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List of Acronyms

AASHTO: American Association of State Highway Transportation Officials

ABS: anti-lock braking systems

ASTM: ASTM International, formerly the American Society for Testing and Materials
BPN: British pendulum number

CFME: continuous friction measuring equipment

CSC: characteristic SCRIM coefficient

DMRB: Design Manual for Road and Bridges [U.K. Standards for Highways]

ESC: equilibrium SCRIM coefficient

FHWA: Federal Highway Administration

FN: friction number [measured with a locked-wheel tester]
GN: grip number

HFST: High Friction Surface Treatment

IL: investigatory level [for friction]

ILM: investigatory level for macrotexture

MPD: mean profile depth

MTD: mean texture depth

NCAT: National Center for Asphalt Technology
NZTA: New Zealand Transport Agency

PIARC: Permanent International Association of Road Congresses
PFM: pavement friction management

PSV: polished stone value

SBS: styrene-butadiene-styrene

SCRIM: Sideway-force Coefficient Routine Investigation Machine
SFC: sideway force coefficient

SFN: sideway force number

SR: SCRIM Reading

SMA: stone-matrix asphalt

SN: skid number [measured with a locked-wheel tester]
Superpave: Superior Performing Asphalt Pavements

TLM: threshold level for macrotexture
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1 Introduction to Pavement Friction

The frictional properties of pavements play a significant role in road safety, as the friction
between tire and pavement is a critical factor in reducing potential crashes. When a tire free rolls
in a straight line, the contact patch is instantaneously stationary with little to no friction
developed at the tire/road interface, although there are some interactions that contribute to rolling
resistance. However, when a driver begins to execute a maneuver that involves a change of speed
or direction, forces develop at the interface in response to acceleration, braking, and/or steering
that cause a friction reaction between the tire and the road. Friction enables the vehicle to speed
up, slow down, or track around a curve (Flintsch et al. 2012). The reaction forces are limited by
the dynamic friction available.

1.1 Definition of Pavement Friction

According to the American Association of State Highway Transportation Officials (AASHTO)
Guide for Pavement Friction, “Pavement friction is the force that resists the relative motion
between a vehicle tire and a pavement surface” (AASHTO 2008). This Guide was developed
under the National Cooperative Highway Research Program (NCHRP) project 1-43 and the final
report of this project (Hall et al, 2009) contains the Guide, as well as additional technical details
and background not included in the document published by AASHTO. The friction force
between tire and pavement is generally characterized by a dimensionless coefficient, known as
the coefficient of friction (u), which is the ratio of the tangential force at the contact interface to
the longitudinal force on the wheel.

1.1.1 The Physics Behind Friction

The friction that can develop between a vehicle’s tires and the pavement is the result of the
interaction between the tire, the pavement, and the conditions on the road surface, so it is not a
property of the tire or the road surface individually. Tire-pavement friction depends also on the
amount of water and other contaminants present between the tire and the pavement, the vehicle’s
maneuver, and the environmental conditions.

In terms of physics, tire pavement friction is the result of two main forces: adhesion and
hysteresis (Figure 1). Adhesion is the molecular bonding between the tire and the pavement
surface, while hysteresis is the energy loss due to tire deformation. In addition to contributing to
friction, the bonding is responsible for tire wear as increased forces from vehicle braking or
maneuvering tears the rubber.

Hysteresis forms as the tire touches the pavement and the pavement surface texture causes
deformation in the tire rubber. This deformation stores potential energy in the tire. As the tire
relaxes, part of this energy is recovered and another part is dissipated in the form of heat. This
generated heat (energy loss) is known as hysteresis. Both hysteresis and adhesion are related to
surface characteristics and tire properties (AASHTO 2008), as explained in the following
scction.
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Figure 1. Main components of tire-pavement friction (after AASHTO 2008)
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1.1.2  The Contribution of the Pavement to Tire-Pavement Friction

The properties or characteristics of the pavement surface that affect friction are defined by the
texture in the surface. Pavement texture is defined as “the deviations of the pavement surface
from a true planar surface” (AASHTO 2008). These deviations vary from microscopic asperities
on the aggregate surface, to valleys and crests in between the aggregates that form the surface of
the pavement, to bumps in the road that affect the vehicle dynamics and driver comfort (referred
to as roughness or smoothness in the highway industry).

