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Abstract.  Since the main function of the pavement is to provide a safe and smooth ride to the users or 
clients of the facility, functional characteristics such as safety and comfort must be considered when 
selecting and designing hot-mix asphalt (HMA) wearing surfaces.  This paper discusses an extensive 
investigation conducted to evaluate the texture and skid resistance properties of seven wearing surfaces 
used at the Virginia Smart Road.  Variation in skid resistance and surface macrotexture measurements due 
to HMA design characteristics and testing conditions (tire, test vehicle speed, and grade) were analyzed.  
The mixtures studied include five different SuperPave™ mixes, a stone mastic asphalt (SMA), and an 
open-graded friction course (OGFC).  The evaluation of the surface skid characteristics was based on 
measurements conducted using a locked-wheel trailer utilizing ASTM-specified ribbed and smooth tires.  
The macrotexture measurements were conducted using mainly a laser profiler.  Statistical results 
indicated that, for the mixes studied, the roadway slope had insignificant effect on skid number (SN) 
measurements.  Friction measurements, however, are dependent on the tire used, surface texture, age in 
service, and surface temperature.  It was found that HMA design parameters affect pavement surface 
friction and texture.  For the range of mixes studied, the mean profile depth (MPD) can be closely 
predicted based on the nominal maximum size (NMS) and VMA.  Furthermore, the SN measured at 64 
km/hr using the ribbed tire (SN(64)R) is mostly influenced by the NMS and VTM.  The greater the NMS, 
the lower the ribbed tire skid number.  On the other hand, other aggregate parameters and mixture 
properties have to be considered to accurately predict SN measured at 64 km/hr using the smooth tire 
(SN(64)S).  
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INTRODUCTION 

The current trend towards the use of mechanistic flexible pavement design and analysis procedures has 
placed a great deal of emphasis on intergraded pavement and HMA systems design.  Within this scheme 
HMA is designed to withstand traffic and environmental conditions expected for a particular roadway 
section.  Since the main function of the pavement is to provide a safe and smooth ride to the drivers, or 
“clients” of the facility, functional characteristics such as ride quality, safety, and noise must also be 
optimized.  Smoothness specifications have been already implemented by several states (1, 2).  However, 
HMA safety-related texture and skid properties are not yet quantitatively included in most specifications.   

The safety of a pavement surface is primarily related to the surface friction, or skid resistance, and surface 
texture of the pavement.  Other distresses such as severe rutting or potholes also have a significant effect.  
Each year there are between 45,000 and 50,000 accidental fatalities in the U.S., and approximately 15 
percent of accidents that result in an injury or a fatality occur during wet weather conditions (3).  These 
accidents result from numerous reasons including driver error, vehicle malfunction, and friction 
deficiencies at the tire-pavement interface.  Pavement surface characteristics and vehicle tires are the 
major contributors to pavement friction.  Vehicle speed, braking system, and load distribution also affect 
the pavement-tire interaction (4).   

Since it is nearly impossible to control vehicle characteristics affecting skid resistance for every vehicle, it 
is imperative that pavement surfaces provide adequate friction to minimize the number of accidents that 
occur as a result of frictional deficiencies.  Some of the factors that affect the frictional properties of 
pavement surfaces include the surface condition (porosity, wear, polishing, rutting, bleeding, and surface 
contamination) and HMA properties such as aggregate type and gradation (4, 5).  Designing and 
maintaining pavements that provide adequate skid resistance may decrease wet weather accidents. 

Although road safety issues have not been systematically included as part of the pavement management 
process, several authors have discussed the incorporation of pavement-related safety considerations.  Li et 
al. (6) identified the main pavement engineering relationships associated with road safety and safety 
aspects related to pavement management.  The researchers also proposed a systematic approach for 
coordinating pavement maintenance programs with road safety improvements.  This integration has 
recently proved more important with the advent of the transportation asset management philosophy that is 
gaining widespread application among transportation agencies. 

