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Pavement surface characteristics are a vital, yet often overlooked component of highway roadway pavement structure.  While physically representing only a tiny percentage of the total pavement structure, the top 0.5 in (13 mm) or less of the pavement surface has a tremendous impact on the safety and comfort of the highway users.  Pavements that are built and maintained to have good surface friction, surface drainage, smoothness, and visibility typically exhibit fewer crashes and improved rideability.  Roads with good ride quality reduce user costs.

Pavement surface characteristics include both physical attributes and dynamic attribute, or vehicle/pavement interaction.  Physical attributes represent the stand-alone pavement surface properties of the pavement surface, such as transverse and longitudinal profile, surface texture, and porosity.  Dynamic attributes represent the dynamic interaction properties that occur as a result of a vehicle traversing over the pavement surface.  They include friction, hydroplaning potential, splash/spray, smoothness, tire-pavement noise, as well as several other ancillary characteristics (e.g., rolling resistance, tire wear, light reflectance/luminance).

Physical attributes directly affect many of the dynamic attributes, as summarized in Table 5-1.  Dynamic attributes, in turn, have certain impacts on the safety and comfort of highway users and the economics (i.e., crash costs, time-delay costs, and vehicle operating costs) on society (see Table 5-2).

[bookmark: _Ref250285594][bookmark: _Toc301520447][bookmark: _Toc310367620]Table 5-1.  Effects of physical attributes on dynamic attributes.
	Dynamic Attribute
	Physical Attributes

	
	Transverse
Profile
	Longitudinal
Profile
	Surface
Texture
	Surface
Porosity

	Friction
	
	
	1
	

	Hydroplaning Potential
	
	
	
	

	Splash/Spray
	
	
	
	

	Smoothness
	
	
	2
	

	Noise (Interior)
	
	
	
	

	Noise (Exterior)
	
	
	
	

	Rolling Resistance
	
	
	
	

	Tire Wear
	
	
	
	

	Light Reflectance/Luminance
	
	
	
	


1  Microtexture and macrotexture.
2  Megatexture
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Table 5-2.  Effects of dynamic attributes on the highway users.
	Dynamic Attribute
	Safety
	Comfort
	Economics

	Friction
	
(driving control – braking and steering)
	
	

	Hydroplaning Potential
	
(driving control – high-speed grip)
	
	

	Splash/Spray
	
(roadway visibility)
	
	

	Smoothness
	
(driving control – high-speed grip)
	
	

	Noise (Interior)
	

	
	

	Noise (Exterior)
	

	1
	

	Rolling Resistance
	

	
	

	Tire Wear
	
(driving control – high-speed grip, braking and steering)
	
	

	Light Reflectance/Luminance
	
(pavement and roadway visibility)
	
	


1	Impact on adjacent highway receptors, not users.
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As defined in AASHTO R 43, Standard Practice for Quantifying Roughness of Pavements, roughness is “The deviation of a surface from a true planar surface with characteristic dimensions that affect vehicle dynamics and ride quality.”  Smoothness can also be defined as a lack of significant bumps, dips, holes, and other surface irregularities that can cause discomfort to motorists and, in severe cases, safety hazards.  Smoothness is primarily influenced by large-scale deviations in the longitudinal and transverse directions of the roadway.

Pavement smoothness (or roughness) has long been recognized as an important pavement characteristic.  Even in the early 20th century, as scientific road building principals began to take hold, the need to provide a comfortable riding surface was advocated.  Moreover, several studies (FHWA 1996; Keever, Weiss, and Quarles 2001) have indicated that road users perceive the quality of a roadway according to its pavement condition (which includes rideability).  In addition, pavement roughness also affects vehicle operating costs, including fuel consumption and maintenance, and may impact pavement longevity.
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Pavement Profile
Sayers and Karamihas (1998) define a pavement profile “as a two-dimensional slice of the road surface, taken along an imaginary line.”  These “slices” can be taken either transversely across the roadway or longitudinally along the length of the roadway (see Figure 5-1).
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[bookmark: _Ref248029152][bookmark: _Toc301520387][bookmark: _Toc310367465]Figure 5-1.  Longitudinal and lateral profiles along roadway surface
(Sayers and Karamihas 1998).

Transverse Profile
The transverse profile of a highway pavement encompasses both cross-slope and evenness in the vertical plane perpendicular to traffic flow.  Cross-slope, which is the rate of elevation drop across the pavement surface, must be developed as a compromise between the need for adequate surface drainage (i.e., steeper slopes) and the need to provide adequate driver comfort and safety (i.e., flatter slopes) (Anderson et al. 1998).  On tangent sections of highway, it is determined by surface drainage needs (friction, hydroplaning potential), whereas on horizontal curves, it is primarily determined by the super-elevation needed to allow vehicles to safely traverse around the curve without slipping.  For tangent sections, most pavements are designed with a minimum cross slope of 2 percent.

As a pavement develops distresses over time due to traffic loadings and environmental forces, its transverse profile can become altered by those distresses, often to the point that water flow across the pavement is impeded and water ponds on the pavement surface.  Hence, critical distresses, such as wheelpath rutting, heaving/shoving, and lane or shoulder drop-off, can present serious safety hazards for motorists during significant rainfall events.

Longitudinal Profile
The longitudinal elevation profile of a highway pavement refers to both grade and evenness in the vertical plane parallel to traffic flow.  Grade is a measure of the incline or slope of a roadway, usually expressed as a percentage (e.g., 3 percent, 5 percent).  Grade is largely governed by terrain, but is specifically designed to account for the safety of highway users and the operating characteristics of their vehicles.  Minimum allowable grades (AASHTO 2011) are necessary for drainage concerns, while maximum allowable grades must be specified for safety reasons (i.e., sight distance, stopping distance on downgrade) and to control traffic flow (truck speed loss on upgrade) (Anderson et al. 1998).

As a pavement develops distresses over time, its longitudinal profile can become altered by those distresses, leading to decreased smoothness and increased noise, among other things.  Typical distresses that create irregularities in the longitudinal profile include rutting, potholes, heaving/shoving, settlements/depressions, and deteriorated patches in asphalt-surfaced pavements and joint deterioration, faulted joints, curled/warped slabs, punchouts, and deteriorated patches in concrete pavements.
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Actual transverse and longitudinal elevation profiles can be measured by different means, ranging from simple but time consuming methods, like the Dipstick®, to complex automated methods, like a high-speed, laser-based inertial profiling system.  The goal with most methods is to compile elevation data that define the transverse or longitudinal surface profile and which can then be used to quantify wheelpath rutting, smoothness, and other important surface characteristics.

Network level smoothness testing using inertial profilers is typically conducted using high-speed profilers.  Walking profilers are typically used for calibration of other profile devices.  Construction control is typically conducted using straightedge, profilographs (primarily concrete pavements), non-contact lightweight, and/or portable profilers.  Discussed below are the types of equipment/methods used to measure profile and roughness characteristics.

Straightedge and Rolling Straightedge
The straightedge is the most basic means of assessing the evenness of a pavement surface, and has been used for this purpose for over a century. Equipped with a level on top, the straightedge, commonly 4, 6, or 10 ft in length, can be placed longitudinally along the pavement to identify any deviations.  It can also be placed across the pavement surface to measure cross-slope or across wheelpaths to measure rut depths.  Additionally it can be placed across lane/lane or lane/shoulder interfaces to measure vertical differentials.

Dipstick®
The Dipstick®, manufactured by The Face Company (http://www.faceco.com/) is capable of collecting profile measurements, but is still limited to relatively small areas.  While capable of very accurate individual measurements, the accuracy of true profile measurements may be hampered due to systematic cumulative errors (Perera, Kohn, and Rada 2008).  The Dipstick® profiler (shown in Figure 5-2) consists of an inclinometer that measures the elevation of one leg in relation to the elevation of the other leg.  Profile is measured by pivoting the Dipstick® from one leg to another along the roadway segment.
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[bookmark: _Ref250792586][bookmark: _Toc301520388][bookmark: _Toc310367466]Figure 5-2.  Dipstick® equipment and operation (photo courtesy WSDOT).

Walking Profilers
Walking profilers are capable of producing outputs of roadway profile, grade, distance and IRI.  Profile data are collected by pushing the unit over the roadway surface at a walking pace.  Walking profilers can be used for measuring the true roadway profile for use in the calibration of high speed profilers. 

Profilographs
Profilographs have been in existence for a number of years, and have seen widespread use on concrete pavement construction inspection, quality control, and acceptance testing; however, operational restrictions require them to be either pushed or towed at very slow speeds, such that profilographs are not suitable for network level profile testing.  Two types of profilographs are in use today:  the California-type profilograph (Figure 5-3), and the Rainhart type profilograph.  The major difference between the California and the Rainhart profilograph is that the Rainhart uses twelve wheels arranged in four groups of three.  Profile is determined by measuring the vertical movement of the sensing wheel (mounted at the center of the profilograph frame) with relation to the profilograph frame.  The overall profilograph span is approximately 33 ft.
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[bookmark: _Ref248116265][bookmark: _Toc301520389][bookmark: _Toc310367467]Figure 5-3.  California Profilograph (AHTD 2007).


