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Executive Summary 

This project was commissioned by Highways England to investigate the method of friction 
measurement that is used to manage the accident risk of skidding accidents on the Strategic 
Road Network (SRN). The aim is to determine whether the current method is appropriate, or if a 
new method is required to measure skidding risk at high speed, at network level. Such a device 
would have to be reproducible at a reasonable price, suitably portable, recyclable, and most 
importantly, safe to use on the highway network with traffic at traffic speed. 

A review of friction measurement around the world along with possible methods that could be 
developed to measure high speed friction was undertaken, along with a review of the 
fundamental properties of pavement surface friction and the tyre pavement interaction and 
methods that are used to understand this. The desk study identified potential aspects worthy of 
further investigation which were pursued as part of this project. These include development of a 
non-contact method to measure tyre temperature, the tyre envelopment of the road surface and 
2d and 3d modelling of the road surface. 

The principle of tyre temperature to be used as a non-contact method of measuring tyre road 
interaction at high speed was investigated. This non-contact method would mitigate current 
problems with excessive wear and damage to the friction measuring tyres currently used. If 
proven, this principle could be used as a surrogate indicator of tyre / road surface related 
properties such as skid resistance, noise and rolling resistance. The study successfully 
identified a suitable market ready bolt on device that measures tyre surface temperature and 
demonstrated a correlation with temperature and speed on a thin surface course and a hot 
rolled asphalt section of road. 

The tyre/road surface texture interaction known as draping, enveloping or embedment was 
investigated in the laboratory. Two simple test rigs were developed; one to use the small 
diameter ASTM 1844 friction measuring tyre and a larger rig to assess the larger diameter tyres 
used by friction measuring devices such as those used to measure a sideways force. This 
larger rig is able to assess the treaded tyres fitted to cars and vans used on the roads around 
the world. These rigs were used to observe how a tyre deforms into the space between 
simulated aggregate particles. Predictable relationships were found between the amount of 
deformation / embedment into the space and factors such as load and gap spacing. These 
relationships apply to a space between two parallel plates. They are two dimensional and do 
not reflect the extremely complex 3-dimensional surface of a typical road surface. 

The small rig was also used to study the contact patch of both new and worn ASTM tyres using 
XSensor pressure mapping. The tyre pressures and loading were analysed to see the 
behaviour of the tyre. The study showed worn tyre to have a larger contact area. 

Different techniques were used to measure the texture and aggregate spacing of different 
asphalt samples. This was done in 2d and was then extended to 3d by creating a model using 
photographs. This gave an estimate of the characteristics of the different material types and 
can provide additional information in respect of water displacement. This includes the 
quantification of water for a given depth into a particular asphalt surface; analysis of the models 
show how this changes with depth. It offers information on channel connectivity which facilitates 
drainage and displacement if water under a tyre. It offers a new indicator of surface vulnerability 
to water related damage. This provides scope for consideration of the methods contribution to 
enveloping and durability studies. 
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1 Introduction 

This project was commissioned by Highways England to investigate the method of friction 
measurement that is used to manage the accident risk of skidding accidents on the Strategic 
Road Network (SRN). The aim is to determine whether the current method is appropriate, or if a 
new method is required to measure skidding risk at high speed, at network level. Such a device 
would have to be reproducible at a reasonable price, suitably portable, recyclable, and most 
importantly, safe to use on the highway network with traffic at traffic speed.  

Ulster University undertook a desk study to establish global best practice and research 
methods adopted to evaluate friction; followed by laboratory and field trials to investigate 
potential surrogates for friction measurement.  

 Purpose of document 1.1

This document is a compilation of the research reports developed for each work stage and 
summarises the work done to date and key research findings for the project as a whole. Further 
details are available in the individual work stage reports. 

 Work stage 1:  Desk study.  

 Work stage 2:  Review of Current Tyre/road Interface Modelling.  

 Work stage 3a:  Tyre temperature profiles / signatures.  

 Work stage 3b:  Estimate / measure tyre embedment into a road surface.  

 Work stage 3c: Evaluation of 2D and 3D parameters.  

 Background 1.2

The SRN is a key English national asset requiring careful administration and maintenance; it 
comprises 1,865 miles of motorways and 2,571 miles of Class A trunk roads Highways England 
2017). Although the SRN represents only 2.4% of roads in England it carries approximately one 
third of all traffic and two thirds of freight traffic. In 2014, 9% of reported road casualties were on 
the SRN (DfT, 2016). 

The properties of road surfacing materials are extremely important for the safe use of the 
network. Skid resistance has been a priority with policies in place for many years. In 1930, 
Bradley and Allen (1930) asserted that the problem of skidding divides itself naturally into three 
parts each of which would have to be addressed separately by: 

1. The Highway Engineer - to produce a road surface on which the wheels of vehicles 
can get a good grip at all speeds and under all weather conditions and the curves 
and contours of which are designed to be as safe as possible.  

2. The Tyre Manufacturer - to supply tyres which will offer a resistance to slipping 
which is as high as possible and independent of the speed and surface conditions.  

3. The Road-Vehicle Designer - to produce a vehicle of which the weight distribution, 
drive, and braking arrangements are best adapted to give safety under all 
conditions. 

The provision of an adequately safe road network or problem of skidding cannot be solved by 
three separate stakeholders.  Rather, there needs to be collaboration or at least consideration 
of what all the stakeholders have done and are doing. Likewise, research into other road 
surface properties, influenced by tyre/road interaction, such as noise generation and rolling 
resistance, which have become important recently, should also be considered. 

 Project Work Stages 1.3

The project was divided into 3 distinct work stages that are all interconnected and evolve from 
one to the other. 
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 Work Stage 1 – Detailed desk study focusing on the definition of high 1.3.1
speed friction 

The methods of friction measurement around the world were considered along with possible 
methods that could be developed to measure high speed friction. The definition of high speed 
friction was at the current motorway speed limit and higher and concludes that the current skid 
measuring device used on the SRN is not appropriate due to the high rate of wear and other 
issues. This led to a review of current devices in use around the world but primarily in Europe 
as possible replacements but there was not something currently in use that is tried and tested 
that could perform this task. Then a matrix of different possible technologies and methods that 
could be developed was presented and was explored with a selection being seen to offer the 
greatest potential for success. This list led to generic requirements for a testing device that can 
deliver high speed friction measurement. These developed requirements were a direct input to 
the study presented in Work Stage 3(a) the laboratory testing and field trials of a thermal non-
contact friction measuring device. 

 Work Stage 2 – Fundamental properties of pavement surface friction and 1.3.2
the tyre pavement interaction 

The previous work stage gave rise to questions about the fundamental properties of pavement 
surface friction and the tyre pavement interaction and methods that are used to understand this 
area. This work stage was focused on exploring the literature and current understanding that is 
available for these highly complex physical systems. The literature review moves through the 
surface texture and friction, laws of friction, tribology current laws and advances. This gave 
insight as to what makes one surface better than another and the laws used to understand this. 
The review then moved into tyre construction and the physical behaviour of tyres with its 
elastic, visco-elastic and hyper-elastic material properties. The review then concentrated on the 
interaction between tyres and pavement surfaces. This was explained under the titles of 
adhesion and hysteresis as the main components of tyre-pavement energy dissipation.  

Tyre-pavement contact area and pressure was explored under the titles of tyre draping and 
deflection / embedment. These show that there are a number of phenomena taking place as a 
tyre traverses a pavement surface. These are happening and ending over a very short time 
scale making direct measurement impossible using current technology. The review then went 
on to explain the modelling techniques and studies that have tried to simulate this behaviour. 
These range from numerical methods like Finite element analysis to analytical models. 
Although these methods are powerful and with greater computer resources are becoming even 
more powerful they are always going to be simplifications of the real interaction. This is the 
weakest of these methods and why they are not explored further in this project. This review 
showed there is a need for greater understanding of the fundamental draping and embedment 
behaviour of tyres and how this influences tyre contact pressure. This need was addressed by 
the laboratory investigations described in Work Stage 3(b). 

 Work Stage 3(a) – Tyre temperature as a non-contact method of 1.3.3
measuring tyre road interaction at high speed 

This section considered whether the principle of tyre temperature could be used as a non-
contact method of measuring tyre road interaction at high speed thus avoiding current problems 
with excessive wear and damage to the friction measuring tyres currently used. If proven, this 
principle could be used as a surrogate indicator of tyre / road surface related properties such as 
skid resistance, noise and rolling resistance. Work Stage 3(a) has the following findings: 

 A test methodology was developed to investigate variables under controlled laboratory 
conditions.  

 This methodology used the ULTRA rolling road apparatus, replicate test specimens 
and the ASTM 1844 friction measuring tyre.  

 The main test variables were test specimen texture, speed, load, dry or wet, and rolling 
condition (free or offset). 
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 An equilibrium temperature is reached depending on the specific combination of test 
variables.  

 It takes a period of time for the surface of the test tyre in contact with the test surface to 
reach an equilibrium temperature that is dependent on the combination of test 
variables. 

 The application of water at the test tyre / test specimen interface causes an immediate 
and significant reduction in temperature (approximately 10 degrees in 1 second). 

 Offsetting the test tyre at 2 degrees caused a significant increase in tyre surface 
temperature under free rolling conditions. 

 A proof of principle bolt-on device was developed to investigate whether tyre 
temperature could be used at high speed as a measurement of tyre / road surface 
interaction. 

 A free rolling tyre needs time to achieve a thermal equilibrium with its surrounding.  

Tyre surface temperature may be used as a method to infer tyre and surface interaction. 

 Work Stage 3(b) – Tyre embedment into a road surface 1.3.4

Work Stage 3b investigated is it possible to estimate / measure tyre embedment into a road 
surface. This has been achieved by developing two devices to measure the embedment of 
different sized tyres for different gap spacing and loading. These devices are the TEA MK1 
(smaller diameter tyres like GripTester friction measuring tyre) and TEA MK2 (for larger 
diameter tyres such as a car trailer tyre and sideways force tyre). These devices were used to 
investigate the principle of enveloping as identified by the ROSANNE project under controlled 
laboratory conditions. The devices consist of a varying gap support and loading arm so that 
different loading and gap spacing can be investigated. 

Under static conditions and for the entire test conditions investigated, the main factor relating to 
tyre embedment or enveloping is gap space. For the ASTM friction tyre on the TEA MK1 
device, there is a distinct trend in the data i.e. the amount of embedment decreases in a 
predictable linear relationship until a critical gap space of approximately 15 mm is reached. The 
amount of embedment then remains fairly constant as gap space is further decreased. 

At the smaller gap spaces on the TEA MK2 device it would appear that the larger diameter 
sideways force tyre behaves in a similar manner to a treaded tyre. However, with increasing 
gap space there is more embedment (enveloping) for the sideways force tyre compared to the 
treaded tyre used in the reported investigations. 

Tyre wear did not significantly affect the amount of deformation into the gap space for the two 
friction measuring tyres. This is interesting considering the significant difference in vertical 
pressure distribution within the contact patch shown by pressure mapping for new and worn 
tyres. 

Similar variation in contact patch vertical pressure distribution is typical of treaded tyres with 
differing inflation pressures and degrees of tread wear. The relationship between tyre vertical 
stress distribution within the contact patch and whether it has a significant effect on measured 
skid resistance needs further investigation. 

The tyre interface is predictable for pneumatic tyres used. There are linear or log relationships 
with very strong correlations between variables such as load, inflation pressure, contact area, 
length and width and degree of wear. This offers scope to develop intelligent tyres to measure 
their road interface. For example, the wedge of water that builds up at the front of the contact 
patch could be measured by the tyre as a change in contact length. 
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 Work Stage 3(c) – 2d and 3d texture measurement modelling and water 1.3.5
displacement 

This stage dealt with the issue of 2d and 3d texture measurement modelling and water 
displacement the application of the UUTex3D method to this area. The complexity of measuring 
directly water displacement is explored and found to be too complex to measure directly due to 
the short duration of this process. Therefore, a method of inferring displacement based on 
using the UUTex3D method of measuring a pavement surface texture in 2d and 3d was 
presented. This includes the quantification of water for a given depth into a particular asphalt 
surface; analysis of the models show how this changes with depth. It offers information on 
channel connectivity which facilitates drainage and displacement if water under a tyre. It offers 
a new indicator of surface vulnerability to water related damage. This provides scope for 
consideration of the methods contribution to enveloping and durability studies. 
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2 High speed friction measurement and modelling 
review 

A review of friction measurement around the world along with possible methods that could be 
developed to measure high speed friction was undertaken, along with a review of the 
fundamental properties of pavement surface friction and the tyre pavement interaction and 
methods that are used to understand this. 

 Factors affecting high speed friction measurement 2.1

In England, the measurement of road surface friction can be traced back to researchers such 
as Bradley and Allen (1930). They compared the relative slipperiness of road surfaces and 
determined factors which are conducive to the skidding of vehicles on such surfaces. The 
following sections describe the key principles and parameters for consideration. 

 High speed 2.1.1

This issue of high speed is a significant factor that impacts the methods considered in this 
research project. High-speed roads are defined in HD36/06 as those with an 85

th
 percentile 

traffic speed exceeding 65 kph (40.39 mph).  High speed within the context of the SRN means 
the legal speed limit of 70 mph (112.65 kph). However, traffic routinely exceeds the legal speed 
limit on the SRN. Therefore, for the purpose of this study, high-speed is not restricted to the 
maximum legal speed limit and will consider the ability to measure friction, or some related 
property of friction, at speeds of 80+ mph (128.75+ kph).  

 Friction 2.1.2

The term friction is typically used to represent the grip developed by a particular tyre on a 
particular road surface at a particular time and under given conditions.  It is expressed as a 
coefficient of friction and is influenced by many parameters relating to the road, tyre, vehicle, 
ambient conditions and surface contaminants.   

 

Figure 1 Simplified diagram of forces on a tyre (Hall et al., 2009) 

Various friction theories have been developed on the different components of rubber friction 
(Gabriel et al. 2010).  These include but are not limited to Moore (1972) and more recently 
Persson (1999).  There are several bodies of literature exploring and affirming the laws of 
friction such as Persson et al, (2000), Bowden and Tabor, (2001), van der Steen, (2007) and 
Gabriel et al, (2010). To see more detail on this area please consult Appendix A. 
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Friction between the tyre and road surface consists of two main components, both of which are 
related to speed. 

1. Sliding resistance between tyre and road surface with its magnitude 
determined by the nature of the materials in contact. 

2. Loss of energy caused by deformation (hysteresis) of the tyre. (DMRB 2006) 

These two components are also understood as adhesion (2.1.5.1) and hysteresis (2.1.6.2) 
(Flintcsh et al., 2012). Van der Steen (2007) refers to these phenomena as rolling friction which 
is mainly due to energy dissipated as rubber is compressed and relaxed in the contact patch. 

It has been accepted that there are three basic rubber friction forces generated by three 
different mechanisms that can arise when rubber products slide on harder materials in dry or 
wet conditions (Smith 2008).  These have been summarised as: 

 The combined adhesion between the rubber surface and the contacted surface. 

 Resistance to bulk deformation in rubber when sliding on rough surfaces. 

 Wear of the rubber product’s surface by physical means (Kummer, 1966). 

Smith (2008) adds a fourth basic friction force produced by sliding contact of a rubber product 
which he terms surface deformation resistance. 

 Contact area  2.1.3

Of particular importance is the area of contact within the tyre footprint which can be real or 
apparent.  Persson (1999) notes that most surfaces exhibit roughness on many different length 
scales.  Thus when a block is put on a substrate the actual contact area will not be the whole 
bottom surface of the block but the real contact area which is usually much smaller than the 
apparent contact area. The factors which influence the area of real contact include: 

 Tyre inflation pressure  

 Dynamic or static conditions  

 Applied load  

 Surface texture depth 

 Properties of a given rubber compound 

 Tyre tread design, depth and configuration  

 Rubber embedment and displacement 

 The catenary effect arising from aggregate spacing also known as tyre draping 

According to Zbigniew (1991) the contact area is smaller in a dynamic tyre compared to that of 
a static tyre.  Woodside et al. (1999) showed that an under inflated tyre combined with a 
constant load produces a larger contact area compared to that of a tyre with high inflation 
pressure and a constant load.  This showed that the contact stress varies with the contact area, 
where the contact stress decreases as the contact area increases. 

Lie (1992) established that when a small load is applied to an automotive tyre, the contact area 
takes the formation of an ellipse.  It was also found that as the wheel load is increased at 
constant pressure, the contact area shape becomes increasingly elongated therefore closer to 
the shape of a rectangle.  However these are overall plan contact areas and are not necessarily 
indicative of the true area of contact. 

 Surface texture 2.1.4

The DMRB (HD28/04) presents texture as a straightforward dichotomy of positive and negative 
as illustrated in Figure 2. Highway surface texture is associated with a range of performance 
indicators which are a function of the tyre/road interaction including, rolling resistance, skid 
resistance, grip, spray and response to contact stresses. 
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Figure 2 Positive and negative textured surfaces (HD 28, 2004) 

Millar (2013) argues that given trafficking it is more likely that highway surfacings will lie on a 
continuum across positive and negative textures.  Whilst this may be true of asphalt surfaces in 
general, the majority of the SRN comprises proprietary thin surfacing which is negative texture. 

The tyre interacts with the surfacing across a range of texture wavelengths each of which 
contribute to some tyre/road phenomenon as illustrated in Figure 3. According to the DMRB 
(2004) the level of wet road skid depends on two key characteristics of the surface, 
microtexture of the aggregate and its texture depth.  At low speeds the main contributor to skid 
resistance is the aggregate microtexture and material fines.  Macrotexture contributes to 
frictional resistance by deforming the tyre surface.  

 

Figure 3 Relative influence of texture wavelengths in tyre-pavement interactions, (Kane 
& Schamigg, 2009) 

According to the DMRB, 2006 the friction coefficient at low speed depends mainly on the 
angularity of the asperities (<0.5mm) in the road surface (microtexture). Yurong et al. (2004) 
suggest that macrotexture has a more profound contribution to low speed frictional resistance 
than popularly considered.  Yurong et al. (2004, p.308) show that the gap between sub contact 
areas of the macrotexture can significantly affect its frictional resistance noting that for the 
range of gap width between 2mm and 10mm the difference in measured frictional resistance 
could be as much as 10 British pendulum (BPN) points. The apparent dissonance suggests that 
some assumptions and established test methods require further investigation. 

Macrotexture (0.5mm to 50mm) provides the hysteresis component of friction and allows for the 
rapid drainage of water from the pavement (Flintsch et al., 2003).  Macrotexture reduces the 
potential for separation of tyre and pavement due to hydroplaning and for induced friction 
caused by hysteresis for vehicles travelling at high speeds (Hall et al., 2009). The true contact 
area will be influenced at all texture wavelengths. 

From Figure 3 it is clear that this order of roughness is to be found only at the extreme end of 
the texture scale and it seems reasonable to conclude therefore that adhesion is unlikely to 
contribute to surface friction and hence skid resistance to any significant extent. 

 



 

513 – Innovation in High Speed Friction Measurement Page 12 of 93 

 Skid resistance 2.1.5

The term skid resistance is typically used to describe the contribution that the road makes to 
tyre/road friction.  Skid resistance is a measurement of friction obtained under specified 
standardised conditions and attempts to reduce the influence of parameters mentioned above, 
to isolate the contribution that the road surface provides to tyre/road friction. Although wet 
weather friction has been deemed a worse-case scenario, collision statistics indicate that 
approximately two thirds of collisions occur in dry conditions.  It is clear therefore that there are 
other factors that merit consideration in addition to weather conditions.  

According to Noyce et al. (2005), skid resistance is the friction force developed at the tyre-
pavement contact area.  It is re-stated that the accepted understanding is that there are two 
main mechanisms of skid resistance, adhesion (see 2.1.5.1) and hysteresis (see 2.1.6.2) which 
combine to give the sum of these mechanisms.  The underpinning theory was developed by 
Kummer (1966) followed by Oliver et al. (2006), Smith (2008) and other researchers such as 
Masad (2009) (Figure 4).   

 

Figure 4 Schematic of adhesion and hysteresis (Masad et al., 2009) 

2.1.5.1 Adhesion  

According to Hall et al. (2009) adhesion is the friction that results from the small-scale 
bonding/interlocking of the vehicle tyre rubber and the pavement as they come into contact with 
each other.  It is a function of the interface shear strength and contact area.  It is related to the 
molecular bond between the tyre and the road surface where the Van der Waals forces are 
able to ensure a stable interaction between the two materials. (Hall et al., 2009, Masad et al., 
2009). The authors suggest that the microtexture of the road surface is a fundamental 
constituent in relation to adhesion.  

According to Gabriel (2010), the mechanics of rubber friction were still subject to debate but it 
was still widely accepted that adhesion and hysteresis are the two principle factors contributing 
to friction. Choubane et al. (2004) suggested that the contact area between the two mediums is 
an important factor upon which adhesion depends. Historically, adhesion was deemed to 
account for the majority of the resistance force that occurred at a regular driving speed on a wet 
pavement surface (Hogervorst, 1974).  Persson (2001) has cast doubt on the adhesive 
contribution to friction in any circumstances except where it can be shown that the rubber 
completely fills the substrate, as contaminants on the surface will affect the contact area. Given 
the nature of the in-situ tyre/road interface and its inevitable contaminants, Persson’s 
deductions appear well reasoned.  
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Figure 5 Adhesion between and tyre and road surface (White Smoke, 2010) 

 Tyre properties 2.1.6

Tyres are composed of numerous elements which contribute individually and collectively to its 
interaction with the highway surface.  Figure 6 shows the elemental make up of a typical radial 
tyre.  The tyre tread is created from a rubber compound which is arguably the most complex 
single element of the tyre. Tyre rubber compounds may comprise several polymers, vulcanising 
agents, accelerators, fillers and anti-degradents, plasticizers, softeners and tackifiers (Van der 
Steen, 2007).  These enable the tyre to perform as required under various conditions.  

 

Figure 6 Typical material configuration of a typical radial tyre (WRAP, 2006) 

Rubber displays elastic, viscoelastic and hyper-elastic characteristics.  

 Elastic - able to recover to its unloaded state following removal of an applied load with 
no permanent deformation or dissipation. 