This paper focuses on the evaluation of the safety and serviceability of seven HMA wearing surfaces used 
at the Virginia Smart Road under different environmental conditions.  In addition, the paper discusses the 
variation in skid resistance measurements under different testing conditions such as testing tire and speed 
of the testing vehicle. 

PAVEMENT SURFACE CHARACTERISTICS 

Pavement surface characteristics are important for both the safety and comfort of drivers. Pavement 
surfaces should provide adequate friction and maintain a good level of ride quality to ensure satisfaction 
of the driving public.  The combination of good friction, low levels of roughness, and low levels of noise 
are important in the design of a pavement-wearing surface. 

The surface texture of a pavement-wearing surface is one of the primary contributors to tire-pavement 
friction.  Both macrotexture and microtexture affect the friction characteristics of pavement surfaces.  
Increasing the texture of in-service or new pavement surfaces would increase the skid resistance levels of 
the pavement.  However, this may sometimes increase the level of discomfort for vehicle occupants (7).   
Other negative aspects of increasing pavement friction include increased fuel consumption, tire wear, and 
noise inside the vehicle.  However, the negative aspects of increasing pavement friction are outweighed 
by the potential decrease in the number of accidents due to inadequate pavement friction (8). 
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Pavement Skid Resistance and Texture Measurement 

Pavement texture is the feature of the road surface that ultimately determines most tire road interactions, 
including wet friction, noise, splash and spray, rolling resistance, and tire wear. Pavement texture has 
been categorized into three ranges based on the wavelength of its components: microtexture, 
macrotexture, and megatexture (Table 1).  Wavelengths longer than the upper limit of megatexture are 
defined by the term roughness or evenness. 

TABLE 1  Texture Classifications 

Texture Classification Relative Wavelengths 

Microtexture λ < 0.5 mm 

Macrotexture 0.5 mm < λ < 50 mm 

Megatexture 50 mm < λ < 500 mm 

Roughness 0.5 m < λ < 50 m 

 

Figure 1 illustrates the concept of microtexture and macrotexture.  The resistance to skidding on a road 
surface is largely affected by both microtexture and macrotexture.  Good pavement macrotexture allows 
for the rapid drainage of water from the pavement that, in turn, improves the contact between the tire and 
the pavement surface.  It also provides the hysteresis component of the friction.  Microtexture provides 
direct tire-pavement contact and contributes to the adhesion component of the friction (9). 

Microtexture MacrotextureMicrotexture Macrotexture

 
FIGURE 1  Microtexture and Macrotexture Illustration. 

A detailed list of different devices currently in use for measuring pavement skid resistance and surface 
macrotexture is provided by Henry (9).  A brief description of the main equipment used is presented in 
the following sections. 

Surface Macrotexture 

The macrotexture of a pavement surface results from the large aggregate particles in the mixture.  
Macrotexture measurements can be divided into two main classes: static measurements and dynamic 
measurements.  Common static macrotexture measurement methods include the sand patch method, the 
outflow meter, and the circular texture meter.  The sand patch method (ASTM E965) is a volumetric 
approach to measuring pavement macrotexture.  Because of operator dependency, the test results are not 
very repeatable.  A known volume of sand material is spread properly on a pavement surface to form a 
circle, thus filling the surface voids up with sand. The diameter of the circle on which the sand material 
has been spread is measured and used to calculate Mean Texture Depth (MTD). 
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The outflow meter indirectly estimates the pavement texture based on the time for a fixed volume of 
water to escape from a measured cylinder with a rubber bottom.  The Circular Track Meter, or CTMeter, 
has a laser displacement sensor mounted on an arm that rotates on a circumference of 142mm radius and 
measures the texture with a sampling interval of approximately 0.9mm.  The profile is measured on the 
same circumference that the coefficient of friction is measured with a Dynamic Friction Tester (DFT).   