Profilers
Pavement profilers (Figure 5-4) are capable of measuring and recording longitudinal profile at speeds ranging from 10 to 70 mph.  The measurements are less reliable in cases such as accelerating from a stop, low speed collection and collecting on tight curves.  This issue is particularly relevant in urban environments.  High-speed profilers use non-contact sensors (laser, light, or ultrasonic) mounted on a test vehicle (commonly a van) and connected to a microcomputer and other data handling and processing equipment.  The sensors (commonly 3 to 5) are aligned on a rut bar that is typically attached to either the front or rear bumper of the test vehicle (see Figure 5-5) (BCMTI 2009). The three sensor rut bar has declined in use due to the increased data quality associated with additional sensors.  Measurements are based on the relative displacement between the accelerometers and the pavement surface.  The profile measurements are electronically recorded and subsequently used in computing various roughness indices, wheelpath rut depths, cross-slope, and other related parameters.  Walk-behind profilers, such as the SurPro® and the Dipstick®, have high measurement accuracy and are used as reference profilers to certify the calibration of other profilers, however; their slow traveling speed makes them unsuitable for most project length testing.
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High-speed transverse profiling systems are used by the vast majority of highway agencies (McGhee 2004).  Often, the systems are part of an integrated data collection vehicle (Figure 5-6), which are also capable of measuring transverse profile/rutting, faulting, pavement surface texture, surface distress (e.g., cracking, spalling, raveling), pavement surface and right-of-way images, and Global Positioning System (GPS) coordinates.  For advanced applications, several of the inertial profiling systems can be configured with up to five lasers for measurement of additional surface characteristics, such as rutting and surface texture.  

Systems are available that use wide footprint laser profilers which result in smoother profile measurements in comparison to conventional single point laser systems.  The single point laser system typically results in slightly higher roughness measurements, particularly on pavements with significant macrotexture.
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Non-Contact Lightweight Profilers
Non-contact lightweight profilers were originally developed for use in construction quality control and quality acceptance practices.  Non-contact lightweight profilers are based on the same technology as the high-speed profilers in that they incorporate the use of an accelerometer and a non-contact sensor.  Non-contact lightweight profilers can operate at speeds of 8 to 25 mph.

[bookmark: v]Portable Laser Profiler Systems 
Portable laser profilers are mounted on vehicles and can be used to measure the road profile at highway speeds, ranging from 18 to 75 mph.  Suspension and tire characteristics are compensated by inertial sensors, allowing the use of a wide variety of vehicles for data collection.  Portable laser profilers are capable of collecting longitudinal profiles for determining surface smoothness and, if equipped with high-speed texture laser, macro-texture.  

Roughness Equipment Summary
Table 5-3 summarizes the advantages and disadvantages of several of the roughness measurement equipment.
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Table 5-3.  Summary of roughness measurement equipment
(Smith et al. 1997; Grogg and Smith 2002).
	Device
	Advantages
	Disadvantages

	Dipstick®
	· Lower initial cost.
· Easy operation.
· Accurate.
· Can be used to certify other profile devices.
	· Slow operating speed of 0.2 mph.
· Not ideal for measuring long project lengths.
· Not suitable for network level data collection.

	Walking Profilers
	· Lower initial cost.
· Easy operation.
· Accurate.
· Can be used to certify other profile devices.
	· Slow operating speed of 0.5 mph.
· Not suitable for network level data collection.

	Profilographs
	· Low initial cost.
· Easy operation.
· Lightweight.
· Analog trace of pavement deviations.
· Locates bumps and must grinds.
	· Slow operating speeds of 2 to 3 mph.
· Lack of precision.
· Does not provide true profile.
· May not relate to user response.

	Profilers
	· Very good repeatability.
· Operates at posted highway speed.
· Measures true profile.
· Identification of bumps or dips.
	· Higher initial cost.
· Not conducive to quality control during paving operations.
· Not reliable at low speeds.

	Non-contact Lightweight profilers
	· Lower initial cost than high-speed profiler.
· Lightweight design allows use within hours of paving.
· Measures true profile.
· Identifies areas of bumps and dips.
	· Not suitable for network level data collection.
· Requires traffic control during operation.



Calibration Practices and Procedures for Pavement Roughness
LTPP has developed a Manual for Profile Measurements and Processing (Perera, Kohn, and Rada 2008) that provides guidance on the calibration of laser profilers.  General considerations for calibration include:

· Full calibration check of laser sensors every 30 days.
· Calibrate accelerometers if outside the allowable range or the bounce test indicates a potential problem.  Accelerometers should also be calibrated following repairs to the accelerometer, repairs to computer cards associated with the accelerometer, and at the time of the full calibration check.
· Calibrate the distance measuring Instrument (DMI) every 30 days or when problems are suspected.
· Calibrate check on the temperature probe every 30 days.

A number of profiler manufacturers and highway agencies (e.g., Habib, Wells, and Pettigrew 2008; FDOT 2001; TxDOT 2008; PennDOT 2009) provide calibration practices and procedures.  In addition, the Texas Transportation Institute provides a profiler calibration facility for the Texas Department of Transportation (DOT) owned profilers and also provides operator certification programs, while the Pennsylvania DOT provides a certification program for lightweight profilers.  The AASHTO method for calibration can be found in AASHTO R 56.

AASHTO/ASTM Specifications and Test Methods for Pavement Profile and Roughness
The following summarizes the AASHTO and ASTM specifications related to profile measurement.

· AASHTO M 328, Standard Specification for Inertial Profiler – defines the equipment specifications for inertial profiler systems.
· AASHTO R 54, Standard Specification for Pavement Ride Quality When Measured Using Inertial Profiling Systems – provides guidance for developing incentive and disincentive specifications.
· AASHTO R 56, Standard Practice for Certification of Inertial Profiling Systems – provides instructions for profiler certification.
· AASHTO R 57, Standard Practice for Operating Inertial Profiling System and Evaluating Pavement Profiles – provides operational and maintenance guidelines for inertial profilers.
· ASTM E1703, Standard Test Method for Measuring Rut Depth of Pavement Surfaces Using a Straightedge 

Profile Viewer and Analyzer (ProVAL) Software
ProVAL is an engineering software application for viewing and analyzing pavement profiles (ProVAL 2009).  ProVAL is capable of analyzing a variety of smoothness indices, including but not limited to IRI, RN, and PrI.
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Smoothness indices that will be described below include: Profile Index, Ride Number, Mays Ride Number, Ride Quality Index, International Roughness Index, Mean Roughness Index, and Half-Car Roughness Index.

Profile Index
The profile index (PrI) is a measure based on the trace of a roadway surface obtained from a profilograph.  The PrI is calculated as the accumulation of inches per mile in excess of a specified blanking band (shown as the gray area in Figure 5-7).  The width of the blanking band varies by state and typically ranges from 0 to 0.2 inches.  The PrI is calculated as follows:

	 	(5-1)

Ride Number
Ride number (RN) is a profile index measured on a rideability scale that is similar to the Present Serviceability Index (PSI) score (i.e., ranking on a scale of 0 to 5).  RN was developed to relate the effect of road surface roughness on the ride comfort of the traveling public (Janoff et al. 1985; Janoff 1988).

Ride Quality Index
The ride quality index (RQI) was developed by General Motors Research and evaluated by the Michigan DOT.  In the late 1960s psychological testing was used to link user opinions to wavelengths in roughness power spectral density functions (Sayers and Karamihas 1998).  In the 1970s an electronic filter was developed (Darlington 1995) to produce the profile-based statistic, RQI, which is given by the following equation (Smith et al. 1997):
[image: Profiliograph trace and PI.bmp]
[bookmark: _Toc301520396][bookmark: _Toc310367474]Figure 5-7.  Profilograph trace and PI computation (Grogg and Smith 2002).


RQI = 3.077 ln(VAR1 x 108) + 6.154 ln(VAR2 x 108) + 9.231 ln(VAR3 x 108) – 141.85	(5-2)

where:
	VAR1	=	variances for 50 to 25 ft wavelengths
	VAR2	=	variances for 25 to 5 ft wavelengths
	VAR3	=	variances for 5 to 2 ft wavelengths
	VAR	=	[Σx2/N] – [Σ/N]2
	x	=	amplitude, in
	N	=	number of samples.

International Roughness Index
The international roughness index (IRI) was developed as part of research conducted for the World Bank (Gillespie, Sayers, and Segel 1980; Sayers, Gillespie, and Paterson 1986) and is currently the most widely used pavement roughness index.  IRI is defined as the reference average rectified slope of a quarter-car simulation at a traveling speed of 50 mph (Sayers, Gillespie, and Queiroz 1986).  IRI is measured in inches per mile (in/mi), meters/kilometer (m/km), or millimeters per meter (mm/m).  Typical IRI ranges are shown in Figure 5-8.
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[bookmark: _Ref264621361][bookmark: _Toc301520397][bookmark: _Toc310367475]Figure 5-8.  IRI range by roadway type (Sayers and Karamihas 1998).


Half-Car Roughness Index
The half-car roughness index (HRI) is related to the IRI statistic, but instead used the average profile from both wheel paths as inputs for the quarter-car model.  Although the HRI expresses the roughness effects from both wheelpaths into one static, it also tends to mask localized roughness in a single wheelpath (Smith et al. 1997).

