

European standards rely on a harmonised set of CEN/ISO test methods that 

distinguish materials characterisation (both aggregate and material level) from in-

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

Aggregate Polish Potential ς EN 1097-8:2020 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 Friction ς EN 12697-49:2022 (WehnerςSchulze) evaluates 

Friction After Polishing (FAP) at 60 km/h on laboratory-prepared slabs or cores 

following controlled polishing cycles, facilitating a link between laboratory and field 

performance by quantifying the mixture's capacity to retain microtexture under wear 

conditions.  

Macrotexture (Drainage & Speed Sensitivity) ς ISO 13473-1:2019 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) ς The CEN/TS 15901 series details 

protocols for devices measuring sideways-force 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 the motorway and trunk road network is the 

responsibility of National Highways (previously Highways England and Highways 

Agency pre-2015). The skid resistance is maintained in accordance with the Design 

Manual for Roads and Bridges (DMRB) and monitored annually using the Sideways-

force Coefficient Routine Investigation Machine (SCRIM) measurement. 

2.3.1 Skid Resistance Policy Development  

The initial proposals for skid resistance standards were put forward by Giles (1957), 

who suggested varying the skid resistance requirements using four site categories 
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based on the site difficulty, or skidding / accident risk, with each category given a 

Sideways Force Coefficient (SFC) requirement. 

Alongside the surface course in-situ 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 surface coarse aggregate within the laboratory 

and measure the skid resistance.  

This led to further research to develop tests to identify and specify appropriate road 

aggregate materials. Mandatory standards were set by the Ministry of Transport in 

1967, which specified the use of aggregates with a minimum PSV value before 

Szatkowski and Hosking (1972) identified correlations between the SFC, PSV and the 

traffic volume. The Transport and Road Research Laboratory (TRRL) then developed 

the link between skid resistance level and accident risk and produced proposals in LR 

510 (Salt and Szatkowski, 1973) ƛƴǘǊƻŘǳŎƛƴƎ ŀ άǊƛǎƪ ǊŀǘƛƴƎέ ōŀǎŜŘ ƻƴ ǎƛǘŜ ŎŀǘŜƎƻǊƛŜǎΦ  

The proposals within LR 510, alongside the development of SCRIM (discussed further 

in section 2.6), set the basis for the first in-situ skid resistance standard for UK trunk 

roads and motorways, HD 15/87, which introduced SCRIM ILs for 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 policy, published within CS 228 ά{ƪƛŘŘƛƴƎ wŜǎƛǎǘŀƴŎŜέ for the 

strategic route network, complimented by CD 236 ά{ǳǊŦŀŎƛƴƎ aŀǘŜǊƛŀƭǎ ŦƻǊ bŜǿ ŀƴŘ 

aŀƛƴǘŜƴŀƴŎŜ /ƻƴǎǘǊǳŎǘƛƻƴέ (Highways England, 2022). 

CS 228 stipulates the routine measurement through SCRIM to provide skid resistance 

values in terms of the Characteristic Skid Coefficient (CSC) and compared to ILs which 

represent the limit below which the section of road requires further investigation. 

Each section of the strategic road network is assigned a site category based on the 

road type and geometry. The ILs are set relative to the skid resistance risk of each 
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site category. An extract of the site categories and IL requirements is shown in Table 

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.  

Table 2.1: Extract of site categories and investigatory levels, reproduced from CS 
228 (Highways England, 2021) 

Site category and definition 
IL for CSC data (skid data speed corrected to 50km/h 
and seasonally corrected) 

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 

A Motorway LR ST             

B 
Non-event carriageway with one-
way traffic LR ST ST           

C 
Non-event carriageway with two-
way traffic   LR ST ST         

Q 

Approaches to and across minor 
and major junctions, approaches 
to roundabouts and traffic signals       ST ST ST     

K 

Approaches to pedestrian 
crossings and other high risk 
situations         ST ST     

R Roundabout       ST ST       

G1 Gradient 5-10% longer than 50m       ST ST       

G2 Gradient >10% longer than 50m     LR ST ST       

S1 
Bend radius <500m ς carriageway 
with one-way traffic     ST ST         

S2 
Bend radius <500m ς carriageway 
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 wet or skidding crashes. 

To ensure the optimum skid resistance performance of asphalt pavement surface 

courses, CD 236 provides aggregate specifications for all trunk roads in terms of PSV 

and AAV (Aggregate Abrasion Value). 
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There have been a number of revisions to the specification in the form of interim 

advice notes, updating the minimum PSV requirements. The most recent, CD 236, 

brings together iterations of development and Interim Advice Notes to provide two 

separate minimum PSV requirement tables, with an individual table for thin surface 

course system asphalt surfacing.  

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

reproduced in Table 2.2.  

  



 

18 
 

Table 2.2: Minimum PSV for aggregates in new hot applied thin surface course 

systems, extract reproduced from CD 236 (Highways England, 2022) 

Site 
Category 

Default IL 

PSV required for given IL, traffic level and type of site 

Traffic (commercial vehicles/lane/day) at design life 

1-
250 

251- 
500 

501- 
750 

751- 
1000 

1001- 
2000 

2001- 
3000 

3001- 
4000 

4001- 
5000 

5001- 
6000 

Over 
6000 

A 
  0.3 50 50 50 50 50 50 50 53 63 63 

*  0.35 50 50 50 50 50 53 53 53 63 63 

B 

  0.3 50 50 50 50 50 50 50 53 63 63 

*  0.35 50 50 50 50 50 53 53 53 63 63 

  0.4 50 50 50 50 53 58 58 58 63 68+ 

C 

  0.35 50 50 50 50 50 53 53 58 63 63 

*  0.4 50 53 53 58 58 63 63 63 68+ 68+ 

  0.45 53 53 58 58 63 63 63 63 68+ 68+ 

Q 

*  0.45 60 65 65 68+ 68+ 68+ 68+ 68+ 68+ HFS 

  0.5 65 65 65 68+ 68+ 68+ HFS HFS HFS HFS 

  0.55 68+ 68+ HFS HFS HFS HFS HFS HFS HFS HFS 

K 
*  0.5 65 65 65 68+ 68+ 68+ HFS HFS HFS HFS 

  0.55 68+ 68+ HFS HFS HFS HFS HFS HFS HFS HFS 

R 
*  0.45 50 55 60 60 65 65 68+ 68+ 68+ 68+ 

  0.5 68+ 68+ 68+ 68+ 68+ 68+ 68+ 68+ 68+ 68+ 

G1 
  0.45 55 60 60 65 65 68+ 68+ 68+ 68+ 68+ 

*  0.5 60 68+ 68+ HFS HFS HFS HFS HFS HFS HFS 

G2 

  0.45 55 60 60 65 65 68+ 68+ 68+ 68+ 68+ 

*  0.5 60 68+ 68+ HFS HFS HFS HFS HFS HFS HFS 

  0.55 68+ HFS HFS HFS HFS HFS HFS HFS HFS HFS 

S1 
*  0.45 50 55 60 60 65 65 68+ 68+ HFS HFS 

  0.5 68+ 68+ 68+ HFS HFS HFS HFS HFS HFS HFS 

S2 

  0.45 50 55 60 60 65 65 68+ 68+ HFS HFS 

*  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 Surfacing, a resin based treatment utilising  very 

hard aggregate with a low Aggregate Abrasion Value (AAV) and a high Polished 
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Stone Value (PSV) that provides the necessary friction with the tyre, such as 

calcined bauxite. 

The requirements in CS 228 and CD 236 provide legal responsibility for the provision 

of adequate skid resistance onto the overseeing organisation with a duty of care to 

the road user, through provision of minimum PSV values, measured through the 

results of a SCRIM survey and compared against set ILs.  

2.3.3 Comparison with other European Countries  

United Kingdom  

To summarise the UK situation, DMRB CS 228 (Skidding Resistance) establishes a risk-

based framework for prioritising treatments using continuous sideways-force 

measurements (SCRIM). Surface course material selection (DMRB CD 236) links 

minimum PSV and maximum AAV to site risk and traffic, with requirements focused 

on adequate skidding resistance. 

SCRIM dominates in-situ network testing, but while PSV is central to aggregate 

selection, there is increasing adoption of mixture-level FAP and macrotexture metrics 

in design and performance contracts to distinguish similar mixes for long-term 

friction retention. 

Ireland 

¢ǊŀƴǎǇƻǊǘ LƴŦǊŀǎǘǊǳŎǘǳǊŜ LǊŜƭŀƴŘΩǎ ό¢LLύ {ǇŜŎƛŦƛŎŀǘƛƻƴ ŦƻǊ wƻŀŘ ²ƻǊƪǎΣ {ŜǊƛŜǎ флл ό//-

SPW-00900), 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 criteria are detailed within contract-specific appendicesτnamely Appendix 

7/1 for most surface courses, 7/21 for surface dressing, and 7/3 for end-performance 

products. Friction After Polishing (EN 12697-49) is also explicitly referenced to assess 

the durability of friction at the mixture level(Transport 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 1097-8 remains the standard for PSV assessment and 

Annex A for AAV, Irish contracts on high-risk urban approaches and tight-radius 
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ŎǳǊǾŜǎ ƻŦǘŜƴ ŀƭƛƎƴ ǿƛǘƘ ¦Y ǘƘǊŜǎƘƻƭŘǎ όŜΦƎΦΣ t{± җ срς68). Conversely, lower-risk rural 

ƭƛƴƪǎ ƎŜƴŜǊŀƭƭȅ ǊŜǉǳƛǊŜ t{± ǾŀƭǳŜǎ ƻŦ җ рлς55. Ultimately, the authoritative 

requirements are determined by the relevant scheme appendix rather than a 

national table (Transport Infrastructure Ireland, 2024). 

Germany  

Germany implements the SKM (Seitenkraft-Messverfahren) method for measuring 

wet sideways-force friction at highway speeds, as specified in TP Griff-StB (SKM) and 

consistent with CEN/TS 15901-8 standards. Both equipment providers and federal or 

state authorities highlight the established application of SKM in network-wide 

assessments, with macrotexture data collected separatelyτsuch as through 3D laser 

scanningτand referenced to ISO standards (IWS Messtechnik, 2024). 

Netherlands  

Dutch practice (CROW/Rijkswaterstaat) is performance-led (e.g. wet-ǎƪƛŘ άƭŀōŜƭέ 

classes) and draws on EN 1097-8 for PSV when recipe-style requirements are used. 

AAV is not the governing metric, with Micro-Deval/LA and device-based friction 

outcomes preferred in procurement and asset management (Bobbink et al., 2016).  

France  

France historically used CPA (coefficient de polissage accéléré), but today aligns with 

EN 1097-8 (PSV) in material characterisation; national documents (e.g., NF P 18-545 

aggregate framework) and IFSTTAR practice reference PSV/WS for polishing studies 

and specifications. SCRIM-type sideways-force is used for network monitoring based 

on NF P 98-220-3/-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 specifications (Normes nationales, 2020).  
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Summary 

Across Europe, the PSV test method is harmonised however the numerical thresholds 

are not harmonised. Individual countries set these via national technical rules or 

project specifications, often by mixture type and traffic category. 

AAV is mainly required in the UK and Ireland (per EN 1097-8 Annex A); other regions 

use Micro-Deval (MDE) and Los Angeles (LA) indices for abrasion and fragmentation 

durability, along with Friction After Polishing tests (EN 12697-49 at mix level or TP 

Gestein-StB for aggregate) to assess post-polishing 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 Ireland (NRA, 2014) for all surface 

course materials including surface treatments. Whilst this requirement is currently 

only for the test to be undertaken without 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 enable the development of a FAP 

result requirement. This has the potential to revolutionise the way asphalt materials 

are specified and designed with respect to skidding resistance and is discussed 

further throughout this literature review. 
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2.4 Surface Texture  

Within the asphalt industry, skid resistance is often considered to be directly 

proportional to, and measured empirically as, the texture of the pavement surface. 

This is also highlighted with specification of asphalt material design and in-situ 

performance in contracts for works on both the Local Authority and Strategic Route 

Networks (Specification for Highway Works, 2021).  

The road surface texture is measured or classified in several scales and characterised 

depending on the requirements of the measurement, such as ride comfort, noise and 

skid resistance. These scales are often referred to as Ψsurface characteristicsΩ.  

Whilst the texture of a road surface is three-dimensional, the surface texture is often 

measured or referred to as two-dimensional, measured along a line parallel 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 presented below as drawn by Dunford (2013), split into 4 general 

groups listed in reverse size order as; unevenness, mega texture, macro-texture and 

micro-texture. 

 

Figure 2.2: Pavement Surface Texture Characteristics (Dunford, 2013) 

The categorisation of these groups is detailed below; 
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¶ Unevenness: wavelengths of 0.5m ς 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. 

 

¶ Mega texture: wavelengths 50mm ς 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 road from vibration in the tyre.  

 

¶ Macro-texture: wavelengths 0.5mm ς 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. 

 

¶ Micro-texture: ǿŀǾŜƭŜƴƎǘƘǎ ҖлΦрƳƳΦ   

Wavelength or profile characteristics within this group are likely due to 

surface or mineral composition of coarse aggregate particles used in the 

asphalt material. It can be affected in-situ by polishing from traffic action and 

weather conditions and affects both wet and dry skidding resistance. 