Vehicle-mounted laser devices are typically used to measure macrotexture without disrupting traffic flow.  
A standard method for determining pavement macrotexture from a pavement profile is provided in ASTM 
Standard E1845 (11).  The measured profile of the pavement macrotexture is divided for analysis 
purposes into segments, each having a base-length of 100mm. The slope, if any, of each segment is 
suppressed by subtracting a linear regression of the segment. The segment is divided in half and the 
highest peak in each half segment is determined. The difference between the resulting height and the 
average level of the segment is calculated.  The average value of these differences for all segments 
making up the measured profile is reported as Mean Profile Depth (MPD). 

Microtexture Measurements 

Microtexture is defined as a surface-roughness quality on the sub-visible or microscopic level. 
Microtexture, a function of the aggregate particle properties, is not measured directly in the field.  
Microtexture levels are commonly estimated using low speed friction measurement devices, such as the 
British Portable Tester or the locked wheel skid trailer when testing is performed at low speeds (12). 
Earlier research has indicated that measurements conducted using the ribbed tire (ASTM E501) are highly 
sensitive to the microtexture properties of the pavement surface and thus are good estimators of pavement 
microtexture (13). 

Skid Resistance  

There are different types of equipment that can be used to measure the frictional properties of a pavement 
surface.  The devices can be grouped in four basic classes: locked wheel, side force, fixed slip, and 
variable slip.  These devices operate upon different friction measurement modes and measure different 
frictional properties of the tire-pavement interaction. 

The locked wheel friction measurement device (ASTM E274) is the most commonly used device in the 
U.S.  It depicts the frictional properties of the pavement during the occurrence of an emergency situation 
in which a vehicle, not equipped with an anti-locking brake system, completely locks its tires (9).  The 
test can be performed using a ribbed tire (ASTM E501) or a smooth tire (ASTM E524).  Testing 
performed with the locked wheel trailer in accordance with ASTM E274-97 allows for the computation of 
the skid number (SN): 







==

W
FSN 100100µ  (1) 

where, 
SN = Skid number at the measured speed; 
µ  = Friction coefficient; 
F  = Tractive force applied to the tire; and 
W  = Vertical load applied to the tire. 

The side force device uses a wheel that is mounted at an angle to the direction of motion of the test 
vehicle.  The force that is produced on the sideways mounted wheel is used to calculate the friction 
coefficient of the pavement surface.  Fixed slip testers operate with a constant rate of slip, typically 
around 10 to 20 percent.  Variable slip friction measurement devices measure the friction of the pavement 
surface in a manner similar to the fixed slip devices.  However, the slip rate of the test wheel is varied to 
record a range of friction values (9).  Some locked wheel testers can also perform tests with the wheel at a 
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variable slip rate, with 0 percent slip indicating that the wheel is freely rolling and 100 percent slip 
indicating that the wheel is fully locked.  Studies have shown that the typical range of maximum friction 
values occur at 15 to 20 percent slip rates (10). 

Portable testers are also used to measure the frictional properties of pavement surfaces.  These testers use 
pendulum or slider theory to measure friction in a laboratory or in the field.  The British Portable Tester, 
or BPT, (ASTM E303) is probably the most recognized portable friction measurement device.  The 
Dynamic Friction Tester (ASTM E1911) is also gaining acceptance and provides more information 
because it allows measuring friction as a function of speed over the range from 0 to 90 km/h.  

The International Friction Index 

The International Friction Index (IFI) was developed as a common reference scale for quantifying the 
pavement surface frictional properties (12). The IFI uses measurements of skid resistance and texture to 
evaluate the pavement surface characteristics and is being adopted worldwide for skid resistance 
comparison.  To calculate the IFI it is necessary to have at least one friction measurement and one 
macrotexture measurement (ASTM E 1960 [11]).  The importance of good macrotexture is depicted in 
Figure 2.  The IFI is reported in two parameters: the normalized wet friction value at 60 km/hr per hour 
(F60) and a speed constant (Sp) related to the surface macrotexture.  A transformation equation has also 
been established to allow for calculation of the IFI at speeds other than 60 km/hr.   
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FIGURE 2  Example of Surfaces with Various Degrees of Friction and Macrotexture. 