There are two main components of the texture spectrum that affect tire-pavement friction:
microtexture and macrotexture (Wambold 1995). These are illustrated in Figure 2 and described

as follows.
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1. Microtexture is the fine-scale texture, with amplitude lower than about 0.5 mm, on the
surface of the coarse aggregate in asphalt or the sand in concrete pavements that interacts
directly with the tire rubber on a molecular scale and provides adhesion. This property is
important to provide adequate friction on both wet and dry roads. It needs to be present at
any speed but is especially important at lower speeds.

2. Macrotexture represents slightly bigger surface irregularities, with amplitudes ranging
between approximately 0.1 and 20 mm. As water film thickness increases, the
pavement’s macrotexture provides water drainage paths beneath the tire, reducing
hydroplaning potential and allowing for greater tire/pavement adhesion (a function of the
pavement’s microtexture). Macrotexture also provides friction through hysteresis (energy
loss due to asymmetrical deformation of the tire). The hysteresis effect exponentially
increases with increasing vehicle speed, so it is critical to providing good friction at high
speeds.

While the microtexture is primarily affected by the type of aggregate used, mostly its surface
asperities and polishing characteristics, macrotexture is the result of the type and properties of
the asphalt mixture used in the surface of asphalt pavements and the type of texturizing used in
concrete pavements.

The coarse aggregates in the surface of the pavement (which provide the microtexture as shown
in Figure 2) are in contact with the tire and thus, are subject to the adhesion forces that contribute
to the friction and grip needed to safely operate vehicles. These adhesion forces generated
between the rubber and aggregates abrades or polishes the aggregate particles by eliminating
some of the asperities. This lowers the microtexture and produces a reduction in friction over
time. Some aggregates have better resistance to polishing than others. Therefore, aggregate
polishing characteristics are important to maintain long-term friction. The polished stone value
(PSV) of coarse aggregate (discussed further in section 1.2.5) is often used to measure the ability
of coarse aggregate to resist the polishing action of tires. The PSV is used to characterize the
ability of coarse aggregate to maintain a certain coefficient of friction even after tire abrasion.

1.1.3  Friction During Braking

The dynamic coefficient of friction varies with the relative degree of slipping of the tire with
respect to the pavement surface. During braking along a straight section of road, as the braking
force increases, the reacting force increases until it approaches a point at which the peak
coefficient of friction available between the tire and the road is exceeded (this normally occurs
between 18 percent and 30 percent slip). At this point (commonly known as peak friction), the
tire continues to slow down relative to the vehicle speed and to slip over the road surface, even
though the wheel is still rotating. If the braking force continues, the tire slips even more.
Eventually complete locking of the wheel occurs, at which time the wheel stops rotating and the
tire contact patch skids over the road surface. Figure 3 illustrates this phenomenon.
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Figure 3. Friction Versus Slip (not to scale; after Henry, 2000)

On a dry road surface, the difference between peak and sliding friction is small and speed has
relatively little effect. This is illustrated by the blue dotted line in Figure 4. On a wet road,
however, peak friction is often lower than in dry conditions, the sliding friction is typically lower
than peak friction, and both usually decrease with increasing speed.

“Typical” wet friction curve for a pavement
with appropriate microtexture and macrotexture

I Wet friction curve for
a pavement with low ~
macrotexture ~

Coefficient of Friction

[ .

Wet friction curve for a pavement with —
low microtexture and low macrotexture

° Longitudinal Slip 100%

Figure 4. Illustration of the Effect of Microtexture and Macrotexture on the Coefficient of
Friction Available at Different Percentage of Slip (not to scale)
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The differences between wet and dry conditions, as well as peak and sliding friction, depend not
only on vehicle speed and tire properties, but also to a large extent on the characteristics of the
road surface and the amount of water and other contaminants on the pavement. The importance
of these factors is discussed further in section 1.2.4.