 

The knowledge of wavelengths of surface texture affecting the skidding resistance 

has been known for some time. At the XVIII world road congress in Brussels, PIARC 

(1987) identified wavelength less than 50mm to have the greatest impact on road 

skidding resistance, known as macro and micro-texture as identified above. 

Additionally, and prior to the 1987 congress, Kummer and Meyer (1967) stated that 

wet pavement friction is dominated by macro and micro-texture.  

Macro and micro-texture are represented in Figure 2.3 and explored further in the 

following sections. 
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Figure 2.3: Micro and Macro-texture (ICAO, 2013) 

 

2.4.1 Macro-Texture  

As stated above, macro-texture can affect the localised drainage of the road surface 

below a tyre. Figure 2.3 identifies gaps between particles which make up the macro-

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).  

Macro-texture Ŏŀƴ ōŜ ŘŜŦƛƴŜŘ ŀǎ ŜƛǘƘŜǊ ΨǇƻǎƛǘƛǾŜΩ ƻǊ ΨƴŜƎŀǘƛǾŜΩΦ ¢ƘŜ ŘƛŦŦŜǊŜƴŎŜ ƛǎ 

shown figuratively in Figure 2.4 and Figure 2.5. Positive macro-texture is created by 

the voids between aggregate particles which protrude from a flat surface. This 

typically occurs in Hot Rolled Asphalt (HRA) where the mastic is laid prior to coarse 

aggregate chippings being applied and compacted into the asphalt. 

 

Figure 2.4: Positive macro-texture, typically seen in HRA and chippings 

Negative macro-texture is created by the voids which indent between aggregate 

particles from a flat surface. This typically occurs in thin 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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Figure 2.5: Negative macro-texture, typically seen in an SMA or AC 

Macro-texture is considered to greatly affect skidding resistance at high speed 

(>50kph). 

Macro-texture is measured through the volumetric patch method, described in 

section 2.4.3, and specified for trunk roads within the SHW (Specification for Highway 

Works, 2021) for initial texture depth across varying asphalt materials across positive 

and negative texture formulations. A requirement is also made for a retained texture, 

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

 

Figure 2.6: Volumetric Patch Test, reproduced from Jean Lefebvre UK Ltd (2018) 

 

2.4.2 Micro -Texture  

Micro-texture is the texture of individual aggregate particles. It acts to break through 

any water film remaining between the tyre and pavement surface after the majority 
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of the water has been removed by the macro-texture, preventing, or reducing, the 

development of hydroplaning as shown by Ong et al (2005). The micro-texture has a 

significant impact on low-speed ǎƪƛŘŘƛƴƎ ǊŜǎƛǎǘŀƴŎŜ όҖрлƪǇƘύΦ 

There is no direct micro-texture requirement for aggregate particles within the road 

surface course, however the requirements are within the skid resistance level of the 

aggregate. Current design and specification (as covered in Section 2.3.2) holds 

minimum requirements of PSV of road surface coarse aggregate. The PSV test 

procedure and relevant literature is further discussed in Section 2.7.1. 

 

2.4.3 Road Surface Texture  

Macro-texture is measured in-situ using the volumetric patch technique, where a 

known volume of glass beads is spread into a circular disk onto the pavement surface 

and the diameter of the disk determines the texture depth. This is a European 

Standard under BS EN 13036-1(BSI, 2010). The texture depth of a pavement material 

is currently used by asset owners such as National Highways or local authorities in 

the specification of a road surface material, with requirements on the in-situ initial 

and retained texture depth. This 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 devices throughout 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) survey, reported as Sensor Measured Texture Depth 

(SMTD), or Mean Profile Depth (MPD) used widely in Europe. The SCANNER texture 

measurement records the distance between the sensor and the road surface using 

laser measurement typically at 1mm intervals to provide the surface texture. Current 

SCANNER measurement includes only the coarser elements of macro-texture (TRL, 

2011; DfT, 2017) and existing laser measurement technology used within the 

SCANNER vehicles is not capable of measuring finer micro-texture(Viner et al., 2006). 
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Within the asphalt industry, it is not widespread practice to measure micro-texture 

empirically, as measurements are made indirectly through the Polished Stone Value 

test (Sections 2.3.2 and 2.7.1) and as a result measures in-situ skid resistance through 

for example SCRIM (Section 2.6), although this open to a number of additional 

variables.  

As micro-texture cannot currently be adequately measured empirically in-situ, 

laboratory measurement techniques are required for detailed testing and research 

applications. 

2.4.4 The Tyre Impact  

When a pneumatic tyre contacts an asphalt surface, the tread rubber deforms to 

partially wrap around edges of aggregate particles and 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 (Yun et 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 to the voids and surface asperities.  

At the tyreςasphalt interface the tread rubber behaves as a temperature and speed 

dependent viscoelastic solid that partially envelops the pavement texture, i.e., it 

ŘŜŦƻǊƳǎ ŀǊƻǳƴŘ ŀǎǇŜǊƛǘƛŜǎ ŦǊƻƳ ǘƘŜ ŀƎƎǊŜƎŀǘŜ ǇŀǊǘƛŎƭŜ ǎŎŀƭŜ όƳƛŎǊƻǘŜȄǘǳǊŜΣ ғлΦр ƳƳύ 

up to the millimetre-scale (macrotexture), so that only a subset of roughness actually 

provides load-bearing contact. This selective engagement acts as a spatial low-pass 

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

high temperature, but engaging progressively shorter wavelengths. 

DǊƻǎŎƘΩǎ ƳŀǎǘŜǊ-curve studies identified a friction peak as a function of speed and 

demonstrated its temperature-dependent shift (Grosch, 1963). More 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 behaviour (Lorenz et 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 textures interact at different speeds and temperatures. Persson-style models 

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

along the master curve (Sakhnevych 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 of laboratory techniques used to measure surface texture are described in 

detail by Leach (2011) and summarised by Dunford(2013). 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 be analysed to obtain surface profiles. While traditional and 

cost-effective, this method can introduce measurement artifacts as an effect of stylus 

tip radius and surface interactions, particularly for soft materials (Harris et al., 2012). 

2. Optical Scanning Interferometry: 

This non-contact technique employs coherent light sources to measure surface 

configurations. Interference patterns created by coherent light waves provide high-

resolution topographical data by analysing phase 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 

characterisation 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 reveals intricate surface details vital for adhesion studies 

όhƭƛǾŀǊŜǎπbŀǾŀǊǊŜǘŜ Ŝǘ ŀƭΦΣ нлмпύΦ 

Specific measurement devices for use in highway applications and aggregate include 

the Alicona G5 Infinite Focus microscope, as used previously for measurement of 

surface texture change of aggregates following polishing (Dunford et al., 2012). This 

uses non-contact, optical and three-dimensional focus variation and vertical scanning 

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

 

Figure 2.7: Alicona G5 Infinite Focus microscope (Alicona, 2017) 

The Alicona G5 Infinite Focus microscope 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 splitting mirror. The objective lens is moved 
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vertically, continuously capturing light data reflected from the test specimen, until 

each topographical region of the specimen has been captured in focus (Leach, 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 Alicona G5 Infinite Focus microscope 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 three-dimensional area under 

inspection (Alicona, 2017).  
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2.4.6 Laboratory Texture Processing 

As measurement techniques advance, the post-processing of surface texture data 

becomes crucial for accuracy and reliability. Data processing is essential for removing 

outliers and noise and improving the fidelity of representation (Leach and Haitjema, 

2010). Software algorithms allow for the comparison of results across various 

systems, ensuring consistency and standardisation 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 sophisticated (Senin and Leach, 2018). 

When using a process such as the Alicona G5 Infinite Focus microscope described, 

more detailed terminology and measurements can be made and data integrated 

further than the standard measurements used for surface texture on highways.  

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, the surface and surface texture are defined within 

Mountains Map (a surface texture analysis software) as; 

Surface: a boundary between material and air.  

Surface texture: the fingerprint of the manufacturing process (Digital Surf, 2024). 

In a highways or pavement situation, the surface texture in this context can be 

viewed as the impact or fingerprint of both the initial processing of the aggregate, 

the manufacturing and installation of the asphalt and the influence of loading and 

shearing forces, the combination of which is referred to as polishing, applied during 

its service life.   

In a research or laboratory setting, surface texture, or surface finish, analysis has 

traditionally focused on roughness and waviness, achieved by isolating these 

components from the overall surface topography by eliminating form deviations and 

micro-roughness (Lindsay, Newman and Francioni, 2019). Surface topography, which 

can be measured using specialised 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 length (Gao 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 be split into 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 one (Gao and al., 2020). Traditional methods often involve 

stylus-based 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 characteristics (Masad and al., 2005).  

The complex nature of surface finish necessitates a comprehensive approach, 

encompassing four primary components; form, waviness, roughness, and micro-

roughness: 

Form is characterized by long wavelengths, approximating the overall shape of the 

object, and must be removed to accurately analyse surface texture, which is inclusive 

of waviness and roughness (Masad and al., 2005). Looking at the machining industry, 

deviations in form can arise from inaccuracies in machine slides or guideways and 

stress patterns within a component. Form stems from the inherent smoothness of 

materials such as paper or cloth, where form would be quantified using polynomial 

functions (Masad and al., 2005).  

Waviness, a large-scale 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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Figure 2.8: Components of surface texture analysis (Zygo, 2024) 

 

Roughness is a small-scale component of surface texture, with wavelengths ranging 

from 20 µm to 500 µm. Roughness parameters have as numerous variations across 

the horizontal position (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 plane (Gao 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 texture at multiple scales (Masad et al., 2005).  

aƛŎǊƻǊƻǳƎƘƴŜǎǎ ό˂ǎύ ƛǎ ǘƘŜ ŦƛƴŜǎǘ ŎƻƳǇƻƴŜƴǘ ƻŦ ǎǳǊŦŀŎŜ ǘŜȄǘǳǊŜΦ Lǘ ƛǎ ŘŜŦƛƴŜŘ ŀs the 

shortest wavelengths in a measurement and can be impacted by the sampling noise. 

Microroughness must be filtered before calculating the roughness parameters as 

defined in the different standards. In general, microroughness is removed by band-

pass filtering, using a microroughness cut-ƻŦŦ όŎŀƭƭŜŘ ƭŀƳōŘŀ ǎΣ ˂ǎ ƻǊ ƭǎύ ƻŦ нΦр ҡƳ ǘƻ 

25 µm (Digital Surf, 2024). 
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Therefore, modern surface finish analysis benefits from integrating traditional 

techniques with advanced computational methods to fully characterise and 

understand surface properties. 

 

2.4.7 Texture Characterisation  

Understanding the texture of aggregates at a micro and macro-scale 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 allows for a more detailed accurate 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 three-dimensional. A single cross-section 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 area, capturing the statistical, spatial, and functional aspects of texture more 

comprehensively (Digital 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 defined, whether 

micro-texture (fine-scale roughness) or macro-texture (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 the cut-off wavelengths 

(International Organization for Standardization, 2021).  
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A Gaussian filter smooths the surface data using a bell-shaped weighting function. It 

acts as a low-pass or band-pass filter to remove unwanted wavelengths from the 

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

¶ Short wavelengths (roughness/micro-texture) 

¶ Long wavelengths (waviness/macro-texture) 

The Gaussian filter provides 50% transmission at the cut-off wavelength, avoiding 

artificial distortions that occur in harder cutoffs. The equation for a Gaussian 

weighting function is shown in Equations 1 and 2: 

ίὼ Å        (Eqn. 1) 

‌ πȢτχ       (Eqn. 2) 

 

Where: 

¶ ὼ: the position from the centre of the weighting function. 

¶ ‗: minimum cut-off wavelength for the filter.  

 

Gaussian filtering can be used to ensure consistency across different aggregate types 

or scanning devices, reduce noise from high-frequency components and isolate 

texture scales deemed relevant to tyre-pavement interaction. 

Following appropriate filtering, results of varying surface texture parameter studies 

can be analysed. Key areal and volumetric texture parameters are summarised in 

Table 2.3. 
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Table 2.3: Key Areal and Volumetric Texture Parameters 

Parameter Category Visual Example Potential Relevance 

Sa 
Areal 

Height 

Surface with uniform 

roughness 

Average roughness; correlates 

with overall skid resistance in 

dry conditions 

Sq 
Areal 

Height 

Surface with deep 

valleys and high peaks 

RMS roughness; sensitive to 

outliers; high Sq = high surface 

variability 

Sz 
Areal 

Height 

Surface with one 

sharp peak and one 

deep pit 

Maximum peak-to-valley 

height; important for drainage 

and macro-texture 

Ssk Shape 
Surface skewed 

toward deep valleys 

Skewness; negative values 

mean valleys dominate (good 

for water runoff) 

Sku Shape 
Sharp spiky surface or 

flat plateau 

Kurtosis; high = sharp features 

(improves friction), low = 

flatter (less grip) 

Spd Spatial 
Surface with densely 

packed peaks 

Peak density; high values 

enhance contact points and 

grip 

Sdr Hybrid 

Surface with complex 

undulating 

topography 

Surface complexity ratio; 

higher = more interfacial area 

for tyre grip 

Vmc Volumetric 

Surface with material 

concentrated in the 

core zone 

Indicates the amount of 

material in the load-bearing 

zone; affects durability and 

wear resistance 

Vmp Volumetric 

Surface with 

prominent upper 

peaks 

Material volume above core; 

linked to how much material 

contacts the tyre 

Vvc Volumetric 
Surface with 

moderate voids 

Core void volume; load-

bearing capacity indicator 

Vvv Volumetric 
Surface with deep 

valleys and voids 

Valley void volume; higher = 

better drainage and wet skid 

resistance 

 

 

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

has focused on the areal surface measurement parameters. Volumetric parameters 
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provide an opportunity to investigate characteristics such as peaks and voids, which 

may further influence the tyre interaction and water drainage. 