Transverse Profile
AASHTO-recommended design values for cross-slope on tangent sections of high-type roadways range from 1.5 to 2.0 percent (AASHTO 2011).  In areas subject to high-intensity rainfalls, AASHTO suggests a cross-slope of 2.5 percent.  Super-elevation rates, which are a function of design speed, curve radius, and available side force friction, range from flat to upwards of 12 percent, with rates of 4 percent common in urban areas and 8 percent common on high-speed rural highways.

Longitudinal Profile
A minimum design grade of 0.5 percent is typical for high-speed roadways, while a maximum grade of about 5 to 7 percent is generally considered appropriate (AASHTO 2011).

[bookmark: _Toc301519267][bookmark: _Toc301520497][bookmark: _Toc310367390]Surface Texture
Surface texture is defined as the deviation of a pavement surface from a true planar surface (AASHTO 2008).  The deviations occur at three distinct levels of scale (microtexture, macrotexture, and megatexture), each defined by the wavelength (λ) and peak-to-peak amplitudes (A) of its components.  The definitions of these surface texture subcomponents are provided below, with the differences illustrated in Figure 5-9 and Figure 5-10.

· Microtexture is defined by wavelengths of 0.00004 to 0.02 in. and vertical amplitudes less than 0.008 in. (AASHTO 2008).  The relative roughness of the aggregate particles in asphalt mixtures contributes to microtexture in asphalt surfaced pavements, while microtexture in concrete pavements is generally provided by the fine aggregate in the concrete mix.
· Macrotexture is defined by wavelengths of 0.02 to 2 in. and vertical amplitudes between 0.005 and 0.8 in. (AASHTO 2008).  In asphalt-surfaced pavements, adequate macrotexture is provided by an effective mix aggregate gradation, whereas macrotexture in concrete pavements is most commonly produced through small surface channels, grooves, or indentations that are intentionally formed (e.g., burlap drag, turf drag, or tining of plastic concrete) or cut (e.g., diamond grinding or grooving of hardened concrete) into the surface.
· Megatexture is defined by wavelengths of 2 to 20 in. and vertical amplitudes between 0.005 and 2 in. (AASHTO 2008).  As seen in Figure 5-9, megatexture has wavelengths in the same order of size as the pavement-tire interface.  It is largely defined by the distress, defects, or waviness of the pavement surface.
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[bookmark: _Ref250286649][bookmark: _Toc245632795][bookmark: _Toc301520398][bookmark: _Toc310367476]Figure 5-9.  Illustration of microtexture and macrotexture 
of a road surface (Tighe et al. 2000).

Collectively, surface texture has an impact on the dynamic attributes described previously, namely friction, hydroplaning potential, splash/spray, smoothness, and tire-pavement noise.  For instance, microtexture and macrotexture are defining factors in the amount of available pavement friction.  Macrotexture is a key factor in several dynamic attributes (hydroplaning potential, splash/spray, noise, rolling resistance) and a smaller contributing factor in others (tire wear, light reflectance).  Megatexture primarily affects pavement smoothness, hydroplaning potential, and splash/spray.

Roughness/Unevenness
Reference Length
Short stretch of road
Tire
Megatexture
Amplification ca. 50 times
Amplification ca. 5 times
Amplification ca. 5 times
Road–Tire Contact Area
Macrotexture
Microtexture
Single Chipping

[bookmark: _Ref250286714][bookmark: _Toc245632796][bookmark: _Toc301520399][bookmark: _Toc310367477]Figure 5-10.  Illustration of microtexture, macrotexture, and megatexture for road surfaces (AASHTO 2008) Used by permission.

Effect of Surface Texture on Profile Measurements
The following summarizes the effect of surface texture on measuring pavement roughness using profilers (Perera, Kohn, and Byrum 2009).

· On transversely tined and broom-finished concrete pavements the use of single-spot and wide-spot lasers appears to result in repeatable profile data.  Single-spot and wide-spot lasers do not provide the same level of repeatable results on longitudinally tined surface; however, studies show that the wide-spot laser may provide more repeatable results than the single-spot laser.
· Line laser sensors appear to be accurate on broom finished, transversely tined, and longitudinally tined concrete surfaces.
· Line laser sensors appear to be accurate on diamond ground surfaces.  Use of a wide-spot laser on diamond ground surface will result in a lower IRI than that obtained using a single-spot laser.
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As mentioned previously, the measurement of pavement microtexture is made possible with the British Pendulum method (ASTM E303) and the DF Tester method (ASTM E1911).  The equipment used in each method is briefly described below.

· British Pendulum Tester (BPT)—The BPT (see Figure 5-11) has been in use since the early 1960s (Henry 2000).  Although typically used in the laboratory, this manual portable device can be used in the field to measure insitu microtexture.  It is operated by releasing a pendulum from an adjustable height so that the rubber slider contacts the surface over a fixed length (Henry 2000).  As the rubber slider moves over the surface, the friction reduces the kinetic energy of the pendulum in proportion to the level of friction.  The difference between the height before the release and the height recovered after the slider breaks contact with the surface is equal to the loss of kinetic energy due to friction between the slider and the pavement.  The typical slip speed for the BPT is about 6 mph.  The device is fitted with a scale that measures the recovered pendulum height in terms of the BPN over a range of 0 to 140.  A common application of the BPT is to measure the reduction in BPN of laboratory pavement/aggregate samples, corresponding to accelerated polishing of the samples using the British polishing wheel (ASTM D3319).

[image: ]
[bookmark: _Ref250288112][bookmark: _Toc301520400][bookmark: _Toc310367478]Figure 5-11.  British pendulum tester (ASTM 2008).

· DF Tester—The DF Tester (see Figure 5-12) is used by various highway agencies, consultants, and industry groups, primarily in the field but also in the laboratory.  Operation of the DF Tester is electronically controlled and is described by Henry (2000) as follows:  

The DF Tester has three rubber sliders that are spring-mounted on a disk at a diameter of 13.75 in.  The disk is initially suspended above the pavement surface and is driven by a motor until the tangential speed of the sliders is 55 mph.  Water is then applied to the test surface, the motor is disengaged, and the disk is lowered to the test surface.  The three rubber sliders contact the surface and the friction force is measured by a transducer as the disk spins down.  The friction force and the speed during the spin down are saved to a file.  The entire operation is controlled by software in a notebook computer.

For surrogate measure of microtexture, the DFT friction value at slip-speed of 12.5 mph is typically used.
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[bookmark: _Ref250288297][bookmark: _Toc301520401][bookmark: _Toc310367479]Figure 5-12.  DF Tester (NCPP 2009).

Common equipment used to measure macrotexture include the sand patch test kit (ASTM E965), portable stationary laser surface texture meters, low-speed surface texture profilers, high-speed surface texture profilers, and the OF Meter (ASTM E2380).  The equipment used in each method is briefly described below.

· Sand Patch Test Kit—As seen in Figure 5-13, the sand patch test kit includes brushes for cleaning the pavement surface, a portable wind screen, a sample cylinder for portioning the volume of test material (glass beads or silica sand), a spreading tool, and a ruler.  Commonly used volumes for sand patch tests are 1.5 and 3.0 in3.  The portioned material is placed on the test area and spread into a circular patch with the spreading tool, such that the surface voids are filled flush with the aggregate particle tips, as per ASTM E965.  The diameter of the resulting circular patch is measured and used to compute mean texture depth (MTD) as follows:

	(5-3)

where:

	MTD = Mean texture depth, in.
	V = Test material volume, in3
D = Average diameter of area covered by test material, in.
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[bookmark: _Ref250288386][bookmark: _Toc301520402][bookmark: _Toc310367480]Figure 5-13.  Sand patch test kit (ASTM 2006b).