Except for the top blue dotted line, all illustrative curves in Figure 4 represent friction on a wet
pavement. Under these conditions, macrotexture is the main property that affects how fast the
friction decreases with speed. In pavement with low macrotexture, the right side of the
coefficient of friction curve is steeper and the wet coefficient of friction decreases greatly with
increasing speed, as shown by the green dotted line. For this reason, roadways with high posted
speeds need pavements with high macrotexure to reduce the rate at which friction decreases as
speed increases on wet pavement.

1.1.4  Friction While Cornering

Similarly, when the vehicle needs to maneuver a curve, cornering generates transversal forces at
the tire pavement interface that allow the vehicle to follow the curved path. If the combination of
forward speed and the effective radius of curvature of the maneuver, influenced by the geometry
of the road and steering angle, result in a demand, or need, for friction that exceeds what the road
can provide, the wheel may slip sideways, causing the vehicle to yaw (friction demand is
discussed in part 2). In this situation, a marked difference between peak and sliding friction
could lead to a rapid loss of control.

1.1.5 Simultaneous Cornering and Braking

The situation is exacerbated when braking and cornering occur simultaneously, because the
available friction has to be shared between the two mechanisms. The available friction has to
provide enough forces for the vehicle to deaccelerate and to maintain the path along the curve. If
the combination of cornering and braking exceeds the critical slip (corresponding to the peak
friction; see Figure 3 and Figure 4), the available total friction will decrease and the operator
may lose control of steering.

This is why anti-lock braking systems (ABS) are important. These systems detect the onset of
wheel slip and momentarily release and then re-apply the brakes to make sure the critical slip is
not exceeded. This reduces the likelihood of side-slip occurring and helps the driver to maintain
control. Some modern vehicle control systems use similar approaches to reduce the risk of side-
slip under simultaneous acceleration and cornering.

1.2 Measuring Friction

Because friction depends on the interaction between the tire and the pavement, different
measurements are obtained for different testing conditions, such as wet and dry pavement, hot
and cold weather, type and condition of the tire, and so on. This variety of measurements has led
to the development of different testing devices that operate under different conditions. Friction
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testing equipment used in the highway industry measures wet friction after spreading a small
amount of the water on the pavement. However, the various friction-measuring technologies
available use different types of tires, water film thicknesses, and operating principles, so they do
not produce a common, standardized measurement of friction.

Furthermore, as previously discussed, the level of friction available also depends on the speed at
which the tire is slipping with respect to the pavement surface. When a tire is free-rolling on dry
pavement, there is virtually no slip. However, as the driver starts to brake or navigate a curve, the
tire starts to slip with respect to the pavement, up to the point where the tire is locked—not
rotating—and the rubber on the contact patch is slipping at a speed equal to the vehicle speed.

1.2.1 Types of Friction Measuring Equipment

Many different devices have been developed over the years to measure pavement friction. They
all rely on the broad principle of sliding rubber over a wet road surface and measuring the
reaction forces developed. These forces are used to compute the coefficient of friction discussed
previously and, in some cases, this number is multiplied by 100 to compute what standards call
Friction Number (FN), Skid Number (SN), or Grip Number (GN). Figure 5 shows some of the
most commonly used friction measuring equipment for roadways.

(i :
(c) SCRIM

Figure 5. Examples of Friction Testers
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There are several general measuring principles:

1.

ii.

1ii.

1v.

