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CHAPTER 1 INTRODUCTION

1.1 Research Objectives and Scope

Road surfaces develop gradually deteriorating surface characteristics such as macro- and micro-
texture, friction or skid resistance, among many others. The speed and form of the deterioration
is a function of many parameters, including the road design, construction techniques, mix and
aggregate types used, age, traffic magnitude and composition, weather, and many others. On
road geometries and areas where vehicle maneuvers require the utilization of friction, traffic
safety is strongly dependent on available surface friction. It was discovered that in Pennsylvania
several roads manufactured according to standard design and construction techniques and paved
with portland cement concrete have shown unwarranted rapid friction (skid resistance)
deterioration well before the expected time limits and reached dangerously low levels of
frictional characteristics. Based on preliminary studies it was assumed that these surfaces were
constructed using Vanport limestone coarse aggregates. A task force committee was formed to
investigate the surface performance degradation and to recommend possible solutions for
research. Based on the committee’s investigation and recommendation, the following research
objectives were developed.

The objectives of this project were to:

e Using the outcome of the “Vanport Limestone Committee” (VLC), develop a
research methodology to investigate the three priority recommendations of the VLC
report for the solution of the problem:

e Evaluation of the effect of blending Vanport limestone with different other
aggregates.

e Evaluation of the performance of different mortar fraction and aggregate
concentrations.

e Determination of the effect of coarse aggregate usage in top mortar layer on
pavement friction performance.

e Develop a test matrix to evaluate the effect of blending different aggregate materials
in portland cement concrete using state-of-the-art laboratory test equipment for
assessing surface characteristics and using accelerated wear testing for the evaluation
of long-term pavement surface performance.

e Develop a test matrix to evaluate the effects of different mortar fraction and aggregate
concentrations in Portland cement concrete using state-of-the-art laboratory test
equipment for assessing surface characteristics and using accelerated wear testing for
the evaluation of long-term pavement surface performance.



e Develop a test matrix to evaluate the effect of aggregate size in portland cement
concrete using state-of-the-art laboratory test equipment for assessing surface
characteristics and using accelerated wear testing for the evaluation of long-term
pavement surface performance.



CHAPTER 2 BACKGROUND AND LITERATURE REVIEW

In this chapter the essential and relevant information from the research project Phase I results are
presented. Phase I of the project conducted a thorough literature review with particular interest
in the accelerated wearing, measurement and analysis techniques for evaluating the performance
of pavement surfaces in relation to polishing and skid resistance characteristics. The work
produced a comprehensive report on relevant literature in these areas.

In the following sections only the relevant and essential information from this report is presented
to support the design and development of the methodology and testing of the experiment. For
more information and for the full report please refer to APPENDIX C.

2.1 Background

The nature and severity of skidding accidents on wet pavements has been linked directly to the
properties and chemical composition of aggregates and cement mortar layers in portland cement
concrete (PCC) pavements. The characteristics of the selected materials, the type, size, and
mixture of aggregates and the volumetric mixture and layering of larger aggregate and fine
aggregate with high mortar content represents a critical safety issue for highway agencies. The
characteristics of aggregates, depending on pavement construction technology, account for a
substantial portion of essential friction and texture of PCC pavements and consequently play a
major role in determining pavement safety related to skidding accidents. The frictional
characteristics of wet and otherwise contaminated PCC surfaces depend to a very large extent on
the micro-textural parameters and the polishing hardness of the used aggregates that are exposed
on the pavement surface to the elements and to traffic. As vehicle speeds increase, the relative
importance of the surface macro-texture of the pavement plays an ever-increasing role, not only
to prevent hydroplaning, but also providing a means for precipitation contaminants like water or
slush or wet snow to clear from the protruding aggregate tips into the macro-textural valleys
thereby providing adequate tire-surface interaction interface for better friction. The two surface
characteristic properties, the micro- and macro-textural features of the aggregates used in the
PCC pavements, together provide the foundation of the frictional process to provide adequate
friction over a wide speed range and in wet and contaminated surface conditions.

For PCC pavements the construction technology employed, specifically the finishing and
texturing equipment utilized, provides the relatively short-lived initial texture features of the
newly constructed pavement. Depending on traffic and climatic conditions the top layer mortar
and cement paste micro- and macro-textural features wear and in a relatively short period of time
the associated low- and high-speed frictional characteristics of the pavements deteriorate. In the
specific case when the top mortar layer is constructed for the cover of coarse aggregates
depending on traffic and climatic conditions, the wear course can deteriorate rapidly compared to
the expected lifetime of the pavement and expose aggregates on the top of the surface. The fine
aggregate exposed controls micro-texture frictional characteristics while the larger protruding
aggregates will provide the macro-textural features that control high-speed and deep-



precipitation frictional characteristics. While it is expected and indeed a correct assumption that
the micro-textural features of the coarse aggregates will provide low-speed friction initially,
depending on the aggregate properties, climate, and traffic conditions these micro-textural
features can be polished in a relatively short amount of time, quite rapidly reducing the
contribution of the coarse aggregates to the surface characteristics. In cold climates where
studded tires, chains, and abrasives are common, the process of top layer surface wear is
accelerated with additional effects on both micro- and macro-textural polishing.

A number of state agencies regulate the use of softer, usually manufactured fine aggregates from
more polishing limestones in PCC surface layers. Some states and agencies allow the use of
these aggregates but they require a blend with harder silica minerals. Most of the state agencies
require the use of the ASTM D 3042 (ASTM, 2003) acid test to ensure that surface aggregates
are not essentially all carbonate minerals like the limestone or dolomite that dissolve quickly in
acidic environments. The exposed aggregates from these minerals wear and polish more rapidly
under traffic especially in colder climates with heavier winter conditions. The rapid polishing of
the pavement surface under traffic can be mitigated if the acid-insoluble residue represents a
significant percentage of harder, plus No. 200 size, sandy mineral particles in the aggregate.

Proper selection of the aggregates and the construction technologies applied in the surface layers
of PCC pavements can help provide adequate friction levels in wet and winter weathers for a
prolonged period of time even under heavy traffic conditions. Hard minerals with Mohs
hardness of 6 or greater withstand polishing for a longer period of time while maintaining better
micro-textural features. Also, aggregates with good micro-texture, such as sandstone, or those
having rough grains or a mix of minerals with different textures, will resist polishing and
maintain good wet-weather frictional properties for a prolonged time. When easily polishing
limestones or polished gravels are to be used in pavement surfaces, it is anticipated that frictional
properties can be improved in the short and long term by blending in aggregates with hard
minerals and desirable textures.

2.2 Pavement Surface Texture

2.2.1 Definition

Pavement surface texture is made up of the deviations of the pavement surface from a true planar
surface. These deviations occur at three distinct levels of scale, each defined by the wavelength
(A1) and peak-to-peak amplitude (A) of its components. Although there is a wide range of
pavement surface texture ranging from micro-texture to unevenness, the range that influences
pavement surface friction encompasses micro-texture and macro-texture.

Micro-texture and macro-texture were defined in 1987 by the Permanent International
Association of Road Congresses (PIARC), as follows: (PIARC, 1987)



e Micro-texture (4 < 0.02 in [0.5 mm], A = 0.04 to 20 mils [1 to 500 um])—Surface
roughness quality at the sub-visible or microscopic level. It is a function of the surface
properties of the aggregate particles contained in the asphalt or concrete paving material.

e Macro-texture (4 = 0.02 to 2 in [0.5 to 50 mm], A = 0.005 to 0.8 in [0.1 to 20 mm])—
Surface roughness quality defined by the mixture properties (shape, size, and gradation of
aggregate) of an asphalt paving material and the method of finishing/texturing (dragging,
tining, grooving; depth, width, spacing and orientation of channels/grooves) used on a

concrete paving material.

PIARC also defined mega-texture and unevenness as:

e Mega-texture (4 =2 to 20 in [50 to 500 mm], A = 0.005 to 2 in [0.1 to 50 mm])—This
type of texture is the texture which has wavelengths in the same order of size as the
pavement-tire interface. It is largely defined by the distress, defects, or “waviness” on

the pavement surface.

e Wavelengths longer than the upper limit (20 in [S00 mm]) of mega-texture are defined as

roughness or unevenness (Henry, 2000).

Figure 1 graphically illustrates the four texture ranges.

It is widely recognized that pavement surface texture influences many different pavement-tire
interactions. Figure 2 shows the ranges of texture wavelengths affecting various vehicle-road
interactions, including wet-weather friction, interior and exterior noise, splash and spray, rolling
resistance, and tire wear. As can be seen, wet-weather friction is primarily affected by micro-
texture and macro-texture, which correspond to the adhesion and hysteresis friction components,

respectively.

Reference Length

Roughness/Unevenness Short stretch of
road
Amvlification ca. 50 times
Mega-texture
Tire
Macro-texture
Road-Tire

Contact Area

Amplification ca. 5 times

Micro-texture
Single
Chipping



Figure 1. Simplified illustration of the various texture ranges that exist for a given
pavement surface (Sandburg, 1998).

2.2.2 Factors Affecting Texture

There are many factors that affect pavement surface texture. These factors relate to the
aggregate, binder, and mix properties of the pavement surface material and any intentional
texturing done to the material after placement. A summary of the factors that influence pavement
surface texture obtained from published literature is shown in Table 1. These factors can be
optimized to obtain pavement surface characteristics required for a given design situation.

1 0.00001 0.0001 0.001 0.01 0.1 1 10 100 ft

Micro-texture Macro-texture g Mega-texture Roughness/Unevenness

] ]
1 1 1 1
- Exterior Noise

Interior Noise

Splash & Spray-l
Rolling Resistance

. Tire Wear .I Tire/Vehicle Damage

Note: Darker shading indicates more favorable effect of texture over this range.

Figure 2. Texture wavelength influence on pavement-tire interactions (Henry, 2000;
Sandburg and Ejsmont, 2002).

Table 1. Suggestions for optimizing pavement texture for friction and noise (Sandberg and
Ejsmont, 2002; Henry, 2000; Rado 1994; Wambold et al., 1995; AASHTO, 1976).

Surface Type Factor Micro-Texture Macro-Texture
Max. aggregate
. - X
dimensions
Asphalt Coarse aggregate types X (surface X
. . roughness)
(includes chip i X
seal) ine aggregate types
Mix gradation X
Mix air content X
Mix binder X
X X
Coarse aggregate type (for exposed (for exposed
Concrete . aggregate PCC) aggregate PCC)
Fine aggregate type X
. . X
Mix gradation (for exposed




aggregate PCC)
Texture dimensions and X
spacing
Texturing orientation X
Texture skew X

2.3 Pavement Friction

2.3.1 Definition

Pavement friction has been described as the force that resists the relative motion between a
vehicle tire and a pavement surface. This resistive force (illustrated in Figure 3) is generated as
the tire rolls or slides over the pavement surface.

Weight, Fy

Rotation, ®

Direction of
motion

h

Friction Force, F

Figure 3. Simplified diagram of forces acting on a rotating wheel.

The resistive force (characterized using the non-dimensional friction coefficient, p) is the ratio of
the tangential friction force (F) between the tire tread rubber and the horizontal traveled surface
to the perpendicular force or vertical load (Fw) and is computed using equation 1.

F
H=2n (1)

Pavement friction plays a vital role in keeping vehicles on the road, as it gives drivers the ability
to control/maneuver their vehicles in a safe manner in both the longitudinal and lateral directions.
It is a key input to highway geometric design, as it is used in determining if the minimum
stopping sight distance, minimum horizontal radius, minimum radius of crest vertical curves, and



maximum superelevation in horizontal curves provided in a given highway design are adequate.
Generally speaking, the higher the friction available at the pavement-tire interface, the more
control the driver has over the vehicle, whereas the lower the friction, the less control.

2.3.2 Friction Mechanisms

Pavement friction is the result of a complex interplay between two principal frictional force
components—adhesion and hysteresis (see Figure 4). Adhesion is the friction that results from
the small-scale bonding/interlocking of the vehicle tire rubber and the pavement surface as they
come into contact with each other. It is a function of the interface shear strength and contact area.
The hysteresis component of frictional forces results from the energy loss due to bulk
deformation of the vehicle tire. When a tire compresses against the pavement surface,
deformation energy is stored within the rubber. As the tire relaxes, part of the stored energy is
recovered, while the other part is lost in the form of heat (hysteresis), which is irreversible.

Rubber Element

v

Adhesion Hysteresis
Depends mostly on micro-level Depends mostly on macro-
surface roughness level surface roughness

Figure 4. Mechanisms of pavement-tire friction.

Although there are other components of pavement friction (e.g., tire rubber shear), they are
insignificant when compared to the adhesion and hysteresis force components. Thus, friction
can be viewed as the sum of the adhesion and hysteresis frictional forces.

F=Fa+Fn 2)



Both components depend to a large extent on pavement surface characteristics, the contact
between tire and pavement, and the properties of the tire. Also, because tire rubber is a visco-
elastic material, each component is affected by temperature and sliding speed.

Because adhesion force is developed at the pavement-tire interface, it is most responsive to the
micro-level asperities (micro-texture) of the aggregate particles contained in the pavement
surface. In contrast, the hysteresis force developed within the tire is most responsive to the
macro-level asperities (macro-texture) formed in the surface via mix design and/or construction
techniques. As a result of this phenomenon, adhesion governs the overall friction on smooth-
textured and dry pavements, while hysteresis is the dominant component on wet and rough-
textured pavements.

2.3.3 Braking Friction of Vehicles on Paved Surfaces

Vehicle braking frictional forces are the forces that occur between a rolling pneumatic tire (in the
longitudinal direction) and the road surface when operating in the free rolling or constant-braked
mode. In the free-rolling mode (no braking), the relative speed between the tire circumference
and the pavement—referred to as the slip speed—is zero. In the constant-braked mode, the slip
speed increases from zero to a potential maximum of the speed of the vehicle. The following
mathematical relationship explains slip speed:

S=V-V,=V-(068-w-r) (3)

where: S = Slip speed, mi/hr
V = Vehicle speed, mi/hr
Vp = Average peripheral speed of the tire, mi/hr

® = Angular velocity of the tire, radians/sec

_1
I

Average radius of the tire, ft

Again, during the free-rolling state of the tire, Vp is equal to the vehicle speed and thus S is zero.
For a locked or fully-braked wheel, Vp is zero, so the sliding speed or slip speed is equal to the
vehicle speed (V). A locked-wheel state is often referred to as a 100 percent slip ratio and the
free-rolling state is a zero percent slip ratio. The following mathematical relationships give the
calculation formula for slip ratio:

V-V -100:3-100

v v 4)

SR =




where: SR = Slip ratio, percent

V = Vehicle speed, mi/hr
Vp = Average peripheral speed of the tire, mi/hr
S = Slip speed, mi/hr

Similarly to the previous explanation, during the free-rolling state of the tire, Vp is equal to the
vehicle speed and S is zero, thus the slip ratio (SR) is zero percent. For a locked wheel, Vp is
zero, S equals the vehicle speed (V), and so the slip ratio (SR) is 100 percent.

Figure 5 shows the ground forces acting on a tire under the free-rolling operation mode. In this
mode, the ground force is at the center of pressure of the tire contact area and is off center by the
amount a. This offset causes a moment that must be overcome to rotate the tire. The force
required to counter this moment is called the rolling resistance force (Fgr). The value a is a
function of speed and increases with speed. Thus, Fg increases with speed.

In the constant-braked mode (Figure 6), an additional force called the braking slip force (Fg) is
required to counter the added moment (Mg) created by braking. The force is proportional to the
level of braking and the resulting slip ratio. The total frictional force is the sum of the free-
rolling resistance force (Fr) and the braking slip force (Fg).

The coefficient of friction between a tire and the pavement changes with varying slip, as shown
in figure 6 (Kulakowski et al., 1990). The coefficient of friction increases rapidly with
increasing slip to a peak value that usually occurs between 10 and 20 percent slip (critical slip)
(see Figure 7). The friction then decreases to a value known as the coefficient of sliding friction,
which occurs at 100 percent slip. The difference between the peak and sliding coefficients of
friction may equal up to 50 percent of the sliding value, and is much greater on wet pavements
than on dry pavements. The relationship shown in figure 6 is the basis for anti-locking brake
systems (ABS), the concept being to take advantage of the front side of peak friction and
minimize the loss of side/steering friction due to sliding action.
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Free Body diagram, steady state

Weight, Fy

Rotation

Direction of Motion

Radius, r

Rolling Resistance Force,

Ground Force, Fg

Figure 5. Rolling resistance force with a free-rolling tire at a constant speed on a bare, dry
paved surface (Andresen and Wambold, 1999).

Free body diagram, steady state

! Weight, Fu

Direction of
Motion

e —

Radius, r

Rolling Resistance
Force, Fg a -

Braking Slip Force, Fg

Ground Force, F¢g

Figure 6. Forces and moments of a constant-braked wheel on a bare, dry paved surface
(Andresen and Wambold, 1999).
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Figure 7. Pavement friction versus tire slip.

2.3.4 Relevant Factors Affecting Pavement Friction

The factors that influence pavement friction forces can be grouped into four categories—
pavement surface characteristics, vehicle operational parameters, tire properties, and
environmental factors. Table 2 lists the various factors comprising each category. Because each
factor in this table plays a role in defining pavement friction, friction must be viewed as a
process instead of an inherent property of the pavement alone. It is only when all these factors
are fully specified that friction takes on a definite value. The more critical factors are
highlighted in Table 2 (shown in bold) and discussed below.

Table 2. Factors affecting available pavement friction (modified from Wallman and
Astrom, 2001).

Pavement Surface Vehicle Operating

Characteristics Parameters Tire Properties Environment

¢ Micro-texture e Slip speed e Width ¢ Climate

® Macro-texture > vehicle speed ¢ Tread design and > Wind

* Mega-texture/ > braking action condition > Temperature
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unevenness e Driving maneuver e Rubber composition | >Water
¢ Material properties >turning and hardness * rainfall
¢ Temperature > overtaking o Inflation pressure = condensation
e Load »Snow and Ice
e Temperature e Contaminants
> Anti-skid material (salt,
sand)
> Dirt, mud, debris

Micro-texture and macro-texture are the two levels of pavement texture that affect pavement-tire
friction (Henry, 2000). Micro-texture is mostly responsible for pavement friction at low speeds
where there is sufficient contact between the tire and pavement surface to ensure that all friction
available at the pavement tire interface is utilized. At higher speeds, however, available friction
may be diminished or lost because of a reduction of the tire-pavement contact area due to
phenomena such as hydroplaning. Pavement macro-texture is predominantly responsible for
reducing potential separation of the tire and pavement surface due to hydroplaning and to
induced friction caused by hysteresis for vehicles traveling at high speeds. Thus, micro-texture is
the single most important factor at both low and high speeds in providing adequate friction at the
tire-pavement interface (Papagouli and Kokkalis, 1998). Thus, micro-texture is the single most
important factor at low speeds, providing a strong adhesional friction component, while at high
speeds it can play a vital role provided adequate macro-texture presents sufficient contact area
(Papagouli and Kokkalis, 1998). The influence of macro-texture in providing friction increases
with speed, first at moderate speeds by supplying contact area for adhesion friction to develop,
and for increasing speeds by providing hysteresis that becomes dominant at high speed. The
difference between micro-texture and macro-texture is presented in Figure 8.

Microtexture

}Iglft'mexnu'e
Y

Figure 8. Micro-texture versus macro-texture (Flintsch et al., 2003).

Figure 9 shows the relative influences of micro-texture, macro-texture, and speed on wet
pavement friction. As can be seen, micro-texture influences the magnitude of tire friction, while
macro-texture impacts the friction—speed gradient. At low speeds, micro-texture dominates the
wet friction level. At higher speeds, the presence of high macro-texture facilitates the drainage
of water so that the adhesive component of friction afforded by micro-texture is re-established.
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Hysteresis increases with speed exponentially, and at speeds above 65 mi/hr (105 km/hr) could
account for over 95 percent of the friction.

Low macrotexture, High microtexture
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Figure 9. Effect of micro-texture and macro-texture on pavement-tire wet friction at
different sliding speeds (Flintsch et al., 2002).

2.4 Recommended Measurements Methods and Indices

The two common devices used for the measurement of pavement friction characteristics in the
laboratory or at low speeds in the field are the British Pendulum Tester (BPT) and the Dynamic
Friction Tester (DFT). Both of these devices measure frictional properties by determining the
loss in kinetic energy of a sliding pendulum or rotating disc when in contact with the pavement
surface. The loss of kinetic energy is converted to a frictional force and thus pavement friction.
The DFT has the added advantage of being able to measure the speed dependency of the
pavement friction by measuring friction at various speeds (Saito et al., 1996). These two methods
offer the advantage of being highly portable and easy to handle.

The DFT device is rapidly becoming the equipment of choice in research and harmonization
projects to establish the basic frictional characteristics numbers of measured surfaces according
to a number of established international standards.

For surfaces with low (minimal) macro-textural features, the measurements from the British
Pendulum device are generally regarded as values representing the micro-textural features of the
pavement. At the same time the variable speed data from the Dynamic Friction Tester used in
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the establishment of the International Friction Index incorporates both the measurement of
macro- and micro-texture in the form of the calculated Mean Profile Depth and the low speed
friction number. The use of the two devices enables the measurement and analysis of the
frictional properties of pavement surfaces, taking both the micro- and macro-textural features of
the pavement into account.

2.4.1 The British Pendulum Tester

The British Pendulum Test produces sliding contact between a rubber slider mounted on the
swing arm of a pendulum tester and the test surface. It is a low-speed test in which the frictional
resistance of the test material to the sliding of a standard rubber slider is measured. The rubber
slider, while pressed against the surface by a spring during a swing produces frictional forces that
slow down the swing of the arm, thus causing the upswing of the pendulum to be shortened due
to the friction produced.

The apparatus (see Figure 10) consists of a tripod base where the swing arm of the pendulum is
attached with bearings to the top section. The system is equipped with a quick-release
mechanism and a fixed scale. The moving pendulum arm pushes in front of it a needle
indicating the reached maximum upswing of the arm on the fixed scale.

Measurement procedure

The British Pendulum Tester is a hand-operated device where the data are also recorded by hand.
The procedure begins with the leveling of the equipment above the test specimen, or the test
surface is placed horizontally at the base of the tester, and the pivot point of the pendulum is
adjusted so that the sliding distance of the rubber slider on the test surface will cover a pre-
selected length. Sufficient water is applied at the tested portion of the surface. The test begins
with the pendulum arm being held horizontally before it is allowed to freefall under its own
weight by the quick-release mechanism. After the sliding contact, the pendulum arm will
continue to swing until its velocity reaches zero. The needle indicates the maximum elevation of
the upswing. The reading is recorded by hand. Usually five readings are averaged to calculate
one measurement of the BP Tester.
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Figure 10. British Pendulum Tester

Measurement Indices

The elevation at which the pendulum comes to a complete stop is calibrated to give a reading in
BPN. BPN is a measure of the interface friction between the slider rubber and the test surface,
and has been used as an indicator of the level of friction provided by the test material.

Advantages and disadvantages

The British Pendulum Test, as described in ASTM E 303, is probably the most widely used
method in use today for laboratory and on-site spot measurements of pavement surface friction.
The test result, reported as the British Pendulum Number (BPN), is often taken as a useful
indirect measure of the micro-texture of the test material. Another important application of the
British Pendulum Test is to measure the change in BPN of a paving material after it is subjected
to wheel polishing treatment, as described in ASTM D 3319 and ASTM 2001a. One
documented disadvantage of this testing method is that one must be careful when using this
device as they are not generally reproducible and are subjected to operator and wind errors. It is
a spot measurement technique applicable for laboratory and onsite research measurements.

With the exception of the British Pendulum Tester (which is an indicator of pavement micro-
texture), the commonly applied texture measurement methods provide pavement surface macro-
texture information. Modern methods used to characterize pavement surface texture are
typically based on non-contact surface profiling techniques. An example of a non-contact
profiler developed using both laboratory and a field study for characterizing pavement surface
texture is the Circular Track Texture Meter (CTM). The CTM is a complementary device to the
DFT, allowing the direct measurement of macro-texture profile and thus the calculation of all
texture measures (such as the MPD or MTD) on the same physical surface as the DFT
measurement took place.
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2.4.2 Dynamic Friction Tester

The Dynamic Friction Tester uses the principle of measuring the necessary torque to turn three
small rubber pads in a circular path on the measured surface at different speeds. The DFT
consists of a horizontal spinning disk fitted with three spring-loaded rubber sliders that contact
the paved surface as the disk rotational speed decreases due to the friction generated between the
sliders and the paved surface. A water supply unit delivers water to the paved surface being
tested. The torque generated by the slider forces measured during the spin down is then used to
calculate the friction as a function of speed. The speed range is generally from 55 mi/hr (90
km/hr) down to 3 mi/hr (5 km/hr). The device uses an electric motor to spin the measuring disc
to the desired speed and an electromagnetic device to lower the spinning disk to the ground at the
highest revolutionary speed. The device is equipped with a rotational speed measurement device
together with a rotational torque and a downward load measurement sensor. The DFT device is
illustrated in Figure 11.

Figure 11. The Dynamic Friction Tester
Measurement Procedure

The device is usually carried in the trunk or back seat of a car together with the water tanks and a
laptop computer. The device is manually placed on the pavement surface where the test is to
take place. A laptop computer is used to control the test and record the data. Once the test
initiated first the electronic motor accelerates the disk to the standard spinning speed where the
equivalent tangential speed of the rubber pads is 55 mi/hr (90 km/hr). The electromagnetic
release mechanism then drops the spinning disk to the ground and automatic data acquisition
begins. The system finishes the data collection when the disk comes to a complete stop. The
raw data are then filtered and the coefficient of friction is calculated from the measured and
filtered torque and loading forces.

Measurement Indices

The DFT friction data are presented as a graph, plot of friction coefficient as a function of slip
speed. The device also reports the peak friction and the slip speed at which the peak friction
occurs. The device is calibrated and reports the International Friction Index (IFI) that consists of
the friction number measured at 45 mph (72 km/h) designated by FN60 and the Sp number that
is the indication of the loss friction when speed increases.
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Advantages and disadvantages

The DFT device produces measurements that are very repeatable and its results are reproducible.
It is used as the standard device to calibrate friction devices to IFI. The DFT is relatively small
and easy to transport. Disadvantages of the device are that it cannot be used for network-level
monitoring or project measurements. It is a very promising device for laboratory and research
use as well as for calibration purposes.

2.4.3 Circular Texture Meter

The Circular Texture Meter is designed to measure surface texture on the same circumference as
the Dynamic Friction Tester. The charge-coupled device (CCD) laser displacement sensor used
by this equipment is mounted on an arm that rotates at approximately 3 in (76 mm) above the
road surface. The arm that holds the measurement sensor is rotated by an electric motor at a
constant speed of 20 ft/min (6 m/min). The 5.625-in (142-mm) measurement radius yields a
measurement length of 35.125 in (892 mm), which is sampled by the data acquisition system to
collect 1,024 points in one rotation. The measurement results are recorded into a computer
memory through an A/D converter. The stored data are then used by a computer program to
report different surface texture indexes. The Circular Texture Meter is illustrated in Figure 12.

Figure 12. The circular texture Meter

Measurement Procedure

The measurement unit is hooked up to the 12V battery system of the vehicle in advance, before
the measurement takes place. The power connection does not disturb the normal operation of the
vehicle. The unit is placed on the ground above the desired test location. A laptop computer is
used to check the calibration and control the test. After the initial information setup the operator
triggers the data acquisition. The unit performs the test and the measured macro-texture profile
is collected. After the test is done the profile is presented in graphical format and the calculated
indices are displayed. The measurement can be repeated about 30 seconds after the previous was
completed. The unit can be placed in the trunk of the car and driven to a new location.

Measurement Indices

The device reports the measured texture profile in graphical format. It also calculates the mean
profile depth, the MPD index, and the root mean square of height, called the RMS index.

Advantages and disadvantages

Advantages of the unit include its small size (approx. 13 kg) and portability. It requires a
relatively short time for setup (less than 1 min) and for measurement (approx. 45 seconds). The
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measurements are repeatable and reproducible, thus independent of operators. The unit can be
operated using a standard automobile battery (12V DC, 24W).

2.4.4 The International Friction Index

The International Friction Index was proposed based on the PIARC International harmonization
study conducted in 1992 by representatives from 16 countries covering each continent (PIARC,
1995). The experiment was conducted at 54 sites across the U.S. and Europe and included 51
different measurement systems. Various types of friction testing equipment were evaluated,
including locked wheel, fixed slip, ABS, variable slip, side force, pendulum, and some new
prototype devices. Surface texture was measured by means of the sand patch, laser profilometers
(using the triangulation method), an optical system (using the light sectioning method), and
outflow meters.

One of the main results of the PIARC experiment was the development of the IFI. The IFI
standardized the practice of how the dependency of friction on the tire sliding speed is reported.
As a measure of how strongly friction depends on the relative sliding speed of an automotive tire,
the gradient of the friction values measured below and above 37 mi/hr (60 km/hr) is reported as
the value of an exponential model for the IFI index. This gradient is named the Speed Number
(Sp) and is reported in the range 0.6 to 310 mi/hr (1 to 500 km/hr).

The PIARC experiment strongly confirmed other research indicating that Sp is a measure of the
macro-texture influence of the surfaces on friction. Macro-texture is in focus as a major
contributor to friction safety characteristics for several reasons. The most well-known reason is
the hydraulic drainage capability that macro-texture has for wet pavements during or
immediately after a rainfall. This capability will also minimize the risk for hydroplaning.
Another reason is that the wear or polishing of macro-texture can be interpreted from Sp as it
changes value over time for a section of road.

A pronounced peak shape or a steep negative slope of the friction—slip speed curve is considered
dangerous. The normal driver will experience an unexpected loss in braking power when the
brake pedal is pushed to its maximum and the braking power is not at its maximum. A smallest
possible negative slope or even a flat shape of the friction—slip speed curve is therefore desired
and obtained with proper macro-texture.

The IFI is composed of two numbers—FN60 and Sp—and the designation and reporting of this
index is IFI(FN60,Sp). The IFI is based on a mathematical model of the friction process called
the PIARC Friction Model. It models the friction coefficient as a function of slip speed and
macro-texture as follows:
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Sp=a + bTX (5)

where:
Sp = speed number
a,b = coefficients dependent on the device used for measuring macrotexture
TX = macro-texture measurement
S-60
FR60 = FRSe * (6)
where:

FR60 = adjusted value of friction for a slip speed of 60 km/h
FRS = measured friction value at speed S
S = slip speed (km/h)

F60=A + B x FR60 + C x TX (7)
where:
A, B = coefficients dependent on friction measuring device
C = regression constant required for measurements using ribbed tire
TX = macro-texture measurement required for ribbed tire readings

It should be noted that equation 11 can be used to adjust measurements made at speeds other
than the standard 40 mi/hr (65 km/hr) with an ASTM E274 trailer to calculate FN40 (see
equation 13).

s-V

FN(s)=FN, -e ™ (8)

For example, a measurement made at low speed, say 20 mi/hr (32 km/hr), or one made at a high
speed of 60 mi/hr (96 km/hr), can be adjusted to FN40 by setting S to 40 and V to the measuring
speed (20 or 60 mi/hr [32 or 96 km/hr]). Note that if the unit mi/hr is used, then Sp must also be
in mi/hr.

The use of IFI to estimate friction values at any speed is illustrated in Figure 13. As shown, IFI
utilizes the two indices contained in the IFI model (FN60 and Sp). Having measured Sp and the
friction value FN60 at 60 km/hr, the friction value at any other slip speed can be estimated by
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choosing a value for S. The friction curve is plotted according to equation 13 and the FN60 and
Sp number are indicated on the graph.

The Sp for the pavement surface may be measured by a device that measures macro-texture. Sp
can also be obtained by running a minimum of two measurement runs of the surface with each
run at a different slip speed at the same vehicle speed. Some friction measuring devices measure
both friction force and macro-texture in the same measurement. IFI or the PIARC model
describes friction experienced by a driver in emergency braking using non-ABS brakes and deals
with the friction from wheel lockup to stop.
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Figure 13. IFI and the PIARC Friction Model.

2.5 Accelerated Wear Testing

A review of the existing laboratory-scale accelerated polishing devices reveals that they can be
categorized into three groups: one is capable of polishing the aggregate samples, a second is
capable of polishing different sized manufactured PCC and asphalt surface samples, and the third
is capable of polishing both (aggregate and pavement surface specimens). A brief review of the
existing devices in each category follows.

Polishing Devices for Aggregates:

Within this category, there are three existing devices: British Polishing Wheel, Michigan Indoor
Wear Track, and Micro-Deval device.
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British Polishing Wheel

Most polishing machines used on aggregate specimens work on the principle of reducing the
micro-texture of the aggregate. For example, the ASTM D3319 (ASTM, 1999) British Polishing
Wheel method allows the curved specimens (aggregate coupons) clamped around the periphery
of the wheel assembly to form a continuous strip of aggregate particles. The wheel is then rotated
against a rubber-tire wheel that provides the polishing action. Silicon carbide grit No. 150, with a
feeding rate of 6+2 g/min along with distilled water at a rate of 50-75 ml/min, is used to help
accelerate the polishing. The aggregate specimens are formed by mounting uniformly sized
coarse aggregate particles by hand in a curved mold and holding them in place with a bonding
agent (polyester or epoxy resin). A catalyst could be used for faster curing of the resin. The
companion British Pendulum Tester (BPT) specified in ASTM E303-93 (ASTM, 2005) is used
to measure specimen friction values. The British polishing wheel is used for polishing
microtexture of aggregate coupons only; however, it does not have the ability to alter
macrotexture of aggregates or to test HMA specimens. In addition and as described above, the
procedure used to prepare the aggregate coupons for the polishing test is tedious and time
consuming.

Michigan Indoor Wear Track

Michigan Department of Transportation (MDOT) Indoor Wear Track device uses full-scale
smooth tires to polish coarse aggregate specimens. After polishing, the specimens are
subsequently tested by a laboratory version of the ASTM towed friction tester. According to
Dewey et al. (2001), the circular wear track is very large, with a diameter of 7 ft. It
accommodates 16 trapezoidal specimens. The individual specimens have parallel sides of 15.5
and 19.5 inches and non-parallel sides of 11 inches. Two wheels, with normal forces of 800 Ib,
pivot around the center. This device is used for polishing coarse aggregates only. It is by far the
largest polishing device currently in use. As can be imagined, the sample preparation procedure
is not only cumbersome but also time-consuming.

Micro-Deval Device

The Texas Transportation Institute (Luce et al., 2007) uses the Micro-Deval device as the
mechanism to polish aggregates. Results have shown that the Micro-Deval test is an effective
method for polishing aggregates within a short time (180 minutes). The Micro-Deval device can
only polish aggregates and not HMA specimens.

Polishing Devices for HMA

Within this category there is currently one device that is the National Center for Asphalt
Technology.

NCAT Polishing Machine

The National Center for Asphalt Technology (NCAT) laboratory-scale accelerated polishing
device was designed to polish HMA surfaces. The NCAT (Voller and Hanson, 2006) device
follows the same polishing principle as a Circular Track Polishing Machine. The NCAT machine
can polish an area sufficiently large to accommodate the required measurements with the
Dynamic Friction Tester and Circular Texture Meter to measure friction and texture, respectively.
The NCAT polishing equipment uses three pneumatic tires made of resin or hard rubber, 8
inches in diameter, to polish an annulus that occupies a nominal 24-inch square slab. With rubber
tires, water is used to wash the abraded rubber particles off the specimen surface during
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polishing. Dead weights are used to produce a total vertical force of 150 Ib through the three
wheels. Up to 100,000 revolutions at 40 rpm have been successfully applied to reach the terminal
friction values of the HMA surface. NCAT uses a modified linear compactor to produce the slabs
(24 inch square area) for polishing test. A somewhat prolonged test time, up to 41.7 hours, has
been recorded by NCAT in order to reach the terminal friction values.

Polishing Devices for Aggregates and HMA:

Three devices exist within this category: NCSU Wear and Polishing Machine, Wehner/Schulze
Polishing Machine, and Penn State Reciprocating Polishing Machine.

North Carolina State University Wear and Polishing Machine

Circular Track Polishing Machines represent yet another type of polishing concept. Some of
these polishing machines can be used for polishing either aggregate specimens or HMA
specimens. The North Carolina State University (NCSU) Wear and Polishing Machine, as
specified in ASTM E660, utilizes four individually mounted, free-rolling wheel assemblies that
pivot about a central shaft. The four wheels are loaded to 72 1b in vertical force. The tires are 11
inches in diameter and made of smooth nylon. Twelve specimens (aggregate or HMA mixes) are
arranged around the perimeter of the track for polishing. The overall diameter of the track, to the
center of the polishing wheels, is 36 inches. After 8 hours of polishing action, the surface friction
of each specimen is measured using either the British Pendulum Tester (BPT) or the Variable
Speed Friction Tester (VST). The test does not use slurry or water. Although the device is fairly
large, it nevertheless polishes only a relatively small area of the specimen surface.

Wehner/Schulze Polishing Machine

The Wehner/Schulze polishing machine was developed in Germany 30 years ago (Do et al.,
2007). It is comprised of two heads to facilitate polishing and friction measurement, respectively.
Specimens are cores with a diameter of 8.9 inches. They can be taken from asphalt pavement or
laboratory-prepared slabs (aggregate or asphalt specimens). The polishing action is achieved by
means of three rubber cones mounted on a rotary disc, which rolls on the specimen surface. The
rotation frequency is 500 rpm, giving a linear speed of 10.6 mph (17 km/h). The contact pressure
between the cones and the specimen surface is 58.0 psi. The slip between the cone and the
specimen surface is between 0.5% and 1%, which is roughly the slip between rolling tires and
roads. A mix of water with quartz powder is sprayed on the specimen surface during the
polishing action. The surface is polished on a ring that is roughly 6.3 inches in diameter and 2.4
inches in width. At each stop, water is sprayed on the specimen surface and 500 rotations are
performed using the cones to wash all debris. This machine is not designed to handle typical
specimen size compacted from the gyratory compactor.

Penn State Reciprocating Polishing Machine

The Penn State Reciprocating Polishing Machine (Nitta et al., 1990), ASTM E1393, represents a
different style of polishing concept. It can be used in a laboratory or in the field to polish
aggregates or HMA. In essence, a 3.5-by-3.5 inch rubber pad is oscillated back and forth on the
specimen surface on which abrasive slurry is sprayed as well. Some of the critiques about this
device include the relatively small polishing area (4.5 inch by 6.5 inch), the fact that the
polishing action can only affect the aggregate macro-texture, and reciprocal movement.
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2.6 Aggregates, Mix Design and Friction

Consideration of Aggregates

As pointed out in the previous section, texture plays a key role in the development of pavement—
tire frictional forces and is primarily governed by the properties of the aggregate used in the
pavement surface. While asphalt binder and cement paste can affect micro-texture—particularly
just after a surface mix is placed—it is aggregate that makes up the bulk of asphalt and concrete
mixtures, and thus serves as the primary contact medium with the vehicle tires.

Aggregate generally is viewed as two distinct fractions—coarse aggregate and fine aggregate.
Coarse aggregate pieces are greater than the No. 4 sieve (0.19 in [4.75 mm]), with most pieces
between 0.375 and 1.5 in (9.5 and 38 mm). Fine aggregate, on the other hand, is the collection
of natural or crushed/manufactured particles less than 0.19 in (4.75 mm), but greater than the No.
200 sieve (0.003 in [75 um]).

Aggregate testing and characterization must be targeted to the fraction(s) of aggregate in a mix
that will control the frictional performance. In general, for asphalt mixtures, it is the coarse
aggregate that controls, whereas for concrete mixes, it is the fine aggregate. Exceptions include
fine-graded asphalt mixes, where fine aggregates are in greater abundance, and concrete mixes in
which coarse aggregates are either intentionally exposed at the time of construction (exposed
aggregate concrete) or will become exposed in the future (e.g., diamond grinding/grooving,
surface abrading, porous concrete).

Research by Dahir and Henry (1978), Kandhal and Parker (1998), and Folliard and Smith (2003),
among others, indicates that the following aggregate properties have a significant influence on
pavement friction performance:

* Hardness

* Mineralogy (i.e., mineral composition and structure)
» Shape

*  Texture

* Angularity

» Abrasion Resistance

* Polish Resistance

* Soundness

Aggregate hardness and mineralogy largely dictate the wear characteristics (i.e., durability,
polish) of the aggregate. Aggregates that exhibit the highest levels of long-term friction are
typically composed of hard, strongly bonded, interlocking mineral crystals (coarse grains)
embedded in a matrix of softer minerals (Kulakowski, 1990). The differences in grain size and
hardness provide a constantly renewed abrasive surface because of differential wear rates and the
breaking off of the harder grains from the matrix of softer minerals.
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Aggregates made up of hard minerals alone typically resist wear and other forms of degradation,
yet may polish easily when subjected to traffic. Aggregates made up of moderately soft minerals
alone resist polishing, but wear at very fast rates when subjected to traffic. Thus, while a wear-
resistant aggregate is desired in the mixture, some wearing of the pavement surface must occur in
order to ensure good levels of skid resistance (Davis, 2001).

As summarized in Table 3, aggregate angularity, shape, and texture are important parameters for
defining both micro-texture and macro-texture. Fine aggregates that exhibit angular edges and
cubical or irregular shapes generally provide higher levels of micro-texture, whereas those with
rounded edges or elongated shapes generally produce lower micro-texture. For coarse
aggregates, sharp and angular particles interlock and produce a deep macro-texture as compared
to more rounded, smooth particles. Moreover, in asphalt mixes, platy (i.e., flat and elongated)
aggregate particles tend to orient themselves horizontally, resulting in lower macro-texture depth.

Table 3. Effect of aggregate angularity, shape, and texture properties on pavement friction.

Aggregate Effect of Aggregate Property on Pavement Friction
Fraction Aggregate Property
Asphalt Surface Concrete Surface
Fine Angularity and No effect. Defines pavement micro-texture, which
shape highly impacts friction.
Texture No effect. Little to no effect.
Coarse Angularity and Defines pavement macro-texture, which |If exposed, helps define pavement macro-
shape significantly impacts friction via texture, which impacts friction via
hydroplaning potential. hydroplaning potential.
Texture Defines pavement micro-texture, which | If exposed, helps define pavement micro-
highly impacts friction. texture, which impacts friction.

The abrasion resistance of aggregates is an indicator of the aggregate resistance to mechanical
degradation. The use of abrasion-resistant aggregates is important to avoid the breakdown of
fine and/or coarse aggregates. During handling, stockpiling, mixing, and construction, the
breakdown of fine and/or coarse aggregates can significantly alter the mix gradation, thereby
affecting the porosity of open-graded friction course (OGFC) asphalt mixes and porous concrete
mixes. For concrete mixes, it can result in the loss of strength due to the production of excess
fines in the concrete mix. In asphalt mixes, the increase in fines can alter the volumetric
properties and result in insufficient binder or may contribute to rutting and shoving. After
construction, the breakdown of fine and/or coarse aggregates due to traffic shear forces can result
in a loss of macro-texture.

Polish-resistant aggregates are those that are able to largely retain their harsh micro-texture under
the grinding and shearing effects of repeated traffic loadings. For asphalt surface mixes, it is the
hardness and mineralogy of the coarse aggregate particles that largely determine the degree of
polishing that takes place. For concrete mixes, because the surface is composed primarily of
mortar and is initially devoid of coarse aggregates, the polishing resistance of fine aggregates is
the most critical parameter (Folliard and Smith, 2003). The coarse aggregate becomes an
influencing factor only if it is made or becomes exposed.
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Soundness refers to an aggregate’s ability to resist degradation caused by climatic/
environmental effects (i.e., wetting and drying, freezing and thawing). Similar to abrasion
resistance, sound and durable aggregate properties are important from the standpoint of avoiding
the breakdown of fine and/or coarse aggregates, particularly when used in harsh climates.

Aggregate Types and Characteristics

Aggregates can be either natural or synthetic in nature. The most commonly used natural
aggregates are those obtained by quarrying and crushing rocks, such as limestone, sandstone, and
granite. Natural aggregates may also consist of stream and bank gravels that are obtained from
dredging, washing, and screening, and are usually crushed to improve their angularity
(Kulakowski et al., 1990).

Table 4. Natural aggregates used for different mix designs in the United States
(Gransberg and James, 2005).

TYPE PERCENTAGE USE IN

UNITED STATES
Limestone 37
Quartzite 13
Granite 35
Trap Rock 13
Sandstone 10
Natural Gravels 58
Greywacke, Basalt 4

Synthetic aggregates are obtained by processing a wide variety of raw materials (natural or
artificial). Sources of synthetic aggregates include such materials as blast-furnace slag, fly ash,
and waste products from the glass, brick, tile, and other industries. The physical characteristics
of different synthetic aggregates vary considerably depending on the source material and the
manufacturing process. Because of these differences, the performance of these aggregates when
used in pavement surfaces can vary widely (Kulakowski et al., 1990).

In general, synthetic aggregates are less susceptible to polishing than natural aggregates, but they
tend to abrade more rapidly (Kulakowski et al., 1990).

Most limestones are very susceptible to polish. Aggregates derived from serpetinite, soapstone,
siltstone, shale, and schists may also polish very rapidly (Kulakowski et al., 1990).

2.7 Conclusions

A number of major and very important conclusions can be drawn from the literature review that
is pertinent to the design and execution of the present research project. These conclusions are
centered on the subjects of:

(a) Surface characteristics for road safety and their measurements,
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(b) The relationship of these characteristic measurements in a laboratory environment to the
actual surface characteristics on roads,

(c) The issue of relevant accelerated wearing machine resembling traffic,

(d) Selection of aggregate types for the construction of the test samples and

(e) The construction of the test samples.