· Portable Stationary Laser Texture Meters—The most prominent of these devices is the circular texture meter (CT Meter) (ASTM E2157), which was developed and introduced for use in 1998 (Henry 2000) (see Figure 5-14).  It is a non-contact laser device that measures the surface profile along an 11.25-in diameter circular path of the pavement surface at intervals of 0.034 in (Hall, Smith, and Littleton 2009).  The texture meter device rotates at 20 ft/min and generates profile traces of the pavement surface, which are transmitted and stored on a portable computer.  In addition to mean profile depth (MPD), the CT Meter is capable of computing the root mean square (RMS) statistic, which when combined with MPD can indicate surface texture orientation (i.e., aggressive protruding surface texture, flat pocketed surface texture) (McGhee and Flintsch 2003).  The device is frequently used in conjunction with the DF Tester to measure pavement macrotexture at the same location the DF Tester was used, thus giving paired measurements of microtexture and macrotexture.
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[bookmark: _Ref250288492][bookmark: _Toc301520403][bookmark: _Toc310367481]Figure 5-14.  CT Meter (NCPP 2009).
· Low-Speed Texture Profilers—The Robotic Texture (RoboTex) measurement system is a low-speed (1.6 ft/s), remote-controlled robotic device equipped with a non-contact line laser for measuring pavement surface texture (Ferragut et al. 2007).  The device (see Figure 5-15) travels down the road and collects continuous surface texture profile data across a 3.94-in. wide swath.  The sampled profile data are stored and processed in an on-board laptop computer equipped with software capable of creating three-dimensional plots (see Figure 5-16) (Ferragut et al. 2007) of the surface profile and computing various surface texture parameters, such as MPD, RMS, and surface texture isotropy (i.e., consistency or uniformity of surface texture in all directions) or anisotropy (i.e., directionally biased or skewed).  The system is also capable of producing surface texture wavelength spectra plots.
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[bookmark: _Ref250288997][bookmark: _Toc301520404][bookmark: _Toc310367482]Figure 5-15.  RoboTex low-speed texture measurement system
(Cackler, Ferragut, and Harrington 2006).
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[bookmark: _Ref250289004][bookmark: _Toc301520405][bookmark: _Toc310367483]Figure 5-16.  RoboTex three-dimensional texture plot 
(Cackler, Ferragut, and Harrington 2006).
· High-Speed Inertial Profilers Equipped with High Speed Texture Lasers—The FHWA was responsible for developing one of the first high-speed non-contact laser-based systems capable of measuring pavement macrotexture. http://www.tfhrc.gov/about/pavesurf.htm).  The system (see Figure 5-17) incorporates a point-type laser sensor mounted on the host vehicle’s front bumper and is capable of collecting detailed profile data at speeds up to 70 mph.  The software calculates both MPD and Estimated Mean Texture Depth (EMTD), which is an estimate of MTD derived from MPD using a transformation equation (Hall, Smith, and Littleton 2009).  In recent years, various manufacturers of high-speed inertial profilers used for smoothness testing have installed (or made available as an installation option) high-frequency lasers on their equipment to allow for surface texture measurement.  3-D systems are also being used for this application.

[image: Rosan.gif]
[bookmark: _Ref250289032][bookmark: _Toc301520406][bookmark: _Toc310367484]Figure 5-17.  High-speed texture profiling system (TFHRC 2010).

· OutFlow (OF) Meter—This volumetric-based test device measures the water drainage rate through surface texture and interior voids (Hall, Smith, and Littleton 2009).  It indicates the hydroplaning potential of a surface by relating to the escape time of water beneath a moving tire.  The equipment consists of a cylinder with a rubber ring on the bottom and an open top (see Figure 5-18).  Conducted in accordance with ASTM E2380, sensors measure the time required for a known volume of water to pass under the seal or into the pavement.

[image: ]
[bookmark: _Ref250289331][bookmark: _Toc301520407][bookmark: _Toc310367485]Figure 5-18.  Texture measurement using the OF Meter (Hall et al. 2009).


[bookmark: _Toc301519269][bookmark: _Toc301520499]Surface Texture Parameters
The measurement of pavement microtexture is made possible through two stationary test methods (Hall, Smith, and Littleton 2009).  The first and older method, the British Pendulum method (ASTM E303), involves the swinging of a pendulum with a rubber slider edge across the pavement surface and quantifying the energy loss in terms of the British Pendulum Number (BPN).  The rougher the microtexture, the greater the energy loss and the higher the BPN.  The second and more modern method, the Dynamic Friction Tester [DF Tester] method (ASTM E1911), entails the dropping of a horizontal rotating disk with three affixed rubber sliders onto the pavement and measuring the friction (expressed as DFT) and rotational speed from time of impact to stoppage.  The DFT at low speeds, typically 12.5 mph, serves as a surrogate measure of microtexture, with higher values reflecting rougher microtexture and lower values indicating smoother microtexture.

There are several different methods for quantifying pavement macrotexture, the results of which are sometimes difficult to compare directly (Snyder 2007).  Four of the more commonly used surface texture parameters are the mean texture depth (MTD), the mean profile depth (MPD), the outflow time (OFT), and the estimated mean texture depth (EMTD) (Hall, Smith, and Littleton 2009).  These parameters and their associated methods are described below (AASHTO 2008).

· MTD—The MTD is determined using the traditional volumetric-based test method (ASTM E965), also referred to as the Sand Patch Test), where a known volume of tiny glass spheres (or, more typically, graded Ottawa silica sand) is spread in a circle on a pavement surface until flush and the resultant area of the circle measured; the known volume of spheres divided by the area of the circle yields the MTD, with higher values indicating greater texture depth.
· MPD—The MPD is determined using non-contact lasers mounted on portable stationary equipment, low-speed texture profilers, or high-speed texture profilers.  The MPD uses surface profile readings to compute a two-dimensional estimate of the three-dimensional MTD parameter (as described in ASTM E1845).
· OFT—The OFT is a volumetric test method (ASTM E2380) that measures the water drainage rate through pavement surface texture and interior voids.  Higher OFT values (i.e., longer water escape times) indicate smoother levels of macrotexture, while lower values indicate rougher macrotexture.
· EMTD—The MPD computed from laser-based surface profile readings can be used to estimate the MTD produced by the sand patch test method, using the following transformation equations, presented in ASTM E1845 and ASTM E2157, respectively:

	EMTD = 0.008 + 0.8MPD	(5-4)

	EMTD = 0.947MPD + 0.0027	(5-5)

The OFT measured with the OF Meter can also be used to estimate the sand patch MTD, using the following transformation equation presented in ASTM E2380:

	EMTD = (0.123/OFT) + 0.02	(5-6)

With greater emphasis in recent years to reduce pavement-tire noise, efforts have been made to correlate surface texture wavelength properties with noise properties.  Surface texture wavelength properties can be produced using power spectral density (PSD) analysis techniques and the surface profile readings obtained with non-contact laser devices.  The resulting surface texture wavelength spectra is a histogram of the relative amounts or levels of surface texture observed for different wavelength bands (see Figure 5-19) (Hall, Smith, and Littleton 2009).  While much work remains to be done in establishing correlations between surface texture wavelength properties and noise properties, current thinking is that in order to reduce pavement-tire noise, the surface texture in the 0.80 to 24 in. wavelength range should be reduced, the surface texture in the 0.08 to 0.4 in. wavelength range should be increased, and the spectrum peak should occur at the lowest wavelengths possible (Hall, Smith, and Littleton 2009), as illustrated in Figure 5-19.

Megatexture is not commonly measured per se; rather it is incorporated into the various measures of pavement smoothness.  However, longitudinal profile data collected during smoothness testing and/or surface texture testing can be used in power spectral density (PSD) analysis to examine megatexture characteristics.
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[bookmark: _Ref250288060][bookmark: _Toc301520408][bookmark: _Toc310367486]Figure 5-19.  Pavement surface texture spectrum (Sandburg and Ejsmont 2002).


[bookmark: _Toc301519270][bookmark: _Toc301520500]AASHTO/ASTM Specifications and Test Methods for Surface Texture
· AASHTO T 278:  Standard Method of Test for Surface Frictional Properties Using the British Pendulum Tester
· AASHTO T 279:  Standard Method of Test for Accelerated Polishing of Aggregates Using the British Wheel
· ASTM E303:  Standard Test Method for Measuring Surface Frictional Properties Using the British Pendulum Tester
· ASTM E1911:  Standard Test Method for Measuring Paved Surface Frictional Properties Using the Dynamic Friction Tester
· ASTM D3319:  Standard Practice for the Accelerated Polishing of Aggregates Using the British Wheel
· ASTM E965:  Standard Test Method for Measuring Pavement Macrotexture Depth Using a Volumetric Technique
· ASTM E2380 / WK 364:  Standard Test Method for Measuring Pavement Texture Drainage Using an Outflow Meter
· ASTM E2157:  Standard Test Method for Measuring Pavement Macrotexture Properties Using the Circular Track Meter
· ASTM E1845:  Standard Practice for Calculating Pavement Macrotexture Mean Profile Depth (Laser Profiler Method)

[bookmark: _Toc301519271][bookmark: _Toc301520501]Key Factors/Considerations for Surface Texture
Pavement surface texture must be designed and constructed to satisfy the needs of the project.  The first and foremost need on every project is safety, in the form of adequate wet-weather friction, minimized potential for hydroplaning, and good visibility in wet and/or dark conditions (i.e., reduced splash/spray, adequate light reflectance/luminance).  Addressing other needs impacted by surface texture, such as pavement-tire noise and rolling resistance, is also important.

The surface texture components most crucial to satisfying the project needs are microtexture and macrotexture.  These components are largely determined by the following:

· Asphalt-surfaced pavements and concrete pavements with exposed coarse aggregate
· Microtexture:  coarse aggregate properties (i.e., aggregate geology and abrasion resistance).
· Macrotexture:  mix design properties (i.e., aggregate size and gradation).
· Conventional concrete pavements
· Microtexture:  fine aggregate properties, cement binder properties.
· Macrotexture:  texturing applied during construction (following paving) (e.g., turf dragging, tining, diamond grinding).

Among other things, materials and construction specifications and testing practices are intended to ensure that proper and durable levels of microtexture and macrotexture are achieved during construction.  Key aspects include:

· Aggregate source/certification specifications/testing for ensuring important properties such as aggregate composition/structure and mineral hardness; aggregate angularity, shape, and surface texture; aggregate abrasion/wear resistance and polish characteristics; and aggregate soundness (AASHTO 2008).
· Asphalt and concrete mix production specifications/testing for ensuring that design aggregate gradation/size is achieved.
· Concrete surface texture specifications/testing for ensuring that design tine/groove dimensions (spacing, width, and depth) are achieved.
· Asphalt or concrete surface texture specifications/testing for ensuring that design surface texture depths (MPD, MTD) are achieved.