The speed constant, Sp, is calculated using the following equation if an appropriate texture measurement 
is available. 

TXbaS p *+=  (2) 

where, 
TX = Macrotexture parameter (mm); and 
a, b = Calibration constants dependent on the method used for determining TX; a=14.2 and b=89.7 if TX 

is expressed as MPD according to ASTM E 1845 
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 The speed at which the friction parameters are measured is adjusted to the required 60 km/hr 
using the speed constant and the measured friction values as follows: 

pS
S

eFRSFR
60

*60
−

=  (3) 

where, 
FR60 = Adjusted friction value to 60 km/hr; 
FRS  = Friction measured by the equipment at the slip speed; 
S  = Slip speed (km/hr); and 
Sp  = Speed constant (km/hr). 

The adjusted friction value and the texture measurement are then used to calculate the value for 
F60: 

TXCFRBAF *60*60 ++=  (4) 

where, 
F60 = Normalized friction value; 
A, B, C = Calibration constants dependent upon the measurement equipment used (if the ASTM E274 

skid trailer is used: A=0.045, B=0.925, and C=0 for the smooth tire; A=-0.023, B=0.607, and 
C=0.098 for the ribbed tire); 

FR60  = Value calculated using Equation 3; and  
TX   = Macrotexture measurement (mm). 

DATA COLLECTION   

The flexible pavement portion of the Virginia Smart Road includes 12 heavily instrumented pavement 
sections (14).  These experimental sections include seven different HMA wearing surfaces types (with 
different nominal maximum sizes, gradations, and asphalt binders) that were chosen to represent the 
current and proposed wearing surface mixtures used by the Virginia Department of Transportation 
(VDOT).  A detailed evaluation of the surface macrotexture and skid resistance characteristics of the 
different wearing surfaces was conducted.  

HMA Design and Production Properties 

The wearing surface mixtures used included five different SuperPaveTM mixtures (9.5 mm or 12.5 mm 
nominal maximum aggregate sizes (NMS)), a 12.5 mm stone mastic asphalt (SMA), and a 12.5 mm  
open-graded friction course (OGFC).  The SM-12.5D, SM-9.5A, SM-9.5D, and SM-9.5E mixtures were 
designed in accordance with VDOT’s 1999 Section 211, Special Provision for SuperPaveTM (15).  The 
SMA-12.5, OGFC, and high lab compaction SM-9.5A(H) were experimental mixes.  The high lab 
compaction mix was designed using 75 gyrations for Ndes instead of the standard 65 gyration used by 
VDOT for this type of mix.  The mixes were produced through a batch plant.  Every effort was made to 
match the design properties.  However, two of the mixes (SM-12.5D and OGFC) failed to meet current 
specifications.  The gradation for the SM-12.5D produced was finer (9.5 NMS) than the designed one and 
the OGFC was constructed with a lower asphalt content than the design target.  The seven wearing 
surface mixes were tested in the laboratory to determine their HMA design properties.  Loose samples 
were taken during placement of the wearing surface from which specimens were prepared in the 
laboratory in accordance with VDOT mixture design practices.  Gradation analysis, ignition, and specific 
gravity testing were performed to determine volumetric and composition properties of the mixes.  The 
laboratory results are summarized in Table 2.   
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TABLE 2  Laboratory Measured Properties of the Wearing Surface HMA 