In the following paragraphs each of these major points will be separately discussed and the
conclusions drawn and used in the research project summarized.

2.7.1 Surface Characteristics for Road Safety and their Measurements

The literature review has yielded the necessary insight of the best approach to assess the
relevant surface characteristics parameters for the study directly related to the safety of
travelled pavements. The characterization of these parameters requires the measurement
of the following surface characteristics:

e Friction
e Macro-texture
e Micro-texture

It also can be concluded that these three surface characteristics parameters are interrelated
and need to be assessed in a practical manner to serve two purposes at the same time.
These two purposes are the following:

1) Measure the parameters using measuring techniques that enable the calculation of
all relevant safety related parameters; and

2) Use parameters and measuring techniques that enable the transformation of the
laboratory test results into quantities measured and directly relevant to actual
road surface measurements and safety.

To achieve all of the above-stated purposes it was decided that three measurement
devices would be employed in the study: (1) British Pendulum Tester, (2) Dynamic
Friction Tester and (3) Circular Track Texture Meter. The selection of these devices
ensure that all of the necessary parameters are measured and measured in a way that is
relevant to vehicle friction and can be used to compute relevant international standards
for road safety.

e The DFT device (ASTM, 2009) was used to measure the frictional properties of
the sample surfaces. The device measures and delivers the coefficient of friction
of the measured surface at all speeds between 0 and 80 km/h, thus allowing direct
computation of the F60 parameter of the International Friction Index. The F60
parameter is a measure used around the world to assess frictional characteristics
of road surfaces.

e The CTM device (ASTM, 2005) was used to measure the macro-texture of the
test surfaces. The device measures the texture profile of the surface using a laser
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in exactly the same track as the friction is measured by the DFT device. The
measured texture profile is then used to calculate the international standard Mean
Profile Depth parameter, which is a direct macro-texture parameter used around
the world to assess texture characteristics of road surfaces. The MPD value then
can be used to calculated the Sp parameter of the International Friction Index,
which is a measure of the sensitivity of vehicle friction to vehicle speed and is
used around the world to assess frictional characteristics of road surfaces.

e The BPT device (ASTM, 2003) will be used to assess the micro-texture of the test
surfaces. The micro-texture is a relevant frictional determinant of pavement
surfaces that directly effects absolute friction levels. The use of micro-texture and
the IFI numbers together gives a complete picture of frictional characteristics of
travelled surfaces.

Conclusion#1: The Dynamic Friction Tester, Circular Track Texture Meter and British
Pendulum Tester were used to measure frictional parameters of the test surfaces.

2.7.2 The Relationship of Characteristic Measurements in a Laboratory Environment to the
Actual Surface Characteristics on Roads.

The measured parameters from the three devices determined earlier will deliver
substantial and relevant information on the frictional characteristics of the test surfaces
under laboratory conditions. Although these are repeatable measurements in field studies
and they are used in many states and countries, the measured values can be directly
translated into measurements comparable to the ASTM E274 measuring trailer data used
by PennDOT.

The employment of the International Friction Index was decided to achieve the purpose
of translating the laboratory measurements obtained from the devices into relevant
numbers corresponding to E274 measurements.

The measured values of the DFT and CTM devices were used to calculate the IFI
numbers for each test surface according to the ASTM E1960 standard (ASTM, 2007).
The IFI numbers then were utilized to determine the equivalent projected SN40S
measurements of an E274 measurement device.

Conclusion#2: The International Friction Index was calculated from the measured DFT
and CTM parameters. The IFI was used to calculate the relevant E274 friction tester
parameter SN40S. The SN40S together with the obtained MPD and BPN numbers were
presented for compatibility to PennDOT practice and evaluation in relation to real-world
measurements.
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2.7.3 The Issue of Relevant Accelerated Wearing Machine Resembling Traffic.

From the review of the relevant literature and the array of presently available machines
and technologies for measuring accelerated wearing of pavement surfaces for the purpose
of evaluating frictional surface performance, it could be concluded that no easily
obtainable and practical technique exists today. The relevant parameters set as
requirements were:

e Simulation of traffic with pneumatic rolling wheels,
e The achievement of at least 10 times accelerated polishing wear, and

e The capability of wearing surface samples large enough to be used for
measurements by the DFT and CTM machines.

The conclusion was to suitably modify the presently available MMLS-3 machine at Penn
State to achieve these results. The machine uses four pneumatic rubber tires for load
testing of pavement surfaces at lengths of up to 6 ft. The machine also can simulate
random traffic patterns with its random lateral movement of its loading wheels. The
MMLS machine uses four wheels for load wear testing. For the present study to achieve
the necessary polishing and wearing effects relevant to micro-texture, macro-texture, and
friction, two of the machine wheels were suitably modified. The MMLS machine wears
the surface by rolling the tires into the surface in a linear motion. The tires are moved in
an oval shaped vertical rail system.

To achieve a truly accelerated frictional wear pattern two tires of the machine (every
other tire) were coated with a high-resilience, high-impact epoxy material into which
super-high-hardness silica carbide particles were embedded. The surface of the tires in
this way was developed to be a sandpaper-like abrasive surface that can withstand the
extreme use of many passes over the hard concrete surfaces. A detailed description of the
tires and the wearing machine is given in CHAPTER 3 (section 3.7, Accelerated Wear
Testing Setup on page 46).

Conclusion#3: The MMLS-3 machine was employed to perform an accelerated polishing
and wear on the produced test surfaces. The machine was modified to include two out of
the four tires altered with high-strength and high-hardness silica carbide material to
ensure rapid and relevant wear of relevant surface characteristics.

2.7.4 Selection of Aggregate Types for the Construction of the Test Samples.

Comparing the available aggregate types in the Commonwealth of Pennsylvania that are
practical and can be expected to be used in construction, it was decided that not all of the
aggregate types suggested by the literature were examined in the study due to practical
and availability limitations. Only the aggregate types presently available in quarries in
acceptable proximity to Pennsylvania will be considered. After review of availability and
practicality of the use of different aggregates three different types were selected in
addition to the researched limestone: (a) gravel, (b) sandstone and (c) slag.
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Conclusion#4: The study had examined three different aggregates in combination with the
tested limestone: (a) gravel, (b) sandstone and (c) slag.

2.7.5 Construction of the Test Samples.

The literature review revealed that the texturing techniques of concrete surfaces are of
paramount importance in the frictional behavior of the pavement surface. Because
present study was evaluating the effect of different aggregates on the frictional
performance of concrete pavements, it was necessary to devise a plan that would
effectively take texturing out of the variables but at the same time deliver a surface that is
prone to polishing and will deliver comparable results.

It was decided that the test samples would be manufactured without any texturing
technique and the fabricated sample surfaces be cured for 28 days after construction. The
samples after the curing period were subjected to sand blasting on their surface subjected
to the wear testing plus 2 inches on either side of the wheel path.

This technique was used to ensure that there would be no macro-textural differences
between the surfaces and the test samples would have minimum allowable macro-textural
features that could effect the wearing process and deform the result regarding the
polishing performance of the tested materials. At the same time, the use of sand blasting
would preserve the micro-textural features of the surface and introduce a uniform and
isometric sub-macro-texture that would allow the surfaces to be compared.

Conclusion#5: The test samples were constructed with no major macro-texture introduced
through any texturing technique. Using sand blasting after curing, a comparative sub-
macro texture was introduced to the surface that would not affect micro-texture but would
allow the surfaces to be compared in regard to their polishing performance.
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CHAPTER 3 EXPERIMENTAL TEST PLAN

3.1 Aggregate Selection

For the selection of the different available aggregate types, the committee report of the “Vanport
Limestone Skid Resistance Analysis” study was used to gather frictional information(PennDOT
internal publication). The study incorporated frictional measurements from six different
aggregate types used in 378 different surfaces. The friction readings were collected in 19
counties and on pavements with different ages and widely differing ADT values. A summary of
the data is given in Table 5.

Table 5. Average friction of PCC pavements with different aggregates

Average Friction

E L G H M Unknown
Gravel 39
SLAG 24
Limestone 32
Dolomite 25 34 20
Sandstone 53
Dolomite,
Limestone 31 29
Vanport Limestone 27

As can be observed from the table, the friction values of the different aggregates for all pavement
age levels vary between 20 and 53, showing a large spread. A better approach is to consider the
performance of these pavements in the different age groups in average terms and also to take into
account the spread of values around the means to see how volatile the frictional performance is.
These statistics can be observed in Table 6.
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Table 6. Average friction and standard deviation table [SN / STD]

Combined Average and STD
0-5 5-10 10-15 15-20 20-25 25-30 30+

Gravel 52/4 4712 36/ - 31/4 2413
Sandstone 5413 42/ -

Limestone 40/6 25/6 36/8 28/5 34/12
Vanport Limestone 38/7 26/3
Dolomite,

Limestone 40/7 31/6 33/6 29/8 12/2 26/3
Dolomite 26/9 20/3

The numbers in Table 6 show the average friction numbers of each aggregate type in each age
category for the tested PCC pavements. The second number shows the standard deviation, or the
magnitude of spread in the data for each average friction number. A graphical interpretation of
the numbers is shown in Figure 14.
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Figure 14. Friction levels vs. age of different aggregate PCC pavements

The figure shows both the absolute values and the time performance of the different surface
materials. As can be observed, the sandstone and gravel are separated by a relatively large
margin from the other aggregate materials at the beginning of the lifecycle between 0 and 5 years
of age. The difference is more than 30% between these two aggregates and the rest of the
analyzed materials. The time performance of the aggregate materials can also be observed from
the chart. Although, data are missing from some of the age categories and from some of the
aggregate types, general tendencies can be deduced. It can be observed that while the original
performance of the gravel is equal to that of the sandstone, the frictional properties of the
surfaces built from this aggregate deteriorate very rapidly and reach the level of limestone and
dolomite, limestone within 15 years. The data available from the 30+ year performance of the
surfaces is most an likely outlier; due to maintenance or other rehabilitation of the surfaces the
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data are measured on, and therefore these data were left out of the analysis. It was also a
shortcoming of the available data that no more slag aggregate surface was included. The
polishing values of the different aggregates in this project have been tested in many studies and a
generally accepted range of the common values have been established (see Table 7).

Table 7. Polish values of aggregates of anterest

Aggregate Sources Polish Values
Expanded Clay (Lightweight) (~45
Blast Furnace Slag ~35
Limestone (Sandy) ~31
Granites 29~27
Gravels 27~25
Limestones 23~19

3.1.1 Results from On-Site Testing of Surfaces of Interest

Preliminary measurements were taken on one of the sites available with the original surface of
interest for which this investigation attempted to uncover the results of low friction. The site was
located on 1-79 northbound at station marker 1754. The site was transverse grooved portland
cement concrete. The site and the measurement equipment are depicted in Figure 15.

8 ;

Figure 15. Onsite measurements and core drilling
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A number of core samples were also taken at the site to make it possible to analyze the
construction of the original surfaces, since no design or construction data were available. The
core samples were also utilized to estimate the used aggregate size and percentage of the original
concrete mix used in the construction.

Table 8 contains the data measured on site with the same equipment as used in the laboratory
experiment. The table contains measurements made in the right wheel path, the center of the
lane, the left wheel path, and on the shoulder of the lane. Measurements were taken by both the
DFT and CTM devices in exactly the same locations.

As can be observed from the measurement values of friction, the right and left wheel path
friction values are significantly lower than the values of the center of the lane measurements. At
the same time the measurements that were made on the shoulder with minimal or no traffic show
an even larger increase in friction, practically doubling that of the friction in the wheel paths.

Table 8. Preliminary measurement results

RWP Center LWP Shoulder
1 0.35 0.60 0.37 0.73
2| _ | oa0 0.63 0.39 0.91
3|2 | o4s | o6s | 043 0.93
2| T [ o039 0.68 0.37 -
5 0.39 0.64 0.40 -
Average 0.39 0.64 0.39 0.86
1] | o34 0.46 0.34 112
2 .>§< 0.42 0.51 0.43 1.24
3| = | o031 0.50 0.33 1.0
4 0.33 0.38 0.35 i
5 0.42 0.46 0.36 -
Average 0.36 0.46 0.36 1.19

The measurement of texture shows a very similar pattern with lower texture values in the wheel
paths and a large increase in texture on the untraveled shoulder.

The preliminary measurements indicate very strong polishing and lack of macro-texture which
points in the direction of lacking frictional characteristics due to deficient micro- and macro-
texture of the surface.

3.2 Mix Selection for Aggregate Substitution Study
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Based on the analysis, the preliminary measurements and analysis of the core samples and the
conclusions of the literature review (see section 2.7 Conclusions, on page 26), the originally
developed and submitted test matrix suggested for the analysis of the different aggregate
mixtures was determined in cooperation with the PennDOT technical project managers and is
given in Table 9.

Table 9. Original blending matrix

Percentage Aggregate

Sandstone | 30% /3 samples | 40% /3 samples | 50% / 3 samples | 70% / 3 samples

Gravel 30% / 3 samples | 40% / 3 samples’ | 50% / 3 samples | 70% / 3 samples

SLAG 30% / 3 samples | 40% / 3 samples | 50% / 3 samples | 70% / 3 samples

* possible mixtures for elimination from test matrix.

The matrix includes three aggregates and four different aggregate/limestone blend percentages.
The testing combinations were prepared such that a total of 48 test plates were required in 12
different blend mixture combinations. The statistical analysis of the obtained surface
characteristic values required that multiple sample surfaces be tested from the same blend
mixture types. It was suggested that three samples of each blend mixtures be prepared for the
outer extreme aggregate combination percentages and three samples for the 40% and 50%
combinations.  Furthermore, in order to reduce the number of wear cycles and testing
requirements it was determined that first only the 50% percentage blend mixture would be tested,
and if the measurement results did not warrant the 40% blend mixture, testing would be
eliminated (designated by the * symbol and light red background in the table). If the
measurements of the first three blend combinations warranted, the testing on the 40% blend
mixture was also performed. This measure effectively reduced the number of samples to be
tested by 12 and thus sped the research project significantly.

3.2.1 Final Test Matrix for Aggregate Substitution Testing

Due to the fact that there were no previously available comparable accelerated polishing and
surface characteristics wear tests or reports that would facilitate the estimation of the true time
necessary for a complete wear cycle a pre-test evaluation was necessary. It was decided that a
pre-test surface of comparable aggregate and mortar composition to the control surface be
produced, and the MMLS wearing machine used to measure the performance of the modified
machine and determine the cycle number intervals at which surface characteristics measurements
would be performed. From the trial wearing tests, the following conclusions were drawn:

1. The MMLS machine is capable of producing highly accelerated wear and polishing on
the test specimens.

2. For each test sample it was necessary to perform a minimum of 360,000 wearing cycles.

3. A complete 360,000 wearing cycle with the necessary intervals to measure surface
properties during the wearing process takes 2 to 2.5 weeks in time.

35



Due to the time requirements of the wearing process, it became necessary to further reduce the
total number of samples in the test matrix in order to be able to complete the testing within the
allotted project execution time. In consultation with the project technical committee it was
decided to modify the test matrix for the aggregate substitution, the test matrix for the mortar
characteristics and the test matrix for the maximum aggregate size studies. The modified test
matrix enabled a more rapid project execution while retaining the possibility to follow trends and
observe performance differences. The final approved test matrix is given in Table 10.

Aggregate Substitution Test (AST)

Table 10. Final aggregate substitution test matrix

Aggregate Substitution Percentage Surface Code # of
samples

Gravel: 30% Gravel / 70% Vanport AST-G-30-1 1 Slab
AST-G-30-2 1 Slab

50% Gravel / 50% Vanport* AST-G-50-1* 1 Slab

AST-G-50-2* 1 Slab

70% Gravel / 30% Vanport AST-G-70-1 1 Slab

AST-G-70-2 1 Slab

Sandstone: ~ 30% Sandstone / 70% Vanport ~ AST-S-30-1 1 Slab
AST-S-30-2 1 Slab

50% Sandstone / 50% Vanport* AST-S-50-1* 1 Slab

AST-S-50-2* 1 Slab

70% Sandstone / 30% Vanport ~ AST-S-70-1 1 Slab

AST-S-70-2 1 Slab

AASHTO #57 Coarse Aggregate Gradation
37% Fine Aggregate Fraction

32 32

For mix designs indicated with the red background, the sign designates the designs that are
optional designs. These mixes were intended to be tested only in the case where the testing of
the two boundary mix designs would not yield conclusive results.

3.3 Mix Selection for Mortar Fraction Study

The significance of aggregate proportions and properties for PCC pavements lies in the assembly
of aggregates bonded together with cement paste where the voids are completely filled with paste.
Thus, the amount of paste depends on the amount of void space that must be filled and the total
surface area of the aggregate that must be coated. The volume of voids between aggregate
particles is greatest when the particles are of uniform size. When a wider range of sizes is used,
the smaller particles pack between the larger ones, decreasing void space and lowering paste
requirements. Using larger maximum aggregate sizes can also reduce void space even though
the median void size is actually larger. At the same time for concrete pavements where the
frictional, macro-, and micro-textural characteristics of the pavement surface are intended to be
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determined by the properties of the mortar layer the used fine aggregate (sand) and cement paste
will have an overbearing influence.

The following test matrix has been designed to test the effects of different aggregate mixtures to
the extremes in their composition with regard to fine and coarse aggregate content. The mixtures
are intended to deliver a statistically significant number of samples with a distribution of
aggregate sizes and mix combinations to the extremes, that will provide data that can be analyzed
to assess the effect of increased fine aggregate (sand) components and the effects of decreasing
course aggregate size on the frictional properties of the surfaces. The original proposed test
matrix is given in Table 11.

Table 11. Original fine and coarse aggregate test matrix

Coarse Aggregate Limestone

70% [ 2" 50% /2" 50% /1" 30% 1”
@ 30% | Mix#1: 3 Samples
g” 50% Mix#2: 3 Samples
;.:3 50% Mix#3: 3 Samples
:Ej 70% Mix#4: 3 Samples

The original detailed mix designs from the preliminary planning stage of the project with the
exact water/cement ratio, water content and determined weight ratios are given in Table 12.

Table 12. Original detailed mix designs for mortar fraction tests

e Water Cement Sand/Agg Course aggregate Sand
[Kg/m~3 (Ib/itr3)] | [Kg/mA3 (Ib/ftr3)] (%) [Kg/m~3 (Ib/ftr3)] [Kg/m~3 (Ib/ftr3)]
Mix#1 | 0.47 | 150.00 (9.38) | 319.15 (19.95) 30 1351.60 (84.47) 579.26 (36.20)
Mix#2 | 0.47 | 150.00 (9.38) | 319.15 (19.95) 50 965.43 (60.34) 965.43 (60.34)
Mix#3 | 0.47 | 150.00 (9.38) | 319.15 (19.95) 50 965.43 (60.34) 965.43 (60.34)
Mix#4 | 0.47 | 150.00 (9.38) | 319.15 (19.95) 70 579.26 (36.20) 1351.60 (84.47)

3.3.1 Final Test Matrix for Mortar Fraction Testing

Due to the time limitations of the wearing test described earlier in this section, the fine aggregate
content test matrix was also modified. The modifications also reflected a suggestion from the
PennDOT technical committee to use material combinations and gradation that are practical and
more relevant to the present construction practice. The use of artificial mixes in the test matrix
was abandoned and a more practical approach taken in the design. It was decided that in this
study the normally used AASHTO #57 coarse aggregate gradation would be employed using the
tested Vanport Limestone aggregate. The variation of the fine-to-coarse aggregate ratio was also
decided after the preliminary study in agreement with the technical committee to be limited to
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two mix designs; a preparation of a third middle mix ratio would be added to the testing only if
measurement results are lacking clear trends. The final approved test matrix is given in Table 13.

Mortar Fraction Test

Table 13. Final Mortar fraction test matrix

Aggregate Substitution Percentage Surface Code f of
samples

Vanport Limestone 70% Coarse / 30% Fine MFT-70/30-1 1 Slab

MFT-70/30-2 1 Slab

50% Coarse / 50% Fine * MFT-50/50-1* 1 Slab

MEFT-50/50-2* 1 Slab

30% Coarse / 70% Fine MFT-30/70-1 1 Slab

MFT-30/70-2 1 Slab

AASHTO #57 Vanport Limestone Coarse Aggregate Gradation

3.4 Mix Selection for Maximum Aggregate Size Study

During the preparation of the test matrix a number of mix combinations were eliminated from
both the aggregate substitution study and the mortar fraction study to achieve economy and
practical execution time for the project. At the same time a new test was added to the test matrix
with a number of combinations of different gradations to test the effect of aggregate size of
Vanport Limestone in PCC surfaces with regard to frictional characteristics and polishing
performance.

A long and detailed discussion and planning process yielded the agreed-upon mix designs and
the sizes of coarse aggregates to be used in the study of maximum aggregate size. The use of a
blend of AASHTO #57 and #8 aggregate gradation was decided with the addition of gradation
Class 1 fine aggregates. The AAHSTO Class 1 grading was added to make the mix based on a
request from the PennDOT technical project managers. It was decided that the mix designs for
the fine/coarse mixture study be updated with the #57 and #8 aggregates and included with the
report, but the work on refining these with regard to practicality, workability and other issues
will worked out throughout the study and therefore the finally tested mix designs might be
different from the suggested preliminary designs in the interim report.

The final test matrix for the maximum aggregate size study is given in Table 14.

Table 14. Final maximum aggregate size test matrix

# of

Aggregate Aggregate Gradation Surface Code samples
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Vanport Limestone AASHTO #1 / #57 MAS-1/57-1%* 1 Slab

MAS-1/57-2* 1 Slab
AASHTO #8 / #57 MAS-8/57-1 1 Slab
MAS-8/57-2 1 Slab
AASHTO #1 MAS-8-1 1 Slab
MAS-8-2 1 Slab

*screened to max nominal size < 2”

The selected different AASHTO gradations are given in Table 15.

Table 15. Selected AASHTO gradations table

. . Percent Passing
Sieve Size
AASHTO AASHTO AASHTO

No. 57 No. 8 No. 1
100 mm 4 in _ _ 100 min
90 mm 2.5 in _ _ 90- 100
75 mm 3 in
63 mm 2.5 in _ - 25 -60
50 mm 2-inch
37.5 mm 1.5-inch 100 min - 0-15
25 mm 1-inch 95 - 100
19.0 mm 0.75-inch _ _ 0-5
12.5 mm 0.5-inch 25 - 60 100 min
9.5 mm 0.375-inch - 85-100
4.75 mm No. 4 10 max 10-30
2.36 mm No. 8 5 max 10 max
1.18 mm INo. 16 5 max

Based on the planning process and the request from the PennDOT technical project managers,
the AASHTO #1 graded aggregates were screened to maximum nominal size of not more than 2
inches of aggregate size. This has changed the original AASHTO gradation. The depiction of
the gradation of the used aggregate sizes in the maximum aggregate size study can be found in
Figure 16 through Figure 21Figure 18.
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Figure 17. Coarse gradation AASHTO #57
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Figure 18. Coarse gradation AASHTO #8

The final three mixtures selected for the study, as described in Table 14, give a combination of
modified AASHTO gradations, yielding the three surfaces for the maximum aggregate size study.
The three mixtures, with their respective coarse aggregate gradations are given in Figure 19
through Figure 21

MHo. 100 No. 30

Mo, 200| Mo. 50 No. 16 Mo, 8 MNo. 4 3/8-inch  1/2-Ingh 3/4-Inch 1-Imch 1.5-Inch 2-Inch
i /,f/
50 // /
2 /
‘= 60
]
m
o
et
3
g
& 40 v
a /
20 / =
0.075 ma| 0.30 mm L18mm 136 mm 4.75 mm 9.5 mm 1.5 mim 15.00 mm  25.00 mm 50 mm

015 mm .60 mm
Sieve Size

Figure 19. Coarse aggregate gradation for test surface MAS-1-57 (aaswro suaasntoss7)

41



100

Percent Passing

Percent Passing

No. 100 Mo, 30
NG, 200 No. 50 No. 16 No. B Mo, 4

3/8-Inch  1/2-Inch

3/4-inch  Ll-inch

1.5-Inch

2-inch

BO

&0

//

40

20

A/
£

100

=1
-]

-
(=]

20

0.075 mm{ 0.30 mm L.18mm 136 mm 4.75 mm

0,15 mm 0,60 mm

Figure 20. Coarse aggregate gradation for test surface MAS-8-57 (aasuro siaasnto#s7)
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Figure 21. Coarse aggregate gradation for test surface MAS-8 (aastto #)
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3.5 Sample Construction

The final aggregate and mixture designs were agreed to be worked into a set of sample surfaces.
Each sample had contained two independently cast and separated square samples of the same
material. The sample materials were arranged such that the two separate squares were combined
into a rectangular-shaped specimen, allowing the surfaces to be worn by the MMLS machine
simultaneously, thus introducing exactly the same wearing load on both surfaces.

The concrete specimens were both cast and tested in the same forms. The forms consisted of a
747X307X0.25” steel base with bolts welded to the surface to mount wooden sides. The sides
measured 48.57X267X5” with a 0.5” spacer inserted at the midpoint of the mold to create two
247x26”x5” samples per mold.

One mix design was used for each pair of samples. The concrete was batched and mixed in the
lab, placed into the form cavity and vibrated using a pencil vibrator. Percent air was determined
with each mix design and 4”°x8” compressive strength samples were cast for each mix.

Following placement, the concrete surface was finished by hand trowel and moist burlap was
applied as well as a cover of plastic sheeting to maintain a moist cure. After 2 days of moist cure
each sample was sandblasted in the area of the anticipated MMLS3 wheel path to expose the
aggregate near the surface.

Samples were then aged for a minimum of 28 days and compressive strength determined.
Following acceptable compressive strength the samples were subjected to trafficking using the
MMLS3 apparatus.

Table 16. As-constructed mix parameters

ABS(CA| ABS(CA Adjusted CA Adjusted
Water | Cement | Fly Ash CA(lb) FA (CA) (CA) ABS(FA) : Adjusted Juste
Vanport Gravel (Ib) Water | AE(ml) | WR(ml)
(o) | (o) | (b (1b) (%) FA (Ib)
vp#s7 | Gritsz (%) (%) VP#57 | Grits7 (Ib)

Control 36.93 78.50 13.82 301.75 177.25 0.42 1.35 1.24 302.34 0.00 184.15 29.44 60.00 80.00
AST-G-30 36.93 78.50 13.82 211.23 90.52 177.25 0.42 1.35 1.24 211.50 93.69 189.25 21.49 60.00 80.00
AST-G-70 36.93 78.50 13.82 90.53 211.22 177.25 0.42 1.35 1.24 90.65 212.26 185.76 27.26 60.00 80.00
AST-G-50 36.93 78.50 13.82 150.88 150.87 177.25 0.42 1.35 1.24 151.04 149.87 184.01 31.00 40.00 50.00

ABS(CA ABS(CA Adjusted CA Adjusted
Water | Cement | Fly Ash CA(lb) FA Van( orl Sand:ton)e ABS(FA) b (Ib) Adjusted Mjll:;
(o) | (o) | (b (1b) L (%) FA (Ib)
vP#s7 | ss#s7 (%) (%) VPH#57 | Ss#s7 (Ib)
AST-S-30 36.93 78.50 13.82 211.23 90.52 177.25 0.42 0.75 1.24 211.78 90.56 183.64 29.95 60.00 | 100.00 |
AST-S-70 36.93 78.50 13.82 90.53 211.22 177.25 0.42 0.75 1.24 90.78 212.81 183.68 28.65 60.00 | 100.00 |
ABS(CA Adjusted CA Adjusted
Water | Cement | Fly Ash CA(lb) FA (CA) ABS(FA) L Adjusted Juste
Vanport (Ib) Water
(o) | (o) | (b (1b) (%) FA (Ib)
VP#57 (%) VP57 (Ib)
MFT-70-30 36.93 78.50 13.82 335.30 143.70 0.42 1.24 335.54 148.31 32.08 80.00 I 80.00 |
MFT-30-70 36.93 78.50 13.82 143.70 335.30 0.42 1.24 143.81 342.68 29.44 80.00 | 100.00 |
ABS(CA ABS(CA Adjusted CA Adjusted
Water | Cement | Fly Ash CA(lb) FA (CA) (CA) ABS(FA) L Adjusted UmBas
VP#57 VP#1/ #8 (Ib) Water
(Ib) (Ib) (Ib) (Ib) o (%) FA (Ib)
VP#57 |VPHL1/#8 (%) (%) VP#57 [VPH1/#8 (Ib)
MAS-1-57 36.93 78.50 13.82 120.70 181.05 177.25 0.42 0.42 1.24 121.03 181.42 184.99 28.49 80.00 80.00
MAS-8-57 36.93 78.50 13.82 120.70 181.05 177.25 0.42 0.65 1.24 120.90 181.21 183.42 30.40 60.00 80.00
MAS-8 36.93 78.50 13.82 301.75 177.25 0.65 1.24 302.40 184.65 28.88 80.00 92.00

Mix Design (0.157 CU YD Batch Size) W/C=0.4

The concrete mix abbreviations used in Table 16 constitute the following naming conventions
and indicators:
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Experiment: Control Test CONTROL
100% Vanport Limestone Coarse Aggregate AST-V-1, AST-V-2
AASHTO #57 Coarse Aggregate Gradation
37% Fine Aggregate Fraction

Experiment: Aggregate Substitution Test AST
Gravel: 30% Gravel / 70% Vanport AST-G-30-1, AST-G-30-2
70% Gravel / 30% Vanport AST-G-70-1, AST-G-70-2
Sandstone: 30% Sandstone / 70% Vanport AST-S-30-1, AST-S-30-2
70% Sandstone / 30% Vanport AST-S-70-1, AST-S-70-2

AASHTO #57 Coarse Aggregate Gradation
37% Fine Aggregate Fraction

Experiment: Mortar Eraction Test MET
70% Coarse / 30% Fine MFT-70/30-1, MFT-70/30-2
30% Coarse / 70% Fine MFT-30/70-1, MFT-30/70-2
AASHTO #57 Vanport Limestone Coarse Aggregate Gradation

Experiment: Maximum Aggregate Size MAS
AASHTO #1/ #57 MAS-1/57-1*, MAS-1/57-2*
AASHTO #8 / #57 MAS-8/57-1, MAS-8/57-2
AASHTO #38 MAS-8-1, MAS-8-2

*screened to max nominal size < 2”

The actual mixed concrete parameters were measured and recorded during the casting process
and the data are given in Table 16.

During the casting of each test slab, three (3) 4°x8” compressive strength samples were cast.
The compressive strength test samples were each used to determine, after the 28 day curing
period, the concrete strength and tested against the required 3,750 psi strength. The criteria for
each sample surface to be used in the study were established including that the compressive
strength of the material had to exceed the threshold of 3,750 psi strength. The dates of the
casting of each test specimen together with the dates for the testing of the compressive strength
test samples were recorded. The data are given in Table 17. As can be observed, the resulting
compressive strength of the materials used in this experiment for each individual test sample as
well as the average sample strength passed the set criteria.
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Table 17. As-built test sample compressive strength (sample: 4°x8”)

Date Cast | Test Date | Sample #1 | Sample #2 | Sample #3 AVG

Control 4/21/2009 | 5/14/2009 | 5,565 Psi 5,560 Psi 5,405 Psi 5,510 Psi
AST-G-30 4/28/2009 | 5/14/2009 5,062 Psi 4,740 Psi 4,704 Psi 4,835 Psi
AST-G-70 4/21/2009 | 5/14/2009 | 4,425 Psi 4,951 Psi 4,204 Psi 4,527 Psi
AST-S-70 6/16/2009 | 7/13/2009 | 6,271 Psi 6,120 Psi 5,629 Psi 6,007 Psi
AST-S-30 7/15/2009 | 8/12/2009 | 4,991 Psi 4,897 Psi 4,832 Psi 4,907 Psi
MFT70-30 8/17/2009 | 9/14/2009 | 4,880 Psi 4,512 Psi 5,015 Psi 4,802 Psi
MFT30-70 7/27/2009 | 8/24/2009 4,366 Psi 4,116 Psi - 4,241 Psi
MAS-1-57 8/18/2009 | 9/15/2009 | 5,116 Psi 4,713 Psi 3,711 Psi 4,915 Psi
MAS-8-57 9/4/2009 | 10/5/2009 | 5,685 Psi 5,584 Psi 5,878 Psi 5,635 Psi

MAS-8 9/15/2009 | 10/12/2009 | 4,955 Psi 4,624 Psi 4,703 Psi 4,790 Psi

3.6 Experimental Test Plan

Preliminary wear cycle tests were performed using a separate surface constructed according to
the control surface specifications. The test surface was constructed before the testing of any of
the designed test slabs took place, and the purpose of the manufacturing and testing of the pre-
study surface was twofold:

1. Determine the optimal wearing cycle number necessary to be performed on a typical
surface to achieve polishing and wearing that will predictably diminish the frictional,
macro-and micro-textural surface properties to a point of unacceptable level; and

2. Determine the best combination intervals (number of wearing cycles) between
measurements to follow the polishing and surface wear effects as a function of wearing
cycles.

The preliminary study had yielded insights as to the overall number of wearing cycles and data
for the determination of the best theoretical division of the wearing test to make periodic surface
characteristics measurements.

The results of the pre-study testing yielded the following information for use in the polishing
study:

1. The total combined number of wearing Cycles: .........c.cceeviiriiiiieniiieienieeieeee 360,000
2. Optimal wearing cycle intervals to establish polishing and surface characteristics
deterioration history and trend:.................. 15,000; 30,000; 60,000; 120,000; 240,000

In addition to the measurements to be made after the number of wearing cycles indicated in the
previous list an original initial reading for all measurement characteristics parameter had to be
made before the start of the wearing traffic on the test surface to establish initial conditions.
Similarly, after the total 360,000 cycles of wearing traffic had been finished, the final surface
characteristic measurements were performed to establish the final characteristics of the test
surface at the end of the wearing.
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3.6.1 Collected Test Parameters

As it was established during the background investigation and described in section 2.7, the
Dynamic Friction Tester , Circular Track Texture Meter and the British Pendulum Tester were
used to measure frictional parameters and other surface characteristic descriptors of the test
surfaces during the study. The data from the measurements were be collected into a
comprehensive database and used in the analysis of the experimental results to calculate the
relevant in-laboratory and projected full-scale road testing relevant measurements and surface
descriptor parameters.

In accordance with the discussion in chapter 2, the International Friction Index was calculated
from the measured DFT and CTM parameters and the established IFI indices were be utilized for
comparative study as well as the means to project actual, real-world, road-relevant, high-speed
friction measurements. The IFI was used to calculate the relevant E274 friction tester friction
number. The ASTM-suggested 40 mph friction index was estimated as it was measured using
the ASTM 501 blank friction measurement tire. The designation of the blank tire friction
measurement performed according to the ASTM E274 test at 40 mph speed was FN40S. In
practice the E274 friction measurements sometimes are represented as whole numbers calculated
from the measured coefficient of friction, multiplying it by 100 (e.g., a number corresponding to
the coefficient of friction 1.0 is represented by an integer number 100); the designation of this
number is usually referred to as SN40S. In this study, the coefficient of friction (FN40S)
designation was followed. The FN40S, together with the obtained macro-texture descriptors of
the mean texture depth and the PIARC speed number SP (part of the IFI index) and the British
Pendulum Tester measurement numbers are presented and analyzed in the report. The IFI
presentation provides a comprehensive analysis of the performance of each test surface
comparatively evaluated against the other tested surfaces as well as the performance of the
surface in terms of resistance of polishing on its own merit following the degradation of the
measured parameters throughout the wearing process. The calculated FN40S numbers together
with the measured MPD parameters will provide a strong foundation for compatibility
evaluations to PennDOT practice and evaluation in relation to real-world measurements.

In addition, a complete set of photographs were prepared for the database. The photographs
depict the surface’s initial conditions, the progress of polishing and wearing with a picture taken
at each interval of the wearing test, and a final set of pictures taken at the very end of the testing
of each slab.

For the brevity of the report and to be able to limit the size and number of pages, photographs of
the test surfaces are included in appendix A for each test surface at the initial, middle and end
stages of the testing.

3.7 Accelerated Wear Testing Setup

The sample concrete slabs were exposed to traffic wearing and accelerated polishing using a one
third scale accelerated wear testing device the Model Mobile Load Simulator (MMLS-3). It is
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commonly used to apply cycles to pavement markings, asphalt cement concrete pavements, and
other highway materials to determine degradation phenomena. The MMLS-3 can apply up to
7,200 cycles per hour over an approximate 4 ft (1.26 m) distance, as shown in the longitudinal
section of Figure 22. As it was anticipated that at least 500,000 cycles will have to be applied to
begin observing significant skid resistance reduction the device was modified to conform to the
commonly used practices described in chapter 2 for accelerated polishing and wear as well as to
reduce the number of cycles necessary for the full testing of the surfaces.
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Figure 22. Model Mobile Load Simulator.

Based on the previously described preliminary experimental testing using the MMLS3, the
research team determined that the first 6 inches (15 cm) of the MMLS3 contact area did not
receive the same loading force (due to wheel bounce); therefore, only the middle 18”x18”
(0.46x0.46 m) were used for the measurements and evaluation. A typical setup for the MMLS
machine with a test surface is depicted in Figure 23.

Figure 23. MMLS-3 machine setup with test surface
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The modification to the machine was initiated to introduce significant polishing power to the
wearing cycles in a similar manner as the polishing machines described in Chapter 2, but with
the significant difference of closely simulating actual traffic conditions. The traffic conditions
were simulated through the machine’s capability to deliver straight longitudinal roll cycles of a
pneumatic tire under load while at the same time move sideways, successfully introducing
distributed traffic loads. The machine has four wheels that roll over the surface, thus one cycle
contains four wheels passing over the tested surface area. Two of the pneumatic tires were
modified in order to introduce significant polish and wear to the surface. The tires were coated
using a high-strength and flexible polyurethane bonding agents into which ultra-high hardness
silica carbide particles were embedded. The resultant tire surface gave a pneumatic wheel with
high abrasive capability on a very fine scale. This combined with the unmodified two pneumatic
wheels gave a capacity to the MMLS-3 machine to rapidly introduce heavy polishing and surface
wear that is relevant to the surface characteristics of PCC pavements determining frictional
performance.
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CHAPTER 4 EXPERIMENT RESULTS AND ANALYSIS

Based on the test matrices, methods, wearing procedures, measurement intervals and
measurement techniques described in CHAPTER 3, the complete testing and measurement
program was executed and the measurement data collected. The measured and collected data in
tabulated format are given in Appendix B.

4.1 Analysis of DFT Data

For the analysis, the measured DFT data had to be filtered and reduced into a manageable
amount of data. As it has been discussed in the previous sections, the DFT device measures the
coefficient of friction as a function of travel speed over the surface. Thus the measurement data
from the device contain 1,000 pairs of data points of friction and rubber slider speed. A typical
friction curve measured during the experiment can be observed in Figure 24.

DFTester Data from the MAS-8 Surface Initial Measurement
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Figure 24. Interpretation of DFTester Measurement

The raw measured data are indicated by the dotted line in the figure, while the filtered and re-
sampled measurement data are depicted by the red continuous line. For the analysis of the
frictional characteristics of the pavements the filtered DFT data were further reduced to three
single friction numbers characterizing the pavement surface. The frictional data at 65km/h,
45km/h, and 20km/h speeds were collected and separately assembled in a test data matrix for
each of the tested surfaces at each of the wear intervals determined in the test matrix. These
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three numbers were collected for all repeated measurements and averaged to form the final
measurement for the particular surface.

The averaged friction values for the three selected speeds were used in the analysis of surface
performance and the calculation of surface characteristics parameters such as the IFI. The
recorded DFT data for all of the studied surfaces have followed a similar general tendency in
deterioration. The surfaces have shown an initial rapid drop in friction at all speed levels, which
later leveled out to a less significant decline rate. A typical surface change with regard to

wearing cycles is shown in Figure 25, where the lower graph shows wearing cycles in
logarithmic scale.
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Figure 25. Deterioration of DFT friction levels with wearing
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As can be observed from the figure, the deterioration of high-speed friction after the initial drop
is close to linear in a logarithmic scale regarding the number of wearing cycles performed on the
surface. This trend was observed in all of the tested materials without exception. A depiction of
the decline of friction for all of the surfaces at 65km/h speed is presented in Figure 26.
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Figure 26. Friction Deterioration at 65km/h of all surfaces

Although a number of differences can already be observed from this figure, the performance
differentiation of the surfaces is not yet clear and further processing of the data is clearly
necessary. The measured texture and speed dependency changes captured by the calculation of
the IFT and MPD indices will further refine the analysis.

It is worthwhile at this point in the analysis to observe the performance of the two highest
friction surfaces in Figure 26. The three best frictional performances are clearly delivered by
three surfaces: MFT-30-70, MAS-1-57, and the AST-G-70, if the absolute magnitude of the
delivered friction values at 65 km/h speed is considered along the entire wearing curve. The
surface performance can also be depicted considering the percent deterioration in measured
coefficient of friction using the DFT results considering the initial and final measurements. The
data organized to show these statistics are given in Table 18. As can be observed from the table,
the very same two surfaces that delivered the best absolute performance considering only the
DFT results also supplied the best performance regarding declining friction values along the
wearing and polishing curve. The two surfaces are indicated in the table by red cell backgrounds
containing the percentage decline in measured DFT coefficient of friction at the three pre-
selected speeds.
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Table 18. Percentage DFT friction deterioration of surfaces

Initial Finish Percentage Decline
65 45 20 65 45 20 65 45 20
km/h km/h km/h km/h km/h km/h km/h km/h km/h

CONTROL 0.57 0.55 0.63 0.20 0.24 0.34 65% 56% 46%
AST-G-70 0.62 0.63 0.72 0.30 0.33 0.42 51% 47% 41%
AST-G-30 0.53 0.56 0.64 0.29 0.33 0.39

AST-S-70 0.59 0.59 0.61 0.19 0.24 0.38 68% 59% 37%
AST-S-30 0.53 0.58 0.69 0.24 0.29 0.40 55% 51% 42%
MFT-30-70 0.76 0.80 0.89 0.44 0.48 0.61

MFT-70-30 0.53 0.56 0.68 0.21 0.25 0.32 61% 56% 53%
MAS-1-57 0.49 0.54 0.64 0.26 0.30 0.38

MAS-8-57 0.69 0.73 0.84 0.25 0.29 0.41 64% 60% 51%
MAS-8 0.47 0.64 0.62 0.25 0.29 0.39 47% 55% 37%

The overall deterioration graphs for all speeds and surfaces are given in Figure 27.
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Figure 27. DFT friction decline for all surfaces

52



4.2 Analysis of the British Pendulum Tester Data

The British Pendulum Tester is generally regarded as a device that indicates surface micro-
texture through its measurements. In this study all surfaces were prepared specifically to try to
produce accurate macro- and micro-texture for the surfaces to ensure that the differences at the
end of the wearing test reflect the true differences in the performance of the different surface
mixtures. The test specimen fabrication discussed in section 2.7.5 was designed in regard to the
surface finishing techniques to bring about these circumstances. The measured data from the
BPT depicted in Figure 28.
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Figure 28. Progress of BPN data for all surfaces

It can clearly be observed from the figure that basically all surfaces had initially produced
readings close to a nominal initial number. The initial BPN number averaged across the different
surfaces was 78 with a standard deviation of 1.8. This supports the efforts taken in the initial
surface preparations to yield surfaces that deliver similar macro- and micro-textural features at
the beginning of the study. A very similar pattern of BPN degradation to that of the degradation
in DFT measurements over the entire course of surface wearing and polishing can be observed,
as is illustrated in Figure 28, but the trends between the different surfaces are not clear. In fact,
no clear trend can be observed, although a closer examination of the data shows that the same
surfaces deliver marginally better results than other surfaces. The decline in the BPN
measurements is better observed in Figure 29.
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Figure 29. British Pendulum Tester measurement deterioration

4.3 Analysis of the CTM Data

The macro-texture of the surfaces was measured using a laser device that measures the pavement
in the exact same physical area as is measured by the DFT device. The two devices therefore,
form an ideal pair to produce the IFI friction index. The measurements of the macro-textural
parameters of the surfaces are reported according to the mean profile depth measurement
standards. The values measured by the CTM device generally follow the deterioration pattern of
the BPN and DFT numbers. As has been indicated previously in the report, the importance of
the MPD numbers is not only in the evaluation on their own merits but, more significantly, in
their role in the international friction index and the PIARC friction model that allows the
calculation of the E274 skid trailer measurements based on the IFI and the measured macro-
texture numbers.

The macro-texture measurements and the deterioration in texture can be observed in Figure 30.
The figure should be evaluated keeping in mind that all surfaces were prepared to produce
minimal macro-textural features. Therefore it can be observed that all surfaces had calculated
MPD values in the range of 0.3 to 0.5 mm (0.01 to 0.02 in). It also can be observed that these
macro-texture readings were further reduced by only marginal numbers throughout the testing by
the polishing machine. The ending measurement results show that the macro-texture of the
surfaces after finishing the total number of 360,000 wearing cycles reduced MPD values to
between almost the same limits. It also should be noted that that the largest drops in macro-
texture measurements can be observed on those surfaces that had larger values to begin with,
while the surfaces with smaller initial MPD features produced only marginal drops in macro-
texture levels.
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Figure 30. Deterioration of macro-texture of surfaces

One of the most important effects of the textural features of the tested surfaces is their effect on
the frictional characteristics of the surface. The macro-texture of the surface together with
micro-texture determines the surface’s frictional performance in terms of travel speed of vehicles;
the better the textural features the less the friction decline becomes at higher speeds. The
dependency of friction on micro- and macro-texture plus vehicle speed (as explained in section
2.3) is illustrated in Figure 9. The speed dependency of friction can be very well described using
equations 5 and 6. Using these equations one can depict the exact speed effects of the textural
features of the surfaces using a single equation:

MeasurementSpeed —v

F(V) = l:MealsurementSpeed ‘€ > (9)

Equation 9 gives the relationship that can be used to evaluate the surface performance in terms of
both texture and friction. Once a selected friction measurement together with the speed at which
the friction is measured and the calculated speed parameter, Sp, from measured surface texture
properties is inserted into equation 9, the surface friction can be calculated at any vehicle speed V.

