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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: 

• 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: 

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

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

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

• 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. 

• 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. 
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• 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. 
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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-
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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 
(λ) 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) 
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• Micro-texture (λ < 0.02 in [0.5 mm], A = 0.04 to 20 mils [1 to 500 µm])—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. 

• Macro-texture (λ = 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: 

 

• Mega-texture (λ = 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. 

• Wavelengths longer than the upper limit (20 in [500 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. 

 

 

Roughness/Unevenness 

Reference Length

Short stretch of 
road

Tire 
Mega-texture 

Amplification ca. 50 times

Amplification ca. 5 times

Amplification ca. 5 times

Road–Tire 
Contact Area 

Macro-texture 

Micro-texture 
Single 

Chipping
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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.  

 

 
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 

Asphalt 
(includes chip 
seal) 

Max. aggregate 
dimensions   X 

Coarse aggregate types X (surface 
roughness) X 

Fine aggregate types  X 
Mix gradation  X 
Mix air content  X 
Mix binder  X 

Concrete 

Coarse aggregate type 
X 
(for exposed 
aggregate PCC) 

X 
(for exposed 
aggregate PCC) 

Fine aggregate type X  

Mix gradation  X 
(for exposed 

10-6 10-5 10-4 10-3 10-2 10-1 100 101                m

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

Interior Noise 

Splash & Spray 

Rolling Resistance 

Tire/Vehicle Damage 

Texture Wavelength 

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

0.00001 0.0001 0.001 0.01 0.1 1 10 100           ft

Tire Wear 

Exterior Noise 

Pavement Friction 
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aggregate PCC) 
Texture dimensions and 
spacing  X 

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.   

 

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

The resistive force (characterized using the non-dimensional friction coefficient, μ) 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.  

 
Fw
F

=μ   (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 

  

 

 

Weight, FW 

Friction Force, F 

Direction of 
motion 

Rotation, ω 
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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. 

 

 

 
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. 

 

  (2) 

 

Hysteresis 
Depends mostly on macro-
level surface roughness 

Adhesion 
Depends mostly on micro-level 
surface roughness 

Rubber Element 

V

F

HA FFF +=
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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: 

 

  (3) 

 

where:   S   =  Slip speed, mi/hr 

       V  =  Vehicle speed, mi/hr 

       VP  =  Average peripheral speed of the tire, mi/hr 

       ω  =  Angular velocity of the tire, radians/sec 

       r   =  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: 

 

 

  (4) 

)68.0( rVVVS P ⋅⋅−=−= ω

100100 ⋅=⋅
−

=
V
S

V
VVSR P
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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 (FR).  The value a is a 
function of speed and increases with speed.  Thus, FR increases with speed. 

 

In the constant-braked mode (Figure 6), an additional force called the braking slip force (FB) is 
required to counter the added moment (MB) 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 (FB).  

 

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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Figure 5.  Rolling resistance force with a free-rolling tire at a constant speed on a bare, dry 

paved surface (Andresen and Wambold, 1999). 

 
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 
Characteristics 

Vehicle Operating 
Parameters 

 

Tire Properties 

 

Environment 

• Micro-texture 
• Macro-texture 
• Mega-texture/ 

• Slip speed 
 vehicle speed 
 braking action 

• Width 
• Tread design and 

condition 

• Climate 
 Wind 
 Temperature 

Peak friction

Critical slip 

Full 
sliding friction 

100 
(fully-locked) 

0 
(free rolling) 

Tire Slip, %

Coefficient 
of Friction 

Increased Braking 

Intermittent 
sliding 
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unevenness 
• Material properties 
• Temperature 

• Driving maneuver 
 turning 
 overtaking 

• Rubber composition 
and hardness 

• Inflation pressure 
• Load 
• Temperature 

 Water 
 rainfall 
 condensation 

 Snow and Ice 
• 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. 

 

 
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. 

 

 

 
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. 



18 

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 
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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).   
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−

−
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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. 

 

 
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 lb, 
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 lb 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 lb 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. 

 



24 

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 µm]). 

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 
Fraction Aggregate Property 

Effect of Aggregate Property on Pavement Friction 

Asphalt Surface Concrete Surface 

Fine Angularity and 
shape 

No effect. Defines pavement micro-texture, which 
highly impacts friction. 

Texture No effect. Little to no effect. 

Coarse Angularity and 
shape 

Defines pavement macro-texture, which 
significantly impacts friction via 
hydroplaning potential. 