Table 5-4 and Table 5-5 present some important considerations in achieving the proper levels of macrotexture in the construction of asphalt-surfaced pavements and concrete pavements, respectively.  Further discussions regarding the design and construction of pavements with microtexture and macrotexture levels that satisfy project needs, are provided in the individual sections on dynamic attributes of pavement surface characteristics.

[bookmark: _Ref250289513]

[bookmark: _Toc301520450][bookmark: _Toc310367623]Table 5-4.  Construction considerations for macrotexture in asphalt-surfaced pavements.
	Construction Phase
	Consideration

	Mix Production
	· Asphalt mixes should be produced in tight conformance with the established mix design criteria.  Although consistently meeting the aggregate size/gradation tolerances is of greatest importance to achieving the target macrotexture, other parameters such as air voids, voids in the mineral aggregate (VMA), and asphalt content, can also influence macrotexture and should be closely monitored.

	Asphalt Transport
	· Mix segregation can affect the ability to achieve the target and uniform surface texture.  Since mix segregation can occur during loading at the plant, hauling, and unloading into the paver, this phenomenon must be carefully monitored throughout the construction process.

	Asphalt Paving
	· Field experience indicates that the paving process can have a notable impact on the final asphalt texture.  Factors; such as paving direction and speed, augering and screed characteristics, and mix temperature; can influence the amount and consistency of the initial texture.

	Asphalt Compaction
	· The type of compaction equipment, rolling patterns, and mat temperature at time of compaction can also influence the final asphalt texture.  In the absence of equipment to test for macrotexture, continuous observations should be made of the final compacted mat to ensure a uniform and adequate level of texture is achieved.




[bookmark: _Ref250289514][bookmark: _Toc301520451][bookmark: _Toc310367624]
Table 5-5.  Construction considerations for macrotexture in concrete pavements
(Hall, Smith, and Littleton 2009).
	Construction Phase
	Consideration

	Mix Production
	· Uniform concrete slump that is not too dry (workable mix) must be maintained throughout the paving process to help yield consistent macrotexture levels.  Slight adjustments to the mix (within the limits of specified concrete mix), such as increasing the slump, adjusting the sand content, or adding a retarder, may be required to achieve the desired workability.

	Texturing Operations
	· Drag and tine equipment (preferably a tine & cure machine) should allow the operator to maintain a consistent distance behind the paving and finishing operations, apply the proper amount of pressure (uniformly over the width of the paving) on the drag and/or tine assemblies, hinge the tine rake to optimize the angle of tine insertion, and have the capability to water-mist the surface.
· Drag and tine operators should be capable of monitoring texturing characteristics closely and making proper adjustments in response to site conditions (e.g., changes in mix consistency, rapid drying of the mix due to high winds and/or temperatures, delays in the paving and finishing operations, buildup of mortar on the drag and/or tines).  Timing of the texturing operation is critical: texturing too early may result in grooves filling up with mortar or surface tearing, and texturing too late may result in reduced groove depth.
· For heavy turf drags, consideration should be given to the potential for significant mortar build-up and release because it can influence the surface profile and increase roughness.

	Curing and Protection
	· Immediate application of curing compound or membrane following the texturing operation is essential to achieve good pavement surface durability.  If the pavement cures too quickly, the mortar forming the texture ridges will not set properly, its durability will be reduced, and its friction (and noise) properties will be diminished more quickly.  Generally, curing compounds can be applied earlier for longitudinal dragging and tining operations than for transverse tining operations.




[bookmark: _Toc301519272][bookmark: _Toc301520502]Managing and Maintaining Surface Texture
A 2005 survey of highway agency friction and surface texture practices indicated that very few agencies specifically test and monitor pavement microtexture and macrotexture (Hall et al. 2009).  Instead, most agencies monitor wet pavement friction and/or highway crash rates to identify potentially unsafe levels of combined microtexture and macrotexture.

With the increased availability of commercial high-speed surface texture profilers, there is greater ability to track macrotexture loss over time.  Likewise, using specific friction testing protocols, surrogate values of microtexture can be obtained that enable the tracking of microtexture loss over time.
[bookmark: _Toc301519273][bookmark: _Toc301520503][bookmark: _Toc310367391]Porosity
Porosity refers to the amount of void spaces that exist within a pavement material, typically expressed as a percentage of the volume of the voids to the total material volume.  Because not all air voids in asphalt or concrete mixtures are inter-connected, the porosity of the mix is generally slightly less than the total percentage of air voids.

The porosity of asphalt mixtures is primarily governed by the size and gradation of the aggregate used in the mix and the level of compaction.  Higher porosity levels are achieved by limiting or completely eliminating fine aggregates and using a well-distributed coarse aggregate and higher nominal maximum aggregate size (NMAS).  For conventional concrete mixes, porosity is greatly dependent on the water-cement ratio, the higher the water-cement ratio, the higher the porosity.

The porosity of conventional asphalt and concrete mixes used in pavement surfaces typically range between 4 and 7 percent.  At these levels of porosity, permeability (i.e., ability of a pavement material to be penetrated/infiltrated by water) is very low (<3.5 ft/day or 1.75 in/hr), forcing water to runoff the surface to the sides of the roadway and limiting the amount that can enter and weaken the pavement structure.  Open-graded asphalt mixes, such as the permeable friction courses (PFCs) used by some SHAs, have higher porosity levels and significant levels of permeability (50 to 500 ft/day or 25 to 375 in/hr) (see also ASTM D7064).

Increased porosity yields increased permeability, which can expedite surface drainage (consequently improving friction and reducing hydroplaning potential and splash/spray) and, in the case of full-depth porous/pervious pavement design, significantly reduce storm water runoff.  Higher porosity levels can also impact the generation of pavement-tire noise and other dynamic surface characteristics.  In the case of noise generation, a more porous/pervious pavement surface reduces the amount of air pumping at the pavement-tire interface and provides greater sound absorption, both of which lead to reduced noise emissions.

[bookmark: _Toc301519274][bookmark: _Toc301520504]Porosity Parameters
As mentioned previously, porosity is computed as a percentage of the volume of inter-connected voids to total material volume.

Permeability, on the other hand, is measured by the rate of flow of water through a pavement material.  It can be expressed either in terms of volume of water per unit area per unit time or, in shortened form, distance per unit time.  For instance, a permeability of 3 gal/ft²/min is the same as 4.81 in./min, given that 1 ft3 = 7.48 gal.

[bookmark: _Toc301519275][bookmark: _Toc301520505]Porosity Measurement Equipment
While porosity can be estimated using the bulk specific gravity method outlined in AASHTO T 166, AASHTO T 275, and ASTM D2726, these methods are not conducive for core samples with large void volumes.  Vacuum sealing methods given in ASTM D6752 and ASTM D7063 provide a more accurate method of assessing mix porosity.

The permeability of a surface mix can be measured in the field or in the laboratory using falling or constant head permeameters and other similar devices.  The methods measure the time required for a specified volume of water to flow from the test device into and through either the pavement surface or a core sample extracted from the pavement surface.
It should be noted that, although the OFT parameter used in the outflow method (ASTM E2380) is sensitive to pavement porosity, it is also influenced by surface texture and therefore does not give an accurate assessment of permeability.

[bookmark: _Toc301519276][bookmark: _Toc301520506]AASHTO/ASTM Specifications and Test Methods for Porosity and Permeability
Porosity Tests
· AASHTO T 166:  Bulk Specific Gravity of Compacted Asphalt Mixtures Using Saturated Surface-Dry Specimens
· AASHTO T 275:  Standard Method of Test for Bulk Specific Gravity of Compacted Bituminous Mixtures Using Paraffin-Coated Specimens
· AASHTO T 331:  Standard Method of Test for Bulk Specific Gravity and Density of Compacted Asphalt Mixtures Using Automatic Vacuum Sealing Method
· ASTM D2726:  Standard Test Method for Bulk Specific Gravity and Density of Non-Absorptive Compacted Bituminous Mixtures
· ASTM D6752:  Standard Test Method for Bulk Specific Gravity and Density of Compacted Bituminous Mixtures Using Automatic Vacuum Sealing Method
· ASTM D7063:  Standard Test Method for Effective Porosity and Effective Air Voids of Compacted Bituminous Paving Mixture Samples

Permeability Tests
· AASHTO T 215:  Constant Head Permeability Testing of Granular Soils
· ASTM D2434:  Test Method for Permeability of Granular Soils (Constant Head Permeability)
· ASTM WK17606:  New Test Method for Field Permeability of Pervious Concrete Pavements

[bookmark: _Toc301519277][bookmark: _Toc301520507][bookmark: _Toc310367392]Friction
Pavement friction is defined as the retarding force developed at the pavement-tire interface that resists longitudinal sliding when braking forces are applied to the vehicle tires (Dahir and Gramling 1990; AASHTO 2008) or sideways sliding when a vehicle steers around a curve (AASHTO 2008).  The resistive force is computed using the following equation:

		(5-7)

where:
	µ	=	non-dimensional friction coefficient
	F	=	tangential friction force between the tire tread rubber and the horizontal traveled surface
	Fw	=	Perpendicular force or vertical load

[bookmark: _Toc301519278][bookmark: _Toc301520508]Longitudinal Friction
Figure 5-20 illustrates the frictional force between a pneumatic tire rolling in the longitudinal direction and the road surface (AASHTO 2008).  The frictional force is dependent upon the slip speed (S), which is defined as the relative speed between the tire periphery and the pavement.  The equation for slip speed is as follows:

		(5-8)

where:
	S	=	Slip speed, mph.
	V	=	Vehicle speed, mph.	
	VP	=	Average peripheral speed of the tire, mph.
		=	Angular velocity of the tire, radians/sec.
	r	=	Average radius of the tire, ft.  
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[bookmark: _Ref250289799][bookmark: _Toc301520409][bookmark: _Toc310367487]Figure 5-20.  Simplified diagram of forces acting on a rotating wheel (Hall et al. 2009).