Section Mix 
Type 

Binder 
Type 

Binder 
Code 

Binder
Content 

Nominal 
Max.Size 

% Pas. 
#200 

VTM 
@NDes 

VMA
@NDes 

A SM-12.5D PG 70-22 0 5.9 9.5 5.9 5.3 17.0 
B SM-9.5D PG 70-22 0 4.6 9.5 6.7 6.2 16.7 
C SM-9.5E PG 76-22 1 5.6 9.5 8.4 2.2 14.8 
D SM-9.5A PG 64-22 -1 5.8 9.5 8.0 0.8 15.0 
E SM-9.5D PG 70-22 0 5.7 9.5 7.0 3.4 16.1 
F SM-9.5D PG 70-22 0 5.7 9.5 8.0 3.1 15.9 
G SM-9.5D PG 70-22 0 5.6 9.5 7.9 2.8 15.3 
H SM-9.5D PG 70-22 0 5.6 9.5 7.2 3.5 16.2 
I SM-9.5A(h) PG 64-22 -1 5.2 9.5 7.3 4.2 15.2 
J SM-9.5D PG 70-22 0 4.9 9.5 6.5 7.1 17.4 
K OGFC PG 76-22 1 5.5 12.5 1.1 22.4 34.4 
L SMA-12.5D PG 70-22 0 6.6 12.5 10.5 1.2 15.6 

 

Surface Friction and Texture Measurements 

Friction and texture measurements were conducted over a three-year period according to the schedule 
presented in Table 3.   Details of the tests are provided in the following sections. 

TABLE 3  Test Schedule 

Type of Test Test Date Equipment Used 

Texture 12/2/99 Laser Profiler 
Skid resistance 3/9/00 Locked Wheel Trailer, Smooth Tire 

Texture 3/15/00 Laser Profiler 
Skid Resistance 3/27/00 Locked Wheel Trailer, Ribbed Tire 

Texture 6/20/00 Laser Profiler 
Texture 9/14/00 Laser Profiler / Sand Patch Test 

Skid resistance 9/19/00 Locked Wheel Trailer, Ribbed Tire 
Skid resistance 10/4/00 Locked Wheel Trailer, Smooth Tire 
Skid resistance 2/7/01 Locked Wheel Trailer, Smooth and Ribbed Tires 

Texture 2/21/01 Laser Profiler 
Texture 5/29/01 Laser Profiler 
Texture 8/12/01 Laser Profiler / CTM / ROSANv 

Skid resistance 8/22-23/01 British Pendulum 
Skid resistance 9/25/01 Locked Wheel Trailer, Smooth Tire 
Skid resistance 10/03/01 Locked Wheel Trailer, Ribbed Tire 
Skid resistance 1/26-27/02 British Pendulum 

Texture 3/29/02 Laser Profiler 
Texture 4/9/02 Laser Profiler/ CTM / Sand Patch Test 

Skid resistance 5/1/02 Locked Wheel Trailer, Smooth and Ribbed Tires 
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Skid Resistance Measurements 

Skid resistance testing of the different Virginia Smart Road flexible pavement sections was performed in 
both the downhill and uphill directions for both the instrumented and non-instrumented lanes.  Both 
ASTM standard tires, ribbed and smooth, were used in this study throughout the test period.  Because of 
the different types of friction that can occur between a tire and the pavement surface, the type of tire used 
for testing skid resistance affects the measurement of the pavement surface friction (16).   For example, 
past experience has shown that short-term fluctuations resulting from rainfall, temperature, and 
fluctuating microtexture values were much greater when testing was performed using the ribbed tire than 
when using the smooth tire (17).    

Tests were performed at three speeds (32, 64, and 80 km/hr).  Three replicates in each lane and direction 
were performed for each tire.  For each replicate, the following data was recorded: average testing speed, 
average skid numbers, and standard deviation of the speed and the skid number.   

Surface Macrotexture Measurements 

A laser texture device (International Cybernetics Corporation) was used to measure the texture properties.  
The first test was conducted in the uphill and downhill directions for both lanes.  However, it was 
determined that the direction of testing did not affect the mean profile depth measured, and the remaining 
tests were performed in the downhill direction for the non-instrumented lane and the uphill direction for 
the instrumented lane.  The mean profile depth measurements for all sections are shown in Figure 3.   
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FIGURE 3  Mean Profile Depth Measurements for All Sections. 