Volumetric parameters of interest are shown graphically in Figure 2.9.  

 

Figure 2.9: 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 diverse measurement instruments (Qi et al., 2012).  

The literature highlights the range of analysis effects on texture measurements and 

emphasises the need for accurate calibration to maintain the traceability of 

measurements, particularly in complex applications (Leach and Haitjema, 2010). 
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2.5 Further 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 the mineralogy, 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 (softest - talc) to 10 (hardest - diamond) (Okubo and Fukui, 2011). The 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 applications (Janetzki, Benkendorff and Fairweather, 2020). Recent studies 

corroborate the significance of the Mohs Hardness Scale, highlighting its relevance in 

various scientific investigations. For instance, research by Gerberich et al. (2015) 

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 minerals also influences their usage; for example, diamond's exceptional 

hardness makes it ideal for cutting tools (diamond tipped blades), while 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 (SiC) are 

becoming increasingly important in high-temperature applications because of their 

mechanical and chemical stability (Bauer and Kador, 2003).  

The Mohs 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 optimising 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 degradation (Deng, Zhong and Xu, 2022). Understanding the Mohs 

Hardness Scale is not just academic, it also possesses practical significance across 

disciplines. From geology, where it informs the classification and study of minerals, 

to industries utilising materials for their specific hardness properties.  

The influence of aggregate morphology on skid resistance cannot be overstated. Lu 

et al. (2018) described how macro-texture, governed by aggregate shape and size, 

plays a pivotal role in generating friction forces during trafficking, particularly at high 

speeds. Woodward and Friel (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 aggregate mineralogy is 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 enable the electron 

ōŜŀƳ ǘƻ ΨǎŎŀƴΩ ŀŎǊƻǎǎ ǘƘŜ ǎǇŜŎƛƳŜƴ ǎǳǊŦŀŎŜ ǘƻ ƳŜŀǎǳǊŜ ŀ ŘŜŦƛƴŜŘ ŀǊŜŀΦ  

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 x-rays. These are detected within the microscope and used 

to determine the topography (electrons) and additionally the mineralogical 

composition (x-rays) of the test specimen (Nanoscience Instruments, 2017).  

Conventional SEM techniques can produce much greater magnification than a 

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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2.6 Empirical Skid Resistance Measurements  

There are a number of current skid resistance measurement devices that measure 

in-situ skid resistance through the frictional force between a rubber test head (wheel 

or slider) and a wetted pavement surface.  

As reported earlier regarding skid resistance policy, throughout the UK the Sideways-

force Coefficient Routine Investigation Machine (SCRIM) is the determining factor in 

the success or otherwise of the in-situ skid resistance performance. The SCRIM, 

shown in Figure 2.10 and Figure 2.11, is used widely throughout the UK across the 

classified network.   

 

 

Figure 2.10: Sideways-force Coefficient Routine Investigation Machine (NCHRP, 

2009). 
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Figure 2.11: Close up view of SCRIM measurement tyre (WDM, 2017). 

 

Throughout the National Highways strategic route network and the majority of the 

local authority networks, the serviceability of a road pavement is based on the ILs 

stated with CS 228 of the Design Manual for Roads and Bridges (Highways England, 

2021), and the in-situ skidding performance of the pavement as determined by 

SCRIM, as covered in Section 2.3.2. 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. Limited, uses a 

smooth test tyre located in the near side wheel path of the vehicle and angled at 20o 

to the direction of travel. The 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 resistance value, 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 dynamically (Brittain, 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 correction (known as 

the Local Equilibrium Correction Factor (LECF)) applied to account for natural 

variances in the skid resistance that occur throughout the year. The LECF calculation 

for a single annual skid survey is stated within each countrȅΩǎ national annex of CS 

228 (Highways England, 2021) and requires SCRIM values in 10m sub-sections for the 

previous 3 surveys to be averaged and divided by the 10m sub-section 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 in-situ skid resistance measurement field. Any 

development would involve significant change to national and local skid resistance 

policies. 

For local authority networks where SCRIM is not undertaken, other continuous in-

situ skid resistance test methods such as GripTester can be undertaken (Department 

for Transport, 2024b). It is not possible to directly compare GripTester and SCRIM 

results due to the different measurement methods, however a published correlation 

shown in Equation 3 (SC = 0.89*GN) is often used to provide equivalent values, which 

should be treated with caution (TRL, 2017).  

Ὓὅ πȢψωὋὔ       (Eqn. 3) 

Where: 

¶ Ὓὅ: SCRIM Coefficient. 

¶ Ὃὔ: Grip Number  

The GripTester, developed by Findlay Irvine, is a small, towed, three-wheeled device 

widely used by local authorities as a cheaper alternative to SCRIM. The GripTester 

differs from SCRIM in that the test wheel is in-line with the direction of movement 

and operates on the fixed slip principle. The test wheel is connected mechanically via 
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a chain link to two drive wheels in front and forced to rotate slower that the driven 

speed, generating a slip between the test tyre and the pavement surface(Sanders, 

Brittain and Premathilaka, 2015). The GripTester is towed off-centre, so that the test 

wheel can be located in the nearside wheel-path, to test the area of the pavement 

subject to greatest loading. The GripTester in operation is shown in Figure 2.12. 

 

Figure 2.12: GripTester, showing the test wheel at the rear, linked via a chain to the 
drive wheels. Image obtained from Jean Lefebvre (UK) Ltd. 

 

A recent development to the in-situ skid resistance testing techniques is seen in the 

micro GripTester, shown in Figure 2.13. 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 resistance measurement but is pushed manually at walking 

speed. The micro GripTester offers greater portability and enhanced testing where 

the required test speed from SCRIM or GripTester cannot be achieved, or more 

specific test locations are required.  
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Figure 2.13: micro GripTester. Manually driven continuous skid resistance 
measurement. Image obtained from Jean Lefebvre (UK) Ltd (2018). 

 

Additional skid resistance test methods are in use throughout the industry including 

the British Pendulum, designed as a portable skid resistance measurement device. 

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 pavement surface, 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 the sections above details that most in-situ measurement techniques 

involve a moving wheel in the direction of traffic, which is important as it must closely 

match the usability of the pavement surface to test the objective in question; will a 

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

In contrast, the laboratory tests used within the highway specifications are 

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

performance of the asphalt mixture that determines the overall performance.  
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2.7 Prediction of Skid Resistance Measurements  

Skid resistance measurements undertaken within the laboratory relate to a 

prediction of the in-situ skid resistance, often when looking at one aspect of the 

asphalt material through artificial polishing or traffic wear, and as such should be 

identified as separate to the empirical measurements identified above.  

Providing the most accurate prediction is a constant challenge. With sufficient 

experience and comparison data from in-situ measurement, small scale laboratory 

test procedures can provide sƪƛŘ ǊŜǎƛǎǘŀƴŎŜ ΨǇǊŜŘƛŎǘƛƻƴǎΩΦ  

This section identifies relevant and commonly used skid resistance prediction test 

procedures. 

2.7.1 Polished Stone Value 

The standard laboratory skid resistance measurement is obtained through the 

Polished Stone Value (PSV). The development of the PSV test method within the UK 

and its use in the characterisation of aggregate sources was introduced in Section 

2.3.1. 

This test method is used to provide a prediction of the in-situ skid resistance 

performance of a road surface through focusing solely on the main coarse aggregate 

source, and became a European Standard in 2000, BS EN 1097-8: 2009 (BSI, 2009). 

The current test method is undertaken in two stages, accelerated polishing and a 

ŦǊƛŎǘƛƻƴ ƻǊ ΨǎǘŀǘŜ ƻŦ ǇƻƭƛǎƘΩ test. An aggregate fraction passing the 10mm sieve and 

retained on the 6.3mm sieve is used, retained on a 10mm flakiness sieve to ensure 

cubic aggregate particles. Four curved test specimens are then manufactured from 

the aggregate source, 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 in-situ polishing action of road vehicles. The polishing equipment is 

shown diagrammatically in Figure 2.14. 

 

Figure 2.14: PSV Polishing equipment (Northstone 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 alongside any additional 

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 (AAV) test measures how 

resistant an aggregate is to abrasion, or in other words its durability toward polishing, 

contained within Annex A of the same European standard (BSI, 2009). The test uses 

aggregate particles of grading 100% passing 850µm sieve, 75% min passing 600µm 

sieve, 25% max passing 425µm sieve and retained on the 300µm sieve.  

The aggregate particles are set into resin and subjected to abrasion using a grinding 

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 polishing and maintaining 

micro-texture. However, the long-term durability of the aggregate will be poor, 

reducing the overall life span of the pavement surface and potentially leading to a 

low texture poorly performing surface course.  

The PSV has been used to specify road surface course materials since minimum levels 

were set by the Ministry of Transport in 1967. After a link between PSV, SFC and 

traffic levels were identified by Szatkowski and Hosking (1972), 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 further developed 

and remains relatively unchanged from its original development to date.  

During the time period from the incorporation of the PSV test into specification and 

this writing, there has been significant increases in the traffic level and loading seen 

throughout the UK, with variations to how the traffic load is applied to the pavement 

surface, and the interaction of the vehicles with the pavement through significant 

developments to tyres and braking systems, power application through the usage of 

electric vehicles, and developments to the surface course materials used. However, 

the PSV test and requirements 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 roads, considered in part due to the 

culture of liability.  

Therefore, questions have been asked of the PSV test within areas of the industry as 

to its reliability to predict the in-situ performance of asphalt materials. 

Roe and Hartshorne (Roe and Hartshorne, 1998) raised issue with the output of the 

PSV test, where they identified aggregates did not perform in-situ as expected 

through their PSV result, especially at high traffic and stress levels.  
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Woodward et al. (2001) indicated that, with only approximately 35 aggregate 

particles in each test mould all of 10 - 6.3mm aggregate size, a large amount of the 

sample is being discounted as asphalt surface course material comprises a large 

particle size distribution; also, that the requirement for high PSV levels has resulted 

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 over local aggregates. 

Additional research undertaken by Woodward et al. (2005) showed a poor 

relationship between PSV and durability and significant variations of PSV results 

ǿƛǘƘƛƴ ǎŀƳǇƭŜǎ ŦǊƻƳ ŀ ǎƛƴƎƭŜ ǎƻǳǊŎŜΦ ¢ƘŜ ǊŜǎŜŀǊŎƘ ŎƻƴŎƭǳŘŜŘ άthe standard PSV test 

should not be considered as a measure of an ultimate state of polish, nor should it be 

the sole basis of surfacing aggregate selectionέ, due to the impact of parameters not 

included in the PSV test such as aggregate size. 

Furthermore, the method of the PSV test introduces operator dependency within 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 due to increased hysteresis losses (Bean 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 

ǎǇŜŎƛŦƛŎŀƭƭȅ ǎŜƭŜŎǘƛƴƎ Ǿƛǎƛōƭȅ ΨǊƻǳƎƘΩ ǇŀǊǘƛŎƭŜǎ from the sample compared to a random 

portion, the PSV was increased 5 points. This effect can lead to manipulation of the 

PSV test to obtain higher results for an aggregate source than may be apparent for 

the average sample which could significantly increase the value of an aggregate 

source and potential inflation in overall specified values are results are increased to 

meet demand. 

Potential developments to the PSV test to improve the skid resistance prediction 

have been presented within research (Jellie, 2003; Woodward, Woodside and Jellie, 

2004) which suggest an angled offset of the polishing tyre to input additional stresses 

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, whilst relatively 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 the macro-texture. An 

additional test method has been developed as Friction After Polishing (FAP), initially 

known as the Wehner-Schulze machine, covered by the European Standard BS EN 

12697-пф άDetermination of friction after polishingέ(BSI, 2014).  

Like the PSV test method, FAP was designed to provide a skid resistance value under 

a controlled polishing level within the laboratory. However, it uses 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 an in-situ 

pavement. 

 

Figure 2.15: Friction After Polishing machine (Friel and Woodward, 2016) 

The FAP machine is currently designed as two independent stations, as shown in 

Figure 2.15, 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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The machine 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. The three rollers are aligned with an axis of rotation at 21o to 

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

The polishing head has been designed to simulate the polishing action of vehicle tyres 

on an in-situ pavement surface. Eight grooves 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 specified shore hardness of 65. The polishing head has a total mass of 40kg, 

which provides a contact pressure force from each roller onto the test sample of 

approximately 0.4N/mm or 4 bar, which is equivalent to the tyre pressure of a 

commercial vehicle (Huschek, 2004). 