In the free-rolling mode (no braking), slip speed is zero and the coefficient of friction is low (see Figure 5-21).  As braking is increased, the slip speed increases to a level equal to the vehicle speed when the tire is fully locked (i.e., full sliding).  Maximum or peak coefficient of friction typically occurs when the slip speed is between 10 and 20 percent of the vehicle speed.  Vehicles with an anti-lock braking system (ABS) are designed to apply the brakes on and off (i.e., pump the brakes) repeatedly, such that the slip is held near the peak friction (Hall et al. 2009).

[bookmark: _Toc301519279][bookmark: _Toc301520509]Side-Force Friction
The relationship between forces acting on the vehicle tire and the pavement surface as the vehicle steers around a curve, changes lanes, or compensates for lateral forces is as follows (AASHTO 2008):

		(5-9)

where:
	FS	=	Side friction
	V	=	Vehicle speed, mph
	R	=	Radius of the path of the vehicle’s center of gravity (also, the radius of curvature in a curve), ft
	 e	=	Pavement super-elevation, ft/ft
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[bookmark: _Ref250290336][bookmark: _Toc301520410][bookmark: _Toc310367488]Figure 5-21.  Pavement friction versus tire slip (AASHTO 2008) Used by permission.


Horizontal curve design typically involves determining a suitable radius and super-elevation combination for a given intended design velocity and a coefficient of friction well below what the pavement surface can actually provide (for margin of safety and driver comfort).

[bookmark: _Toc301519280][bookmark: _Toc301520510]Friction Mechanisms
Pavement friction is the result of a complex interaction between two principal frictional force components: adhesion and hysteresis.  As shown in Figure 5-22, adhesion is generated by the establishment of small-scale bonding/interlocking between the vehicle tire rubber and the pavement surface, whereas hysteresis is caused by deformation of the tire rubber by pavement surface projections (Hall et al. 2009).

The adhesion component is most responsive to the microtexture provided by the aggregate particles contained in the pavement surface (Hall et al. 2009).  The hysteresis component is most responsive to the macrotexture formed in the pavement surface via the mix design properties (aggregate gradation/size) and/or texturing applied during construction.  On dry, smooth-textured pavements, adhesion primarily governs the level of friction.  On wet, rough-textured pavements, hysteretic friction is the key component, however the macrotexture provides escape paths for water, which allows the adhesion component to come into play.

Because pavement surface friction is dependent on a number of factors (including pavement related characteristics [microtexture, macrotexture, pavement material properties], vehicle-related characteristics [slip speed, driving maneuver, tire tread design and condition, tire inflation pressure], and climatic conditions [temperature, water, snow/ice], it must be viewed as a process instead of an inherent property of the pavement (AASHTO 2008).

[image: ]
[bookmark: _Ref250290623][bookmark: _Toc301520411][bookmark: _Toc310367489]Figure 5-22.  Key mechanisms of pavement–tire friction (Hall et al. 2009).


[bookmark: _Toc301519281][bookmark: _Toc301520511]Friction Parameters
Various methods for measuring pavement friction in the field exist, including conventional locked-wheel testing (AASHTO T 242 and ASTM E274), side-force friction testing (ASTM E670), fixed-slip testing (ASTM E2340-06), and variable-slip testing (ASTM E1859).  Currently in the U.S., locked-wheel testing is the method used by nearly all highway agencies that routinely measure friction (Hall et al. 2009).  In this method, a trailer containing the test equipment (test tire, water dispenser, braking system, and drag-force measurement system) (see Figure 5-23) is towed behind the drive vehicle at a constant speed, typically 40 mph.  Water is applied in front of the test tire, the braking system is engaged so as to fully lock the tire, and the resistive drag force is measured.  The friction is computed in terms of a friction number (FN) using the following equation (Hall et al. 2009):

	FN(V) = 100µ = 100  (F/W)	(5-10)

where:
	V	=	Velocity of the test tire, mph
	µ	=	Coefficient of friction
	F	=	Tractive horizontal force applied to the tire, lb
	W	=	Vertical load applied to the tire, lb

The locked-wheel test method was first standardized by ASTM in 1965 (ASTM E274) and that standard used the term skid number (SN).  AASHTO adopted this standard in 1996 (AASHTO T 242) and changed the SN term to FN.

[bookmark: _Ref250290888][image: ]
[bookmark: _Ref251906217][bookmark: _Toc301520412][bookmark: _Toc310367490]Figure 5-23.  Locked-wheel friction trailer (photo courtesy of WSDOT).


The locked-wheel test method can be performed using either a ribbed test tire (AASHTO M 261, ASTM E501) or a smooth test tire (AASHTO M 286, ASTM E524).  The ribbed tire is more sensitive to (and thus, more indicative of) pavement microtexture, while the smooth tire is more sensitive to pavement macrotexture.  Generally, FN values produced using ribbed tires are higher than those produced using smooth tires.

FN values are generally designated by the speed at which the test is conducted and by the type of tire used in the test (AASHTO 2008).  For example, FN40R = 36 indicates a friction value of 36, as measured at a test speed of 40 mph and with a ribbed (R) tire.  Similarly, FN50S = 29 indicates a friction value of 29, as measured at a test speed of 50 mph and with a smooth (S) tire.

As part of an international effort to harmonize the friction indices produced by the different friction testing methods, an international friction index (IFI) was developed in the 1990’s following a major international field experiment sponsored by the Permanent International Association of Road Congresses (PIARC) (Hall et al. 2009).  The IFI (ASTM E1960), which is composed of a friction number F(60) and a speed constant SP, enables friction values produced using different test methods and test speeds to be calibrated to a “golden” measurement.  Thus, in the case of U.S. highway agencies, locked-wheel friction tests performed at a specific pavement location using ribbed or smooth tires and/or at different speeds, can be equated on a common basis.  The details of computing IFI are found in ASTM E1960, the 2008 AASHTO Guide for Pavement Friction, and NCHRP Web-Only Document 108 (Hall et al. 2009).

[bookmark: _Toc301519282][bookmark: _Toc301520512]Friction Measurement Equipment
As discussed above, the measurement of pavement friction in the U.S. is primarily performed using the locked-wheel friction test method (AASHTO T 242, ASTM E274).  The test trailer used in this method is shown in Figure 5-23 (Hall et al. 2009).  The ribbed (AASHTO M 261, ASTM E501) and smooth (AASHTO M 286, ASTM E524) test tires available for testing are shown in Figure 5-24 (ASTM 2006a).  Advantages of the locked-wheel test equipment are user-friendliness and quick and simple tests.  Disadvantages are that tests can only be performed on tangent sections of highway and that testing is conducted at discrete points and not continuously over the length of the pavement section.
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	a.  Ribbed Tire
	b.  Smooth Tire


[bookmark: _Ref250291314][bookmark: _Toc301520413][bookmark: _Toc310367491]Figure 5-24.  Ribbed and smooth test tires used for locked-wheel friction testing (ASTM 2006a).