To obtain ground–truth tests that could be used to compare other macrotexture measurements, a limited 
number of sand patch tests (ASTM E965) were conducted by an experienced technician on selected 
sections concurrently, with the fourth laser measurements in September 2000.  These tests were 
conducted either on the left wheel path (LWP) and the center of the lane or between wheel paths (BWP).  
The comparison of the laser-determined MPD, and sand patch tests (Figure 4) indicated that the 
relationship may be different from the one used by ASTM E1845. 
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FIGURE 4  Correlation among Sand Patch and Laser Macrotexture Measurements. 

DATA ANALYSIS AND DISCUSSION 

The impact of the different testing conditions on the skid number of the surface mixtures was studied 
using an analysis of variance on the entire test data measured at 64 ± 2.4 km/hr.  Tests were divided into 
three groups according to the test date.  Each consisted of a test performed using a bald tire and a test 
using the ribbed tire.  The ANOVA shown in Table 4 lists the results of analysis of the skid data.   

TABLE 4  ANOVA 

Source DF ANOVA 
SS 

Mean 
Square 

F 
Value pr>F 

Model 16 70250 4390.6 117.5 <0.0001 
     Tire Type(1) 1 39834 39833.2 1066.4 <0.0001 

     Lane(2) 1 880 880.3 23.6 <0.0001 

     Grade(3) 1 19 18.6 0.5 0.4811 

     Test(4) 2 20645 10322.3 276.3 <0.0001 

     Section(5) 11 8873 806.6 21.6 <0.0001 

Error 744 27792 37.4   

Corrected Total 760 98042    
(1)  Tire type: smooth, ribbed,  (2)  Lane: instrumented, non-instrumented 
(3)  Grade: uphill, downhill (4)  Test: March 00, Sep.-Oct 00, Feb. 01 
(5)  Section: A through L 
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As expected, the analysis indicates that the tire type and test date are highly significant.  There are also 
significant differences among sections and lanes, and thus among mixes.  On the other hand, the effect of 
grade (uphill/ downhill) was insignificant in the model.  The incidence of the significant factors is further 
discussed in the following sections of the paper. 

Effect of Tire Type and Time in Service 

Further analysis confirmed that the skid resistance measurements were highly dependent on the type of 
tire used for the measurements.  Figure 5 shows the skid numbers measured at 64 km/h for different test 
dates for both smooth (SNS) and ribbed tires (SNR).  It can be observed that for the finer mixtures (9.5mm 
NMS), the skid numbers from the ribbed tire after some time in service, are higher than those taken from 
the smooth tire.  Coarser mixtures initially appeared to have lower SNR than the standard 9.5mm NMS 
mixes but comparable SNS.  However, there seems to be a tendency of increased SNR with time, probably 
due to weathering of the asphalt film.   
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FIGURE 5  Skid Number Measurements Changes with Time. 
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Figure 5 also shows that skid measurements conducted using the smooth tire increase with time, followed 
by a decrease to initial levels of skid resistance.  The ribbed tire measurements increase dramatically 
between the first two tests, followed by a small decrease.  The fluctuation of the skid numbers recorded 
by the two tires with time is thought to be caused by changes in macrotexture and microtexture (not 
measured in this study) and/or changes in temperature and cleanness of the surface during testing.  

Variation of Skid Number with Speed 

Previous research indicates that the skid number is highly dependent upon the test speed (17).  To 
determine the effect of speed on the skid resistance of the different mixtures, linear and exponential 
regression models were fitted to the skid resistance measurements from all of the test dates (Figure 6).   
The exponential regression followed the form of the PSU(1) model (18), which is as follows: 

 
)*
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vPNG

eSNSN
−

=  (5) 

where, 
SN = calculated skid number; 
SN0 = skid number at zero speed (indicator of microtexture); 
PNG = percent normalized gradient (indicator of macrotexture); and 
V = velocity in mi/h. 
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FIGURE 6  Comparison of Linear and Exponential SN / Speed Models. 
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The comparison of the regressed PSU(1) and linear equations showed that both models adequately fit the 
experimental data.  The average coefficient of determination for all of the experimental data was similar 
for both models (R2 =0.905 for the linear equation and R2 = 0.898 for the PSU(1) model).  Therefore, the 
exponential model was used.   