Sliders, attached either to the foot of a pendulum arm or to a rotating head, which slow
down on contact with the road surface. The rate of deceleration is used to derive a value
representing the skid resistance of the road. A variant of this approach, still used by
police forces in some parts of the world, is to measure the reaction force when a sled
(with sliders representing car tires) is dragged over the road surface. The most
commonly used device in this category is the British Pendulum Test (ASTM E303-93)

Longitudinal friction coefficient measurement equipment uses an instrumented measuring
wheel mounted in line with the direction of travel. A fixed gear, or braking system, forces
the test wheel to rotate more slowly than the forward speed of the vehicle. Consequently,
the tire contact patch slips over the road surface and a frictional force is developed that
can be measured. Typically, the ratio of drag to vertical forces is calculated (averaged
over a fixed measuring length) to provide the recorded value representing the friction.
Individual devices in this category usc a wide range of slip ratios. Examples of these
types of devices include:

a. Fixed-slip friction testers (e.g., GripTester); and

b. Locked-wheel friction testers, which completely lock the brake of the measuring
wheel and produce 100% slip (e.g. ASTM E274-15 standard skid tester). Locked-
wheel testers can either use ribbed or smooth tires. Measurements using ribbed
tires are known to be less sensitive to pavement macrotexture and water film
depth than those taken using smooth tires.

Sideway force coefficient measurement equipment uses an instrumented measuring wheel
set at an angle to the direction of travel of the vehicle. Because the normally freely
rotating tire is set at an angle, the tire slips over the road surface, and the resulting force
along the wheel axle (the sideways force) is measured. The ratio of vertical and side
forces averaged over a defined measuring length provides the recorded value that
represents skid resistance. The wheel angle determines the slip ratio, and this ratio
combined with the vehicle speed determines the slip speed. The most common type of
this equipment is the Sideway-force Coefficient Routine Investigation Machine (SCRIM).
These systems report a sideway-force friction coefficient (SFC).

Decelerometers are typically custom-made units mounted in a test vehicle and are used to
measure the deceleration of a vehicle under emergency braking. Widely used by police
forces to assess road surface friction for collision investigations, and more recently in
experimental naturalistic driving studies, these devices are not suitable for road network
assessment or quality control purposes.

Friction estimates based on vehicle kinematics and sensors are also becoming more
popular, but they are not used regularly in practice yet.
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While some systems measure friction in short, localized sections of the road (for example, the
ASTM E274-15 standard skid tester), others measure with the tire partially slipping continuously
with respect to the pavement surface and are known as continuous friction measuring equipment
(CFME — examples being the GripTester and the SCRIM). Different types of CFME use
different operational principles and measuring modes.

1.2.2  Friction Measuring Standards

Friction testing and interpretation are done according to standard procedures, which are
normalized by national and/or international bodies. The most commonly used standards in North
America are those produced by AASHTO and ASTM International, formerly the American
Society for Testing and Materials.

Most highway agencies in North America have traditionally used locked-wheel friction testers or
“skid trailers” to measure friction. These tests are normalized by ASTM E274-15, Standard Test
Method for Skid Resistance of Pavement Surfaces Using a Full-Scale Tire. The trailer fully locks
one of the wheels of a trailer (generating 100% slip) to simulate emergency braking without anti-
lock brakes, which were uncommon at the time the technology was developed. The
measurements can be done using a ribbed tire (ASTM E501-08) or a smooth tire (ASTM E524-
08).

The friction values measured, reported as friction numbers (FN) or skid numbers (SN), using the
two tires are not consistent as they are affected differently by the two main pavement texture
properties, microtexture and macrotexture. ASTM E274-15 reports friction as a skid resistance
number that includes the speed of testing and the type of tire: R or S, for ribbed or smooth,
respectively. For example, SN40R indicates that the test was run at a test speed of 40 mph (64
km/h) with a standard ribbed tire. When the standard international metric system is used, the test
speed is placed in parentheses, for example, SN(65)R. AASHTO uses a similar notation but
refers to the number as friction number or FN.

While measurements using the smooth tire are sensitive to both microtexture and macrotexture,
measurements using the ribbed tire, are impacted mostly by the microtexture of the pavement.
Ribbed tire measurements are not very sensitive to the surface macrotexture and some agencies
have added macrotexture measurements to capture the full friction curve. In addition, friction
measurements with the ribbed tire are also less susceptible to the testing speed and are typically
higher than those produced by smooth tires at high speeds.