The polishing head, shown in the left-hand image of Figure 2.16, rotates at a speed 

of 500rpm in a clockwise direction. During polishing, a polishing medium is pumped 

onto the test sample consisting of 60g of Quartz powder (specified as less than 

лΦлсоƳƳ άaƛƭƭƛǎƛƭ ²сέ ŦǊƻƳ CǊŜŎƘŜƴ, Germany) per 1 litre of water at a rate of 5 litres 

per minute. In current FAP machine designs, the polishing medium is contained 

within a tank to the side and continually stirred to ensure a homogeneous mixture as 

required by the European Standard. 

The test head, shown in the right-hand image of Figure 2.16, is comprised of three 

rubber sliders of dimensions 30mm long and 14.5mm wide and a specified shore 

hardness of 65. The test head has a total mass of 26kg, imparting a static contact 

pressure of 0.20N/mm2, equivalent to a vehicle tyre pressure of 2 bar (Huschek, 

2004)Φ ¢ƻ ƻōǘŀƛƴ ǘƘŜ ΨǿŜǘΩ ǎƪƛŘ ǊŜǎƛǎǘŀƴŎŜ ǾŀƭǳŜΣ ǿŀǘŜǊ ƛǎ ǎǇǊŀȅŜŘ ƻƴǘƻ ǘƘŜ ǘŜǎǘ ǎŀƳǇƭŜ 

continually at a rate of 20litres per minute to obtain a water film thickness of 0.5mm. 

The test head is dropped, rotating at 100kph, onto the test sample and allowed to 

slide to a stop. The torque forced generated is measured continuously as a moment.  

CǊƛŎǘƛƻƴ ŦǊƻƳ ǘƘŜ ƳŀŎƘƛƴŜ ƛǎ ƻōǘŀƛƴŜŘ ŀǎ ŀ ΨCǊƛŎǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘΩΣ ŘŜƴƻǘŜŘ ŀǎ ΨҡΩΦ ¢Ƙƛǎ 

is calculated as a ratio between the torque measurement and the vertical load 

exerted by the test head on the sample. The standard recorded friction coefficient is 
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the value calculated when the test head has slowed to 60kph, denoted as the mean 

value of friction, µm. A friction measurement is also made from a glass control plate 

before and after the test specimen. This is averaged and recorded as µkm. The Friction 

After Polishing result, µFAP, is then obtained from the following equation, 

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

measurements: 

‘  ‘  ‘   ‘       (Eqn. 4) 

Where: 

¶ ‘ : the position from the centre of the weighting function. 

¶ ‘ : mean value of friction ς the FAP result at 60kph.  

¶ ‘ ȡ glass control plate FAP value 

¶ ‘ ȡ Control surface FAP value 

 

 

Figure 2.16: FAP Polishing Head (left) and FAP Test Head (right)(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 and long-term prediction through laboratory 

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 in-depth and accurate prediction value due to the ability to test the 

full asphalt mix 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 film imparted during the asphalt mixing and 

laying processes, but rather the macro-texture of the whole asphalt material and 

potentially the skid resistance of the fine aggregate particles within 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 results in a thicker and more resistant bitumen than with historical 

asphalt mixes. Historical guidance on the installation of warning signs at new 

surfacing locations, as given within IAN 49/03(Highways Agency, 2003), was 

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 on low-risk sites, rather than high-

risk areas (Highways Agency, 2013). 

It can be hypothesised from this comment that in high-risk areas, the level of traffic 

wear is greater compared to low-risk areas, therefore exerting a greater force on the 

asphalt surfacing and wearing the bitumen film away faster, exposing the aggregate 

which provides the micro-texture providing a higher skid resistance performance. 

There are currently no standard requirements in place to prove the early life skid 

resistance of an asphalt material, other than indirectly through an initial macro-

texture measurement provided by the volumetric patch method. As stated above, a 

specific early life skid resistance measurement may not be required, ironically 

ŜǎǇŜŎƛŀƭƭȅ ƛƴ ΨƘƛƎƘ-ǊƛǎƪΩ ŀǊŜŀǎ ǿƘŜǊŜ ǘƘŜ ŀŎŎƛŘŜƴǘ Ǌƛǎƪ ŘƻŜǎ ƴƻǘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƛƴŎǊŜŀǎŜ 
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on new surfacing material. However, on low-risk sites where the bitumen film and 

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

This provides further thought towards the 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 therefore led to the incorporation of 

national Highways England (now National Highways) guidance for the trunk road 

network into local authority network skid resistance policies to prevent a legal 

challenge. This has led to the over specification of PSV aggregate, causing a financial 

and environmental burden and often preventing the required level of resurfacing 

operations.  

Previous work has looked at the use of surface texture depth measurements on local 

road networks with the objective to provide a more workable specification (Viner et 

al., 2006) using SCANNER texture measurement to undertake site and network level 

measurements within a suitable timeframe. This concluded however that άǘƘŜǊŜ ƛǎ 

no evidence to justify texture depth measurements being used as a surrogate for skid 

ǊŜǎƛǎǘŀƴŎŜ ƳŜŀǎǳǊŜƳŜƴǘέ, as the SCANNER texture measurement is currently 

incapable of micro-texture measurement, which contributes to low-speed skid 

resistance, as measured by SCRIM. 

Therefore, a FAP / SCRIM / Texture relationship to be used within the specification 

of skid resistance requirements, especially for local authority networks, has the 

potential to reduce the reliance of high PSV, high cost and non-local 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 characterised as viscoelastic materials. As temperatures rise, 

asphalt behaves more fluidly, potentially leading to conditions conducive to rutting 
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and decreased skid resistance. Conversely, at lower temperatures, asphalt becomes 

more brittle, leading to thermal cracking and increased susceptibility to failure under 

load (Hussain et al., 2020). 

Additionally, temperature affects hysteretic friction, which is crucial for 

understanding tire interaction with pavement surfaces. Anupam et al. (2013) 

demonstrated the application of a thermomechanical friction model, explaining how 

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 testers and 

British pendulum testers (Wu et al., 2020).  

The type of asphalt mix utilised also plays a significant role in determining skid 

resistance under varying thermal conditions. Wang et al. (2018b) explored the impact 

of thermal-resistant asphalt mixtures, which aim to mitigate the cooling effects and 

improve overall pavement performance. They found that enhanced formulations can 

exhibit less temperature susceptibility, which could maintain higher skid resistance 

levels during extreme heat events. However, ƛǘΩǎ essential to recognise that while 

high-temperature stability can be improved, other factors such as aggregate type, 

angularity, and hardness remain critical in ensuring appropriate levels of skid 

resistance (Qi et al., 2023). 
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2.8 The Tyre Impact  

When a pneumatic tyre contacts an asphalt surface, the tread rubber deforms to 

partially wrap around edges of aggregate particles and 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 to the voids and surface asperities.  

At the tyreςasphalt interface the tread rubber behaves as a temperature and speed 

dependent viscoelastic solid that partially envelops the pavement texture, i.e., it 

ŘŜŦƻǊƳǎ ŀǊƻǳƴŘ ŀǎǇŜǊƛǘƛŜǎ ŦǊƻƳ ǘƘŜ ŀƎƎǊŜƎŀǘŜ ǇŀǊǘƛŎƭŜ ǎŎŀƭŜ όƳƛŎǊƻǘŜȄǘǳǊŜΣ ғлΦр ƳƳύ 

up to the millimetre-scale (macrotexture), so that only a subset of roughness actually 

provides load-bearing contact. This selective engagement acts as a spatial low-pass 

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

high temperature, but engaging progressively shorter wavelengths. 

DǊƻǎŎƘΩǎ ƳŀǎǘŜǊ-curve studies identified a friction peak as a function of speed and 

demonstrated its temperature-dependent shift (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 behaviour (Lorenz et 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 textures interact at different speeds and temperatures. Persson-style models 

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

along the master curve (Sakhnevych and Genovese, 2024).  
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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.   
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2.9 Skid Resistance and Texture Correlations  

The development of aggregate micro-texture through polishing and its subsequent 

impact on skid resistance has been previously investigated. Wang et al. (2018a) 

highlighted the geological composition and the specific polishing regimes of 

aggregates, confirming a direct correlation between surface condition and the 

frictional characteristics. This was developed more recently by Lou et al (2023), who 

demonstrated how the initial micro-texture plays a progressively crucial role in 

sustaining skid resistance. 

The Aggregate Image Measurement System (AIMS), a sophisticated imaging tool, has 

been developed and utilised to assess critical aggregate characteristics such as 

angularity, sphericity, and surface texture (FHWA, 2011). These features, obtained 

from the AIMS project, have been correlated with the textural properties of the 

pavement, which are key to evaluating skid resistance performance. Research 

indicates that micro-texture primarily determines the coefficient of friction at lower 

traffic speeds, emphasising the need to maintain adequate micro-texture to enhance 

safety during low-speed (Yan et al., 2019).  

As the number of polishing cycles on pavement surfaces increases, the micro-texture 

may no longer effectively contribute to skid resistance. Instead, macro-texture 

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 pavement (Guan et 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 higher skid resistance (Kumar 

and Gupta, 2021).  

Types of 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 both micro-texture and pavement performance (Liu et al., 

2020). Understanding the dynamics of skid resistance and its correlation with 
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aggregate micro-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 correlations (Dai et al., 2023).  

The need for a detailed understanding of the interaction between different texture 

scales is emphasised to improve predictive accuracy related to pavement skid 

resistance performance. 
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2.10 Understanding ɀ Linking Empirical and 

Predictions  

Some limitations to the PSV test have been covered throughout this literature 

review. The progression of skid resistance measurement from PSV, focusing on the 

use of Friction After Polishing (referenced as Wehner-Schulze in earlier research), has 

been widely researched.  

Allen et al. (2008) compared the friction coefficient from Wehner-Schulze and 

aggregate PSV values for UK asphalt mixes, with PSV values ranging from 55 ς 70 at 

5-point intervals. The results showed the friction coefficient decreasing from PSV 55 

to 65, and then increasing dramatically at PSV 70, as shown in Figure 2.17. 

 

Figure 2.17: Wehner-Schulze friction coefficient against PSV, from (Allen, Phillips 
and Woodward, 2008) 

The results indicate there is no direct link between the Wehner-Schulze 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 Wehner-Schulze test results, Woodbridge et al. (2006) 

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 results. The PSV test does not account for these 

additional skid resistance parameters, potentially incorporating variability into the 

test output. 

To enable a better prediction of skid resistance, a link to the predominant (UK) in-

situ measurement device, SCRIM, is imperative. To date, limited research has been 

undertaken on the link between the FAP friction coefficient and this in-situ skid 

resistance measurement. 

Early published research into the use of Friction After Polishing (referred to as 

Wehner/Schulze-method) and the prediction of skid resistance (Huschek, 2004) is 

widely cited throughout the subject literature. The study tested cores from the 

wheelpaths of a test site and compared the results to the Stuttgart Friction Tester 

(SRM) converted to equivalent SCRIM values.  

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

άǳƴƛǾŜǊǎŀƭ ǇŜǊŦƻǊƳŀƴŎŜ ŦǳƴŎǘƛƻƴ ŦƻǊ ǎƪƛŘ ǊŜǎƛǎǘŀƴŎŜέΥ 

‘ ὅὸ ρ        (Eqn. 5) 

Where: 

C:  initial skid resistance,  
t:  service time (years),  
b:  characteristic value for skid resistance development. 
 

This relationship is depicted graphically in Figure 2.18. 
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Figure 2.18: Skid resistance development prediction model (Huschek, 2004) 

 

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

were seen on the test section at the time. 

A comparison of the characteristic skid value (parameter b) to the Wehner Schulze 

polishing value (µPWS) from core samples after 180 000 polishing cycles and PSV of 

the aggregate shows a correlation only when values for test sections of crushed 

gravel were removed, with R2 values of 0.89 and 0.97 for the PSV and µPWS 

respectively, indicating an improved prediction with Wehner Schulze over PSV.  

From the µPWS results, limited to average test results on surface courses 8-10 years 

old to ensure consistent characteristic skid resistance values, Huschek proposed the 

following relationship between SCRIM and µPWS using SCRIM values at 80km/h: 

SC (80km/h) = 0.96µPWS + 0.06     (Eqn. 6) 

Where: 

 SC:  SCRIM Coefficient 
µPWS: Wehner Schulze polishing value 

 

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

between the Wehner Schulze friction coefficient and UK SCRIM measurements at 
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50km/h from a trial site constructed in 2006 over two aggregate types, both of low 

PSV (60 and 55), with the relationship graphically represented in Figure 2.19. 

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

asphalt specimens. 

 

Figure 2.19: Wehner Schulze friction coefficient v SCRIM coefficient (Woodward et 
al., 2013) 

 

The relationship identified shows good correlation between the Wehner Schulze 

friction coefficient and the SCRIM coefficient, however only for individual aggregate 

types. The study identified 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 thought questioning the use of PSV to accurately predict in-situ skid 

resistance.  