 Viscoelastic - dissipates energy as heat when a load is applied and then removed This 
phenomenon is illustrated in Figure 7  

 Hyper elastic - resists volumetric change when subjected to large strains, the material 
becomes harder to deform and approaches isotropy.  The shear modulus becomes 
temperature dependant and the tyre becomes stiffer as the temperature of the rubber 
increases.   
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Figure 7 Stress-strain viscoelastic behaviour of rubber (Xiong et al., 2014) 

2.1.6.1 Tyre enveloping  

There is some evidence showing that tyre deflection is an important variable governing the 
contact area at the interface. Various studies have examined how a tyre interacts with the 
texture of a road surface and drapes over it.  Using geometrical analysis Browne et al., (1981) 
suggested that there would be no difficulties in establishing the relationship between contact 
area and tyre deflection in relation to aircraft tyres.  For example if both applied load and tyre 
pressure are varied simultaneously in order to maintain constant tyre deflection, this will result 
in the contact area of the tyre being effectively constant.  

Some aircraft tyres have little if any external tread and the shape of the contact area 
approximates to an ellipse.  Such tyres are similar in surface texture to the ASTM friction tyre. 
New methods of highway surface recovery such as Millar (2013), Woodward et al. (2014), 
Boyle (2014) and McQuaid (2015) have allowed accurate recovery of the highway element of 
the interface.  This has facilitated measurement of tyre draping and other associated 
phenomena to be measured for various combinations of tread configuration, inflation pressure 
and applied loading. 

Hamet and Klein (2000) modelled how a tyre envelopes different road surface textures (Figure 
8). The modelling associated with the work of Hamet and Klein was considered too complex by 
Goubert (2016) who proposed a simplified algorithm.  

 

Figure 8  Envelopment of two road profiles together with their corresponding spectra. 
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Figure 9 shows Goubert’s simple enveloping algorithm, this 2d diagram illustrates enveloping 
and how aggregate particles embed into tyre rubber and how the tyre deforms into the space 
between particles. 

 

Figure 9  Enveloping principle proposed by ROSANNE project 

 

 

Figure 10  Enveloping of the tyre / asphalt interface shown by paint removal 

Figure 10 shows an example of enveloping for an asphalt test specimen. This has been created 
by painting an asphalt slab (305 x 305 x 50 mm) with blue paint and then subjecting it to 
simulated trafficking using the Road Test Machine (RTM). The removal of paint shows the tyre / 
asphalt envelope i.e. how the full -size treaded test tyre has interfaced with the macrotexture of 
the asphalt test specimen. For this type of asphalt, the tyre / asphalt interface essentially 
consists of isolated islands surrounded by blue paint denoting paths were water may either be 
trapped or dispersed at high pressures. 

Similar experiments have been conducted on Friction after Polishing (FAP) test specimens 
(Dunford, 2013) and Polished Stone Value (PSV) test specimens (Woodward et al., 2016). 
Woodward et al. (2016) reported enveloping to occur to a depth of approximately 0.4 mm. Both 
these test specimens are manufactured to test aggregate characteristics and are not 
representative of an asphalt surface so the paint wear pattern shown in Figure 11 is quite 
different to the contact with the texture shown in Figure 10. 
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Figure 11 Round FAP test specimen (Dunford, 2013) and rectangular PSV test specimens 
made with different aggregates (Woodward et al., 2016). 

Contactless surface recovery has also facilitated measurement of a considerable range of areal 
pavement texture parameters that are aligned with a harmonised European standard.  Work by 
Hamilton (2016) has demonstrated a clear catenary phenomena occurring at the tyre surface 
interface as shown in Figure 12. 

 

Figure 12 3D Visualisation of the Catenary effect on idealised surface 

Interface conditions will vary with load transfer as a vehicle rounds a corner or during 
acceleration and heavy braking therefore dynamic modelling enveloping is very complex. 
Consideration of the dynamic contact patch is fundamental to estimate / measure tyre 
embedment either with a contact or non-contact method of measurement at high speed. 

2.1.6.2 Hysteresis 

Hall et al. (2009) reports that hysteresis relates the amount of energy lost as a tyre moves over 
a road surface and deforms due to its interaction with the macrotexture. This relates to the 
stress-strain curve shown in Figure 7, known as a hysteresis loop, which shows that the 
material will not recover to its original shape after a stress is applied and removed. This 
property is important in the context of the tyre/road interface as surface asperities can create 
depressions within the tyre.  The hysteresis mechanism under loading is illustrated in Figure 13 
and for the static and moving conditions is shown in Figure 14. 
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Figure 13 Schematic of hysteresis (Haney, 2003) 

Persson builds on the findings of Grosch that take into account that the sliding friction of rubber 
has the same temperature dependence as that of the complex elastic modulus (Van der Steen, 
2007).  Persson states that the friction force, under normal conditions, is related to the internal 
friction of the rubber therefore a hysteretic friction property.  

 

Figure 14 Pressure diagram of loading in a stationary and moving tyre (Wright, 2015) 

 Friction measurement 2.2

The traditional approach to friction measurement involves direct measurement of skid 
resistance under specified standardised conditions using some type of friction measuring tyre.  
Skid resistance can be measured at a discrete location, for instance at the site of an accident or 
as part of a large-scale routine highway network investigation or for specialist research 
purposes.  

Each method is controlled by specific standard conditions chosen to reflect the practicalities of 
carrying out the test in relation to the complex reality of friction in the tyre/road interface. 
Typically the road surface is wetted and a quotient of the measured force and applied vertical 
load (friction coefficient) is recorded.  The range of devices may be sub-divided into two main 
groups (Do and Roe, 2008): 

 By longitudinal friction (measuring Longitudinal Friction Coefficient LFC). 

 By transverse friction (measuring Transverse Force Coefficient SFC). 

Longitudinal and transverse friction devices attempt to simulate the interaction of a braked tyre 
with the road surface in a longitudinal direction and as a tyre turns into a corner respectively. 
More detail on LFC and SFC can be found in Appendix B.  

There are over twenty devices used in EU member countries to measure skid resistance, and 
although each test is standardised the EU does not have a harmonized policy regarding skid 
resistance. According to Nitsche and Spielhofer (2009), the LFC (used by 12 EU countries) is 
more common than the SFC (9 EU countries). The two main types of SFC device are the UK 
SCRIM and German SKM, followed by the GripTester. Some countries use a combination of 
devices based on different principles. There was no mention of a high speed policy of friction 
measurement in this European survey. 
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The Skid Resistance Tester (SRT) or pendulum is included in most policies as a local 
measurement device used to complement mobile skid resistance measurement devices, local 
investigations or as a research tool. However, this slow, spot device is not suitable for high 
speed measurement at network level. 

Table 1 summarises the main characteristics of the 16 principal devices identified by Do and 
Roe (2008), it does not include research devices such as the Swedish VTI Skiddometer BV 12. 
These details include: device name, measurement type, test tyre details, vertical load, slip ratio, 
typical operating speed range and water film thickness.  

Table 1 Main characteristics of skid measurement devices (Do and Roe, 2008) 

 

The majority of devices are of the LFC type with only three being the SFC type, almost all use a 
smooth tyre.  Vertical load and slip ratio vary so the actual values recorded can vary 
significantly for the same road surface.   

All the devices with the exception of the ROADSTAR (60 kph) have a maximum operating 
speed greater than 65 kph. Only four of the devices have a maximum operating range that 
meets or exceeds 100 kph; ADHERA (120 kph), GripTester (100 kph), TRT (140 kph) and 
IMAG (140 kph).  The PFT is capable of measuring up to 130 kph but its use in the UK is 
restricted to research. 

2.2.1.1 Appropriateness for a high speed network 

The interaction of the friction measuring tyre and the road surface is probably one of the key 
criteria influencing the choice of the most appropriate form of high speed friction measurement.  
At higher test speeds the tyre is subjected to greater stresses, especially for surfaces with 
greater macro-texture and to a lesser extent greater microtexture. Therefore, SFC type test is 
not appropriate for high speed measurement as the tyre is constantly under stress and 
susceptible to high speed blow outs. 

Although there have been developments to improve the Sideway force Coefficient Routine 
Investigation Machine (SCRIM) (Appendix C) to achieve test speeds up to 80 kph (50 mph) this 
is significantly lower than typical motorway speeds. European standards demonstrate that the 
current iteration of SFC is applicable to measurement at lower speeds. The contact 
measurement speed is 17mph and the sideways force measured is not considered typical of 
that generated by braking from the speeds defined in this report. It is therefore concluded that 
the current sideways force devices should not be considered further in this project. 

Different LFC devices allow test measurements ranging from constant fixed slip to simulated 
locked wheel braking events, so are more appropriate for high speed measurement. However 
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the four devices with an operating range at or above 100 kph all have smooth tyres. Direct 
measurement using a smooth friction tyre is not a suitable means of measuring high speed 
friction at network level as it is this interaction between a treaded tyre and road surface texture 
at different scales that is the property that should be measured. It also does not consider issues 
related to the wear of treaded tyres that will influence tyre/road interface.  .  

In addition, prolonged testing under more extreme conditions caused by higher speeds may 
cause changes in the properties of the tyre rubber during testing which can in turn influence the 
measured data.  

Almost all skid resistance testing is carried out under wet conditions, and there are logistical 
problems in carrying a sufficient volume of water to create the necessary water films. The 
requirement to carry water limits the lane miles measured per day so there are challenges to 
covering the SRN more than once a year with the limited number of devices available.  

 High speed friction measurement  2.3

There is little evidence of any country operating high speed friction measurement on their road 
network. Higher speed testing is carried out on runway surfaces. However, these devices are 
typically designed to operate in straight lines. 

The newly upgraded and redesigned RT3
®
 Curve roadway continuous friction tester (Halliday 

Technology Inc., 2016) is claimed to measure both roads and runways at speeds up to 70 mph 
(Figure 15). The device was released in North America towards the end of 2016. It operates on 
the principle of measuring the interaction of a tyre offset at an angle of 1.5

0
 with the road 

surface.  

 

Figure 15 The RT3® Curve continuous friction tester. 

The RT3
®
 Curve has 4 wheels, the 2 inner wheels are for transporting the device. The two 

outer wheels are used for tyre/road measurement purposes. They can be either smooth or 
treaded. The width of the measuring tyre spacing can be adjusted to accommodate the width of 
wheel tracks. Either or both measurement wheels give a continuous measurement of friction 
that is geo-referenced.  

The device is fitted to the back of tow truck that carries water for wet testing and may be 
operated in dry conditions to assess other tyre / road surface interface issues such as the 
detrimental effect of contaminants or dry weather polishing. The legal requirement within the 
UK for a towed trailer is that a vehicle has a maximum speed of 60mph. This restricts the 
measurement of high speed friction with this device on the SRN. 
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 Potential alternative direct or indirect measurement of high speed friction 2.4

There is a range of possibilities to directly or indirectly measure high speed friction. These 
range from laboratory testing to developing a friction device that uses either direct or indirect 
methods. A selection of these proposals is presented in the following sections, for the complete 
list please see Appendix D. 

 Laboratory testing methods 2.4.1

The main laboratory methods for predicting skid resistance are:  

 Polished Stone Value (PSV) – a pendulum test for 10/6.3mm sized aggregate only  

 Friction After Polishing (FAP) – a test for asphalt mixes utilising cores. A speed profile 
is measured during the friction measurement part of the FAP test.  This profile could be 
re-evaluated to look at the higher speed measurements recorded during test. 

 Road Test Machine (RTM) – a pendulum test for asphalt mixes. The RTM is a slow 
speed method used to measure changes in friction. The advantage of this method is 
the use of a 305 x 305 mm slab. 

 Development of a tyre based friction tester  2.4.2

The route of developing yet another friction tester with a friction measuring tyre is one that 
would probably result in the same limitations associated with many of the existing devices. This 
would necessitate a low slip condition to take measurements rather than the traditional peak or 
almost peak friction value. 

The proportional relationship between the slip ratio and the frictional behaviour of a tyre under 
low slip conditions illustrate that a system may be used at high speed with low slip ratio (<5%) 
in order to deliver the measurements required without rapidly damaging the tyre carcass. This 
may not be feasible with the added complications arising from the heat generation of such 
testing.  However, this aspect of heat generation may prove a viable indirect indicator of road 
surface friction.  

2.4.2.1 The accelerated tyre method 

The legal requirement within the UK for a towed trailer is that a vehicle has a maximum speed 
of 60mph. This limits the measurement of high speed friction. A possible method to circumvent 
this restriction is to accelerate the testing tyre prior to contact with the road surface.  
Measurements would be recorded from the power requirements on the electric motor driving 
the test axle. 

The ULTRA apparatus in Ulster University could be used to simulate a rolling road to test a tyre 
driven using an electrical motor. An electrical pulse generated by the tyre dropping onto the 
rolling road could be related to the tyre surface interaction. 

 Re-evaluation of 2D and 3D road surface parameters 2.4.3

2D and 3D profile data has been used to investigate road surface textures at different scales. 
The main problem with this type of data is working with large datasets and extracting 
meaningful parameters from the measured 2D or 3D profile. Work by Dunford (2014), Millar 
(2014) and McQuaid (2015) highlight that not all of the measured data is relevant. 

Analysis to show parameters such as contact area, surface volume and tyre draping would be 
feasible and allow indirect non-contact predictions of high speed friction. Development of such 
systems would need laboratory verification using a rolling road to prototype a suitable device 
and if proven reliable retrofitted to a suitable vehicle for high speed testing.  

 



 

513 – Innovation in High Speed Friction Measurement Page 21 of 93 

 Water footprint / displacement method 2.4.4

The contact area between the tyre and the road surface is impacted by the development of 
water film on the tyre during rolling interaction. As the degree of hydroplaning increases the tyre 
contact decreases. The interaction with the surface will reduce as the water film thickness 
increases to a point where the tyre is only interacting with the water on the surface. The 
measurement of this water layer that causes full hydroplaning at high speed may then be 
related to the friction characteristics. 

Water displacement is affected by the road surface texture, tyre tread water film thickness and 
speed. It would take a tyre with a diameter similar to a sideways force tyre  0.0003 seconds to 
traverse a 10 mm aggregate particle at a speed of 120 kph, the time taken will reduce at higher 
speeds.  

The Volumetric Patch Technique is a means of estimating the mean texture depth (MTD) or 
macrotexture of an asphalt surfacing.  Macrotexture contributes to frictional resistance by 
deforming the tyre surface.  It has also been the practice in the UK for many years to ensure 
that there are interconnecting drainage paths within the surface over which the tyre runs to help 
disperse water and improve skidding resistance, particularly at high speeds (HD28/15 2015). 
Millar (2013) found that MTD alone is not necessarily a good indicator of a pavement’s liability 
to retain water or efficiency of water displacement.   

Figure 16 shows a plot of a Risk Index (RI) against MTD for the range of surfacings identified.  
The index was based on passing a 40 mm tread block over depth threshold models of each 
surfacing type.  Thresholds represent horizontal planes set at 0.5 mm intervals into the model 
from the highest elevation. 

 

Figure 16 Risk Index v Mean Texture Depth for various asphalt surfacings (Millar, 2013) 

In spite of the similarity of many of the surfacings no clear correlation could be established 
between the MTD and RI.  Although occasionally strong correlations are obtained for smaller 
groups of asphalt surfacings there are no clear causal reasons within the groups to suggest 
why this is so.  Therefore initial investigation concluded that neither MTD nor surfacing material 
type are useful indicators of water entrapment. 

Figure 17 shows the development of texture for a selection of surfaces indicated in Figure 16.  
The percentage of texture volume shows a curvilinear increase from approximately 1 mm to 
11 mm into the depth of the surface. Similar trends were found for all of the remaining modelled 
surfaces in the dataset irrespective of surfacing material. 
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Figure 17 Development of texture volume with depth (Millar 2013) 

Although a third order polynomial was found to be the best fit to the data and gave strong R
2
 

correlations of 0.99 a linear correlation for this data set also gave a strong R
2
 correlation of 

0.98.  Figure 17 shows that for low textured surfaces the volume develops at a greater rate 
compared to the higher textured surfaces such as surface dressings or chipseals and hence will 
reach saturation more quickly.  This is not necessarily an indicator of the amount of water that a 
vehicle travelling will have to displace as the drainage characteristics are also controlled by 
channel connectivity. 

Findings confirm that the volumetric capacity, the ability to drain effectively or liability to 
breakdown due to water and freeze-thaw damage of a highway surfacing may be estimated 
using non-contact methods.  This makes it possible to rank the surfaces according to their 
capacity to accommodate and displace water (Millar, 2013) 

 Modelling the tyre/road interface 2.5

In broad terms a model may be described as a construct that facilitates the investigation of the 
properties of a system.  Within the context of the tyre road surface interface they should also 
allow prediction of future behaviours should one or more variables be modified.  Ideally models 
should be verifiable from data derived from the actual systems to which they relate. 

 Complexity of the tyre/road interface 2.5.1

It has been recognised for some time that the tyre/road interface is unquestionably complex.  
For example Ammon (1992), reports that the properties of real roads along the lateral axis 
cannot not be adequately explained with the classic model of the isotropic road.  Implicitly this 
is attributable to the complexity and variability of the highway surface.  More recently Ivanov 
(2010) observes that for the most part, tyre–surface friction and rolling resistance are the 
deciding factors in tyre dynamics models and identifies some forty four separate parameters 
which impact on the tyre-surface interface as shown in Table 2. 

Given the complexity and fluidity of the tyre/road interface it is not surprising that numerous 
models have been developed over many years of highway research in an attempt to better 
understand the dynamic tyre/road interface. 
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Table 2 Parameters impacting on the tyre-surface interface, (Ivanov et al., 2010) 

 

 Numerical and analytical modelling in highway interface applications 2.6

Application of numerical modelling has been established across numerous and diverse 
disciplines including mechanical and structural engineering and biomechanics.  Its origin and 
history are detailed by Gupta (1996) which introduces the area as  

The method of analysis in which the field equations of mathematical physics are 
approximated over simple regions (triangles, quadrilaterals, tetrahedrons, etc). 

 Validity of FE models in interfacial phenomena 2.6.1

In the context of the tyre/road interface, the extent to which FE models resonate with the real 
world requires verification from observed or measured data. In Gabriel (2010) Finite Element 
Analysis is used to validate experiments.  This may not be unreasonable within the confines of 
the experimental regime presented but the extent to which the findings may be extrapolated to 
the dynamic tyre/road interface is uncertain as the experimental set up (configuration 2) is not 
grounded in reality. 

 FINITE_EM: pavement and material response 2.6.2

Fang et al., (2007) citing De Beer et al., (1997) observes that the tyre footprint which is of 
significant importance to tyre/road interaction is not a rectangular shape but composed of 
several areas determined by the tyre tread shapes, inflation pressure and axle load.  That the 
tyre footprint is not rectangular was first demonstrated by Siegfried in 1993 and confirmed by 
De Beer et al., (1996).  The variation in contact patch with inflation pressure has been 
confirmed by Woodward et al., (2011) using pressure pad technology. 

 Profiling and texture modelling 2.6.3

Wang et al. (2011) explores the potential of finite element (FE) models to simulate tyre-
pavement interactions and highlights the challenges facing numerical modellers in this field.  
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Fernando (2006) presents a report on estimation of contact stresses.  It acknowledges implicitly 
that historical assumptions regarding tyre pressure are unnecessarily simplistic and presents a 
four aspect investigation of the tyre contact stresses including application of FINITE_EM.  
Stresses were measured using the stress in motion (SIM) apparatus shown in Figure 18 which 
broadly reflects the findings of De Beer (1996). 

 

Figure 18 SIM Mk IV Pad Used for Tyre Contact Stress Measurements, (Fernando, 2006) 

Fernando (2006) and Siddharthan et al., (2002) estimate contact stresses at the contact 
surface but they are concerned with pavement response and not the immediate impact of those 
stresses on the bearing surface. Siddharthan et al., (2002) note that the difference in pavement 
responses computed with uniform (conventional assumption) and non-uniform contact stress 
distributions could vary between 6% and 30%.  It therefore logically follows that the predicted 
surface frictional performance would vary considerably depending on what assumptions are 
applied. 

Although not in the context of surface friction significant progress in the inclusion of more of the 
interfacial details of the tyre/road interface has been demonstrated by Anderson and Kropp, 
(2008) who note that previously, including scales on the order of micrometres have been 
neglected in previous tyre/road interaction models. No explicit measure of computational 
efficiency is offered and appears pessimistic as compared to photogrammetry in light of 
Matthews (2008), citing an attainable accuracy of 0.025 microns for significantly sized 
archaeological artefacts.  It is also recognised that computational efficiency has increased 
considerably since the observation of Anderson and Kropp (2008). 
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Figure 19 Detailed road scan of surface geometry (Andersson and Kropp, 2008) 

 

 

Figure 20 Sampled version of the same geometry (Andersson and Kropp, 2008) 

Whilst other studies such as Hofstetter et al., (2006) and Ghoreishy, (2006) apply the 
FINITE_EM to tyre and tread response, Andersson and Kropp (2008) appear to come closest in 
discretisation of the actual contact geometry.  Figure 19 for example shows a detail road scan; 
this is compared with a sampled version in Figure 20. 

The coarse configuration shown by the discretisation is acknowledged by Andersson and 
Kropp, (2008) noting that it is not feasible to use the detailed surface geometry directly in 
contact models due to the vast number of samples leading to very high computational cost. 

High computational cost is often cited as a reason why certain kinds of analyses are 
impracticable but it is not always clear what is meant.  Liu et al. (2003) offers some insight 
noting that in the dynamic finite element simulation analysis, a total of about 490000 time 
increments were involved.  The central processing unit time taken per computer run was about 
10h.  Given the date of this study and the development of newer and faster processors this 
impairment is likely to become less significant in numerical simulations. 

Contextual studies relating to friction testing have been conducted by Purushothaman et al. 
(1998) and more recently Yurong et al. (2003).  Much of Purushothaman et al. (1988a) is given 
to design, development and verification of a Variable Speed Pendulum Friction Tester (VSPFT).  
The research observes that a limitation of the British pendulum tester is that it can measure the 
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coefficient of friction only at its operating speed of 10km/h, considerably lower than the 
motorway speeds cited in this review.  The FINITE_EM used to verify the experiment is detailed 
in other work including Purushothaman (1987). Purushothaman et al. (1988) is concerned with 
the hysteretic component of friction   

The findings of Liu et al. (2003) in the development of a 3D FINITE_EM for the British 
pendulum test appear impressive asserting that the examples presented in the paper 
demonstrate that a British pendulum tester is no longer required in order to estimate a skid 
resistance provided a straightforward static friction test is carried out.  This would provide the 
data required to define the friction function for the model.  Once again, something has to be 
measured in order to validate the findings of the finite element model. 