Using the measures of the CTM device and the results of the PIARC experiment, we can
calculate the Sp speed parameters for each of the studied surfaces. The speed numbers can be
determined for each level of wear, thus allowing the analysis of the deterioration of the surface’s
friction-speed performance in terms of wear. The ASTM E1960 standard (ASTM, 2007)
describes the equation to calculate the Sp speed number and gives the final equation to be used.
The equation given in this ASTM standard is based on the PIARC friction model (PIARC, 1995)
and is given in the following equation:
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S, =14.2+89.7-MPD 10

Based on this equation the relevant Sp speed number, Sp, of the friction model can be calculated.

The derived speed constants for all of the surfaces at each stage of the wearing cycle are given in
Table 19.

Table 19. Complete table of PIARC speed constants

CONT | AST- AST- AST- AST- MFT- MFT- MAS- MAS- MAS-
-ROL G-70 G-30 S-70 S-30 30-70 | 70-30 1-57 8-57 8-1

Initial | 44.77 62.19 48.88 48.13 48.28 59.05 43.65 61.74 56.65 39.91

15 Thousand Wearing Cycles | 38.56 52.17 44.25 42.60 44.25 50.82 39.31 55.31 44.84 39.91
30 Thousand Wearing Cycles | 41.70 | 50.37 | 43.35 | 41.11 | 46.49 51.27 | 38.86 56.06 | 45.14 | 37.97
60 Thousand Wearing Cycles | 37.82 | 53.22 | 41.70 39.98 | 45.70 52.02 | 39.16 56.95 | 43.65 | 37.37
120 Thousand Wearing Cycles | 39.87 | 52.62 | 43.95 38.56 | 43.05 | 51.27 | 40.81 58.00 | 45.59 | 38.41
240 Thousand Wearing Cycles | 41.11 50.37 44.25 42.30 45.14 53.66 38.86 55.91 44.84 38.86
360 Thousand Wearing Cycles | 39.46 | 52.02 | 42.90 | 43.72 | 44.10 | 54.11 | 39.61 57.70 | 43.80 | 39.16

A better visual representation of the data in Table 19 is a graph that gives an overview of the
speed numbers as a function of wearing cycles. The graph is presented in Figure 31.
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Figure 31. PIARC speed number of IFI for all surfaces

It can be clearly observed from Figure 31 that the tested surfaces form three distinct groups
initially for which the measured speed numbers within each group are located very close,
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indicated by the green ovals in the figure. The three groups of surfaces at the initial conditions
are in order of performance:

1. MAS-1-57, AST-G-70, MFT-30-70, MAS-8-57 Best performers in terms of Sp.
2. AST-G-30, AST-S-30 and AST-S-70 Medium performers in terms of Sp.
3. Control, MFT-70-30 and MAS-8 Low performers in terms of Sp.

Throughout the wearing cycles these performances are altered by the polishing and wear effects
and somewhat changed. At the end of the wearing process two distinctively different groups of
the surfaces have emerged. The difference in their friction-speed relationship performance is
relatively high, as indicated by the red ovals in Figure 31. The two groups of surfaces at the final
conditions after the completed wearing cycles are in the order of their performance:

1. MAS-1-57, AST-G-70, and MFT-30-70 Best performers in terms of Sp.
2. AST-G-30, AST-S-30 and AST-S-70, MAS-8-57,
Control, MFT-70-30 and MAS-8 Low performers in terms of Sp.

It can be observed from all the previous analysis, but particularly from the different speed
measurements of the DFT and the surface performance — both in absolute terms and percentage
friction deteriorations at the different speeds and the performance of the surfaces in regard to
speed numbers (friction-speed relationships) — that a pattern is emerging. Three surfaces are
outperforming the others by a relatively great margin. These three surfaces are:

MAS-1-57, AST-G-70, and MFT-30-70

4.4 Putting it All Together

In this section we are going to compile the results of all measurements and the analysis of the
individual measuring processes to calculate and analyze the surfaces in regard to their
performance in terms of the international friction index. The friction indexes then will be used in
accordance with the ASTM standards and the PIARC friction harmonization procedure to
calculate the friction values of the surfaces according to the ASTM E274 friction trailer reading
(commonly known as K.J. Law Friction Tester). The calculated friction values will be presented
in terms of the FN40S numbers corresponding to the friction measurements on real road surfaces
by the K.J. Law tester using a 0.5 mm water depth and the ASTM E524 blank friction
measurement tire.

4.4.1 Analysis of the IFI

Using the measurement of the DFT device and the results of the PIARC experiment together
with the given standardized equations of the relevant ASTM standard E1960 (ASTM, 2007) we
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can calculate the F60 friction index parameter of the international friction index for each of the
studied surfaces. The F60 indices can be determined for each level of wear, thus allowing the
analysis of the performance of the surface’s high-level absolute friction performance in terms of
wear. The ASTM E1960 standard (ASTM, 2007) describes the equation to calculate the F60
friction index and gives the final equation to be used. The equation given in this ASTM standard
is based on the PIARC friction model (PIARC, 1995) and is given in the following equation:

—40

F60=0.081+0.732-¢% (11)

Based on this equation the relevant F60 speed number of the IFI friction model can be calculated.
The derived F60 indices for all the surfaces at each stage of the wearing cycle are given in Table
20.

Table 20. Complete table of PIARC F60 indices
CONT | AST- | AST- | AST- | AST- | MFT- | MFT- | MAS- | MAS- | MAS-
ROL G-70 | G-30 | S-70 | S-30 | 30-70 | 70-30 | 1-57 | 8-57 | 8-1
Initial 0.27 | 036 | 0.29 | 0.27 | 0.30 0.40 0.28 0.32 0.37 0.25
15 Thousand Wearing Cycles 023 | 030 | 024 | 024 | 0.26 0.34 0.23 0.28 0.28 0.25
30 Thousand Wearing Cycles 023 | 028 | 023 | 024 | 026 | 034 | 022 | 027 | 028 | 024
60 Thousand Wearing Cycles 021 | 029 | 022 | 0.23 | 0.25 0.34 0.22 0.26 0.27 0.23
120 Thousand Wearing Cycles 022 | 028 | 022 | 021 | 0.24 0.33 0.22 0.26 0.25 0.22
240 Thousand Wearing Cycles 0.21 | 026 | 0.23 | 0.22 | 0.23 0.33 0.20 0.25 0.26 0.22
360 Thousand Wearing Cycles 020 | 0.26 | 0.22 | 0.22 | 0.23 | 0.32 020 | 025 | 024 | 021

A better visual representation of the data in Table 20 is a graph that gives an overview of the
derived friction indices of the international friction index numbers as a function of wearing
cycles. The graph is presented in Figure 32.
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Figure 32. PIARC F60 index of IFI for all surfaces

It can be observed from the graph in Figure 32 that the tested surfaces, unlike in the case of the
Sp speed numbers, do not form very clear groups but are more arranged along a range at the
initial surface measurements. Nevertheless, there are four surfaces that deliver clearly superior
performance compared to the other at the initial stage of the experiment, indicated by the green
ovals in the figure. These surfaces are:

1. MFT-30-70, MAS-8-57, AST-G-70 and MAS-1-57 Best performers in terms of F60.
2. AST-G-30, AST-S-30 and AST-S-70,
Control, MFT-70-30 and MAS-8 Low performers in terms of F60.

Throughout the wearing cycles these performances are altered by the polishing and wear effects
by a considerable amount in absolute terms, but in terms of the relative performance of the
surfaces the changes are very little and somewhat altered. At the end of the wearing process two
distinctively different groups of the surfaces have emerged, similarly to that of the analysis of the
speed numbers. The difference in their F60 friction index performance is relatively high, as
indicated by the red ovals in Figure 32. The two groups of surfaces at the final conditions after
the completed wearing cycles are, in the order of their performance:

1. MFT-30-70, AST-G-70, MAS-1-57, and MAS-8-57 Best performers in terms of F60.
2. AST-G-30, AST-S-30 and AST-S-70,
Control, MFT-70-30 and MAS-8 Low performers in terms of F60.

It can be observed from all of the previous analysis, but particularly from the different speed
measurements of the DFT and the surface performance —both in absolute terms and percentage
friction deteriorations at the different speeds and the performance of the surfaces in regard to
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IFD’s friction index F60,— that the previously observed pattern is strengthened by the analysis of
the F60 friction parameter. Three surfaces are outperforming the others by a relatively great
margin. These three surfaces are:

MAS-1-57, AST-G-70, and MFT-30-70

Now that we have calculated and analyzed the two indices of the international friction index we
can put it all together and paint a complete picture of the frictional performance of the surfaces in
the study with regard to their performance against wearing and polishing effects using the model
of the IFI. The model, discussed earlier, captures the surface performance in terms of both
texture and friction and gives a complete picture of frictional surface characteristics as the
friction-vehicle speed relationship.

4.4.2 Complete Surface Performance

Using the results of the previous analysis chapters and the calculated international friction index
pairs (F60, Sp), we can now see a complete surface performance of each studied concrete
mixture throughout the entire wearing study in a concise and comparative manner. We are going
to use the graphs of the calculated friction curves using the IFI index numbers and plot the
performance of each surface relative to the control surface’s performance.

Figure 33 through Figure 36 give a complete picture of the surfaces’ performance throughout the
entire wearing cycle and depict the performance against the performance of the control surface.
In each of the figures there are two shaded areas, (a) a green shaded area depicting the
performance of the control surface, and (b) a red shaded area giving the performance of the
corresponding individual surface in contrast to the control surface. The shaded areas for both the
control surface and the paired studied surface give the range of surface friction performance
throughout the wearing and polishing process. The top line in the shaded area represents the
starting condition of the surfaces while the bottom boundary of the shaded area represents the
final surface condition at the end of the wearing and polishing process. The relative positioning
of the two shaded areas provide clear and easily observable comparative tool to contrast and
match up the different concrete mixture performances against the control surface.
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Figure 35. Complete surface performance of MFT mixtures
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Figure 36. Complete surface performance of MAS mixtures

From the figures representing the complete frictional and textural performance of the different
mixtures in the study, in both comparative numbers relative to the control surface and in absolute
terms regarding differences amongst the mixtures, very much the same pattern of good surface
performance emerged as observed in the previous analysis portions of the study. The four best
performing surfaces, in absolute, relative to control surface and resistance to wear and
polishing terms, are:

MAS-1-57, MAS-8-57, AST-G-70, and MFT-30-70

The superior performance of these surfaces can be observed in that the comparative friction
performance of these mixtures consistently stays well above the control surface and over a large-
range of vehicle speed ranges. The absolute initial frictional performance of these surfaces is
higher than those of the others. At the same time, the frictional performance of these surfaces
exceed the performance of the others in absolute terms at the end of the wearing and polishing
process by a great margin.

Using the IFI indices the surface frictional properties also can be expressed in terms of projected
E274 friction trailer reading at a 40 mph speed. This tool gives data that can easily be compared
to the surface performance of real roads, as measured by an ASTM skid trailer. In the following
section, the data and analysis of the projected data is presented.
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4.4.3 Analysis of Projected E274 Skid Resistance Data FN40S

The IFI friction indices, together with the results of the PIARC (PIARC, 1995) friction
harmonization experiment, provide a solid foundation to calculate and analyze projected ASTM
skid trailer data. The PIARC experiment established a robust mathematical process and
determined the necessary physical parameters that allow the use of the available IFI index pairs
to calculate the projected ASTM skid trailer measurements with high confidence. The whole
procedure and the background mathematical process are discussed in detail in section 2.4.4 and
explained with mathematical background in the Interim Literature Review Report of this study
(see Appendix C). The results of the mathematical processes to translate the obtained IFI friction
values into a projected FN40S friction reading of the E274 skid trailer can be summarized in a
single mathematical equation, given in equation X

FN 4OSmoothTire = F60 — A”:I ' —14.36 (12)
BIFI e* Sp
Where:
FN40smoothTire = the projected ASTM Skid Trailer Measurement at 40mph with the
smooth treaded ASTM E524 tire (SN40 divided by 100)
F60 = the friction index of IFI
Sp = the speed number index of IFI
A Bipl = parameters established by the PIARC International Experiment

The parameter values in equation 12 are the following (from PIARC, 1995):
Ag =0.045; B, =0.925 (13)

Using equation 12 with the parameters from formula 13, together with the measurement results
from the experiment yielding the IFI numbers at the end of the analysis for all surfaces at the
different stages of the wearing cycle, we can calculate the projected measurement values of the
ASTM skid trailer.

The determined skid trailer measurement projections for the final stage of the wearing and
polishing process are presented in Table 21.

Table 21. Projected ASTM skid trailer measurements of all surfaces

FN40S

CONT | AST- | AST- | AST- | AST- | MFT- | MFT- | MAS- | MAS- | MAS-
ROL G-70 | G-30 | S-70 | S-30 | 30-70 | 70-30 | 1-57 | 8-57 8-1

Initial 0.22 0.31 0.24 0.23 0.25 0.36 0.23 0.28 0.32 0.20
15 Thousand Wearing Cycles 0.18 | 026 | 020 | 0.19 | 0.22 0.30 0.18 0.23 0.23 0.20
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30 Thousand Wearing Cycles 018 | 0.24 | 018 | 0.19 | 0.21 0.29 0.17 0.22 0.23 0.19
60 Thousand Wearing Cycles 0.16 | 0.24 | 0.17 | 0.18 | 0.20 0.29 0.17 0.22 0.22 0.18
120 Thousand Wearing Cycles 0.17 | 023 | 0.17 | 0.16 | 0.19 0.29 0.17 0.22 0.21 0.17
240 Thousand Wearing Cycles 016 | 0.22 | 018 | 0.17 | 0.18 0.28 0.15 0.20 0.21 0.17
360 Thousand Wearing Cycles 0.15 | 0.21 | 0.17 | 0.17 | 0.18 0.28 0.15 0.21 0.19 0.16

A better visual representation of the data in Table 21 is a graph that gives an overview of the
derived friction values of the ASTM skid trailer as a function of wearing cycles. The graph is
presented in Figure 37. The data in the figure are presented for better compatibility as SN40S,
which are basically 100 times the FN40S friction coefficients. The graph also only depicts the
initial and the final results of the measured data. It gives a comprehensive picture of the surface
performances in terms of the projected ASTM skid trailer measurements.
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Figure 37. SN40S friction number of tested surfaces

In Figure 37 the acceptable SN40 friction level is indicated with a maroon colored line at the
SN40=20 friction level.

Many state agencies use the friction numbers measured by the ASTM E274 friction trailer using
the ribbed friction measurement tires for establishing minimum friction levels of roads due to
historical reasons. The inability of the ribbed measurement tires (AST E501 tire) to measure and
report frictional deterioration due to the lack of macro-texture has been discovered in 1992 and
has been amply demonstrated in research projects. Although many state agencies are using and
reporting friction levels using the ribbed tires more and more state departments and other
highway organizations have started to use the smooth measurement tires (AST E524 tire) and
establish minimum friction levels according to the PIARC and ASTM recommendations in the
past years. The established friction levels using the smooth tires and somewhat variable but in
all cases have been set close to the SN40S=20 level. In this study the SN40S=20 minimum
friction level is used for threshold based on the ASTM recommendation (ASTM, 2005
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“Considerations in Developing a Network Pavement Inventory Friction Test Program for a State Highway Agency””). The
use of the smooth friction readings at 40mph speed allow the representation of frictional
characteristics of the studied pavements taking both the micro- and macro-textural effect into
account and thus truly reflecting the slippery when wet conditions on the surfaces.

It can be observed clearly that even though all surfaces exceeded the threshold friction level in
the initial stage of the testing experiment, only three (3) surfaces retained enough frictional
properties to stay above the threshold throughout the wearing and polishing process.

Again, a very similar pattern can be observed in the projected SN40S data, as in the previous
analyses. The top performing surfaces are:

MFT-30-70, AST-G-70, and MAS-1-57

The best surface proved to be the MFT-30-70 mixture, which exceeded the required threshold
level of SN40 by a relatively large margin at the end of the polishing cycles, while the control
surface had diminished friction levels far below the threshold value.

The data also shows clear trends with regard to the variation of surface characteristics within
each study groups. By comparing the final surface characteristics measurements of the different
surfaces within each group unambiguous patterns can be observed. The maximum aggregate
size surface group shows within itself a monotonic declining performance of the surfaces with
decreasing aggregate size and gradation. The surface mix MAS-1-57 had performed better than
MAS-8-57 which in turn performed better than MAS-8. The same performance pattern can
observed within the aggregate substitution study. The surface of the mixture with higher gravel
content performed significantly better than that with lower. The AST-G-70 mix had performed
substantially better than the mix AST-G-30 the actual difference proved to be large enough to
provide enough additional friction such that the AST-G-70 surface mix is one of the three
mixtures exceeding the friction requirements. The mortar fraction study similarly produced a
pattern where the higher the fine aggregate fraction is the higher the surface performance
becomes. In this case the actual difference is very large. The MFT-30-70 mixture with 70% fine
aggregate content far surpasses the MFT-70-30 surface with only 30% fine aggregate content
and all other studied surfaces.
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CHAPTER 5 CONCLUSIONS

Based on the results of the experiment and the outcome of data analysis the following
conclusions can be drawn:

1. The determined surface mixtures, wearing and polishing process, and the fabrication of
test surfaces, have delivered the expected results of:
a. Comparable and deterministic testing;
b. Relevant and significant polishing and wearing effects
c. Tendencies according to expectations; and
d. Results that are verifiable and follow common patterns with high confidence.
2. The selected measurement techniques and equipment, together with the chosen analysis
methodology, have proven to:
a. Be robust in processing and statistical terms;
b. Deliver relevant and informative data;
c. Be related to practice and theory; and
d. Provide a solid and sound foundation for absolute and comparative study of the
different surfaces and their frictional performance and resistance to wear and
polishing.
3. The main results of the study show the following conclusions:

I.  The examined surfaces had frictional properties above the required threshold levels
despite the purposefully manufactured minimal macro-textural features.

IT.  All surfaces showed consistent and monotonic degradations in both texture and
friction characteristics throughout the wearing and polishing process.

III.  Only three surfaces showed significant resistance to polishing and consistently high
performance in terms of frictional and texture characteristics.

IV. A clear and logical trend can be observed within each mixture design in regard to the
variations in the mixture properties. These trends are clearly observable and can be
used to approximate the performance of different mix designs.

V.  The three clearly superior mix designs are the following:
1. MFT, where higher fine aggregate content delivers better performance

2. AST-G, where higher gravel aggregate content delivers better performance,
and

3. MAS where higher maximum coarse aggregate size delivers better
performance.
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The three superior mix designs show substantial benefits in comparison to the other
tested and analyzed designs. The estimated wear acceleration factor of the MMLS III
machine with the special polishing tires is 500 times. Thus, the research study is
estimated to have simulated and average daily traffic of 16,500 for a span of 30 years.
The mix design with high fine aggregate content delivered an estimated FN40S=28 at
the end of the wearing and testing cycle while both the 70% gravel aggregate content
and the maximum aggregate size of AASHTO gradation #1 surfaces yielded
FN40S=21. Although these numbers exceed the minimum friction criteria the MFT
surface has clearly delivered the best result by far surpassing the minimum set
criteria.
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APPENDIX A: PHOTOGRAPHS OF TEST SURFACES
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APPENDIX B:

TABULATED EXPERIMENT DATA

Friction Measurements with the DFTester Device

Speed of 65 km/h Speed of 45 km/h Speed of 20 km/h
Surface (40 mph) (28 mph) (12.5 mph)

1 2 3 Ave. | STD 1 2 3 Ave. | STD 1 2 3 Ave. | STD
CONTROL57-1-INI 0.56 | 0.53 | 0.51 | 0.54 | 0.025 | 0.58 | 0.55 | 0.53 | 0.55 | 0.025 | 0.67 | 0.63 | 0.61 | 0.64 | 0.029
CONTROL57-2-INI 0.60 0.60 0.54 0.54 0.62 0.62
CONTROL57-1-15K 0.38 | 0.37 | 0.35 | 0.37 | 0.015 | 0.41 | 0.39 | 0.38 | 0.39 | 0.019 | 0.52 | 0.50 | 0.48 | 0.50 | 0.021
CONTROL57-2-15K 0.48 | 0.43 | 041 | 0.44 | 0.036 | 0.53 | 0.49 | 0.47 | 0.50 | 0.034 | 0.66 | 0.63 | 0.60 | 0.63 | 0.032
CONTROL57-1-30K 041 ] 035|031 ]| 036 | 0.051 | 0.42 | 0.36 | 0.34 | 0.38 | 0.038 | 0.50 | 0.46 | 0.44 | 0.47 | 0.030
CONTROL57-2-30K 0.45 | 0.40 | 0.37 | 0.40 | 0.037 | 0.48 | 0.45 | 0.42 | 0.45 | 0.026 | 0.62 | 0.58 | 0.56 | 0.59 | 0.032
CONTROL57-1-60K 0.32 | 0.28 | 0.27 | 0.29 | 0.027 | 0.34 | 0.31 | 0.29 | 0.31 | 0.025 | 0.45 | 0.42 | 0.39 | 0.42 | 0.029
CONTROL57-2-60K 0.39 1 035|034 | 036 | 0.027 | 0.42 | 0.39 | 0.37 | 0.39 | 0.022 | 0.56 | 0.54 | 0.51 | 0.53 | 0.026
CONTROL57-1-120K | 0.29 | 0.26 | 0.25 | 0.26 | 0.020 | 0.31 | 0.29 | 0.27 | 0.29 | 0.018 | 0.41 | 0.40 | 0.38 | 0.40 | 0.014
CONTROL57-2-120K | 0.33 | 0.33 | 0.33 | 0.33 | 0.004 | 0.38 | 0.38 | 0.36 | 0.37 | 0.008 | 0.52 | 0.52 | 0.51 | 0.52 | 0.009
CONTROL57-1-240K | 0.23 | 0.23 | 0.24 | 0.23 | 0.004 | 0.25 | 0.25 | 0.26 | 0.25 | 0.006 | 0.32 | 0.32 | 0.34 | 0.33 | 0.010
CONTROL57-2-240K | 0.29 | 0.26 | 0.26 | 0.27 | 0.017 | 0.33 | 0.31 | 0.31 | 0.32 | 0.011 | 0.47 | 0.46 | 0.45 | 0.46 | 0.011
CONTROL57-1-360K | 0.19 | 0.19 | 0.20 | 0.19 | 0.004 | 0.21 | 0.22 | 0.21 | 0.22 | 0.001 | 0.29 | 0.30 | 0.30 | 0.30 | 0.005
CONTROL57-2-360K | 0.20 | 0.21 | 0.21 | 0.21 | 0.006 | 0.27 | 0.28 | 0.27 | 0.27 | 0.006 | 0.39 | 0.39 | 0.38 | 0.39 | 0.006
AST-G-70-1-INI 0.63 | 0.62 | 0.60 | 0.62 | 0.013 | 0.66 | 0.64 | 0.63 | 0.64 | 0.011 | 0.75 | 0.74 | 0.73 | 0.74 | 0.012
AST-G-70-2-INI 0.64 | 0.62 | 0.60 | 0.62 | 0.018 | 0.64 | 0.62 | 0.61 | 0.62 | 0.016 | 0.73 | 0.70 | 0.69 | 0.71 | 0.018
AST-G-70-1-15K 0.52 | 0.50 | 0.49 | 0.50 | 0.019 | 0.59 | 0.55 | 0.53 | 0.56 | 0.031 | 0.68 | 0.65 | 0.63 | 0.65 | 0.025
AST-G-70-2-15K 0.54 | 0.49 | 0.47 | 0.50 | 0.033 | 0.57 | 0.52 | 0.49 | 0.53 | 0.042 | 0.66 | 0.61 | 0.59 | 0.62 | 0.038
AST-G-70-1-30K 0.46 | 0.45 | 0.45 | 0.45 | 0.008 | 0.51 | 0.49 | 0.48 | 0.49 | 0.016 | 0.60 | 0.58 | 0.56 | 0.58 | 0.016
AST-G-70-2-30K 0.47 | 0.44 | 0.43 | 0.44 | 0.020 | 0.50 | 0.47 | 0.45 | 0.47 | 0.025 | 0.58 | 0.55 | 0.53 | 0.55 | 0.028
AST-G-70-1-60K 0.43 | 0.42 | 0.41 | 0.42 | 0.008 | 0.47 | 0.46 | 0.44 | 0.46 | 0.016 | 0.57 | 0.55 | 0.54 | 0.55 | 0.014
AST-G-70-2-60K 0.40 | 0.38 | 0.37 | 0.38 | 0.018 | 0.45 | 0.43 | 0.40 | 0.43 | 0.022 | 0.54 | 0.53 | 0.50 | 0.52 | 0.017
AST-G-70-1-120K 0.41 | 0.38 | 0.38 | 0.39 | 0.018 | 0.45 | 0.42 | 0.41 | 0.43 | 0.024 | 0.58 | 0.55 | 0.52 | 0.55 | 0.028
AST-G-70-2-120K 0.39 | 0.37 | 0.36 | 0.37 | 0.014 | 0.41 | 0.39 | 0.38 | 0.40 | 0.016 | 0.52 | 0.48 | 0.48 | 0.49 | 0.021
AST-G-70-1-240K 0.35 |1 034|033 | 034 | 0.010 | 0.38 | 0.38 | 0.36 | 0.37 | 0.010 | 0.51 | 0.49 | 0.48 | 0.49 | 0.019
AST-G-70-2-240K 0.32 | 0.30 | 0.30 | 0.31 | 0.011 | 0.36 | 0.36 | 0.35 | 0.36 | 0.008 | 0.46 | 0.44 | 0.43 | 0.44 | 0.011
AST-G-70-1-360K 0.33 1031|031 ] 032 | 0012 ) 0.36 | 0.35 | 0.34 | 0.35 | 0.009 | 0.46 | 0.44 | 0.43 | 0.45 | 0.012
AST-G-70-2-360K 0.29 | 0.29 | 0.29 | 0.29 | 0.001 | 0.32 | 0.32 | 0.32 | 0.32 | 0.005 | 0.41 | 0.40 | 0.40 | 0.40 | 0.007
AST-G-30-1-INI 0.55 | 054 | 053 | 054 | 0.010 | 0.58 | 0.58 | 0.56 | 0.57 | 0.012 | 0.68 | 0.66 | 0.60 | 0.65 | 0.041
AST-G-30-2-INI 0.54 | 051 | 049 | 0.51 | 0.025 | 0.58 | 0.55 | 0.54 | 0.56 | 0.023 | 0.67 | 0.64 | 0.59 | 0.63 | 0.042
AST-G-30-1-15K 0.44 |1 0.39 | 0.36 | 0.40 | 0.037 | 0.46 | 0.42 | 0.40 | 0.42 | 0.033 | 0.59 | 0.55 | 0.46 | 0.53 | 0.066
AST-G-30-2-15K 0.40 | 0.37 | 0.35 | 0.37 | 0.022 | 0.44 | 0.40 | 0.39 | 0.41 | 0.027 | 0.53 | 0.49 | 0.43 | 0.49 | 0.050
AST-G-30-1-60K 041 | 0.36 | 0.33 | 0.37 | 0.036 | 0.42 | 0.39 | 0.38 | 0.39 | 0.021 | 0.51 | 0.49 | 0.42 | 0.47 | 0.047
AST-G-30-2-120K 0.36 | 0.33 | 0.31 | 0.33 | 0.024 | 0.38 | 0.35 | 0.34 | 0.36 | 0.022 | 0.47 | 0.44 | 0.39 | 0.43 | 0.041
AST-G-30-1-120K 0.33 1031|030 ]| 031 | 0.018 | 0.37 | 0.37 | 0.34 | 0.36 | 0.019 | 0.47 | 0.44 | 0.38 | 0.43 | 0.047
AST-G-30-2-60K 0.35 1032|031 ] 033 | 0.020 | 0.39 | 0.36 | 0.34 | 0.36 | 0.026 | 0.48 | 0.45 | 0.39 | 0.44 | 0.046
AST-G-30-1-30K 0.28 | 0.28 | 0.27 | 0.28 | 0.008 | 0.33 | 0.30 | 0.29 | 0.31 | 0.018 | 0.41 | 0.40 | 0.34 | 0.38 | 0.040
AST-G-30-2-30K 0.28 | 0.24 | 0.22 | 0.25 | 0.034 | 0.30 | 0.25 | 0.24 | 0.26 | 0.030 | 0.37 | 0.33 | 0.26 | 0.32 | 0.054
AST-G-30-1-240K 0.32 1 031|030 | 0.31 | 0.013 | 0.36 | 0.34 | 0.33 | 0.34 | 0.016 | 0.45 | 0.43 | 0.37 | 0.42 | 0.045
AST-G-30-2-240K 0.25 | 0.26 | 0.24 | 0.25 | 0.009 | 0.30 | 0.30 | 0.29 | 0.30 | 0.009 | 0.39 | 0.38 | 0.32 | 0.36 | 0.038
AST-G-30-1-360K 0.33 |1 032 | 028 | 0.31 | 0.026 | 0.38 | 0.35 | 0.33 | 0.35 | 0.027 | 0.44 | 0.43 | 0.37 | 0.41 | 0.036
AST-G-30-2-360K 0.28 | 0.27 | 0.25 | 0.27 | 0.012 | 0.32 | 0.30 | 0.29 | 0.30 | 0.017 | 0.40 | 0.39 | 0.33 | 0.37 | 0.039
AST-S-70-1-INI 0.66 | 0.62 | 0.60 | 0.63 | 0.030 | 0.66 | 0.63 | 0.61 | 0.64 | 0.026 | 0.68 | 0.65 | 0.63 | 0.66 | 0.024
AST-S-70-2-INI 0.58 | 0.55 | 0.53 | 0.55 | 0.021 | 0.56 | 0.54 | 0.52 | 0.54 | 0.018 | 0.58 | 0.56 | 0.54 | 0.56 | 0.018
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Surface

Speed of 65 km/h

Speed of 45 km/h

Speed of 20 km/h

(40 mph) (28 mph) (12.5 mph)
AST-S-70-1-15K 0.33 | 0.36 | 0.36 | 0.35 | 0.018 | 0.44 | 0.44 | 0.43 | 0.43 | 0.003 | 0.59 | 0.59 | 0.59 | 0.59 | 0.004
AST-S-70-2-15K 0.36 | 0.31 | 0.30 | 0.32 | 0.030 | 0.42 | 0.37 | 0.36 | 0.38 | 0.032 | 0.55 | 0.50 | 0.48 | 0.51 | 0.039
AST-S-70-1-30K 0.44 | 0.36 | 0.37 | 0.39 | 0.039 | 0.50 | 0.42 | 0.41 | 0.44 | 0.048 | 0.67 | 0.59 | 0.57 | 0.61 | 0.054
AST-S-70-2-30K 0.31 | 0.30 | 0.29 | 0.30 | 0.008 | 0.35 | 0.34 | 0.33 | 0.34 | 0.009 | 0.49 | 0.48 | 0.46 | 0.48 | 0.016
AST-S-70-1-60K 0.33 | 0.33 | 0.33 | 0.33 | 0.002 | 0.39 | 0.38 | 0.38 | 0.38 | 0.004 | 0.55 | 0.53 | 0.53 | 0.54 | 0.008
AST-S-70-2-60K 0.25 | 0.26 | 0.26 | 0.26 | 0.008 | 0.29 | 0.29 | 0.29 | 0.29 | 0.002 | 0.44 | 0.43 | 0.43 | 0.43 | 0.010
AST-S-70-1-120K 0.24 | 0.25 | 0.25 | 0.25 | 0.004 | 0.29 | 0.30 | 0.30 | 0.29 | 0.003 | 0.43 | 0.44 | 0.43 | 0.43 | 0.003
AST-S-70-2-120K 0.21 | 0.21 | 0.21 | 0.21 | 0.001 | 0.26 | 0.25 | 0.24 | 0.25 | 0.007 | 0.39 | 0.38 | 0.38 | 0.38 | 0.009
AST-S-70-1-240K 0.24 | 0.24 | 0.24 | 0.24 | 0.002 | 0.28 | 0.28 | 0.29 | 0.29 | 0.002 | 0.44 | 0.43 | 0.42 | 0.43 | 0.006
AST-S-70-2-240K 0.19 | 0.19 | 0.19 | 0.19 | 0.002 | 0.24 | 0.24 | 0.23 | 0.23 | 0.003 | 0.38 | 0.37 | 0.37 | 0.37 | 0.005
AST-S-70-1-360K 0.23 | 0.22 | 0.22 | 0.22 | 0.004 | 0.28 | 0.28 | 0.27 | 0.27 | 0.004 | 0.43 | 0.42 | 0.41 | 0.42 | 0.010
AST-S-70-2-360K 0.15 | 0.14 | 0.15 | 0.15 | 0.005 | 0.20 | 0.20 | 0.21 | 0.20 | 0.004 | 0.35 | 0.34 | 0.34 | 0.34 | 0.005
AST-S-30-1-INI 0.57 | 0.55 | 0.54 | 0.55 | 0.015 | 0.60 | 0.60 | 0.58 | 0.59 | 0.012 | 0.73 | 0.71 | 0.69 | 0.71 | 0.019
AST-S-30-2-INI 0.52 | 0.50 | 0.49 | 0.50 | 0.015 | 0.59 | 0.57 | 0.56 | 0.57 | 0.018 | 0.70 | 0.68 | 0.66 | 0.68 | 0.023
AST-S-30-1-30K 0.49 | 047 | 0.45 | 0.47 | 0.021 | 0.53 | 0.50 | 0.49 | 0.51 | 0.021 | 0.66 | 0.63 | 0.61 | 0.63 | 0.029
AST-S-30-2-30K 0.42 | 040 | 0.40 | 0.40 | 0.011 | 0.46 | 0.44 | 0.44 | 0.45 | 0.014 | 0.57 | 0.55 | 0.54 | 0.55 | 0.017
AST-S30-1-15K 0.46 | 043 | 042 | 043 | 0.018 | 0.51 | 0.48 | 0.46 | 0.48 | 0.022 | 0.64 | 0.61 | 0.59 | 0.61 | 0.022
AST-S30-2-15K 0.39 | 0.35 | 0.34 | 0.36 | 0.027 | 0.45 | 0.39 | 0.38 | 0.41 | 0.034 | 0.56 | 0.49 | 0.48 | 0.51 | 0.042
AST-S-30-1-60K 0.40 | 0.39 | 0.40 | 0.40 | 0.005 | 0.47 | 0.45 | 0.46 | 0.46 | 0.010 | 0.58 | 0.56 | 0.56 | 0.57 | 0.011
AST-S-30-2-60K 0.32 | 0.31 | 0.30 | 0.31 | 0.009 | 0.37 | 0.35 | 0.35 | 0.36 | 0.013 | 0.46 | 0.45 | 0.43 | 0.45 | 0.011
AST-S-30-1-120K 0.35 | 035 | 0.35 | 0.35 | 0.002 | 0.42 | 0.40 | 0.40 | 0.41 | 0.007 | 0.53 | 0.53 | 0.52 | 0.52 | 0.005
AST-S-30-2-120K 0.32 | 0.30 | 0.29 | 0.30 | 0.013 | 0.36 | 0.34 | 0.34 | 0.35 | 0.013 | 0.46 | 0.45 | 0.44 | 0.45 | 0.014
AST-S-30-1-240K 0.29 | 0.27 | 0.26 | 0.28 | 0.012 | 0.35 | 0.33 | 0.32 | 0.33 | 0.014 | 0.48 | 0.46 | 0.45 | 0.47 | 0.016
AST-S-30-2-240K 0.25 | 023 | 0.22 | 0.23 | 0.014 | 0.29 | 0.27 | 0.26 | 0.27 | 0.018 | 0.39 | 0.37 | 0.36 | 0.37 | 0.015
AST-S-30-1-360K 0.29 | 0.27 | 0.26 | 0.27 | 0.011 | 0.35 | 0.33 | 0.32 | 0.33 | 0.012 | 0.48 | 0.46 | 0.45 | 0.46 | 0.012
AST-S-30-2-360K 0.21 | 0.20 | 0.20 | 0.20 | 0.009 | 0.26 | 0.24 | 0.24 | 0.25 | 0.009 | 0.35 | 0.34 | 0.34 | 0.34 | 0.008
MFT-30-70-1-INIT 0.76 | 0.73 | 0.71 | 0.73 | 0.023 | 0.80 | 0.77 | 0.75 | 0.78 | 0.025 | 0.91 | 0.87 | 0.85 | 0.88 | 0.026
MFT-30-70-2-INIT 0.80 | 0.79 | 0.77 | 0.79 | 0.012 | 0.86 | 0.82 | 0.80 | 0.83 | 0.029 | 0.93 | 0.91 | 0.88 | 0.90 | 0.023
MFT-30-70-1-15K 0.65 | 0.64 | 0.64 | 0.64 | 0.009 | 0.68 | 0.67 | 0.66 | 0.67 | 0.009 | 0.80 | 0.78 | 0.76 | 0.78 | 0.018
MFT-30-70-2-15K 0.64 | 0.63 | 0.63 | 0.63 | 0.009 | 0.67 | 0.65 | 0.66 | 0.66 | 0.010 | 0.77 | 0.76 | 0.74 | 0.76 | 0.015
MFT-30-70-1-30K 0.66 | 0.65 | 0.65 | 0.65 | 0.008 | 0.70 | 0.68 | 0.67 | 0.68 | 0.018 | 0.77 | 0.75 | 0.73 | 0.75 | 0.016
MFT-30-70-2-30K 0.64 | 0.63 | 0.62 | 0.63 | 0.012 | 0.68 | 0.65 | 0.64 | 0.66 | 0.020 | 0.72 | 0.70 | 0.68 | 0.70 | 0.017
MFT-30-70-1-60K 0.54 | 054 | 053 | 0.54 | 0.003 | 0.59 | 0.59 | 0.59 | 0.59 | 0.001 | 0.72 | 0.72 | 0.71 | 0.72 | 0.005
MFT-30-70-2-60K 0.51 | 0.50 | 0.49 | 0.50 | 0.010 | 0.56 | 0.54 | 0.53 | 0.55 | 0.013 | 0.70 | 0.68 | 0.67 | 0.68 | 0.013
MFT-30-70-1-120K 0.56 | 0.55 | 0.54 | 0.55 | 0.012 | 0.62 | 0.61 | 0.59 | 0.61 | 0.012 | 0.74 | 0.73 | 0.72 | 0.73 | 0.013
MFT-30-70-2-120K 0.53 | 053 | 051 | 0.52 | 0.013 | 0.58 | 0.57 | 0.56 | 0.57 | 0.011 | 0.71 | 0.69 | 0.68 | 0.69 | 0.014
MFT-30-70-1-240K 0.50 | 0.50 | 0.48 | 0.49 | 0.008 | 0.54 | 0.53 | 0.52 | 0.53 | 0.009 | 0.66 | 0.65 | 0.63 | 0.64 | 0.016
MFT-30-70-2-240K 0.47 | 0.47 | 0.47 | 0.47 | 0.002 | 0.51 | 0.50 | 0.50 | 0.50 | 0.005 | 0.63 | 0.62 | 0.62 | 0.62 | 0.005
MFT-30-70-1-360K 043 | 042 | 0.42 | 0.42 | 0.005 | 0.46 | 0.45 | 0.46 | 0.46 | 0.003 | 0.58 | 0.58 | 0.58 | 0.58 | 0.002
MFT-30-70-2-360K 0.46 | 0.46 | 0.44 | 0.45 | 0.014 | 0.50 | 0.50 | 0.48 | 0.49 | 0.010 | 0.65 | 0.64 | 0.62 | 0.63 | 0.014
MFT-70-30-1-INI 054 | 052 | 051 | 0.52 | 0.016 | 0.59 | 0.56 | 0.55 | 0.57 | 0.022 | 0.71 | 0.69 | 0.67 | 0.69 | 0.022
MFT-70-30-2-INI 0.56 | 0.54 | 0.52 | 0.54 | 0.020 | 0.58 | 0.56 | 0.54 | 0.56 | 0.020 | 0.70 | 0.67 | 0.65 | 0.67 | 0.025
MFT-70-30-1-15K 0.36 | 0.35 | 0.32 | 0.34 | 0.021 | 0.38 | 0.37 | 0.35 | 0.37 | 0.017 | 0.53 | 0.50 | 0.48 | 0.50 | 0.024
MFT-70-30-2-15K 0.40 | 0.37 | 0.36 | 0.38 | 0.018 | 0.42 | 0.40 | 0.38 | 0.40 | 0.018 | 0.55 | 0.53 | 0.51 | 0.53 | 0.020
MFT-70-30-1-30K 0.37 | 0.36 | 0.35 | 0.36 | 0.012 | 0.40 | 0.39 | 0.36 | 0.38 | 0.017 | 0.52 | 0.49 | 0.48 | 0.49 | 0.018
MFT-70-30-2-30K 035|034 | 0.33 | 0.34 | 0.010 | 0.37 | 0.36 | 0.35 | 0.36 | 0.009 | 0.50 | 0.48 | 0.47 | 0.48 | 0.016
MFT-70-30-1-60K 0.28 | 0.28 | 0.27 | 0.28 | 0.004 | 0.32 | 0.33 | 0.32 | 0.33 | 0.005 | 0.43 | 0.42 | 0.41 | 0.42 | 0.010
MFT-70-30-2-60K 035|035 | 033 | 034 | 0.011 ] 0.39 | 0.39 | 0.37 | 0.38 | 0.011 | 0.47 | 0.47 | 0.45 | 0.47 | 0.011
MFT-70-30-1-120K 0.27 | 0.25 | 0.25 | 0.26 | 0.010 | 0.31 | 0.29 | 0.29 | 0.30 | 0.011 | 0.41 | 0.39 | 0.39 | 0.40 | 0.012
MFT-70-30-2-120K 0.31 | 0.29 | 0.29 | 0.30 | 0.011 | 0.35 | 0.34 | 0.34 | 0.34 | 0.008 | 0.45 | 0.44 | 0.43 | 0.44 | 0.012
MFT-70-30-1-240K 0.19 | 0.18 | 0.18 | 0.18 | 0.004 | 0.23 | 0.23 | 0.23 | 0.23 | 0.003 | 0.32 | 0.31 | 0.32 | 0.32 | 0.006
MFT-70-30-2-240K 0.23 | 0.21 | 0.21 | 0.22 | 0.012 | 0.26 | 0.25 | 0.25 | 0.25 | 0.002 | 0.36 | 0.35 | 0.34 | 0.35 | 0.007
MFT-70-30-1-360K 0.18 | 0.19 | 0.18 | 0.18 | 0.002 | 0.23 | 0.23 | 0.22 | 0.23 | 0.004 | 0.30 | 0.30 | 0.30 | 0.30 | 0.003
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Surface