Wehner Schulze values were obtained after 180 000 polishing cycles, equivalent to 

7.5msa using the relationship developed by Tang (2007) or 6.5 years of trafficking on 

the trial site (Woodward et al., 2013). However, it was noted that equilibrium 

conditions of the aggregate had not been reached, indicating further skid resistance 

reduction and 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 through Wehner Schulze and the texture development, or 

change in texture during polishing, as well as developing an agreed test method using 

Wehner Schulze / Friction After Polishing. Research at LCPC, France(Do et al., 2007), 

used the Wehner Schulze, measuring the friction coefficient every 1 000 polishing 

cycles up to the maximum friction and then every 30 000 cycles to a total of 180 000 

cycles to 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 binder-removal stage (as 

the friction increases) and polishing stage, when the aggregate surface is exposed to 

the polishing mechanism (laboratory rollers or in-situ vehicle polishing) and overall 

this indicates ǘƘŀǘ ǘƘŜ ²ŜƘƴŜǊ {ŎƘǳƭȊŜ ǇƻƭƛǎƘƛƴƎ άreflects well the actual road-friction 

variationέ, however polishing condition, or skid resistance prediction, would require 

initial road friction values. Further conclusions indicated that the micro-texture of 

aggregate particles was significantly affected by the polishing procedure. 

Additional work further characterising the surface texture using the roughness 

parameter Rq from line profile measurements (Do et al., 2009) indicated a weak 

correlation between roughness measurement and Wehner Schulze friction 

coefficient. Reduction in friction was considered dependant on 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 micro-texture of 

aggregate surfaces using the Alicona G5 Infinite Focus microscope after polishing 

with the Wehner Schulze.  

Comparisons were made to the development of areal roughness parameter Sa over 

five polishing stages up to 90 000, identifying a significant decrease in Wehner 

Schulze friction coefficient as the roughness (Sa) decreases. 

The study indicates further research on multi-mineral aggregates and texture 

polishing characteristics in addition to Sa 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 polishing, which will be considered 

further within the testing methodology. 

Wider work looked at the correlation of laboratory measured long term skid 

resistance through Wehner-Schulze with aggregate mosaics to the mineralogical 

property of the aggregate, with aggregates given a hardness parameter based on the 

Mohs hardness of individual minerals and their percentage composition of the whole 

aggregate particle and the hardness parameter compared to the final friction 

coefficient through Wehner Schulze(Kane, Artamendi and Scarpas, 2013).  

A link between the mineral composition, through petrographic analysis, and long 

term skid resistance (resistance to polishing) was first indicated by Tourenq and 

Fourmaintraux(1971), and summarised concisely by Kane et al (2013) who defined 

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

aggregate and the contrast in hardness (Cd) of the mineral composition:  

Ὠάὴ ВὨὺ  ὴ       (Eqn. 7) 

ὅὨ  Вὴ  ȿὨὺ  Ὠὺȿ      (Eqn. 8) 

Where:  

dvi:  Vickers hardness (Smith and Sandland, 1922) of each mineral 
pi:  Percentage mass of each mineral 
dvb:  Vickers hardness of most abundant mineral in the aggregate. 

In the research by Kane et al (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 identified good correlation between aggregate hardness parameter and 

friction coefficient with the three aggregate samples used.  

 

  



 

66 
 

2.11 Existing Research Summary and Analysis  

There are a number of published accounts of poor skid resistance prediction from 

the existing PSV test method (Roe and Hartshorne, 1998; Woodward, Woodside and 

Jellie, 2004; Perry, Woodside and Woodward, 2001), indicating the need for an 

additional test procedure to accurately predict the in-situ performance of aggregate 

and asphalt mixtures. 

A potential replacement for the PSV test, and a development in 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 2014 (BSI, 2014). 

The literature has shown various existing research into this test method, comparing 

FAP to PSV (Allen, Phillips and Woodward, 2008; Woodbridge, Dunford and Roe, 

2006; Arampamoorthy and Patrick, 2011) investigating the link between FAP and 

SCRIM (Huschek, 2004; Woodward et al., 2013), aggregate micro-texture (Do et al., 

2007; Do et al., 2009; Dunford et al., 2012) and mineralogy (Kane, Artamendi and 

Scarpas, 2013).  

This accumulated research has shown that there is a correlation between PSV and 

FAP when using aggregate mosaics in FAP (Woodbridge, Dunford and Roe, 2006; 

Arampamoorthy and Patrick, 2011) as the single size aggregate is comparable to the 

PSV test sample. However, 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 spacing of the aggregate particles.  

Testing using FAP has either been performed with 90 000 polishing cycles as per the 

recent European standard, or 180 000 cycles, however it is indicated that equilibrium 

of the aggregate friction performance has not been reached. It is as yet unknown if 

further polishing cycles towards an equilibrium aggregate condition would impact on 

the correlations identified within the literature to 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 the micro-texture of aggregate particles, and reduction in 

asperity height, were shown due to the polishing process. Additionally, the 

mineralogy and 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 aggregate mineralogy and 

hardness to the texture development due to polishing, or potential mineral plucking, 

and associated functional characteristics of the macro-texture of the aggregate 

particles. Furthermore, the in-situ 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 in-situ skid resistance 

measurement. 
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3.0 Project Hypothesis and Experimental Programme 

Methodology  

The literature review has shown a range of testing methodologies and research into 

the field of aggregate surface topography and skid resistance. There are significant 

gaps identified between how aggregate is specified within the SHW / 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 and provides 

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

Test samples for study within this research were chosen to effectively utilise available 

data from long term sources (>10-years in-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 throughout the networks. The asphalt 

materials chosen are Thin Surface Course Systems (TSCS), designed and installed in 

accordance with Cl. 942 of the SHW (Specification for Highway Works, 2021). 

 These PFI contracts / materials are: 

1. London Borough of Hounslow  

Gore / Cliffe Hill Thin Surface Course System 

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

subject to annual SCRIM survey).  

The LBH is a London borough in west London, England, forming part of Outer 

London. The contract is operated by Ringway Hounslow Highways, and is 

characterised by a London, urban environment with heavy, often channelised traffic 

loading. 

Carriageway surfacing utilising an asphalt design of 4-10mm Gore (coarse) 

aggregate and 0-4mm 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. Isle of Wight 

Bremanger / Temple Thin 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 is an island network, situated off the south coast of the UK. The 

contract is operated by Ringway Island Roads, and is characterised as a rural 

environment, with relatively low traffic loading and evolved pavement 

construction.  

Surfacing utilising an asphalt design of 4-8mm Bremanger (coarse) aggregate and 0-

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 Table 3.1 with PSV and AAV data provided by the aggregate supplier. 

Table 3.1: Aggregate Sources 

Contract Aggregate 

Source 

Aggregate 

Type 

Size (mm) PSV AAV 

LBH Gore | 

Presteigne, 

Wales 

Gritstone 4-10 65 8 

Cliffe Hill | 

Leicestershire 

Granite 0-4 54 1.7 

IOW Bremanger | 

Svelgen, 

Norway 

Bestone 

(Gritstone) 

4-8 65 10 

Temple | 

Lisburn, 

Northern 

Ireland 

Silurian 

Sandstone 

0-4 65 5.5 
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3.2 In -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 the single 

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 2013 ς 2023 

surveys. Result data is provided in the form of Ψ.hmdifΩ (Highways Maintenance Data 

Interchange Format) files in accordance with UKPMS survey requirements with the 

data assessed at 10m sub-section 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 traffic loading is generally consistent throughout. Data 

will be further assessed at stress point levels as determined within DMRB CS 228 and 

the local authority skid resistance policies.  

An assessment has also been made of the SCRIM survey provider and vehicles within 

the data analysis. Table 3.2 details the SCRIM survey providers and vehicles 

throughout the assessment period.   
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Table 3.2: Summary of SCRIM survey provider and vehicle 

Survey Year LBH ς Survey Provider | Vehicle IOW ς 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 within Table 3.2 (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 consideration for reasons including vehicle 

breakdown, unavailability and business change.  
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3.3 Characterisation of Aggregate  

3.3.1 Mineral Liberation Analysis  

A key requirement of this study is to investigate the geology of road surface coarse 

aggregate to understand their mineralogy and how they polish. The literature 

research has indicated the mineralogy and associated aggregate hardness of 

aggregate correlates to the friction coefficient (Kane, 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 study, Mineral 

Liberation Analysis (MLA) has been undertaken 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 aggregate. Each mineral grain viewed from the back 

scattered electron signals was identified using x-ray analysis. X-ray mapping was then 

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 networks detailed within Chapter 4. 

 

3.3.2 Mohs Hardness Parameter  

From the results of the MLA, the minerals identified were then characterised based 

on their associated Mohs hardness parameter, indicating the level of resistance to 

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

Lǘ ƛǎ ƘȅǇƻǘƘŜǎƛȊŜŘ ǘƘŀǘ ƳƛƴŜǊŀƭǎ ƻŦ ΨƘƛƎƘΩ ƘŀǊŘƴŜǎǎ will have an increased polishing 

ǊŜǎƛǎǘŀƴŎŜ ŀƴŘ ΨǇƭǳŎƪΩ ƻǳǘ ƻŦ ǘƘŜ ŀƎƎǊŜƎŀǘŜ ǎǳǊŦŀŎŜ ǿƘŜǊŜŀǎ ƳƛƴŜǊŀƭǎ ƻŦ ΨƭƻǿΩ 

hardness will polish.  
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Results from the MLA were split at a Mohs hardness level of 5, with 1-5 indicating 

ΨƭƻǿΩ ƘŀǊŘƴŜǎǎ ŀƴŘ рҌ ƛƴŘƛŎŀǘƛƴƎ ΨƘƛƎƘΩ ƘŀǊŘƴŜǎǎ ǘƻ ƎǊŀǇƘƛŎŀƭƭȅ ǎƘƻǿ ǘƘŜ ǎǇƭƛǘ ƻŦ 

mineral types across the aggregate particle range, 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, the particle size distribution of each aggregate source was undertaken. This 

is a standard test method in accordance with BS EN 12697-2:2015 (BSI, 2015), used 

to determine the gradation 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 (AHP) was calculated from 

the mineral composition and Mohs hardness of each mineral, from the Equations 7 

and 8 detailed within the literature review from Kane et al (2013), reproduced below. 

Ὠάὴ ВὨὺ  ὴ       (Eqn. 7) 

ὅὨ  Вὴ  ȿὨὺ  Ὠὺȿ      (Eqn. 8) 

Where:  

dvi:  Vickers hardness (Smith and Sandland, 1922) of each mineral 
pi:  Percentage mass of each mineral 
dvb:  Vickers hardness of most abundant mineral in the aggregate. 
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3.4 Sample Preparation for Laboratory Study  

Samples of aggregates and the asphalt mixtures were obtained to include aggregate 

only samples (laboratory manufactured) and in-situ asphalt mixture (sampled via 

coring) to enable laboratory and in-situ study and comparison of skid resistance and 

aggregate texture changes against polishing (tracking). 

3.4.1  Laboratory Samples ɀ Aggregate Mosaics 

¢ƘŜ ŦƻŎǳǎ ƻŦ ǘƘƛǎ ǊŜǎŜŀǊŎƘ ƛǎ ƻƴ ǘƘŜ ǳǎŜ ƻŦ ǘƘŜ Ψ²ŜƘƴŜǊ {ŎƘǳƭȊŜΩ ƻǊ CǊƛŎǘƛƻƴ !ŦǘŜǊ 

Polishing test method as a tool for simulating in-situ 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 in Chapter 6.  

¢ƘǊƻǳƎƘƻǳǘ ǘƘƛǎ ǘƘŜǎƛǎΣ ǘƘŜ ǘŜǊƳ ΨCǊƛŎǘƛƻƴ !ŦǘŜǊ tƻƭƛǎƘƛƴƎΩ (FAP) will be used from this 

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 mosaics is outside of the FAP European 

standard (BS EN 12697-49), however they were 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 performance, the micro-texture and mineralogical composition 

and additionally to provide a comparison to existing research. 

Whilst there is no method of aggregate mosaic preparation specified within the 

standard, the manufacture method of aggregate mosaic samples was developed 

using the best practice methodology described within TRL PPR604 (TRL, 2015) ς 

systematic preparation, which 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 

ς 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 of 0.6kg of graded aggregate per specimen was required. 

Depending on the coarse aggregate sample, up to 75% of a 10mm bulk 

aggregate sample was removed during grading. 

3) Position graded aggregate samples on 225mm diameter base plate mould as 

shown in Figure 3.1 and Figure 3.2 ς ŜƴǎǳǊŜ ǘƛƎƘǘƭȅ ǇŀŎƪŜŘ ǿƛǘƘ ΨŦƭŀǘΩ ŜŘƎŜ ƻŦ 

each aggregate particle facing down.  

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

and friction test zone from the FAP test drawn out to ensure coverage. 

 

  

Figure 3.1: Initial stage of 
positioning aggregate sample onto 
base plate 

Figure 3.2: Full coverage of base 
plate with aggregate sample 
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4) Encase the baseplate and aggregate with a cylindrical mould (in this case a 

cake tin was used), fill voids between aggregate particles with fine sand to 

approximately 50% of aggregate height as shown in Figure 3.3. 