In spite of the ambitious claims of Liu et al. (2003), Pin (2005) asserts, as a major limitation of 
the model of Liu et al. (2003) that it could not analyse complex textured surfaces with non-
symmetric pattern.  Given the random or orientated nature of highway surfacings this limitation 
would appear to be critical.  Pin (2005) presents what is claimed to be an improvement of the 
model by Liu (2003) considering a wider range of surfaces including asphalt concrete though 
the aggregate specifications are not given.  In any case, the main and perhaps only contribution 
to friction for vehicles moving at motorway speeds is hysteretic and a function of the 
macrotexture. 

 FINITE_EM and stress distribution in the contact patch 2.6.4

Ziefle and Nackenhorst (2008) note that the local reactions in the finite contact patch, even 
under high speed conditions, are essential for safety, comfort etc.  The paper asserts a 
mathematically consistent update algorithm for internal variables that represent the inelastic 
material history together with a novel approach for the treatment of tractive rolling contact.  

Figure 21 presents a normal stress distribution under a free rolling wheel from which the 
contact patch may be inferred.  The distribution implies an elliptical contact patch approximately 
35mm wide by approximately 16mm in length showing elevated stresses at the margins. 

 

Figure 21 Normal contact stress distribution under a free rolling Grosch-wheel, (Ziefle 
and Nackenhorst, 2008, p.349) 
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As the Grosch wheel is a solid rubber wheel it lacks correspondence with the impact of a 
pneumatic tyre on a real surface and its apparent stress distribution more closely resembles 
that of an underinflated tyre.  However the authors do not claim to simulate in-situ conditions 
and state that 

“An explicit scheme has been suggested for the computation of rolling contact problems 
of inelastic bodies, known as Fractional-Step-method from other established ALE-
applications, because a fully implicit algorithm seems to be not computable for real life 
problems yet”. (Ziefle and Nackenhorst, 2008, p.353) 

According to Pinnington (2009) the aim in tyre and road surface design is slowly becoming the 
provision of adequate friction while minimising negative contributions. Pinnington (2001) 
provides a broad summary of the interactions at the tyre/road interface whilst acknowledging 
that there is not yet a single surface model for all interactions.  

 Analytical and empirical tyre/road friction models 2.7

Wang et al. (2006) note that significant research efforts had been put into tyre/road friction 
modelling during the last 40 years.  It seems clear therefore that given the continued 
development of models and modelling techniques that there remains much work to be done.  
According to Wang tyre/road friction is hard to analyse especially for three reasons: 

1. The friction force is affected by deformations, adhesion and tearing (wear) with 
deformation friction providing most of the friction force.  Wang et al. (2006) 
suggest that these forces are highly dependent on sliding velocity and tyre 
surface temperature. 

2. Most empirical tyre/road friction formulas are hard to explain by physical laws 
3. An appropriate tyre/road friction model should be easy to employ in vehicle 

control systems. 

The third is an important point as it suggests that evaluation of the tyre/road friction phenomena 
should be in quasi-real time within the vehicle itself. A synopsis of a range of longitudinal 
tyre/road friction models is given in Table 3 (Wang et al., 2006). 

Table 3 Synopsis of longitudinal tyre/road friction models 
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A representative range of lateral tyre/road friction models is shown in Table 4.  A range of 
integrated tyre/friction models have been developed such as Stephant et al., (2002), and 
Gafvert and Svendenius (2003) which present empirical and semi-empirical models.  By 
comparison analytical integrated models have received less attention (Wang 2006). 

Table 4 Synopsis of lateral tyre/road friction models  

 

Inevitably the models are based on reasoned assumptions and simplifications from which 
significant errors may accrue. 

 Summary of findings 2.8

There is no explicit definition of high speed friction in the literature within the context of the 
SRN. Generic requirements for high speed friction measurement suggest a device that can be 
used at speeds in excess of 70 mph. The most appropriate aspects of friction for high speed 
roads such as the SRN are factors related to the tyre / road surface interface during high speed 
braking events. 

There is no friction measuring device in common use at network level that can be used to 
measure high speed friction of the English SRN. The longitudinal force test is generally capable 
of higher speeds than the sideways force method; however the current devices for both 
methods employ a test tyre that is susceptible to damage or blow out if speeds are to be 
increased. The new American RT3® CURVE device claims to measure continuously at 70 mph 
and should be further investigated as a possible device for the English SRN. However, as it is a 
towed device the speed at which it can be used is restricted to the legal speed limit for towing 
vehicles (60 mph). Therefore, it is appropriate to consider measuring or modelling another 
property related to friction or some form of non-contact assessment.  

The dynamic tyre/road interface is one of considerable complexity and not fully understood at 
motorway speeds. The traditional understanding of the adhesion/hysteresis mechanism is not 
universally accepted by researchers with some arguing convincingly that the apparent adhesion 
component should be ignored. It follows therefore that any model based on the traditional 
assumptions will be limited by definition.  However this finding is based on laboratory testing at 
low speed under idealised conditions. 

Numerous empirical, semi empirical and numerical models have been developed over many 
years each of which has its own limitations.  It is clear therefore that there is no universally 
accepted model or method of modelling which is valid under all circumstances.  Models require 
simplifications and assumptions in order to mitigate the array of variables comprising the 
dynamic tyre/road interface.  Therefore the models are removed to a greater or lesser extent 
from the scenario being modelled. 

Models or modelling outputs require validation against a measureable scenario which tends to 
be a laboratory or idealised field test.  It is unclear therefore to what extent modelling outputs 
may be extrapolated to real highway conditions under high speed. The continuing development 
of models and modelling methods confirms that understanding the dynamic tyre/road interface 
remains a challenging area of research. 
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Future development of friction measuring devices should so far as is reasonably possible be 
based on in-situ highway conditions.  That is, it should be capable of measurement at motorway 
speed without contravention of statutory health and safety legislation; it should measure with 
treaded tyres under realistic loads. The move from the traditional approach of measurement, 
which has not fundamentally changed for the last eighty five years, opens up many possibilities.  
These might include prediction of friction using non-contact measurement of road surface 
properties, extraction and evaluation of data from the vehicle or its tyres to using large datasets 
from orbiting satellite that measure all parts of the earth’s surface every few days. . In addition, 
the recommendation from the ROSANNE project of a simplified principle of enveloping should 
be considered in any future investigation. 

Consideration should be given to measurement of friction demand in quasi real time by the 
vehicles that actually use the SRN.  This would require the development of smart sensor based 
tyre technology which measures friction demand using in situ parameters as surrogates.  This 
has potential advantages including;  

 measurement would be continuous in quasi real time under actual in situ conditions 
and not merely seasonal. 

 vehicle response could be updated in real time 

Friction measuring device outputs would not be required except as an indicator of a minimal 
standard of the highway surfacing. Factors contributing to a potential reduction in skid 
resistance can be linked to the car and its driver from weather forecasts warning the driver or 
car.  This would also give better understanding of the impact of seasonal, daily and other short 
term changes. 

The themes explored and the areas exposed in the literature have led to the creation of a 
detailed laboratory and field testing programme. This programme has three distinct objectives: 

 A method of assessing road pavement skid resistance using a non-contact measuring 
method consisting of laboratory and field trials. 

 A fundamental assessment of tyre-pavement enveloping using specially developed 
laboratory devices and contact pressure measurement. 

 Measurement of pavement texture using 2d, 3d pavement surface texture modelling 
and application to water displacement. 
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3 Development of a non-contact measuring method 

This section summarises the investigation into using tyre temperature as a proxy for tyre road 
friction at high speed. This method would avoid current problems with excessive wear and 
damage to the friction measuring tyres currently used. If proven, this principle could be used as 
a surrogate indicator of tyre / road surface related properties such as skid resistance, noise and 
rolling resistance. This investigation was conducted in two parts 

1. Laboratory – to consider tyre temperature / road surface texture interaction. 

2. In situ – development of a bolt on device to produce a thermal signature of roads 

 Laboratory testing 3.1

The ULTRA rolling road apparatus was used with replicate test specimens and the ASTM 1844 
friction measuring tyre (used on the GripTester device) A forward looking infrared (FLIR) 
thermal camera was used to measure test tyre temperature. The main test variables considered 
include surface texture, vertical load, test speed, whether the interface was dry or wet and 
rolling condition (free or offset). 

 The ULTRA rolling road apparatus 3.1.1

The ULTRA rolling road apparatus (Figure 22) consists of a 1.12 m diameter drum. Drum 
rotation speed is electronically controlled up to a limit of 300 rpm or an equivalent road speed of 
64.3 kph.  

 

Figure 22 The ULTRA rolling road apparatus. 

Fifteen curved test specimens are fitted to the inside face of the drum to form a continuous test 
surface, that the test tyre runs on. The lateral slip angle of the test tyre can be adjusted to 
simulate an offset slip similar to the principle of a sideways force device. Offset running can 
result in significant wear of the tyre surface. Due to the diameter of the drum, the test tyre is 
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limited in size to something similar to a go-kart tyre. Therefore, the ASTM 1844 measuring 
friction tyre was chosen for this investigation. 

The ULTRA apparatus is typically run under dry free rolling conditions. The ULTRA was 
modified to investigate the effect of water on the test tyre surface interface during testing. This 
involved directing water immediately in front of the test tyre / test surface interface at rates 
comparable to those used during GripTester testing. This gives theoretical water depths of 
0.25, 0.5 and 1 mm. Figure 23 shows the system used to feed water immediately in front of the 
test tyre. 

 

Figure 23  System to feed water directly in front of test tyre. 

Two thermocouples were used to monitor water supply temperature at point of delivery and 
ambient air temperature local to the wet testing.  

3.1.1.1 ULTRA test specimen manufacture 

The 15 test specimens that line the inside face of the ULTRA are replicates of asphalt made 
with Fosroc Nitomortar PE Catalysed Filler mortar. A replicate is made by pouring a hot melt 
vinyl compound (Vinamold) over the asphalt, either on the road surface or a laboratory 
manufactured slab. The Vinamold cools quickly and within a few minutes can be carefully 
peeled off the surface. This provides an invert copy of the surface texture which is used to line 
the ULTRA specimen mould. Figure 24 shows Vinamold coating an SMA slab with the selected 
area cut out for preparation of ULTRA test specimens. 

The selected piece of Vinamold is placed in the bottom of the ULTRA specimen mould as 
shown in Figure 25. Nitomortar is poured to fill the ULTRA specimen mould. A curved backing 
plate is fixed onto the mould. The Nitomortar is allowed to set for 24 hours, then the mould is 
disassembled and the curved ULTRA test specimen removed. 

The process is repeated for the 15 test specimens required for the ULTRA apparatus. The 
same Vinamold replicate can be used to make all fifteen test specimens, ensuring the tyre is 
interacting with a consistent test specimen surface. Figure 25 shows a completed ULTRA test 
specimen. 
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Figure 24  Vinamold on SMA, cut out section used to prepare ULTRA test specimens 

 

 

Figure 25  ULTRA specimen mould and completed specimen on the left 
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 ULTRA rolling road thermal method development 3.1.2

A method to investigate the thermal characteristics of the ASTM 1844 friction measurement tyre 
running on the ULTRA apparatus rolling road was developed. This involved the following 
stages: 

 Selection of test speeds. 

 Selection of test loading conditions. 

 Selection of FLIR camera position for image capture. 

 Selection of optimal friction tyre measurement location. 

3.1.2.1 Selection of test speeds 

The speeds were 20 kph for slow speed measurement, 50 kph to simulate standard GripTester 
device test conditions and 65 kph as it is the maximum rotational speed of the device. 

3.1.2.2 Selection of test loading conditions 

The test tyre is mounted on a stub axle fitted to a mounting carriage. Vertical load on the test 
tyre is altered by adding weights to the mounting carriage. The static vertical load of the test 
tyre is determined using a load cell placed under the test tyre. Three standard loading 
conditions were selected and are shown in Table 5. 

Table 5 Load under test tyre for ULTRA apparatus testing 

Load 
condition 

Description 
Load under test 
tyre (kN) 

A Weight of mounting carriage and test tyre resting on 
the test specimen surface. 

0.22 

B As above with addition of a system for holding weights, 
plus 1 x 10 kg weight. 

0.50 

C As above with total of 3 x 10 kg weights. 0.73 

 

3.1.2.3 Selection of FLIR camera position for image capture 

Tests were performed to optimise the position of the FLIR camera to avoid possible damage 
and the adverse effects of spray during wet testing. The FLIR camera has a 22° lens designed 
for longer range image capture and a minimum working distance of 0.3m. The optimum position 
was determined to be 0.5m from the test tyre and 0.4m above ground-level (Figure 26).  

For investigation of the test tyre / test surface, the camera was oriented 10° from parallel to the 
orientation of the test tyre. Measurements were taken as the tyre lifted from the test surface 
during rolling conditions.  
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Figure 26 FLIR thermal camera looking at test tyre sidewall during dry testing 

3.1.2.4 Selection of optimal friction tyre measurement location 

Figure 27 and Figure 28 show thermal images of the test tyre sidewall during dry free rolling 
test conditions. Figure 27 shows heat generation within the bearings of the stub axle, reflected 
off the wheel assembly of the test tyre. A plastic cover was manufactured to cover the stub axle 
and bearings and so avoid contamination of the test tyre thermal data (Figure 27). 

 

Figure 27 Thermal image of test tyre sidewall and heat of stub axle bearings (left) and 
after covering axle stub (right). 

The FLIR Researcher software has an area average measurement tool. This allows pixels 
within a specified area to be manually selected on the thermal image and the average 
temperature calculated. Two scenarios were evaluated i.e. four area averages and three area 
averages shown in Figure 28 and Figure 29 respectively.  
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Figure 28 Thermal image of test tyre with four areas averaged 

Figure 28 shows four equally sized 15 x 15 mm areas located across the test tyre with the FLIR 
camera operated at a distance of 0.5 m. Comparison of average temperature for the two central 
areas found them to be similar. The two areas at the outside edges of the test tyre were 
affected by heat generated by the shoulder of the tyre flexing under the load applied. Figure 29 
shows three defined areas across the width of the test tyre. The central rectangle is 30 x 15 mm 
in size and referred to as Area 2. Ambient temperature is recorded at Area 4. 

 

Figure 29 Thermal image of test tyre with three areas averaged 
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Figure 30 shows an example of the average temperature against time recorded in Area 2, 
under dry free rolling conditions.  

 

Figure 30 Typical area average thermal data from Area 2 (central 30 mm wide rectangle) 

Four distinct regions can be identified from the thermal plot (Figure 31) captured under dry free 
rolling test conditions. An explanation of what happens within each region is given in Table 6.  

 

Figure 31 The four thermal zones under dry free rolling test conditions 



 

513 – Innovation in High Speed Friction Measurement Page 37 of 93 

Table 6 Dry free rolling thermal regions 

Free Rolling Region What is happening during the test 

FRR1 Drum speed increases to set value and remains constant. 
Temperature being recorded in Area 2 increases from ambient to 
an equilibrium value depending on test conditions. 

FRR2 Drum rotating at constant speed. Test tyre / test surface under 
equilibrium conditions. 

FRR3 Drive motor is switched off and drum comes to a halt. Spike in 
measured temperature as the test tyre becomes stationary. 

FRR4 Test tyre cools slowly to ambient room temperature. 

Region FFR2 represents an equilibrium condition during which there may be only a further 
small increase in temperature. With respect to this investigation, FFR2 was selected to best 
simulate a vehicle travelling along a road at constant speed and any change in tyre temperature 
reflect interaction with a change in interface condition. 

3.1.2.5 ULTRA rolling road thermal test protocol 

The following test protocol was developed from the initial testing and subsequently used for dry 
free rolling investigations: 

 Fix a set of 15 test specimens to the inside face of the ULTRA to create a test surface. 

 Fit sacrificial tyre to condition the test surface. 

 Run drum at 300 rpm for 30 minutes to bed in specimens and remove any roughness. 

 Check fixing of test specimens 

 Fit and check test tyre for physical damage and inflation pressure.  

 Set up and synchronise FLIR thermal camera with the control computer. 

 Focus thermal camera set using a high emissivity surface against the area of interest 
on the friction tyre. FLIR camera runs continuously throughout the test. 

 Check charge of the ULTRA pneumatic control system and safety brake disengaged.  

 ULTRA 3-phase power supply energised. 

 ULTRA room closed to ensure safe remote operation. 

 Lower test tyre into contact with the test surface using pneumatics. 

 Bring drum rotation up to the required speed with the electronic controller.  

 Check the combination of test factors investigated. 

 Run ULTRA for 20 minutes to achieve equilibrium conditions. 

 Switched off motor and record time taken for the drum to come to a complete stop. 

 Monitor tyre wear before and after testing.  

 Dry free rolling laboratory investigation 3.1.3

This section details the laboratory investigation of the thermal characteristics of an ASTM 1844 
friction measuring tyre in dry free rolling conditions with four different types of test surface. The 
test conditions are summarised in Table 7 and the four test surfaces are detailed in Table 8.  

Table 7 Summary of test conditions 

Test tyre Almost new ASTM 1844 friction measurement tyre, 
inflation pressure 20 psi (138 kPa). 

Test surface Smooth steel, 6MA, 8SMA, 14SMA 

Load (kN) 0.22, 0.5, 0.73 

Test speed (kph) 20, 50, 65 

Ambient temperature (°C) 16 to 32 
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Table 8 Test specimens investigated for free rolling thermal characteristics 

Test Specimen Texture 
Replicated 

Source of test specimen 
replicate 

Texture 
depth (mm) 

Type of texture 

ULTRA apparatus drum 
inside face 

N/A 0 None 
Smooth steel 

6 MA RTM test specimen after 
60,000 wheel passes 

0.93 Positive 

8 SMA RTM test specimen after 
75,000 wheel passes 

0.42 Negative 

14 SMA RTM test specimen after 
2000 wheel passes 

1.59 Negative 

 

The smooth steel surface was assumed to have almost no macrotexture. The 6 MA was a 
replicate of a 6 mm Microasphalt (MA) RTM test specimen (305 x 305 x 50 mm) that had 
received 60,000 wheel passes of simulated trafficking. The asphalt test specimen had a 
positive texture with a macrotexture of 0.93 mm measured using the volumetric sand patch 
technique. The 8 SMA was a replicate of an 8 mm Stone Mastic Asphalt (SMA) test specimen 
(305 x 305 x 50 mm) that had received 75,000 wheel passes of simulated trafficking. This had a 
negative texture with a macrotexture of 0.42 mm. The 14 SMA was a replicate of a 14mm SMA 
test specimen (305 x 305 x 50 mm) that had received 2,000 wheel passes of simulated 
trafficking. This had a negative texture with a macrotexture of 1.59 mm. 

The majority of experiments were undertaken at ambient room temperatures of 20°C +/- 2°C. 
The effect of load and speed on equilibrium temperature was investigated for the four test 
surfaces.  

3.1.3.1 Effect of load during dry rolling 

Figure 32 to Figure 35 show the relationships between equilibrium temperature and load for the 
smooth steel, 6 MA, 8 SMA and 14 SMA test surfaces respectively. Comparison of the plots 
shows good relationship between load and equilibrium temperature. An increase in load causes 
equilibrium temperature to increase for all test surfaces and test speeds.  

The smooth steel surface has the lowest equilibrium temperatures of the surfaces assessed. 
This can be explained by it having the least interaction and the thermal conductivity of steel is 
54 W/mK which is a magnitude greater than Nitomortar with 1 W/mK. Therefore, the heat 
generated within the tyre is more easily dissipated to the steel surface while the apparatus is in 
operation. The increase in tyre temperatures in FRR3 (as the ULTRA stops) was significantly 
higher for the steel drum than the Nitomortar surfaces. 
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Figure 32 Equilibrium temperature and load for smooth steel surface 

 
Figure 33 Equilibrium temperature and load for 6MA. 

 
Figure 34 Equilibrium temperature and load for 8SMA. 
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The highest equilibrium temperatures recorded during the test conditions were on the 6MA 
replicate texture (Figure 33). Figure 34 and Figure 35 show similar relationships for both the 
negatively textured 8SMA and 14SMA test surfaces.  

 

Figure 35 Equilibrium temperature and load for 14SMA. 

The linear relationships are summarised in Table 9 and show good prediction of equilibrium 
temperature based on load. 
 

Table 9 Linear regressions for equilibrium temperature and load. 

Surface type Test speed Equation R
2
 

Smooth steel 20 y = 5.2764x + 19.36 0.9948 

50 y = 5.4911x + 22.146 0.7988 

65 y = 4.767x + 22.883 0.9935 

6MA 20 y = 9.2665x + 26.355 0.9965 

50 y = 15.926x + 29.316 0.9985 

65 y = 16.917x + 31.267 0.9980 

8SMA 20 y = 7.9331x + 24.666 0.9614 

50 y = 13.114x + 28.061 0.9991 

65 y = 9.4711x + 31.756 0.9879 

14SMA 20 y = 5.0304x + 26.869 0.8725 

50 y = 8.5018x + 30.841 0.9662 

65 y = 10.661x + 31.297 0.9995 

 

3.1.3.2 Effect of speed during dry rolling 

Figure 36 to Figure 39 show the relationships between equilibrium temperature and speed for 
the smooth steel, 6MA, 8SMA and 14SMA test surfaces respectively. Explanation of the data is 
comparable to that described for the load and equilibrium data. The issue of thermal 
conductivity may account for the lower equilibrium temperatures measured for the steel surface 
and highest speed tests.  
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Figure 36  Equilibrium temperature and speed for smooth steel surface. 

 
Figure 37  Equilibrium temperature and speed for 6MA. 

 
Figure 38  Equilibrium temperature and speed for 8SMA. 
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Figure 39  Equilibrium temperature and speed for 14SMA. 

 

Linear relationships were found for all test conditions and are summarised in Table 10. The 
results show good prediction of equilibrium temperature based on speed. 

 

Table 10 Linear relationships for equilibrium temperature and speed. 