Speed of 65 km/h

Speed of 45 km/h

Speed of 20 km/h

(40 mph) (28 mph) (12.5 mph)
MFT-70-30-2-360K 0.24 | 0.23 | 0.22 | 0.23 | 0.012 | 0.27 | 0.27 | 0.26 | 0.26 | 0.005 | 0.36 | 0.35 | 0.34 | 0.35 | 0.009
MAS-1-57-1-INI 0.53 | 0.51 | 0.50 | 0.51 | 0.015 | 0.57 | 0.55 | 0.54 | 0.55 | 0.018 | 0.67 | 0.65 | 0.63 | 0.65 | 0.019
MAS-1-57-2-INI 0.50 | 0.46 | 0.45 | 0.47 | 0.030 | 0.56 | 0.53 | 0.50 | 0.53 | 0.028 | 0.65 | 0.62 | 0.60 | 0.62 | 0.027
MAS-1-57-1-15K 0.41 | 0.38 | 0.38 | 0.39 | 0.016 | 0.43 | 0.41 | 0.40 | 0.41 | 0.014 | 0.55 | 0.53 | 0.51 | 0.53 | 0.018
MAS-1-57-2-15K 0.39 | 0.37 | 0.37 | 0.38 | 0.010 | 0.42 | 0.41 | 0.40 | 0.41 | 0.009 | 0.52 | 0.50 | 0.49 | 0.50 | 0.011
MAS-1-57-1-30K 0.38 | 0.37 | 0.36 | 0.37 | 0.007 | 0.39 | 0.37 | 0.36 | 0.37 | 0.012 | 0.49 | 0.47 | 0.46 | 0.47 | 0.014
MAS-1-57-2-30K 0.35 | 0.33 | 0.33 | 0.34 | 0.009 | 0.40 | 0.38 | 0.37 | 0.38 | 0.014 | 0.45 | 0.43 | 0.42 | 0.43 | 0.012
MAS-1-57-1-60K 0.33 | 031|030 | 031 | 0.016 | 0.35 | 0.34 | 0.34 | 0.34 | 0.010 | 0.49 | 0.46 | 0.45 | 0.47 | 0.019
MAS-1-57-2-60K 0.32 | 0.31 | 0.30 | 0.31 | 0.014 | 0.36 | 0.34 | 0.34 | 0.35 | 0.010 | 0.44 | 0.42 | 0.41 | 0.43 | 0.015
MAS-1-57-1-120K 0.34 | 032 | 0.31 | 0.32 | 0.016 | 0.38 | 0.36 | 0.35 | 0.36 | 0.015 | 0.50 | 0.48 | 0.47 | 0.48 | 0.019
MAS-1-57-2-120K 0.24 | 0.23 | 0.22 | 0.23 | 0.007 | 0.27 | 0.26 | 0.26 | 0.26 | 0.004 | 0.37 | 0.35 | 0.35 | 0.36 | 0.009
MAS-1-57-1-240K 0.27 | 0.27 | 0.27 | 0.27 | 0.003 | 0.31 | 0.31 | 0.30 | 0.31 | 0.005 | 0.40 | 0.40 | 0.39 | 0.39 | 0.007
MAS-1-57-2-240K 0.26 | 0.26 | 0.26 | 0.26 | 0.003 | 0.30 | 0.29 | 0.29 | 0.29 | 0.008 | 0.35 | 0.35 | 0.34 | 0.35 | 0.005
MAS-1-57-1-360K 0.28 | 0.27 | 0.27 | 0.27 | 0.007 | 0.33 | 0.33 | 0.32 | 0.33 | 0.008 | 0.43 | 0.42 | 0.42 | 0.42 | 0.008
MAS-1-57-2-360K 0.24 | 0.24 | 0.25 | 0.24 | 0.003 | 0.27 | 0.27 | 0.28 | 0.27 | 0.005 | 0.33 | 0.34 | 0.33 | 0.33 | 0.005
MAS-8-57-1-INI 0.69 | 0.65 | 0.64 | 0.66 | 0.026 | 0.73 | 0.69 | 0.67 | 0.70 | 0.029 | 0.85 | 0.80 | 0.78 | 0.81 | 0.033
MAS-8-57-2-INI 0.75 | 0.73 | 0.70 | 0.72 | 0.025 | 0.79 | 0.77 | 0.74 | 0.77 | 0.025 | 0.90 | 0.86 | 0.83 | 0.86 | 0.032
MAS-8-57-1-15K 0.39 | 0.38 | 0.37 | 0.38 | 0.008 | 0.46 | 0.45 | 0.44 | 0.45 | 0.009 | 0.59 | 0.59 | 0.57 | 0.58 | 0.011
MAS-8-57-2-15K 0.48 | 048 | 0.47 | 0.48 | 0.005 | 0.55 | 0.53 | 0.53 | 0.54 | 0.014 | 0.67 | 0.66 | 0.65 | 0.66 | 0.010
MAS-8-57-1-30K 0.39 | 0.39 | 0.37 | 0.38 | 0.011 | 0.46 | 0.44 | 0.43 | 0.44 | 0.011 | 0.59 | 0.58 | 0.57 | 0.58 | 0.011
MAS-8-57-2-30K 0.47 | 045 | 0.45 | 0.46 | 0.009 | 0.52 | 0.51 | 0.51 | 0.51 | 0.008 | 0.65 | 0.64 | 0.63 | 0.64 | 0.012
MAS-8-57-1-60K 043 | 042 | 041 | 042 | 0.014 | 0.46 | 0.45 | 0.44 | 045 | 0.013 | 0.58 | 0.57 | 0.55 | 0.57 | 0.014
MAS-8-57-2-60K 042 | 040 | 0.40 | 0.41 | 0.011 | 0.45 | 0.44 | 0.43 | 0.44 | 0.008 | 0.57 | 0.56 | 0.55 | 0.56 | 0.014
MAS-8-57-1-120K 0.29 | 0.29 | 0.28 | 0.29 | 0.003 | 0.33 | 0.34 | 0.33 | 0.33 | 0.004 | 0.45 | 0.46 | 0.45 | 0.45 | 0.007
MAS-8-57-2-120K 0.26 | 0.26 | 0.26 | 0.26 | 0.004 | 0.31 | 0.31 | 0.31 | 0.31 | 0.003 | 0.44 | 0.45 | 0.44 | 0.44 | 0.002
MAS-8-57-1-240K 0.30 | 0.29 | 0.29 | 0.29 | 0.005 | 0.34 | 0.34 | 0.34 | 0.34 | 0.003 | 0.47 | 0.47 | 0.46 | 0.46 | 0.006
MAS-8-57-2-240K 0.28 | 0.28 | 0.29 | 0.28 | 0.003 | 0.35 | 0.34 | 0.34 | 0.34 | 0.005 | 0.49 | 0.48 | 0.47 | 0.48 | 0.008
MAS-8-57-1-360K 0.24 | 0.25 | 0.25 | 0.25 | 0.005 | 0.29 | 0.28 | 0.28 | 0.28 | 0.001 | 0.40 | 0.40 | 0.39 | 0.40 | 0.005
MAS-8-57-2-360K 0.24 | 0.25 | 0.26 | 0.25 | 0.007 | 0.30 | 0.30 | 0.30 | 0.30 | 0.002 | 0.42 | 0.42 | 0.41 | 0.42 | 0.003
MAS-8-1-INI 0.61 | 0.59 | 0.58 | 0.59 | 0.012 | 0.63 | 0.62 | 0.61 | 0.62 | 0.010 | 0.75 | 0.73 | 0.71 | 0.73 | 0.018
MAS-8-2-INI 0.36 | 0.35 | 0.35 | 0.35 | 0.003 | 0.69 | 0.65 | 0.63 | 0.66 | 0.026 | 0.52 | 0.51 | 0.50 | 0.51 | 0.010
MAS-8-1-15K 044 | 042 | 041 | 042 | 0.018 | 0.46 | 0.44 | 0.43 | 0.45 | 0.014 | 0.60 | 0.58 | 0.57 | 0.58 | 0.017
MAS-8-2-15K 0.47 | 045 | 043 | 0.45 | 0.017 | 0.50 | 0.47 | 0.46 | 0.48 | 0.024 | 0.63 | 0.60 | 0.59 | 0.61 | 0.022
MAS-8-1-30K 042 | 042 | 039 | 041 | 0.013 | 045 | 0.44 | 043 | 0.44 | 0.010 | 0.58 | 0.56 | 0.55 | 0.56 | 0.016
MAS-8-2-30K 0.47 | 045 | 044 | 0.46 | 0.015 | 0.51 | 0.48 | 0.47 | 0.49 | 0.022 | 0.61 | 0.58 | 0.56 | 0.58 | 0.026
MAS-8-1-60K 0.39 [ 0.36 | 0.35 | 0.37 | 0.023 | 0.44 | 0.42 | 0.40 | 0.42 | 0.021 | 0.54 | 0.52 | 0.51 | 0.53 | 0.017
MAS-8-2-60K 0.36 | 0.35 | 0.35 | 0.35 | 0.003 | 0.41 | 0.39 | 0.39 | 0.40 | 0.009 | 0.52 | 0.51 | 0.50 | 0.51 | 0.010
MAS-8-1-120K 0.29 [ 0.29 | 0.26 | 0.28 | 0.015 | 0.35 | 0.33 | 0.32 | 0.33 | 0.016 | 0.47 | 0.46 | 0.45 | 0.46 | 0.012
MAS-8-2-120K 0.35 | 0.33 | 0.33 | 0.34 | 0.010 | 0.39 | 0.36 | 0.36 | 0.37 | 0.016 | 0.49 | 0.47 | 0.47 | 0.48 | 0.012
MAS-8-1-240K 0.26 | 0.26 | 0.23 | 0.25 | 0.017 | 0.31 | 0.30 | 0.28 | 0.30 | 0.013 | 0.42 | 0.40 | 0.38 | 0.40 | 0.019
MAS-8-2-240K 0.30 [ 0.30 | 0.29 | 0.30 | 0.006 | 0.36 | 0.34 | 0.33 | 0.34 | 0.012 | 0.46 | 0.44 | 0.43 | 0.45 | 0.013
MAS-8-1-360K 0.25 | 0.24 | 0.24 | 0.24 | 0.005 | 0.29 | 0.29 | 0.29 | 0.29 | 0.003 | 0.40 | 0.39 | 0.39 | 0.39 | 0.007
MAS-8-2-360K 0.26 | 0.25 | 0.25 | 0.25 | 0.006 | 0.30 | 0.29 | 0.28 | 0.29 | 0.007 | 0.40 | 0.39 | 0.38 | 0.39 | 0.008




Texture Measurements with the CTM Device

Surface A B C D E F G H Average | STD
CONTROL57-1-INI 0.270 | 0.283 | 0.203 | 0.600 | 0.423 | 0.273 | 0.140 | 0.497 0.287 | 0.156
CONTROL57-2-INI 0.340 | 0.313 | 0.270 | 0.348 | 0.415 | 0.380 | 0.285 | 0.403 0.347 | 0.053
CONTROL57-1-15K 0.203 | 0.257 | 0.187 | 0.283 | 0.190 | 0.380 | 0.243 | 0.270 0.347 | 0.064
CONTROL57-2-15K 0.353 | 0.227 | 0.250 | 0.373 | 0.300 | 0.377 | 0.160 | 0.303 0.313 | 0.077
CONTROL57-1-30K 0.217 | 0.367 | 0.223 | 0.373 | 0.190 | 0.407 | 0.270 | 0.223 0.310 | 0.085
CONTROL57-2-30K 0.275 | 0.300 | 0.258 | 0.460 | 0.433 | 0.325 | 0.238 | 0.355 0.310 | 0.081
CONTROL57-1-60K 0.243 | 0.417 | 0.233 | 0.293 | 0.200 | 0.457 | 0.230 | 0.210 0.363 | 0.098
CONTROL57-2-60K 0.270 | 0.197 | 0.163 | 0.240 | 0.237 | 0.370 | 0.157 | 0.283 0.340 | 0.070
CONTROL57-1-120K 0.257 | 0.253 | 0.237 | 0.410 | 0.217 | 0.487 | 0.197 | 0.263 0.323 | 0.102
CONTROL57-2-120K 0.363 | 0.230 | 0.198 | 0.338 | 0.268 | 0.355 | 0.205 | 0.308 0.323 | 0.067
CONTROL57-1-240K 0.213 | 0.350 | 0.227 | 0.447 | 0.217 | 0.553 | 0.207 | 0.253 0.350 | 0.130
CONTROL57-2-240K 0.310 | 0.260 | 0.257 | 0.357 | 0.247 | 0.417 | 0.220 | 0.250 0.330 | 0.067
CONTROL57-1-360K 0.213 | 0.237 | 0.240 | 0.280 | 0.263 | 0.303 | 0.240 | 0.347 0.327 | 0.043
CONTROL57-2-360K 0.333 | 0.247 | 0.200 | 0.333 | 0.320 | 0.330 | 0.237 | 0.353 0.410 | 0.057
AST-G-70-1-INI 0.590 | 0.457 | 0.400 | 0.607 | 0.520 | 0.627 | 0.597 | 0.680 0.417 | 0.093
AST-G-70-2-INI 0.493 | 0.593 | 0.390 | 0.467 | 0.483 | 0.620 | 0.613 | 0.457 0.430 | 0.084
AST-G-70-1-15K 0.597 | 0.363 | 0.267 | 0.457 | 0.460 | 0.447 | 0.297 | 0.567 0.407 | 0.118
AST-G-70-2-15K 0.553 | 0.323 | 0.280 | 0.563 | 0.550 | 0.460 | 0.277 | 0.327 0.423 | 0.128
AST-G-70-1-30K 0.537 | 0.397 | 0.270 | 0.513 | 0.453 | 0.380 | 0.327 | 0.503 0.417 | 0.095
AST-G-70-2-30K 0.597 | 0.340 | 0.293 | 0.410 | 0.457 | 0.487 | 0.200 | 0.277 0.423 | 0.129
AST-G-70-1-60K 0.677 | 0.323 | 0.180 | 0.430 | 0.410 | 0.487 | 0.367 | 0.523 0.557 | 0.147
AST-G-70-2-60K 0.580 | 0.390 | 0.327 | 0.483 | 0.640 | 0.393 | 0.257 | 0.497 0.440 | 0.128
AST-G-70-1-120K 0.573 | 0.397 | 0.303 | 0.383 | 0.457 | 0.447 | 0.283 | 0.510 0.417 | 0.098
AST-G-70-2-120K 0.493 | 0.457 | 0.400 | 0.377 | 0.647 | 0.387 | 0.267 | 0.493 0.400 | 0.112
AST-G-70-1-240K 0.517 | 0.287 | 0.207 | 0.480 | 0.453 | 0.527 | 0.360 | 0.440 0.383 | 0.114
AST-G-70-2-240K 0.570 | 0.333 | 0.377 | 0.510 | 0.503 | 0.347 | 0.290 | 0.277 0.427 | 0.111
AST-G-70-1-360K 0.587 | 0.307 | 0.197 | 0.443 | 0.410 | 0.533 | 0.437 | 0.420 0.447 | 0.122
AST-G-70-2-360K 0.523 | 0.393 | 0.343 | 0.457 | 0.700 | 0.380 | 0.300 | 0.327 0.513 | 0.132
AST-G-30-1-INI 0.283 | 0.327 | 0.437 | 0.347 | 0.390 | 0.397 | 0.360 | 0.370 0.270 | 0.047
AST-G-30-2-INI 0.290 | 0.383 | 0.527 | 0.417 | 0.310 | 0.467 | 0.370 | 0.510 0.303 | 0.087
AST-G-30-1-15K 0.237 | 0.363 | 0.370 | 0.383 | 0.357 | 0.357 | 0.327 | 0.350 0.287 | 0.046
AST-G-30-2-15K 0.287 | 0.273 | 0.240 | 0.380 | 0.287 | 0.437 | 0.227 | 0.453 0.280 | 0.088
AST-G-30-1-60K 0.220 | 0.323 | 0.287 | 0.373 | 0.377 | 0.307 | 0.293 | 0.293 0.267 | 0.050
AST-G-30-2-120K 0.237 | 0.323 | 0.267 | 0.373 | 0.327 | 0.437 | 0.277 | 0.467 0.260 | 0.082
AST-G-30-1-120K 0.220 | 0.327 | 0.283 | 0.290 | 0.300 | 0.253 | 0.307 | 0.307 0.363 | 0.034
AST-G-30-2-60K 0.247 | 0.293 | 0.307 | 0.350 | 0.380 | 0.407 | 0.217 | 0.417 0.373 | 0.074
AST-G-30-1-30K 0.237 | 0.353 | 0.257 | 0.340 | 0.347 | 0.320 | 0.340 | 0.307 0.417 | 0.044
AST-G-30-2-30K 0.387 | 0.380 | 0.317 | 0.423 | 0.297 | 0.413 | 0.187 | 0.393 0.403 | 0.079
AST-G-30-1-240K 0.250 | 0.373 | 0.313 | 0.417 | 0.370 | 0.300 | 0.330 | 0.400 0.390 | 0.056
AST-G-30-2-240K 0.240 | 0.293 | 0.283 | 0.370 | 0.383 | 0.360 | 0.267 | 0.393 0.400 | 0.059
AST-G-30-1-360K 0.253 | 0.353 | 0.290 | 0.320 | 0.373 | 0.303 | 0.263 | 0.317 0.443 | 0.041
AST-G-30-2-360K 0.250 | 0.283 | 0.337 | 0.303 | 0.387 | 0.370 | 0.300 | 0.400 0.397 | 0.053
AST-S-70-1-INI 0.308 | 0.428 | 0.450 | 0.560 | 0.545 | 0.343 | 0.393 | 0.343 0.310 | 0.094
AST-S-70-2-INI 0.237 | 0.353 | 0.363 | 0.363 | 0.417 | 0.330 | 0.323 | 0.297 0.363 | 0.053

B-4




Surface A B C D E F G H Average | STD
AST-S-70-1-15K 0.357 | 0.360 | 0.253 | 0.513 | 0.473 | 0.290 | 0.367 | 0.310 0.343 | 0.089
AST-S-70-2-15K 0.233 | 0.243 | 0.167 | 0.357 | 0.357 | 0.240 | 0.233 | 0.347 0.330 | 0.072
AST-S-70-1-30K 0.370 | 0.383 | 0.220 | 0.420 | 0.450 | 0.253 | 0.307 | 0.237 0.350 | 0.088
AST-S-70-2-30K 0.320 | 0.207 | 0.193 | 0.330 | 0.360 | 0.267 | 0.217 | 0.280 0.305 | 0.062
AST-S-70-1-60K 0.307 | 0.317 | 0.245 | 0.395 | 0.363 | 0.273 | 0.283 | 0.265 0.420 | 0.051
AST-S-70-2-60K 0.250 | 0.283 | 0.257 | 0.263 | 0.337 | 0.263 | 0.237 | 0.237 0.233 | 0.032
AST-S-70-1-120K 0.340 | 0.413 | 0.263 | 0.353 | 0.333 | 0.233 | 0.237 | 0.293 0.270 | 0.063
AST-S-70-2-120K 0.220 | 0.173 | 0.197 | 0.350 | 0.277 | 0.220 | 0.163 | 0.267 0.283 | 0.062
AST-S-70-1-240K 0.350 | 0.387 | 0.330 | 0.413 | 0.393 | 0.293 | 0.243 | 0.327 0.270 | 0.056
AST-S-70-2-240K 0.350 | 0.280 | 0.320 | 0.253 | 0.277 | 0.217 | 0.227 | 0.323 0.308 | 0.048
AST-S-70-1-360K 0.333 | 0.423 | 0.310 | 0.387 | 0.307 | 0.357 | 0.297 | 0.377 0.270 | 0.045
AST-S-70-2-360K 0.297 | 0.382 | 0.297 | 0.302 | 0.290 | 0.312 | 0.260 | 0.325 0.337 | 0.035
AST-S-30-1-INI 0.280 | 0.303 | 0.350 | 0.487 | 0.320 | 0.483 | 0.360 | 0.313 0.290 | 0.080
AST-S-30-2-INI 0.293 | 0.270 | 0.393 | 0.397 | 0.430 | 0.433 | 0.663 | 0.297 0.250 | 0.126
AST-S-30-1-30K 0.200 | 0.273 | 0.233 | 0.243 | 0.333 | 0.357 | 0.327 | 0.267 0.310 | 0.055
AST-S-30-2-30K 0.307 | 0.267 | 0.423 | 0.360 | 0.350 | 0.483 | 0.613 | 0.300 0.283 | 0.115
AST-S30-1-15K 0.263 | 0.330 | 0.260 | 0.347 | 0.283 | 0.330 | 0.327 | 0.260 0.270 | 0.037
AST-S30-2-15K 0.310 | 0.313 | 0.373 | 0.430 | 0.387 | 0.493 | 0.710 | 0.310 0.287 | 0.135
AST-S-30-1-60K 0.205 | 0.220 | 0.285 | 0.285 | 0.200 | 0.270 | 0.330 | 0.295 0.337 | 0.047
AST-S-30-2-60K 0.258 | 0.295 | 0.383 | 0.393 | 0.535 | 0.488 | 0.840 | 0.355 0.283 | 0.185
AST-S-30-1-120K 0.213 | 0.273 | 0.273 | 0.320 | 0.297 | 0.230 | 0.287 | 0.253 0.293 | 0.035
AST-S-30-2-120K 0.267 | 0.377 | 0.380 | 0.373 | 0.343 | 0.483 | 0.507 | 0.287 0.290 | 0.084
AST-S-30-1-240K 0.240 | 0.277 | 0.320 | 0.333 | 0.290 | 0.240 | 0.313 | 0.257 0.293 | 0.036
AST-S-30-2-240K 0.263 | 0.313 | 0.503 | 0.373 | 0.327 | 0.457 | 0.677 | 0.300 0.330 | 0.138
AST-S-30-1-360K 0.263 | 0.247 | 0.237 | 0.253 | 0.260 | 0.343 | 0.320 | 0.200 0.240 | 0.046
AST-S-30-2-360K 0.277 | 0.353 | 0.453 | 0.400 | 0.340 | 0.430 | 0.637 | 0.313 0.345 | 0.112
MFT-30-70-1-INIT 0.387 | 0.637 | 0.387 | 0.427 | 0.370 | 0.520 | 0.610 | 0.540 0.477 | 0.106
MFT-30-70-2-INIT 0.437 | 0.530 | 0.573 | 0.530 | 0.477 | 0.517 | 0.517 | 0.493 0.473 | 0.041
MFT-30-70-1-15K 0.367 | 0.380 | 0.327 | 0.343 | 0.403 | 0.453 | 0.327 | 0.533 0.453 | 0.071
MFT-30-70-2-15K 0.550 | 0.413 | 0.350 | 0.437 | 0.430 | 0.507 | 0.283 | 0.443 0.463 | 0.083
MFT-30-70-1-30K 0.383 | 0.463 | 0.387 | 0.407 | 0.420 | 0.370 | 0.397 | 0.420 0.490 | 0.029
MFT-30-70-2-30K 0.433 | 0.523 | 0.380 | 0.437 | 0.413 | 0.410 | 0.343 | 0.430 0.477 | 0.052
MFT-30-70-1-60K 0.333 | 0.497 | 0.430 | 0.353 | 0.453 | 0.413 | 0.347 | 0.557 0.520 | 0.078
MFT-30-70-2-60K 0.447 | 0.480 | 0.357 | 0.413 | 0.490 | 0.397 | 0.287 | 0.513 0.500 | 0.076
MFT-30-70-1-120K 0.410 | 0.397 | 0.400 | 0.443 | 0.417 | 0.380 | 0.390 | 0.470 0.443 | 0.030
MFT-30-70-2-120K 0.420 | 0.580 | 0.330 | 0.397 | 0.463 | 0.337 | 0.380 | 0.413 0.477 | 0.080
MFT-30-70-1-240K 0.407 | 0.447 | 0.357 | 0.427 | 0.493 | 0.400 | 0.443 | 0.427 0.470 | 0.040
MFT-30-70-2-240K 0.460 | 0.627 | 0.410 | 0.533 | 0.407 | 0.323 | 0.397 | 0.493 0.480 | 0.094
MFT-30-70-1-360K 0.393 | 0.433 | 0.427 | 0.403 | 0.410 | 0.420 | 0.463 | 0.497 0.477 | 0.034
MFT-30-70-2-360K 0.430 | 0.690 | 0.400 | 0.417 | 0.487 | 0.383 | 0.310 | 0.503 0.540 | 0.113
MFT-70-30-1-INI 0.327 | 0.363 | 0.310 | 0.313 | 0.363 | 0.383 | 0.270 | 0.383 0.263 | 0.041
MFT-70-30-2-INI 0.373 | 0.310 | 0.330 | 0.310 | 0.283 | 0.313 | 0.280 | 0.313 0.270 | 0.029
MFT-70-30-1-15K 0.300 | 0.383 | 0.220 | 0.327 | 0.367 | 0.320 | 0.180 | 0.327 0.270 | 0.070
MFT-70-30-2-15K 0.357 | 0.257 | 0.173 | 0.280 | 0.233 | 0.293 | 0.143 | 0.290 0.267 | 0.069
MFT-70-30-1-30K 0.353 | 0.380 | 0.230 | 0.340 | 0.347 | 0.253 | 0.187 | 0.313 0.287 | 0.069
MFT-70-30-2-30K 0.320 | 0.240 | 0.210 | 0.283 | 0.217 | 0.273 | 0.183 | 0.277 0.253 | 0.046
MFT-70-30-1-60K 0.350 | 0.337 | 0.207 | 0.353 | 0.353 | 0.270 | 0.227 | 0.347 0.310 | 0.061

B-5




Surface A B C D E F G H Average | STD
MFT-70-30-2-60K 0.317 | 0.220 | 0.203 | 0.250 | 0.220 | 0.267 | 0.183 | 0.313 0.277 | 0.049
MFT-70-30-1-120K 0.330 | 0.377 | 0.230 | 0.357 | 0.313 | 0.300 | 0.237 | 0.333 0.303 | 0.053
MFT-70-30-2-120K 0.493 | 0.200 | 0.303 | 0.273 | 0.217 | 0.233 | 0.220 | 0.280 0.280 | 0.094
MFT-70-30-1-240K 0.370 | 0.327 | 0.203 | 0.343 | 0.377 | 0.217 | 0.173 | 0.367 0.263 | 0.085
MFT-70-30-2-240K 0.340 | 0.257 | 0.210 | 0.303 | 0.233 | 0.263 | 0.160 | 0.240 0.270 | 0.055
MFT-70-30-1-360K 0.310 | 0.377 | 0.240 | 0.367 | 0.323 | 0.270 | 0.250 | 0.340 0.263 | 0.052
MFT-70-30-2-360K 0.327 | 0.267 | 0.200 | 0.297 | 0.260 | 0.220 | 0.153 | 0.293 0.363 | 0.057
MAS-1-57-1-INI 0.693 | 0.450 | 0.547 | 0.523 | 0.487 | 0.603 | 0.517 | 0.343 0.373 | 0.103
MAS-1-57-2-INI 0.703 | 0.600 | 0.380 | 0.703 | 0.500 | 0.680 | 0.423 | 0.333 0.337 | 0.151
MAS-1-57-1-15K 0.607 | 0.283 | 0.530 | 0.413 | 0.657 | 0.610 | 0.317 | 0.360 0.357 | 0.147
MAS-1-57-2-15K 0.497 | 0.493 | 0.267 | 0.683 | 0.367 | 0.730 | 0.170 | 0.323 0.363 | 0.197
MAS-1-57-1-30K 0.723 | 0.420 | 0.453 | 0.533 | 0.473 | 0.467 | 0.303 | 0.330 0.367 | 0.130
MAS-1-57-2-30K 0.620 | 0.620 | 0.253 | 0.667 | 0.453 | 0.540 | 0.247 | 0.347 0.350 | 0.169
MAS-1-57-1-60K 0.570 | 0.367 | 0.493 | 0.617 | 0.510 | 0.517 | 0.407 | 0.320 0.493 | 0.102
MAS-1-57-2-60K 0.643 | 0.607 | 0.287 | 0.650 | 0.390 | 0.513 | 0.317 | 0.397 0.327 | 0.147
MAS-1-57-1-120K 0.623 | 0.400 | 0.437 | 0.573 | 0.483 | 0.500 | 0.367 | 0.433 0.347 | 0.087
MAS-1-57-2-120K 0.697 | 0.550 | 0.313 | 0.647 | 0.630 | 0.473 | 0.377 | 0.330 0.327 | 0.151
MAS-1-57-1-240K 0.653 | 0.413 | 0.507 | 0.597 | 0.417 | 0.397 | 0.340 | 0.317 0.327 | 0.120
MAS-1-57-2-240K 0.647 | 0.633 | 0.300 | 0.620 | 0.453 | 0.550 | 0.247 | 0.373 0.293 | 0.158
MAS-1-57-1-360K 0.797 | 0.390 | 0.410 | 0.613 | 0.517 | 0.500 | 0.300 | 0.383 0.307 | 0.158
MAS-1-57-2-360K 0.613 | 0.627 | 0.240 | 0.663 | 0.443 | 0.490 | 0.333 | 0.427 0.453 | 0.149
MAS-8-57-1-INI 0.427 | 0.370 | 0.473 | 0.730 | 0.587 | 0.513 | 0.397 | 0.453 0.413 | 0.117
MAS-8-57-2-INI 0.580 | 0.443 | 0.390 | 0.363 | 0.513 | 0.450 | 0.407 | 0.477 0.390 | 0.070
MAS-8-57-1-15K 0.450 | 0.343 | 0.180 | 0.380 | 0.470 | 0.307 | 0.230 | 0.313 0.423 | 0.100
MAS-8-57-2-15K 0.510 | 0.367 | 0.150 | 0.367 | 0.467 | 0.300 | 0.313 | 0.297 0.407 | 0.111
MAS-8-57-1-30K 0.417 | 0.353 | 0.227 | 0.467 | 0.470 | 0.377 | 0.280 | 0.307 0.433 | 0.088
MAS-8-57-2-30K 0.483 | 0.307 | 0.163 | 0.333 | 0.427 | 0.303 | 0.293 | 0.297 0.420 | 0.096
MAS-8-57-1-60K 0.477 | 0.367 | 0.190 | 0.350 | 0.450 | 0.273 | 0.350 | 0.363 0.487 | 0.091
MAS-8-57-2-60K 0.423 | 0.347 | 0.203 | 0.290 | 0.417 | 0.263 | 0.223 | 0.273 0.413 | 0.083
MAS-8-57-1-120K 0.420 | 0.347 | 0.257 | 0.367 | 0.597 | 0.377 | 0.263 | 0.367 0.427 | 0.106
MAS-8-57-2-120K 0.470 | 0.300 | 0.163 | 0.287 | 0.413 | 0.283 | 0.317 | 0.387 0.457 | 0.095
MAS-8-57-1-240K 0.387 | 0.400 | 0.260 | 0.370 | 0.493 | 0.280 | 0.277 | 0.380 0.420 | 0.079
MAS-8-57-2-240K 0.420 | 0.330 | 0.210 | 0.310 | 0.397 | 0.257 | 0.250 | 0.450 0.457 | 0.087
MAS-8-57-1-360K 0.463 | 0.423 | 0.243 | 0.383 | 0.423 | 0.273 | 0.317 | 0.397 0.423 | 0.079
MAS-8-57-2-360K 0.463 | 0.270 | 0.153 | 0.270 | 0.367 | 0.263 | 0.250 | 0.307 0.513 | 0.091
MAS-8-1-INI 0.303 | 0.307 | 0.340 | 0.290 | 0.377 | 0.317 | 0.240 | 0.313 0.313 | 0.039
MAS-8-2-INI 0.283 | 0.287 | 0.243 | 0.287 | 0.320 | 0.273 | 0.170 | 0.260 0.303 | 0.045
MAS-8-1-15K 0.297 | 0.260 | 0.193 | 0.333 | 0.303 | 0.320 | 0.153 | 0.290 0.300 | 0.064
MAS-8-2-15K 0.447 | 0.267 | 0.243 | 0.350 | 0.357 | 0.323 | 0.180 | 0.260 0.300 | 0.083
MAS-8-1-30K 0.250 | 0.293 | 0.220 | 0.270 | 0.310 | 0.247 | 0.160 | 0.353 0.313 | 0.059
MAS-8-2-30K 0.347 | 0.237 | 0.210 | 0.303 | 0.320 | 0.250 | 0.147 | 0.283 0.307 | 0.065
MAS-8-1-60K 0.303 | 0.260 | 0.210 | 0.267 | 0.337 | 0.230 | 0.183 | 0.250 0.340 | 0.049
MAS-8-2-60K 0.283 | 0.287 | 0.243 | 0.287 | 0.320 | 0.273 | 0.170 | 0.260 0.280 | 0.045
MAS-8-1-120K 0.243 | 0.297 | 0.200 | 0.270 | 0.337 | 0.227 | 0.150 | 0.357 0.257 | 0.069
MAS-8-2-120K 0.273 | 0.347 | 0.210 | 0.280 | 0.350 | 0.290 | 0.160 | 0.287 0.250 | 0.064
MAS-8-1-240K 0.243 | 0.297 | 0.220 | 0.247 | 0.367 | 0.193 | 0.210 | 0.370 0.250 | 0.069
MAS-8-2-240K 0.333 | 0.310 | 0.237 | 0.253 | 0.300 | 0.313 | 0.203 | 0.303 0.253 | 0.045
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Surface A B C D E F G H Average | STD
MAS-8-1-360K 0.287 | 0.333 | 0.293 | 0.220 | 0.277 | 0.217 | 0.177 | 0.493 0.250 | 0.097
MAS-8-2-360K 0.270 | 0.330 | 0.237 | 0.257 | 0.307 | 0.240 | 0.167 | 0.340 0.317 | 0.057
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British Pendulum Measurements with the BPT Device

Sample Sample Sample
DEVE PRIy Numger Compogition Condir'?ion L e 9 a9 | e
5/14/2009 | Robin Tallon 1 | control57 initial 77 | 75| 73 | 75| 77 75.4
5/14/2009 | Robin Tallon 1 | control57 initial 77 | 77| 75| 75| 75 75.8
5/14/2009 | Robin Tallon 1 | control57 initial 77 | 76 | 75 | 74 | 75 75.4
5/14/2009 | Robin Tallon 2 | control57 initial 75|74 | 75| 70| 70 72.8
5/14/2009 | Robin Tallon 2 | control57 initial 77 | 77|76 | 77 | 77 76.8
5/14/2009 | Robin Tallon 2 | control57 initial 75| 75| 75| 74| 75 74.8
6/2/2009 | Robin Tallon 1 | control57 60K 60 | 61|61 | 60| 61 60.6
6/2/2009 | Robin Tallon 1 | control57 60K 62 | 63| 63 | 64 | 62 62.8
6/2/2009 | Robin Tallon 1 | control57 60K 64 | 63 | 63| 62| 61 62.6
6/2/2009 | Robin Tallon 2 | control57 60K 60 | 62 | 63 | 62 | 61 61.6
6/2/2009 | Robin Tallon 2 | control57 60K 60 | 61 | 60 | 61 | 60 60.4
6/2/2009 | Robin Tallon 2 | control57 60K 60 | 62 | 62 | 60 | 61 61
6/3/2009 | Zoltan Rado 1 | control57 120K 59 | 60 | 60 | 60 | 60 59.8
6/3/2009 | Zoltan Rado 1 | control57 120K 62| 61|61|61]|61 61.2
6/3/2009 | Zoltan Rado 1 | control57 120K 62| 61|61 |60]| 61 61
6/3/2009 | Zoltan Rado 2 | control57 120K 60 | 60 | 60 | 60 | 60 60
6/3/2009 | Zoltan Rado 2 | control57 120K 58 | 57 | 57 | 57 | 57 57.2
6/3/2009 | Zoltan Rado 2 | control57 120K 56 | 57 | 57 | 57 | 56 56.6
6/12/2009 | Robin Tallon 1 | control57 240K 66 | 66 | 66 | 67 | 67 66.4
6/12/2009 | Robin Tallon 1 | control57 240K 67 | 67 | 69 | 68 | 68 67.8
6/12/2009 | Robin Tallon 2 | control57 240K 66 | 66 | 65 | 66 | 67 66
6/12/2009 | Robin Tallon 2 | control57 240K 64 | 65| 66 | 67 | 66 65.6
6/15/2009 | Robin Tallon 1 | control57 360K 55| 55| 55| 56 | 55 55.2
6/15/2009 | Robin Tallon 1 | control57 360K 54 | 55| 55| 55 | 55 54.8
6/15/2009 | Robin Tallon 1 | control57 360K 55| 55| 56 | 58 | 59 56.6
6/15/2009 | Robin Tallon 2 | control57 360K 54 | 55 | 56 | 57 | 57 55.8
6/15/2009 | Robin Tallon 2 | control57 360K 54 | 55 | 55 | 55 | 56 55
6/15/2009 | Robin Tallon 2 | control57 360K 55| 57 | 57 | 58 | 58 57
8/14/2009 | Robin Tallon 1 | AST-S-30 initial 701 70|70 | 71| 74 71
8/14/2009 | Robin Tallon 1| AST-S-30 initial 83|80 76| 80| 78 79
8/14/2009 | Robin Tallon 1| AST-S-30 initial 78 | 75| 73| 76 | 76 76
8/14/2009 | Robin Tallon 2 | AST-S-30 initial 80| 79|79 | 78| 76 78
8/14/2009 | Robin Tallon 2 | AST-S-30 initial 79| 78| 78| 76| 75 77
8/14/2009 | Robin Tallon 2 | AST-S-30 initial 78 | 76 | 75| 75| 75 76
8/18/2009 | Choongwoo Cho 1| AST-S-30 15K 64 | 64 | 64 | 63 | 63 64
8/18/2009 | Choongwoo Cho 1| AST-S-30 15K 66 | 66 | 66 | 65 | 65 66
8/18/2009 | Choongwoo Cho 1| AST-S-30 15K 61| 61| 61| 60| 60 61
8/18/2009 | Choongwoo Cho 2 | AST-S-30 15K 60 | 60 | 60 | 60 | 60 60
8/18/2009 | Choongwoo Cho 2 | AST-S-30 15K 63|64 | 60| 61|61 62
8/18/2009 | Choongwoo Cho 2 | AST-S-30 15K 60 | 60 | 60 | 60 | 61 60
8/19/2009 | Choongwoo Cho 1 | AST-S-30 30K 67 | 67 | 67 | 67 | 67 67
8/19/2009 | Choongwoo Cho 1 | AST-S-30 30K 65| 65| 65 | 64 | 64 65
8/19/2009 | Choongwoo Cho 1| AST-S-30 30K 65| 65| 65| 65 | 65 65
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Sample Sample Sample
DEVE PRIy Numger Compogition Condi?ion L e 9 a9 | e
8/19/2009 | Choongwoo Cho 2 | AST-S-30 30K 60 | 60 | 60 | 60 | 60 60
8/19/2009 | Choongwoo Cho 2 | AST-S-30 30K 62 | 62 | 64 | 64 | 65 63
8/19/2009 | Choongwoo Cho 2 | AST-S-30 30K 65| 65| 65| 65|65 65
8/20/2009 | Robin Tallon 1| AST-S-30 60K 65| 65| 65| 65 | 66 65
8/20/2009 | Robin Tallon 1| AST-S-30 60K 68 | 69 | 68 | 68 | 68 68
8/20/2009 | Robin Tallon 1| AST-S-30 60K 68 | 68 | 68 | 68 | 68 68
8/20/2009 | Robin Tallon 2 | AST-S-30 60K 63| 63|62 | 63|63 63
8/20/2009 | Robin Tallon 2 | AST-S-30 60K 65| 65| 65| 65| 65 65
8/20/2009 | Robin Tallon 2 | AST-S-30 60K 66 | 66 | 67 | 68 | 68 67
8/31/2009 | Robin Tallon 1| AST-S-30 120K 60 | 59 | 60 | 61 | 62 60
8/31/2009 | Robin Tallon 1| AST-S-30 120K 60 | 60 | 62 | 64 | 64 62
8/31/2009 | Robin Tallon 1| AST-S-30 120K 58 | 60 | 60 | 61 | 61 60
8/31/2009 | Robin Tallon 2 | AST-S-30 120K 56 | 58 | 58 | 58 | 58 58
8/31/2009 | Robin Tallon 2 | AST-S-30 120K 55| 55 | 57 | 58 | 58 57
8/31/2009 | Robin Tallon 2 | AST-S-30 120K 59 | 60 | 62 | 62 | 62 61
9/1/2009 | Choongwoo Cho 1| AST-S-30 240K 49 | 49 | 49 | 49 | 49 49
9/1/2009 | Choongwoo Cho 1| AST-S-30 240K 51|51 |53 |55]|55 53
9/1/2009 | Choongwoo Cho 1| AST-S-30 240K 50 | 51| 52| 53| 54 52
9/1/2009 | Choongwoo Cho 2 | AST-S-30 240K 46 | 47 | 48 | 49 | 49 48
9/1/2009 | Choongwoo Cho 2 | AST-S-30 240K 47 | 50 | 51 | 51 | 52 50
9/1/2009 | Choongwoo Cho 2 | AST-S-30 240K 50 | 51| 51| 53| 53 52
9/2/2009 | Zoltan Rado 1| AST-S-30 360K 46 | 47 | 47 | 46 | 48 47
9/2/2009 | Zoltan Rado 1| AST-S-30 360K 45| 45| 45| 45| 46 45
9/2/2009 | Zoltan Rado 1| AST-S-30 360K 47 | 49 | 50 | 50 | 49 49
9/2/2009 | Zoltan Rado 2 | AST-S-30 360K 40 | 41 | 41| 42 | 41 41
9/2/2009 | Zoltan Rado 2 | AST-S-30 360K 3940|4040 40 40
9/2/2009 | Zoltan Rado 2 | AST-S-30 360K 40 | 40 | 42 | 42 | 43 41
8/3/2009 | Robin Tallon 1| AST-S-70 initial 80|78 80| 79|77 78.8
8/3/2009 | Robin Tallon 1| AST-S-70 initial 808080 | 79|79 80
8/3/2009 | Robin Tallon 1| AST-S-70 initial 8080807979 80
8/3/2009 | Robin Tallon 2 | AST-S-70 initial 77179180 79]79 79
8/3/2009 | Robin Tallon 2 | AST-S-70 initial 7880|7880 78 79
8/3/2009 | Robin Tallon 2 | AST-S-70 initial 76180 |76 | 77|76 77
8/4/2009 | Zoltan Rado 1| AST-S-70 15K 60 | 60 | 60 | 60 | 60 60
8/4/2009 | Zoltan Rado 1| AST-S-70 15K 61| 60| 61| 60| 60 60
8/4/2009 | Zoltan Rado 1| AST-S-70 15K 63| 62| 65| 65| 65 64
8/4/2009 | Zoltan Rado 2 | AST-S-70 15K 62 | 62| 63| 62| 63 62
8/4/2009 | Zoltan Rado 2 | AST-S-70 15K 63 | 63| 64| 63| 64 63
8/4/2009 | Zoltan Rado 2 | AST-S-70 15K 62 | 62 | 63 | 63 | 63 63
8/5/2009 | Zoltan Rado 1| AST-S-70 30K 65| 65|64 63|64 64
8/5/2009 | Zoltan Rado 1| AST-S-70 30K 62 | 62| 61| 61| 60 61
8/5/2009 | Zoltan Rado 1| AST-S-70 30K 59 | 61| 61| 60|59 60
8/5/2009 | Zoltan Rado 2 | AST-S-70 30K 65|61 |64 | 60| 64 63
8/5/2009 | Zoltan Rado 2 | AST-S-70 30K 65| 67 | 66 | 65| 67 66
8/5/2009 | Zoltan Rado 2 | AST-S-70 30K 65| 65| 66| 65| 65 65
8/7/2009 | Zoltan Rado 1| AST-S-70 60K 63|64 | 64| 65|63 64
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Sample Sample Sample