[bookmark: _Toc301519283][bookmark: _Toc301520513]AASHTO/ASTM Specifications and Test Methods for Friction
· AASHTO M 261:  Standard Specification for Standard Tire for Pavement Frictional-Property Tests
· AASHTO M 286:  Standard Specification for Smooth-Tread Standard Tire for Special-Purpose Pavement Frictional-Property Tests
· AASHTO T 96:  Standard Method of Test for Resistance to Degradation of Small-Size Coarse Aggregate by Abrasion and Impact in the Los Angeles Machine
· AASHTO T 104:  Standard Method of Test for Soundness of Aggregate by Use of Sodium Sulfate or Magnesium Sulfate
· AASHTO T 242:  Standard Method of Test for Frictional Properties of Paved Surfaces Using a Full-Scale Tire
· AASHTO T 304:  Standard Method of Test for Uncompacted Void Content of Fine Aggregate
· AASHTO T 326:  Standard Method of Test for Uncompacted Void Content of Coarse Aggregates (As Influenced by Particle Shape, Surface Texture, and Grading)
· AASHTO T 327:  Standard Method of Test for Resistance of Coarse Aggregate to Degradation by Abrasion in the Micro-Deval Apparatus
· ASTM C1252:  Standard Test Method for Uncompacted Void Content of Fine Aggregate (as Influenced by Particle Shape, Surface Texture, and Grading)
· ASTM C131:  Standard Test Method for Resistance to Degradation of Small-Size Coarse Aggregate by Abrasion and Impact in the Los Angeles Machine
· ASTM C294:  Standard Descriptive Nomenclature for Constituents of Concrete Aggregates
· ASTM C295:  Standard Guide for Petrographic Examination of Aggregates for Concrete
· ASTM C535:  Standard Test Method for Resistance to Degradation of Large-Size Coarse Aggregate by Abrasion and Impact in the Los Angeles Machine
· ASTM C88:  Standard Test Method for Soundness of Aggregate of Use of Sodium Sulfate or Magnesium Sulfate
· ASTM D3042:  Standard Test Method for Insoluble Residue in Carbonate Aggregates
· ASTM D5821:  Standard Test Method for Determining the Percentage of Fractured Particles in Coarse Aggregate
· ASTM D6928:  Standard Test Method for Resistance of Coarse Aggregate to Degradation by Abrasion in the Micro-Deval Apparatus
· ASTM E1960:  Standard Practice for Calculating International Friction Index of a Pavement Surface
· ASTM E2341:  Standard Test Method for Determining the Stopping Distance Number by Initia1 Speed and Stopping Distance at Traffic Incident Site
· ASTM E274:  Standard Test Method for Skid Resistance of Paved Surfaces Using a Full-Scale Tire
· ASTM E501:  Standard Specification for Standard Rib Tire for Pavement Skid-Resistance Tests
· ASTM E524:  Standard Specification for Standard Smooth Tire for Pavement Skid-Resistance Tests
· ASTM E670:  Standard Test Method for Side Force Friction on Paved Surfaces Using the Mu-Meter
· CSA A23.2-23A:  Resistance of Fine Aggregate to Degradation by Abrasion in the Micro-Deval Apparatus

[bookmark: _Toc301519284][bookmark: _Toc301520514]Managing and Maintaining Friction
For a few select highway agencies, periodic monitoring of highway pavement friction is deemed unnecessary because of the availability of high quality, durable aggregate.  Most highway agencies, however, are not as fortunate and must monitor wet pavement friction or wet-weather crashes, or both, in order to identify and correct friction-deficient locations.  Chapter 3 of the 2008 AASHTO Guide for Pavement Friction provides a detailed approach for these latter agencies for establishing and implementing a comprehensive pavement friction management (PFM) program.

The recommended PFM program is illustrated in Figure 5-25 and consists of the following five components (AASHTO 2008):

· Network Definition—Subdivide the highway network into distinct pavement sections and group the sections according to levels of friction need.
· [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Network-Level Data Collection—Establish field friction and texture testing protocols and collect friction, texture, and crash data for each section.
· Network-Level Data Analysis—Analyze friction and/or crash data to assess overall network condition and identify potentially friction-deficient sections.
· Detailed Site Investigation—Evaluate and test deficient sections to determine causes (non-friction-related or friction-related [microtexture or macrotexture]) and appropriate remedies.
· Selection and Prioritization of Short- and Long-Term Restoration Treatments—Plan and schedule suitable and cost-effective friction restoration activities as part of the overall pavement management process.

[bookmark: _Ref250291585][image: PFM.bmp]
[bookmark: _Ref251921342][bookmark: _Toc301520414][bookmark: _Toc310367492]Figure 5-25.  Example of a possible PFM program (AASHTO 2008) Used by permission.


A key part of the PFM process involves establishing investigatory and intervention threshold levels of friction.  An investigatory friction level is defined as a minimum friction threshold that, if exceeded, prompts the need for a detailed site investigation.  An intervention friction level is defined as a minimum friction threshold that, if exceeded, prompts the need for the application of a friction restoration treatment.  Three different methods for establishing investigatory and intervention friction levels are presented in the 2008 AASHTO Guide for Pavement Friction.

[bookmark: _Toc301519285][bookmark: _Toc301520515][bookmark: _Toc310367393]Hydroplaning Potential
Hydroplaning is a phenomenon whereby the tires of moving vehicle are partially or completely separated from the road surface by a layer or film of water (Yager et al. 2009).  The situation is extremely hazardous as the driver loses steering and braking control, and any slight differential drag between the two wheelpaths could cause the vehicle to spin (Donald, Heaton, and Francis 1996; Glennon 2006).

In partial hydroplaning, a portion of the pavement-tire contact is lost as a wedge of water builds in front of the pavement-tire contact area (Donald, Heaton, and Francis 1996).  The fluid drag from the wedge slightly slows the rotation of the coasting wheel (10 percent rotational velocity reduction) in a phenomenon known as “spindown.”  As speed and/or water film thickness (WFT) is increased, the wedge of water extends further and the fluid drag from the wedge slows and stops the rotation of coasting wheels (100 percent spindown).  In this latter scenario, the vehicle speed equals or exceeds the escape velocity of water drainage from the pavement-tire contact area and complete hydroplaning occurs (Yager et al. 2009).

As a general rule, hydroplaning can be expected for speeds above 45 mph where water ponds to a depth of 0.1 in. or greater over a distance of 30 ft or greater (Glennon 2006).  Such WFTs can be produced by high-intensity rainfalls and/or ponding of water in critical locations, such as pavement sections with wheelpath ruts, flat grades and/or low cross-slopes, transitions to horizontal curve super-elevation, and sag vertical curves (Donald et al. 1996).

The potential for hydroplaning on wet pavements increases with roadway and environmental factors that increase WFT and with driver and vehicle factors that increase the sensitivity to WFT, as follows (Glennon 2006):

· Roadway Factors (affecting WFT) 
· Pavement transverse profile (cross-slope and evenness [i.e., wheelpath rutting])
· Pavement surface texture (primarily macrotexture, but also microtexture)
· Pavement surface porosity
· Grade
· Width of pavement
· Roadway curvature
· Longitudinal depressions

· Environmental Factors (affecting WFT) 
· Rainfall intensity
· Rainfall duration

· Driver Factors (affecting sensitivity to WFT) 
· Speed
· Acceleration
· Braking
· Steering

· Vehicle Factors (affecting sensitivity to WFT) 
· Tire tread wear
· Ratio of tire load to inflation pressure
· Vehicle type

[bookmark: _Toc301519286][bookmark: _Toc301520516]Hydroplaning Parameters
Key parameters in the assessment of hydroplaning potential include WFT and hydroplaning speed (HPS).  WFT is a function of several variables including the drainage path length (which is a function of pavement cross-slope, longitudinal grade, and drainage width), the slope of the drainage path, the rainfall rate, Manning’s hydraulic roughness coefficient, and the pavement surface macrotexture and porosity.  Longer drainage path lengths, smaller drainage path slopes, higher rainfall intensities, and lower texture depths porosities all contribute to greater WFTs.

HPS is a function of WFT, tire inflation pressure, and tire tread depth.  Higher WFTs result in lower critical hydroplaning speeds, whereas higher tire inflation pressures and tread depths produce higher critical hydroplaning speeds.

[bookmark: _Toc301519287][bookmark: _Toc301520517]Hydroplaning Potential Measurement Equipment
To effectively minimize hydroplaning potential, HPS must be maximized.  For WFT values below about 0.02 in and tire inflation pressures above 40 lb/in2, HPS is sufficiently high enough that hydroplaning is not a serious concern.  However, as tire inflation levels decrease and/or WFT levels increase, the potential for hydroplaning increases and must be carefully evaluated.

Mathematical models and a corresponding graph for examining the effects of WFT on HPS are presented in NCHRP Web Document 16 (Anderson et al. 1998), developed under NCHRP Project 1-29.  Table 5-6 can be used in conjunction with this graph to assess the potential for hydroplaning, based on paired values of HPS and WFT and the estimated average speed of the highway facility (Hall et al. 2009).

[bookmark: _Ref250291923][bookmark: _Toc301520452][bookmark: _Toc310367625]Table 5-6.  Assessment of hydroplaning potential based on vehicle 
speed and water film thickness.
	Average Vehicle Speed (85th Percentile of Traveling Speed) minus Critical Hydroplaning Speed (HPS), mph a
	WFT, in

	
	< 0.02
	0.02 to 0.06
	> 0.06

	Less than –5
	None
	None
	None

	Between +5
	None
	Low
	Moderate

	Greater than 5
	None
	Moderate
	High


a   Guidelines for determining design speed based on highway functional classification, location (i.e., rural versus urban), and terrain type (i.e., level, rolling, and mountainous) can be found in the AASHTO Green Book (AASHTO 2001).


WFT can be computed using agency-established models or procedures or the WFT prediction equation featured in NCHRP Web Document 16 (Anderson et al. 1998) and shown below.

		(5-11)

where:
	WFT	=	Water film thickness, in.
	n	=	Manning’s roughness coefficient.
	L	=	Drainage path length, in.
	I	=	Excess rainfall rate, in/hr.
		= 	Rainfall rate (i) minus infiltration rate (permeability of pavement).
	S	= Slope of drainage path, in./in.
	MTD	= Mean texture depth, in.