Surface type Speed Equation R
2
 

Smooth steel 20 y = 0.0836x + 19.066 0.8685 

50 y = 0.0883x + 20.09 0.8921 

65 y = 0.0603x + 22.345 0.6066 

6MA 20 y = 0.1528x + 25.263 1 

50 y = 0.19x + 27.411 0.9985 

65 y = 0.2456x + 28.274 0.9941 

8SMA 20 y = 0.1657x + 22.843 0.9991 

50 y = 0.1724x + 25.71 0.9985 

65 y = 0.1938x + 26.745 0.9407 

14SMA 20 y = 0.137x + 25.143 0.9795 

50 y = 0.1577x + 27.011 0.9736 

65 y = 0.2019x + 26.314 0.9946 

 

3.1.3.3 Dry rolling results 

The investigation showed good prediction of equilibrium temperature is achievable from load or 
speed data. Equilibrium data averaged from the FFR2 region (10 to 15 minutes into the test) for 
both load and speed are shown in Table 11. The majority of experiments were undertaken at 
ambient room temperature of 20°C +/- 2°C. The effect of load and speed on equilibrium 
temperature was investigated for the four test surfaces.  

 

 

y = 0.137x + 25.143 
R² = 0.9795 

y = 0.1577x + 27.011 
R² = 0.9736 

y = 0.2019x + 26.314 
R² = 0.9946 

10

15

20

25

30

35

40

45

0 10 20 30 40 50 60 70

T
e

m
p

e
ra

tu
re

 (
°C

) 

Speed (kph) 

0.22 (kN)

0.5 (kN)

0.73 (kN)



 

513 – Innovation in High Speed Friction Measurement Page 43 of 93 

Table 11 Summary of equilibrium temperature data for the FFR2 region of Area 2 

Test speed 
(kph) 

Test load 
(kN) 

Equilibrium temperature (°C) 

Drum 6MA 8SMA 14SMA 

20 0.22 20.5 28.3 26.2 27.7 

0.50 22.1 31.2 29.1 29.9 

0.73 23.2 33.0 30.2 30.2 

50 0.22 24.1 32.9 31.0 32.5 

0.50 23.7 37.1 34.5 35.6 

0.73 26.6 41.0 37.7 36.8 

65 0.22 23.9 35.1 33.7 33.6 

0.50 26.3 39.5 36.8 36.7 

0.73 25.4 43.7 38.5 39.0 

 

 Wet free rolling laboratory investigation 3.1.4

Testing was carried out to investigate the effect of water at the test tyre / test surface interface 
during free rolling conditions. Thermal data was used to investigate how quickly the 
temperature decreased once water was applied to the interface. Three test surfaces were used; 
6MA, 8SMA and 14SMA, with three loads at a test speed of 50 kph. The water temperature 
ranged from 9.5 to 10.5 

0
C and the ambient room temperature ranged from 17.0 to 19.7 

0
C. 

The test tyre was brought up to equilibrium temperature and then water was applied 
immediately in front the test tyre / test surface contact area. This application method is similar 
to how water is applied for most types of friction measurement such as GripTester and 
sideways force devices. The water flow was turned off and a second equilibrium temperature 
reached then the power to the motor was cut so the drum slows to a halt and the tyre starts to 
cool back to ambient. Figure 40 shows four distinct periods during the test;  

1. Initial tyre warming up to a dry equilibrium temperature  
2. Tyre drenching - water with a recorded temperature of 12°C was applied in front of the 

contact area and an almost immediate drop in temperature is recorded. In most cases it 
took less than 1 second to drop 10°C from its dry free rolling equilibrium temperature. 
The thermal camera recorded a similar temperature to the water temperature. 

3. Secondary increase in tyre temperature occurs once the water flow is turned off. An 
increase of 10°C within 2 minutes was recorded. The new equilibrium temperature is 
less than the original totally dry interface condition. It is proposed that water is still 
trapped in the surface texture of the rolling road test surface and helping to cool the 
interface yielding a wet equilibrium. The 14SMA surface remained cooler for longer 
compared to the 6MA. 

4. Tyre cooling at the end of the test showed a gradual drop in temperature. 

The effect of water allocation rate was investigated. Figure 41 plots Area 2 temperature data for 
a test in which water application was increased in a series of steps. Testing started dry, then 
water was applied at 0.54 l/min. Water was stopped and the temperature increased as the 
interface started to dry. Water was then applied at 3.6 l/min and so on. Water temperature 
remained constant. Extended wet testing found the FLIR camera measured temperature to 
remain fairly constant. 
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Figure 40 Test tyre condition during a wet free rolling test. 

Figure 41 shows a small stepped decrease in ambient air temperature, probably due to the 
increase in moisture in the air. There was a significantly greater decrease in Area 2 
temperature with respect to water allocation rate.  

 

Figure 41 Effect of water application rate. 
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Figure 42 shows the equilibrium temperatures for this experiment, illustrating the significant 
drop in temperature between dry and wet free rolling conditions. It also shows a linear decrease 
in equilibrium temperature with increasing application of water to the interface. 

 

Figure 42  Difference between dry and increasing amounts of water at the interface. 

The test protocol developed showed linear relationships between variables. Wet testing found 
an immediate cooling effect on test tyre surface temperature once wetted during dry free rolling 
conditions. Sideways angled testing found a significant increase in interface temperature. The 
FLIR camera was compared with a single spot ruggedized sensor and found to give 
comparable results in the laboratory. 

 Rolling resistance testing 3.1.5

A roll down test was used to determine the rolling resistance of each test surface under dry 
conditions. The experiments were carried out at 65 kph under the three loading conditions. The 
inflation pressure of the ASTM 1844 test tyre was 20 psi.  

Testing consisted of running the ULTRA rolling road at 65 kph for 20 minutes to ensure the test 
tyre was at equilibrium temperature. The power to the drive motor was switched off. The time 
for the ULTRA drum to stop rotating was recorded as a measure of rolling resistance. A shorter 
time is indicative of greater rolling resistance i.e. greater interaction between the test tyre and 
the test surface. 

The time to stop data is given in Table 12 and plotted in Figure 43. This shows good linear 
relationships between load, time to stop and test surface. The effect of surface texture was 
most pronounced at the lowest load. At the greatest load, the times to stop were almost 
identical. 

Table 12 Time to stop (seconds) from 65 kph 

Load 6MA 8SMA 14SMA 

0.22 225 250 229 

0.5 176 205 192 

0.73 157 161 159 

The 6MA replicate shows the greatest rolling resistance and 8SMA the least with a 0.22kN load 
applied. However the difference between rolling resistance is reduced as the applied load 
increases. 
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Figure 43 Time to stop from 65 kph 

 Thermal interaction between test surface and test tyre 3.1.6

As the ULTRA rolling road apparatus came to a halt in the faster, heavier load experiments, an 
interesting phenomenon was observed in the thermal video. An example is shown in Figure 44. 
This shows the texture of the 14SMA test surface caught in the thermal image of the test tyre. 

It represents thermal conduction from the still hot test tyre into the texture of the test surface. It 
provides evidence of how energy is transferred from a moving vehicle to the road. This 
phenomenon could only be discerned at very low test speeds due to the limitations of the FLIR 
SC640 thermal camera. High speed thermography could be used to determine this interaction 
between tyre and road surface. 

 

Figure 44 Test surface test tyre thermal interaction. 
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 In situ testing 3.2

Following the successful proof of concept in the laboratory investigation further development to 
field testing was conducted. The following sections outline the development and field testing of 
a bolt-on device that could be fitted to a vehicle to measure tyre temperature in situ.   

 Laboratory development of an in situ test method 3.2.1

The laboratory investigations using the FLIR thermal camera had shown good correlation 
between variables thought to influence tyre temperature. The FLIR camera was not sufficiently 
hardy for operation in the field; the lens was particularly delicate and susceptible to damage 
from detritus thrown up during testing. This resulted in a search for suitable bolt-on devices. 
The system chosen was simple yet powerful. It consisted of two elements i.e. a single point 
infra-red temperature sensor and a GPS data logger. Both devices have been developed for 
motorsport application and are robust. 

The temperature sensor chosen is a Texense INF (V/T) 150°C (details are available at 
www.texense.com). This sensor was developed for the non-contact measurement of tyre 
temperature in motorsport. It has a measurement range of 0 to 150°C with a response time of 
50 ms. At a distance of 50 mm the spot measurement is 12.5 mm diameter. The signal from the 
sensor was logged up to 100 times a second at high level accuracy.  

Figure 45 shows the main elements of the bolt-on device i.e. the Texense sensor, the 
Racelogic mini input module and the Racelogic GPS data logger. This was trialled in the 
laboratory along-side the FLIR thermal camera. The Texense sensor is shown in Figure 46 
located to the back of the test tyre so as not to interfere with the FLIR thermal camera. 

 

Figure 45 Main elements of the bolt-on device 

A series of test runs were conducted to compare test tyre temperature data recorded by each 
device. A summary of equilibrium temperatures at test speeds of 50 and 65 kph is shown in 
Table 13. The equilibrium temperatures are slightly different because the sensors are being 
exposed to different amounts of thermal energy. The FLIR sensor may have been influenced by 
the additional reflected and ambient infrared sources. The Texense sensor is located 
approximately 50 mm to the test tyre and is less influenced by thermal sources other than the 
tyre. Figure 46 shows the Texense position for testing, experimentation at 50 and 65 kph found 
that the measured test tyre temperature was not affected by sensor location. 

http://www.texense.com/
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Figure 46 Texense sensor measuring test tyre temperature 

 

Table 13  Comparison of FLIR and Texense equilibrium data. 

Test speed (kph) FLIR thermal camera Texense sensor 

50 30.1, 29.1 29.6, 29.1 

65 31.5, 32.9 29.9, 30.3, 31.0 

 

The data from both sensors under free rolling conditions and with the test tyre offset at 2° are 
plotted in Figure 47. The test surface was 8SMA replicate, the test speed was 50 kph and load 
was 0.22 kN. 

 

Figure 47 Offset test tyre compared to free rolling conditions. 
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The equilibrium temperature for free rolling conditions was 29.1 for both sensors. The 
comparable average equilibrium temperatures with a 2° offset test tyre were 44.4 and 42.9 for 
the FLIR and Texense sensors respectively. Figure 47 also shows the offset test tyre reaches 
equilibrium temperature much quicker than the free rolling tyre. There was more test tyre wear 
during offset testing and so this possible modification to the bolt-on test method is not 
recommended. 

 Field trial of in situ test method 3.2.2

The Texense sensor was installed onto a GripTester. The chain was removed from the 
GripTester to represent free rolling conditions similar to the laboratory investigations. A 
mounting was fabricated to locate the sensor approximately 50 mm behind the ASTM friction 
tyre. A guard was fabricated to protect the sensor from detritus thrown up by the tyre. The data 
logger GPS receiver was centrally located on the GripTester and data was logged at 100 Hz.  

A series of road trials was initiated to determine whether it offered a possible means of 
recording a thermal signature for a road surface indicative of texture related properties such as 
skid resistance. This proved interesting and confirmed laboratory observations.  

The trial site is a 15 km length of dual carriageway surfaced with a 14 mm TSCS which is 
approximately 1 year old. The trial site consists of a 1 km section leading into a roundabout 
followed by 14 km of TSCS and finishing at another roundabout. Figure 48 and Figure 49 show 
plots of test speed and voltage from the Texense sensor with distance travelled, and a selection 
of variables that can be displayed on the y-axis. 

Figure 48 shows test speed increasing during the first 1 km and then slowing for the 
roundabout, the tyre temperature gradually increases then spikes at km 1 with the deceleration 
for the roundabout. The tyre cools a little after the roundabout and then resumes its gradual 
increase in temperature towards equilibrium. It takes about 5 km the test tyre to reach 
equilibrium temperature under free rolling conditions. The test speed is maintained between 75 
and 85 kph for the remaining 14 km. The spike in the voltage data at km 11 is located at a slip 
road entering the carriageway. The spike may be showing how this is affecting the development 
of early life skid resistance at this location. The equilibrium temperature is regained almost 
instantly and maintained until slowing down for the roundabout at km 15 where a third spike in 
temperature is observed.  

 

Figure 48  Screenshot showing data for 15 km of 14 mm TSCS 
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Figure 49 also shows the gradual increase in temperature up to equilibrium, interrupted by a 
spike in temperature associated with braking for the roundabout. Equilibrium temperature is 
reached after 5 km. 

 

Figure 49  Test data showing effect of speed reduction for a roundabout and distance 
taken to reach equilibrium 

Figure 50 shows data plots relating to a 1.5 km section of hot rolled asphalt located between 
two roundabouts as shown in the location map. In this example, the test tyre has been running 
at equilibrium temperature before encountering this section of road. This data illustrates a 
relationship between speed and temperature i.e. as speed increases to 80 kph tyre temperature 
decreases to an equilibrium condition. Slowing for the second roundabout the tyre temperature 
increases. 

 

Figure 50  Screenshot showing data for 1.5 km of hot rolled asphalt 
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The road trials were carried out in dry conditions the test sections were mostly dry with some 
short wet or damp sections. The tyre thermal data was found to be sensitive to in-situ 
circumstances such as sun / shadow and the presence of moisture / water on the road surface.  
This agrees with laboratory investigations that showed the presence of water at the interface to 
have a significant influence in cooling the tyre surface, going from bright sun to shade had a 
small influence.  

Dirt thrown up by the tyre during testing proved to be an issue necessitating cleaning of the 
sensor on a regular basis. Despite these issues, the road trials found that the bolt-on device 
offered a method of evaluating the high speed tyre / road surface texture interface based on a 
thermal signature.  

The proof of principle device used relatively cheap and commonly available off-the-shelf 
components. It has multiple inputs that are all geo-referenced so can be adapted. A MK2 bolt 
on device could include video capture and multiple sensors to measure air, road surface and 
tyre surface temperature. IMU could be used to relate accelerating, braking and turning 
influences. 

 Results  3.3

Work Stage 3a considered whether the principle of tyre temperature could be used as a non-
contact method of measuring tyre road interaction at high speed thus avoiding current problems 
with excessive wear and damage to the friction measuring tyres currently used. If proven, this 
principle could be used as a surrogate indicator of tyre / road surface related properties such as 
skid resistance, noise and rolling resistance. Work Stage 3a has the following findings: 

 A test methodology was developed to investigate variables under controlled laboratory 
conditions using the ULTRA rolling road apparatus, replicate test specimens and the 
ASTM 1844 friction measuring tyre.  

 The main test variables were test specimen texture, speed, load, dry or wet, and rolling 
condition (free or offset). 

 An equilibrium temperature is reached depending on the specific combination of test 
variables.  

 It takes a period of time for the surface of the test tyre in contact with the test surface to 
reach an equilibrium temperature that is dependent on the combination of test 
variables. 

 The application of water at the test tyre / test specimen interface causes an immediate 
and significant reduction in temperature (approximately 10 degrees in 1 second). 

 Offsetting the test tyre at 2 degrees caused a significant increase in tyre surface 
temperature under free rolling conditions. 

 A proof of principle bolt-on device was developed to investigate whether tyre 
temperature could be used at high speed as a measurement of tyre / road surface 
interaction. 

 A free rolling tyre needs time to achieve a thermal equilibrium with its surrounding.  

 Tyre surface temperature may be used as a method to infer tyre and surface 
interaction. 
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4 Assessment of tyre-pavement enveloping 

The 2d contact patch of tyres with a smooth surface and 3d contact patch with textured 
surfacings were considered to assess whether road surface texture classification is still valid. 
Two test apparatus were developed 

1. The Tyre Embedment Apparatus Mark 1 (TEA MK1) was designed to investigate the 
small diameter ASTM friction tyre used in the GripTester which rotates about 17 times 
at 50 kph 

2. The Tyre Embedment Apparatus Mark 2 (TEA MK2) was designed to investigate larger 
diameter sideways force friction tyre and tyres fitted to cars and vans which rotate 
about 7 times at 50 kph 

To simplify matters, enveloping was considered to be the amount of tyre embedment or 
deformation that may occur into the space between coarse aggregate particles as a result of 
surface macrotexture or the grooves associated with runways.  

Factors considered include gap size (simulated distance between aggregate particles, or 
groove width), wear of the aggregate particle or groove edge, vertical load, tyre inflation 
pressure and tyre wear. The influence of aggregate particles penetrating into the rubber was 
not considered in this investigation because most asphalt materials used in the English SRN 
are negative texture. The influence of positive texture could be investigated in future research. 

An idealised macrotexture was simulated using two steel plates which could be moved apart to 
create a gap of known width. This ranged from approximately 6 mm to a maximum of 150 mm 
for both devices. Testing was carried out in a dry static condition. During a test the test tyre is 
lowered onto this gap between two plates and the amount of tyre embedment or deformation 
into the gap spacing is measured i.e. a simple indication of enveloping.  

The contact patch of friction measuring and treaded tyres was measured using pressure 
mapping on a smooth surface. This allows factors such as tyre wear, inflation pressure, vertical 
load, contact area, contact length and contact width to be measured. With respect to high 
speed friction measurement it was considered important that the two main types of friction 
measuring tyre used in the UK should be central to the investigation. Table 14 details the two 
types of friction measuring tyre investigated. 

Table 14 Details of friction measuring tyres investigated. 

Friction device Test wheel Diameter Inflation pressure Static wheel 
load 

GripTester Smooth ASTM-tyre 254 mm 0.14 MPa  

(20.3 psi) 

250 ± 20 N 

Sideways force 
(British) 

Smooth tyre 669 mm 0.35 MPa 

50.7 psi) 

2000 ± 80 N 

 Development of the TEA MK1 4.1

The TEA MK1 apparatus was developed to investigate the small diameter ASTM tyre fitted to 
the GripTester. The TEA MK1 apparatus consists of 2 main elements: 

 A modified wheel tracking machine fitted with an ASTM friction measuring tyre. 

 A variable gap device. 

The modified wheel tracking machine (MWTM) used in the TEA MK1 is based on a Wessex 
wheel tracker typically used for permanent deformation testing. The environmental chamber 
has been removed and the arm modified to hold an ASTM friction tyre.  



 

513 – Innovation in High Speed Friction Measurement Page 53 of 93 

Figure 51 shows a loaded ASTM friction measuring tyre sitting across a gap spacing with the 
depth of embedment / deformation into the space between two edge plates being measured. 

 

Figure 51  The TEA MK1 apparatus. 

The variable gap device (VGD) is shown in Figure 52. The VGD was designed to simulate the 
space or gap width into which a tyre may embed or deform. This relates to the macrotexture of 
an asphalt surface or the grooves cut in a runway surface. 

The VGD consists of simple metal frame with 4 legs. Slots on the top-side of the frame allow 
gap width to be varied between plates with different types of edge profile.  

 

Figure 52 The TEA MK1 Variable GAP Device (VGD) fitted with straight edge plates. 

 

The five edge profiles assessed are shown in Table 15. Each plate has four holes to bolt it 
securely in place during testing.  
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Table 15 Plate edge profiles used in the study. 

Edge name  Diagram Plate edge  

 

45º angle 

 

 

 

Chamfer 

 

 

 

Straight 90º angle 

 

 

 

Stepped 

 

 

 

Fillet  

 

A digital tyre tread depth gauge was fitted to a stand and used to record the depth of tyre 
embedment or deformation between a set of plates with similar edge profile. All gap space 
measurements were taken from the top of the plate edges.  

Two ASTM friction test tyres were evaluated (Figure 53). One was nearly new but full thickness 
the other was worn beyond acceptable limits. Visually the two tyres look similar, however their 
distribution of vertical load within their respective contact patches is quite different as a result of 
wear. This variation in vertical load pressure distribution is apparent in pressure pad 
assessment and considered later in this report.  

 

Figure 53  Comparison of worn (left) and nearly new (right) ASTM friction tyres. 
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The vertical loads used were 9.1, 11.3, 17.0, 23.8, 27.2 and 29.4 kg. The TEA MK1 testing 
reported was carried out in a static condition.  

Figure 54 shows the ASTM friction measuring tyre located over a gap space. Figure 55 shows 
the modified depth gauge in measurement position. Figure 56 shows the three measurement 
locations across the width of the ASTM friction measuring tyre. 

 
Figure 54  Friction measuring tyre positioned over gap 

 
Figure 55  Modified depth gauge in position under the ASTM friction tyre 
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Figure 56 The three contact locations across the width of the tyre 

 

 The TEA MK1 test procedure 4.1.1

The following steps summarise the TEA MK 1 test procedure: 

 Edge plates bolted to the VGD and gap width measured using a digital vernier. 

 The VGD placed in the MWTM. 

 The ASTM tyre is fitted to the arm of the MWTM and its inflation pressure checked. 

 The tyre is lowered to just above the VGD surface and its position aligned with the 
middle of the gap between plates. 

 The depth gauge is aligned with the middle of the gap, either to the centre or edge of 
the tyre and zeroed flush with the plate surface. 

 The tyre is lowered gently onto the plates, allowed to sit for 5 seconds and a tyre 
embedment reading recorded from the tyre depth gauge. 

This process was repeated with increasing number of weights applied to the end of the arm of 
the MWTM and at different inflation pressures for the two tyres. 

 Example TEA MK1 data 4.1.2

Approximately 700 tests were carried out during the TEA MK1 investigation. The following 
examples illustrate the types of data that can be determined using the TEA MK1. Figure 57 
illustrates the relationship between tyre embedment and gap space with increasing vertical 
applied load. At a given gap space the amount of embedment will increase as applied vertical 
load is increased. The data relating to increasing vertical load plot in two distinct trends relating 
to gap-width.  

Figure 57 indicates a minimum gap space below which there is almost no change in the amount 
of tyre embedment. The embedment recorded below the minimum gap space is similar 
magnitude to the 0.4 mm reported by Woodward et al. (2016) for tests on PSV specimens.  
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Figure 57 Effect of vertical load - nearly new tyre, 20 psi, measured in central position, 
straight edge profile 

The increase in embedment related to gap width is illustrated in Figure 58 which plots data 
relating to just the 233.4 N vertical load. The minimum gap space for this test condition is 
approximately 15 mm, and was the same for all the vertical loads assessed. 

 

 

 

y = 0.099x - 0.991 
R² = 0.9915 

y = 0.0083x + 0.425 
R² = 0.25 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 10 20 30 40 50 60

E
m

b
e
d
d
m

e
n
t 
(m

m
) 

Gap width (mm) 



 

513 – Innovation in High Speed Friction Measurement Page 58 of 93 

 

Figure 58 Nearly new tyre, 20 psi, 233.4 N load, measured in central position, straight 
edge profile 

 

Figure 59 illustrates the effect of edge profile. The data in this example shows profile edge to 
have less influence on the amount of tyre embedment compared to applied vertical load as 
shown in Figure 57.  

 

Figure 59 Effect of edge profile type - nearly new tyre, 20 psi, 288.9 N, measured in 
central position 
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Figure 60 illustrates the effect of tyre wear. This example compares the two tyres under similar 
conditions. The data shows slightly more embedment for the nearly new tyre due to its greater 
thickness of tread rubber. 