DEVE PRIy Numger Compogition Condi?ion L e 9 a9 | e

8/7/2009 | Zoltan Rado 1| AST-S-70 60K 65| 65|64 | 65| 64 65

8/7/2009 | Zoltan Rado 1| AST-S-70 60K 66 | 66 | 67 | 66 | 65 66

8/7/2009 | Zoltan Rado 2 | AST-S-70 60K 61|61 )|61)|61)|61 61

8/7/2009 | Zoltan Rado 2 | AST-S-70 60K 63| 63| 62 | 63| 64 63

8/7/2009 | Zoltan Rado 2 | AST-S-70 60K 65| 66 | 66 | 66 | 67 66
8/10/2009 | Zoltan Rado 1| AST-S-70 120K 59 | 60 | 60 | 60 | 60 60
8/10/2009 | Zoltan Rado 1| AST-S-70 120K 60 | 60 | 60 | 60 | 60 60
8/10/2009 | Zoltan Rado 1| AST-S-70 120K 63| 63| 62| 62|60 62
8/10/2009 | Zoltan Rado 2 | AST-S-70 120K 57| 60| 63| 64| 64 62
8/10/2009 | Zoltan Rado 2 | AST-S-70 120K 55| 57 | 56 | 57 | 58 57
8/10/2009 | Zoltan Rado 2 | AST-S-70 120K 60 | 61 | 62 | 62 | 62 61
8/13/2009 | Choongwoo Cho 1| AST-S-70 240K 53| 55| 55| 55|55 55
8/13/2009 | Choongwoo Cho 1| AST-S-70 240K 57159 |60 60|60 59
8/13/2009 | Choongwoo Cho 1| AST-S-70 240K 57 | 58 | 59 | 60 | 60 59
8/13/2009 | Choongwoo Cho 2 | AST-S-70 240K 57 | 59 | 59 | 59 | 59 59
8/13/2009 | Choongwoo Cho 2 | AST-S-70 240K 55| 55| 56 | 56 | 56 56
8/13/2009 | Choongwoo Cho 2 | AST-S-70 240K 54 | 55 | 55 | 56 | 56 55
8/14/2009 | Choongwoo Cho 1| AST-S-70 360K 48 | 50 | 50 | 51 | 51 50
8/14/2009 | Choongwoo Cho 1 | AST-S-70 360K 54 | 55 | 55 | 55 | 55 55
8/14/2009 | Choongwoo Cho 1| AST-S-70 360K 52 | 53 | 54 | 54 | 54 53
8/14/2009 | Choongwoo Cho 2 | AST-S-70 360K 52 | 53| 54| 55| 55 54
8/14/2009 | Choongwoo Cho 2 | AST-S-70 360K 52 | 53|54 | 55| 54 54
8/14/2009 | Choongwoo Cho 2 | AST-S-70 360K 49 |50 | 50|51 |51 50
7/14/2009 | Choongwoo Cho 1| AST-G-30 initial 80|78 | 77| 77|77 77.8
7/14/2009 | Choongwoo Cho 1| AST-G-30 initial 80|80 | 78|80 75 79
7/14/2009 | Choongwoo Cho 1| AST-G-30 initial 85|88 |86 88|87 87
7/14/2009 | Choongwoo Cho 2 | AST-G-30 initial 80|78 |76 | 75|75 77
7/14/2009 | Choongwoo Cho 2 | AST-G-30 initial 8182|81|81]|81 81
7/14/2009 | Choongwoo Cho 2 | AST-G-30 initial 82180797979 80
7/16/2009 | Choongwoo Cho 1| AST-G-30 15K 56 | 57 | 58 | 60 | 61 58
7/16/2009 | Choongwoo Cho 1| AST-G-30 15K 56 | 57 | 58 | 59 | 59 58
7/16/2009 | Choongwoo Cho 1| AST-G-30 15K 60 | 61 | 62 | 64 | 64 62
7/16/2009 | Choongwoo Cho 2 | AST-G-30 15K 60 | 60 | 60 | 61 | 61 60
7/16/2009 | Choongwoo Cho 2 | AST-G-30 15K 55| 56 | 58 | 59 | 58 57
7/16/2009 | Choongwoo Cho 2 | AST-G-30 15K 55| 55| 57 | 56 | 56 56
7/17/2009 | Choongwoo Cho 1| AST-G-30 30K 45 | 45 | 46 | 46 | 47 46
7/17/2009 | Choongwoo Cho 1| AST-G-30 30K 45 | 44 | 44 | 44 | 43 44
7/17/2009 | Choongwoo Cho 1 | AST-G-30 30K 50 | 50 | 51 | 51 | 51 51
7/17/2009 | Choongwoo Cho 2 | AST-G-30 30K 47 | 47 | 48 | 48 | 48 48
7/17/2009 | Choongwoo Cho 2 | AST-G-30 30K 36 35/35|35]| 36 35
7/17/2009 | Choongwoo Cho 2 | AST-G-30 30K 3713713636 | 35 36
7/20/2009 | Choongwoo Cho 1| AST-G-30 60K 64 | 65 | 66 | 66 | 66 65
7/20/2009 | Choongwoo Cho 1| AST-G-30 60K 65 | 67 | 67 | 70 | 67 67
7/20/2009 | Choongwoo Cho 1| AST-G-30 60K 68 | 70| 70| 70| 70 70
7/20/2009 | Choongwoo Cho 2 | AST-G-30 60K 62 | 62 | 63| 65| 64 63
7/20/2009 | Choongwoo Cho 2 | AST-G-30 60K 59 1 60| 60| 60|60 60
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Sample Sample Sample
DEVE PRIy Numger Compogition Condi?ion L e 9 a9 | e
7/20/2009 | Choongwoo Cho 2 | AST-G-30 60K 60 | 61 | 63 | 65 | 64 63
7/21/2009 | Choongwoo Cho 1| AST-G-30 120K 57160 |61|62]|62 60
7/21/2009 | Choongwoo Cho 1| AST-G-30 120K 63 | 65| 65| 66 | 66 65
7/21/2009 | Choongwoo Cho 1| AST-G-30 120K 63 | 65 | 65 | 66 | 66 65
7/21/2009 | Choongwoo Cho 2 | AST-G-30 120K 58 | 60 | 60 | 61 | 62 60
7/21/2009 | Choongwoo Cho 2 | AST-G-30 120K 57 | 58 | 59 | 60 | 60 59
7/21/2009 | Choongwoo Cho 2 | AST-G-30 120K 60 | 61 | 62 | 62 | 62 61
7/22/2009 | Choongwoo Cho 1| AST-G-30 240K 55| 55| 57| 58| 58 57
7/22/2009 | Choongwoo Cho 1| AST-G-30 240K 55|57 | 57|59 |60 58
7/22/2009 | Choongwoo Cho 1| AST-G-30 240K 65|68 | 70| 70 | 69 68
7/22/2009 | Choongwoo Cho 2 | AST-G-30 240K 54 | 55 | 55 | 55 | 56 55
7/22/2009 | Choongwoo Cho 2 | AST-G-30 240K 48 | 50 | 50 | 51 | 55 51
7/22/2009 | Choongwoo Cho 2 | AST-G-30 240K 55|57 | 60| 60| 60 58
7/23/2009 | Choongwoo Cho 1| AST-G-30 360K 53 | 55| 56 | 56 | 56 55
7/23/2009 | Choongwoo Cho 1| AST-G-30 360K 50 | 51 | 53 | 54 | 54 52
7/23/2009 | Choongwoo Cho 1| AST-G-30 360K 55| 57 | 58 | 58 | 58 57
7/23/2009 | Choongwoo Cho 2 | AST-G-30 360K 45| 47 | 47 | 50 | 50 48
7/23/2009 | Choongwoo Cho 2 | AST-G-30 360K 51|52 |53|54|55 53
7/23/2009 | Choongwoo Cho 2 | AST-G-30 360K 50 | 52 | 54 | 54 | 55 53
6/22/2009 | Robin Tallon 1| AST-G-70 initial 80|79/80| 78|78 79
6/22/2009 | Robin Tallon 1| AST-G-70 initial 82|180|80|80]| 81 81
6/22/2009 | Robin Tallon 1| AST-G-70 initial 82|80 |80| 80|80 80
6/22/2009 | Robin Tallon 2 | AST-G-70 initial 83|80 |80| 80| 82 81
6/22/2009 | Robin Tallon 2 | AST-G-70 initial 81|80 |78|79]| 78 79
6/22/2009 | Robin Tallon 2 | AST-G-70 initial 81180797879 79
6/23/2009 | Robin Tallon 1| AST-G-70 15K 67 | 69| 68| 69| 69 68
6/23/2009 | Robin Tallon 1| AST-G-70 15K 65| 67 | 66 | 66 | 65 66
6/23/2009 | Robin Tallon 1| AST-G-70 15K 69 | 69 | 69 | 69 | 69 69
6/23/2009 | Robin Tallon 2 | AST-G-70 15K 66 | 67 | 68 | 69 | 68 68
6/23/2009 | Robin Tallon 2 | AST-G-70 15K 66 | 67 | 68 | 67 | 68 67
6/23/2009 | Robin Tallon 2 | AST-G-70 15K 65| 66 | 66 | 67 | 67 66
7/1/2009 | Robin Tallon 1| AST-G-70 30K 70| 70| 70| 70| 70 70
7/1/2009 | Robin Tallon 1| AST-G-70 30K 66 | 66 | 67 | 68 | 68 67
7/1/2009 | Robin Tallon 1| AST-G-70 30K 70/ 70|70 70] 70 70
7/1/2009 | Robin Tallon 2 | AST-G-70 30K 7070|7071 ]70 70
7/1/2009 | Robin Tallon 2 | AST-G-70 30K 66 | 66 | 67 | 68 | 69 67
7/1/2009 | Robin Tallon 2 | AST-G-70 30K 66 | 67 | 68 | 68 | 69 68
7/2/2009 | Robin Tallon 1| AST-G-70 60K 64 | 65| 65 | 66 | 66 65
7/2/2009 | Robin Tallon 1| AST-G-70 60K 64 | 65| 65| 65| 65 65
7/2/2009 | Robin Tallon 1| AST-G-70 60K 65| 65| 66| 66 | 65 65
7/2/2009 | Robin Tallon 2 | AST-G-70 60K 65| 66 | 68 | 68 | 68 67
7/2/2009 | Robin Tallon 2 | AST-G-70 60K 65| 65| 65| 65| 65 65
7/2/2009 | Robin Tallon 2 | AST-G-70 60K 62 | 63 | 65| 63 | 62 63
7/6/2009 | Robin Tallon 1| AST-G-70 120K 60 | 60| 61| 61|62 61
7/6/2009 | Robin Tallon 1| AST-G-70 120K 60| 61| 61)|62]| 62 61
7/6/2009 | Robin Tallon 1| AST-G-70 120K 61| 62| 63| 64| 64 63
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Sample Sample Sample
DEVE PRIy Numger Compogition Condi?ion L e 9 a9 | e
7/6/2009 | Robin Tallon 2 | AST-G-70 120K 59 | 60 | 60 | 60 | 60 60
7/6/2009 | Robin Tallon 2 | AST-G-70 120K 59 | 60| 60| 60| 60 60
7/6/2009 | Robin Tallon 2 | AST-G-70 120K 56 | 56 | 57 | 57 | 57 57
7/7/2009 | Robin Tallon 1| AST-G-70 240K 53|54 |55|55]|55 54
7/7/2009 | Robin Tallon 1| AST-G-70 240K 53|54 |55|55]|55 54
7/7/2009 | Robin Tallon 1| AST-G-70 240K 56 | 58 | 58 | 60 | 60 58
7/7/2009 | Robin Tallon 2 | AST-G-70 240K 53|54 | 55| 55|55 54
7/7/2009 | Robin Tallon 2 | AST-G-70 240K 49 |1 50| 50]51|50 50
7/7/2009 | Robin Tallon 2 | AST-G-70 240K 50| 51| 52| 52|53 52
7/10/2009 | Choongwoo Cho 1 | AST-G-70 360K 45| 46 | 46 | 51 | 50 48
7/10/2009 | Choongwoo Cho 1| AST-G-70 360K 51|52 | 54| 55| 56 54
7/10/2009 | Choongwoo Cho 1| AST-G-70 360K 51|54 |54 |54 |55 54
7/10/2009 | Choongwoo Cho 2 | AST-G-70 360K 49 |50 | 5151|511 50
7/10/2009 | Choongwoo Cho 2 | AST-G-70 360K 44 | 45 | 46 | 46 | 47 46
7/10/2009 | Choongwoo Cho 2 | AST-G-70 360K 45 | 45 | 46 | 46 | 47 46
9/3/2009 | Zoltan Rado 1| MFT-30-70 | initial 82/180|80|80]| 80 80.4
9/3/2009 | Zoltan Rado 1| MFT-30-70 | initial 78| 78| 78| 78|78 78
9/3/2009 | Zoltan Rado 1| MFT-30-70 | initial 84|84 |84|84)| 84 84
9/3/2009 | Zoltan Rado 2 | MFT-30-70 | initial 80| 81|82|80]| 80 81
9/3/2009 | Zoltan Rado 2 | MFT-30-70 initial 84 |85|85|85]| 85 85
9/3/2009 | Zoltan Rado 2 | MFT-30-70 | initial 87 /86|87 |87]| 86 87
9/4/2009 | Choongwoo Cho 1| MFT-30-70 | 15K 69 | 7170|7071 70
9/4/2009 | Choongwoo Cho 1| MFT-30-70 | 15K 66 | 67 | 68 | 68 | 69 68
9/4/2009 | Choongwoo Cho 1| MFT-30-70 | 15K 72 | 74 | 75| 75| 74 74
9/4/2009 | Choongwoo Cho 2 | MFT-30-70 15K 65 | 66 | 65| 65 | 65 65
9/4/2009 | Choongwoo Cho 2 | MFT-30-70 | 15K 67 | 68|69 |69 |69 68
9/4/2009 | Choongwoo Cho 2 | MFT-30-70 | 15K 7017070 70| 70 70
9/9/2009 | Choongwoo Cho 1| MFT-30-70 | 30K 65| 65| 65| 65 | 65 65
9/9/2009 | Choongwoo Cho 1| MFT-30-70 | 30K 66 | 67 | 67 | 67 | 68 67
9/9/2009 | Choongwoo Cho 1| MFT-30-70 | 30K 67 | 67 | 68 | 68 | 68 68
9/9/2009 | Choongwoo Cho 2 | MFT-30-70 | 30K 66 | 69 | 69 | 69 | 69 68
9/9/2009 | Choongwoo Cho 2 | MFT-30-70 | 30K 64 | 63 | 63 | 64 | 64 64
9/9/2009 | Choongwoo Cho 2 | MFT-30-70 | 30K 65| 67 | 67 | 67 | 67 67
9/10/2009 | Choongwoo Cho 1| MFT-30-70 | 60K 62 | 62 | 63 | 64 | 65 63
9/10/2009 | Choongwoo Cho 1| MFT-30-70 | 60K 61| 62| 64| 65|65 63
9/10/2009 | Choongwoo Cho 1| MFT-30-70 | 60K 64 | 65| 65| 65| 65 65
9/10/2009 | Choongwoo Cho 2 | MFT-30-70 | 60K 61 | 63 | 63 | 63 | 64 63
9/10/2009 | Choongwoo Cho 2 | MFT-30-70 | 60K 60 | 61 | 61| 61| 60 61
9/10/2009 | Choongwoo Cho 2 | MFT-30-70 | 60K 63 | 64 | 63 | 65 | 65 64
9/10/2009 | Choongwoo Cho 1| MFT-30-70 | 120K 60 | 61 | 62 | 63 | 60 61
9/10/2009 | Choongwoo Cho 1| MFT-30-70 | 120K 62 | 63 | 63| 64 | 63 63
9/10/2009 | Choongwoo Cho 1| MFT-30-70 | 120K 63| 63| 63| 64| 64 63
9/10/2009 | Choongwoo Cho 2 | MFT-30-70 | 120K 60 | 62 | 62 | 62 | 62 62
9/10/2009 | Choongwoo Cho 2 | MFT-30-70 | 120K 65| 65| 66 | 65 | 66 65
9/10/2009 | Choongwoo Cho 2 | MFT-30-70 | 120K 66 | 66 | 66 | 66 | 67 66
9/11/2009 | Choongwoo Cho 1| MFT-30-70 | 240K 57 | 58 | 59 | 59 | 59 58
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Sample Sample Sample

DEVE PRIy Numger Compogition Condir'?ion L e 9 a9 | e
9/11/2009 | Choongwoo Cho 1| MFT-30-70 240K 61 |61|61|59]61 61
9/11/2009 | Choongwoo Cho 1| MFT-30-70 | 240K 59 | 60 | 60 | 60 | 60 60
9/11/2009 | Choongwoo Cho 2 | MFT-30-70 | 240K 58 | 60 | 60 | 62 | 62 60
9/11/2009 | Choongwoo Cho 2 | MFT-30-70 | 240K 57| 57|59 | 60| 60 59
9/11/2009 | Choongwoo Cho 2 | MFT-30-70 | 240K 57 | 57 | 53 | 53 | 53 55
9/12/2009 | Choongwoo Cho 1| MFT-30-70 | 360K 53 | 55| 55| 56 | 56 55
9/12/2009 | Choongwoo Cho 1| MFT-30-70 | 360K 56 | 57 | 57 | 57 | 57 57
9/12/2009 | Choongwoo Cho 1| MFT-30-70 | 360K 57| 57 | 57| 57|57 57
9/12/2009 | Choongwoo Cho 2 | MFT-30-70 | 360K 55| 55|56 |56 |55 55
9/12/2009 | Choongwoo Cho 2 | MFT-30-70 | 360K 53| 55| 55| 56 | 56 55
9/12/2009 | Choongwoo Cho 2 | MFT-30-70 | 360K 53 | 55| 55| 56 | 56 55
9/16/2009 | Choongwoo Cho 1| MFT-70-30 | initial 80/80|81|78|78 79
9/16/2009 | Choongwoo Cho 1| MFT-70-30 | initial 79179179]80]| 80 79
9/16/2009 | Choongwoo Cho 1| MFT-70-30 | initial 81|80 |80 |80]| 80 80
9/16/2009 | Choongwoo Cho 2 | MFT-70-30 initial 78 79| 79| 79|80 79
9/16/2009 | Choongwoo Cho 2 | MFT-70-30 initial 78 | 718 | 76 | 76 | 77 77
9/16/2009 | Choongwoo Cho 2 | MFT-70-30 | initial 8079|7976 76 78
9/16/2009 | Choongwoo Cho 1| MFT-70-30 | 15K 65| 65| 65| 65 | 65 65
9/16/2009 | Choongwoo Cho 1| MFT-70-30 | 15K 60 | 62 | 62 | 64 | 62 62
9/16/2009 | Choongwoo Cho 1| MFT-70-30 15K 64 | 64 | 64 | 65 | 64 64
9/16/2009 | Choongwoo Cho 2 | MFT-70-30 | 15K 60 | 60 | 60 | 61 | 60 60
9/16/2009 | Choongwoo Cho 2 | MFT-70-30 | 15K 60 | 60 | 60 | 60 | 60 60
9/16/2009 | Choongwoo Cho 2 | MFT-70-30 | 15K 60 | 60 | 60 | 60 | 61 60
9/17/2009 | Choongwoo Cho 1| MFT-70-30 | 30K 56 | 56 | 56 | 56 | 56 56
9/17/2009 | Choongwoo Cho 1| MFT-70-30 | 30K 59 | 60 | 59 | 60 | 59 59
9/17/2009 | Choongwoo Cho 1| MFT-70-30 | 30K 60 | 60 | 60 | 60 | 60 60
9/17/2009 | Choongwoo Cho 2 | MFT-70-30 | 30K 61|60 |61 |60]|60 60
9/17/2009 | Choongwoo Cho 2 | MFT-70-30 | 30K 56 | 59 | 58 | 59 | 59 58
9/17/2009 | Choongwoo Cho 2 | MFT-70-30 | 30K 60 | 61 | 60 | 60 | 61 60
9/17/2009 | Choongwoo Cho 1| MFT-70-30 | 60K 63 | 63 | 63| 63| 63 63
9/17/2009 | Choongwoo Cho 1| MFT-70-30 | 60K 60 | 60 | 61 | 62 | 62 61
9/17/2009 | Choongwoo Cho 1| MFT-70-30 | 60K 60 | 60 | 60 | 60 | 60 60
9/17/2009 | Choongwoo Cho 2 | MFT-70-30 | 60K 59 | 59 | 59|59 |59 59
9/17/2009 | Choongwoo Cho 2 | MFT-70-30 | 60K 57 | 59 | 59 | 57 | 59 58
9/17/2009 | Choongwoo Cho 2 | MFT-70-30 | 60K 56 | 59 | 60 | 60 | 59 59
9/18/2009 | Choongwoo Cho 1| MFT-70-30 | 120K 55| 55| 57 | 58 | 59 57
9/18/2009 | Choongwoo Cho 1| MFT-70-30 | 120K 55|57 |59 | 57|57 57
9/18/2009 | Choongwoo Cho 1| MFT-70-30 | 120K 56 | 57 | 57 | 59 | 57 57
9/18/2009 | Choongwoo Cho 2 | MFT-70-30 | 120K 55| 55| 55|55 |55 55
9/18/2009 | Choongwoo Cho 2 | MFT-70-30 120K 52 | 54 | 54| 55| 55 54
9/18/2009 | Choongwoo Cho 2 | MFT-70-30 | 120K 55| 55| 55| 56 | 56 55
9/20/2009 | Choongwoo Cho 1| MFT-70-30 | 240K 48 | 50 | 50 | 50 | 50 50
9/20/2009 | Choongwoo Cho 1| MFT-70-30 | 240K 50 | 52 | 53 | 53 | 53 52
9/20/2009 | Choongwoo Cho 1| MFT-70-30 240K 54 | 54 | 54 | 54 | 53 54
9/20/2009 | Choongwoo Cho 2 | MFT-70-30 240K 46 | 47 | 47 | 47 | 47 47
9/20/2009 | Choongwoo Cho 2 | MFT-70-30 | 240K 44 | 45| 46 | 46 | 46 45
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Sample Sample Sample

DEVE PRIy Numger Compogition Condi?ion L e 9 a9 | e
9/20/2009 | Choongwoo Cho 2 | MFT-70-30 240K 45 | 45 | 46 | 46 | 46 46
9/21/2009 | Choongwoo Cho 1| MFT-70-30 | 360K 46 | 49 | 49 | 49 | 50 49
9/21/2009 | Choongwoo Cho 1| MFT-70-30 | 360K 46 | 46 | 49 | 50 | 50 48
9/21/2009 | Choongwoo Cho 1| MFT-70-30 | 360K 50| 50 | 50 | 51 | 52 51
9/21/2009 | Choongwoo Cho 2 | MFT-70-30 | 360K 42 | 42 | 42 | 42 | 42 42
9/21/2009 | Choongwoo Cho 2 | MFT-70-30 | 360K 42 | 44 | 45 | 45 | 45 44
9/21/2009 | Choongwoo Cho 2 | MFT-70-30 | 360K 45 | 45 | 46 | 46 | 46 46
9/30/2009 | Choongwoo Cho 1 | MAS-1-57 initial 74 17117117070 71
9/30/2009 | Choongwoo Cho 1 | MAS-1-57 initial 83|80|80]| 80|77 80
9/30/2009 | Choongwoo Cho 1 | MAS-1-57 initial 85|/86|85|85]|85 85
9/30/2009 | Choongwoo Cho 2 | MAS-1-57 initial 75|76 | 76| 76| 78 76
9/30/2009 | Choongwoo Cho 2 | MAS-1-57 initial 80|78 |76 | 77|78 78
9/30/2009 | Choongwoo Cho 2 | MAS-1-57 initial 80|81|80]|80]| 80 80
10/1/2009 | Choongwoo Cho 1| MAS-1-57 15K 60 | 60 | 56 | 56 | 58 58
10/1/2009 | Choongwoo Cho 1| MAS-1-57 15K 63 | 65| 65 | 65 | 65 65
10/1/2009 | Choongwoo Cho 1| MAS-1-57 15K 60 | 60 | 60 | 61 | 60 60
10/1/2009 | Choongwoo Cho 2 | MAS-1-57 15K 60 | 60 | 60 | 60 | 60 60
10/1/2009 | Choongwoo Cho 2 | MAS-1-57 15K 65| 67| 70| 70|70 68
10/1/2009 | Choongwoo Cho 2 | MAS-1-57 15K 67 | 68 | 68 | 68 | 68 68
10/1/2009 | Choongwoo Cho 1| MAS-1-57 30K 60 | 60 | 62 | 63 | 60 61
10/1/2009 | Choongwoo Cho 1| MAS-1-57 30K 59 | 60| 60| 60 | 61 60
10/1/2009 | Choongwoo Cho 1| MAS-1-57 30K 59 160 |60|61]|61 60
10/1/2009 | Choongwoo Cho 2 | MAS-1-57 30K 60 | 61 | 63 | 64 | 65 63
10/1/2009 | Choongwoo Cho 2 | MAS-1-57 30K 61| 64 | 64| 64 | 65 64
10/1/2009 | Choongwoo Cho 2 | MAS-1-57 30K 65 | 66 | 66 | 67 | 67 66
10/2/2009 | Choongwoo Cho 1| MAS-1-57 60K 57 160 |60 |60]| 60 59
10/2/2009 | Choongwoo Cho 1| MAS-1-57 60K 59 160 |60|61]|61 60
10/2/2009 | Choongwoo Cho 1 | MAS-1-57 60K 60 | 60 | 62 | 62 | 62 61
10/2/2009 | Choongwoo Cho 2 | MAS-1-57 60K 55| 58 | 58 | 58 | 58 57
10/2/2009 | Choongwoo Cho 2 | MAS-1-57 60K 61| 62| 63| 65|65 63
10/2/2009 | Choongwoo Cho 2 | MAS-1-57 60K 60 | 62 | 64 | 64 | 64 63
10/3/2009 | Choongwoo Cho 1| MAS-1-57 120K 51|54 |54|54|55 54
10/3/2009 | Choongwoo Cho 1| MAS-1-57 120K 55| 57 | 57 | 57 | 59 57
10/3/2009 | Choongwoo Cho 1| MAS-1-57 120K 56 | 57 | 58 | 58 | 58 57
10/3/2009 | Choongwoo Cho 2 | MAS-1-57 120K 52 | 55| 55| 55| 55 54
10/3/2009 | Choongwoo Cho 2 | MAS-1-57 120K 59 | 59 | 59 | 60 | 60 59
10/3/2009 | Choongwoo Cho 2 | MAS-1-57 120K 56 | 57 | 59 | 60 | 60 58
10/4/2009 | Choongwoo Cho 1| MAS-1-57 240K 54 | 55 | 57 | 57 | 58 56
10/4/2009 | Choongwoo Cho 1| MAS-1-57 240K 55| 57 | 57| 57 | 57 57
10/4/2009 | Choongwoo Cho 1| MAS-1-57 240K 60 | 60 | 61| 61 | 60 60
10/4/2009 | Choongwoo Cho 2 | MAS-1-57 240K 51|54 |54 |55]|55 54
10/4/2009 | Choongwoo Cho 2 | MAS-1-57 240K 54 | 55 | 56 | 57 | 58 56
10/4/2009 | Choongwoo Cho 2 | MAS-1-57 240K 58 | 60 | 60 | 60 | 60 60
10/5/2009 | Choongwoo Cho 1| MAS-1-57 360K 52 | 54 | 55| 55| 55 54
10/5/2009 | Choongwoo Cho 1| MAS-1-57 360K 52 | 52| 52| 52| 52 52
10/5/2009 | Choongwoo Cho 1| MAS-1-57 360K 56 | 57 | 57 | 58 | 58 57
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Sample Sample Sample

DEVE PRIy Numger Compogition Condi?ion L e 9 a9 | e
10/5/2009 | Choongwoo Cho 2 | MAS-1-57 360K 51|51 |51|51]|51 51
10/5/2009 | Choongwoo Cho 2 | MAS-1-57 360K 54 | 55 | 56 | 57 | 57 56
10/5/2009 | Choongwoo Cho 2 | MAS-1-57 360K 51| 55|55 |55]|55 54
10/6/2009 | Choongwoo Cho 1 | MAS-8-57 15K 67 | 67 | 67 | 67 | 67 67
10/6/2009 | Choongwoo Cho 1 | MAS-8-57 15K 63 | 65| 65 | 63 | 63 64
10/6/2009 | Choongwoo Cho 1| MAS-8-57 15K 63 | 64 | 64 | 63 | 63 63
10/6/2009 | Choongwoo Cho 2 | MAS-8-57 15K 60 | 61|61 |61]|60 61
10/6/2009 | Choongwoo Cho 2 | MAS-8-57 15K 62 | 64 | 64 | 65| 65 64
10/6/2009 | Choongwoo Cho 2 | MAS-8-57 15K 63| 64 | 65| 65 | 65 64
10/7/2009 | Choongwoo Cho 1 | MAS-8-57 30K 57 | 59 | 60 | 60 | 60 59
10/7/2009 | Choongwoo Cho 1 | MAS-8-57 30K 59 | 60 | 60| 60 | 60 60
10/7/2009 | Choongwoo Cho 1 | MAS-8-57 30K 60 | 60 | 60 | 60 | 60 60
10/7/2009 | Choongwoo Cho 2 | MAS-8-57 30K 55|57 | 59|59 |60 58
10/7/2009 | Choongwoo Cho 2 | MAS-8-57 30K 57 | 59 | 60 | 60 | 62 60
10/7/2009 | Choongwoo Cho 2 | MAS-8-57 30K 59 | 60 | 60 | 60 | 60 60
10/7/2009 | Choongwoo Cho 1| MAS-8-57 60K 60 | 61| 61| 61|61 61
10/7/2009 | Choongwoo Cho 1 | MAS-8-57 60K 59 1 60| 60| 60|61 60
10/7/2009 | Choongwoo Cho 1 | MAS-8-57 60K 58 | 58 | 58 | 58 | 60 58
10/7/2009 | Choongwoo Cho 2 | MAS-8-57 60K 58 | 58 | 58 | 58 | 58 58
10/7/2009 | Choongwoo Cho 2 | MAS-8-57 60K 58 |59 | 60| 61|61 60
10/7/2009 | Choongwoo Cho 2 | MAS-8-57 60K 56 | 56 | 57 | 59 | 58 57
10/8/2009 | Choongwoo Cho 1 | MAS-8-57 120K 56 | 58 | 59 | 59 | 59 58
10/8/2009 | Choongwoo Cho 1 | MAS-8-57 120K 57 | 57 | 57 | 57 | 57 57
10/8/2009 | Choongwoo Cho 1 | MAS-8-57 120K 55| 56 | 56 | 56 | 56 56
10/8/2009 | Choongwoo Cho 2 | MAS-8-57 120K 50 | 51 | 53 | 53 | 53 52
10/8/2009 | Choongwoo Cho 2 | MAS-8-57 120K 53| 55| 55| 55|55 55
10/8/2009 | Choongwoo Cho 2 | MAS-8-57 120K 50 | 51| 52| 52|52 51
10/10/2009 | Choongwoo Cho 1 | MAS-8-57 240K 53| 55| 55| 55| 56 55
10/10/2009 | Choongwoo Cho 1| MAS-8-57 240K 51|52 | 52| 52| 54 52
10/10/2009 | Choongwoo Cho 1 | MAS-8-57 240K 55|54 | 54 | 54 | 54 54
10/10/2009 | Choongwoo Cho 2 | MAS-8-57 240K 46 | 46 | 46 | 46 | 46 46
10/10/2009 | Choongwoo Cho 2 | MAS-8-57 240K 48 | 50 | 50 | 50 | 50 50
10/10/2009 | Choongwoo Cho 2 | MAS-8-57 240K 50 | 50 | 50 | 50 | 50 50
10/11/2009 | Choongwoo Cho 1 | MAS-8-57 360K 49 | 50 | 50 | 50 | 50 50
10/11/2009 | Choongwoo Cho 1| MAS-8-57 360K 45 | 45 | 46 | 46 | 46 46
10/11/2009 | Choongwoo Cho 1 | MAS-8-57 360K 47 | 48 | 48 | 48 | 49 48
10/11/2009 | Choongwoo Cho 2 | MAS-8-57 360K 43 |44 | 44 | 44 | 44 44
10/11/2009 | Choongwoo Cho 2 | MAS-8-57 360K 44 | 45 | 45| 45| 45 45
10/11/2009 | Choongwoo Cho 2 | MAS-8-57 360K 43 | 44 | 44 | 44 | 44 44
10/12/2009 | Choongwoo Cho 1| MAS-8-1 initial 86 |85|85| 84| 84 85
10/12/2009 | Choongwoo Cho 1| MAS-8-1 initial 84 |185|83|83]|82 83
10/12/2009 | Choongwoo Cho 1| MAS-8-1 initial 83182 |81|81]|81 82
10/12/2009 | Choongwoo Cho 2 | MAS-8-1 initial 86 |85|85|83]| 83 84
10/12/2009 | Choongwoo Cho 2 | MAS-8-1 initial 83 |182|82|81] 80 82
10/12/2009 | Choongwoo Cho 2 | MAS-8-1 initial 82 |82|81|80] 80 81
10/12/2009 | Choongwoo Cho 1| MAS-8-1 15K 65 | 66 | 66 | 66 | 65 66
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Sample Sample Sample

DEVE PRIy Numger Compogition Condi?ion L e 9 a9 | e
10/12/2009 | Choongwoo Cho 1| MAS-8-1 15K 65 | 66 | 66 | 66 | 66 66
10/12/2009 | Choongwoo Cho 1| MAS-8-1 15K 66 | 65| 65| 65| 65 65
10/12/2009 | Choongwoo Cho 2 | MAS-8-1 15K 60 | 61 | 61| 60| 60 60
10/12/2009 | Choongwoo Cho 2 | MAS-8-1 15K 66 | 68 | 70| 70 | 70 69
10/12/2009 | Choongwoo Cho 2 | MAS-8-1 15K 65 | 66 | 66 | 65 | 66 66
10/13/2009 | Choongwoo Cho 1| MAS-8-1 30K 63 | 64 | 64 | 64 | 64 64
10/13/2009 | Choongwoo Cho 1| MAS-8-1 30K 60 | 60 | 63 | 61 | 60 61
10/13/2009 | Choongwoo Cho 1| MAS-8-1 30K 65| 65| 65| 65| 65 65
10/13/2009 | Choongwoo Cho 2 | MAS-8-1 30K 61| 6161|6161 61
10/13/2009 | Choongwoo Cho 2 | MAS-8-1 30K 62 | 63 | 62 | 62 | 62 62
10/13/2009 | Choongwoo Cho 2 | MAS-8-1 30K 61| 6161|6162 61
10/14/2009 | Choongwoo Cho 1| MAS-8-1 60K 60 | 60 | 60 | 60 | 60 60
10/14/2009 | Choongwoo Cho 1| MAS-8-1 60K 60 | 62 | 62 | 62 | 62 62
10/14/2009 | Choongwoo Cho 1| MAS-8-1 60K 59 | 60 | 60 | 60 | 60 60
10/14/2009 | Choongwoo Cho 2 | MAS-8-1 60K 60 | 60 | 60 | 60 | 60 60
10/14/2009 | Choongwoo Cho 2 | MAS-8-1 60K 59 | 60| 61| 62|62 61
10/14/2009 | Choongwoo Cho 2 | MAS-8-1 60K 63 | 65| 65| 66 | 66 65
10/15/2009 | Choongwoo Cho 1| MAS-8-1 120K 55| 56 | 56 | 58 | 57 56
10/15/2009 | Choongwoo Cho 1| MAS-8-1 120K 55| 57| 57| 57| 57 57
10/15/2009 | Choongwoo Cho 1| MAS-8-1 120K 57 | 57 | 59 | 59 | 59 58
10/15/2009 | Choongwoo Cho 2 | MAS-8-1 120K 53| 55| 55| 55| 55 55
10/15/2009 | Choongwoo Cho 2 | MAS-8-1 120K 57 1 60| 60| 60| 60 59
10/15/2009 | Choongwoo Cho 2 | MAS-8-1 120K 60 | 60 | 60 | 61 | 61 60
10/16/2009 | Choongwoo Cho 1| MAS-8-1 240K 52 | 53|54 | 54| 54 53
10/16/2009 | Choongwoo Cho 1| MAS-8-1 240K 56 | 56 | 57 | 57 | 57 57
10/16/2009 | Choongwoo Cho 1| MAS-8-1 240K 55| 55| 55| 55|55 55
10/16/2009 | Choongwoo Cho 2 | MAS-8-1 240K 53| 53|54 |54 | 54 54
10/16/2009 | Choongwoo Cho 2 | MAS-8-1 240K 50 | 51 | 51|50 51 51
10/16/2009 | Choongwoo Cho 2 | MAS-8-1 240K 55| 55| 55|55 |55 55
10/17/2009 | Choongwoo Cho 1| MAS-8-1 360K 50 | 50 | 50 | 50 | 50 50
10/17/2009 | Choongwoo Cho 1| MAS-8-1 360K 49 | 50 | 50 | 50| 50 50
10/17/2009 | Choongwoo Cho 1| MAS-8-1 360K 52| 52| 52|52 |52 52
10/17/2009 | Choongwoo Cho 2 | MAS-8-1 360K 45| 45| 45| 45| 45 45
10/17/2009 | Choongwoo Cho 2 | MAS-8-1 360K 46 | 46 | 47 | 47 | 47 47
10/17/2009 | Choongwoo Cho 2 | MAS-8-1 360K 50 | 51 | 51| 51|51 51
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APPENDIX C: INTERIM LITERATURE REVIEW REPORT

WO 15: Evaluating Performance of Limestone Prone to Polishing
Literature Review
Problem Statement

Pavements must provide appropriate surface friction, so that loss of vehicle contrel does not
occur in normally expected situations when the pavement is wet.  Swrface friction 15 largely
affected by the pavement surface texture which 15 a function of aggregate properties, size, and
gradation m addition to other vaniables, such as durability of cement paste for rigid pavements,
and asphalt binder for flexible pavements. It 15 thus vital that state highway agencies control
aggregate properties and surface texture to nunimize the accidents attributed to skidding on
pavements exhibiting peor surface friction.

Pavement surface friction also referred to as skid resistance is the retarding force developed at
the interface between the tire and the pavement when the vehicle tires are prevented from
rotatmg shides along the pavement surface (HUANG, 2004).

Foad surfaces develop gradually deteriorating surface characteristics such as macro and micro-
texfure, skid resistance amongst many others with time. It was discoverad that in Penmsylvama,
several roads bwlt according to standard design and constroetion techmigues and paved with
Portland cement concrete have shown unwarranted rapid skid resistance deterioration well before
the expected time limits (PermDOT, 2002). It was also found that a significant number of those
PCC (Portland Cement Concrete) readways were bult using concrete muxmres with Vanport
Limestone coarse aggregate.

The Vanport Limestone found in Pennsylvania has a low percentage of acid imsoluble residue
and polishes to & smooth surface when exposed to traffic loadng rates greater than 1000 vehicles
per day (PennDOT, 2008)

A report prepared by The Pennsylvania DoT comparsd several existing PCC pavements
contaming Vanport imestone aggregate, some which have been performing well for over 30
vears and others characterized by unacceptable skid mumbers after less than 12 years of nommal
use or in less than 3 years after surface grinding. The study has found that some portions of this
aggregate have low acid mseluble residue which causes its premamure polishing. The pelishing
ocenrs once the surface texture and mortar layer 15 wom off the pavement. In the pavements that
the surface mortar layer and macro-texture remained imtact, skid resistance levels remained
acceptable (PermDOT, 2008).

The study alse pointed out seme problems caused by diamond grinding wsing conventional blade
spacing and shot blasting. The swfaces where this king of intervention was used presented an
abrupt reduction in its lifetime. However roads that were finished with 2 burlap drag, maintained
an acceptable friction level for an average of 30 years regardless of coarse aggregate (Vanport,
Diolonute, other hmestone) in the mixmire on several different roads.
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Based on thess findings, the committes recommended the followmg altematives for further
consideration:

1. Unilize the Minnesota texturmg method using artificial turf carpeting drag.
2. Blend Vanport with better frictional aggregates.

3. Investigate the frictional properties affected by increasing the mortar fraction compared to the
coarse aggregate concentration of mixes.

4. Deesign two layer composite pavements consisting of a conerete base and an asphalt wearing
surface.

Aiming o collect research results and practice evaluation of sinular smdies, valuzble information
have been summanzed and grouped according to the followmg major topics.

- Pavement surface texture

- Pavement friction

- Friction and texture measurement methods

- Indices for characterizing friction and surface texture

- Friction and design
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Besults from on site testing

Prelinunary mezsurements were taken on one of the sites avalable with the original surface for
which this investigation attempts to uncover the results of low friction.  The site was located on
179 Northbound at a station marker 1754, The site was transverse grooved Portland cement
concrete. The site and the measurement equipment are depicted in the following pictares.

Several core samples were also taken from the locations close to that of the measurements for
further analysis. The results of the measurements are given in the table below:

RWP | Center | LWP | Shoulder
1 0.35 0.60 0.37 073
2| g | 040 063 039 0o
) 'E 0.44 0.64 0.43 0.53
4 w 039 0.68 037 -

5 0.39 064 0.40 _
Average 0.32 0.84 0.32 0.85
1 0.34 046 0.34 1142
2 @ 042 0.51 043 1.24
3| 2| 031 0.50 0.33 122

4| & | 033 038 035 i
5 042 046 0.3k A
Average 0.38 046 0.36 1.18
3
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Azt can be observed from the messurement values of friction the right and left wheel path
friction values are significantly lower than the values of the center of the lane measurements. At
the same time the measurements that were made on the shoulder with minimal or ne Taffic
shows an even larger merease in friction, practically doubling that of the friction m the wheel
paths.

The measurement of texture shows a very similar pattern with lower texfure values m the wheel
paths and a large increase in texture on the untraveled shoulder.

The preliminary measurements mndicate very strong polishing and lack of macro-texture which
points to the direction of lacking frictional charactenstics due to deficient micro- and deficient
macro texture of the surface.

In the following literature review we will give comprehensive overview of the measurement and
relationship of friction and texture surface characteristic values and they comnection to surface
materials, construction techniques, weather and envirenmental conditions and maffic as well as
the possible rehabilitation techniques and other relevant information.
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PAVEMENT SURFACE TEXTURE
Definition

Pavement surface texture is made up of the deviations of the pavement surface from a true planar
surface. These deviations occur at three distinet levels of scale, each defined by the wavelsngth
(A) and peak-to-peak amplitude (4) of its components. Although there i3 a wide range of
pavement surface texture ranging from micro-texture to unevenness, the range that influences
pavement surface friction are micro-texture and macro-texture.

Micro-texture and macro-texture were defined i 1987 by the Permanent Intemational
Association of Foad Congresses (PIARC), are as follows: (PIARC 1927)

+ MMicro-texture (4 = 0.02 m [0.3 mm], 4 = 0.04 o 20 mls [1 to 500 pm]}—Surface
ronghness guality at the sub-visible or microscopic level It is a fimetion of the surface
properties of the aggregate particles contained in the asphalt or concrets paving material.

+« Macro-texture (1= 0.02 to 2 i [0.5 to 50 pum], 4 = 0.003 to 0.8 m [0.1 to 20 mm])—
Surface roughness quality defined by the mixture properties (shape, size. and sradation of
aggregate) of an asphalt paving matenal and the method of fimshing texturing (dragging,
tining, grooving: depth, width, spacing and onentation of channels/zrooves) used on a
concrete paving material.

PIARC also defined mega-texture and unevenness as:

+ Mega-texture (1 =2 to 20 in [50 to 300 mm], 4 = 0005 to 2 in [0.1 to 30 mm]}—Ths
type of texture i3 the texture which has wavelengths in the same crder of sze as the
pavement-tire interface. It is largely defined by the distress, defects, or “waviness™ on
the pavement surface.

+ Wavelengths longer than the upper limmt (20 m [300 mm]) of mega-texture, are defined as
roughness or unevenness (Henry, 2000).

Figure 1 graphically illustrates the four texture rangss.

It iz widely recognized that pavement surface texture influences many different pavement-tire
mterzciions. Figure 2 shows the ranges of texture wavelengths affecting various vehicle—road
mteractions, including wet-weather friction, mterior and exterior noise, splash and spray, rolling
resistance, and tire wear. As can be seen, wet-weather friction 15 primanly affected by micro-
texture and macro-texture, which correspond to the adhesion and hysteresis friction components,
respectively.

wh
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Figure 1. Simplified illusmation of the various texture ranges that exist for a given pavement
surface (Sandburg, 1998).

Factors Affecting Texture

There are many factors that affect pavement surface texmure. These factors. relate to the
aggregate, binder, and mux properties of the pavement surface material and any imtentional
texnuring done to the material after placement. A summary of the factors that influence pavement
surface texture obtzined from published literature are shown m table 1. These factors can be
optimized to obtain pavement surface charactenstics required for a given design sitnation.

1 000001 0.0001 0.001 0.01 0l 1 10 100 fi
1 Micro-texiure 1 Macro-texmare y Mega-tesmure o RoughnessUnevemness o
] 1 1

| &plash&;-

| Folling Resistanca I

- Tire Waar - | Tire Vehicle Damags |

Note: Darker shading indicates more favorable effect of texture ower this range.

Figure 2. Texture wavelensth influence on pavement-tire inferactions
(Henry, 2000; Sandburg and Ejsmont, 2002,
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Table 1. Suggestions for eptinuzing pavement texture for friction and noise (Sandberg 2002
Henry 2000; Rado 1994; Wambold et al. 1995; AASHTO 1975).

Surface Tvpe Factor Micro-Texture Macro-Texture
Miax aggTegaie %
dimansions
Asphalr Ciparse aggrezae mypes * shmes (surface X
fincludes  chip [— _ roughmess)
seal) Fine ageregsts ypes X
M gradation X
Dlin air confent X
Mlix binder X
X X
Ciparse aggrezate type (for exposad | (for exposad
azzregate PLC) azzregae PCC)
Fine agzresats ype X
X
Concrats Mix gradanon (for exposad
azzregate PLC)
Tenmre dimensions amd +
Spacing
Texmring crientation X
Texmrs skew X
PAVEMENT FRICTION

Definition

Pavement friction is described as the force that resists the relative motion between a vehicle tire
and a pavement surface. This resistive foree (illustrated m figure 3) 15 generated as the tire rolls
or shides over the pavement surface.

Weight, Fiy

Eotation

Diirection of
mation

Friction Force, F

Figure 3. Simphfied diagram of forces acting on a rotating wheel.
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The resistive force (charactenzed usmg the non-dimensional friction coefficient, p) 15 the ratio of
the tangential friction force (F) between the tire tread rubber and the horizontal traveled surface
to the perpendicular force or vertical load (Fy) and 13 computed wsing equation 1.

F

o 1
Fw

Pavement friction plays a vital role in keeping vehicles on the road, as it gives drivers the ability
to conmol'mansuver their vehicles m a safe mamner, both m the longimding]l and lateral
directions. It 15 a key input to lughway geometric design as 1t 15 used m determmning if the
nuninmm stopping sight distanee, miminmm horizental radms, numinmm rading of erest vertical
curves, and maximum superelevation in hornzontal curves provided in a given highway design
are adequate. Generally speaking, the higher the friction available at the pavement-tire interface,
the more control the drver has over the vehicle, whereas the lower the frichion, the less control.

Longituding] Frictional Forces

Longimdmal frictional forces are the forces that cccur between a rolling pneumatic tire (in the
lengitndingl direction) and the road surface when operating in the free rolling or constant-braked
mode. In the free-rolling mede (ne braking), the relative speed between the tire ciroumference
and the pavement—referred to as the ship speed—is zero. In the constant-braked mode, the shp
spead inereases from zers to a potential maxmmm of the speed of the vehicle. The followng
mathematical relationslup explains slip speed:

el -F, =F — (0.6 o-r) 2

where: 5 = Slip speed, mihr.
v Vehicle speed, mi/hr.

Ve = Average penipheral speed of the tire, mihr.
& = Angular velocity of the tire, radians/sec.
¥ = Awverage radius of the tire, ft.

Agam, during the free-rolling state of the tire, Is is equal to the vehicle speed and thus 515 zero.
For a locked or fully-braked wheel, I 13 zero, so the sliding speed or slip speed i3 equal to the
vehicle speed (7). A locked-wheel state 1s often referred to as a 100 percent slip ratio and the
free-rolling state 15 2 zero percent slip ratto. The following mathematical relationships give the
caleulation formula for slip ratie:

F=Fs

I

SR -

tad

&
-100 = —-100
v

where:  SR= Slip ratio, percent.

Vehicle speed, mi/hr.

Average peripheral speed of the tire, mu/hr.
Ship speed, nav'hr.

v
Fa
§ =
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Similarly to the previous explanation, during the free-rolling state of the tire, % is equal to the
vehicle speed and 5 15 zero, thus the shp ratio (SR) 1z zero percent. For a locked whesl, e is
zero, 5 equals the vehicle speed (17, and so the slip ratio (SR) 13 100 percent.

Figure 4 shows the ground forces acting on a tire under the free-rolling operation mode. In this
mode, the ground force 15 at the center of pressure of the tire contact arez and is off center by the
amount . This offset causes a moment that must be overcome to rotate the tire. The force
required to counter this moment 15 called the rolling resistance foree (Fg). The value g i3 a
fimction of speed and increases with speed. Thus, Fg increases with speed.

In the constant-braked mode (figure ), an addinonal force called the bralong shp foree (Fg) 15
required to counter the added moment (M) created by braking.  The foree is propertional to the
level of braking and the resulting slip rafio. The total frictional force is the swn of the fee-
rolling resistance force (Fi) and the braking slip force (Fi).

The coefficient of friction between a tire and the pavement changes with varving slip, as shown
m figure 6 (Kulakowski et al., 1990). The ceefficient of friction mereases rapidly with
mereasing slip to a peak value that usnally occurs between 10 and 20 percent slip (entical slip).
The friction then decreases to a value known as the coefficient of sliding fretion, which oceurs
at 100 percent slip. The differsnce between the peak and sliding coefficients of friction may
equal up to 30 percent of the sliding value, and is much greater on wet pavements than on dry
pavements. The relationship shown in figure 6 15 the basis for anti-locking brake systems (ABS);
the concept being to take advantage of the front side of peak fetion and nuninuze the loss of
side/stesring friction due to sliding action.