If exposed, helps define pavement macro-
texture, which impacts friction via 
hydroplaning potential. 

Texture Defines pavement micro-texture, which 
highly impacts friction. 

If exposed, helps define pavement micro-
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. 



26 

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: 

• Friction 

• Macro-texture 

• 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. 

• 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. 

• 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. 

• 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. 

 

 

 



29 

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: 

• Simulation of traffic with pneumatic rolling wheels, 

• The achievement of at least 10 times accelerated polishing wear, and 

• 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. 



32 

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 47 / 2 36 / - 31 / 4     24 / 3 

Sandstone 54 / 3     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. 

 
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 I-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. 

 
Figure 15.  Onsite measurements and core drilling 



34 

 

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 

Fr
ic

tio
n 

0.35  0.60  0.37  0.73 

2  0.40  0.63  0.39  0.91 

3 0.44  0.64  0.43  0.93 

4  0.39  0.68  0.37  - 

5 0.39  0.64  0.40  - 

Average 0.39 0.64 0.39 0.86

1 

Te
xt

ur
e 

0.34  0.46  0.34  1.12 

2  0.42  0.51  0.43  1.24 

3 0.31  0.50  0.33  1.22 

 

4  0.33  0.38  0.35  - 

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. 
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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 

 

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”

Fi
ne

 A
gg
re
ga
te
  30%  Mix#1: 3 Samples        

50%     Mix#2: 3 Samples     

50%       Mix#3: 3 Samples   

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 

W/C  Water 
[Kg/m^3 (lb/ft^3)]  

 Cement 
[Kg/m^3 (lb/ft^3)]  

Sand/Agg 
(%) 

 Course aggregate 
[Kg/m^3 (lb/ft^3)] 

Sand 
[Kg/m^3 (lb/ft^3)]  

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 # 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 
  MFT-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 

Aggregate Aggregate Gradation Surface Code # of 
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 

Sieve Size Percent Passing 
AASHTO 

No. 57
AASHTO 

No. 8
AASHTO 

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 No. 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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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 
74”X30”X0.25” steel base with bolts welded to the surface to mount wooden sides. The sides 
measured 48.5”X26”X5” with a 0.5” spacer inserted at the midpoint of the mold to create two 
24”x26”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 

 
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: 

VP#57 Gr#57 VP#57 Gr#57
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

VP#57 SS#57 VP#57 SS#57
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

VP#57 VP#57
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 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

VP#57 VP#1 / #8 VP#57 VP#1 / #8
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

AE (ml) WR(ml)

Adjusted
Water
 (lb)

FA
(lb)

ABS(CA)
VP#57
(%)

ABS(CA)
VP#1 / #8

(%)

ABS(FA)
(%)

Adjusted CA
(lb)

Adjusted
 FA (lb)

Water
(lb)

Cement
(lb)

Fly Ash
(lb)

CA(lb)

ABS(CA)
Vanport
(%)

ABS(FA)
(%)

Adjusted CA
(lb)

Adjusted
 FA (lb)

Adjusted
Water
 (lb)

ABS(CA)
Sandstone

(%)

ABS(FA)
(%)

Adjusted CA
(lb)

Adjusted
 FA (lb)

Adjusted
Water
 (lb)

Water
(lb)

Cement
(lb)

Fly Ash
(lb)

CA(lb) FA
(lb)

Adjusted CA
(lb)

Adjusted
 FA (lb)

Adjusted
Water
 (lb)

Water
(lb)

Cement
(lb)

Fly Ash
(lb)

CA(lb) FA
(lb)

ABS(CA)
Vanport
(%)

Water
(lb)

Cement
(lb)

Fly Ash
(lb)

CA(lb) FA
(lb)

ABS(CA)
Vanport
(%)

ABS(CA)
Gravel
(%)

ABS(FA)
(%)
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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 Fraction Test MFT 
  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 #8 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: .....................................................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.   

2360

900

DRIVE MOTOR 

Φ300 PNEUMATIC TYRE 

CRANK FOR HEIGHT SETTING 

1260

363 

80 

Φ300 
HOT 
WATER 
INLET SUCTION 

OUTLET 

PONDED 
WATER 

LONGITUDINAL SECTION CROSS SECTION
 

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. 

 

 
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. 