 

Figure 60 Comparison of nearly new and worn tyres - 20 psi, 288.9 N, measured in 
central position, straight edge profile 

 Design of the TEA MK2 4.2

The TEA MK2 was based on the principles of the TEA MK1. The design is similar, but with 
larger dimensions, to accommodate larger diameter tyres, and constructed with stronger 
materials to withstand greater loads. A drawing of the TEA MK2 is shown in Figure 61. 

 

Figure 61  Drawing of TEA MK2 
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The TEA MK2 consists of four main elements i.e. test tyre, tyre hub assembly with removable 
weights attached to the end of a lever arm assembly. The lever arm was connected in a similar 
fashion to the TEA MKI to accommodate the lever arm / tyre hub assembly. This can be raised 
or lowered to accommodate tyres of differing diameters by loosening 4 bolts at the rear as 
shown in Figure 62.  

 

Figure 62 Method of accommodating tyres of different diameters 

The apparatus accommodates friction measuring tyres used on the British and German 
sideways force based devices and the types of tyre used on cars and vans. It was not designed 
to assess HGV tyres. Figure 63 shows the finished fabricated TEA MK2 test rig. Figure 64 
shows the sideways force tyre deforming into the space between two end plates.  

 

Figure 63 The TEA MK2 as built 
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Figure 64 Sideways force tyre deforming into the space between plates measuring of 
this deformation 

The three tyres investigated are summarised in Table 16. The testing of two sideways force 
tyres was to establish what significance tyre wear had on embedment into the space created by 
surface macrotexture. BS EN 7941-1 2006) states that a test tyre must be discarded when it 
loses 6 mm in diameter (3.0 mm tyre wear). 

 

Table 16  TEA MK2 test tyre details and inflation pressures. 

Test tyre Condition Internal 
diameter (mm) 

External 
diameter (mm) 

Test inflation 
pressures (PSI) 

Trailer Tyre 

195/50/R13C 

New 330.3 520 90, 60, 50,25 

Sideways force 
tyre 

New 508 669 15, 30, 50 

Worn 508 661 

The trailer tyre had a maximum allowable inflation pressure of 95 PSI. Use of the trailer tyre 
allowed investigation of heavier loadings and subjected the simulated test surface to much 
higher stresses. The standard inflation pressure for the sideways force tyre is 350 kPa or 
approximately 50 PSI. Testing was carried out at 15, 30 and 50 PSI. Testing was carried out at 
20, 50, 60 and 95 PSI for the trailer tyre. 

The edge of each plate used to simulate the gap spacing had two shapes i.e. straight and 
rounded. These were machined to be identical. Reversing the ends allowed either a vertical 
straight edged gap or a rounded gap to be available for testing. The two edges are shown in 
Figure 65. 

 

 

Figure 65 Steel plate showing the two types of end edge detail 
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Table 17 summarises the calculation of reaction under the new sideways force tyre with 
successive application of 10 kg weights to the end of the loading arm. Table 18 summarises the 
calculation of reaction under the worn sideways force tyre with successive application of 10 kg 
weights. Table 19 summarises the calculation of reaction under the trailer tyre with successive 
application of 10 kg weights. The calculated values for all three tyres are plotted in Figure 66. 

 

Table 17  Calculation of reaction under new sideways force tyre with successive 
application of weights. 

Number 
of 
weights 

Arm 
(w1) 

Tyre 
(P2) 

Hanger Weight Cum 
Weight 

P1  Rb (kN) 

1 20.6 29.1 13.5 10 10 23.5 640.10 1.28 

2 20.6 29.1 13.5 10 20 33.5 787.25 1.57 

3 20.6 29.1 13.5 10 30 43.5 934.40 1.87 

4 20.6 29.1 13.5 10 40 53.5 1081.55 2.16 

5 20.6 29.1 13.5 10 50 63.5 1228.70 2.46 

6 20.6 29.1 13.5 10 60 73.5 1375.85 2.75 

7 20.6 29.1 13.5 10 70 83.5 1523.00 3.05 

8 20.6 29.1 13.5 10 80 93.5 1670.15 3.34 

9 20.6 29.1 13.5 10 90 103.5 1817.30 3.63 

10 20.6 29.1 13.5 10 100 113.5 1964.45 3.93 

 

Table 18 Calculation of reaction under worn sideways force tyre with successive 
application of weights 

Number 
of 
weights 

Arm 
(w1) 

Tyre 
(P2) 

Hanger Weight Cum 
Weight 

P1  Rb (kN) 

1 20.6 28.74 13.5 10 10 23.5 638.34 1.28 

2 20.6 28.74 13.5 10 20 33.5 785.49 1.57 

3 20.6 28.74 13.5 10 30 43.5 932.64 1.87 

4 20.6 28.74 13.5 10 40 53.5 1079.79 2.16 

5 20.6 28.74 13.5 10 50 63.5 1226.94 2.45 

6 20.6 28.74 13.5 10 60 73.5 1374.09 2.75 

7 20.6 28.74 13.5 10 70 83.5 1521.24 3.04 

8 20.6 28.74 13.5 10 80 93.5 1668.39 3.34 

9 20.6 28.74 13.5 10 90 103.5 1815.54 3.63 

10 20.6 28.74 13.5 10 100 113.5 1962.69 3.93 
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Table 19 Calculation of reaction under trailer tyre with successive application of weights 

Number 
of 
weights 

Arm 
(w1) 

Tyre 
(P2) 

Hanger Weight Cum 
Weight 

P1  Rb (kN) 

1 20.6 25.5 13.5 10 10 23.5 622.44 1.24 

2 20.6 25.5 13.5 10 20 33.5 769.59 1.54 

3 20.6 25.5 13.5 10 30 43.5 916.74 1.83 

4 20.6 25.5 13.5 10 40 53.5 1063.89 2.13 

5 20.6 25.5 13.5 10 50 63.5 1211.04 2.42 

6 20.6 25.5 13.5 10 60 73.5 1358.19 2.72 

7 20.6 25.5 13.5 10 70 83.5 1505.34 3.01 

8 20.6 25.5 13.5 10 80 93.5 1652.49 3.30 

9 20.6 25.5 13.5 10 90 103.5 1799.64 3.60 

10 20.6 25.5 13.5 10 100 113.5 1946.79 3.89 

 

 

Figure 66  Number of weights v. calculated static load on wheel 

 TEA MK 2 test protocol 4.2.1

The following test protocol was developed for the TEA MK2. This procedure was repeated for 
different gap widths, edge plates, inflation pressures and tyre combinations. 

 Raise the arm assembly, fix the test tyre and secure in a raised position. 

 Select plate edges – vertical or rounded.  

 Adjust gap spacing width and via measurement ensure this is centred in line with the 
tyre when it is lowered into its test position. 

 Centre digital depth gauge to record middle of tyre and ensure it is flush with the top of 
the edge plates. 

 Lower tyre gently onto the gap and allow to rest for 5 seconds to allow embedment to 
occur.  

 Record the amount of embedment from the digital depth gauge. 

 Apply load to end of the assembly arm and record the change in embedment. Repeat 

 Remove load and record the change in embedment. 
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 Examples of TEA MK2 data 4.2.2

The variables investigated include tyre type, gap spacing, vertical load, and deformation during 
loading and unloading. The loadings used are summarised in Table 17, Table 18 and Table 19. 
Gap spacings are summarised in Table 20 for the different tyre / inflation pressure 
combinations. 

Table 20 Gap spacing assessed for the tyres at different inflation pressures (using 
straight 90 degree plates) 

Trailer tyre gap spacing (mm) Sideways tyre – new and worn gap 
spacing (mm) 

30 psi 50 psi 60 psi 90 psi 15 psi 30 psi 50 psi 

6.2 6.2 7.8  9.8 9.8 9.8 

9.8 7.8 9.8  20 20 20 

15.1 9.8 13.0  40 40 40 

20.0 12.8 15.1  60 60 60 

40.0 15.1 17.5  80 80 80 

60.0 17.5 19.9  100 100 100 

80.0 20.0 30.0 6.2 125.5 125.5 125.5 

100.0 30.0 40.0 9.8 150 150 150 

125.5 40.0 50.0 15.1    

150.0 50.0 70.0 20.0    

 60.0 90.0 40.0    

 70.0 110.0 60.0    

 90.0 130.0 80.0    

 110.0 150.0 100.0    

 130.0  125.5    

 150.0  150.0    

4.2.2.1 New sideways force tyre test results 

The recorded deformation of a new sideways force tyre inflated at 345 kPa (50 psi), on 9.8 mm 
and 150 mm spaced gaps and loaded to a maximum of 3.93 kN and then unloaded is plotted in 
Figure 67. At the 9.8 mm gap spacing, increasing the load did not cause any significant 
increase in the amount of deformation into the gap space. The amount of deformation during 
loading and unloading was the same.  

At the 150 mm gap spacing, increasing load caused a significant increase in the amount of 
deformation. There was a small but significant increase in deformation as the tyre was 
unloaded at the 150 mm gap spacing. Although this gap size is significantly greater than 
aggregate spacing in TSCS or HRA (see section 4.4) it can be considered representative of 
defects within the pavement, as such it may be useful to investigate the impact of potholes on 
tyre deformation and damage. 
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Figure 67 Effect of loading and unloading for new sideways force tyre inflated to 345 kPa 

 

Data for all gap spacings, from 9.8 mm to 150 mm, are plotted in Figure 68, for the new 
sideways force tyre inflated to 345 kPa (50 psi). This indicates a direct relationship for the data. 
There is minimal change in deformation with increase in load for the 9.8 mm and 20 mm gap, 
which approximates to the TEA MK1 results for the minimum gap spacing of 15 mm. This 
potentially indicates that up to a 20 mm gap the local structure of the tyre is governing the 
behaviour and beyond that the global structure of the tyre is influencing the behaviour.  

 

Figure 68 Effect of load on tyre deformation into gap spacing for new sideways force 
tyre inflated to 345 kPa 
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Figure 69 shows the linear relationships between gap spacing and deformation into the gap at 
static loads of 1.86 and 2.16 kN. These values straddle the standard loading condition for the 
sideways force tyre of 2 kN, as specified in BS EN 7941-1 2006. The amount of deformation is 
slightly greater for the 2.16 kN load for gaps of in excess of 40 mm.  

 

Figure 69  Effect of gap spacing on tyre deformation at two loadings for new sideways 
force tyre at 345 kPa inflation pressure 

4.2.2.2 Worn sideways force tyre test results 

Figure 70 plots data for the worn sideways force tyre relating to gap spacing for 345 kPa 
inflation pressure. Figure 71 compares the data for 1.87 and 2.16 kN. This shows little 
difference between the two loading conditions especially at the smaller gap spacings. 

 

Figure 70  Effect of load on tyre deformation into gap spacing for worn sideways force 
tyre at 345 kPa inflation pressure 
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Figure 71 Effect of gap spacing on tyre deformation at two loadings for worn sideways 
force tyre at 345 kPa inflation pressure 

4.2.2.3 Trailer tyre test results 

Figure 72 plots data for the trailer tyre relating to gap spacing for 345 kPa inflation pressure. 
The amount of deformation is less than for the sideways force tyre. Figure 73 compares all the 
found data relating to load. This shows the amount of deformation to be relatively unaffected by 
the range of applied loading used. 

 

Figure 72  Effect of load on tyre deformation into gap spacing for trailer tyre at 345 kPa 
inflation pressure 
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Figure 73  Effect of gap spacing on tyre deformation at three loadings for trailer tyre at 
345 kPa inflation pressure 

4.2.2.4 Tyre results comparison 

Figure 74 compares the new and worn sideways force tyres with the treaded trailer tyre all the 
same inflation pressure of 345 kPa and load of 2.16 kN. This shows the two sideways force 
tyres to deform to greater amounts compared to the trailer tyre over the gap spacing 0 to 150 
mm.   

 

Figure 74 Comparison of tyres at similar vertical load of 2.16 kN. 
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Figure 75 shows the deformation data to a maximum gap spacing of 60 mm to illustrate the 
difference between the sideways force friction measuring tyre and the treaded trailer tyre. At the 
smallest gap spacings the two types of tyre are similar. However, as gap spacing increases the 
sideways force tyre deforms to a greater amount into the gap space.  

 

Figure 75 Comparison of tyres for gap spacings up to 60 mm at similar vertical load of 
2.16 kN 

 Contact patch investigation 4.3

The static contact patch of the test tyres was investigated using XSensor pressure mapping. 
This allows measurement of contact patch properties such as contact area, contact length, 
contact width, variation of contact pressure within the patch, effects of inflation pressure and 
loading. Testing involves placing the XSensor pressure map underneath the loaded tyre. A 
loaded sideways force test tyre fitted to the TEA MK2 resting on the XSensor pressure pad is 
shown in Figure 76.  

A sheet of Teflon paper was placed between the pressure pad and tyre to avoid damage to the 
pressure pad. Figure 76 shows real-time data from the pressure pad displayed on the computer 
screen.  

The standard loading condition for the sideways force tyre of 2 kN specified in BS EN 7941-1 
2006 was used. 

Testing was carried out at three tyre inflation pressures i.e. 345 kPa (50psi), 241 kPa (35 psi) 
and 137 kPa (20 psi) to a maximum of 3.93 kN.  
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Figure 76  Test setup for contact patch investigation of a sideways force tyre 

 

Figure 77 and Figure 78 compare the contact patches for the new and worn sideways force 
tyres at an inflation pressure of 345 kPa (50 psi). This shows the distribution of vertical stress 
within the contact patch to be different for the two tyres as a result of wear.  

A central rib of higher vertical stress is apparent for the new tyre. With use, this central rib gets 
removed and vertical stressing becomes concentrated along the leading edge of the tyre 
reflecting its sideways interaction with the road surface. 

 

Figure 77 Contact patch for new sideways force tyre at 345 kPa inflation pressure 
(pressure legend ranges from 70 to 700 kPa) 
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Figure 78 Contact patch for worn sideways force tyre at 345 kPa inflation pressure 
(pressure legend ranges from 70 to 700 kPa) 

 

Figure 79, Figure 80 and Figure 81 plot the relationships between contact area, contact length 
and contact width with inflation pressure for the new and worn sideways force tyres. This shows 
comparable plots for the tyre in a new and worn condition over the three inflation pressures 
investigated. The plots show the worn tyre to have slightly greater contact area, less contact 
length and greater contact width. 

 

 

Figure 79  Comparison of contact area for new and worn sideways force tyres 
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Figure 80  Comparison of contact length for new and worn sideways force tyres 

 

 

Figure 81 Comparison of contact width for new and worn sideways force tyres. 
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Figure 82 Test setup for contact patch investigation of ASTM friction tyre 

Figure 82 shows the test setup for investigating the ASTM friction tyre contact patch. This 
shows the ASTM tyre fitted to the TEA MK1 resting on the XSensor pressure pad. Testing was 
carried out at tyre inflation pressures ranging from 14 kPa (2 psi) to 279 kPa (40.5 psi).  

Figure 83 and Figure 84 compare contact patches for the new and worn ASTM friction tyres at 
an inflation pressure of 141 kPa (20.5 psi). Similar to the sideways force tyre, this shows the 
distribution of vertical contact stress to be quite different as a result of wear.  

 

Figure 83  Contact patch for new ASTM tyre - 250 N loading condition at an inflation 
pressure of 141 kPa (20.5 psi) 
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Figure 84  Contact patch for worn ASTM tyre - 250 N loading condition at an inflation 
pressure of 141 kPa (20.5 psi) 

As the ASTM tyre wears, the distribution of vertical load becomes concentrated under both 
sidewalls of the tyre. This reflects the depth of rubber wearing away from the tyre due to contact 
with the road surface. 

Figure 85 plots contact patch data for a new ASTM friction tyre using the 250 N loading 
condition at an inflation pressure of 141 kPa (20.5 psi). This shows good correlation between 
contact area, length and width with inflation pressure. The trends are comparable to those 
found for the sideways force tyre. 

 

Figure 85 Contact patch data for a new ASTM tyre using the 250 N loading condition 

Figure 86 compares the static vertical contact area for the new sideways force tyre and the new 
ASTM friction measuring tyres under their respective standard loading conditions for a range of 
inflation pressures. This shows the sideways force tyre to have a greater contact area due to 
the larger dimensions of the tyre and its greater vertical loading. At the standard loading 
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conditions the contact area for the sideways force tyre is approximately 5.8 times greater than 
for the ASTM friction tyre. 

 
Figure 86 Comparison of contact area for the two measurement tyres 

Figure 87 and Figure 88 compare the contact length and width respectively. At the standard 
loading conditions the contact length for the sideways force tyre is approximately 4.9 times 
greater than for the ASTM tyre. At the standard loading conditions the contact width for the 
sideways force tyre is approximately 1.8 times greater than for the ASTM tyre. 

 

Figure 87  Comparison of contact length for the two measurement tyres 
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Figure 88  Comparison of contact width for the two measurement tyres 

 

 

Figure 89  Composite contact patch showing contact area and pressure distribution for 
an ASTM tyre / 10 mm SMA (based on standard GripTester conditions of 20 psi and 25kg 

vertical load) 

 

Figure 89 shows a composite of ASTM 1844 contact patches showing how this friction 
measuring tyre may contact with a 10 mm SMA asphalt surface. This illustrates the complexity 
of the tyre / road surface interface or envelope. It shows concentration of loading and the open 
spaces associated with the SMA texture. This is further explored in Section 5.  
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This complex three dimensional interface or envelope is further complicated should a treaded 
tyre be used. For this reason, the smooth treaded ASTM 1844 tyre was used as it removed a 
level of complexity from the laboratory investigations. 

 Determination of aggregate spacing for an asphalt mix 4.4

The investigations in this report illustrate the importance of understanding how a tyre rests on a 
surface to help understand enveloping. There are clear relationships between the factors 
considered suggesting that gap space or a distance between aggregate particles could be used 
to classify the macrotexture of a surfacing with respect to how it interacts with a tyre. If gap 
space could be measured using a non-contact method, this could be directly related to 
enveloping. A scale rule was used to physically measure the distance between aggregate 
particles.  

Figure 90 shows a distance of 17 mm between two aggregate particles for a SMA10. Figure 91 
shows a distance of 47mm between two chippings for a HRA. This method of physical 
measurement using a rule is tedious to perform. However, it is possible to record variation in 
gap-spacing for a single asphalt mix type. Typically, the gap spacings were smaller for the 
SMA10 compared to the HRA which covered a greater range. 

 

Figure 90  Use of a scale rule to measure gap width for SMA10. 

Analysis of photographic images using image analysis software would be a more efficient 
method of investigating gap-spacing for an asphalt mix. Gap space could be determined from 
other data sources such as 3d point clouds. This is explored in Work Stage 3c (Section 5). 
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Figure 91  Use of a scale rule to measure gap width for HRA 

 Main findings 4.5

The TEA MK1 and TEA MK2 apparatus have been developed to investigate the principle of 
enveloping as identified by the ROSANNE project under controlled laboratory conditions. Both 
apparatus have been used to simplify a complicated interface and demonstrate relationships 
that do not feature in literature relating to the measurement of skid resistance.  

The role of asphalt macrotexture has been replaced by a space of known distance between two 
steel edges with a known profile. Note: Enveloping is a three dimensional interface based on x , 
y and z spatial data. Tyre embedment into the space between two parallel plates considers just 
the y and z directional co-ordinates.  

The test method removes the influence of speed and dynamic loading by testing in a dry static 
test condition. Further research is recommended to investigate the influence of speed by 
reducing the contact time, to replicate transit of a passing vehicle. This would require 
automated data logging. Dynamic loading and tyre temperature variables could also be 
adjusted to investigate their influence on tyre deformation.  

The laboratory investigations considered factors that can be controlled and thought to influence 
the envelope i.e. tyre/road interface factors including gap space, tyre wear, inflation pressure 
and applied vertical load.  

Under static conditions and for all of the test conditions investigated, the main factor relating to 
tyre embedment or enveloping is gap space.  

For the ASTM friction tyre, there is a distinct trend in the data i.e. the amount of embedment 
decreases in a predictable linear relationship until a critical gap space of approximately 15 mm 
is reached. The amount of embedment then remains fairly constant as gap space is further 
decreased. 
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At the smaller gap spaces it would appear that the larger diameter sideways force tyre behaves 
in a similar manner to a treaded tyre. However, with increasing gap space there is more 
embedment (enveloping) for the sideways force tyre compared to the treaded tyre used in the 
reported investigations. 

Tyre wear did not significantly affect the amount of deformation into the gap space for the two 
friction measuring tyres. This is interesting considering the significant difference in vertical 
pressure distribution within the contact patch shown by pressure mapping for new and worn 
tyres. Similar variation in contact patch vertical pressure distribution is typical of treaded tyres 
with differing inflation pressures and degrees of tread wear. 

The relationship between tyre vertical stress distribution within the contact patch and whether it 
has a significant effect on measured skid resistance needs further investigation. 

The tyre interface is predictable for pneumatic tyres used. There are linear or log relationships 
with very strong correlations between variables such as load, inflation pressure, contact area, 
length and width and degree of wear. This offers scope to develop intelligent tyres to measure 
their road interface. For example, the wedge of water that builds up at the front of the contact 
patch could be measured by the tyre as a change in contact length. 
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5 2d and 3d pavement surface texture modelling 

Different techniques were used to measure the texture and aggregate spacing of different 
asphalt samples. This was done in 2d and was then extended to 3d by creating a model using 
photographs. This gave an estimate of the characteristics of the different material types and 
could be related to water displacement. 

 

Figure 92 Model of asphalt surface 

Figure 92 shows extracted macrotexture data derived from photographic image of an asphalt 
surface. It illustrates a network of drainage channels including small areas of water entrapment 
highlighted in red as well as the general configuration of the texture. This demonstrates how a 
3D model can provide more information than the 2d image from which it is derived.   

 Digital Surf MountainsMap surface analysis 5.1

Mountains Map is a surface imaging and metrology software published by the company Digital 
Surf. Its main application is to study surface texture and form in 3D at the microscopic scale, 
micro-topography. The software was used to analyse a sample of 14 mm TSCS shown in 
Figure 93. Figure 93 is one of 13 images captured using a Canon EOS6D digital SLR camera.  
Images were post processed using 3D Flow Zephyr photogrammetric software.  