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

voids are filled and no base plate is visible as shown in Figure 3.4. 

  

Figure 3.3: Void between aggregates 
being filled with sand to 50% of 
aggregate height 

Figure 3.4: Full sample covered with 
sand, with excess sand blown from 
top of aggregate particles 

 

6) Lubricate edge of the frame with silicone spray.  

7) Mix the 2-part epoxy resin (Safetrack EPM Resin has been used within this 

test programme). 

8) Add resin onto mosaic at approximate 20mm covering, as shown in Figure 3.5 

ς spread carefully to prevent aggregate movement, level and allow to set as 

shown in Figure 3.6.  

0.8 litres of resin was required 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 has set ς completed 

mosaic samples shown in Figure 3.7 and Figure 3.8. 
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Figure 3.5: Mixed resin being 
added to mosaic 
 

Figure 3.6: Levelled resin being left to 
set 

  

Figure 3.7: Vertical image of 
completed aggregate mosaic 

Figure 3.8: Horizontal image of 
completed aggregate mosaic 

 

 

  



 

79 
 

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 samples were 

obtained through core samples undertaken and recorded in accordance with DMRB 

CS 229 Revision 0 (Clause 6.5 to 6.20). The cores were 225mm in diameter and 

following recording trimmed to a depth of 30-50mm to enable FAP testing.  

An initial trial sample was obtained to enable a trial study and confirmation of further 

testing methodology. Cores were undertaken within the LBH network on a similar 

asphalt material to those within the research scope of this thesis and the data used 

as described in Section 0 to 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 2 cores 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 2013 ς 2023  

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 and were approved by the local 

authority and their representatives for inclusion within this study: 
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London Borough of Hounslow ς Hatton Road, Feltham. 

The site is situated immediately southwest of Heathrow airport, location shown in 

Figure 3.9. Installed June 2014 using a of 4-10mm Gore (coarse) aggregate and 0-

4mm Cliffe Hill (fine) thin surface course asphalt. 

 

Figure 3.9: Location of Hatton Road, Feltham, Hounslow 

Coring at Hatton Road was undertaken in August 2014 by Jean Lefebvre UK Ltd, 

location of cores onsite shown in Figure 3.10. Coring consisted of 4 no. 225mm 

diameter samples through the full asphalt depth, with site image of extracted core 

shown in Figure 3.11. Cores were logged in the JLUK laboratory in Cheshunt, UK, 

before being trimmed to a usable depth for FAP testing at approximately 40mm. Site 

images of the core extraction are shown below.  



 

81 
 

 

 

Figure 3.10: Hatton Road Cores A and B 

location 

Figure 3.11: Hatton Road Core B site 

extraction 

 

Isle of Wight - Newnham Road, Binstead  

The site is situated between Fishbourne and Ryde at the northeast of the Isle of 

Wight, location shown in Figure 3.12. Installed June 2016 using a 4-8mm Bremanger 

(coarse) aggregate and 0-4mm Temple (fine) thin surface course asphalt. 

 

Figure 3.12: Location of Newnham Road, Binstead, IOW 

Coring at Newnham Road Binstead was undertaken in September 2016 by Jean 

Lefebvre UK, surface image and location of core sample shown in Figure 3.13. Coring 

consisted of 4 no. 225mm diameter cores through the full asphalt depth, with site 

image of the extracted core shown in Figure 3.14. 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. 

  

Figure 3.13: Newnham Road Core 2 

location 

Figure 3.14: Newnham Road Core 2 site 

extraction 
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3.5 Trial Study ɀ Polishing and Texture  

To identify performance of skid resistance and aggregate texture changes when 

subject to polishing, a combination of processes will be utilised, consisting of; 

¶ Friction measurement and polishing with Friction After Polishing and  

¶ Surface texture measurement with Alicona G5 Infinite Focus Microscope. 

An initial trial study was 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 stated in British/European standard BS EN 12697-49: 

Determination of friction after polishing. 

All Friction After Polishing experiments have been undertaken using the device 

owned by National Highways and operated and maintained by TRL, Wokingham. The 

background and principle of the test method is discussed in Section 2, the following 

details the method of operation used within these experiments.  

The initial methodology has focused on 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 stated in Section 

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 and 180 000 

polishing cycles. This is further than the standard 90 000 polishing cycles due to gaps 

highlighted within the existing literature of the equilibrium position not being met at 

90 000 cycles.  

A single specimen from each aggregate source was manufactured and tested at this 

stage of the research to manage time, financial and material resources. For the full 

stage of testing, 2 test specimens from each aggregate source were manufactured 

and tested to ensure results are within the acceptable repeatability limits.   
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In addition to the test standard of 90 000 cycles, polishing was stopped at intervals 

as identified within BS EN 12697-пф {ŜŎǘƛƻƴ тΦн ŀǎ ΨŦƻǊ ƻǘƘŜǊ ŀǇǇƭƛŎŀǘƛƻƴǎΩ ŀǘ п рллΣ т 

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 shown in Figure 3.15.  

 

Figure 3.15: Initial Friction After Polishing test result 

The results in Figure 3.15 follow a smooth logarithmic reduction in friction value, with 

a 27% (Bremanger) and 23% (Gore) reduction across the 180 000 polishing cycles. 

As expected from available external data evaluated within the literature review, an 

equilibrium point is not reached at the standard test completion point of 90 000 

cycles. A reduction in friction value is seen through 180 000 polishing cycles.  
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3.5.2 Texture Measurement  

The Alicona G5 Infinite Focus microscope 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, 2018) and available equipment access at the University of Nottingham.  

To determine the optimal setup for the Alicona G5 Infinite Focus microscope 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 within Figure 3.16 around the edge of the aggregate particle as 

considerably lighter than the non-exposed aggregate 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 undertaken using the Alicona 3D Viewer Software to 

enable comparison. 

The settings identified in   
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Table 3.3 have been selected from the Alicona G5 Infinite Focus measurement 

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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Table 3.3: Alicona G5 Infinite Focus microscope variable control 

Variable Setting 

Vertical Resolution 41.9nm 

Lateral Resolution 3.91µm 

Exposure 467 µs 

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 profile paths to identify the number of aggregates required to find a 

representative sample.  

 

Figure 3.16: Aggregate sample with three profile lines for texture parameter 

measurements - London Borough of Hounslow network, 10mm TSCS Gore ς Cliffe 

Hill asphalt mix 

Line Profile 1 

Line Profile 2 

Line Profile 3 

1 mm 
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It is noted that texture measurements were made within the limits of the horizontal 

surface of the aggregate particle and attempts were not made to detail 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 converge. 

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 in Figure 3.17. 

 

Figure 3.17: Graph of cumulative average of Ra from initial sample results on 10mm 
Thin Surface Course Gore-Cliffe 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.  

10.0

12.0

14.0

16.0

18.0

20.0

22.0

24.0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

C
u

m
u

la
ti
ve

 A
ve

ra
g

e
 o

f 
R

a
 (

µ
m

)

Sample Reference



 

89 
 

Analysis was undertaken using a variety of standard roughness characteristics, input 

within the Alicona IF analysis software, and the order in which they were graphically 

displayed for analysis was varied to ensure the number of samples for a 

representative source was correct. 

From these results, the optimum Alicona G5 Infinite Focus microscope 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 

aggregates will be analysed from each source, using the settings stated in   
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Table 3.3.  
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3.6 Polishing and Texture Assessment Process  

From the results of the trial study detailed in Section 3.5, the procedure for the full 

laboratory study was finalised as below; 

3.6.1 Test Methodology Aggregate Mosaics  

Utilising the trial study data, further data points on friction after polishing and surface 

texture measurement cycles on aggregate mosaics were identified. Therefore 7 

stress points were followed at the polishing cycles detailed in Table 3.4. 

Table 3.4: Aggregate Mosaic Test Methodology - Test Points 

Stress Level Cumulative 

Polishing Cycles 

(Using FAP test) 

Successive 

Polishing Cycles 

(Using FAP test) 

Texture 

Measurement 

(Alicona IF) 

0 0 0 Y 

1 90 90 Y 

2 900 810 Y 

3 4 500 3 600 Y 

4 9 000 4 500 N 

5 45 000 36 000 Y 

6 90 000 45 000 Y 

7 180 000 90 000 Y 

 

Test points at 90 and 900 cycles were added 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) 

was taken 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 on their location 

within the mosaic, ensuring particles were impacted by FAP rollers and subject to the 

polishing process.  

Aggregates were subsequently logged to ensure identification for repeat testing via 

an acetate overlay in a process originally developed by Dunford (2013), with a 

minimum of 9 aggregate particles within each mosaic specimen tested. An example 

acerate from sample 2019-02 (referring to the second Gore aggregate mosaic) is 

shown in Figure 3.18.  

 

Figure 3.18: Sample 2019-02 aggregate location acetate overlay 
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¢ƘŜ ŎŜƴǘǊŀƭ ΨȄΩ and bottom arrow enable the acetate to be re-located on the sample 

between measurements, with corresponding markings on each sample.   

FAP testing 

Each polishing stage and friction test was undertaken in accordance with the Friction 

After Polishing published standard, BS EN 12697-49. A calibration plate as shown in 

Figure 3.19, made of textured glass, was tested prior to and after each test stage to 

ensure accuracy of results. Friction results using the calibration plate have an 

accepted range, with results outside of that range indicating potential causes for 

variation such as friction test rubbers requiring replacement.  

Samples were set within a test mould (Figure 3.20) which is secured into the FAP test 

equipment (Figure 3.21) using 2 bolts, to ŜƴǎǳǊŜ ǘƘŜ ǎŀƳǇƭŜ ŘƛŘƴΩǘ ƳƻǾŜ ŘǳǊƛƴƎ 

polishing or friction test processes. This was undertaken as per the stated process 

within TRL unpublished guidance operational manual and standard operating 

procedure for the Wehner-Schulze machine. 

Further images are shown of the FAP polishing roles (Figure 3.22) and test head 

(Figure 3.23) from the FAP device used within these testing.  

 

 

Figure 3.19: FAP glass calibration plate 
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Figure 3.20: Aggregate mosaic in FAP 

test mould 

Figure 3.21: Aggregate mosaic in mould 

situated beneath polishing rollers 

within FAP machine  

 

  

Figure 3.22: Upward directed image of 

FAP polishing rollers 

Figure 3.23: Upward directed image of 

FAP friction 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 

was conducted at the same 7 stress points (polishing cycles). 

Surface measurement testing was undertaken at stress points 0 and 7 (0 and 180 000 

cycles respectively) to show a comparison of aggregate surface texture at the start 

and end of the polishing regime and to ensure the methodology was operationally 

achievable through resource and equipment availability. 

The testing summary is shown in Table 3.5. 

Table 3.5: Core Samples Test Methodology - Test Points 

Stress Level Cumulative 

Polishing Cycles 

(Using FAP test) 

Successive 

Polishing Cycles 

(Using FAP test) 

Texture 

Measurement 

(Alicona IF) 

0 0 0 Y 

1 90 90 N 

2 900 810 N 

3 4 500 3 600 N 

4 9 000 4 500 N 

5 45 000 36 000 N 

6 90 000 45 000 N 

7 180 000 90 000 Y 

 

Individual aggregates were selected and located in the same process as for 

aggregate mosaics using an acetate overlay.   
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3.7 Data Analysis 

Following completion of the test procedure detailed above, results were 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 given as µ60, with the friction result 

given at a speed of 60kph as the test head decelerates from 100kph, and are provided 

within Microsoft Excel. Friction outputs across the range of speeds as the test head 

decelerates have been analysed within Microsoft Excel to determine the change in 

FAP performance throughout the stress levels. 

3.7.2 Aggregate Texture ɀ Alicona  G5 Infinite Focus 

Microscope  

Surface texture measurements undertaken on the aggregate particles across all 

stress levels have been ŀƴŀƭȅǎŜŘ ǘƘǊƻǳƎƘ 5ƛƎƛǘŀƭǎǳǊŦΩǎ aƻǳƴǘŀƛƴǎaŀǇ ǎƻŦǘǿŀǊŜΣ ŀ 

commonly used industry standard texture analysis package. 

Across all stress points, the surface texture data has been filtered using a surface 

levelling filter using a Mountains Map levelling algorithm, which 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 samples, values have been 

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

The final stage of the test methodology is to compare obtained results across all 

stress points for Friction after polishing and surface texture, as well as aggregate 

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

This analysis has been undertaken using Microsoft Excel.  

 

 



 

98 
 

3.9 Summary Methodology  

 

Figure 3.24: Test Summary
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4.0 Assessment of Aggregate Properties  

This chapter focuses on the studies undertaken on the aggregate samples and 

presents the data captured. The aggregate properties contained within the chapter 

and test results are standard test parameters in the form of PSV and AAV, particle 

size distribution (grading) and mineral liberation analysis of both coarse and fine 

aggregate sources. Initial findings are identified and discussed.  
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4.1 Geological History  

The four aggregate sources identified for testing within this thesis have been chosen 

due to their use within highway 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. The line is strongly fractured and 

locally folded by Caledonian deformation associated with strike-slip reactivation on 

the Church Stretton system.  