A key limitation of locked-wheel testers is that they can only sample the pavement surface by
repeatedly collecting data on short segments of road and do not effectively differentiate the
changes in friction along the route corridor. Furthermore, these devices are difficult to utilize in
critical high friction demand locations, such as horizontal curves or intersections, which tend to
experience greater tire scrubbing and polishing that lead to loss of pavement friction (FHWA
2021). As discussed in the previous section, the locked-wheel tester is a two wheel trailer that
fully locks one of the wheels while testing. If the testing occurs on a sharp curve, the trailer may
start to sway and the operator may lose control of the vehicle. The risk is reduced on curves with
high radius of curvature and appropriate superelevation.
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In contrast, most airports use CFME and report the coefficient of friction, not multiplied by 100.
The most common equipment used in these facilities is fixed-slip CFME that measures friction at
a low slipping speed. Examples include the GripTester (manufactured by Findlay Irvine).
Because the systems use different configurations and operational conditions, the various CFME
technologies produce different friction measurements and also different from those obtained with
the locked-wheel trailers. The CFME operates at a low slip (Figure 6), so it is impacted mostly
by the microtexture of the pavement and is not very sensitive to the surface macrotexture. Their
measurements are often complemented by macrotexture measurements. As the reduction of
friction with increasing slip depend on the macrotexture of the pavement, the relationship
between the measurements of different friction measuring equipment is also a function of the
macrotexture. The difference is higher for lower values of macrotexture.

Griptester

Locked-wheel tester

Coefficient of Friction

O ~15%Slip  ~34% Slip ) opsitudinal Slip oot

Figure 6. Illustration of the Slip Operational Ranges for Different Friction Measuring
Equipment (not to scale).

Since around 2008, highway agencies in the United States have also started experimenting with
the use of continuous friction testing on road networks (Flintsch et al. 2019). The initial
experiments and demonstrations were done using GripTesters, but most recent efforts have
typically measured the sideway force friction using SCRIMs. The first demonstration using a
SCRIM in the U.S. started in 2015. First developed by the Transport Research Laboratory
(TRL) in the United Kingdom, this type of friction measuring equipment has been used for roads
in Europe and other parts of the world since the 1970’s.

To facilitate the adoption of this technique in the U.S., the Pavement Surface Properties
Consortium — Managing the Pavement Properties for Improved Safety (TPF-5(345)), developed
a standard test, Continuous Measurement of Sideway-Force Friction Number for Highway
Pavements. The standard has been recently approved by AASHTO and published as AASHTO
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standard TP 143-21 in 2021. This standard uses the SCRIM reading at 40 mph (SR40) that is
different from the CSC used in the U.K. [measured at 50 km/h and multiplied by an index of
SFC of 0.78; as discussed in DMRB (2021)]. The SR40 is multiplied by 100 to provide the
sideway-force friction number (SFN).

1.2.3  Macrotexture Measuring Technologies

A measure of macrotexture is often needed to complement the friction measurements to obtain
the full spectrum of frictional properties at various slipping speeds. As shown in Figure 4,
relatively high macrotexture is critical to maintain an appropriate level of friction at high speed,
e.g., higher that 80 km/h. This is especially critical in areas of high friction demands, such as
curves in high-speed freeways. For example, as discussed following in section 1.3, macrotexture
can be used to compute the speed constant (5p) that allows estimating the friction at different
slipping speeds in ASTM E1960-07, Standard Practice for Calculating International Friction
Index of a Pavement Surface.

Macrotexture can be measured using both highway speed profilers and static methods. The oldest
method is the volumetric patch test. In this test, a known volume of sand, glass beads, or grease
is spread evenly into a circular patch on the road surface (where sand is used, it is commonly
called a “sand patch test”). The area is measured, and the average depth below the peaks in the
surface is calculated to give a value known as mean texture depth (MTD).