Changes in the percent normalized gradient (determined from the experimental data using regression 
analysis) with time are presented in Figure 7.  It can be observed that the OGFC has the lowest speed-skid 
number relationship of all of the mixtures, indicating that it has the least skid resistance dependence on 
speed, which is to be expected with this type of mixture.  In addition, it also depicts a noticeable 
difference in speed dependency between the two tires.  Measurements conducted using the smooth tire 
show a higher dependency on speed than measurements taken with the ribbed tire.  Furthermore, Figure 7 
shows oscillations in the PNG with time, which can be due to seasonal variations.   
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FIGURE 7  Variation of the Average Percent Normalized Gradient over Time 

(a) Smooth Tire, (b) Ribbed Tire. 
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Effect of Material Properties 

It has been established that good microtexture is important at low speeds and good macrotexture is 
important at high speeds (19).  The macrotexture of the pavement is said to provide the hysteresis 
component of skid resistance (20).  However, some researchers believe that the microtexture of the 
aggregate is important not only for low speed skid resistance but for high speed skid resistance as well.  
Studies suggest that while good vehicle tires can compensate for inadequate macrotexture, low levels of 
microtexture cannot be compensated for (21). 

Past studies demonstrated that the aggregate type and structure significantly influence microtexture and 
macrotexture, and thus skid resistance of a paved surface (22, 23, 24, 25, 26, 27).  Other HMA properties, 
such as asphalt content and void content, also affect skid resistance. 

The impact of laboratory determined HMA design properties on the different wearing surface parameters 
was studied using regression analysis.  Parameters included in the study are the SN(64)R, SN(64)S, and 
MPD.  SAS statistical software was used to conduct a stepwise regression analysis to evaluate the 
relationship between the mixture properties presented in Table 2 and the pavement surface characteristics.  
The model with the best statistics was selected for each surface parameter.  To minimize the variability 
due to testing conditions, only the measurements conducted on February 7, 2001 using the smooth and 
bald tires were used for the analysis.  These values reflect the “in-service” skid numbers of the pavement 
after initial wearing has occurred due to sixteen-months of research traffic.   

SN(64) Analysis 

Analysis of the skid number at 64 km/hr as measured using the ribbed and smooth treaded tires resulted in 
the following equation: 

 VTMPPBinderSN S *03.1200*601.1*079.2865.26)64( +++=  (6) 

where, 
Binder = binder code (-1 for PG 64-22, 0 for PG 70-22, and 1 for PG 76-22); 
PP200 = percentage of material passing the #200 sieve (mm); and 
VTM = total voids in the mixture. 

Although this equation can only explain 23 percent of the variability in the data (R2 = 0.231) and the 
mean root squared error is high (RMSE=6.7), the variables incorporated into the model are reasonable.  
An increase in voids in the mixture increases the SN(64)S because it allows water to flow from the tire-
pavement interface.  The increase in the percentage passing the number 200 sieve increases the exposed 
microtexture and the positive binder type coefficient indicates an increase in SN with polymerized 
binders.   

Analysis performed using the ribbed tire SN measurements resulted in the regressed equation shown 
below: 

 VTMNMSSN R *1833.0*356.4211.104)64( +−=  (7) 

where, 
NMS = nominal maximum size (mm). 