 
Figure 25.  Deterioration of DFT friction levels with wearing 

 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0 50 100 150 200 250 300 350 400

Co
ef
fi
ci
en

t o
f F
ri
ct
io
n 
[‐
]

Number of Wearing Cycles [Thousands]

65 km/h

45 km/h

20 km/h

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0 1 10 100 1000

Co
ef
fi
ci
en

t o
f F
ri
ct
io
n 
[‐
]

Number of Wearing Cycles [Thousands]

65 km/h

45 km/h

20 km/h



51 

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. 

 

 
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 IFI 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 
km/h 

45 
km/h 

20 
km/h 

65 
km/h 

45 
km/h 

20 
km/h 

65 
km/h 

45 
km/h 

20 
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 45% 42% 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 42% 41% 32%
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 47% 45% 40%
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. 

 

 
Figure 27.  DFT friction decline for all surfaces 
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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. 

 

 
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: 

 

 PS
vtSpeedMeasuremen

tSpeedMeasuremen eFvF
−

⋅=)(  (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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 MPDSP ⋅+= 7.892.14  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
-ROL 

AST- 
G-70 

AST- 
G-30 

AST- 
S-70 

AST- 
S-30 

MFT- 
30-70 

MFT- 
70-30 

MAS- 
1-57 

MAS- 
8-57 

MAS- 
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. 

 

 
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: 

 

 PSeF
40

732.0081.060
−

⋅+=  (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 
ROL 

AST-
G-70 

AST-
G-30 

AST-
S-70 

AST-
S-30 

MFT-
30-70 

MFT-
70-30 

MAS- 
1-57 

MAS- 
8-57 

MAS-
8-1 

Initial 0.27 0.36 0.29 0.27 0.30 0.40 0.28 0.32 0.37 0.25 
15 Thousand Wearing Cycles 0.23 0.30 0.24 0.24 0.26 0.34 0.23 0.28 0.28 0.25 
30 Thousand Wearing Cycles 0.23 0.28 0.23 0.24 0.26 0.34 0.22 0.27 0.28 0.24 
60 Thousand Wearing Cycles 0.21 0.29 0.22 0.23 0.25 0.34 0.22 0.26 0.27 0.23 

120 Thousand Wearing Cycles 0.22 0.28 0.22 0.21 0.24 0.33 0.22 0.26 0.25 0.22 
240 Thousand Wearing Cycles 0.21 0.26 0.23 0.22 0.23 0.33 0.20 0.25 0.26 0.22 

360 Thousand Wearing Cycles 0.20 0.26 0.22 0.22 0.23 0.32 0.20 0.25 0.24 0.21 

 

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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IFI’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 33.  Complete surface performance of AST-G mixtures 

 
Figure 34.  Complete surface performance of AST-S mixtures 

 
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 

 

 
PSIFI

IFI
SmoothTire

e
B

AFFN 36.4
16040 −

−
⋅

−
=  (12) 

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 

AIFI; BIFI = parameters established by the PIARC International Experiment 

The parameter values in equation 12 are the following (from PIARC, 1995): 

 925.0;045.0 == IFIIFI BA  (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 
ROL 

AST-
G-70 

AST-
G-30 

AST-
S-70 

AST-
S-30 

MFT-
30-70 

MFT-
70-30 

MAS- 
1-57 

MAS- 
8-57 

MAS-
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 0.26 0.20 0.19 0.21 0.30 0.18 0.23 0.23 0.20 
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30 Thousand Wearing Cycles 0.18 0.24 0.18 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 0.23 0.17 0.16 0.19 0.29 0.17 0.22 0.21 0.17 
240 Thousand Wearing Cycles 0.16 0.22 0.18 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. 

 
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. 

II. 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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VI. 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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Initial Condition After 120K Cycles After 360K Cycles 

AST-G-70-2 

 

Initial Condition After 120K Cycles After 360K Cycles 

AST-S-30-1 

 

Initial Condition After 120K Cycles After 360K Cycles 

AST-S-30-2 

 

 

 

 



 

A-5 

 

Initial Condition After 120K Cycles After 360K Cycles 

AST-S-70-1 

 

Initial Condition After 120K Cycles After 360K Cycles 

AST-S-70-2 

 

Initial 
Condition 

After 120K Cycles After 360K Cycles 

? 

Control 57-1 

 



 

A-6 

 

Initial Condition After 120K Cycles After 360K Cycles 

? 