Free body dizgram, sheady siaie

|
i Weight, B,

Direction of Mobion

Roling Resistance Foroz, Fg

Ground Force, Fy

Figure 4. Eolling resistance foree with a free-rolling tire at a constant speed on a bare,
dry paved surface (Andresen and Wambald, 1990).



Free body diagram, steady state

D Waigkt, Fu

Direction of
Monon

Fulling Fesistance F Braking Slip Force, F
Farce, Fy -

Figure 5. Forces and moments of a constant-braked wheel on a bare, dry paved surface
(Andresen and Wambold, 19997
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Tire Slip, %
Figure 6. Pavement friction versus tire slip.
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Lateral Frictional Forces

The preceding disenssion has pertained to the longitudinal frictional forces assoctated with
traversing and bralang along a tangent (e, straight segment) of highway. Ancther important
aspect of fiction relates to the lateral or side force friction that occurs as a wvehicle changes
direction or compensates for pavement cross-slope and’or cross wind effects. The basic
relationship between the forces acting on the vehicle tire and the pavement surface as the vehicle
steers around a curve, changes lanes, or compensates for lateral forces 1s as follows:

where: Fy = Side friction.
" = Vehicle speed, mu/hr.
R = REadins of the path of the vehicle’s center of gravity (also, the radins of
curvature m a curve), £t
¢ = Pavement super-slevation

Equaticn £ is based on the pavement—irs stzering/comering force diagram in figure 7. It shows
how the side force friction factor acts as a counter balance to the cenmmpetal force developed as a
vehicle performs a lateral movement.

F W Weight of vehicle
= M Mass of vehicle

P a P Centripetsl foree (honzonzal)
Fz Friction force between tires and
@ roadway surface (parallel o

roadway surface)
¥ a  Angle of super-elevation (tana =)
W V'  Speed of vehicle

R FHadiuz of curve

Z1de Frieniom Forcee
{Friczion Facter)

:Dirﬂdon of Travel Frictiom Messuring Wheel

Drag Force

Figure 7. Dynamics of a vehicle fraveling around a constant radius curve
at a constant speed, and the forces acting on the rotating wheel

Friction Mechanisms

Pavement friction is the result of a complex nterplay between two principal frictional force
components—adhesion and hysteresis (figure &), Adhesion is the friction that results from the
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amall-scale bondmg/interlocking of the wvehicle tire mubber and the pavement swrface as they
come into contact with each other. It is a function of the

Adhesion Hy:steresiz
Depends mostly on micro-leval Depends mostly oo macra-
surface roughnass level surface roughness

Figure 8. Key mechanisms of pavement—tire friction.

mterface shear strength and contact area. The hysteresis component of fictional forces results
from the energy loss due to bulk deformation of the vehicle tire. When a tire compresses against
the pavement surface, deformation energy 15 stored within the mbber. As the fire relaxes, part of
the stored energy is recovered, while the other part 1s lost in the form of heat (hysteresis), which
15 ireversible.

Although there are other components of pavement friction (e.g. tire mubber shear), they are
msignificant when compared to the adhesion and hysteresis force components. Thus, friction
can be viewed as the sum of the adhesion and hysteresis frictional forces.

wh

FumFat+Fr

Both components depend to a large extent on pavement surface charactenistics, the comtact
between tire and pavement, and the properties of the tire. Also. because tire mbber 13 2 visco-
elastic material, each component is affected by temperature and sliding speed.

Because adhesion force 13 developed at the pavement—tire mnterface, it 15 most responsive to the
mucre-level aspenties (micro-texture) of the agsregate particles comtammed in the pavement
surface. Inm contrast, the hysteresis force developed within the tire is most responsive to the
macre-level asperities (macro-texture) formed in the surface via mix design and/or consmuction
techmiques. As a result of this phenomenon, adhesion govemns the overall fmection on smooth-
textired and dry pavements, while hysteresiz is the dominant component on wet and rough-
texnured pavements.
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Factors Affecting Available Pavement Friction

The factors that influence pavement friction forces can be grouped mto four categories—
pavement surface characteristics, vehicle operational parameters, tire properties. and

vironmental factors. Table 2 lists the various factors comprising each category. Because each
factor m this table plays & role n defining pavement friction, friction must be viewed as a
process instead of en inhersnt property of the pavement alone. It is only when all these factors
are fully specified that friction takes on & defimite wvalue. The more critical factors are
highlighted in table 2 (shown in bold) and discussed below.

Table 2. Factors affecting available pavement friction
(modified from Wallman and Astrom, 2001).

Pavement Surface (Vehicle Operating
Characteristics Parameters Tire Properties Environment
& Micro-texture & Slip speed & Width & Climate
+ Macro-texture = wehicle speed + Tread design and| »Wind
* Mega-texiure,/ # braking action condition = Temperature
UNEVENNEss + Driving mansuver # Fubber composition| *Water
+ Material properties * turming and hardness * rainfall
s Temperahire »overtaking + Inflation pressure * condensation
» Load #Snow and Ice
+ Temperature » Contaminants
# Anti-skid material (zalt,
sand)
» Dirt, mud, debris

Pavement Surface Characteristics
Texture

Micro-texture and macro-texture are the twe levels of pavement texture which affect the
pavement-tire friction (Henry 20000, Micro-texiure 1s mostly respensible for pavement friction at
low speeds where there 1s sufficient contact between the tire and pavement surface to ensure that
all friction available at the pavement tire nterface 13 utilzed At higher speeds. however,
available friction may be diminished or lost because of a reduction of the tire and pavement
contact area due phenomenon’s such as hydroplaning. Pavement macro-texture i3 predominantly
responsible for reducing potential separation of the tire and pavement surface due to
hydroplaning and to induce fetion cansed by hysteresis for vehicles traveling at lugh speads.
Thus, micro-texture 15 the single most important factor at both low and high speeds in providing
adequate friction at the tire pavement interface (Papagouli and Kokkalis 1998). Thus, micro-
texfure 15 the single most important factor at low speeds providing strong adhesional friction
component while at high speeds can play vital role provided adequate macro-texture presents
suffictent contact area (Papagouli and Kokkalis 1998). The mfluence of macro-texture in
providing friction mereases with speed. first at moderate speeds with supplying contact area
through for adhesion fnction to develop and for increasing speeds with providing hysteresis that




becomes dominant at high speed. The difference betwsen micro-texture and macro-texmrs 13
presented in Figure 9.

Microtexture
Macrotexture

,15.-/
ol

Figure 9. Micro-texture versus macro-texture. (Flintsch et al. 2003)

Figure 10 shows the relative influences of micro-texture, macro-texmire, and speed on wet
pavement fiction. As can be seen, nucro-texture influences the magnitude of tire friction, while
macro-texture impacts the feton—speed gradient. At low spesds. micro-texture domunates the
wet fiction level At ngher speeds, the presence of lugh macro-texture facihtates the drainage
of water so that the adhesive component of fiction afforded by muero-texture i3 re-established.
Hysterssis increases with speed exponentially. and at speeds sbove 65 mihr (105 kovhr) conld
account for over 95 percent of the friction.

e,
L o ma crofiesmurs, High microt st re
P o e sl i ale o i sl s
i -4 _ o
— B High masrotexturs, High microtsxture
5 "
: ]
& Low marrotexiure Low mieroievtume o
z G, %
E s e High masroteaturs, Low mic et ne
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@ — _.-'{
-
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= SMOOTH T5E [ S |
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w
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Figure 10. Effect of micro-texture and macro-texfure on pavement—tire wet fiction at different
shding speeds (Flintsch et al., 2002).
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Pavement Surface Material Properties

As indicated previcusly, pavement material properties (l.e., aggregate and mix characteristics,
surface texture patterns) influence both micro-texture and macro-texture. These properties also
affect the long-term durability of texture through their capacities to resist aggregate polishing
and zbrasion'wear of both aggregate and mix under accunmlated traffic and enviremmental
loadings.

Tire Properties
Tire Tread Design and Condition

Tire tread design (1e., type, pattem, and depth) and condition have a significant influence on
draining water that accunmlates at the pavement surface. Water trapped between the pavement
and the tire can be expelled through the chanmels provided by the pavement macro-texture and
by the tire tread. The depth of tread 15 particularly important for vehicles driving over thick films
of water at high speeds. Some studies have reported a decrease in wet friction of 43 to 70
percent for fully wom tires as compared to new ones.

Tire Inflation Pressure

Low inflanion pressure. can sigmficantly reduce friction at lugh speeds. This 15 becanse a
significantly wnder-inflated tire allows the center of the tire tread to collapse and become very
concave resulting in the constmiction of drainage channels within the fire tread and a reduction of
contact pressure. The effect 1s for the tre to trap water at the pavement surface rather than allow
1t to flow through the treads. As a consequence, hydroplaming speed 13 decreased.

High mflation pressure, on the other hand, causes only & small loss of pavement friction
(Emlakowski et al, 1990). Increasing the tire pressure reduces the rappmg effect and alse yields
higher pressure for foreing water from below the veluele’s tire. The mereased fire pressure and
thus smaller tire contact area, results in a higher hydroplaning speed.

Thermal Properdes
Antomotive tires are visco-elastic materials and thus their properties can be sigmificantly affected
by changes in temperature and other thermal properties, such as thermal conductivity and

specific heat. Feviews of research reports indicate that in general pavement-tire friction
decreases with increasing tire temperature though this is difficult to quantify.
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Environment
Warer

Water, in the form of rainfall or condensation, can act as a Iubnicant, significantly reducing the
friction betwesn tire and pavement. The effect of water film thickness (FFT) on friction 13
nunimal at low speeds (=20 milr [32 ki'hr]) and quite pronounced at higher speeds (=40 nu/hr
[64 kmhe]). As shown m figure 11, the coefficient of frction of a vehicle tire sliding over a wet
pavement surface, decreases exponentially as WFT mcreases. The rate at which the coefficient
of fction decreases generally becomes smaller as TFT mncreases. In addition, the effect of WFT
15 mnfluenced by tire design and condition, with wom tires being most sensitive to FFT

A very small amount of water can significantly reduce pavement friction. Test results from an
FHWA-sponsored study (Harwood, 1987) indicate that as little as 0.002 in (0.05 num) of water
on the pavement surface can reduce the ceefficient of fmetion by 20 to 30 percent of the dry
coefficient of friction. In some cases. a 0.001-m (0.023-mm) water film can reduce friction
significantly. Such a thin water film 1s likely to be formed during any hour i which at least 0.01
m (0.23 mum) of ram has fallen.

A particularly hazardous simation mvolving relatively thick water lavers or films and vehicles
traveling at higher speeds 15 hydroplaning. Hydroplaning occurs when a vehicle tire 15 separated
from the pavement surface by the water pressure that builds up at the pavement-tire mterface
(Home and Buhlmann, 1923), cansing friction to drop to a near-zero level

Hydroplaning is & complex phenemenon that is affected by several parameters, including water
depth, velucle speed, pavement macro-texture, tire ead depth, tire inflation pressure, and tire
contact ares.

Eelatively thick water films form on a pavement surface when dramage 13 inadequate during
heavy rainfalls or when pavement rutting or wearing creates puddles. Loss of direct pavement—
tire contact via hydroplaning can ocour at speeds as low as 40 to 45 mu'hr (64 to 72 km'hr) on
puddles about 1 m (23 nun) deep and 30 £ (9 m) long (Haves et al., 1983).

Pavement macro-texture and tire read depth influence the onset of dynamie hydreplaning in two
ways. First, they have a direct effect on the crifical hydroplaning speed becanse they provide a
pathway for water to escape from the pavement—fire interface. Secondly, they have an indirect
effect on the cntical hydroplaning speed since larger the macro-texture, the deeper the water
must be to canse hydroplamng. Thus, increases m macro-texture depth and tire tread depth tend
to merease the crifical hydroplaning speed. However, the pavement surface mmst alse have the
proper micro-texture to develop adequate friction.

16
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—— Worn Fibbed Tire
g Dl Fibbed Tire

Friction (SMN40)

0 0.003 001 0.013 0.0z 0025 0.03 00335
WET, in
Figure 11. Effect of water film thickness on pavement friction (Henry, 2000).

Snow and e

Ice and snow covering the pavement surface present the most hazardous condition for vehicle
braking or comering The level of fiction between the tires and the snow- or ice-coversd
pavement is such that almost any abrupt braking or sudden change of direction results i locked-
wheel sliding and loss of vehicle directional stability. As stated previcusly, this Guide does not
address winter-related friction 1ssues, such as the treatment of snow and 1ce. However, the
WNCHEP Project 6-14 final report (Al Qadi et al, 2002) covening winter-related friction
measurement noted that vehicle fction performance can be drastically degraded if the tire
contact area does not reach the pavement surface because of contaminate (ice and snow) amount.

Contaminants

Any kind of contamination at the pavement—ftire mferface will have an adverse effect on
pavement—fire friction. This 1s because particles of foreign matenial act as the balls in a ball
bearing or as lubricant between a piston and cylinder in an engine, which thus reduces friction
between the two surfaces. The thicker or more viscous the contaminant, the greater the reduction
m pavement—tire friction.  Types of contaminants commenly found on highways melude dirt,
sand, cil, water, snow, and ice. The gnnding effect of contaminants of considerable hardness,
such as sand, helps accelerate the rate of wearing at the pavement swrface.

The most comuen type of surface contanunafion i1s due o water. & wet pavement surface
generally has a lower level of friction than & comparable dry surface. Water on a pavement
surface can also accumulate as a film under the tire footprint cansing the tire to lift from the road



surface, losing fraction at lugh speeds. This phenomenon 13 called hydroplanmz. The degree of
hydroplaning 1z also affected by wehicle speed, tire fread pattem, and the depth of water at the
pavement surface. In general, desper water, higher speeds, lighter vehicles, wider tires, lover tire
pressure, less tread depth, and less efficient read designs will cause fires to hydroplane at lower
speeds. However, all tires will be forced to hydroplane at some speed. The occumence of
hydroplaning can be reduced considerably by increasing the rate at which water 15 drained from a
pavements surface (l.e., increasing pavement macrotexture and cross slope).

FEICTION AND TEXTUEE MEASUREMENT METHODS
Owverview

The measurement of pavement friction and texture has besn of primary mmpertance for the last
50 years. Many different types of equipment have been developed and used to measure these
properties, and their differences in terms of measurement principles and procedures and the way
measurement data are processed and reported, can be sigmficant.

For friction-testing alone, there are over a dozen, commercially produced devices that can
operate at fixed or variable slip, at speeds up to 100 mu/hr (161 km'hr), and under variable test
tire condifions, such as load, size, tread design, inflation pressure, and constuction
IMeasurement of pavement surface texture, whether it be micro-, macro-, or mega-texture, can be
measured using a vanety of laser devices, volumetric techniques, water dramage rates {outflow
meter), and sliding rubber pad apparatus (British portable pendulum tester).

This section provides an overview of the different friction and texturs measurement methods and
available representative equipment. ASTM and AASHTO have developed a set of surface
characteristic standards and measurement practice standards to ensure comparable fexture and
friction data reporting.  Since the standards ensure comparability of the measurements for
practical purposes, the methods and devices are discussed o pairs and are grouped according to
measurements performed at highway speeds and measurements requiring lane closure (L. low-
speedwalking and stationary devices).

In general, the measurement devices requinng lane closure are smmpler and relatively
mexpensive, whereas the highway-speed devices are more complex, require more training to
maintain and operate, and are more expensive. With the recent development of teclmolegy in
data acquisition, sensor teclmelogy, and data processing power of computers, the once true
superierity of data quality for the stationary snd low-speed devices is dinuimishing. The
resglution and aceuracy of the acquired data for the measurement devices that are low-spead or
stationary can be still superseding that of the high-spesd devices, but with smaller and smaller
IMETgIns.
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Friction

The two commen devices used for the measursment of pavement friction characteristics in the
laboratory or at low speeds m the field are the British Pendulum Tester (BPT) and the Diynamuce
Friction Tester (DFT). Both these devices measure frictional properties by determining the loss
m kinetic energy of a sliding pendnlum or rotating dise when m contact with the pavement
surface. The less of kinetic energy is converted to a frictional force and thus pavement friction.
The DFT has the added advantage of being able to measure the speed dependency of the
pavement fiction by messuring friction at various speeds. (Saito et al. 1996)These two methods
offer the advantage of being highly portable and easy to handle.

Full scale friction measurements utiize one or two full-scale test tires to measure pavement
friction properties in the following modes (1) locked wheel, (2) side-force, (3) fixed-slip, and (4)
variable slip.

The moest common method for measuring pavement friction in the United States is the locked-
wheel method (Henry 20007 The locked-wheel method 15 specified n ASTME

274, Tlus method is meant to test the frichional properties of the surface under emergency
brakmng conditions for a vehicle withont anfi-lock brakes. As opposed to the side force and fixed
slip methods, the locked-wheel approach tests at a slip speed equal to the vehicle speed, this
means that the wheel is locked and unable to rotate. (Henry1986) The results of a locked-wheel
test conducted imder ASTM specifications are reported as a skid number (SI) or friction number
(FN). Equation § i3 used for computing SN or FIN.

F
INA(F % SLIP )= —* 100 ]
N

Where:
F = friction force
N =vertical load on the test tire

Locked-wheel friction testers usually operate at speeds between 40 and 60 mph. Testing can be
done using a smooth or ribbed tire. The ribbed tire 13 msensitive to the pavement surface water
film thickness, thus 1t 13 insensitive to the pavement macro-texture. The smooth tire on the other
hand 15 sensitive to macro-texmure,

Locked wheel skid testers are used in some fashion m all 30 states for measuring pavement
surface friction. (Wambald et al 1993)

The side-force method i3 used to measure the ability of vehicles to mantain control in eurves and
mvoelves maintalning a constant angle, the vaw angle, between the tire and the direction of
moticn. Equation 7 shows how the side-force coefficient (SFC) is calculated.

Fi‘
SFC (F.a)=—"*10
N
Where:

V =velocity of the test tire
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o= yaw angle
I = normal force on the test tire
F, = force perpendicular to plane of rotation

Since the vaw angle is typieally small, between 7.5 and 20 degrees, the slip speed i3 also guite
low; this means that side-foroe testers are particularly sensitive to the pavement micro-texture
but are generally insensitive to changes in the pavement macro-texture. The two most commen
side-force measuring devices are the Mu-Meter and the Side-Foree Coefficient Foad Inventory
Machine (SCEIM). The primary advantage offered by side-force measuring devices 1s the ability
for continueus frction measurement throughout a test section (Henry 20000, This ensures that
areas of low friction are not skippad due to a sampling procedure.

Fized-slip devices measure the friction observed for vehicles with anti-lock brakes. Fixed-slip
devices maintain a constan: slip, typically between 10 and 20 percent, as a vertical load is
applied to the test tire; the frictional force in the diection of motion between the tire and
pavement 13 measured. (Henry 20007, Equation 8 15 nzed

for calculating the percent slip:

Parcemr  Slp - u" 100
¥ 2
Where:
Percent Slip = the ratio of slip speed to test spead {in percent)
/ = fest speed
T = effective tire rolling radius
o = angular velocity of test tire

These devices are also more sensitive to micro-texture as the slip speed 15 low.

WVartable slip devices measure the frictional force as the tire is taken through a predetermined set
of slip ratios.

Texture

With the excepticn of the British Pendulum Tester (which is an indicator of pavement micro-
texnure), the commenly applied texture measurement methods provides pavement surface macro-
texfure mformation. Other means of measuring (estimating) micro-texture inchide low-spead
testing with friction measurement devices, such as the Dynanie Friction Tester (DFT) and the
locked-wheel skid trailer equipped with a smooth test tire (Flintsch et al., 2002).

Modem methods used to characterize pavement surface texture are typically based on non-
contact surface profiling techmigues. An example of a non-contact profiler developed by the

FHWA for use in characterizing pavement surface texture is the Fead Swface Analyzer
(ROSANy). ROSANy 13 a portable, vehicle-mounted, antomated system for the measurement of

20
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pavement texmure at highway speeds along a linear path. FEOSANy incorporates a laser sensor
mounted on the vehicle's front bumper and the device can be operated at speeds of up to 70
mhr (113 kmv'hr). The system caleulates both MPD and estimated texture depth (ETD), which

15 an estimate of MTD derved from MPD using a transformation equation.

An automated measurement system such as ROSANy provides a large quantity of valuable and
less expensive (when a large amount is needed) texture data while greatly reducing the safety
and maffic control problems inhersnt to the manually performed Volumetmie Patch WMethods.
Some of the applications of ROSAN;, include the following (FHWA 2002

*  Texture measurements for pavement management systems.

+ Site specific texture measurements for safety imvestizations.

+  Qualty control (QC) measurements for new pavement for certifying pavement meeting
contract specifications for texture and aggregate segregation limits.

+ Combining friction-testing  equipment, such as & skid trailer, with ROSANy for
simultaneons surfzce fiction and texture measurement.

+ Texture and surface detail measurements (grooving, tining) in noise research studies.

Texturs measurements from non-contact surface profiling techmiques generally comrelate well
with the texfure depths measured using the volumetric methods. Several procedures have been
developad to improve such comrelations and provide uniform worldwide compatibality of such
measurements.

As a result of the intemational PTARC expeniment to compare znd harmomnize texture and skid
resistance measurements, there iz a clear preference for both velumetrie and profiler-derived
texture depth measurements to be reported in terms of MPD. MPD has been standardized as
reported in IS0 13473, “Characterization of Pavement Textres Using Pavement Profiles—Part
1: Deternumation of Mean Profile Depth” (IS0, 1997). ASTM provides the following moede] for
relating mean texture depth (measured from the volumetinie testing procedures) and mean profile
depth (measured using profilers) as follows: (ASTM 1977)

MTD =0.79*MPD + 0.23 9
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Summary of Test Methods and Equipment

Friction measurement equipment capable of highway speeds (lugh-speed devices) are described
and illustrated m tables 3 and 4. whereas friction measurement eguipment requiring lane closure
(stationary and walkinglow-speed devices) are described and illustrated m fables 5 and 6.
Tables 7 and & provide summary information for texfure measurement equipment capable of
highway speeds (high-speed devices), whereas descriptions and illustratiens of texture
measurement equipment requinng lane closure (stationary and walking/low-spead devices) are
shown in tables 9 and 10.

INDICES FOR CHARACTERIZING FRICTION AND SURFACE TEXTURE

International Friction Index (PIAR.C Model)

The Intemational Friction Index (IFI) was proposed based on the PIARC Intemmational
harmonization smdy conducted in 1992 by representatives from 16 countries covering each
continent. The experiment was conducted at 34 sites across the U5, and Europe and included 51
different measurement systems. Varous types of fnction testing equipment were evaluated,
mehuding locked wheel, fived slip, ABS, vanable slip, side force, pendulum, and seme new
prototype devices. Surface texture was measured by means of the sand patch, laser profilometers
(using the mangulation methed), an optical system (using the lizht sectioning method), and
outflow meters.

One of the main results of the PIARC experiment was the development of the IFI The TFI
standardized the practice of how the dependency of friction on the tre shiding speed 1s reported.
As a measure of how strongly fmetion depends on the relative sliding speed of an automaotive
tire, the gradient of the friction values measured below and above 37 mi/hr (60 km/hr) is reported
as value of an exponential model for the IFT mmdex. This gradient is named the Speed Number
(5p), and 15 reported n the range 0.6 to 310 mu'hr (1 to 500 km/hr).

The PIARC experiment strongly confinmed other research that Sk 13 a measure of the macro-
texture mfluence of the surfaces on friction. Macro-texture is in focus as a major contributor to
friction safety characteristies for several reasons. The most well known reason 1s the hydranlic
drainage capability that macro-texture has for wet pavements during or mmediately after a
rainfall. This capability will alse mimmuze the nisk for hydroplaning. Another reason 15 that the
wear or polishing of macre-textiure can be mterpreted from Se as it changes value over time for a
section of road.

A pronounced peak shape or a steep negative slope of the fction—slip speed curve is considered
dangerous. The normal driver will experience an umexpected loss in braking power when the
brake pedal 1s pushed to its maxmmm, and the braking power i3 not at i1ts maxinmm. 4 smallest
possible negative slope or even a flat shape of the frction—slip speed curve is therefore desired
and obtained with proper macro-texture.

()
(B
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Table 3. Overview of highwav-spead pavement friction test methods.

TEST

AESOCIATE
o
STANDAR
=]

DESCRIFTION

EUIFMENT

Locked-
Wheed

ASTM EXY

This device & installed on a tradber
which s towed behind the messuring
vahicks at a typial speed of 40 mi/hr
{6d ko /hr).  Waler {02 in 05 mma]
thick) i applied in frong of the test tine,
i test e is lowered 2= nocessary, and
& bhraking system is forced to lock the
tire. Then the resistive dmag force s
measured and averaged for 1 fo 3
seconds after the test wheel s Fully
locked. Measurements cam be repeated
after the wheel roaches a free rolling
statn agakn

Testing requires a tow
vehiche and bocknd -wheel
skid  raller, alpped
with cither a rib lite:
(ASTM E 501} or a
smoolh Hre [(ASTM E
5xi). The smooth tire is §
mare sormiiive 0]
povement macro-texture,
and the ribbad tire is
mare semsitive o mimo-
txtura changes o the
pavement.

Side-Force

ASTH E 670

Sido-force  frichion measuring  devices
measurg the pavemant side (fction or
comarmng force parpendicular i the
direction of travel of one or two skewed
tires. Walor ks placed on the pavemoent
surface (4 gal/min [1.2 L/min]) and one
ar two showed, free rotating wheels are
pulled ower the sorfsce {fypically at 40
mi Tl [ kam fhrf). Side farce, bre losd,
distance, and vehicle speed are
recorded. Datn ks typically colloctad
every 1 o & im 25 o 125 mm) and
averaged ovar 3.6t {1-m} intervals.

-The British Mu-Moter,
shawn al right. measures
the side foree developad
by two yowed (7.5
degroesy wheels.  Tires
can be smoath or dhbed.

The FBritish Sideway
Farce Coefficient Eoutine
Investigation  Maching
{SCRIM), shown at right.
has a wheel vaw angle of
B degres.

Fixod-Slip

ASTM E 2N

Fixedslip  devices measure  the
motaboral resistance of smooth  Eres
slipping at & corstand slip spead {12 o
0 percent). Water {2 in 05 mm]
thick) is applied in front of a mtracting
tire mounted on a maller or vehicke
iyplcally traveling 40 mi/hr [6 ko fhr]
Test dre motatbon i nbibdted o &
purcangage of the vehicke sped by a
chzin ar bedt mechanism or a hydraubic
braking system.  Wheel loads and
frictional forces are measured by forca
transdocers or  lension and  lorgue
measuring devices.  Dain arn I}'rocalll.'
oolllscted every 1 o 5 m (25 o 125 mm)
and averaged over 3t {1-m) intervals

-Fosdway and rumvay
Friction testers (EFTsL
~Abrpart Surface Fricton
Tester {ASFT), shown at
mght.

Saab  Fricdon  Tester
{SFTY, showmn at right.
LK. Griptester, shown
alt righL

Firdand BV-11.
Fosd  Anabyzer
Focorder (FOAR).
-ASTM E 1551 spacifies
the test tire suitable for
sz in fiead-sip devices.

and

Variablo-
SHp

ASTM E 1855

Variable-slip devices massare friclion as
a fonction of slip {0 @ 100 porcent)
betwoen the wheel and the highway
surface. Waber {102 in [L5 mm] thick) is
appliad o the pavemaent surface and the
wheed s allowed B0 rofate  froely
Gradually the iest wheel sposd is
reduced and the vehice spoed, travel
distance, tire rotabonal spor\t wihad
koad, and frictional force are collectsd at
Cl-in (25%mm) inbervals or less. Raw
data am mecorded for later fillering.

French IMAG.

-Blorwegian Morsem eter
EUMAR, shown at right.

FOAR
sysiems

and SALTAE

et
tad
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Table 4. Additienal information on highway-speed pavement friction test methods.

TEST METHOD | BMEASUREMENT INDEX AFFLICATION | ADVANTAGES DISADVANTAGES
5

Loschond - W el The measured resistive drag, foroe and | Fiekd testing [ Well developed and [Can only be wsed on
the wheel koad applied o the pavement | {stralght vary widely used in|stmdght segments (o
are weed o compute the ooefficlent of | sepments) the US. More than 40 |curves,  Tsoctions,  or
friction, w Friction is reported as friction slates  use  locked- | roundabouats). Can miss
rimber (FR) or skid roember (S0, Metwork-level whiesd devices. |slippery  spots  becauss

friction Syslems  are  useT | measurements are
mandboring, friendly, rolatively | indoreitbent.

simple, and not tme

COnSuming.

Side-Force The side force perpendicular o the plane | Field testing, | Eelathoeky well | Very sensitive to moad
of rotation i= moasired and averaged o | siraight soctions, | controllad skid | irrepularitios  (potholes,
comvpute the Mo Number, Mul, or the | curves, steop |condition  similar  to |cracks, ) which can
sideways force coeffickent, SFC. grades. Data in | fioeed-ship device | destroy tires quickly.

different results. Measurements
applications ars continmous | Mu-Mater & primarily
shauld be |throughouwt & fest | ondy used for airports in
codlecied pavemend soction the U5
separately. Method is commanly

nsad im Farope.

Flaod-Slhip The measured resistive drag, foroe and | Fiekd testing, | Contimeows, high | Fisod-ship devices  take
the wheel koad applied o the pavement | {stralght resolution fricton data | madings af o specified
are weed o compute the ooefficlent of | sepments) ondlected. slip spovd.  Thedr slip
friction, i Friction is reported as FM speeds do not  always

Metwork-level coincide with the oritical
friction slip spead valag,
mandboring, espocially over ice- and

srow-covered  surfaces.
Praject-kevel Uses large amounds of
friction wakr  in conbinuous
mandboring, maode.

Fequires skillful daga

redluction.

Wanable-Slip When wsaed fior variable-slip | Field lesting | Can provide | Lange. complig
measirements, the system provides a | {stralght or | contirmossly any |equipment  with high
chart of the relationship betwesn ship | curved desirod  fixed  or |mainterance costs  and
frichon number and slip speed.  The | seqments) variable slip fricton | complex data processing

reesu | ting; indices are

Matwork-lovel

resudts.

and analysis neads. Uses
large amounts of water in

+ Lonritudinal skp friction pumber frictiom Can provide the Rado | contimons mode.
» Peak =lip friction oumber mandboring, shape factor for
+ Critical =lip ratic detailed evaluation.
* Slipratio Project-kevel
+ Shp to skid frccor pumber friciiom
# Errimated friction number mandboring,
* Rado Shape factor
When wsed for kacked-wheel
measgrements, the system  provides
Frictior mumber (@ waiocs
25
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Table 5. Overview of pavement friction test methods requining traffic contrel.

ASSDCIATE
]
TEST ETANDAR
RIETHOD o DESCRIFTION ELUTFAMENT
Stopping ASTM EME |The pavement surfoce s | A passenger car or Bght
Dstance sprayud with waler ungil |trock ot least 300 |
M sasumement saturatod. A wohicle s driven | [prefersble aquippad
at & corstant spoed (@i mi S hr | with a heavy -duty
(64 ko hr] specified) over the |suspension  syslem]) s
surface. The wheels are |specified. The braling
locked, and tho distnce the |system ahaould b
vohicle travels whils eaching |capable of full and
a full slop is measured. |susteined lockap.  Tires
Alsermatively, different spnm.i: should be ASTM E 501
and & fully engaged antilock | Abbed desipn.
braking system [ARS) have
been nsed,
Decederation | ASTM E 211 |Testing is typlcally done in | Mochanice or ebactronic
Raie wingar cartaminated |equipment, shown  at
Blsasunemeaent conditions. While traveling at |right, is installed on any
standard speed (20 to M mi hr | vehicke to measure and
132 o 48 lom/hr]h the bmkes |mcord decelomiion rate
ara applied to lock the wheals, | daring stopping.
untll deceleration rates can be
measured.  The deccleration
rate s recorded for friction
compubation.
Portabie ASTM EMR | Portable testers can be used 1o |-The Britsh Pendulum
Testers ASTM E 1911 | measurs the frictiomal | Tester (BPT} is marmally
propariiss of  pavement | operated and
surfaces.  These testers use |dooamented, as shown |

pendulum or slider theory 1o
measure  friction in &
labaoratory or in the feld,

The pendulum ester produces
a low-apeed sliding contact
between & standard  rubber
slider and the pavement
surface. The elevation io
which the arm swings afler
contact provides an indicalor
af the frdional properiies
Data from five madings are
typially oalbactad ared
rooordied by hand.

The Dynamic Frndion Tester
measumes the Krgue nocessary
o ramie three small, spring-
loaded. rubber pads In a
crcular path over  the
pavement surface of speods
from 3 o 85 mifhr (5 to 89

lemi by Water is drq.'hrd. al
0% pal/min (34 L Smdn)
during  esting.  Fomltiomal

SF-H'\.". rotatioral forque, and
downward load am measmred
and recarded electronkcalky.

at top right.

<The [vwnamic Frichan
Tester (DFT) shown at [
bottom
modular system that is
controlied electrorscally.
Besulis  are l}'Fur.:l.'II? i
mecorded st 12 M, 34, §

and 48 mi/hr (20, #0, &0, 5

and &) km/hry, and tha §

be §

spaad, fricton
relatiorship  can
plotted. It fits in the

trunk of a car and is §
acronvpanded by a waber
tank  and portabla
compuer.

C-26

Aght s a § :




C-27



Table 6. Additional information on pavement friction test methods requinng

raffic control.

TEST BIEASUREMENT INDEX AFFLICATIONS ADVANTAGES DISADVANTAGES
KRETHOD
Shoppdng Stopping  distarce  number (DM} or [Field testing | Simplest method for | Test valoes obtsined are
Dhstance coefficlent of frichon (g} is determined |{stralght segments). | delommining not wery repeatabla.
Moasurement | using the fallowing equation: pavement  surface | Traffic conkrod is
) i Accident frictan. rogquired.
b ;,,5_1,. investigatiors.
where:
= Cosfficient of friction.
v = Vighice brake application speed,
ity sec imyf soc).
7 = Acoeleration dae o gravity,
322 it wecd (981 my seck).
i = Stopping distance, it (m).
Deceleration | The measured deceleration force &s used 1o | Field testing | System is easy 1o |Requires & sadden
Fata calcudate the pavement surface friction |{stralght segmoents). | wse, small, portable, | braking manouver to be
Measurement | coofficlent, u, using the equabion: lightweight, and | made, and =ach
N L — Accident casy o imstall and | maneovers may ot be
= - investigations. TRIOVE. aperatiorally  desirable
where: l::l'\'ll.-l‘_.,l}d.'l atal., 2002, )
= Cosfficient of fricthon. Cannat  be  usmd  for
7 = Aooderation dae o gravity, r!:-m-ork ovaluatian. )
329 fi et (BE1 m seck). Generally requires traffic
: ' laree: closure.
The measured deceleration can be directly
measured for the complete slopping
operation or determined for a partial stop
as the difference between the indbal and
final deceleration divided by the braking
.
Paortable The British Pendulum  Tester (BPT [The BFT provides| The BPT is used | BPM wvarability is large
Testors provides a British Pendulum  Mumber [fnction and micro- | worldwide as  a|and can be affected by
(BFM) based on the pendulum swing [texture  indicators | measare of fricton | operator procedures amd
hedght of a calibrated BFT. for any pavement, |and texture. It is | wind effecs
whether in the field | soitable  for  both
The Dynamic Frictbon Tester (DFTH [or from laboratory | laboratory and field | Traffic control is requined
produces DFT  numbers  or  friction |analysis of cored or | evaluation The: | for both portable testers.

coefficlents and a graph of the fricton
coefficlent for different rotstional speeds
This device alsa reports the peak friction,
amociated peak slip spesd. and the
Indernational Frictiom  Index  (IFI)
designated by FRNGD and S

prepared  samples.
It is also used Eo
evaluate the effect
af wear on friction
and bedtare.

The DFT can be
used for field and
laboralory  iesting
for quality cantral,

BFT cam be usod to

MR AsOre both
lomgitudinal  and
lateral  pavement-
e frictior.

The DFT provides
pood  repeatability
and  meproducibility
and is unadfected by

They do mnot always
simualaie  pavement-tine
characienislics Bath
devices callect only spot
measurement and carnol
be used for nebwork
evaluation. To guantify a
Flven saction of
pavemEn, sevaral
measurements mast be

progect, and | operators or wind. |made over the length of
investigatory It alse  provides | the section
friction data | friction coelficients
collection that are
mepresentative  of
bigh speod values.
It cam produce the
IF] statistics, and it
correlates well with
BFM
28
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Table 7. Overview of highway-speed pavement surface texture test methods.

surface macro-textare (LS 1o
5 mm) profiles and indices.
Glohal Postiordng  Systems
{GPE) are often edded fo this
syslom ko assist in locating the
Inst mite. Data collecting and

TEST ASSOCIATED

RMETHOD/ ETANDARD DESCRIFTION

EJUIPMENT ELJUTFAENT

Bactro-oplic ASTM E 1845 Meomn-rontact very high-speed | High-spead lasar

{lasor) method | 150 134734 lasors are wsed to collect |lexture AN,

(EOM) IS0 1347382 pavemsnt surface elovabions |equipment {such as

150 134780 at ingervals of 001 in (025 (the FHWA ROSAN

mm) or less. This type of [system  shown  at
systemi, therefore, Is capable |righth 15ES a
afl measuring  pavement |combination  of a

herizontal  distance
measuring divice and
a vary high spoed (b4
kHz or higher) laser
trangudalion  sonscr.
Wortical resofution is

prowesing  software  fillers |usnally 0002 in (05
and compules the  texture |mm} or botter.  The
profiles and other  loxtume |laser  equipment s
indicos mounted om o hdgh-

speed  vehide, and

data is collected and
stared in a poriable
OO I BT

Table 8. Additional information on highway-speed pavement surface texture rest methods.

TEST

RETHOD/EJUIFME |MEASUREMENT INDEX ADVANTAGES DISADVANTAGES

T

Electro-optic {lasor) | Using, the measured tewtumn profiles, |« Cellects continooas data at |« Egquipment is very expensivi.

mathod (BOM)

the EOM syslom compuies mean
profile depth (MFT as the difference
hetwoen  the poak and  sverage
elevations for comsemabve Z-m (5
mm} sepments, averaged in o4 in (100
mm} profile segments.

Estimatod bexdure d&r\th {ETTY, in
unlis of millimeters, can then ba
estimaled as

ETD = 0.2+ LB MPD

RS macro-textare lovels can also be
computed.  The power of loxture
wavelengths can also be determinad
using  power  spectml  density
compubations.

high speeds.

Corralates well with MTOL
Con be used o provide a
spoed canstant io accomipany
fricton data

= Skilled operators are requined
for  oollection and  datn
pro<essing.
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Table 9. Overview of pavement surface texturs test methods requirmg maffic contral.

TEST
RMETHOD/
E{JUIFRENT

ASSOCIATED
STANDAERD

DESCRIFTION

ELJUTFAENT

Sard Patch
tdathod (SFM)

ASTM E
1500 1

L

This  volumetric-based  spot
st mathod  provides  the
mean  depth of pavement
surface macro-dexture. The
aperator spreads a known
volume of glass beads in a
circle amte & cheaned surface
and determires the dinmeter
and  subsoquently  mean
toture depth (MTDL

Fguipment  includes:
Wind screen, 1.5 in?
{25,000 mm ¥
oonkaineT, sl
brush. and disk (2.5
o S [60- to B5-nuna)
diameter]. ASTM D
1155 glass beads.

Chatifow Teter
{OFR Y

ASTH WE 364

This volemetric best method
measures the water dminage
e through surlace fextee
and  imderior  volds, It
indicates  the hydroplaning
potontial of a surface by
relating bo ihe escape fime of
water bemwath a moving e,
Correlations with  other
toxture methods have also
boen developed

Eguipmend & a
cylinder with =&
mbber rng on the
bottom and an open |
0. Sensars measi
the time required for
a known volume of
wiker o pass under
tha seal or inde the
pavemank.

Circular
Texiore  Muoter
{CTM)

ASTM E 157

This mon-candact laser device
mensures [he surface loxtne
in oanm 11XEn  (286mm)
dismeter ciroular profile of
the pavement surface at
intorvals of L0 in (DSG8
mm), matching tha
measurament path of the DFT.
It rotates at M fifmin (&
m/min} and provides profile
traces  and mean  profile
dopths for the pavement
surface.

Egquipment includes a
waker s.uppl'.-'.
portshle  compater,
and the textuns meter
dewice

Textare Diepth
e (TDG)

AASHTO T 261

This device provides an
average depth of PCC grooves
ar fining.  The gauge is
irseried imto 10 prooves o
measure thoir depths.

A digital
pauge, (Hustrated at
right. can bo wsod.

30
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Table 10. Additional information on pavement surface texture test methods requinng

raffic control.

TEST

METHODEQUIPME |MEASUREMENT INDVEX ADVANTAGES DISADVANTAGES

T

Sand  Paich  Method | Mean texture depth (MTD) of macro- (o Simple  and  inexpersive Mathod is slow and requires
(SFM) tmibune i convputed as methods and equiposent. Lamar closure.

@

MTD = —
no
W
MTD = Mean texhare depih.
i e
¥ = Sample volume, in' {mm*)
D= jvorage material diameter,
i (e

When combined with ofher
data, can  provide frichon
Information

Widaly umd mothod

Omly represents a small area.

Only macro-tesbure is
evaluated.
Sensitive o oparakor
variakility.

Lakbar inbensive activity.

Chabflows Bleber (OFM)

Cutput is the ime in milliseconds for
oulflowy of specified volume of waber.
Shorter  outflow  Hmes  indicate
rousgher surface texbure.

Simple methods and relatively
Imexpensive equipment.
Provides  an  indication  of
Fydroplaning potential i wet
waathar.

Method is slow and requires
lana closure:

Only represents a small area of
the pavemaent surfsce.

Cmtput does not have a good
cormalation with BMPD ar MTD

Ciroular Texture Moter
(CT)

Indices provided by the CTM inchasde
the mean profile depth (MPD) and
the root mean square (BA5) maomo-
texture. MPD has been comelated o
MTD according to the following
relatbonship (units of mm

MATD = 0947 MPD + 0089

Maoxsures same dismeter as
DFT, allowing tewhare-frickian
COmMParisons

Fepeatable, reprodudble, and
Iindepend ent of operators
Comelates well with MTIL
Boasuros jposi v
migakive fraure

Is small (29 Wb [13 kgl and
portabla.

Sefup timea is short (less than 1

ke

and

bothod s slow [(about 45
seconds b complete)  amd
mequires lane closure
Feprosenis a small sarface
arca.

Textare Depth Gauge
(TDG)

TG pravides thi averags
groove/line depth with a reporting
accuracy of W in (1 mm.

Simple method and

Inoxponsive equipment.

Method is slow and reguires
lame closure

Only represents a small area of
the pavement.

Coes not provide complete
enacro-bexture information
Labar intensive activity.

The IFL is composed of two mumbers—FNE0 and S—and the designation and reporting of this
mdex s IFIIFN60.5,). The IF] is based on a mathematical model of the friction process called
the PIARC Friction Model. It meodels the friction coefficient as a fimetion of ship speed and
macro-texture as follow:

Where:
Sp
a b
T

Sp=a+bTX

= spead number
= coefficients dependent on the device used for measunng macrotexfure
= macro-texiure measurement
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FR 6} = FRSe 11

Where:
FES0 =adjusted value of friction for a shp speed of 60 kim'h
FRS = measured friction value at speed S
5 = slip speed (km'h)

F0=A+BxFR60+CxTX 12
Where:
A B =coefficients dependent on friection measuring device
C  =regression constant required for measurements using ribbed tire
TX  =macro-texture measwrement required for nibbed tire readings

It should be noted that the equation 11 can be used to adjust measurements made at speeds other
than the standard 40 mihr (65 km/'hr) with an ASTWM E 274 trailer to calculate FMN40 (s=e
equation 13).

i-F

FN(s1=FN_ ¢ " 13

For example, a measurement made at low speed, say 20 mi/hr (32 km/'hr), or one made at a high
spesd of 60 mihr (96 kvhr), can be adjusted to FIN40 by setting 5 to 40 and I to the measuring
spead (20 or 60 mu'hr [32 or 96 km'hr]). Note that if the unit mitr is used, then Sp must also be
m mihr.

The use of IFI to estimate friction values at any speed 1s illusTated on figure 12, As shown, IFI
utilizes the two indices contained in the IFT model (FN60 and 5. Having measured 5 and the
friction value FING0 at 60 kmvhr, the friction value at any other slip spead can be estimated by
choosing 2 value for 5. The friction curve 15 plotted according to equation 13 and the FNs and
5, munber are indicated on the graph.

The 5p for the pavement surface may be measured by a device that measures macro-texture. Sp
can alzo be obtained by numing & mimimum of twe measurement mns of the surface with each
rum at a different slip speed at the same velncle speed. Some friction measuring devices measure
both friction force and maero-texfure m the same measurement. IFT or the PIARC medel
describes friction experienced by a driver in emergency braking using non-ABS brakes and deals
with the friction from wheel lock-up to stop, whereas the Rado model (discussed next) describes
the same braking process using ABS brakes and deals with friction experienced m the imtial
braking mechanizms.

Internatonal Friction Index and the Rado Model
The PIARC friction model basically deals with the high slip speed and locked wheel phase of the

friction range. It does not apply to the relatively low speed and low slip speed frictional segment
where the fiction momber rises sharply to a maxinmom value.

fad
I
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With the advent of ABS brake functions, 1t 15 also of great interest to model the imtal curve
segment of the first phase of a braking scenario.

tad
i
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Figure 12. The PIARC Friction Model.