Dense point clouds were exported to Digital Surf Mountains Map surface analysis software for 
slices, furrows and motif analyses. A slices analysis was carried out to evaluate apparent 
contact areas and potential water entrapment.  Furrows analysis was performed to demonstrate 
drainage path connectivity at and above a threshold level of 2.5 mm from the highest elevation 
on the point cloud.  Motif analysis was carried out to delineate water micro catchment areas. 

 

50 mm 
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Figure 93 Image of proprietary 14mm TSCS 

 Application of slice and furrow analyses 5.1.1

Slices analysis is one of a number of studies available in Digital Surf surface analysis software.  
It is applied in this context in order to estimate areas of apparent contact between tyre and 
surface and define areas of potential water entrapment and displacement.   

The study has two thresholds with the upper set at 1.81mm enveloping depth.  This equates to 
a 20% apparent contact area as shown in Figure 94, and quantified the parameters table.  This 
is based on the interaction of a smooth friction measuring type tyre.   

 

Figure 94 Apparent contact area (red) at enveloping depth of 1.81mm 

The tread pattern of a tyre can be such that less than 20% is in contact with the plan contact 
patch between a tyre and asphalt surface.  The potential impact of this is demonstrated using 
the slices study carried out in Digital Surf analysis software on a 3D model.  

Given the array of tread configurations available on vehicle tyres it is likely that the apparent 
contact area could be marginally less and further reduced in vehicles travelling at high speed 
due to stiffening of the rubber compound.  Moreover, work at Ulster as part of this project has 
indicated that the enveloping depth is significantly less than 1.81mm. 

Figure 94 suggests that for this surfacing example for the depth shown that there is a 
continuous network of drainage paths highlighted in green that would facilitate the expulsion of 
water by the tyres of a moving vehicle.  This is confirmed by a furrows analysis shown in Figure 
95 which can be used to show the interconnectivity of the drainage paths. 

50 mm
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Figure 95 Furrow analysis for enveloping depth of 1.81mm 

Figure 96 shows a slices study for an enveloping depth of 2.5mm which equates to an apparent 
contact area of 54.2%.  It has yet to be established that such a contact area is obtainable in 
practice for real, loaded tyres on a vehicle moving at high speed.  However a network of 
continuous drainage paths still exists at this enveloping depth. 

 

Figure 96 Drainage paths for enveloping depth of 2.5 mm 

Figure 97 shows a slices study for an enveloping depth of 3mm.  It indicates that the drainage 
network shown in green has become more confined.  It is anticipated that water trapped below 
a depth of 2.5 to 3 mm for this surfacing type would contribute to excessive spray and hydraulic 
pumping effects.  These could be considerable for tyres on loaded vehicles travelling at high 
speed.  Residual standing water would also leave the surfacing vulnerable to structural damage 
from freeze/thaw effects.  This suggests that there may be scope for reducing the texture depth 
in order to produce a more durable material. 
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Figure 97 Slices study for enveloping depth of 3 mm 

Figure 98 plots depth into the surface against volume of voids for the proprietary TSCS (Figure 
93).  The depth interval is 0.5 mm into the surface from the highest elevation of the point cloud.  
The volume of voids equates to the potential volume of water that would be retained at a given 
depth if the surface was saturated which is considered to be a worst case scenario.  

The plot has two regions, the first extending from 0 mm to approximately 2.5 mm and the 
second extending from approximately 2.5 mm to 7.5 mm.  It shows that most of the void volume 
is contained within the top 2.5 mm.  This is even though the maximum texture depth is 
approximately 8.27 mm for this example.  Void volumes for depths below 7.5 mm are not 
plotted as the values returned are almost zero and therefore negligible. 

 

Figure 98 Volume of voids for 0.5mm increments into the surface 
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Figure 99 Volume of voids for 0.5mm increments up to 2.5mm into the surface 

 

The first region is plotted separately in Figure 99 which shows that the void volume increases 
linearly up to approximately 2.5mm with an R

2
 correlation of 0.99.  This further suggests that 

the texture depth of the material could be reduced as voids below this depth are likely to be 
deleterious to the surface. 

 Application of motif analysis  5.2

Motif analysis comprises the division of topography into regions consisting of hills or peaks and 
other regions consisting of dales or valleys in accordance with Maxwell’s proposals by means 
of segmentation as illustrated in Figure 100.  The Maxwellian dale (watershed lines) has 
emerged as the primary tool of mathematical morphology of image segmentation as 
preparation for pattern recognition (BS EN ISO 25178-2:2012). 

 

Figure 100 Identification of motif features (Mercier and Bloch 2005) 
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At the scales associated with highway surfacings in which the surface topography is subject to 
significant and rapid change motif analysis is a useful means of understanding water 
displacement.  By definition, the boundaries between hills are course lines (watercourses), and 
the boundaries between dales are ridge lines (watershed lines) (BS EN ISO 25178 part 2, 
2012). 

Segmenting surface hills also offers additional insight into tyre-surface interactions with the 
peaks that are in direct contact with the tyre.  Valley/dale segmentation identifies surfaces 
having the greatest capacity for the retention of water.  An example of a segmentation analysis 
for the surface shown in Figure 93 is shown in Figure 101 with the catchments or valleys 
delineated in a series of motifs.   

 

Figure 101 Segmentation analysis 

The deepest depressions are highlighted in the contour analysis shown in Figure 102.  These 
represent potential wells of residual water which could be ejected under the hydraulic pressure 
of tyres on the pavement surface. 

Figure 101 shows the potential for water entrapment at all levels within the thin surfacing.  The 
analysis comprises a total of 59 motifs ranging in depth from approximately 0.37 mm to 
approximately 3.3 mm.  The areas of the motifs range from approximately 2.4 mm

2
 to 

approximately 180 mm
2
. 
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Figure 102 Contour analysis of model of thin surface 

Figure 103 shows frequency and cumulative % plots of height data for the motifs for Bin class 
intervals of 0.25 mm.  If a potential tyre enveloping depth of 2.5 mm suggested by Figure 100 is 
adopted Figure 104 shows that over 98% of the motif heights lies within this value.  
Approximately 73% of motif elevations lie within 1mm and over 30% lie within 0.5 mm.   

 

Figure 103 Frequency and cumulative % plot for model of 14mm TSCS 

The maximum apparent contact area is approximately 180 mm
2
.  This is considerably smaller 

than the area of a 40 mm tread block of 1600 mm
2
.  There is therefore no region of the surface 

that would not be potentially sealed and subject to hydraulic pressures from loaded tyres.  The 
resulting pressure may be offset to some extent by the presence of contaminants turning the 
effect in to more of a flushing action but this has not been evaluated. 

By way of comparison a similar motif analysis was carried out on models of Marshall Asphalt 
(MA).  These were based on images of cores captured using the same camera technology as 
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for the TSCS and subject to the same post processing in 3D Flow Zephyr.  One of the images 
is shown in Figure 104. 

 

Figure 104 Image of Marshall Asphalt Core 

The model of the Marshall Asphalt core generated 3074 motifs as compared to 59 for the 
TSCS.  Motif heights ranged from approximately 0.09mm to approximately 0.843mm.  Motif 
areas ranged from approximately 0.434mm

2
 to approximately 72.353mm

2
.  It is clear that the 

ranges are considerably smaller for this surface as compared to the TSCS.  Figure 105 shows 
frequency and cumulative % plots of height data for the motifs for Bin class intervals of 
0.25mm. 

 

Figure 105 Frequency and cumulative % plot for model of Marshall Asphalt core 
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Figure 105 indicates that all motif heights are 1mm or less as compared with up to 
approximately 3.3 mm for the TSCS material and over 82% at or around 0.25 mm.  This is 
consistent with the characteristics of the two surfacing materials.  The Marshall Asphalt (MA) 
shows less texture than the TSCS material and it would therefore be expected that the 
watersheds would be much smaller and shallower resulting in a greater number of motifs 
across the surface. 

Figure 106 shows a comparative plot of the valley depth of each of the motifs for the TSCS and 
MA models. 

 

Figure 106 Depth of Valley against Cumulative % for TSCS and Marshall Asphalt models 

The entrapment and/or retention of water in the surface are likely to accelerate the breakdown 
of the material through hydraulic and freeze/thaw effects and are therefore a durability issue.  
Smaller and shallower motifs as in the MA, for example, in which the deepest motif is 
approximately 0.84 mm, are less likely to retain freestanding water and to dry out more quickly 
than in a saturated TSCS.  The greater number of motifs is also indicative of a higher number of 
contact points and therefore potentially increased tyre/road interaction. 

It is suggested therefore that Figure 106 is a potential indicator of durability for a given 
enveloping depth.  For the MA the motif heights and therefore the enveloping depth are a 
fraction of those of the TSCS and is probably the more durable material.  This study suggests 
therefore that the most durable materials are likely to have overall low textured surfaces. 

 Conclusions 5.3

It has been shown that 3D models can provide additional information in respect of water 
displacement.  This includes the quantification of water for a given depth into a particular 
asphalt surface; analysis of the models show how this changes with depth.  It offers information 
on channel connectivity which facilitates drainage and displacement if water under a tyre.  It 
offers a new indicator of surface vulnerability to water related damage.  This provides scope for 
consideration of the methods contribution to enveloping and durability studies. 

  



 

513 – Innovation in High Speed Friction Measurement Page 89 of 93 

References 

Ammon, D. (1992). Problems in Road Surface Modelling.  Vehicle System Dynamics. Vol. 20, 

Supp. 1, pp 2-41 

Andersson, P. B. U and Kropp, W. (2008).  Time domain contact model for tyre/road interaction 
including nonlinear contact stiffness due to small scale roughness.  Journal of Sound and 
Vibration, 318, pp. 296-312. 

APPOLLO. (2005). APPOLLO Project (IST 2001-34372, Intelligent Tyre for Accident Free 
Traffic. Final Report. (www.vti.fi/APPOLLO). 

Archard, J. (1957). Elastic Deformation and the Laws of Friction. Proceedings of the Royal 
Society of London. Series A, Mathematical and Physical Sciences, 243(1233), 190-205. 

Retrieved from http://www.jstor.org/stable/100445 

B.N.J. Persson, B.N.J. (1999). Sliding friction, Surface Science Reports.  Vol. 33, pp 83–119. 

Bowden, F. P. and Tabor, D. (1950) (classics series edn) (2001). The Friction and Lubrication 
of Solids. Oxford, University Press, 2001.  

Bradley, J., and Allen, R. F., (1930). Factors Affecting the Behaviour of Rubber-Tyred Wheels 
on Road Surfaces. Proceedings of the Institute of Automobile Engineers. 25 (1), 63-92. 
doi:10.1243/PIAE_PROC_1930_025_018_02. 

Browne, A. Ludema, K.C and Clark, S.K. (1981). Contact between the Tyre and Roadway, 

Mechanics of Pneumatic Tyre. NHTSA, U.S. Depth. Of Transportation 

Clough, R.W.and Wilson, E. L. (1999). Early Finite Element Research at Berkeley. Proceedings 
of the 5

th
 US National Conference on Computational Mechanics. 

De Beer, M., Fisher, C. and Jooste, F. J. (1997).  Determination of pneumatic tire/pavement 
interface contact stresses under moving loads and some effects on pavements with thin asphalt 
layers. Proceedings of the 8

th
 Conference on Asphalt Pavements, Seattle, Washington, Vol. 1, 

pp.129-139. 

De Beer, M., Groenendijk, J. and Fisher, C. (1996).  Three-Dimensional Contact Stresses 
under the LINTRACK Wide Base Single Tyres, Measured with the Vehicle-Road Pressure 
Transducer Array(VRSPTA) System in South Africa. Confidential Contract Report CR-96/056 

Department for Transport (2016). Road use statistics Great Britain 2016 
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/514912/road-
use-statistics.pdf 

Department of Regional Development. (2004). Design Manual for Roads and Bridges: 
Surfacing and Surfacing Materials.  Volume 7, Section 5, Part 1, 5.3 

Department of Regional Development. (2006). Design Manual For Roads And Bridges: 
Surfacing Materials for New and Maintenance Construction. The Stationery Office, HD36/06 

Doe M. and Roe P. (2008). Report on state of the art of test methods TYROSAFE Deliverable 
D04, 7th Framework Programme. Available to download at: http://tyrosafe.fehrl.org. 

Dowson, D. (1979). History of Tribology.  New York: Longman 

Dunford A, Viner H, Greene M and Brittain S. (2014). High speed friction of thin surface course 
systems. Proceedings of the 4th International Safer Roads Conference, Cheltenham England. 

http://www.vti.fi/APPOLLO
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/514912/road-use-statistics.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/514912/road-use-statistics.pdf


 

513 – Innovation in High Speed Friction Measurement Page 90 of 93 

Dunford A. (2013). Friction and the Texture of Aggregate Particles Used in the Road Surface 
Course. PhD Thesis, University of Nottingham, Nottingham, England. 

Fang, H., Haddock, J. E., White, T. D. and Hand, J. A. (2004). Finite Elements in Analysis and 
Design, 41, pp.49-73 

Fang, H., Hand, J. A., Haddock, J. E. and White, T. D. (2007).  An object oriented framework 
for finite element pavement analysis, Advances in Engineering Software, Vol. 38, pp.763-771 

Fernando, E. G. (2006). Summary Report: Evaluation of Effects of Tire Size and Inflation 
Pressure on Tire Contact Stresses and Pavement Response. Texas Transportation Institute, 

The Texas A & M University System 

Flintsch G., McGhee K., Izeppi E and Najafi S. (2012). The Little Book of Tire Pavement 
Friction, Pavement Surface Properties Consortium 

FRICTI@N. (2009). FRICTI@N-project (FP6_IST-2004-027006), On-board Measurement of 
Friction and Road Slipperiness to enhance the Performance of Integrated and Cooperative 
Safety Systems. Final report. (http://friction.vtt.fi/FRICTION_FinalReport_D13.pdf. 

Fuller K. N. G. and Taylor F.R.S. (1975). The effect of surface roughness on the adhesion of 
elastic solids. Proceedings of the Royal Society, London.  Series A. 345, pp 327-342. 

Gabriel, P.  Thomas, A.G.  and Busfield J.J.C. (2009). Influence of interface geometry on 
rubber friction.  Wear, Vol. 268, pp 747-70 

Gafvert M. and Svendenius, J. (2003). Construction of semi-empirical tire models for combined 
slip, Dept. Automatic Control, Lund Inst. Technol., Lund, Sweden, Tech. Rep. ISRN 
LUTFD2/TFRT7606SE, 2003. 

Ghoreishy, M., H., R. (2006).  Finite Element Analysis of Steel-Belted Radial Tyre with Tread 
Pattern Under Contact Load.  Iranian Polymer Journal, 15(8), pp.667-674 

Gupta, K. K. and Meek, J. L.  (1996). A Brief History of the Beginning of the Finite Element 
Method. International Journal for Numerical Methods in Engineering.  Vol. 39, pp 3761-3774 

Hall, J. Smith, K. .and Titus-Glover, L.  (2009). Guide for Pavement Friction. National 
Cooperative Highway Research Program 

Haney, P (2003) The Racing and High-performance Tire: Rubber Friction. SAE International. 
Warrendale, United States. 286pp 

Hartikainen L. (2014). Wet and dry friction of passenger car tires during ABS braking. PhD 
thesis, Aalto University. 

Highways England (2015). HD28/15 Skidding Resistance, Volume 7, Section 3, Part 1 

Highways England (2017). The road to growth 
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/600275/m160503
_the_road_to_growth_Our_strategic_economic_growth_plan.pdf 

Hofstetter, K., Grobs, Ch., Eberhardsteiner, J. and Mang H. A. (2006). Sliding behaviour  of 
simplified tire tread patterns investigated by means of FINITE_EM.  Journal of Computers and 
Structures, 84, pp.151-1163. 

http://www.engineeringmaterials.org/tribology  (Da Vinci) 

https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/600275/m160503_the_road_to_growth_Our_strategic_economic_growth_plan.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/600275/m160503_the_road_to_growth_Our_strategic_economic_growth_plan.pdf
http://www.engineeringmaterials.org/tribology


 

513 – Innovation in High Speed Friction Measurement Page 91 of 93 

Ivanov, I. Shyrokau, B. Augsburg, K. and Algin, V. (2010). Fuzzy evaluation of tyre-surface 
interaction parameters. Journal of Terramechanics. Vol.47, pp113-130. 

J.F. Hamet & P. Klein. (2000). Road texture and tire noise, INTERNOISE 2000, Nice. 

Kane, M.,& Scharnigg, K. (2009) Report on different parameters influencing skid resistance, 
rolling resistance and noise emissions. Seventh Framework Programme Theme 7: Transport 

Kummer, H. W. (1966). Unified Theory of Rubber and Tire Friction. Engineering Research 

Bulletin B-94, The Pennsylvania State University, University College, PA. 

Li Li, Fei-Yue Wang & Qunzhi Zhou. (2006). Integrated Longitudinal and Lateral Tire/Road 
Friction Modelling and Monitoring for Vehicle Motion Control. IEEE Transactions on Intelligent 
Transportation Systems, vol 7, no.1 

Liu, Y., Fwa, T. and Choo, Y.  (2005). Finite-Element Modelling of Skid Resistance Test. 
Journal of Transportation Engineering, Vol. 129(3), pp.316-321.  

Luc Goubert. (2016). Influence of texture properties. Presentation at ROSANNE end of project 
meeting. 

Masad, E. & Somadevan, N.  (2002). Microstructural Finite Element Analysis of Influence of 
Localised Strain Distribution on Asphalt Mix Properties.  Journal of Engineering Mechanics, 
1105. 

Matthews, N. A. (2008). Aerial and Close-Range Photogrammetric Technology: Providing 
Resource Documentation, Interpretation, and Preservation. Technical Note 428. U.S. 
Department of the Interior, Bureau of Land Management, National Operations Center, Denver, 
Colorado. 42 pp. 

McQuaid G, Millar P, Woodward D, Friel S. (2015). Use of close range photogrammetry to 
assess the micro-texture of asphalt surface aggregate. International Journal of Pavements 
Conference  

McQuaid G. (2015). Development of non-contact 3D measurement of areal pavement texture 
parameters. PhD Thesis, Ulster University. 

McQuaid, G., Millar, P. and Woodward, D. (2015). Use of 3D modelling to assess pothole 
growth. 6th International Conference Bituminous Mixtures and Pavements, Thessaloniki, 
Greece, June 10-12.  

Mercier, C. and Bloch, J-F. 2005. Are 3D Standard Parameters Discriminant for Paper? 10th 

International Conference on Metrology and Properties of Engineering Surfaces.  Available at: 

http://www.slideshare.net/MercierMercier/finale-mercier-bloch [Accessed 29 January 2013] 

Millar, P. (2013). Non-Contact Evaluation of the Geometric Properties of Highway Surfacing 

Textures Using Close Range Photogrammetry. PhD Thesis, School of Built Environment, 

University of Ulster.  

Millar, P. A. (2013). Non-Contact Evaluation of the Geometric Properties of Highway Surfacing 
Textures Using Close Range Photogrammetry.  PhD Thesis, University of Ulster. 

Minkwan, K., Tutumluer, E. and Kwan, J.  (2009). Nonlinear Pavement Foundation Modelling 
for Three-Dimensional Finite-Element Analysis of Flexible Pavements. International Journal of 
Geomechanics, October 2009, pp 195-207. 

Moore, D.F. (1972). The Friction and Lubrication of Elastomers.  Oxford: Pergamon Press. New 
York, Oxford University Press. 

http://www.slideshare.net/MercierMercier/finale-mercier-bloch


 

513 – Innovation in High Speed Friction Measurement Page 92 of 93 

Nitsche and Spielhofer. (2009). Report on policies and standards concerning skid resistance, 
rolling resistance and noise emissions. Deliverable D06, 7th Framework Programme. Available 
to download at: http://tyrosafe.fehrl.org. 

Oliver, J.W.H. and Halligan, S. (2006).   A targeted Approach to the Measurement of Skid 
Resistance.  22nd ARRB Conference-Research into Practice.  Canberra Australia: ARRB 

Group Ltd. 

Otsuki, M. & Matsukawa, H. (2013). Systematic Breakdown of Amonton’s Law of Friction for an 
Elastic Object Locally Obeying Amonton’s Law. Sci. Rep. 3, 1586; DOI:10.1038/srep01586 
(2013). 

Pacejka H. B. (2006). Tyre and Vehicle Dynamics.  Butterworth Heineman, 2
nd

 Edition. 

Persson, B. N. J. (2000). Sliding Friction -Physical Principles and Applications.  2nd edn.  

Berlin: Springer. 

Persson, B. N. J. (2001). Theory of rubber friction and contact mechanics.  The Journal of 
Chemical Physics, Vol 115, pp 340-361. 

Persson, B. N. J., Tartaglino, U., Albohr, O. and Tosatti, E. (2004). Sealing is at the origin of 
rubber slipping on wet roads. Nature materials 3.12: 882-885. 

Persson, B.N.J. (1999). Sliding Friction.  Surface Science Reports.  Vol. 33, Issue 3, pp 3-119. 

Pin, L. Y., (2005). Analysing Laboratory Skid Resistance Test Using Finite Element Modelling, 
Doctoral thesis. 

Pinnington, R.J. (2009). Rubber friction on rough and smooth surfaces. WEAR, Vol 267, 
pp1653-1664. 

Purushothaman, N. (1987). Numerical Analysis of Sliding of Rubber Over Triangular and 
Rectangular Grooved Asperities-Tyre Pavement Interaction, Doctoral thesis , University of 
Newcastle, Australia. 

Purushothaman, N., Heaton, B.S. and Moore, I. D. (1988). Experimental Verification of a Finite 
Element Contact Analysis.  Journal of Testing and Evaluation, 16(6), pp. 497-507. 

Purushothaman, N., Moore, I.D. & Heaton, B. S. (1988).  Finite Element Analysis of 
Viscoelastic Solids Responding to Periodic Disturbances.  International Journal for Numerical 
Methods in Engineering, 26(7), pp.1471-1483. 

Rabinowicz, E. (1995). Friction and Wear of Materials. 2nd edn.  New York: JohnWiley & Sons. 

Siddharthan, Raj V., Krishnamenon, N., El-Mously, M. and Sebaaly, P. E.  (2002). Investigation 
of Tire Contact Stress Distributions on Pavement Response.  Journal of Transportation 
Engineering, 128(2), pp. 136-143. http://ascelibrary.org/doi/abs/10.1061/(ASCE)0733-
947X(2002)128%3A2(136) 

Siegfried. (1998). The study of contact characteristics between tyre and road surface. DPhil 
thesis, University of Ulster. 