Control 57-2 

 

Initial Condition After 120K Cycles After 360K Cycles 

MFT-30-70-1 

 

Initial Condition After 120K Cycles After 360K Cycles 

MFT-30-70-2 

 

 

 

 



 

A-7 
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APPENDIX B:  TABULATED EXPERIMENT DATA 
 

Friction Measurements with the DFTester Device 
 

Surface 
Speed of 65 km/h 

(40 mph) 
Speed of 45 km/h 

(28 mph) 
Speed of 20 km/h 

(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 0.41 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  0.41 0.35 0.31 0.36 0.051 0.42 0.36 0.34 0.38 0.038 0.50 0.46 0.44 0.47 0.030 
CONTROL57-2-3OK  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 0.35 0.34 0.36 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 0.34 0.33 0.34 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 0.31 0.31 0.32 0.012 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 0.54 0.53 0.54 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 0.51 0.49 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 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   0.41 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 0.31 0.30 0.31 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 0.32 0.31 0.33 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 0.31 0.30 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 0.32 0.28 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 
(40 mph) 

Speed of 45 km/h 
(28 mph) 

Speed of 20 km/h 
(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 0.47 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 0.40 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 0.43 0.42 0.43 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 0.35 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 0.23 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 0.54 0.53 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 0.53 0.51 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 0.43 0.42 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  0.54 0.52 0.51 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  0.35 0.34 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  0.35 0.35 0.33 0.34 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 
(40 mph) 

Speed of 45 km/h 
(28 mph) 

Speed of 20 km/h 
(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 0.31 0.30 0.31 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 0.32 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 0.48 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 0.45 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   0.43 0.42 0.41 0.42 0.014 0.46 0.45 0.44 0.45 0.013 0.58 0.57 0.55 0.57 0.014 
MAS-8-57-2-60K   0.42 0.40 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      0.44 0.42 0.41 0.42 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 0.45 0.43 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      0.42 0.42 0.39 0.41 0.013 0.45 0.44 0.43 0.44 0.010 0.58 0.56 0.55 0.56 0.016 
MAS-8-2-30K      0.47 0.45 0.44 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 
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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
CONTROL57-2-3OK  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
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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
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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 
 

Date  Operator Sample 
Number 

Sample 
Composition 

Sample 
Condition 1 2 3 4 5 Average 

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 70 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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Date  Operator Sample 
Number 

Sample 
Composition 

Sample 
Condition 1 2 3 4 5 Average 

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 39 40 40 40 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 80 80 80 79 79 80
8/3/2009 Robin Tallon 1 AST-S-70 initial 80 80 80 79 79 80
8/3/2009 Robin Tallon 2 AST-S-70 initial 77 79 80 79 79 79
8/3/2009 Robin Tallon 2 AST-S-70 initial 78 80 78 80 78 79
8/3/2009 Robin Tallon 2 AST-S-70 initial 76 80 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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Date  Operator Sample 
Number 

Sample 
Composition 

Sample 
Condition 1 2 3 4 5 Average 

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 57 59 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 81 82 81 81 81 81
7/14/2009 Choongwoo Cho 2 AST-G-30 initial 82 80 79 79 79 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 37 37 36 36 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 60 60 60 60 60
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Date  Operator Sample 
Number 

Sample 
Composition 

Sample 
Condition 1 2 3 4 5 Average 

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 57 60 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 80 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 81 80 79 78 79 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 70 70 70 71 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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Date  Operator Sample 
Number 

Sample 
Composition 

Sample 
Condition 1 2 3 4 5 Average 

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 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 51 51 51 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 80 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 71 70 70 71 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 70 70 70 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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Date  Operator Sample 
Number 

Sample 
Composition 

Sample 
Condition 1 2 3 4 5 Average 

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 79 79 79 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 78 76 76 77 77
9/16/2009 Choongwoo Cho 2 MFT-70-30 initial 80 79 79 76 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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Date  Operator Sample 
Number 

Sample 
Composition 

Sample 
Condition 1 2 3 4 5 Average 

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 71 71 70 70 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 60 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 60 60 60 60 59
10/2/2009 Choongwoo Cho 1 MAS-1-57 60K 59 60 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



 

B-15 
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Number 

Sample 
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Sample 
Condition 1 2 3 4 5 Average 

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 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 85 83 83 82 83
10/12/2009 Choongwoo Cho 1 MAS-8-1 initial 83 82 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 82 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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Number 

Sample 
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Sample 
Condition 1 2 3 4 5 Average 

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 61 61 61 61 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 61 61 61 62 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 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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