For estimating braking action with ABS brakes, the maxinmm friction value, when the wheel is
still rellmg with low ship ratios. i3 essential. Under such conditions the tire will werk to grve the
vehicle directional confrol, as well as perform braking. In the locked wheel state, the tire i3
unable to contribute to directional confrol.

There 15 a need for a friction model which complements the PIARC friction model for the above
reasons. A4 mathematical model for the behavior of the maximnm friction value has been
accomplished. It 15 m the following form:

FN (s)= @ 14

In this relation, i, 13 the maximm fiction value and 5, 15 the comesponding slip speed, also
known as the critical slip speed. In other words, when the tire is slipping on the pavemen: with
S slip speed while still rolling, it develops tipe, friction.

€ 15 a shape factor which is closely related to the speed constant (55) in the PIARC model. The

parameter ¢ determines the skewed shape of the full friction curve (ses figure 13). The Rado
model also Teats ., as & finction of surface and tire properties, measuring speed and slip
spesd.
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Figure 13. The PIARC and Bado friction models.

The Rado friction medel lends itself to determuning the actual friction curve for a brakimg
process from free rolling to a locked wheel state. Vanable slip measorement devices can utilize
this model to characterize their measurement with three parameters that fully deseribe the whole
fricion process (fheee Smme &) Utllizing different mathematical procedures, the three
parameters can be estimated from raw measured data. This reduces the thousands of measured
data poimnts making up the friction curve from a measurement to three numbers that together with
the mathematical form can re-create the whole friction curve.

The technique is characterized by doing controlled wheel braking on the measuring tire while
keeping a constant traveling speed. The measunng wheel is braked gradually from free rolling to
locked state through the range of available slip speeds.

By sampling hundreds of friction values at known slip speeds, a friction mumber curve is fitted to
the acquired data points. The equation for the friction mumber curve is determined An equation
for the maximum friction values is also derived Having the equations, friction values can be
estimated and presented for any slip- and shiding speeds, as well as different fraveling speeds
under the same environmental conditions.

The Fado friction model applied can directly report the IFL, FiNg, and Sp. In this model, Sp is the
derivative of the curve at the FNg, point, when it is transformed to a logarithmic form. Figure 13
depicts both the Bado and PIARC fniction models. Maximum friction values can be predicted
for the measured surface stripe at all other fraveling speeds for the same tire using this model
The FADO friction index is a three-mumber mdex—peal: friczion fpges), critical slip speed
(Seax), and the form factor (€ ).
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PAVEMENT FRICTION AND CONSTRUCTION DESIGN

The design and construction design of pavement with regard to fnction iz a relatively small
component of the overall pavement design process yet it 15 a critical component because of the
safety 1ssue. Its importance and complexity have increased over the vears due to mcreased
demands for safer roads and the desire for greater highway user comfort, which sometimes
contradicts friction.  Friction design requires a thorough understanding of the factors that
mfluence friction and knowledge of the materials and construction techmiques (ncluding
equipment) that ultimately dictate mitial and long-term frichion. It also requires an understanding
of the economic and engineering tradeoffs associated with different materials and technigues.
Analyzing and mdeed designing pavement surfaces for both new pavement souctures and a
rehabilitation acuvity so that they have adequate friction is a unique process that mvolves
udentifymg materials and constuction activifies that produce an appropriate combination of
micro-texfure and macro-texture.  Generally the micro-texture iz a fiunction of the type of
aggregate used in the surface mix or if it is a sealed pavement the function of the properties and
construction techniques used for the sealing, while the macro-texture 1s generally dictated by the
gradation'size of the aggregate in the mix or the type of texturing appliad to the surface of the in-
placemr.i

FRICTION AND DESIGN

Consideration of Aggregate in Friction Design

Az pointed gut in previcus section, texture plays a key role in the development of pavement—tire
frictional forces and is prmearnly govemed by the properties of the azgregate used i the
pavement surface. While asphalt binder and cement paste can affect micro-texture—particularly
Just after a surface mux 1s placed—it 15 aggregate that makes up the bulk of asphalt and concrete
nuxmres, and thus serves as the primary contact medium with the vehicle tires.

Agoregate generally is viewed as two distinet fractions—coarse aggregate and fine aggregate.
Coarse aggregate pieces are greater than the No. 4 sieve (0.19 in [4.75 mum]), with most pieces
between 0375 and 1.3 mn (9.5 and 38 mm). Fne aggregate, on the other hand, 15 the collection
of natural or crushed manufactured particles less than 0.19 in (4.73 mam). but greater than the MNa.
200 sieve (0.003 in [75 pm]).

Aggregate testing and characterization must be targeted to the fractionis) of aggregate in a nux
that will contrel the frictional performance. In general. for asphalt mixtures, it is the coarse
aggregate that controls, whereas for concrete mixes, it 1s the fine aggregate. Exceptions include
fine-graded asphalt mixes, where fine aggregates are in greater abundance, and concrete mixes in
which coarse aggregates are erther mtentionally exposed at the time of construction (exposed
aggregate concrete) or will become exposed m the future (e.g., diamond grinding/srooving,
surface abrading, porous concrete).
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Fesearch by Dahir and Henry (1978), Kandhal and Parker (1998). and Folliard and Smmth
(2003), ameong others, indicates that the following aggregate properfies have a sigmificant
mfluence on pavement friction performance:

+ Hardness.

+ Mineralogy (i.e., mineral compesition and structure].
Shape.

+  Texmure.

+  Angulanty.

+« Abrasion Fesistance.
+ Polish Fesistance.
Soundness.

Ageregate hardness and mineralogy largely dictate the wear characteristies (e durability,
polish) of the aggregate. Aggregates that exhibit the lughest levels of long-term friction are
typically composed of hard, strongly bonded, mterlocking mineral crystals (coarse grains)
embedded in a matrix of softer minerals (Kulakowski, 1990). The differences in grain size and
hardness provide a constantly renewed abrasive surface becanse of differential wear rates and the
breaking off of the harder grains from the softer matmix of softer minerals.

Ageregates made up of hard minerals alone typically resist wear and other forms of degradation,
vet may polish easily when subjected to traffic. Aggregates made up of moderately soft minerals
alone resist polishing, but wear at very fast rates when subjected to traffic. Thus, while a wear-
resistant aggregate 15 desired in the mixture, some weanng of the pavement surface must occur in
order to ensure good levels of skid resistance (Davis, 2001).

Az summanzed m table 11, aggregate angularity, shape, and texture are important parameters for
defining both micro-texture and macre-texture. Fine aggregates that exlubit angular edges and
cubical or rregular shapes generally provide lugher levels of nuero-texture, whereas those with
rounded edges or elongated shapes generslly produce lower micro-texture. For coarse
aggregates, sharp and angular particles mterlock and produce 2 deep macro-texture as compared
to more rounded, smooth particles. LMoregver, in asphalt mixes, platy (ie., flat and elongated)
aggregate particles tend to orient themselves homzontally, resulting in lower macro-texmre
depth.

Table 11. Effect of aggregate angularity. shape, and texture properties on
pavement friction.

Agzregate Agzregate Property | Effect of Azgregate Property on Pavement Friction
Fraction Asphalt Sarface Comcrete Snrface
Fine Anzularity and | Mo effect Cefines pavement micro-texiure, which
shape highly mmpacts ficton.
Taxturs o effect Little to mo effect
Coarse Anzularity and | Defnes pavemert macro-texnoe, which | If exposed. helps define pavement macro-
shape significantly  impacts fmcton  wia|textore, which impacts friction wia
hydroplaning potental. hydroplaning potental.
Tenturs Defines pavement micro-teniure, which | If exposed, helps define pavement micro-
highly mpacts ficton. texbure, which impacts Sicton
37
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The abrasion resistance of aggregates 15 an indicator of the aggregate resistance to mechanical
degradation.  The use of abrasion-resistant aggregates 13 important to aveid the breskdown of
fine and'or coarse sggregates. Dumng handling, stockpiling, mixing, and construction, the
breakdown of fine and'or coarse aggregates can sigmificantly alter the mix gradation, thereby
affecting the poresity of open-graded friction course (OGFC) asphalt mixes and porous conerste
nuxes. For conmerete mixes, it can result in the loss of strength due to the production of excess
fines in the concrete mux.  In asphalt mixes, the increase in fines can alter the volumetric
properties and result in insufficient binder or may comtribute to rutting and shoving.  After
construction, the breakdovwn of fine and/or coarse aggregates due to traffic shear forces can result
m a lzss of macro-texture.

Polish-resistant aggregates are those that are able to largely retain their harsh micro-texture under
the grmding and shearing effects of repeated traffic loadmgs. For asphalt surface mixes. 1t 15 the
hardness and mineralogy of the coarse aggregate particles that largely determine the degree of
polishing that takes place. For concrete nuxes, because the surface i3 composed primarily of
mortar and 1s mitially devoid of coarse aggregates, the polisling resistance of fine aggregates is
the meost crifical parameter (Folliard and Somth, 2003). The coarse aggregate becomes an
mfluencing factor only if 1t 13 made or becomes exposad.

Soundness refers to an aggregate’s ability to remst degradation camsed by climane/

wvironmental effects (ie, wetting and drying, freezing and thawing). Similar to abrasion
resistance, sound and durable aggregate properfies are important from the standpoint of aveoiding
the breakdown of fine and/or coarse aggregates. particularly when used in harsh climartes.

Agpregate Types and Charactenistics

Table 12, Natural Aggregates used for clup seals (Gransberg and James, 2003).

TYFE FERCENTAGE USE IN UNITED STATES

Limestons 37
Charizite 13
Gramite 35
Trap Rock 13
Sandstone 10
Nataral Gravels 38
Greywacke, Basalt 4

Aggregates can be either natural or synthetic in nature. The most commeonly used namral
aggregates are those obtained by quarrying and crushing recks. such as limestone, sandstone, and
granite. Natural aggregates may also consist of siream and bank gravels that are obtamed from
dredging, washing, and screening, and are usually crushed to mmprove their angularity
(Fuolakowska et al., 1990).
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Synthetic aggregates are obtamed by processing a wide variety of raw materials (namwral or
artificial). Sources of synthetic aggregates include such matenials as blast-fumace slag, fly ash,
and waste products from the glass, brick, tle, and other mdustries. The physical characteristics
of different symthetic aggregates vary considerably depending on the source material and the
manufacturing process. Becanse of these differences, the performance of these aggregates when
used n pavement surfaces can vary widely (Kulakowski et al., 19907).

In general, synthetic aggregates are less susceptible to polishing than natural aggregates, but they
tend to abrade more rapidly (Enlakowsk: et al., 1990).

MMost limestones are very susceptible to pelish. Apgpregates derived from serpetinite, soapstone,
siltstone, shale, and schists may also polish very rapidly (Eulakowski et al., 1990).

Ageregate Tests

Many laboratory material tests were note d i the lterature as being useful or pertinent in
defining aggregzate frictional properties. MMany of these same tests were reported m the state
friction survey (see lishng in appendix C) as being used to ensure the use of aggregates with
good frictional properties.

Several of the tests cited are often conducted for reasens other than friction performance. For
example, for concrete pavements, mineralogical tests are very lmportant m assessing the
potential development of alkali-sggregate reactivity, D-cracking, and spalling. For asphalt
pavements, coarse and fine aggregate particle shape and texnure are good indicators of permanent
deformation and fatigne cracking potential.

Based on recent comprehensive evaluations of aggregate tests related to performance (Kandhal
and Parker, 1998; Folliard and Snuth, 2003} and the proactive weork of various states—Maryland,
Michigan, Olie, New Vork, and Texas, to name a few—the following tests are considered to be
most relevant in characterizing frictional properties and potential performance.

Scratch Hardness (Mohs).

Petrographic Analysis (ASTM C 295).

Uncompacted Voids (UV) for Fme Agoregate (AASHTO T 304 or ASTM C 1232).
UV for Coarse Aggregate (AASHTO T 326).

Fractured-Face Particles (ASTR D 38210,

Micre-Deval for Fine Aggregates (Canadian Standards Association [CSA] A23.2-23A).
Micre-Deval for Coarse Aggregates (AASHTO TP 38 or ASTM D 6028).

LA Abrasion (AASHTO T 96 or ASTM C 131 for small-sized coarse aggregates: ASTM
C 535 for large-sized coarse aggregates).

Acid Inseluble Residue (ATR) (ASTM D 3042).

Polished Stome Value (PSV) (AASHTOT 272 and T 279 or ASTM E 303 and D 3319).
+ DMagnesmum Sulfate Soundness (AASHTO T 104 or ASTM C 88).
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Table 12 provides a brief deseription of each test and shows their recommended applications.
Further discussion about the selection of tests 15 provided below. If is important to note that each
test in of itself cannot be fully relied upon to predict friction performance. The selection and use
of multiple tests will add to the reliability, but, even then there is no total guarantee of friction
performance in the field Thus, it is essential that testing be used m conjunction with field
performance history to identify acceptable aggregate types.

40
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Table 13. Test methods for characterizing ageregate flictional properties.

-;‘EE;EE:."E #ﬁeﬂg’u Test Name Test Protocal Text Description Applicadons
Fough meamrs of the mesistincs of @ mmeral's surfacs to
screrchizg. Exprassed wsing a 1-to-10 scale 1 beizg wery soft,
Fiza Scratch Fardnass tesz Bichs 10 beang wary kard), bichs Eardness is detarmmined by chsarving | » Mew concrets sezfacings.
whether s surface & scoatched by muperads of a koowm or
Hord=azs ds3ned bardness
# New asphalt susfacings and asphale
Coarss Scratch Hardoess teat Bichs Same as abovs. ":_-“s usad for _r.r_:m "“f:r"“' L
« MNew concrate swrfacings (conveztional
2nd innovedve)”
Provides briaf descriptioss of commeozly ocoumming =ahirad or
Dascripiirs Womsnclatura artrficial ageragates from which =ineral agerageies are desived.
for Coestiteants of Cozcrata | ASTM C 254 Tia descrpticns provids a basis for undemstanding the potential
Agmeging sffacts oo pevemsst frictien of weng different zzgesame
Fiza =E cials. — - - - » Mg comcrets sesfacings.
MEnsralomy Uzad #o assess aggragate {17 oozstiment minerals and sructura, =
fia.  Aggugae ) 3) mimenlegy. and fe devslop o
o iman Putrogaphic A=alyis ASTM C 293 pacographic detzbase for aggrageis souces to sarve 2 a basds
Sir:u:_.p;_n_:;::\m fior linking aggregate somrces w0 prremsst feld performamcs
o (Folliard and Sxmith, 2003
D“'Er"-m"'_“ homi_m:lﬂ‘um I B i » Negw asphalt susfacings and asphale
c fior Comstiteants of Cozcrata | ASTH C 194 Same a5 abovs mixas used For fcton resherasion.
care Afzegata » Negw concrete surfacings (convesztional
Putromaphic Azalyis ASTM C 293 Same a5 above and innovasive).”

* For convantrozal PLC merfaces, whems coarss agemageses ars axpscted 1o be axposed, and meovative surfaces, such 2 porous concmets and axposed
aggragats concrate
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Table 13. Test methods for charactenizing aggregate fictional properties {contimued).

Aggregate Aggregate
Froperty Type Test Name Test Protocal Test Description Applicatons
Fine aggregate of prascrbsd gradation is allewsd to fow
throngh onfice of 2 fozzal and fill 2 §1-= Y 100-cny cyimdar.
Excess metarial is struck off and cylindar with 'mn..ah i
Fize Uzcompacted Voids (V)| AASHTO T 304 waighed. Uzcemparted void contant is -:-:r_p.md og s | M copemps psfacing
1ot for Sne aggragates {or ASTM C 1232) waight and the bulk dry specific mavity of te aggregam | T
{Erzdhal ot al 'I“"] Higher mcomparied woid coztents ara
!.m-:Lt the mesuli of meme Sactmed faces and renghar
. Aeorrmas, whick are desirabls for pavemens friction.
-‘}”j%‘”“_’-".-'- Skape, Coame aggregete clarity, shepe, and maxtuze can 5= |« Mew asphelt surbcizgs and zepkals
= laxnure Uscompacsed Voids U datarmined nsing p las similar to thoss described above for | moives weed Sar friction restoresion.
i ﬁﬁﬁ;.ﬂam-m; /| AAsHTO T 326" fine aggregates. Agwin, higher moompac roid comtsnbs ame | e Mew comerats sorfacizgs (convestional
- SERIAEE peoarally the mesult of momu factored faces and romgher| and inmnovative).*
Coasza Auortmas, whick are desirabls for pevemess fctica
Datarzings the amount (percest) of factmed-faced (an amgnler, | « Mew asphalt surfacizgs and aspkale
e Ean S o rough or booken wfice of an apmesal paricls] szaegate | mies wesd Sor friction restesation.
Fractured-Facs Panicles tasz | ASTM T 5211 pasticles, by vimmal inspecticom. The fracmmed face of sach |+ Mew concete smfacizgs (convestional
Agaregate particly must meat 2 sininune cross-sactiozal ares and innovasve).®
A fns aggregate szzople is srbjected to wet atmidon by plicing
Camadizs Stapdard iriu-:..-al_.: wish 0.37
Fize Micre-Diawel itz for Gos L-::cirLicr_ ’m;,;ﬁ watar. Tis jar is motated 2t 100 1p: *» Mow pozcrebe suracizgs
agaTegainG Ai3a14 N | aggregate demags o assessed by ooass loss "'33( 5] (comventional).
um) sigve. Higher percentagus of loss imdicate gm":l: potemtial
for zzzmogate brsakdown (Falliard and Smith, 2003).
AASHTOTSS
{or ASTM T 131 A &y ageragets sample i placed iz a steel dremn wdth smtn | e o0
Abrasion Waar [for small-sized cozme mez twal balls, axd the dmnz is rotared for 300 to ;:.':_s u.'.-ad for £
Rasistzzca LA Abrasion test AEETaElaE] 1000 revolitoms. Degradatiom by impect of the aggregim - e
ASTAIC 535 sazrple & dstarmined by the parcentags prssing the Mo, 12 (1.7- [ ¥ S¥ cencmwta sumaamgs [comrastons
Comm [for largs-sired coama |mm) sieve and dnngvzchie]

agEragies]]

Micre-Diewal tast for coarss
BIEEEG

AASHTO TP 5B
{or ASTM D 5928)

A cearsm aggragate semple ds subectsd to wet atticos by
placing it iu 2 steal jar with 0.373-in (7.5 -mm) dizmeter seal
Talls and watar. Tha jor is rotxed e 100 mmfur hours, afisr
which ageregate demega is esessad by mass Joss neing 2 Mo,
16 (1.1 E-peen)) sigwe

r asphat

Mew concrete sorfzcizgs (convestional
and innovesive)®

* Fer cooventional

PLC susfrces, wiem coarss apEmegatss ars expscted o be axposed, and meovainee surfaces, such 25 posous concrate 2nd exposed
AFETEFAE COLCTEl.
" Formerly AASHTO TP 56
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Table 13. Test methods for charactenizing aggregate fictional properties {contimued).

Aggregate Aggregate
Property Type Test Name Test Protocal Test Description Applicaton:
Estineates the parcent by wseight of i=eoloble, herd, zom-carboosts
Tasidus in crrbopat apEegates . limastons, dolomite), usizg
) Acid  Esolible  PBasidns Iydrochleric acid solstion to meact the caubonetes. Higher acid -
Fiza [AIE) teat ASTM I 3042 |u.=-:.l..l:.-i rasidus (AR values _u'_l ate largar parceniages of aliceous + Faw cencrate surfacings.
s, u._l:; m = d moore polish resistant than cechonate
maazsrials al gzal 1697
Agzume coupons {aggragmies embeddad in SpeRY rasiz) are
b lerated pelishing fzsing Brtisk polish
AASHTOTITE & ; o Lol hrs e e "[éfh? o e | o Soptal muboeg =
. e = | == (eoprassed & Brics udulim Yemsher ) usizg the | asphalt mixes used fr Scdon
Falish Raistezca F'c.l__.h.u. Stena Vs (PEV)) T hf.il'\’E 1k = Pooduwbom Testar. The SF valme associaed wish accelessted | mstoration.
e ':j"r.'..n.' - bl polishi=g it dafined a5 the polished stome walhe (PEV). which it 2 [« Naw comsTEtE surfact
2313) quaztriaime mpmsvm‘lrlcu of e ARETEEE & urm.l.na] Srictiomal :cnn-.-n::innL' and mmovatvel”
Coama chamcteristics.  Higher values of PV mdicate greater resistazce to
polish
« Naw mphelt surfacings 2=d
Fasidns asphalt mivas nsed for SHction
SR ) ASTM D 3042 Same as above. Tastoration.
= Ngw  comozens surfact
{comveetional and =movative®
Az aggragats sampls is immarsed o2 selwtion of magnesium sulfxe
for 2 paniod of 1€ to 18 hours 21 2 temperatuce of T0°F (2170 The
sezople @5 thee removed, dmined for 15 minuses, and oven-dried to 2
Fina constant waight {7 cycles of immersion and deying i fypical). Drsizg |+ New concrate surfacings.
the =enersion prac w st solutien pezetrasss the parmeable pors
- . Megzasun: Sulfrie | AASHTO T 10 spasEs of the aggregete Ovem drying debydmtes the solfate sl
Srmduais Seundness test {or ASTM C 28) pracipitied in tha porss.  Tis ozl sopansve force of the m-
Iydrateez wpon pe-imsariicn. simulates e expazsion of watar upes [ Tom = farms e=d
Ewazing. Upon completion of the Snal cycls, the sunph & seved one . IE.LI HE suramnE =
verious sieves and the paxinve weighted averags loss is repoetad 25 | 255 :_u-_ms RS S Smemen
Coamm - = - rastoration.

the sulfrie soundness loss Higher pancestages of loss mdicats lass
soand or dzrable aggragets (Fhamdal ot 2l, 1997)

= Naw  coDooets  SUNDGIZEE
{comreetional and ==ovative®

* For convanitona

PCC surfaces, whem coarss ageregesss ars sxpscied 1o be axposed, and m=craivee surfaces, such 25 porous concrate and sxposed
aggragats concrate.
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Ageragate Composifion/Spucture and Mineral Havdners

While a visual inspection (using the descriptive nomenclature in ASTWM C 294) of the subject
aggregate can provide a basic understanding of mineral composition and structure, nuch moere
detailed mformation can be obtained through advanced testing uwsing petrographic analysis
(ASTM C 293). Among other things, petrographic analysis provides important information on
the types and relative amounts of constituent minerals comprising an aggregate. Although Mohs
hardness test can be performed on the individual muneral components, an experienced
petrographer will know the approximate hardness values of each compenent. Thus, a range of
hardness can be established, as well as the proportion of hard versus soft minerals.

Ageragate Angularity, Shape, and Texmure

The wmcompacted voids (UV) test (AASHTO T 304 [ASTAL © 1232]) is the most commonly
used test for assessing fine aggregate angulamty, sphencity, and texture (Felliard and Smuth
2003).  As indicated by Meiminger (1992), this test does not require performing detailed
petrographic evaluations of shape and textrs.

Three feasible options for assessing coarse aggregates are the fractured-face particles test
(ASTM D 3821), the UV test (AASHTO T 326 [formerly AASHTO TP 56]), and the
flat/elongated particles test. Both the fractured-face and flat'elongated particles tests are used
extensively by highway agencies, primarily for the control of rutting m asphalt mixes. Because
of the concem for subjectivity with the former test, NCHEP Project £4-19 recommended the UV
test as a replacement for it (Prowell et al., 2003). However, given that the UV test has yet to be
adopted by any state, the option of either test is recommended. Furthemmore, becanse it 1s
believed that the fractured particles test conveys a lbefter sense of the micro-texmure
characteristics of an aggregate as compared to the flat‘elongated test, it is recommended over the
flat/elongated test.

Abrasion/TWear Resiztance

While the Micro-Deval test (AASHTO TP 38 [ASTM D 6928]) for coarse aggregates has been
reported (Felliard and Smith, 2003; Kandha] and Parker. 1998) in recent wears to be a befter
mdicator of the potential for aggregate breakdown, the LA Abrasion test is commenly used with
good success. Both tests are recomunended.

Polish Resistance

There are no direct tests for assessing fine aggregate polish charactenistics. The acid msoluble
residue (ATR) test (ASTM D 3042), which mdicates the amount of softer polishing carbonate
material in an aggregate. is widely used and accepted. and has been reported to best relate to
friction in concrete pavements. It is therefore recommended for fine aggregate.

For coarse aggregates, both the ATR test and the polished stene value (PSV) test (AASHTO T
278 & T 279 [ASTM E 303 & D 3319]) have been used with good success. Both tests are
recommended.
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It should be recognized that feasible altematives to the PSV test exist in the form of Circular
Track Polishing tests. Like the PSV test, these tests consist of polishing an aggregate sample
using an accelerated polishing device and then evaluating the micro-texture of the aggregate
using & frction testing device. Three particular tests examined in this study inchade the North
Carclina State University (NCSU) wear and pelishing test (represented by ASTM standard E
660, Standard Practice for Aecelerared Polishing of Aggrepates or Pavemenr Surfaces Using a
Small-Wheel, Cirenlar Track Poliching Maching), the Michigan aggregate wear test, and the
WNCAT polishing test.

The polishing devices msed m these tests are bigger than the accelerated polishing machme
(APM) used in the PSV test, with polishing tracks ranging from about 12 in (305 mm) (NCAT
devies) to 7 £t (2.1 m) (Michigan device) in diameter and test tires ranging from 8 in (203 num) in
diameter (NCAT device) to full-scale smooth friction test tires (Michigan device). Although the
size. configuration, and operation of these devices appear to simulate real-world conditions better
than the APM, the equipment and operational costs tend to be greater than the APM.

At 1ssue also i3 the availability and usage of the vanous polishing-type tests. MMceDaniel and
Coree (2003) reported that, although ASTM E 650 was re-approved in 2002, it 15 not being used
by the university or the North Carolina DOT. Further, no states reported using this test in the
WCHEP 1-43 frction survey. Though the Michigan DOT has reported good success with the
Micligan aggregate wear test (which uses a laboratory version of the ASTM towed friction
tester), it i3 the only agency that uses it.

The MNCAT test is primanly designed for mixture samples instead of aggregate samples.
Nomunal 20-in (508 mm) square slabs are polished and tested with the Dymamnie Friction Tester
(DFT) and Circular Texture Meter (CTM), resulting in both micro-texture and macro-texture
assessments of the prepared mux. This fest 15 more appropriate for use as a mix design and'or
QAQC test.

Soumaness

The test method considered to best characterize aggregate soundness 13 the sulfate soundness test
(AASHTO T 104 [ASTM C 88]). This widely used test was developed to simmlate, without the
need for refrigeration equipment, the effects of freeze-thaw water action on aggregate parficles
(Khandal and Parker, 1998).

Twe options for sulfate solution are given in this test—sodium sulfate and magnesium sulfate.
The preferred option 15 the latter, as it has been reported to produce less variation in mass loss
(Folliard and Smuth, 2003) and provide a better indication of good versus poor aggregates
(Kandhal and Parker, 1998},

Aporegate Test Critena

Just as there i3 no single test that can be nsed to distinguish good fnetion perfonmance from bad,
there 1s no single test value that can be used as a standard for the same purpose. The factors that
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mfluence friction performance do 3o in an mnteractive manner and on a contimuons scale, making
1t difficult to pinpeint specific discrimination values.

Nevertheless, past research and current practices dees shed light on what can be considered as
basic guidance in establishing friction performance-related test criteria. Table 13 provides
guideline values m the form of acceptable ranges for the tests recommended in the previous
section. It also presents and discusses the source information used to support the guideline
criterta.  The information presented pertains to fypical virgin aggregates and may not apply to
lightweight, heavyweight, or recycled aggregates.

46

C-46



Table 14. Typical range of test values for aggregate properties.

Aggregaie i Tvpical Property Ramge for . .
Fraperry Test Tvpe Good Friction Performance® Supporfizg Decumenesdon
Mok Scraick Hardeess =& # Dabir and Haory (1872} provided Miohs hesdeess valass for 2
e il = varisty of euinerals, as Sollows:
Hardzass Mok Scraick Hardmass gofﬁd:;g : 3._:2 5 63 Dizmond: 10 Faldspar: & -
Differantal bard=ass (hasd mee . Cormidum: 5 N
| Exerimacion (Comstueess of e — Group: 5-7
Comerets Aggragete) B - [LSArE agEeg Amphikela
Groarte: 7
Goarnet Group: 6.5 - 7.3
Oliviza Group: 6.3-7
Epidets Croup: § -7 Gyprom
Parcezt of Hard Fracticn Clialoadeny: &
SO0 70 * Az noted bry Dabir and Heory (197E), arbitcarily, but mthar widaly,
Agmagate Armificial Aggragate: 20 1040 Mlobs Hardoess of § bas beso weed as dividing oumber barweso
Composition | Exerimation (Comstueets of mingrals teomed 25 5oft and those femmeed 25 bard.
Stractara Comcrets C 5 % Duahir and Hanry (197E) raperted that agzoptes mada up of hand

Patrograpiic Analysis

150 to 300 pom, zvarage 200 pm

Elard Grain or Crystzl Shaps

Anguler Tips

reazst wear amd cibar

minarals ok
forms of degredation, yat oy polish sesily when subjscted to

ardness = 8) aloza fypreally

traffc. Aggmegabas made up of medarataly soft minemals (Mohs
bezdness of 3 to §) aleos mesist pelishing, bat wear quickly whes
subjectad te maffic.

v Thea bdeal coarss aggmgess should consist of 50 o 70 percent
coarsa-graingd a=d hard minamls ambeddad &= 2 pamix of 30 62 50
parcsnt softar minerals (Dekor and Heesy, 1873).  Coame

agarezates thet contmin lasger and mome angular monecz] Eins or

tals axhibi higher kevals of micro-teocrars 2nd heve 2 hogher

Eictional resistance.

C-47




Table 14. Typical range of test values for aggregate properties (contimed).

Aggregate

Aggregate

Tvpical Property Ramge for

Froperty Type Test Type (Good Fricdon Performance® Supporting Decumentation
v oidalime value of 45% mizmmm i bassd solily oo addrassizg
angss deformmton comcerns (x5 moted by Prowsll st al
Fiza Uncompacted Vioids cozteat, %e =43 saveral sexdies have supported the 43% mini=mmm oseria)
e ressarck was availsble te ndicate whet mizimur valug should
- _ _ . _ e wead fom a Sicton performancs smndpoint
Shems, & Uncompacted Viaids cozsent. %e =43
Taxiurs - 5 5 i 3 » Goideling wahe of 0% mizimum s based oo adémssing rothizg
'i"'m EE I:.IL n:-l.'.l _L_S_Df 13 =) poteatizl (2s 'IJ!EP-'E':I. by Poowsll et al. [2003], 2 reasonzbls
Coarss . £t Fa: omcn, AmEe mimi=rm faget for high mefic pavements is 95% with fwo ar
Fractarad-Face Particks At luzsz 30% by waight of the combined pzegates A
. mors .:L.s_m‘l fapas). Ko resserch was mailable to indicats what
ratained on Mo, 4 (4.75 mm) steve should havse oo or o criteria g Ba tied Srom 1 Sstion parfarmnca
mers achanically Sactared facss. stemdoaint - - i
Fiza Micro-Duval, % Loss =15mH + PBassarch parformed mder MCHEP Project 4-19 (Kandhal a=d
Poxlar, 1995 msulisd m 2 reccoomesdatiom of 18% 25 the
MEcro-Dieral % Less 172220 meimum allowzble pucsntige loss. Onfaro has lozgstandizg
e o = raquiremnent of 17% for aggregate msed = merface courses
{Bandbal and Parkez, 190981,
* Az repocted by Prowsll st 2l. (2007), the LA shrasion test i wsed
snnansvaly l:l:- simte AERTClEs, with spectiication velues rangizg
Rasdstamen Coarss fom 30 o 3% mewimon: and the most Sequently ooted
specification T2l being 0% maxizram
LA Abrasioz, % Loss = 3584t » W et 2l (1958) 'v:hmd that majerty of striss bave 2 maocmee

allowable Joss of 40 or 45%. and nomd the: critass are mors
rastrictive for surfacs coursss than bass coumas.

FETWA (2005) recommezdad rezgs of 35 to 45% 25 maxommm less
nsing the LA Abrasion test.
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Table 14. Typical range of test values for aggregate properties (contimed).

Aggregate
Froperty

Aggregate
Irpe

Test Tvpe

Tvpical Property Ramge for

(Good Fricdon Performance®

Supportizg Decumenesdon

Polisk
Easdstamoe

Fiza

Arid I=solable Basidus (ATR), %

=4 &l

Coarss

AIR, %2

# Dabir and Hanry (197E) rcoormseded 30 to 70 percest pominmme

paveIIEnts

iang (2003), Eepmcky DOT specifies %

i A aggragate SOTTCes.

v Liang and Chkwi (2000} reported that Wew Yook DOT mequires
oz of 15%% for ADT greeter than 3000 vel/day.

Polished S2ome Veloe (PEW)

# Taxas DOT critecia for PSV for &iffamnt taffc levals (Liang and
Chyi, 2000%
#ADT = ﬁu Mo requimeo
= ADT babwean 730 amd
= ADT babxean 2,000 a=d
=ADT =5000: 32 =,

* Lowisiama DOT govarss w
levals of PSV ".I_auz 2003
-Fl:lcllmi'r_ngl PRV =37
# Friction Ratmg I: PS5V bataresn. 35 and 37
= Fricticn Racmg Il PEV babwesn 24 and 30
= Frictica Ratmg IV: PAV betwasz 20 and 19

* Now Jumey DOT mted surfacs coarss aggr:gmn'. with mmimun:
PEW batwesn 17 and 30 25 margingl z=d with minimem PEW
mmaear than 30 & good (Limng, 2003). To ensure vear-rowzd
SM405 geatar thes 3%, thev secommended minisvmm PSV of 33
(Liang, 2003).

+ Tenzesses Dﬁ"l' cﬂn:u.'lzn. agaregas based oz silica doxide

Vlmu:u'_

ss of aspialt ooiwhurss based oo four

LOT specifies mimimmm PEY of 38 for aggregeies io be nsed
in surfacs courses (Lizng 2003).

+ Semior aod Bogees (1591 recoommended minizrom PEV of 30 for
high-volume readways iz O=tario.

Soundnges

L

Suliate Sa

[ c_}wc'.n:]

% Loss

=100

Coarss

3L

Sulfate o

{3 cycles)

%2 Loss

=102

¢ Whils Eandhal se 2l (1857 reperted 2 fair s ramgs (10 to 30
in the maxi=rom antage lom spec by some siades
subsequent ressarch performed under NOERP Peoject 4-19
‘}.Ln:[hL and Parker, .5‘5'-5 resulted in a mcommandation of 18%:
25 the pmaxinm=n val=a.

+ FITWA 2007 mcommended 2 mzgs of 15 o 20% 25 the
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Surface Mix Tvpes and Texturing Technigues

Pavement surface drainage is in part 2 fimction of the surface macro-texture, and macro-texmre
15 defined largely by the aggregate gradation characteristics and fimish gquality of the surface mux.
Surfaces with greater amounts of macro-texture provide greater resistance to sliding wia
hysteresis, and they help facilitate drainage, thereby reducing the potential for wvehicle
hydroplaning.

Several different surface mux types and finishing'texturing techmiques are available for use in
constructing new pavements and overlays, or for restoring friction on existing pavements.
Tables 14 and 15 describe the more commenly used mix types and texturing techmigues,
respectively, and they present the typical macro-texmre levels achieved and how those levels
mfluence hydroplaning  potential, noise, and splash/spray.  Considerations, such as
constructability, cost, and structural performance, are not discussed here, but they must be an
mtegral part of any policies developed for these nuxes and texturng technigues.

Design Policy for Friction and Texture

The way aggregates and/or surface mixtures/texmres are specified and selected for pavement
projects varies widely throughout the T75. While the NCHEP 143 state friction survey
(appendiz C) provides some indication of states’ cwrent practices, an earlier survey by
Jayawickrama et al. (1996) provided an insightful charactenization of friction design practices
that most likely hasn't changed. The approaches are categorized as follows:

* Category I—No Specific Guidelines to Address Skid Fesistance. Past expenence
mdicates that no prior classification of aggregates is necessary and. as such. no special
procedure is followed to ascertain that the frictional characteristics of the aggregate used
are satisfactory. The pnimary reason cited for such a pelicy is the availability of good
quality aggregates.

+ Category [[—Slad Besistance 15 Accounted for Through Mix Design.  States m thus
category also do not use any procedure to evalnate the frictional properties of their
aggregates. Instead, they base their friction policies on proper mix desisn. Agan, the
experience of these states has indicated that they have ne major problems related to
pavement friction.

+ Category [II—INo Specific Guidelines to Address Skid Besistance. States in this category
consider friction of swrface courses in the design of new pavements. Sufficient friction is
obtained by controlling the quality of aggregate used m the construction of the pavement
surface courses. Quality of the aggregates 15 controlled through experience by specifymg
the fype and allowable percentages of a particular type of aggregate.

¢ (Category IV—Evaluate Aggregate Frictional Properties Using Laboratory Test
Procedures. States in this category use laboratory tests, such as AIE, PSV, fractured
particles, and soundness. to determme the acceptability of an aggregate or aggregate
source for a particular job.

+ Category V—Incorporates Field Performance i Aggregate Qualification—With
shortcomings m the corelation between laboratory test results and acmal field

C-50



performance, some states meorporate a two-pronged design appreach consisting of
laboratory testing and historical field performance.
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Table 13. Asphalt pavement

surface nux types and texturing technigues.

Applicadon

Mz’
Texrure Tvpe

Deescription

MMacro-texture

General Remarles

New AC or AC
Orouelay

Dienme  Fing-Graded
EMA

Danse-gradad HMA i a denss, contmmonshy graded mxixmrs of coama and | T

fme mgeegabes, mineral Sller. and aspialt cemant (5 to 8 parcest) i
prosdaced m 2 hot-peix pla=t, dabvarsd, spread, and compacisd oz @te

Danse-graded HMA czz be medified with polymess or crumb mubber®, and
mzy inchide recyclsd metecials. Noounel mewimun siges for serfacing
applications cez ramgs fromn {38 in (8 mom)) 4o 0.75 in (19,0 mm).

Fing EMA moixes contaim gradations thet pass abows the MDL at the Wo. B
sisve (WEDOT, 2005}

Incrazsad hydroplini=g potantial comesponding
1o increzsad roting over Hma.

Miodarzss o kigh splash/spray levels.
Low oeism,  Moiss beoefits decrezss
wirfece waer (Wayson, 1993).

witk

Disnis Coarss- | Coamig HMA nuixes bave gradations the: pass below the maxinwem dessdty » Increzsed hydroplaning potential correspendizg
Craded HMA line (MDY 2t the Ne. 8 steve (WIDOT, 2005 1o increzsad ratting over fime.
» Modersss fo kigh splach/spray levels.
v Lo notsa.
Gap-Graded  HMA | 5MA & 2 gup-geded mixiure of coune zxzemie (rpucally, 0.4 o 0.6 o [10 + Baduced kydroplaning potential
ar to 15 zom]), Ellse, Ebers and polymar-modified asphals (hpically, betaes 6 | 0. { | »  Baduced splashispray (Margeemnaiar, 2004)
B H Matrix |2nd ¥ parcent) produced in 2 botmix plane [t primary advenizge is | (Hanson and Prowsll, |+ Baduced moise (Marganmaies, 2004).
Asphalt (SMAY mesistance fo deformedion, but sis relbibvely coemm susface yislds good | 2004; Richardson, |+ Fxcellems long-tame mf nasissancs Ealps ksap
fFictional characharstics. 1800, - =

Irycreplaning potanizal Lo,

Increzssd durehdity and abmasion mesiatazoe
{Emzary at al., 1583).

Baduced glame (Eomary ot al., 1503),

Opee-Graded HMA

OGFC is an opsn-graded mixtore of mostly coame agzegats, mizaml Sllar,

Beduced potsocal for by :Ir:v:hl'_'n! (FHWAL

ar and asphalt cament (3 to § percant). :1 is :.\md'uc:d. i 2 hot-mix plant, contins (13 1320; WHI, 1988; Neyrs stal, )
Crpee-Graded a high FeTeiEe of @ir vedds (17-22 perce=t) o the mix, and is spreed and | 3.0 :nn] (\:Iwgudz ol e B_p.c_.cgd splesh'spray (FETWA, ]nn Toyze &t
Frictiom Comrs | cempacted oz site. Fricticn, sxturs, aud draizage properses cam ba controlled | 21, 2002; Hansen and

[oeFcr ! rity, and ops. Opss-gaded HMA can [ Frowsll, 2004) . n.n..:;m neiss (FHWA. 1880; Moyes st al,

e e S wiith polyenars, Sbers, andor crumbs: rubbies®

2DDT).

Lozg-term fiction, noiss, amd splash'spozy
benefits dinszish 25 vodds Gl witk debris.
Feduced Eendlight glare (FHIR'AL 1996; Novce
st al, 2003).

i 2 Blend of 510 10 pescsnt asphalt cament, raclaimed tiss rubbas, and aditives in whick the subbsr compons=tis 17 02 20

t & total blind.  The mbber zmost react in the kot asphalt cesosnt wxficisztly to cause swelling of the roblar particles.
v Fize- e=d coamia- -gradad S As and CHEFCs are being devaloped and incsasmghy nsed
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Table 15. Asphalt pavement surface mix types and texturing techmigues (continuead).

M=/ Mazre-tezmre
Applicatien Texoare Type Descripoon Dhepihs General REemarls
Friction Chip Ssal Tian & traatment cnula.iu.i.r_g single-wized, Eigh-qualicy, ezgelar |Typically  emceeds |+ Raduced h:.'dr:c.\l::'ng potntial  and
Fastoration of aggregates (03F to 063 m [9.5 to 15 mm]), spread over and rolled inte 2 i 1 ) wpl e ' ey
Exist=g AC liguid asphalt er aspkals smulzen hludu Aggragates ars Lomtmas pre- » Low to modaeribe ooise; higher zodss of
Parcsmant ccated with zplale dsion prior io s;:md.u:r Commpleted werface 5 | G largar-sizad ageragesss used
somehat cosa, ¥ g good Enctional charactenstics. Jzmias, B00%; | & Limmited wee on higk-volmms roads dus tol
Mocksmsmurm st 2l | Jooes chips (VHL [558).
2007y
Slumry Seal ’:'JL;:r:.'mu:r' 2 '.:-fﬁ.m 1;:9.,;?& mingral Sllar, 2nd arphalt commlsion. Thery | Typically mange ¢ Foduced Evéeplming  possntal (WHI,
1 =z n'ﬂmur :Io:]:iu! EEERE. “ul mars | fom 001 b 0025 1998).
in {03 to f.6me). |s Lowte muodarats notss
Micro-Surfacing Typically range |* Redoced Eydroplning potental  (HIL
{polvmar-modiSed ml.mml :|IJ-xr am:l 'n:-l.mw-mor_Ead 2y c Fom 0.02 to 004 @n 199E).
shirry seal) tack coat amd iz capabls of baizg :pr.z:l in v J.u:-l. 1h1-:'|n:n vars forrmt- | (05 to 1 mm) |« Low o modarate notss.
filling, corection courses, and wearng coems apphicaiions McMeemey & 2l
2000; Hapsom and
Wallar, 2005
HALA Overlay Ses HMA surface mves abovs.
Tlina-Tein Polymer- | Tefn  gap-graded aspkali surfacss placed usimg specialized eqguipmeed | Typically  axoeeds |+ Redeced hydroplaning poisetial (Uhinseyss]
Modified Asphalt immediztely ovar a 1I:ud: :\J.\:mc\-mn:-u_fnd 'sl:halr armlsvon mamabrang. 1 y atal, 2003).
{n.g.. Konalkdp) Follewizg slight compaction the wxfecs provides 2 sesx-porous taxhume s Reeduced .-pl;-_'; mry ([Uklmeyar &t al,
. 3}
1. [e l-:.1. neiss (Hanry, 2000}
Epoxied  Synthatic | A very thin sorfscs teatment cozsdsting of & two-past pobymer rest= placed | Typically  axceeds | = Rn-t:_-cn-r_ Evdoplaning potential (HITEC,
Treatment (9.2, |on an existng pavemsnt amd coversd with 2 mez-pade agemegess of re- |006 m (15 mm) s
Tealgrip) worked stael slag (112 10 016 in [3 to 4 mm]) The surface is d (HITEC, 2003). . RD-C-'CH'- splash'spray.
substantially inpreve the frcticnal ckaractsnistics of paveozant: o Beduced noise (Fosmmal st 2l 2000
HITEL, 2003).
v Reduced glare
» Bt muited for bezwnly tmificked roads.
Fatarmrzg of | hlicro-hiiling Milling eguipment, consisting of ¢ salf-propelled mackime with carbeda reech [ Typdoally  axoeeds [+ Bedoced Eyéroplaning potantial
Existmg AC mounted on a rotating drom, opdzally meoves 075 0 125 in (19 60 32002 m {1 mm)|e Redwced moise
Pavsnmant :III.I:I'L:I fom the asphalt smiece. Spacing of cuts is approxinmtely 0.2 in (5 | (Yaron 2nd Mesich,

mm) vessus 62 ($-mm) oot of comvestiona] cold-zmli=g machines.
Basultizg woxfocs bas a £=q, smooth paarn that gives smoetar ids,

00%)
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Table 16. Concrete pavement surface mix types and texturing technicques.