In more recent years, laser displacement sensors, which measure along a narrow line traversed by
the laser (rather than across the area of a patch of sand or glass beads), have been used to
determine a surface profile from which a number of different parameters may be calculated to
represent the texture depth. The most widely used parameter is the mean profile depth (MPD).
The MPD is normalized in the ASTM E1845-15 standard, which attempts to estimate the
average depth below the peaks in a 100-mm segment of the surface profile.

On wet pavements, as the vehicle speed increases, skid resistance decreases to an extent that
depends on the macrotexture (Figure 4). Generally, surfaces with greater macrotexture have
greater friction at high speeds for the same low-speed friction (Roe and Sinhal 1998), but this is
not always the case.

1.2.4  Operational Factors That Affect Friction Measurements

Several operational factors affect the friction measurement. A good understanding of these
factors is important to understand the various friction measuring technologies and standards

(Flintsch et al. 2012).

1. Water film thickness: As mentioned in the previous section, water film thickness is one of
the factors that have been proven to affect the friction measurements. The water on the
pavement surface decreases the tire-pavement contact area and so reduces the available
friction force. Thicker films of water produce lower friction measurements.

il.  Type and condition of the tire: Worn tires are known to be more sensitive to water film
thickness and provide less friction than tires in good condition, especially on wet
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surfaces. Pavement macrotexture and tire treads can provide channels for water to escape
through the tire pavement contact area, which results in increasing the traction forces
between tire and pavement surface.

iii.  Vehicle and sliding speeds: Speed is also a factor. Both the vehicle speed and the speed at
which the tire is slipping with respect to the pavement surface will affect dry and wet
friction. Friction decreases as the vehicle and slipping speeds increase.

iv.  Temperature: Because both hot mix asphalt surfaces and tires are viscoelastic materials,
temperature also affect their properties. Research has indicated that tire-pavement friction
decreases if the tire temperature increases (AASHTO 2008). Some standards provide a
range of allowed temperature for measuring friction; for example, AASHTO TP 143-21
recommends a pavement temperatures range between 5°C to 50°C for measuring friction
using the SCRIM.

Other standards, such as the one for the British Pendulum testing (ASTM E303-93) and
locked-wheel friction testers (ASTM E274-15), do not recommend a temperature range,
but indicate that the measurement temperature be reported with the results. In addition,
ASTM E274-15 provides a range of ambient temperature for verifying the requirements
for the equipment instrumentation, 4°C to 40°C.

v.  Contaminant: Contaminants such as oily liquids, dust, rubber accumulation, and other
substances also affect the available friction and can cause localized areas of low friction.

1.2.5 Measuring Aggregate Polishing Properties

Aggregate properties are the predominant factor that determines frictional performance of
asphalt surfaces and they are the primary contact medium with the vehicle tires (AASHTO
2008). Aggregate generally is viewed as two distinct sizes—coarse aggregate and fine
aggregate. Coarse aggregate pieces are greater than the No. 4 sieve (4.75 mm).

To minimize the use of coarse aggregates that are susceptible to polishing, which results in loss
of friction over time, some agencies require the use of test that measure the resistance of the
aggregate particles to abrasion, wear and/or polishing. Common tests used for this purpose
include Micro-Deval test for coarse aggregates (AASHTO T 327, Standard Method of Test for
Resistance of Coarse Aggregate to Degradation by Abrasion in the Micro-Deval Apparatus) and
the Polished Stone Value (PSV) test (AASHTO T 279, Standard Method of Test for Accelerated
Polishing of Aggregates Using the British Wheel).

To determine the Polished Stone Value (PSV), aggregate coupons (aggregates embedded in
epoxy resin) are fabricated, subjected to accelerated polishing (using the British polish wheel) for
a specified time (usually 9 hrs.), and then tested for frictional resistance using the British
Pendulum Tester. The British pendulum number (BPN) value associated with accelerated
polishing is defined as the polished stone value (PSV). This number is a quantitative
representation of the aggregate’s terminal frictional characteristics. Higher values of PSV
indicate greater resistance to polish (AASHTO 2008).
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