Skidman. (2014). http://www.turnkey-instruments. 

Smith, R. H. (2008). Analyzing Friction in the Design of Rubber Products and Their Paired 
Surfaces.  Boca Raton: Taylor and Francis Group. 

http://ascelibrary.org/doi/abs/10.1061/(ASCE)0733-947X(2002)128%3A2(136)
http://ascelibrary.org/doi/abs/10.1061/(ASCE)0733-947X(2002)128%3A2(136)


 

513 – Innovation in High Speed Friction Measurement Page 93 of 93 

Stephant, J., Charara, A. and Meizel, D. (2002). Force model comparison on the wheel-ground 
contact for vehicle dynamics, in IEEE Intelligent Vehicle Symp., Versailles, France, vol. 2, pp. 

589–593. 

Van der Steen, R.  (2007). Tyre-Road Friction Modelling: Literature Survey.  PhD Thesis, 

Eindhoven University of Technology.. 

Van der Steen. (2007). Tyre/Road Friction Modelling, Literature Survey, DCT. 

VBox. (2014). http://www.racelogic.co.uk. 

Vericom. (2014). http://www.vericomcomputers.com/. 

Wang, W., Yan, X., Huang, H., Chu, X., Abdel-Aty, M. (2011). Design and verification of a laser 
based device for pavement macrotexture measurement. Transportation Research Part C: 
Emerging Technologies, 19 (4), pp.682-694.  

Wright, C. (2015) The contact patch. Online publication available at http://the-contact-
patch.com/book/road/c1717-grip  

Woodward D., Millar P., and Friel, S.  (2011). From Vehicle/Surface Interaction to Quiet Surface 
Dressings. The International Journal of Pavement Engineering & Asphalt Technology, 12(1), pp 
27-39. 

Woodward, D., Millar, P. & McQuaid, G. (2014). Use of 3D modelling to better understand road 
surface textures. Safer Roads 2014 4th International Safer Roads Conference, Cheltenham, 
United Kingdom, May 18.  

Woodward, W.D.H., Woodside, A.R. & Jellie, J.  (2003).  Predicting the early life skid resistance 
of asphalt surfacings.  6th International RILEM Symposium on Performance Testing and 
Evaluation of Bituminous Materials, Edited by M.N. Partl, RILEM Publications SARL, 14-16 
April 2003 Zurich, Switzerland, pp 198-204, ISBN: 2-912143-35-7. 

Yurong, L., Fwa, T. and Choo Y. (2004). Effect of Surface Macrotexture on Skid Resistance 
Measurements by the British Pendulum Test.  Journal of Testing and Evaluation. 32(4), Paper 
ID JTE11428. 

Zeifle, M. and Nackenhorst, U. (2008). Numerical techniques for rolling rubber wheels: 
treatment of inelastic material properties and frictional contact. Journal of Computational 
Mechanics, 42, pp.337-356. 

 

 

http://www.racelogic.co.uk/
http://www.vericomcomputers.com/
http://www.neilstoolbox.com/bibliography-creator/reference-journal.htm
http://the-contact-patch.com/book/road/c1717-grip
http://the-contact-patch.com/book/road/c1717-grip


 

 

513 – Innovation in High Speed Friction Measurement APPENDICES 

APPENDIX A – Laws of friction 

Various friction theories have been developed on the different components of rubber friction 
(Gabriel et al. 2010).  These include but are not limited to Moore (1972) and more recently 
Persson (1999).  There are several bodies of literature exploring and affirming the laws of 
friction such as Persson et al, (2000), Bowden and Tabor (2001), van der Steen (2007) and 
Gabriel et al. (2010). 

Persson has been involved in an extensive amount of research on this topic and continues on 
from the findings of Grosch that take into account that the sliding friction of rubber has the same 
temperature dependence as that of the complex elastic modulus (Van der Steen, 2007).  
Persson states that the friction force, under normal conditions, is related to the internal friction 
of the rubber therefore a hysteretic friction property.  As previously discussed, the mechanism 
of hysteresis causes energy dissipation thus heat is generated.  In a recent article Persson, 
(2006a) takes into account the local heating of rubber as the viscoelastic properties of rubber 
are strongly temperature dependant and found that as the temperature increases, the rubber 
friction decreases and the sliding velocity increases. 

Tribology Current friction models 

Tribology 

Tribology is the science and technology of interacting surfaces in relative motion (Persson, 
1999).  The word is derived from the original Greek word tribos meaning to rub and has the 
idea of a worn way or path (Thayer, 1886) therefore inadvertently relating to the friction that is 
created between two surfaces rubbing together, creating an interface.  As Persson (1999) 
points out: tribology has been of central importance for thousands of years, even though this 
has not always been generally recognized (Dowson, 1979). 

Sliding friction is one of the oldest problems in physics and has certainly huge practical 
significance. It has been estimated that the monetary losses in the USA resulting from 
ignorance of tribology amount to 6% of the gross national product, an incredible $420 billion in 
(Persson, 1999). 

Of particular importance is the area of contact within the tyre/surface contact patch which can 
be real or apparent.  Persson (1999) notes that most real surfaces exhibit roughness on many 
different length scales.  Thus when a block is put on a substrate the actual contact area will not 
be the whole bottom surface of the block but the real contact area which is usually much 
smaller than the apparent contact area. 

Advances in tribology  

In more contemporary research by Ivanov et al., (2008, 2010) there have been considerable 
advances in tribology through looking into non-contact analysis such as the use of computer 
image processing which is able to further explore the interaction of contact at the tyre/surface 
interface.  McQuaid, (2015) extending work by Millar (2013) developed non-contact recovery of 
surfaces using Close Range Photogrammetry (CRP) to produce a 2.5D surface within the 
range of the microtexture.  This facilitated successful assessment of the microtexture of asphalt 
surfacings to produce a better understanding of the tyre/surface interface. 

Fundamental Laws of Friction 

Introduction 

Much of what is known and applied in the context of highway engineering has been gathered 
from the results of laboratory investigation.  Experimental outputs led to the formulation of the 
Amonton’s - Coulomb’s model of surface friction.  This section presents a brief overview of the 
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model and other friction effects and the extent to which experimental findings may be
extrapolated to the real world.

There are two broad kinds of friction which are applicable within the tyre/highway surface
interface:

 Static which relates to the inertia required to overcome an object’s resistance to
movement

 Kinetic which may be sub-classified into
o Sliding: when inertia is overcome and one surface is sliding over the other and

in a locked wheel sliding over another surface
o Rolling: force opposing one body rolling over another as in a freely rotating

wheel on another surface

Amonton’s-Coulomb Friction Model

The current accepted understanding of friction does not derive originally from Amonton or
Coulomb but from Da Vinci’s experimental work in the sixteenth century (Bowden and Taylor
(1950), Rabinowicz (1995), Persson (2000). Da Vinci proposed that the apparent area of
contact had no effect on friction and that doubling the applied load resulted in a doubling of
friction. Da Vinci’s findings would later be re-stated and ratified by Amonton in 1699 and would
subsequently become known as Amonton’s law which states that:

 The coefficient of friction is given by the normal force/friction force experienced in
sliding and object on the surface

 The friction force is independent of the apparent contact area

The third law of friction was proposed by Coulomb in 1781 which states that friction is
independent of the relative sliding velocity between two objects.

According to Van der Steen, (2007), this is the widely used model in relation to friction and is
based upon two bodies interacting with each other under dry conditions at relatively low
speeds. This is not analogous therefore to tyre/surface interaction at high speed and under wet
conditions. According to Van der Steen (2007) is that the often used Coulomb friction model
with a constant coefficient of friction is in general not realistic in the case of rubber friction.

Amontons-Coulomb Friction Model shows that when one body (1) in contact with another (2)
with an applied normal force is pulled horizontally there is a threshold friction value which body
(1) needs to be overcome. This means that if the tangential force is larger than that of the
threshold value, body (1) will start to move. Amonton’s-Coulomb friction characteristics are
illustrated in Figure A-1.

 

Figure A-1 Amonton-Coulomb friction characteristics (MOGI., 2015)
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This shows that the tangential force is proportional to that of the normal value and is given by:

Fc = μFn

Where:

 Fc is the Coulomb friction force of constant magnitude and acting in the direction
opposite to motion

 μ is the coefficient of friction

 Fn is the force pressing the surfaces together

The Amonton-Coulomb friction model is based on the interaction of bodies under dry or only
partially lubricated conditions and at relatively low speeds which is not analogous to
tyre/surface interaction at high speed. The friction which is created at the tyre/surface interface
can also be related to the properties of the materials that are used, specifically in the tyres.
Due to the dry conditions in which this model is considered, the coefficient of friction on the
highway pavements tends to be generally high as measured using one of the standard
techniques. However as the lubricated surface either by water or other contaminants
represents the worst case scenario in highway applications the Amonton-Coulomb model
breaks down.

Stribeck Effect

The Stribeck model is a more advanced development and models friction as a function of
velocity but includes the Coulomb and viscous friction aspects. The model is considered valid
in steady state conditions only. A system is said to be in a steady state if the variables which
define the behaviour of the system or the process are unchanging in time. Given the
complexity of the highway surface and the range of variables to which it is subject it is unclear
to what extent the Stribeck model applies in the context of highway surfacings. The Stribeck
model is illustrated in Figure A-2.

 

Figure A-2 Stribeck friction characteristic (MOGI, 2015)

Viscous Friction

Figure A-3 demonstrates the effect of viscous friction combined with the coulomb friction
element which models the friction force as a force proportional to the sliding velocity and is
given by:

(𝑡)≠0:(𝑡)=−𝐹𝑣𝑣(𝑡)
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Figure A-3 Viscous friction combined with Coulomb friction (MOGI, 2015)

 

Static friction

Figure A-4 shows the graphical representation of the static friction model. This is a combination
of the viscous friction, coulomb friction and the static friction. This is given by:

(𝑡)=0

𝐹𝑓(𝑡)={𝑢(𝑡)(𝐹𝑐+𝐹𝑠)𝑠𝑔𝑛𝑢(𝑡) |𝑢(𝑡)|≤(𝐹𝑐+𝐹𝑠)

 

 

Figure A-4 Viscous friction combined with Coulomb friction and static friction (MOGI, 2015)
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Rolling friction  

The rolling friction of a tyre can be given by: 

𝐹𝑟=𝑀𝑅, where: 

 

Fr = Rolling friction, 

M = Torque,  

R = Radius of the tyre,  

 

According to Van der Steen., (2007) for an elastic wheel, the reaction force acts through the 
centre of the wheel therefore M=0. However, for a viscoelastic material, like that of a tyre, the 
reaction force moves closer to the loading as the stresses are lower during unloading of the 
tyre.  

 

For a viscoelastic tyre, M=Wz where W is the normal load and z is the distance from the centre 
of the wheel. 

 

W is the normal load

z is the distance from the centre of the wheel. This is illustrated in Figure A-5.

 

Figure A-5 Rolling friction (Van der Steen, 2007)
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APPENDIX B – Longitudinal and transverse friction 
devices 

When a driver applies the brake for a vehicle travelling in a straight line a torque is applied to 
the vehicle wheels via the braking system.  A reacting force develops in the tyre/road contact 
area. 

Provided that grip is maintained, the angular or rotational speed of the wheels decreases and 
the vehicle slows down as kinetic energy is absorbed in the braking system. 

However, as the braking torque increases, the wheel speed may reduce below the vehicle 
speed and consequently the tyre slips on the road. 

This generates friction forces in the contact area due to adhesion and deformation processes 
slowing down the vehicle.  With extreme braking the wheel may cease to rotate and become 
locked causing the tyre to slide or skid over the road surface. 

Typically, longitudinal friction measuring devices attempt to simulate this by controlling the rate 
at which the wheel rotates relative to the road speed.  This leads to the idea of slip ratio.  

The tyre slip ratio G is defined by 𝐺 = (
𝑉−𝑅𝜔

𝑉
) where ω is angular velocity of the wheel; R is the 

wheel radius and V is the vehicle speed. 

G varies between 0 and 1 and is generally expressed as a percentage.  For example, at G = 
0% the tyre speed is equal to the vehicle speed and the wheel is freely rotating. For G = 100% 
the wheel is in a locked condition.  

 

 

Figure B-1 The longitudinal friction coefficient – G curve (Do and Roe, 2008) 

 

The Longitudinal Friction Coefficient (LFC) varies with the tyre slip ratio as illustrated in Figure 
B-1.  Friction increases as the slip ratio increases up to a maximum value before decreasing as 
the slip ratio continues to increase up to a locked wheel condition.  
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This variation can be explained by the movement of the tyre treads in the tyre/road contact area 
changing from a largely shear phase to a mainly slipping phase. 

The maximum value of LFC denoted by Gmax, is known as peak friction and typically occurs at a 
slip ratio between 15% and 20%. Some longitudinal friction measuring devices operate with a 
fixed slip ratio whereas others have a variable slip ratio. 

The fixed slip ratio method is more suitable for general monitoring as the wheel continues to 
rotate during the test and so can be used continuously.  Some locked wheel devices can 
measure the frictional forces during the whole braking cycle giving the friction slip curve whilst 
reporting the locked wheel value. 

The transverse friction device 

As a vehicle negotiates a bend, the driver uses the steering system to turn the vehicle’s front-
wheels so that there is a difference between the vehicle direction and the wheel rotation-plane.  
The induced angular difference is known as the slip angle.  

It induces tyre/road friction, which in turn generates a centripetal force opposing the centrifugal 
force exerted on the vehicle in the bend, allowing the vehicle to follow the curve of the road.  

If the centrifugal force exceeds the friction force available, the tyre will slip sideways, even 
though it continues to rotate. Transverse-friction is also known as side-force, skid resistance 
measuring devices try to simulate this process.  

This leads to the concept of the slip angle and it is important to appreciate how the transverse, 
or sideways friction coefficient varies with the slip angle.  The slip angle is the angle formed by 
the wheel’s plane of rotation and the tangent to the wheel’s path.  

On a skid resistance test device the wheel’s path normally follows the direction of travel of the 
test vehicle. This is known as Sideway Force Coefficient (also abbreviated to SFC). 

 

 

Figure B-2 The SFC – δ curve (Do and Roe, 2008) 
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The SFC varies with the tyre slip-angle as illustrated in Figure B-2.  Initially, friction increases 
as slip angle increases then reaches a maximum after which it starts to decrease as the slip 
angle continues to increase.   

This process is comparable to longitudinal braking as the tyre tread in the tyre/road contact 
area moves from a shear phase to a slipping phase. 

Typically, the maximum value of SFC occurs at a slip angle, denoted by δmax of between 4° and 
7° for a light vehicle and between 6° and 10° for a truck.  Skid resistance measurement devices 
operating on the angled wheel principle normally operate at a fixed slip angle which is typically 
greater than δmax. 

The force developed along the axle of the test wheel is measured and used to compute a 
friction value to represent skid resistance. 

The current context SFC refers explicitly to the special case of the value measured with a skid-
resistance device operating on angled-wheel principle under controlled conditions.  The side-
force method for measuring skid resistance allows continuous measurement and such devices 
are often used for routine monitoring purposes. 

Some devices can vary the slip angle through the test but, as with variable-slip longitudinal 
systems, these are normally confined to research work. 

Appropriateness for a high speed network 

Use of a friction measuring tyre either in LFC or SFC measurement mode has been the method 
of choice since researchers such as Bradley and Allen first developed their ‘high speed’ SFC 
motor-cycle sidecar device, that was used to measure up to speeds approaching 30 mph. 

This was the fastest speed that their motor-cycle could achieve given the sideway forces being 
generated by the measuring wheel interfacing with the road under investigation. 

This interaction of the friction measuring tyre and the road surface is probably one of the key 
criteria influencing the choice of the most appropriate form of high speed friction measurement.  
At higher test speeds the tyre is subjected to greater stresses, especially for surfaces with 
greater macro-texture and to a lesser extent greater microtexture. 

This effectively eliminates a SFC type of measurement as the tyre is constantly under stress 
and susceptible to high speed blow outs.   

This is probably the reason why most of the devices identified in the TYROSAFE (Tyre and 
Road Surface Optimisation for Skid Resistance and Further Effects) Project (Do and Roe, 
2008) were LFC devices. 

All the devices that allowed friction measurement greater than 100 km/h were LFC devices. The 
ability of the friction tyre to run in the same direction of travel reducing stress on the tyre 
allowing it to last longer and to be run at higher test speeds. 

Different LFC devices allow test measurements ranging from constant fixed slip to simulated 
locked wheel braking events.  However, the nature of the interaction between friction tyre and 
the surface will be different. 

This type of LFC testing causes wear of the friction measurement tyres and so offers limited 
life, with an inverse relationship between slip ratio and tyre longevity. 

Devices can run discrete tests such as simulation of braking for short periods in order to 
prolong the life of the measurement tyre.  However, this reduces coverage of the network and 
may miss localised locations with low skid resistance and high skidding risk. 
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Prolonged testing under more extreme conditions caused by higher speeds may cause 
changes in the properties of the tyre rubber during testing which may influence the measured 
data.  

There are logistical problems in carrying a sufficient volume of water needed to create the 
necessary water films at the fiction tyre/road surface interface.  At network level this typically 
requires fitting the friction device to a water tanker or, driving a water tanker in front of the 
measuring device. 

The speed and practical limitations of a system requiring a water tanker are obvious when 
measuring high speed friction at network level. 

There is also the important factor that most friction measuring devices use a smooth rubber 
friction measuring tyre to interface with the road surface being measured.  It is argued that this 
removes issues related to the wear of treaded tyres that will influence tyre/road interface. 

However, it can also be argued that at high speeds, it is this interaction between the treaded 
tyre fitted to a vehicle and how this interfaces with road surface texture at different scales that is 
the property that should be measured. 

Direct measurement using a smooth friction tyre is not a suitable means of measuring high 
speed friction at network level.  This implies that a different method, involving either direct 
measurement or indirect measurement derived from some other related property potentially 
offers more scope. 

The move from this traditional approach of measurement, which has not fundamentally 
changed for the last eighty five years, opens up many possibilities.  These might include 
prediction of friction using non-contact measurement of road surface properties, extraction and 
evaluation of data from the vehicle or its tyres to using large datasets from orbiting satellite that 
measure all parts of the earth’s surface every few days. 

These types of measurement are not restricted to the physical and practical limitations of 
smooth tread-less friction tyres and their unrealistic interaction with small areas of the inside 
wheel path, of the inside lane generating a single friction value once or twice a year. 

Rather they allow the opportunity to gather data about the actual tyre/road interface that can be 
accessed by those involved in network administration/maintenance as well as the road user in 
real time for the entire network. 

Factors contributing to a potential reduction in skid resistance can be linked to the car and its 
driver from weather forecasts warning the driver or car.  This would also give better 
understanding of the impact of seasonal, daily and other short term changes. 

Whilst all of this may seem ambitious or utopian this is potentially very much a reality and 
worthy of consideration in this project.  In a project investigating Innovation of High Speed 
Friction Measurement, innovation implies transformative thinking rather than remodelling 
existing systems as has been for the past eighty five years. 

Highway engineering and those involved with measuring and maintaining a safe network have 
to move away from concern with the measurement of surface parameters and embrace the 
perspectives and advancements achieved by the vehicle and tyre manufacturers in holistically 
delivering the user safety and vehicle performance enhancements.  
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APPENDIX C – Sideway force Coefficient Routine 
Investigation Machine 

The development of the UK sideways force device dates from the work of Bradley and Allen 
(1930) who were requested by the then Ministry of Transport (Roads Department) to investigate 
the skidding of vehicles on road surfaces. 

They were interested in devising a method of measuring slipperiness.  They identified two 
distinct forms of slipping on road surfaces:  

1. The first occurs when the brakes of a moving vehicle are applied with sufficient force to 

lock the wheels in which case the wheels begin to slip along the surface without 

revolving. 

2. The second occurs on curves or on steeply cambered surfaces when the wheels 

continue to revolve but slip at right-angles to the direction of rolling. 

Bradley and Allen considered this second form of slipping or sideway resistance offered by a 
rolling wheel to be the most promising field for investigation.  They designed and constructed 
what they called a ‘high speed’ apparatus using a motor-cycle and sidecar outfit. 

Figure C-1 compares the similarities between the motor-cycle sidecar outfit and the modern 
SCRIM. 

Figure C-2 shows the tyres used during their investigations and the corresponding contact 
patch for each of the different tyres evaluated.  It is interesting to note that the tyre contact 
patch was of interest eighty five years ago. 

…   

Figure C-1 Comparison of the Bradley and Allen motor cycle and sidecar (Bradley and Allen, 
1930) and SCRIM (HD28/04 and HD28/15) 
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Figure C-2 The tyres and their contact patches used on sidecar wheels (Bradley and 
Allen, 1930) 

The sidecar wheel was arranged to swing outwards from a pivot on the chassis.  High speed in 
all the experiments detailed never exceeded 30 mph as their motor-cycle was not powerful 
enough. 

Numerous experiments are detailed by Bradley and Allen (1930) that remain relevant today.  
For example, the 1930 research recommended an angle of 17 degrees which is close to the 20 
degree angle of the current sideways force device.  

Since this work different devices were developed in the UK.  The measuring tyre moved from 
the side-car and became a fifth wheel mounted inside a vehicle fitted with a small water tank.  
These devices were used as research tools and were considered not suitable for testing at 
network level. 

By the late 1960s the requirement for skid resistance testing at network level resulted in 
development of the Sideways force device now used in the UK. 

This device was introduced in the 1970s to provide a method for routine measurement of the 
skid resistance of the road network.  HD28/04 stated that measurements for monitoring the in-
service skid resistance of UK Trunk Roads shall be made with a Sideway-force Coefficient 
Routine Investigation Machine (SCRIM). 
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APPENDIX D – Complete review of alternative methods 
that may be used to either directly or indirectly 
measure high speed friction 

With regard to this project dealing with Innovation in High Speed Friction Measurement, this 
implies the need to appreciate, understand and possibly answer some fairly basic questions 
such as:  

• Do smooth friction measuring tyres and treaded vehicle tyres interact with road 

surfaces in the same way? 

• What is measured by a friction tyre and is it relevant to high speed friction? 

• How do tyres fitted to a vehicle interact with different types of road surface asphalt 

made with different aggregates? 

• How can the effects of detritus (water, grease, ice, dirt) between the tyre and road 

surface interface be mitigated or their influence be quantified?  