Quarry and academic descriptions document the variation and structural complexity, 

and that the location is a long-standing source of high-PSV roadstone from the 

Precambrian sandstones/greywackes (Brewer, 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 pressure-solution seams from 

deformation. Widespread jointing and veining have added micro-scale relief, the 

combination of which yields abundant hard, angular quartz/feldspar micro-asperities 

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. Gore-type greywackes have the 

high quartz content, angularity, and diversity of minerology that support persistent 

microtexture under traffic; the fractured fabric also promotes selective plucking, 
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renewing micro texture rather than polishing (Woodward, Woodside and Jellie, 

2005). 

4.1.2 Bremanger  

Formation 

After the Scandian phase of the Caledonian Orogeny, western Norway underwent 

extensional collapse. Large low-angle detachments (NordfjordςSogn system) created 

intermontane Devonian basins (Hornelen, Kvamshesten, Solund, etc.) filled with very 

ǘƘƛŎƪ όҖ нр ƪm) coarse clastics; axial fluvial sandstones with marginal debris-

flow/stream-flow conglomerates, commonly organised in coarsening-upward cycles 

(Ulvik and Neeb, 1999). This published through the Geological Survey of Norway 

(NGU) prepared for Bremanger Aggregates identifies Devonian sandstones west of 

Gulestø with particularly good PSV/AAV for asphalt surface courses and large, 

homogeneous reserves. 

Fabric and Minerology 

These Devonian fluvial sandstones tend to be quartz-rich and hardened, 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 resistance (with this 

aggregate being commercially sold as Bestone) (Bontrup, 2025). 

Performance Implication 

Quartz-cemented sandstones develop and retain sharp asperities; the intra-granular 

quartz fracture provides fresh faces of aggregate under traffic loading. The uniformity 

across the aggregate source also maintains polishing response, hence their strong 

PSV/FAP reputation across European networks using this source (Bontrup, 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 well-documented for its ~320 m exposed width, internal structure, 

and quarry margins by geological reviews and the BGS Lexicon (Carney et al., 2000). 

Fabric and Minerology 

Microdiorite consists of plagioclase and hornblende, with possible presence of 

pyroxene and quartz. It is typically fine to medium-grained and commonly 

equigranular, with markfieldite sometimes displaying granophyric groundmass 

textures. Its equigranular silicate 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/stone-on-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 time (Whateley and Barrett, 

2006). 

4.1.4 Temple  

Formation 

Around Lisburn, Belfast Northern Ireland, the Permo-Triassic Sherwood Sandstone 

Group (SSG) forms extensive fluvialςaeolian red-bed successions of quartz-rich 

sandstones and silty sandstones, with cross-bedding and desiccation features. 

GSNI/BGS summaries and NI regional geology show SSG development and 

groundwater studies west of Lisburn (Mitchell, 2004).  

Fabric and Minerology 

Quartz-rich, well-sorted, often rounded grains with silica cement give hard but 

smoother particles (Mitchell, 2004).  

Performance Implication 

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

However, quartz-rich fines (with angularity preserved after crushing) can provide 



 

103 
 

early life skid resistance within the binder film and help maintain stiffness and resist 

ravelling, indirectly supporting microtexture retention around coarse-aggregate 

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  

4.2.1 Standard Test 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 

suppliers, identified also within the table below.  

Table 4.1: Aggregate Sources 

Contract Aggregate 
Source 

Supplier Aggregate 
Type 

Nominal 
Size 
(mm) 

PSV AAV 

LBH Gore| 
Presteigne, 
Wales 

Tarmac Gritstone 4-10 65 8 

Cliffe Hill | 
Leicestershire 

Hanson 
(Midland 
Quarry 
Products) 

Granite 0-4 54 1.7 

IOW Bremanger | 
Svelgen, 
Norway 

Granite 
Import 
Benelux 
B.V. 

Bestone 
(Gritstone) 

4-11 65 10 

Temple | 
Lisburn, 
Northern 
Ireland 

Breedon 
(ex-
White-
mountain 
Quarries 
Ltd 
) 

Silurian 
Sandstone 

0-4 65 5.5 

 

Note ς PSV and AAV have been tested for each aggregate source in accordance with 

the relevant test standard BS EN 1097-8. Therefore, the size of the aggregate 

particles tested relate to the 0/10 aggregate sample.  

Within the DMRB, CD 236 Surface course materials for construction (Highways 

England, 2022), minimum PSV and maximum AAV values for coarse aggregates used 

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 65 (PSV65), which is 

deemed as appropriate for high-risk 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 aggregates of 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 high-risk 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, enabling a micro-texture to 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 distribution ς 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 are used; the gradation will have a key influence on the in-situ skid resistance 

of the asphalt mix.  

The particle size distribution of the coarse aggregates is shown in Figure 4.1, 

alongside the final grading curve of the corresponding asphalt mix studied 

throughout this research.  

 

 

Figure 4.1: 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 seen in Figure 4.1 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 together 

and providing structural integrity in the overall asphalt material (Khan et al., 2023). 

Due to the texture depth requirements at the time of installation (2013 ς 2016) as 

set within the SHW and contractual output specification of the contracts where they 
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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 the in-situ skid resistance 

performance and raises the question of 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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4.3 Mineralogy  

Testing has been undertaken to determine the mineralogical composition of the 

aggregate samples within the asphalt materials selected, analysed through MLA at 

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.  

Figure 4.2 shows the MLA results legend, with graphical results for the coarse 

aggregates shown in Figure 4.3 and Figure 4.4. 

 

 

 

Figure 4.2: MLA results legend 
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Figure 4.3: MLA results - Gore 10mm test plate (top) and close image (bottom)  

1 mm 

1 mm 
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Figure 4.4: MLA results - Bremanger 8-11mm test plate (top) and close image 

(bottom)  

1 mm 

1 mm 
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Figure 4.3 and Figure 4.4 display the wide range of minerals present in each 

aggregate particle. The details of each aggregate type are shown in Table 4.2.  

Table 4.2: Coarse aggregate mineralogical breakdown 

Aggregate Source Mineral Percentage of Aggregate 

B
re

m
a

n
g

e
r 

(C
o
a

rs
e

)
 

Quartz 44% 

Plagioclase 20% 

Orthoclase 9% 

Muscovite 8% 

Calcite 7% 

Mixed Clays 6% 

Chlorite 2% 

Epidote 2% 

G
o
re

 (
C

o
a

rs
e

) 

Quartz 53% 

Plagioclase 18% 

Muscovite 10% 

Mixed Clays 6% 

Augite 4% 

Chlorite 3% 

Orthoclase 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 and Mixed Clays.  

However, Table 4.2 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.  
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Figure 4.5: MLA results ς Cliffe Hill Fine Aggregate test plate and close-up image 

10 mm 

1 mm 
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Figure 4.6: MLA results ς Temple Fine Aggregate test plate and close-up image 

10 mm 

1 mm 
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The range of minerals identified is clear within the images above. The quantitative 

mineralogical breakdown of the fine aggregates is shown in Table 4.3. 

Table 4.3: Fine aggregate mineralogical breakdown 

Aggregate Source Mineral Percentage of Aggregate 

T
e

m
p

le
 (

F
in

e
s
) 

Quartz 28% 

Plagioclase 24% 

Mixed Clays 14% 

Orthoclase 8% 

Chlorite 6% 

Calcite 6% 

Muscovite 6% 

Grossular 2% 

Ti-Chlorite 1% 

Al poor Augite 1% 

C
lif

fe
 H

ill
 (

F
in

e
s
) 

Plagioclase 29% 

Quartz 18% 

Muscovite 12% 

Chlorite 10% 

Orthoclase 7% 

Epidote 5% 

Mixed Clays 4% 

Calcite 3% 

Augite 3% 

Grossular 2% 

Al poor Augite 1% 

Ti-Chlorite 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.  

  



 

115 
 

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, from Equations 7 and 8 detailed 

within the literature review from Kane et al (2013), reproduced below. 

Ὠάὴ ВὨὺ  ὴ       (Eqn. 7) 

ὅὨ  Вὴ  ȿὨὺ  Ὠὺȿ      (Eqn. 8) 

Where:  

dvi:  Vickers hardness (Smith and Sandland, 1922) of each mineral 
pi:  Percentage mass of each mineral 
dvb:  Vickers hardness of most abundant mineral in the aggregate. 
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Table 4.4: Aggregate Hardness Parameter 

Aggregate Mineral Mohs 

hardness 

Mineral  

Composition (%) 

dmp Cd AHP 

 
B

re
m

a
n
g

e
r 

(C
o
a

rs
e

) 
Quartz 6 44% 

4.95 

 

 

 

 

 

 

0.87 

 

 

 

 

 

 

5.82 

 

 

 

 

 

 

 

Plagioclase 6 20%  

Orthoclase 6 9%  

Muscovite 1.5 8%  

Calcite 3 7%  

Mixed Clays 2 6%  

Chlorite 2 2%  

Epidote 6.5 2%  

G
o
re

 

(C
o
a

rs
e

) 

Quartz 6 53% 
5.03 

 

 

 

 

 

 

0.85 

 

 

 

 

 

 

5.88 

 

 

 

 

 

 

 

Plagioclase 6 18%  

Muscovite 1.5 10%  

Mixed Clays 2 6%  

Augite 5.5 4%  

Chlorite 2 3%  

Orthoclase 6 3%  

Epidote 6.5 1%  

T
e

m
p
le 

(F
in

e
s) 

Quartz 6 28% 
4.47 

 

 

 

 

 

 

 

 

1.36 

 

 

 

 

 

 

 

 

5.84 

 

 

 

 

 

 

 

 

 

Plagioclase 6 24%  

Mixed Clays 2 14%  

Orthoclase 6 8%  

Chlorite 2 6%  

Calcite 3 6%  

Muscovite 1.5 6%  

Grossular 6.5 2%  

Ti-Chlorite 2 1%  

Al poor Augite 5 1%  

C
lif

fe
 H

ill 

(F
in

e
s) 

Plagioclase 6 29% 
4.49 

 

 

 

 

 

 

 

 

 

 

1.32 
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Quartz 6 18%  

Muscovite 1.5 12%  

Chlorite 2 10%  

Orthoclase 6 7%  

Epidote 6.5 5%  

Mixed Clays 2 4%  

Calcite 3 3%  

Augite 5.5 3%  

Grossular 6.5 2%  

Al poor Augite 5 1%  

Ti-Chlorite 2 1%  
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The AHP results identified 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 skid resistance, however the consistency is stark across 

all 4 unique aggregate sources.  

4.5 Hardness 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 overall micro-texture 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 

ƘŀǊŘƴŜǎǎ ǎŜǇŀǊŀǘƛƻƴ ǾŀƭǳŜ ǿŀǎ ǘŀƪŜƴ ŀǎ Ҕр όƛƴŘƛŎŀǘƛƴƎ ƘŀǊŘ ŀǊŜŀǎύ ŀƴŘ Җр όƛƴŘƛŎŀǘƛƴƎ 

soft areas).  

Figure 4.7 to Figure 4.10 present this split throughout the aggregate sources studied 

ǿƛǘƘƛƴ ǘƘƛǎ ǊŜǎŜŀǊŎƘ ǿƛǘƘ ŀǊŜŀǎ Ҕр ƘŀǊŘ όŎƻƭƻǳǊŜŘ ƭƛƎƘǘ ōƭǳŜύ ŀƴŘ Җр ǎƻŦǘ όŎƻƭƻǳǊŜŘ 

black), whilst Table 4.5 - Table 4.7 detail the minerals within each group.  