Afiz’ Macro-tezmre Depth
Applicadon Texmure Tvpe Dhescripton Cremeral Remarks
Mow PO or P00 | Broom A long-bristled broom is mechenically or mammally dagged over the concrets surfece in | Typically ranges oo (s Incmased hydroplani=z poteetial
Croclay (longirzdinal svher the lomgiudinal or cemsvesse dmection. Texhue propectes ame conmelled by | 0.008 to 0016 m (0.2 20 [[-:;m-,,"ﬁﬁﬁj " o
CRDEvEIEE) sting the broom 2zgls, brists propartes (leogth, sceesh, densaty). and delay behind tha | 0.4 mom) (Hoarmer et 2l (« i
pavar. Uniform sixiaticos spproximetedy .06 to .12 in {15 %0 3.0 zmm) deep are produced | 2003)
Ty this mistied
g | Azn mverted sectiom of ardScal tof is dergged longrradinelly over 2 concrete surface | Typicelly ranges Som (=
fellowng :hl"cnm.m: e cuuh:ulhd by res=glowaring the :l..H:ocr 0.008 w0 0016 (0.2 20
0.4 o)) (Elosrmsr st 2l |
2003, FIIWA 1886),
but 2 desp texiure {min
doph of 004 = [10
me=]} has ‘saam
speciiiad”.
Bearlap Typically manges from [+ Incmased hydroplanisg potestal
{longinzdinal) =] '.\cupncr_.: L'\n -:uuh:ulhd by raising/lewraring J:. ruppn:rl 0.008 o 0.016in (0.2 20 and  splashispray  potential
Sallowing comcrets placament.  This psthed producss wniform | 0.4 =) (Hoermsr st 2l {Esory, 2000; Hear=ar o2 al,
008te0.12m (1. ":1c3|2r_"| desp smaiiaes o fhe morfce. 2003; THWA, 1998% 003N
# Rgducsd opotse (Hoaroer and
Smitk, 3
Longitzdimal Tine | A mechanical asssnzbly drags a wire comb of tnes (= 5 = [127 mm] long and 10 & [3 m] | Typicelly ranges fom |« Compamed to azsvarss Hzing,
wids) bekind the pavar (and usmlly followizg 2 berlap or turf dragh. Texfzra proparties 2o | 0.015 to 0.0+ i (0.4 20 reducad friction and mors raped
comtrolled by the tme angle, t=e I-mzih. tr=a span=g. and delay for mrfacs curmg. Greowmss | 1.0 mm) Hosemar =d refw of ficton detarioratos over
Eom 012 2 0 |" to & mme) deep 2=d 0.12 &= (3 mm) vids ars produced by thds | Samth, FTHWA time (Waynon, 199E).
machod, typically 'Diﬂf--!r': -—.-SI‘—""I 1886). » Improved resistence i lasscal
saidding.
» Incroased splashisprzy.
» Raducsd mmissior and sxterior
Transverss Ting cmplisked using mechods wmilar to leogimdinz] sning, however, tte mechezical * pdroplaning  potezsial
mbly dmgs the wire comb perpendioular to the pandng direction.  Vadzdons zclude ha==als' soove)
tmas § to 14* from perpendicelar a=d woing mndom or uniform tine spacing Raduced splash —
1.5 {12 i 38 mm). Incmsased whine wath wmifoom
Cansvee tioe.
* Raducid ool wilk zdom
skewsd tos (Wayson, 1598).
DR

Minngsota Depastment of Transperation.
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Table 16. Concrete pavement surface mix tvpes and texturmg technigques (continued).

Nfixf
Texmure Tvpe

Damoad Grizding
(lengitndizal)

% 2 gindzy bead of og-momtd SEamond
3 1o ]5' o) of cered ocTa rezfacn, laving
fw0lfm2md r_m:lnju_lﬂ
1n.=u:l-51uli'l-5m- 1] r_n'___hlL

cuzlisias of paw '-':Cpr.m::.r_r'-‘OCn:'.r VE

Gezeral Remarls
v FRaduced pdropliing potential (Floamer e al.
003

Bazdnred nodes (Foamer st 2l , 2003}

araded, small-damater azaregate am combemed mit conssn, pobacs, and wte
o 2 dreinabla sorface layer (Dpically § i [200 s deck). That surfacs bnver is

fonded to e undaclying wat or dry dames comcete Ly .q:v:ru:\ipmpu-.a-sm i

comirolled by agmragate sines md gadations. A vosds mngs froms 15 0025 pertest

Similar chamacteristics a: OGFC (e, reduced
Ioydroplazing potantial, redocsd splash speey, and
medoced moise (Hosmar ot al., Iﬁﬂ"

.-".::r ratardar 5 mﬁhw_n\: tha wat comerats nurScs and fee mrbes s prowcted for

Aer 12 0 24 hoes, th unsst mortar iz menoved to 2 depsh of 00 to 0.0E ©
-'I £0 2 =) using a powsr broem. The large dizereier agmmegehe & axposed by
:\t:-ca-sslm:i"l.mr.fmm..i

Fadured nydroplami=g potarsal.

*
(o Low splxb'spray (Eosmar st 2L, 2003
»  Low zeiss (Hoarpar e al., 2003).

Friction HRA Crosarlary Saw FVIA warface minas shove.
Rastorztion

Existing

FPavamant®

Fataxhmng Deamead Grzding | Sae diznmond greding abore
Existing {longitndeal

Pavamazt Longitodizal Tiamnond

A selfpropeled mooning macking s lengindinal gosss = e road murdace 2bout
012 80 025 in (3 to § =) desp and speced 0.7 to 15 (13 to 38 mm) opart. This
mwthod 2dds mmcro-taxiure for draimgs ot eles oo the onmnad surfros for moiore-
WD

Traditiens] mez=s of fmpeoning foction i higk-
crash Jocaticns (Eloamar gt al., 2003)

Increased  dmimege  redecss  nvdroplezing
potantizl znd splash'sprzy.

Increased xanal conirol af trmasoss and sopar-
alevarted curves (Hoerar o al.. 2003).

Conpleted In a meence mmvr to loogind=al dizvond groeens, sxcept the Eooms
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Thus, while some states are formate to have good quality azgregates or are less in need of
special mixes or textures for macro-texture, others are compelled, at some level, to more fully
evaluate and specify their aggregates and mixes texmres.

Presented in the sections below are some of the friction design practices reported in the literature
and through the surveys and interviews with selected state agencies. The practices described
represent examples of how waffic and other site conditions can be utilized in specifying
aggregates and mixestexmres.

Hlingis DOT

The Mmois DOT selects and designs pavement surfaces in accordance with the following criteria
(Foowden, 2004):

+ PCC Pavements: Fnal finishing on nghways with posted speed linuts i excess of 40
muhr (85 kmvhr) recerves a Type A final fimsh (transverse tiung with 0.75-mn [19-mm]
spacing, 0.1- to 0.123-1n [2.5- to 3. 1-mm] width, and 0.123- to 0.19-in [3.1- to 4.8-mm]
depth. Final finishing on highways with posted speed limits not exceeding 40 mph (63
kmv'hr) receives a Type A or Type B (artificial turf drag) final finish.

« HMAC Pavements: New surface courses must have friction qualities equivalent to or
greater than those provided by the following gmidelines. Traffic levels from the expected
vear of construction are used to determumne the mixtare.
= Mixture C is nsed as the Class I surface course on roads and streets having an ADT of
5,000 veh/day or less.

= Ddixture D is used as the Class I surface course on two-lane roads and streets having
an ADT greater than 3,000 veh/day. on four-lane ighways having an ADT betwvesn
5,001 and 23,000 veh/day, and on six-lane {or greater) ighways having an ADT of
60,000 veh/day or less.

= Ddixture E 15 used as the Class I surface course on four-lane highways having an ADT
between 25,001 and 100,000 veh/day or on six-lane (or greater) highways having an
ADT between 60,001 and 100,000 veh/day.

= Ddixture F is used as the Class I surface course on any facility having an ADT greater
than 100,000 veh/day.

The HMAC specification describes the allowable coarse aggregates and proportions for use in
each mixture type. For instance, aggregates for mixture C may consist of one of the followmg:
crushed gravel, crushed stome, crushed sandstone, erushed slag, crushed steel slag, and gravel (in
certain mnstances). Aggregates for the highest mixture type (F), on the other hand, may only
consist of either crushed sandstone or crushed gravel or crushed stone (except limestone),
adeguately blended crushed sandstone.

Although the Department employs some friction-related lab tests, such as sodium sulfite

soundness and LA Abrasion, they place much greater emphasis on testing friction i the field and
hinking the results to the respective ageregates/aggregate sources.
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Louisiana DOT

Although the Lowstana DOT does not utilize a fiction demand 1dennfication process. the
Department does classify aggregates for asphalt mixtures according to four different friction
ratings, that are based on PSV test results (Rasoulian, 2004). These friction rating categones are
distingnished by laver and application, as illustrated below.

+ Friction Fating 1 (all mixtures): PS5V = 37

+ Friction Fating 2 (all mixtures): PSV =35 to 37.

« TFriction Rating 3 (all mixtures, except wearing courses with ADT = 7,000 veh/day):
PS5V =301to 34.

+ Friction Rating 4 (all moxtures except wearing courses): PSV =20 to 20

Maryland SHA

Maryland ensures HMAC friction by recommending nunimum levels of coarse aggregate PSVin
the HMAC nuxture. The actual PSV required to ensure adequate levels of pavement surface
friction is dependent on friction demanded by a specific site (Le., site category) and expected
traffic level, as depicted in table 17 (Flintsch et al, 2002). Accordmg to the Maryland
procedure, the use of limestone, marble, or serpent aggregates mn the surface mixture 13 avolded
regardless of therr PSV value.

Table 17. Recommended levels of aggregate PSV for various site and friction requirement
categortes (Flintsch et al, 2002).

PSSV of Coarse Azpresates

E:;ﬁr (Heavy Commercial Vebicles per Lame per Desizn FN

150 1000 L7500 (X500 | 32350 4,000
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Michigan DOT

Michigan deternunes the polishing potential of HMAC coarse aggregates for design of high-
friction pavements through laberatory testng (wear track testing or petrographic amalysis)
(Skermitt, 2004). The wear-track testing program consists of a large-scale mdeor polishing track
and a tire-mounted friction tester. Aggregate test specimens are subjected to 4 mullion wheel
passes on the wear mack, during which surface friction i3 measured. The normalized walue of
friction at the end of the test 13 used to caleulate an Aggregate Wear Index (AWT), which 13 a
measure of the polishing potential of the agoregate source tested. Apgregates are specified for
use as follows, based on anticipated traffic (Liang, 2003):

+« ADT <100 veh/day/lane: no AWI requirement.
¢« ADT =100 and = 300 veh/daylane: AWI =220,
¢ ADT =500 veh/day/lane: AWI = 260.

Pennsvlvama DOT

All coarse aggregate sources approved by the Penmsylvania DOT are assigned a Skid Fesistance
Level (SEL) ranng that 15 used to decide (for asphalt wearing courses only) what aggregate
sources may be used in which wearing courses. The five levels of SEL ratings are defined as
low (L), mediom (M), good (G), high (H), and excellent (E). Based on the SEL, aggregates are
specified for pavements with different ADT values as follows (Liang, 2003):

ADT = 20,000 veh/day: E

5,000 = ADT = 20,000 veh/day: E, H, EM blend, or E/G blend.

3,000 = ADT = 5,000 veh/day: E, H, G. H'M blend, or E'L blend

1,000 = ADT = 3,000 veb/day: E H, G. M. H'L blend, G/ blend or E'L blend
ADT = 1,000 veh/day: Any

After the results of the above tests are awailable, they are evaluated and the SEL rating is
assigned to the new aggregate source, based on the petrography of the aggregate, and how
closely it matches that of older, petrographically similar aggregate sources whose skid
performance is known from previeus skid studies.

Texas DOT

Desigming for frictien in Texas begins with the identification of friction demand The Texas
DOT nses vartons factors for assessing overall friction demand, including rainfzll, traffic, speed,
trucks, grade, curves, intersections, cross slope, surface design life, and the macro-texmre of the
proposed surface (Stampley, 2004)

For asphalt pavements, the Department has developed an aggregate rating system that classifies
coarse aggregate source materials into four categeries (A, B, C, and D) to match their demand
classifications. These ratings are updated semi-anmually based on aggregate properties from
approved resources (Texas DOT, 2004). Source aggregates are rated according to PSV, LA
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Abrasion, and magnesinm sulfate soundness for HMAC and surface treatment applications.
Suggestions for blending are also provided (Texas DOT, 2004).

Framework for Conmrehensive Friction and Texturs Policy

Highway agencies are encouraged to develop or update policies conceming the friction and
texture design of new and restored pavements. Such policies should clearly define the azgregate
friction testing protocol (test types and eriteria) and surface mx‘texturing techmicues that are
applicable for different roadway types requiring different levels of friction. In essence, friction
design categories should be established that hink (a) the recommendsd level and types of
aggregate testing to be performed and (b) the recommended surfacing options, with readways
requiring different levels of micro-texture and maero-texure.

As a muimimum, friction design categories should be estzblished sccording to highway desizn
speed and fraffic {or desizn loadings i terms of equivalent single axle loads [ESALs]). since
these factors largely deternune micro-texture and macro-texture needs. Other factors that could
be used in establishing categories nclude roadway factlity type (Le., functional or lughway class,
access type), facility setting (rural, wban), chimate {e.g., wet, dry), number of lanes, and truck
percentages.

Although several factors can be used in establishing friction design categomes, the mumber of
categories should be limited to between three and five. In addition, agencies should be mmdful
of any existing classification schemes set forth in their wet-weather accident reduction programs,
materials andor construction specifications, or other pavement-related policies and systems, as
they may by and large reflect the desired fiction pricnities.

Table 18 provides an example illustration of fiction design categories. Five categories are
shown corresponding to a stmple matrix comprsed of five different facility types, two levels of
traffic, two types of climate, and two levels of speed In tlus example, design category I
represents those scenarios where friction and texture regquirements are lowest, whereas category
W represents those scenarios with the greatest requirements.

Once the design categories have been set. aggregate test protocols and nux/texture type options
can be developed for each category. The test protocel should list the specific tests fo be
performed and the criteria/parameters to be used. The criteria should be based on established
links between historical friction performance and laboratory test data.

Table 19 provides a matrix that can be used to n establishing tests and criteria for each design
category. Agencies likely alrsady ufilize some of the recommended tests as part of their standard
nux design processes. Such tests and comesponding eniteria, along with the basic critera given
m table 13, should serve as the basis for developing a more thorough testing protocol for fnetion
design. Agencies are advised to consider the interaction between tests and the consequences of
selecting specific criteia. As an example, some aggregates with high PSV values may not be
very resistant to abrasion (Prowell et al., 20035).
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Table 12, Example illustration of friction design categories used in developing friction design
poliey.

Friction Design Catesories
Dry Climate Wet Climate
N (annual precipitation <32 in)* (annual precipitation =32 in)*
Fagility Type _ Low Speed High Speed Low Speed High Speed
Traffic Volume (<50 mibr) [ (=50 milbry (<50 mibry | (50 milhr}®
Local & (AN I I
Frontage Foads
2-lane Low Il I 111
highways {ADT = 5,000 weh'day)*
High 1] m v
(ADT = 5,000 veh/day)*
2-lane roads Low 1] I 1] [11]
{ADT = 25,000 veh/day’®
High 1] m v
(ADT > 25,000 veb/day)®
§-lane roads Low 1] m v
{ADT = 50,000 veh'day)®
High 1] v I v
{ADT = 50,000 veh'day)"
Enirance & Al m v v v
Ext Famps
* Exampls break-put values. Agencies should define their own break-out values
lm= 254 mm 1 mitr=1.61 kmbr
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Table 19. Aggregate test requirements for friction design.

| Appregate Test Protocal
Design Aggzegate Alineral Hardoess Srucoare Composition ::&;L&IS\T‘:?:]H & Texmre
£Ere . . 195 4 30 " 582
Category | Fraction Alohs ASTAIC 1048 C 293 (ASTM C 1257 AASHTO T 326 ASTAI D 5821
Raquired Criteriz Fﬁu.i.l::ni Critezia Raquized Critecta Faguired Critariz F.ng' ad Critezia
Finz
: Crsene
Finz
| .
Conene
Fing
o _
Cingne
B Finz
o Ceneng
- Fing
. [
Table 19. Aggregate test requirements for friction design (continued).
| Aggregate Test Protocal
Diesizn egair Abrasion Wear Fesistance Polizh Fesdistance Soundness
b . AASHTO T 96 AASHTO TP 58 AASHTOTITE & TIT9 AASHTO T 104
Category | Fractica €54 AZ32-1A (ASTM C 131 & C535) | (ASTAID 6915) ASTMD 3042 {ASTME 303 & D 3319 [ASTM C 55)
Pagquimed | Coitenz | Reguired Critariz Raquired | Coiteria Raquired Critariz Faguired Critaria Fecuirad Coisaria
uee
1 .
Cse
Fine
| .
Cinrse
Fint
nr -
Cirrse
Fint
™ -
Cse
W Fune
Cinag
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Table 20 shows the types of asphalt mixes and concrete texmires that would be mest
applicable for the five example friction design categories. Simdlarly, table 20 shows the
types of restoration treatments mwost applicable for existing asphalt and comncrete
pavements for the five design categores. Micro-texture aspects aside. mixes/textures
with greater texture depths are generally more sppropriate for the higher friction demand
situations.

Because state experiences with the varions mixes, textures, and treatments will vary, and
because other viable options may exist or are currently being developed, agencies should
develop their own matmices for the design categories they create.  Such matrices should
also consider limitations of use with respect to noise, splash/spray, and other pavement—
tire interaction 1ssues.

Table 20. Fecommended mix and textures types for different friction design categonies.

Diesign Catepary Mew AC or AC Owverlay New POC or POC Qwverlay*

Biroom Drag

I DCuanse foa-graded HEMA EBurlxp Drag
Artificial Turf Dag
- Dinse fns-graded A E’TE’?E
Dianse coarse-mraded VA s
- Artficial Torf Drag

Artificial Torf Dmag’

Leanse foa-graded EMA

Trznmvarse Tine'

m DCwnse coarss-graded HMA Longimdinal Tina"
EMA Dianmozd Grind
Diansond Groovs
Diansa Ema-graded FOLA ;'_-ﬂ'-ﬁc.i_al T'?.:f ?.mg'
. Dinse coarss-graded HAMA 1“5‘--“_" oE .
I SNA Leoogtudinal Tine
;:.r.r Dianzoed Grind

Diamoed Groovs

Dranse coarss-mraded WA

Artficial Tarf Drag”
Tozomvarse Tins'
Longimdinal Tina"

v ShA Diapzoed Grind
OGFC Diansoed Groovs
Parza: POC

Exposed Azsragess POC

* Based = part on FHRA
" Based in pazt oo ACPA
¢ Dhasp

Hearnar ot 2l 2003; FEHWA, 2003
ma, 25 par Minnecoty secification.
by burlap or forf drag.
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Table 21. Recommended restoration treatments for different friction design categories.

Diesign Catepary Exizting .h.glu]l: Paverment * E:is:ing Concrees Pavement ©

Chip Swal
I Micrs-quficing EEMA Craey
EMA Craglay Ctizmand Grinding
Ultra-thi= Pobymar ModiSed Asphalt
Chip Seal
SUSETY S0
e e EMA Crarlay
. ;-Dl?féu&_,mg Dizmond Coizding

itra-thiz Pobmmer ModiSsd Asphalt

L . ENIA Crvarlay
m }D:I?féu;:mg Dtizmond Grizding
oo Ctizmond Croevizg

EMA Crarlay

i rEacing®
Micreesurfacing Dizmond GrisSing

FMA Dralay Chizmaood Groovmizg
Micre-surfaring” ENA Crarlay
v HMA Owarday Dizmond GCr=dmg

Dtizmond CGroevizg

* Based = part on. ODOT, 2001; FHWA, 2003; Uhloeayer at 2., 2003,
" Based in past en FHWAL 2005,
¢ Dwezhls application for highar dasiz= categorias 1o szmme durable naen=g sorfaca.
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PROJECT-LEVEL FRICTION DESIGN

Project-level friction design entails selecting aggregates and mux fypes/texturing
techmigques that satisfy both mitial and long-term friction requirements. Although safety
over the established pavement design life is the paramount concem, the design process
should strive for the 1deal surface consisting of the following charactenstics:

+  Adequate levels of pavement fuction (produced by a sharp, gritty micro-texture).

+ Little or no decrease in pavement friction with increased speed (adequate levels of
macro-texture for effictent displacement of water on the pavement surface).

« Litle or no reduction in pavement friction with time and traffic applications

{durable, pelish and wear resistant surface.

Low levels of splash/spray.

Low nolse generation.

Low tire wear and rolling resistance.

Low glare.

A five-step process for desigming surfaces for new asphalt or conerste pavement. as well
as restoration treatments of existing asphalt or concrete pavement, i3 as follows:

Determine design friction and texture levels.
Select ageregates and conduet mix design.
Identify concrete pavement texturing technique.
Develop consuction specifications.

Formmlate design strategies.

L e B

These design steps are described in detail in the sections below.

Step 1—Determining Design Friction and Texture Levels

Design pavement friction'texfure levels mmust be selected to satisfy agency policy
requirements.  Ultnmately, the design fction/texture levels must ensure that adeguate
levels of frictiontexture are available throughout the design perigd.

Onece an agency sets a goal for friction for a class of road m their design process, the
texfure levels can be established by using equation 1 and the relationship between macro-

texture and the speed gradient given in ASTM E 1950, as outlined below.

Given the level of FN desired by the agency for the design, pairs of BFN (micro-texture)
and MTD {macro-texture) can be determmned as followrs:

From ASTME 1960:
FN{S) = FN(5,) = e

where:  FNi5) = Friction number at some selected ship speed 5.
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5 = Selected shp speed. mu/hr.

FN{5y = Friction number at some desired slip speed So.
Sa = Desired slip speed, mi‘hr.
Sp = Spead number, mi/hr.

And, Sp (inmuhr) 15 given in terms of MTD (in mnches) by,
5 = 1802*MTD-T725

EPN speed 15 about 623 mihr (10 kw'hr). Thus, FNYSy/ can be set to BPN at 5, equal to
6.253 mw'hr {10 km'hr). Furthermore, 1t 13 known that for a locked-wheel trailer, the
vehicle velocity I7is equal to shp speed 5. Substituting 5 with 7, BPN at 5 = 6.23 nu'hr
(10 knw'hr), and Sp as per equation 16 into equation 15, one gets the following:

HTIIT:" = .EP_-"\" * E-':'f-:-i'y] (1 B0E*MTD - 7125)

Solving for BPN gives the following relation of BPN as a fimction of FN{T) and MTLx

N

B.F?'q' - F_:"arl"?'jj * E{I'—ﬁ.:j] (1E0EMTD - 715

Consider an example where it 15 desired that a smooth tire give a friction mumber of 40 at
a speed limit of 40 nwhr (64 koo'hr). Then, FNA0S is FN(T) with F = 40 nmu'hr (64
km'hr) and equation 18 becomes as follows:

BEN = FN4OS * 379 0800a0-729)

Figure 12 1z a plot of eguation 19. To achieve the design fction level of 40, the pairs of
EPN and MTD given o table 20 are needed. The first set 15 not usable, as the scale for
EFN only goes from ( to 100. Therefore, one of the last four pairs would need to be
selected to give the minimnm MTD and BPN needed.

If the polishing characteristics have been measured or are already known, higher levels of
mucre-texture and'or macre-texture should be selected to meet the required levels at the
end of the design life. For example, if the polished BPN (1e., P5T7) and the MTD are
satisfactory, then the mitial BPN from the test would need to be specified. If the polished
EFN i3 too low and thus requires a MTD that 15 too high to meet, then a higher EFN or
different aggregate 1s neaded to get the required polished BPN at the end of the design
life.

This method 13 then a guide to find what levels of mucre-texmure (EPN) and macro-texture
(MTDY) are required to meet a design for a desired FAN. This can be usad in choosing the
aggregate that 15 known fo meet these requirements or laboratory tests can be used to
ensure the samples meet the required micro-texture and macre-texture.

A more robust method would be to use DF (20 of the DFT for BFN/100 and uss 5,= 12
mihr {20 kmv'hr) m the equations. The DF (200 has been shown to be much more
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repeatable (WASA Wallops mnway friction workshops). However, very few state
agencies presently have DET, but that 15 changing. Smartly, the following method could
use the DF (20).

An altemmative method for determining friction and texture requirements for asphalt
pavements was developed by Sullivan (2005). This method, illusrated in figure 14, uses
PEV and MPD to compute JFT (as given mn ASTM E 1960) and subsequently determine
the design vehicle stopping distance. Figure 135 shows an example vehicle response chart
for a selected speed of 50 mu/hr (80 kam/'hr).

EPN verses FN40S verses MTD
250
200 MTD
—e—0.013
150 —=— (0032
=
a 0.060
o
100 0115
—=—0171
a0
D T T T T T
20 25 30 5 40 45 50 55
FH405

Figure 14. Example of determining BPN and MTD neseded to achieve design friction
level.

Table 22. Pairs of MTD and BFN needed to achieve SN40S equal to 40.

MID, in 0.018 0.032 D060 0115 0.171
BPN 13447 TB.561 36.058 47353 24748
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"

Desigm Vehide Stopping Distance, m

Puliched Apgregate Friction Value
Figure 16. Illustration of vehicle response as function of PST and MTD (Sullivan, 2003).
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The method uses an equation for computing the MFPD based on key asphalt nux
characteristics {maxinmumm aggregate size, gradation, binder content). While historical
data on asphalt surface mix textures (or concrete pavement surface textures) can be used
m this process, the MPD equation {denived using comprehensive nux design and surface
texture data from the NCAT test track) gives the mix designer greater flexibility in
establishing & mux design that will mest fiction requirements.

Since most state agencies measure and use FIN40, the first method relates to FIN40.
However, the second method might be more practical for agencies since stopping
distance (5D may be more meaningful to the personnel that a fictien value. In reality,
the twe values are related to each other as 5D 1s the double integral of FN (V) multiphied
by gravity.

Step 2—Selection of Aggregates and Conduct of Mix Design

The most mmpertant factor in achieving long-lasting friction i3 aggregate selection.
Pavement designers must select aggregates that have the right physical, chemical, and
mechamical properties to satisfy both the imtial and long-term friction requirements of a
pavement project.

Aggregates must comply with the testing requirements established by the agency.
Aggregate samples should be submutted early m a project so that tests can be conducted
to determine their suitability and compliance with specifications. Generally, two or more
aggregate sources must be combined in appropriate percentages to meet project gradation
requirements. Aggregates not mesting the specified test parameters should be rejected
(prier to any mix design effort) and erther new materials should be subnutted and tested
or a suitable blend of good quality aggregates and the original aggregates should be
dentified.

hlicro-Texturs

As discussed earlier, micro-texture n asphalt surface muxes 15 provided by the coarse
aggregate surface texture. Coarse aggregates that exlubit “rough sandpaper” surface
textures provide higher levels of micro-texiure than those with smeeth “fine sandpaper™
textures.

Micro-texture in concrete surfaces is generally provided by the fine aggregates m the
cement mortar/paste (for concrete mixes with exposed aggregates, the surface properties
of the coarse aggregate will dictate micro-texture). Fine aggregates that exhibit angular
edges and cubical or irregular shapes generally provide lugher levels of micro-texture,
whereas those with rounded edges or elongated shapes generally produce lower miero-
texture.

Aggregates comprised of a matnix of both hard and soft nunerals offer a continmously
renewable micro-texture that helps ensure friction durability. Ascertaining the long-term
micre-texiure of the selected aggregzate 15 a cructal part of the design process. It generally
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entails etther retrieving historical PST™ test data (if available) for the aggregate or
aggregate source in question of conducting formal PST testing of the aggregate.

hlacro-Texture

Macro-texture in asphalt surface muxes (and exposed concrete surfaces) 1s primarily
governed by the size and gradation of the aggregate used. Generally speaking, the larger
the aggregates in the nux, the greater the macro-texture produced. Also influencing
macro-texture are mix voluneiric properties, such as voids in the mineral aggregate
(WVHIA), vouds in the total mix (VTL), and the percentage of aggregate passing the 0.38-
m (8 3-mm) through Ne. 10 {2.36-mm}) sieve sizes.

Mix type selection and design are important from the standpoint of identifying a nux with
sufficient macro-texture (MTD) that, when combined with the aggregate PST, satisfies
the friction design requirements (Step 1), Further discussion about asphalt mix design,
and in particular aggregate size/gradation and volumetic properties, is provided in the
sections below.

Ageragate Size

Aggregate size may be qualified in terms of either maximum size (M5) or nominal
maximum size (NA5). The MY of an aggregate 13 defined as the smallest sieve that all of
a particular aggregate mmst pass through. The NMS of an aggregate iz defined as the
smallest sieve size through which the major portion of the aggregate mst pass. The
NMYE steve may retain 3 to 15 percent of the aggregate depending on the size number.
Superpave defines NMS as one sieve size larger than the first sieve to retain more than 10
percent of the material (ASTM, 2004; ACT, 2000; Boberts et al, 1998).

Ageregate Gradation

The gradations of commonly nsed asphalt surface mixes can be categorized and described
as follows:

+  Dense- or well-graded—Fefers to a gradation that is near maxinmm density. The
most commen HMA mix designs tend to use either dense fine-graded or dense
coarse-graded aggregate.

* (Gap-graded—Fefers to a gradation that contams only a small percentage of
aggregate particles in the mid-size ramge. The curve 15 flat in the mid-size range.
Gap-graded surface nuxes include SMA and proprietary mixes such as NovaChip.

+  Open-graded—TFefers to a gradation that contains only a small percentage of
aggregate particles m the small range. This results m more air voids becanse
there are not enough small particles to fill m the voids between the larger
particles. The curve is flat and near-zero in the small-size range. Open-graded
surface mixes nclude OGEC.

+ Uniformly graded—Fefers to a gradation that contains most of the parficles m a
Very narrow size range. In essence, all the parficles are the same size. The curve
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1z steep and only occuples the narrow size range specified.  Conmon umiformly
graded surface mixes include most shury seals, micro-surfacing, and chip seals.

Figure 17 illustrates the four gradations listed above. Note that dense fine-graded HWMA
mixes contain gradations that pass above the maximum density line (MDL) at the No. 2
(2.36-mm) sieve, whereas the gradations for dense coarse-graded HMA pass below the
MDL at the No. B (2_36-mum) sieve.
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Figure 17. Typical asphalt mix ageregate gradations.

Percenrage of Aggregate Matevial Passing the 0.38-in (9. 5-mm) fhwough No. 10 (2 36-
mm Sieve Sizes

The percentage of material passng the 0.373-in (9.5-mm) through No. 10 (2.36-mm)
sieve sizes affzcts the asphalt mix maero-texmire. Evidence suggests that mereasing the
amount of material passing these sieve sizes reduces the asphalt mix macro-texture.
Generally, the amount of aggregate passing these sieve sizes depends on the asphalt nux
type (Le., dense graded open graded, and 30 on). To merease asphalt nnx macro-texmre,
the lower bound values of agency recommendations for percentage of aggregate material
passing these sieve sizes should be used.

Voids in the Mineral Aggvegate (TAA)
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Increasing the VMA mereases macro-texture and peoresity. Excessively high VMA can,
however, adversely affect asphalt mmx durabihity. Hence increasing this asphalt mix
property must be done with caution. Where a ].ug].l VMA is required to meet macro-
texfure requirements or to ensure that the asphalt mix is open or porous, additives (1e.
polymers) can be added to the mix to merease durability.

Typically, a minmmm VMA value ranging from 13 to 13 percent is specified a dense
aggregate mix. This value can be increased to enhance the asphalt mix maero-texmre
requiremtents by altering the packing characteristics of aggregate particles in the asphalt
mix. In particular, lowering the minus No. 200 content in a nuxture to the lower end of
the specification or reducing the amownt of ageregate particles between two successive
sieves (Le.. gap grading) will increase VMA and thus macro-texfure.

Eztimaring Texture Depeh Using Mix Design Parameters

Several studies have been conducted attempting to model texture depth as a function of
aggregate gradation'size characteristics and muix vohuwetric properties. Presented below
are three particular models reported in the literatore which could be considered for use n
as3235ing macro-texture of laboratory-designed asphalt mixes.

+« NCHEP Report 441 (Stoup-Gardiner and Brown, 20000—The model below
pradicts estimated mean texture depth (ETD)) based on aggregate size and
gradation charactenstics. As also shown, the sieve sizes associated with 10, 30,
and 60 percent passing are used to compute the coefficients of wniformty and
curvaire (Ce and O, respectively).

ETD =00198M5 — 0.004984P200 + 010380 + 0.004861Cy
whers: ETD = Estimated texmure depth (an estimate of MTD

computed usmg
POS ANy laser texture measursment.

MS = Maximum size of the aggregate, mm
F200 = Percentage passmg No. 200 (4.73-mm) sieve.
c = oL
I')I:- " D‘
o
cy = -
D,
Do = Sieve size associated with 10 percent passing, mm.
Dy = Sieve size associated with 30 percent passing, mm.
Do = Sieve size assoctated with 60 percent passing, mm.

+  Virginia Smart Road (Davis, ICICIIJ—‘-.-'Iean profile depth (MPLD) at the Virginia
Smart Foad, s measured using a laser profiler, was analyzed according to
mixture properties of the pavement to determune which ]:lm]:lertlf.-i had the largest
effect on MPD. The equation resulting from the regression analysis 15 provided
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below. The regression coefficient for the equation was 09724, indicating an
excellent fit.

MPD=-3506 + 0.1796¥NMS + 0.0013*P200 — 0.0204*TTA + 01503 ¥ML4

where: MPD = Mean profile depth.
NMS = Nominal maxinmm size of the aggregate.
F200 = Percentage passing No. 200 (4.73-mm) sieve.
T = Total voids in the mixture.
A = Woids in the mineral aggregate.

« NCAT-Denved Model (Sullivan, 2005%—The results of an evaluation of the
effect of mux gradation and binder content on in-service surface texture
measurements from 17 NCAT test nuxes found that texture depth can be
accurately estimated using binder content and the gradation’s weighted mean
distance from the MDL. The developed model is presented below. The
correlation between predicted and measured texture depth (in the form of MFPDY)
was excellent, with an B? of 0.95.

H[sws Maxdge) ™ x mu} %Pass }1 SivS J

whers: = Weighted distance from maximum
density line.
Sivs = Sieve size.
Maxdge = Maximum azgregate size in nux.
*ePass = Percent of mix passing the sieve size.

MPD=00250% +0.0370Q - 0.0265F, + 0.052
where: Py = Percent binder by weight.
Macro-Texture Durability

For asphalt mix types, high penmeability, ligh air voids, and thin asphalt coatings on
aggregate particles are the } primary canses of excessive agzing of the asphalt binder. This
aging contributes to lack of durability and hence, loss of long-term pavement friction.
(Kandhal, Foo, and Mallick, 1998). Thus, mix proportioning that ensures long-term
durability, and hence pavement friction, must optimize the asphalt mix properties.

In the special case of open-graded asphalt mixes, maimtaining the long-term durability
and pavement friction while ensuring a high porosity/permeability 15 required. Additives
and polvmers can be used to prevent meisture damage and execessive aging of the asphalt
binder.  Specific recommendations for ensuring durable asphalt mixes are presented
below.
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Denze, Uniform, and Gap-Graded Mixes—As a consequence of their low void

content and thick binder films, these mixes have generally proven to be durable

and resistant to age hardening. Some pavement friction-related considerations are

as follows:

= Make a careful choice of aggregate size, shape, and grading to produce a
dense asphalt surface that will mee: micro-texmre and macro-texnre
Tequirements.

= Lot the voids in the asphalt mix to ensure adequate durability. However, if
the void content is too low, deformation can occur resulting in a loss of
ImECTo-texture,

= Ensure a thick film of asphalt binder around the coarse aggregate to prevent
thin asphalt binder films and excessive aging. However, the binder content
mmst not be excessive to canse bleeding.

= SMA nuxes may require a stiff asphalt binder to ensure durability. This can
be achisved by using the harder asphalt binder grades or by addng polymers
to the binder.

Open-Graded Mixes—Mamtaming high levels of permeability/perosity are

mportant for maintaimng the drainage characteristics of open-graded asphalt

mixes. This 1s achieved by using open-graded aggregates held together by asphalt
binder to form & matix with intercommecting voids through which water can pass.

Unfornmately the interconnected voids allow excellent access to air; so aging and

embrittlement of the asphalt binder 1z potentially exacerbated. To ensure both

permeability and durability mn the long term, the followimg is reconumended for
design:

= E';.hal:u:e asphalt mix durability by using sefter grade binders and as high a
binder content as possible. The binder content mmst be optimized through
testing to ensure adsquate permeability.

= Avoid lean asphalt mixes, as these types of mixes are mostly not durable.

= Avoid rich asphalt nuxes, as these types of mixes are likely to flush/bleed,
resulting i patches of binder on the road surface cansing low pavement
friction and an impermeakle surface (poor drainage).

» The design binder comtent (optmuzed through testing) represents the
maximum quantity of binder that can be safely incorporated nto the porous
asphalt mux  without inmoducing  excessive binder drainage cansing
segregation during mixing, wansportation, and placement.

= Excessive binder content and/'or excessive mixing temperature causes binder
dramnage and mixture segregation during transpertation from the mixing plant,
leading to inconsistency of the finished surface, with areas either rich or lean
m binder content.

= Temperatwe conTols and maximuom target binder contents must be
mcorporated inte the design specification to reduce the ccowrmence of
defective surfaces.

= If it 13 necessary to improve bonding characteristics and durability, polymer-
modified binders should be nsed.
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Noize Considerations

The two biggest keys to producing low noise asphalt pavements are surface texture and
porosity (Wewcomb and Scofield, 2004). A surface which 15 relatively flat with veids in
it (i.e., negafive texture) has better acoustical performance than one that has protrusions
above the swface (Le.. positive texture).

For pavement-tire noise reduction, smaller maxinmum aggregate size and negative texture
are better (Newcomb and Scofield, 2004). Larger sized surface texture tends to produce
greater notse, which 1s why coarse chip and coarse-graded dense HMA surface mixes can
be noisier than those having a smaller mamimum aggregate size. Mixes contaming a 0.18
or 025 m (5 or 6 mm) maxinnun aggregate size produce the quistest pavements,
compared to reference dense-graded mixes containing & 0.55 or 0.62 in (14 or 16 mm)
maximum aggregate size.

Porosity in the surface is & means to achieve even further pavement—tire noise reduction
(MNewcomb and Scofield, 2004). OGFC combined with a smaller aggregate size is very
effective in redueing noise from maffic. Two-layer OGFCs (coarser underlying porous
layer and finer porous surface layer) help maintain safety and reduce noise.

In closing, while macro-texture should be kept as low as practical—in the 0.4- to 2.0-in
(10- to 50-mum) range—to reduce noise, it should not be done so at the price of good
surface fiction (Wayson, 1998).

Step 3—Identification of Concrete Pavement Texturing Technigque

Conerete surface macro-texture 15 generally detenmined by the type of texturing applied
to the surface of the concrete (whether freshly placed or hardened). As with asphalt
surface mixes, designers must identify a texturing application that produces sufficient
macro-texture (MTDY) that, when combined with the aggregate PSV, satisfies the friction
design requirements (Step 1). Extensive recommendations for applying the finishing
methods listed in table 15 have been presented m several references, including FHWA
Technical Advisory T 504036 (FHWA, 2005). The recommendations provided can be
used to enhance macro-texture for the texturing method selected.

Macro-Texture Durability

The stengthiabrasion properies of the cement morfarpaste largely determine the
wearmng charactenistics of mew concrete surfaces. Increasing the cement content {in
effect, decreasing the water-cement ratio) and implementing sound construction practices
maximizes cement paste/mortar strength and, thus, abrasion resistance. Additionally, the
use of air-entrained cement paste/mortar where freezing and thawing is encountered, can
relieve pressure in the paste during freezing, thereby redueing the potential for the paste
to crack.
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Noise Considerations

Tine or groove depth, width, spacing, and orientation are all major factors affecting
pavement-tire noise (Hoemer et al 2003). Transverse timings with umformly spaced
tines 0.5 m (13 mm) or greater have been found to produce an chjectionable tonal guality
(tire whine). Fandomly varving the transverse tine spacing can reduce the fonal quality
problems. Tire noise increases with tine width; research shows mixed data regarding
mapact of tine depth on noise.

Skewing of mansverse tining has been found to reduce pavement-tire noise (Hoemer et
al., 2003). Longimdinal tming, shallow turf drags. and abrading do not exlubit same
promunent objectionzble tonal spikes observed with unifenmn wansverse timng (Hoemer et
al., 2003).

Fecommended ransverse fiming types, with respect to noise are as follows (Hoemer and
Smuth, 2002):

+ Bepeated random, with spacing of 0.4 to 3.0 m (10 to 76 mm), depth of 0.125 in
to 0.25 m (3 to 6 mm), width of 0.125 m (3 mum), and skew of 1:6.

+ Repeated random. with spacing of 0.4 to 2.0 m (10 to 51 mm), depth of 0.125 in
to 0.23 mn (3 to 6 mm), width of 0.123 in (3 mm), and skew of 1:6.

Eecommended longidmal timng type, with respect to noise are as follows (Hoemer and
Smuth, 2002):

« Uniform, with spacing of 0.75 in (19 mm), depth of 0125 mto 025 m 3 10 &
), and width of 0,123 m (3 mm).

Finally, based on Wisconsin's results and Virginia's experience (FHWA, 1996), using
transverse and longiudinal tinmg together (e, cross-hatching) produces consistendy
higher total noise.

Step 4—Development of Construction Specifications

All agencies have standard specifications for construction of pavement surfaces. The
standards provide guidance on requirements for aggregates, mixes, handling, placement,
compaction, curing, and protection of new surfaces. For some agencies, these
specifications do not specifically address friction properties of the weanng surface. To
ensure quality friction on new or rehabilitated pavement surfaces, requirements for
aggregate properties and test methods presented in this section may be added to project
specifications as needed.

Special Provisions

Each project has a umgue set of requirements depending on the desizn and constmuction
constraints and special demands. These mclude such items as aggregate blending, noise
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nutigation. and guality assurance (QA4), which are clanfied m the special provisions of
the constmetion decuments and specifications.

Blending

Wormally, aggregates from fwo or more sources must be blended to mest the
specification limits. Several studies have reported that the blended aggregate properties
tend to be the same as the weightad average of the properties of the indvidnal aggregates.
Thus, the goal of blending aggregate is to set the percentages of each aggregate used such
that the final blend has properties that lies within the specification Limits of the tests to be
performed.

Cuality Assurarnce

A QA program often stpulates the frequency of testing aggregate sources. While no
specific guidance on the extent and frequency of testing 15 provided in this Guide, it is
sirongly suggested that an aggregate source be tested extensively whenever substantially
new aggregate deposits are to be used for pavement surfacmg. The extent and frequency
can be reduced as the agency becomes more familiar with the aggregate source and there
15 a history of performance for aggregates from the given source (Folliard and Smith,
2003).

Consauction Insues

Construction deficiencies and poor construction practices can contribute to inadeguate
frictien. Consfruction i1ssues nvolve conmol of aggregate and nux quality during
production, handling, stockpiling, muxing, placing, and finishing.  Friction restoration
treatments m particular, such as chip seals. shury seals, micro-surfacing, and propristary
surfaces, are susceptible to providing less than expected fnetion, if poor constuction
practices are eniploved

Step S—Formulation of Design Strategies

Both monetary and non-monetary factors are considered mn selecting preferred pavement
design strategy the various feasible zltermatives. The mam mputs required are (1)
estimates of costs, (2) estimates of benefits (1f the benefit cost option i3 selected, not that
benefit cost analysis i3 required enly if there 1z a significant difference in benefits
between altematives, and (3) non-menetary factors.
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Important cost elements related to the inclusion of surface fMetion in the design smategy

are:

+  Agency costs.

=

x

=

Additional design and enginesring costs.

Aporegate materials with required frictional properties.

Addittves, including polvmeers, to mmprove surface propertes and

performance.

Fregquency/duration of restoration activities.

«  Design sirategies mvolving frequent M&R are typically more costly
overall because of the effects of ighway user delay costs, traffic control,
and 5o on

«  Timing of M&E. can significantly escalate costs if M&R to restore surface
friction dees not concids with M&R to restore structural capacity.

Tort and legal exposure caused by madequate pavemen: friction.

+ User costs

2

=

Trawvel delays (time/delay) for friction restoration impact life cycle cost.
Friction can adversely influence pavement—tire factors such as tire wear,
rolling resistanee, and fiel consumption.
Safety associated factors that impact accident costs.

Frequency of accidents.

Walue of accidents.

Benefits from ensuring adeguate levels of friction throughout the pavement life are
quantified through:

+ Improved highway safety (L.e., reduction in aceident costs).

*

=

=

2

WValue of lives saved

Value of injuries avoided (medical, loss mcome, psychological damage).
Savings m pain and suffenng of crash victims and their famulies due to a
reduction in accidents.

Feductions in property damage due to reduction in accidents.

+ BReduction in legal exposure and cash seftlements for legal claims.

=

x

2

=

Medical care.

Wage loss and other economic payments.

Pamn and suffering, and other non-sconomic damages.
Legal fees.

WNon-menetary factors can be included m the decision matrix and addressed through (1)
agency policies and criteria on these factors and (2} appropriate weights to these factors
to reflect the mmportance assigned to them by the agency. The non-monetary design
considerations melude (AASHTO, 1993
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Service life.

Duration of construction.

Traffic conirol problems.

Beliabality, constructability, and maimtamability of design.

Non-menetary factors attributed to pavement friction include:

Pavement-tire noise.

Splash and spray.

Fuel consumption.

Beolling resistance and tire wear.
Reflectance and glare.
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