• What happens to tyre/road surface interaction with increasing speed? 

• What happens at the interface should the driver of the vehicle need to get stopped 

quickly? 

There are a wide range of possibilities that either directly or indirectly address these questions 
or be used in developing a method to measure high speed friction. These range from laboratory 
testing to developing a friction device that uses either direct or indirect methods. This section of 
the review considers alternative possibilities for measuring high speed friction. 

1 Laboratory testing methods 

The main laboratory methods for predicting skid resistance are the PSV test for 10mm sized 
aggregate and asphalt mix tests such as Friction after Polishing or the Road Test Machine.  

The PSV test would require development to include a high speed version of pendulum testing 
to replace the existing slow method. 

A speed profile is measured during the friction measurement part of the FAP test.  This profile 
could be re-evaluated to look at the higher speed measurements recorded during test.  

The RTM is a slow speed method using the slow speed with the slow pendulum test used to 
measure changes in friction. The advantage of this method is however is the fact that it uses a 
slab 305 x 305 mm in size that could form the basis of some new form of high speed 
tyre/surface interface measurement. 

2 A tyre based friction tester  

The route of developing yet another friction tester with a friction measuring tyre is one that 
would probably result with the same problems associated with many of the existing devices. 
This would necessitate a low slip condition to take measurements rather than the traditional 
peak or almost peak friction value. 

The proportional relationship between the slip ratio and the frictional behaviour of a tyre under 
low slip conditions illustrate that a system may be used at high speed with low slip ratio (<5%) 
in order to deliver the measurements required without rapidly damaging the tyre carcass.  

This may not be feasible with the added complications arising from the heat generation of such 
testing.  However, this aspect of heat generation may prove a viable indirect indicator of road 
surface friction.  
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3 A mobile test platform 

It may be possible to develop a relatively economic trailer based device that gathers 
indirect or non-contact measurements of variables that can be shown to relate to 
friction.  For example, a simple solution could show how tyre surface temperature 
changes with road surface texture.  Changes in brake temperature might be similarly 
utilised. 

4 Re-evaluation of 2D and 3D road surface parameters 

2D and 3D profile data has been used to investigate road surface textures at different scales of 
texture. The main problem with this type of data is working with large datasets and extracting 
meaningful parameters from the measured 2D or 3D profile.  

Work by Dunford (2014), Millar (2014) and McQuaid (2015) has started to highlight that not all 
of the measured data is relevant. 

Analysis to show parameters such as contact area, surface volume and tyre draping would be 
feasible and allow indirect non-contact predictions of high speed friction. 

Development of such systems would need laboratory verification using a rolling road to 
prototype a suitable device and if proven reliable retrofitted to a suitable vehicle for high speed 
testing.  

5 Reconsidering the laws of friction 

This idea revisits the laws of friction to help devise or develop an innovative measure of high 
speed friction.  There are three basic laws of fiction that have been recognised for quite some 
time (Amontons, 1699 and Coulomb, 1785): 

 The friction force is directly proportional to the applied load (Amonton’s First Law) 

 The friction force is independent of the apparent area of contact (Amonton’s Second 

Law) 

 Kinetic friction is independent of the sliding velocity (Coulomb's Law) 

To say they have formed the basis of many studies relating to road surface friction would be an 
understatement. However, many studies and attempts to model tyre/road surface interface 
conditions do not consider the high speeds of this project. 

Many friction studies have been carried out at slow speed and have not considered the 
complexities of real life i.e. a treaded tyre braking from high speed interacting with a road 
surface of different levels of texture.  Neither do they consider the influence of different fluids 
such as bitumen during the early life of an asphalt surfacings; or water in the form of fog, light 
rain or prolonged heavy rain. 

Many of the studies and models assume either a smooth surface and / or a smooth tyre i.e. 
conditions which do not simulate reality. These conditions need to be assessed. 

Amonton’s Second Law states that the force of friction is independent of the apparent area of 
contact.  Perrson (2004) proposed that the contact area traditionally accepted is greatly 
exaggerated over the tyre contact. 

This has been shown in recent developments of 3D modelling of road surface textures at scales 
from macro to micro (McQuaid, 2015).  Using methods such as the Abbot Firestone Curve, it is 
now possible to better understand and quantify the true area of contact as a tyre drapes over 
the macrotexture of a road surface and at the microtexture level of individual aggregate 
particles. 
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This new type of data, in conjunction with measurement methods carried out a high speed may 
offer better indication, prediction and/or understanding of friction and its measurement at high 
speeds. 

6 Decelerometer braking devices 

These types of devices are used by the police in crash investigations. Examples include the 
Skidman and the Vericom devices both of which involve the use of de / accelerometers.  The 
Skidman device is positioned in the front passenger foot-well of the police car whilst the 
Vericom is typically mounted at windscreen level.  Both devices measure the average 
deceleration of the vehicle through a skid from a defined speed to a stop. 

The target speed is typically 50 km/h with the car’s Anti-Lock Braking System (ABS) disabled.  
Although these types of decelerometer braking type test are unrealistic at network level, it may 
present a concept of high speed acceleration / deceleration measurement that could be 
developed into a high speed measurement of tyre/road interaction. 

It would also necessitate the co-operation of a test track to assess road surfaces at high speed 
under controlled safe conditions. 

7 Braking type GPS test devices 

Accurate brake testing is possible using high speed GPS-based systems such as the Racelogic 
VBox3i. With a sample rate of 100Hz the VBox3i can give an accurate measurement of braking 
time, distance travelled and longitudinal deceleration. 

Although this type of testing is not suitable for network testing it has application in better 
understanding what happens when a vehicle brakes at different speeds over different surfaces 
in different conditions comparable with having to get stopped on a high speed road.  

Different types of test are possible. For example brake stop testing with an ABS equipped 
vehicle can compare different types of asphalt surface.  Using ABS means the stopping 
distances are repeatable, making the tyres performance results directly comparable for different 
surfaces. 

The test is usually performed between two set speeds during the linear stage of the brake test 
in order to remove the response time of the braking system. For example, if the brakes are 
applied at 110 kph, the brake test could start at 100kph and finish at 15kph; this eliminates the 
first and final part of the brake stop which is less repeatable. 

The speed at which either a tyre or road surface will begin to aquaplane is an important 
characteristic particularly at high speed where the ability to deal with water is important.  There 
are two main tests which are used to determine this speed.  The first is in a straight line, and 
the second is around a corner.  

In the straight line aquaplane test the vehicle accelerates from a standstill with one side of the 
car running with the wheels in a shallow channel filled with water. When the aquaplane 
threshold speed is reached, the driven wheel in the water channel will start to slip, and by 
comparing the speed of this wheel with the overall vehicle speed obtained by GPS, this speed 
can be captured. 

The challenge in this test is to calibrate the wheel speed inputs and relate these to the GPS 
vehicle speed. RACELOGIC supply dedicated aquaplane software which carries out the 
calibration and collection of the test results. 

In the cornering aquaplane test the vehicle drives into a flooded section of track whilst turning 
on a prescribed radius.  This test is carried out at different speeds, until the aquaplane 
threshold is reached, at which point the vehicle will start to slide upon entering the bath. 
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The GPS based VBOX can measure the vehicle speed and lateral acceleration allowing the 
aquaplane threshold to be measured very accurately.  RACELOGIC’s aquaplane windows 
software is designed to work with a VBOX for easy and accurate aquaplane testing. 

Although these methods are typically used on test tracks to assess tyre performance, these 
methods could be modified to assess differences in road surfaces. 

8 Indirect measurements provided by the vehicle 

Numerous systems designed to improve driving safety have been developed by the motor 
vehicle industry.  Some selection and combination of these systems are used by almost every 
car manufacturer world-wide.  Given the scope and capability of vehicle systems now available, 
road surface skid resistance may now be of less importance and possibly even a thing of the 
past. 

This is particularly relevant if the English SRN is compared to most other European and 
developed countries around the world.  Many counties have not had the historical benefit of 
high PSV aggregates either available within their country or as a specification requirement. 

Yet they do not demonstrate abnormally high accident rates even though the values of road 
surface skid resistance are low.  Limestone road surfaces in Florida and Greece for example 
may deliver values so low that they are difficult to measure yet the modern car makes them 
relatively safe to drive on. 

The following are some of the systems developed: 

Anti-lock braking (ABS) allows the wheels on a motor vehicle to maintain tractive contact with 
the road surface according to driver inputs while braking, preventing the wheels from locking up 
(ceasing rotation) and avoiding uncontrolled skidding. It is an automated system that uses the 
principles of threshold braking and cadence braking. It does this at a much faster rate and with 
better control than a driver could manage. ABS generally offers improved vehicle control and 
decreases stopping distances on dry and slippery surfaces. However, on loose gravel or snow-
covered surfaces, ABS can significantly increase braking distance, although still improving 
vehicle control. Recent versions not only prevent wheel lock under braking, but also 
electronically control the front-to-rear brake bias. This function, depending on its specific 
capabilities and implementation, is known as electronic brakeforce distribution (EBD), traction 
control system, emergency brake assist, or electronic stability control (ESC). 

Electronic stability control (ESC), also referred to as electronic stability program (ESP) or 
dynamic stability control (DSC), is a computerized technology that improves a vehicle's stability 
by detecting and reducing loss of traction (skidding). When ESC detects loss of steering 
control, it automatically applies the brakes to help "steer" the vehicle where the driver intends to 
go. Braking is automatically applied to wheels individually, such as the outer front wheel to 
counter oversteer or the inner rear wheel to counter understeer. Some ESC systems reduce 
engine power until control is regained. ESC does not improve a vehicle's cornering 
performance; instead, it helps to minimize the loss of control. 
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Electronic brakeforce distribution (EBD or EBFD) or electronic brakeforce limitation (EBL) is 
an automobile brake technology that automatically varies the amount of force applied to each of 
a vehicle's brakes, based on road conditions, speed, loading, etc. Always coupled with anti-lock 
braking systems, EBD can apply more or less braking pressure to each wheel in order to 
maximize stopping power whilst maintaining vehicular control. Typically, the front end carries 
the most weight and EBD distributes less braking pressure to the rear brakes so the rear 
brakes do not lock up and cause a skid. In some systems, EBD distributes more braking 
pressure at the rear brakes during initial brake application before the effects of weight transfer 
become apparent. 

Traction control systems (TCS) are typically (but not necessarily) a secondary function of the 
electronic stability control (ESP) on production motor vehicles, designed to prevent loss of 
traction of driven road wheels. TCS is activated when throttle input and engine torque are 
mismatched to road surface conditions. Intervention consists of one or more of the following: 
Brake force applied to one or more wheels, Reduction or suppression of spark sequence to one 
or more cylinders, Reduction of fuel supply to one or more cylinders, Closing the throttle, if the 
vehicle is fitted with drive by wire throttle, In turbocharged vehicles, a boost control solenoid is 
actuated to reduce boost and therefore engine power. Typically, traction control systems share 
the electrohydraulic brake actuator (which does not use the conventional master cylinder and 
servo) and wheel speed sensors with ABS. 

Vehicle Dynamics Integrated Management (VDIM) is an integrated vehicle handling and 
software control system developed by Toyota. It involves an omnibus computer linkage of 
traction control, electronic stability control, electronic steering, and other systems, with the 
intent of improving responsiveness to driver input, performance, and overall safety. VDIM 
integrates the company's Electronically Controlled Brake (ECB), Anti-Lock Brakes (ABS), 
Electronic Brakeforce Distribution (EBD), Traction Control (TRC) and Vehicle Stability Control 
(VSC) active safety systems with the Adaptive Variable Suspension (AVS), Electric Power 
Steering (EPS) and Variable Gear Ratio Steering (VGRS) systems. This way all the systems 
function together rather than the ECU prioritizing which is the most important. VDIM takes 
measures to prevent skids, slides, or wheel spins rather than just take action after tire slippage 
has occurred. This is done by constantly making corrections in a subtle manner that are 
transparent to the driver. 

These are just some of the systems available. It is quite possible that should contact be 
established with the vehicle manufacturing industry that a viable method of high-speed friction 
measurement either exists, be modified or be developed. 

9 Provided by the tyre industry 

Similar to the vehicle industry, extensive research has been done by the tyre industry to 
improve tyre performance.  Wet braking performance is now reported for each car tyre. 
According to the tyre labelling legislation wet grip can be tested in one of two ways.  

The first is the wet braking vehicle test, which measures wet braking performance on a wet 
road surface, braking from 50mph to 12mph.  The second test is a skid trailer test, which 
measures friction between the road and a tyre, conducted at 40mph. The end result of both 
tests provides a Wet Grip Index (WGI), which describes the improvement in percentage in 
relation to a reference tyre. 

There is now much interest in the intelligent tyre with conferences such as the 11th Annual 
Conference Intelligent Tires Technology 2015, 17 - 19 November, 2015, Dresden, Germany.  
However, review of the content shows little involvement with the roads industry. 

Research has shown how water influences the contact patch at speed.  The classic theory is 
that a wedge of water develops in front of the contact patch that reduces particularly along the 
the y-axis of the foot-print. 
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This reduction in foot print is related to the factors involved in the need to get stopped from high 
speed in wet conditions.  Recent work by Hartikainen (2014) explores the use of an optical 
sensor fiited inside the tyre that was developed during the EU funded APPOLLO (2005) and 
FRICTI@N (2009) projects.  

Figure D-1 shows how the inner ring of the tyre deforms during aquaplane testing at 110 kmh 
compared for a dry surface. This has obvious application as it quantifies how a particular tyre is 
interacting with a particular road surface and how water is being managed at high speeds. 

 

Figure D-1 Tyre inner ring deformation during aquaplane testing at 110 kph (Hartikainen, 2014). 

10 3D road surface texture big data  

3D road surface texture (macro / micro) scales can be measured in static conditions using 
different types of laser and photogrammetry based system (Dunford 2014, Millar 2014 and 
McQuaid 2015). If this type of information could be captured and processed at high speeds 
then this would offer insight into road surface contact phenomena.  However, it will require 
development to efficiently analyse the amounts of big data captured during measurement. 

11 Satellite derived big data 

Probably the most interesting method with greatest potential to monitor a network is to make 
use of satellite derived big data.  Europe has invested billions of euros in satellite systems and 
is now seeking applications for using the data being constantly measured using the Galileo 
system.  

The advantage of this type of big data is that England is scanned every few days.  Should an 
application for this big data be determined then the project can have truly world significance 
and impact. 

Whether the available big data can be directly related to macrotexture is as yet unknown.  
However, the different types of satellite sensor systems may be capable of measuring changes 
in the observed road network that can be related to frictional change. 

For example, it may be possible to pick up differences in rock type, differences in early life road 
surfaces as they lose their bitumen coatings and aggregate becoming exposed, to the build-up 
of contaminants that may detrimentally affect skid resistance. 

The analytical potential of these big data sources remains considerable for assessing 
something like a national road network.  The reason being that the big data set is  renewed 
every few days as the satellites continue to remotely monitor the earth’s surface. 

12 Measurement of oscillatory movement of a falling lever 

This idea relates to a lever arm mounted to the underside of a vehicle in close proximity to the 
highway surface.  The metal lever would be free to rotate and impact onto and react from the 
surface. 
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The reaction of the lever and its impact would be measured by a small pressure plate fixed 
above it on the underside of the vehicle body.  This would be combined with a positional 
transducer fixed to the pivot which would be used to measure rotational movement. 

The measurements recorded could be used to assess the tyre surface interaction.  It is 
anticipated that at the investigatory phase image analysis would be required in order to extract 
the pavement surface geometric properties. 

13 Measurement of radial line distortion 

Rapid acceleration or deceleration can result in significant distortion of the tyre.  It is proposed 
to mark a series of radial lines on the side walls of a vehicle tyre.  It is anticipated that distortion 
of the tyre under a locked wheel test for example will be reflected in a corresponding distortion 
of the lines. 

Images of the tyre captured before and during the test would be used to construct three 
dimensional models.  Measurements of radial line distortion would be extracted before and after 
testing and used to make an assessment of the tyre/surface interaction. 

A similar type of comparison could be made by measuring the migration of a series of radial 
dots during testing.  The apparatus required to prove the principle is already available at Ulster 
University. 

14 Measurement of displacements of an arrangement of spring balances connected 
to a towed vehicle 

A spring balance extends and recovers in response to applied loading.  The acceleration 
required to move a vehicle or deceleration required to stop it will be governed ultimately by the 
extent to which its tyres interact with the surface.   

Changes in inertia or momentum would be reflected by changes in the spring balance readings 
which could be recorded remotely.  Use of a moving test platform would facilitate considerable 
scope for adjusting applied loads and tyre pressures.  Measurements could be captured 
remotely. 

15 A drop test using high impulse acceleration 

This involves a standard passenger vehicle sized tyre dropped a small (defined) distance onto 
a road surface while travelling at normal highway speed.  An Infrared sensor would then be 
used to determine the temperature achieved by the tyre in the initial landing contact area. 

The proposed system would use a mobile test platform with a free rolling or variable slip axle 
allowing tuning of testing criteria.  The platform would house the water storage for testing 
purposes. 

Frictional characteristics may be inferred from the magnitude of heat generation in the 
instantaneous acceleration event for the tyre.  The use of a short drop onto the surface would 
simulate the sudden application of full brake from locked wheel to free rolling. 

16 Friction measurement with a low slip wheel 

The principle of the system would use a common vehicle tyre mounted on a mobile testing 
platform with control gear and water storage for surface wetting.  The axle would be loaded 
through the normal operation of the trailer.  The low slip ratio would be controlled to maximise 
tyre life. 

Tyre surface temperature would be recorded as an indirect measure of interface conditions.  
This system varies from the Breaking force trailer in its use of low slip for measurement instead 
of locked wheel measurements. 
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17 The accelerated tyre method 

The legal requirement within the UK for a towed trailer is that a vehicle has a maximum speed 
of 60mph. This limits the measurement of high speed friction. A possible method to circumvent 
this restriction is to accelerate the testing tyre prior to contact with the road surface.  
Measurements would be recorded from the power requirements on the electric motor driving 
the test axle. 

The ULTRA apparatus in Ulster University could be used to simulate a rolling road the test tyre 
could be driven using an electrical motor. The tyre dropping onto the rolling road could be used 
to generate an electrical pulse that could be related to the tyre surface interaction. 

18 High speed water footprint method 

The contact area between the tyre and the road surface is impacted by the development of 
water skin on the tyre during rolling interaction. As the degree of hydroplaning increases the 
tyre contact decreases. The interaction with the surface will reduce as the water layer increases 
to a point where the tyre is only interacting with the water layer on the surface. The 
measurement of this water layer that causes full hydroplaning at high speed may then be 
related to the friction characteristics. 

19 Water displacement method 

Friction interaction at high speed in wet conditions is dependent on the ability of the tyre to 
displace water during the contact interaction with the surface 

A known value of water can be delivered to the front of the test tyre travelling at high speed and 
the dispersion of water measured.  
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Decision Matrix 

The following matrix is presented as a means of narrowing the selection of outline proposals in 
terms of probability of delivery and potential limitations associated with delivery. 

Proposal Level of Innovation Potential Difficulty in Delivery 

 High Medium Low High Medium Low 

1       

2       

3       

4       

5       

7       

8       

9       

10       

11       

12       

13       

14       

15       

16       

17       

18       

 

A number of projects are feasible in principle, 1, 2 4, 7, 12, 13, 14, 15, 17 and 18. 



 

 

513 – Innovation in High Speed Friction Measurement APPENDICES 

Proposal 1 requires development of a high speed pendulum type instrument driven at high 
speed by an electric motor to assess the interaction with real asphalt samples subject to slow 
speed high stress simulated trafficking using Ulster University’s Road Test Machine (RTM).  
The deliverable would comprise a new high speed pendulum apparatus 

Proposal 2 is less innovative as it is to some extent dependent on existing technology but it is 
anticipated that the heat generated at the interface could be used to assess the extent of 
tyre/pavement interaction.   This is not currently practiced by the industry.  Deliverables would 
comprise thermal imaging data expressed as heat signatures for different pavements under 
variable load, pressure and condition.  It is also feasible that this proposal could be combined 
with any proposals that required an instrumented towed vehicle viz; 7, 14 and 17.   

Proposal 4 is standalone requiring re-evaluation of 2D and 3D parameters.  Deliverables would 
include tyre draping indices, tyre embedment, 3D contact areas, contact-to-surface void ratios 
and roughness indices. 

Proposal 7 has important applications to wet friction, specifically conditions of aquaplane.  
Deliverables would include aquaplane thresholds for different surfaces which could be related 
to tyre/road interaction.  

Proposal 12 is a straightforward method of attempting to gauge the tyre/surface interaction as it 
relates to the reaction of a simple lever off the pavement surface and its impact on a small 
pressure plate.  Deliverables would include traces plots of the reactions along the wheel paths 
of a range of surfacings 

Proposal 13 requires capturing images of radial line distortion of tyres under braking or 
acceleration.  As the work done is a function of force times displacement this could offer a 
measure of the work done in bringing the vehicle to a stop which could be expressed as a 
measure of tyre/surface interaction. Deliverables would include estimation of work inputs 
required to stop on highway surfacings in varying conditions.  

Proposal 14 would utilise a spring loaded connection between a mobile test platform and a 
towing vehicle. The resultant forces on the connection arising from the tyre/surface interaction 
would be monitored. The test platform would permit variation of loading and slip ratio to 
determine the most effective for high speed measurement. 

Proposal 15 would require the use of an instrumented passenger vehicle wheel with precise 
rotational control. The wheel would be dropped onto the road surface with the resultant forces 
from the instantaneous acceleration event upon contact being used to derive the surface 
frictional performance. The system would need to have control of water delivery rate, axle load, 
IR sensor(s) and slip values for varying conditions of measurement.  

Proposal 16 would operate in similar fashion to that of 15, with addition of an electrical motor to 
accelerate the tyre beyond the permissible speed of a trailer on the HSN, The tyre interaction 
with the surface when dropped into contact would allow determination of frictional 
characteristics from instantaneous heat generation on the tyre surface, water squeeze out, axle 
loading, etc. 

Proposal 18 involved the development of a Digital Image Correlation (DIC) system to examine 
how the vehicle wheel dewaters the contact area. This would be examined through the spray 
generation and tyre deformation from varying speed and water delivery rates; examining how 
they impact on the tyre aquaplaning behaviour. The simplest method to attempt this experiment 
would be to apply a proof of principle experiment within the ULTRA apparatus in the laboratory. 