The coefficient of determination for this equation was 0.768 and the RMSE was 2.45, indicating a much 
better fit to the experimental data than the smooth tire measurements.  Again, the variables incorporated 
into the equation are logical in terms of past knowledge concerning SNR, which is affected mostly by the 
microtexture in contact with the tire.  Larger aggregate (represented by the NMS variable) may reduce the 
amount of contact the tire has with the small asperities of the aggregate surface.  As in the previous case, 
an increase in voids contributes to enhanced skid resistance by reducing the amount of water at the 
pavement surface and enhancing the contact between pavement and tire.  
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Mean Profile Depth Analysis 

The regression analysis of the laser mean profile depth measurements indicated that, for the range of 
mixes studied, MPD can be predicted using NMS and VMA.  The resulting equation, with an R2 value of 
0.965 and RMSE=0.123, is the following: 

 VMA*0698.0NMS*2993.0896.2MPD ++−=  (8)  

where, 
VMA = voids in the mineral aggregate (%). 

The inclusion of these variables is logical because of increases in aggregate size and VMA results in 
coarser macrotexture.   

International Friction Index 

The Sp, which is calculated based on the texture properties of the surface, resulted in a similar equation to 
the MPD.  The Sp equation (R2 = 0.965, RMSE = 12.40) is as follows: 

 VMANMSSp *79.6*3.280.270 ++−=  (9)  

Although F60 is a linear combination of the other parameters, a regression equation was obtained for this 
parameter.  The equation that best represent the impact of specific properties on the F60 parameter (R2 = 
0.412, RMSE = 0.048) is shown below: 

 VTMPPBinderTireF *00897.0200*00911.0*01295.0*02962.038189.060 +++−=  (10)  

where, 
Tire = type of tire used in the testing (0, 1). 

The variables Tire and VTM were found to be significant to the 0.001 level, indicating that they are the 
major contributors to the F60 of those included in the analysis.  The friction increases with increased 
voids and percentage passing 200, as well as with the use of modified binders.  Regression performed 
with the ribbed and smooth tire data separately showed a better fit to the material properties with the 
ribbed tire F60 than the smooth tire F60.  The F60 values for the 12 Smart Road experimental sections 
computed based on the 64 km/hr are presented in Figure 8.  The figure shows that the F60 computed 
using the smooth and ribbed tires were not consistent for all mixes.   
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FIGURE 8  IFI F60 Computed using the Smooth and Ribbed Tires. 
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SUMMARY AND CONCLUSIONS 

This paper discussed the surface characteristics of seven different HMA surface mixtures used at the 
Virginia Smart Road.  Variations in measurements due to testing conditions such as tire, speed, grade, and 
their relationship to HMA characteristics were analyzed.  The seven HMA surface mixtures include five 
different SuperPaveTM mixes, a stone mastic asphalt (SMA), and an open-graded friction coarse (OGFC).  
Mixture properties were measured from samples taken from each section during construction.   

The evaluation of the surface characteristics included skid resistance using a locked-wheel trailer (both 
lanes, different speeds, uphill and downhill, with smooth and ribbed tires) and surface macrotexture using 
a laser device (both lanes).  Statistical tests indicate that, for the mixes studied, the roadway grade has 
insignificant effect on the skid number measurements.  Friction measurements, however, are dependent 
on surface texture, age in service, and temperature of the surface.   

The relationship between skid number and speed can be appropriately modeled using both exponential 
(Penn State model) and linear models.  The dependence of skid numbers on the measurement speed 
changes with time, testing conditions, and tire type.  As expected, the OGFC is the least influenced by 
measuring speed among all mixes.  

Some of the frictional properties of the wearing surface mixes can be predicted based on HMA design 
properties.  For the range of mixes studied, MPD can be closely predicted based on the NMS and VMA.  
Furthermore, SN(64)R is mostly influenced by the NMS and VTM.  The greater the NMS, the lower the 
ribbed tire SN.  Other aggregate parameters (such as angularity and coefficient of uniformity) and mixture 
properties have to be considered to accurately predict SN(64)S.  The computed normalized wet friction 
values at 60 km/hr (F60) for the smooth and ribbed tires were not consistent for all mixes.   
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