Table 4.5: Mohs hardness mineral grouping ς coarse / fine comparison 

Group Mineral Mohs Hardness 

Percentage 

of Total 

(Coarse) 

Percentage 

of Total 

(Fine) 

Hard' (white) 

Epidote 6.5 2% 5% 

Grossular 6.5 0% 2% 

Quartz 6 49% 23% 

Plagioclase 6 19% 27% 

Orthoclase 6 6% 8% 

Augite 5.5 4% 3% 

Soft' (black) 

Al poor Augite 5 0% 1% 

Calcite 3 7% 5% 

Mixed Clays 2 6% 9% 

Chlorite 2 3% 8% 

Ti-Chlorite 2 0% 1% 

Muscovite 1.5 9% 9% 
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Table 4.6: Mohs hardness mineral grouping - coarse aggregate comparison 

Group Mineral Mohs Hardness 

Percentage 

of Total 

(Gore) 

Percentage 

of Total 

(Bremanger) 

Hard' (white) 

Epidote 6.5 1% 2% 

Grossular 6.5 - - 

Quartz 6 53% 44% 

Plagioclase 6 18% 20% 

Orthoclase 6 3% 9% 

Augite 5.5 4% - 

Soft' (black) 

Al poor Augite 5 - - 

Calcite 3 - 7% 

Mixed Clays 2 6% 6% 

Chlorite 2 3% 2% 

Ti-Chlorite 2 - - 

Muscovite 1.5 10% 8% 

 
 

Table 4.7: Mohs Harness mineral grouping - fine aggregate comparison 

Group Mineral Mohs Hardness 

Percentage 

of Total 

(Cliffe Hill 

Fine) 

Percentage 

of Total 

(Temple 

Fine) 

Hard' (white) 

Epidote 6.5 5% - 

Grossular 6.5 2% 2% 

Quartz 6 18% 28% 

Plagioclase 6 29% 24% 

Orthoclase 6 7% 8% 

Augite 5.5 3% - 

Soft' (black) 

Al poor Augite 5 1% 1% 

Calcite 3 3% 6% 

Mixed Clays 2 4% 14% 

Chlorite 2 10% 6% 

Ti-Chlorite 2 1% 1% 

Muscovite 1.5 12% 6% 
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Figure 4.7: MLA Mohs Hardness Filter ς Gore 10mm 

 

Figure 4.8: MLA Mohs Hardness Filter ς Bremanger 11mm 

1 mm 

1 mm 
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Figure 4.9: MLA Mohs Hardness Filter ς Cliffe Hill Fine Aggregate 

 

Figure 4.10: MLA Mohs Hardness Filter ς Temple Fine Aggregate 

10 mm 

10 mm 
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¢ƘŜ ǎǇƭƛǘ ōŜǘǿŜŜƴ ǘƘŜ άƘŀǊŘέ ŀƴŘ άǎƻŦǘέ ƳƛƴŜǊŀƭǎ ǇǊƻǾƛŘŜǎ ŀ ǇƻǘŜƴǘƛŀƭ ǾƛŜǿ ƻŦ ǘƘŜ 

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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5.0 Laboratory Polishing (Friction After Polishing)  

Aggregate only mosaics and asphalt cores taken from in-situ schemes 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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5.1 Friction Measurement  

As detailed in Chapter 3, friction 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: 

Table 5.1: Friction After Polishing measurement points 

 Stress Level Cumulative Polishing 

Cycles 

Successive Polishing 

Cycles 

0 0 0 

1 90 90 

2 900 810 

3 4 500 3 600 

4 9 000 4 500 

5 45 000 36 000 

6 90 000 45 000 

7 180 000 90 000 

 

Results are presented as in accordance with the reporting requirements of BS EN 

12697-49 as the friction coefficient µ at 60km/hr, denoted as µ60 henceforth within 

this research. Figure 5.1 presents µ60 results across the 7 stress points for both 

aggregate samples and Figure 5.2 presents this data for the asphalt core samples. 
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Figure 5.1: Friction After Polishing results for aggregate mosaics 

 

 

Figure 5.2: Friction After Polishing results for asphalt core samples 
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For the aggregate mosaic samples, the 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 0.03 variance limit for individual specimens 

as stated within BS EN 12697-49.  

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 aggregate and their usage throughout asphalt mix designs as high performance, 

high PSV surface coarse aggregate, however this variance limit of 0.03 within the 

standard appears to be high based on the results obtained. Additionally, the standard 

deviations of the measurements (shown figuratively by the height of error bars) 

towards the final polishing stages (90 000 and 180 000 cycles) are seen to be less 

than in earlier stages indicating the consistence in longer term performance.  

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

aggregate mosaic (Figure 5.1) and asphalt core samples (Figure 5.2).  

The aggregate mosaics shown in Figure 5.1 demonstrate a curved 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 

ΨƴƻƛǎŜΩ ǿƛǘƘƛƴ ǘƘŜ ǊŜǎǳƭǘǎ ŀǘ ƭƻǿŜǊ polishing stages which may be attributed to 

variances within the test method and friction value measurement rather than the 

performance of the aggregate. 

The asphalt samples conversely show a generally smoother profile with significantly 

less reduction, or change, in overall friction value between 0 ς 180 000 polishing 

cycles.  

For aggregate mosaics, both samples show a 27% reduction in friction (µ60) across 

the 180 000 cycles. Only 26% reduction is seen from 0 ς 90 000 cycles.  
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For the asphalt mosaics, the samples show 6% (LBH) and 8% (Bremanger) reduction 

in µ60 across 180 000 cycles, with a 5% and 6% reduction respectively from 0 ς 90 000 

cycles.  

The percentage change at significant points is detailed in Table 5.2. 

Table 5.2: Percentage reduction of friction result across aggregate and asphalt 
samples at significant points against friction at 0 polishing cycles 

Stress 

Level Cycles 

Gore 

Aggregate 

Bremanger 

Aggregate 

LBH 

Asphalt 

IOW 

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 samples, the majority of the overall friction measurement 

reduction is seen within the first 9 000 polishing cycles, with negligible change seen 

from 90 000 to 180 000 polishing cycles.  

Conversely, in the asphalt samples relatively little overall change is seen within the 

first 9 000 cycles, with the LBH asphalt sample showing no reduction when comparing 

the 0 and 9 000 cycles friction results. Variance in both asphalt samples is seen across 

the results in Figure 5.2 between 0 ς 9 000 cycles with an immediate reduction in 

friction, followed by a minor recovery prior to the more traditionally seen slow skid 

resistance reduction.  Across the full results with the asphalt samples, the significant 

reduction within the asphalt samples is seen from 9 000 to 90 000 cycles.  

This variance between the types of samples indicates that a significant impact to the 

overall friction performance of asphalt is implied by a factor other than the coarse 

aggregate performance.  

To further analyse the variation in friction change across the polishing cycles, the 

results have been presented below with polishing cycles (x-axis) on a logarithmic 

scale for aggregate only (Figure 5.3) and asphalt (Figure 5.4) samples.   
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Figure 5.3: Logarithmic relationship of Friction After Polishing results for aggregate 
mosaics 

 

Figure 5.4: Logarithmic relationship of Friction After Polishing results for asphalt core 
samples 
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The graphs of logarithmic scale show more clearly the early life progression of the 

friction measurements within both sample sets.  

The results for the aggregate only mosaics (Figure 5.3) show a consecutive reduction 

in friction result with each measurement stage. There is a generally consistent 

reduction in both samples from 0 - 900 polishing cycles, and from 9 000 ς 180 000 

cycles with an inflection point between 4 500 and 9 000 cycles where the friction 

change that characterises the polishing impact occurs.  

This result indicates that to identify the elements that have significant impacts on 

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 samples (Figure 5.4), results 

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

For both LBH and IOW asphalt samples, the trend shows a fast and immediate friction 

reduction before a plateau between 90 ς 900 cycles and an increase in friction from 

900 ς 9 000 cycles.  

Within asphalt samples, the increase in friction in early life is attributed to the 

removal of the bituminous film 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 themselves. The results show a logarithmic reduction in 

friction from 9 000 ς 180 000 polishing cycles, demonstrated as a consistent gradient 

on the logarithmic graph in Figure 5.4. 

These results will be compared to the surface texture and in-situ skid resistance 

measurements within Chapters 6 and 7 respectively of this thesis.  
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5.2 Friction Measurement ɀ Speed Impact 

Within the above data presentation and analysis, the results shown are the standard 

output requirements for Friction After Polishing (FAP) within the published standard, 

with results reported at a test speed of 60km/h (37.2mph) providing the reported 

friction coefficient µ60. 

Within the FAP test, the test head accelerates to 100km/h before coming into contact 

with the test sample. Following contact, the test head is allowed to decelerate freely 

(i.e. is not subject to forces other than the direct contact with the test sample). As a 

result of the friction between the test head and the test sample, the speed of the test 

head reduces, with friction results recorded by the FAP device across all test speeds 

throughout this declaration.  

Further extraction of the FAP data enables a view of friction values at all speeds, 

rather than solely the 60kph reported value. The friction value µ has been extracted 

at 10km/h intervals from 100 ς 0km/h and is shown in Figure 5.6 to Figure 5.13 with 

the legend shown in Figure 5.5.  

 

 

Figure 5.5: Graphical Legend for test speed outputs.  
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Figure 5.6: Test Speed Impact - Sample Gore 01 

Figure 5.9: Test Speed Impact - Sample Bremanger 02 

Figure 5.7: Test Speed Impact - Sample Gore 02 

Figure 5.8: Test Speed Impact - Sample Bremanger 01 
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Figure 5.10: Test Speed Impact - Sample HH-01 

Figure 5.12: Test Speed Impact - Sample IOW-01 

Figure 5.11: Test Speed Impact - Sample HH-02 

Figure 5.13: Test Speed Impact - Sample IOW-02 
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Figure 5.6 to Figure 5.9 show profile of friction against measurement speed through 

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

There is generally uniform spacing of friction results at all speeds within Figure 5.8 

and Figure 5.9 representing the Bremanger sample, with a change between 4 500 

and 9 000 cycles. This step change from 4 500 and 9 000 cycles is more pronounced 

in Figure 5.6 and Figure 5.7 representing the Gore sample. 

Figure 5.10 to Figure 5.13, show the profile of friction against measurement speed 

for the asphalt core samples. Clear differences between these and the aggregate only 

mosaics are seen as the measurement results are more closely grouped throughout 

the full range of test speeds, aligned with the results shown in the full friction after 

polishing graphical results where the asphalt samples show an overall slower friction 

reduction.  

Figure 5.10 to Figure 5.13 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, the trend 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 analysis provides a reliable comparison. 

Within the case for this research the test speed of 60km/h as stated within the test 

standard is used.  

The range 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 the sample and the test head may influence this change in 

result across the test speeds. The associated temperature impact of skid resistance 

has been detailed within Chapter 2 from previous studies. This is not analysed in 

detail within this research.  
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6.0 Surface Texture Analysis  

Aggregate only mosaics and asphalt cores taken from in-situ schemes 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 

conclusions are made as to the changes in the surface texture throughout this 

process and both a visual and data focussed assessment of the changes observed are 

carried out.  

 

6.1 Visual Results  

Visual changes of individual aggregate particles are displayed below using the image 

exports from the Alicona G5 Infinite Focus measurement. A particle from each coarse 

aggregate source (Gore and Bremanger) has been selected to display in this section, 

along with aggregates from each asphalt mixture. 



 

134 
 

Polishing Cycles 

0 90 900 4 500 45 000 90 000 180 000 

       

Figure 6.1: Gore aggregate sample S02-01-01 visual comparison 

Polishing Cycles 

0 90 900 4 500 45 000 90 000 180 000 

       

Figure 6.2: Bremanger aggregate sample S4-01-02 visual comparison
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Figure 6.1 and Figure 6.2 show Gore aggregate particle S02-01-01 and Bremanger 

aggregate particle S04-01-02 respectively using the image export from the Alicona 

G5 Infinite Focus microscope. 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 can be observed through colour 

and brightness changes. In Figure 6.1 with the Gore aggregate, changes are observed 

ƛƴ ƻǾŜǊŀƭƭ ōǊƛƎƘǘƴŜǎǎ ǊŜŘǳŎƛƴƎ ǘƘǊƻǳƎƘ ǘƘŜ ǇǊƻŎŜǎǎΦ ! ΨŘǳƭƭŜǊΩ ǎƘŀŘŜ ŀǇǇŜŀǊǎ ǘƻ ǎǘŀǊǘ 

in the bottom left-hand corner as we view the image presented here between 90 ς 

900 polishing cycles and progresses through the remaining cycles. Towards the right-

hand side 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 0 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 

progression, 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 change 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 made in Figure 6.3 and Figure 6.4 with aggregate samples for 

the asphalt mixes tested.   
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Polishing Cycles  

0 180 000 

 

 
 

 

Figure 6.3: LBH asphalt sample LBH-2_02_01 (with Gore aggregate) 

Polishing Cycles  

0 180 000 

 

  

Figure 6.4: IOW asphalt sample IOW-2_02_01 (with Bremanger Aggregate) 
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Figure 6.3 and Figure 6.4 show the Gore aggregate within the LBH asphalt mix and 

Bremanger aggregate within the IOW asphalt mixtures respectively. Only images at 

0 and 180 000 polishing cycles are presented.  

The changes observed from one image to the next are stark, with an increase in 

brightness in the more polished image. This contrasts with the 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 bitumen film and bitumen/fine 

aggregate mastic the sample will appear brighter.  

Within Figure 6.3, the topography changes across the image appear clearly. Smaller 

fine aggregates to the left-hand side of the image are more visible and pronounced 

at 180 000 cycles and a dip towards the right-hand side of the image appears.  

Within Figure 6.4 the changes in topography are less immediately obvious but can be 

seen around the darker dips becoming more pronounced.  

These topography changes observed at this visual comparison are a combined effect 

of the bitumen/mastic removal and micro-texture change due to mineralogical 

polishing of the aggregate surface.  
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6.2 Aggregate area selection and locating  

Numerous aggregate particles were measured throughout the surface texture 

measurement process using the Alicona G5 Infinite Focus microscope. 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 specific area of the particle of 

interest, plus continuous data collection for each stress level (0 ς 7, or 0 to 180,000 

polishing cycles). 

Figure 6.5 shows the .jpeg image exported from the Alicona measurements for 

sample S3-01, covering 4 aggregate particles at 180 000 polishing cycles. These 

particles have been further referenced S3-01_01, _02, _03 and _04.  

 

Figure 6.5: .jpeg image output form Alicona measurement sample of S3-01 






















































































