[bookmark: _Toc301519288][bookmark: _Toc301520518]AASHTO/ASTM Specifications and Test Methods for Hydroplaning Potential
There are currently no AASHTO or ASTM standards pertaining to the measurement of hydroplaning.

[bookmark: _Toc301519289][bookmark: _Toc301520519]Key Factors/Considerations for Minimizing Hydroplaning Potential
Besides controlling vehicle speed through established speed limits, highway agencies can reduce the potential for hydroplaning through design and construction by (Donald et al. 1996; Anderson et al. 1998; Button, Fernando, and Middleton 2004):

· Minimizing the surface drainage path length by providing adequate pavement cross-slopes and longitudinal grades.
· Providing adequate texture depth and/or porosity in the surface mix.
· Providing adequate side drainage facilities for sag vertical curves.
· Providing drainage appurtenances, such as slotted drains, between travel lanes, if feasible, on large multi-lane highway facilities where the transverse flow path spans more than two travel lanes.

[bookmark: _Toc301519290][bookmark: _Toc301520520]Managing and Maintaining Hydroplaning Potential
Through periodic pavement evaluation and maintenance, highway agencies can reduce the potential for hydroplaning by (Donald et al. 1996; Anderson et al. 1998; Button, Fernando, and Middleton 2004):

· Eliminating or minimizing wheelpath rutting.
· Ensuring effective surface drainage through cleaning, retexturing, or the application of surface treatments with adequate texture and/or porosity.
· Ensuring effective side drainage through removal of snow/ice from the shoulder and cleaning of drainage structures.

[bookmark: _Toc301519291][bookmark: _Toc301520521][bookmark: _Toc310367394]Splash/Spray
Splash/spray is defined as the water from a wet road that is thrown from the tire tread and/or squeezed out from the pavement-tire contact patch, resulting in either an airborne mist of tiny water droplets (generally <0.02 in.) referred to as “spray” or an airborne jet of large water droplets (generally >0.04 in.) referred to as “splash” (Sanders, Flintsch, and Larson 2009; Resendez et al. 2007).  The airborne water particles can reduce visibility, particularly for vehicles traveling next to or closely behind other vehicles, and especially at night.

Although the safety hazard created by splash and spray has not been precisely defined, research suggests that between 1 and 10 percent of wet weather crashes are caused by poor visibility due to splash and spray (ISPA, 1977; Sabey, 1973; NCPTC 2006).  While the safety hazards are primarily related to the reduction in visibility created by the splash and spray, it may also extend to the reduction in visibility created by dirt and/or salt deposited (via splash and spray) on vehicle windshields, headlights, taillights, and mirrors, and on roadside traffic features (signs, markings) (Resendez et al. 2007; Sanders, Flintsch, and Larson 2009).  Other potential negative effects of splash and spray include the depositing of poisonous and corrosive salts on roadside vegetation and roadside safety and traffic control features (e.g., signs, guardrails, delineators) (Resendez et al. 2007).

The process of splash and spray can generally be described as follows (Gallaway et al. 1979):

As water falls or runs onto a pavement, a certain initial volume is required to fill the pavement surface texture before runoff occurs.  This volume is known as depression storage.  When the surface voids are filled, runoff begins and increases to a constant value.  The thin sheet of water on the surface at this time (excluding depression storage) is referred to as surface retention and it contributes significantly to splash.  After runoff ceases, the depression storage water is tapped, producing spray.

Like hydroplaning, splash/spray is greatly influenced by the longitudinal and transverse profile of the roadway, the pavement surface macrotexture and porosity, and the rainfall intensity.  These factors affect the rate at which water is channeled away from the roadway surface during wet driving conditions.  Other factors affecting splash and spray include wind speed and direction, light conditions, vehicle speed, vehicle tire properties (e.g., width, tread pattern and depth), and vehicle suppression devices (e.g., mud flaps, side skirts/valences, fenders).

[bookmark: _Toc301519292][bookmark: _Toc301520522]Splash/Spray Parameters
Various techniques have been used in the past to measure splash and spray.  The techniques can be categorized according to different measurement parameters, as follows (Sanders, Flintsch, and Larson 2009):

· Collection—Water generated by splash/spray is collected in a container attached to or following the generating vehicle, and the amount of water is measured.
· Contrast change—Images of a standardized target are analyzed before and during spray, and the difference in contrast between the images is calculated.
· Light attenuation—A light source is directed through a spray cloud at a photocell located a fixed distance away.  Light is scattered through the spray so the amount of light collected by the photocell gives an indication as to the quantity of spray.
· Subjective observation—Images of, or the direct observation of spray testing, is undertaken by a number of people.  Each image or test run is the scored, and a subjective quantity of spray is obtained.

[bookmark: _Toc301519293][bookmark: _Toc301520523]Splash/Spray Measurement Equipment
Details of the specific techniques and equipment within each of the above measurement parameter categories, as well as two other techniques (Doppler and high-speed CCD camera, optical spectro pluviometer (OSP)) are provided in Sanders, Flintsch, and Larson (2009).  Additional information on some of these techniques is available in Resendez et al. (2007).

[bookmark: _Toc301519294][bookmark: _Toc301520524]AASHTO/ASTM Specifications and Test Methods for Splash/Spray
There are currently no AASHTO or ASTM standards relating to the measurement of splash or spray.

[bookmark: _Toc301519295][bookmark: _Toc301520525]Key Factors/Considerations for Minimizing Splash/Spray
In general, pavements designed and constructed to minimize hydroplaning will also reduce splash and spray.  Thus, in addition to ensuring adequate geometrics and side drainage facilities, surface mixes with high macrotexture and/or porosity levels should be considered.

[bookmark: _Toc301519296][bookmark: _Toc301520526]Managing and Maintaining Splash/Spray
Pavements maintained and managed so as to minimize hydroplaning will also reduce splash and spray.

[bookmark: _Toc301519297][bookmark: _Toc301520527][bookmark: _Toc310367395]Noise
In recent years highway noise has become a critical issue to both the traveling public and highway agencies, particularly on high-volume facilities in urban settings.  Highway noise emissions—which can be generated by the vehicle powertrain or by the tire-pavement interaction—are not only irritating to those living adjacent to the facilities, but also can be bothersome to the users of the facilities as well.

[bookmark: _Toc301519298][bookmark: _Toc301520528]Noise Definitions
Sources of Roadside Noise
As previously described, there are two major sources of roadside noise.  Powertrain noise is primarily attributed to engine noise and exhaust emissions, while tire-pavement noise is primarily due to the interaction at the tire-pavement interface, but can also includes vehicle vibration and aerodynamic noise (Cackler, Harrington, and Ferragut 2006).

The noise caused by the interaction of tire and pavement is considered dominant at high speeds, but is overshadowed by the engine and exhaust at low speeds.  The crossover speed between these two sources depends on the type of vehicle, pavement texture, traffic conditions, and several other factors (Hibbs and Larson 1996), but often times is considered to be about 20 mph (Bernhard and Sandberg 2005) for properly maintained automobiles.

Noise Levels
Sound levels are based on a logarithmic scale in units of measure referred to as a decibel (dB).  Adjustment of the sound level to reflect how a human ear responds to sound is referred to as weighting.  Typically for traffic noise measurements this is referred to as A-weighting and is referenced by dB(A).  The A-weighting scale ranges from 0 to 140 dBA (Hanson, James, and NeSmith 2004).  Typical dB(A) levels of common activities are shown in Table 5-7.
[bookmark: _Toc301520453][bookmark: _Toc310367626]

Table 5-7.  Common activity noise levels (FHWA 1980, Rasmussen et al. 2007).
	Activity
	Noise Level
dB(A)

	Threshold of pain
	140

	Rock concert at 15 ft
	120

	Jet fly-over at 1000 ft
	100

	Lawnmower at 3 ft
	95

	Loud shout
	90

	Motorcycle passing 50 ft away
	85

	Blender at 3 ft
	85

	Car traveling 60 mph passing 50 ft away
	80

	Lawnmower at 100 ft
	70

	Normal conversation at 3 ft
	60

	Heavy traffic at 300 ft
	60

	Quiet living room
	40

	Threshold of hearing
	0




In general, the human ear can distinguish a 3 dB(A) difference between two levels of similar sound (Hanson, James, and NeSmith 2004), while a 5 dB change would be noticed as a definite change in noise level (Rasmussen et al. 2007).  Also, most people would consider a 10 dB change of the same type of sound to be a doubling or halving of the sound level (Rasmussen et al. 2007).

Another important aspect to the noise level is the sound frequency (or pitch).  The sound frequency is the speed, measured in cycles per second or hertz (Hz), at which small air pressure changes are occurring.  A person with good hearing can hear frequencies ranging from 20 to 20,000 Hz.  The human ear is most sensitive to frequencies ranging from 1,000 to 4,000 Hz (See Figure 5-26).

[image: ]
[bookmark: _Ref263758264][bookmark: _Ref263758258][bookmark: _Toc301520416][bookmark: _Toc310367494]Figure 5-26.  Weighting curves used for sound pressure level adjustment (Rasmussen et al. 2007).
When reporting traffic noise levels, three of the most commonly used terms are (see Figure 5-27) (Rasmussen et al. 2007):

· Lmax – maximum sound level during the measurement period.
· L10 – represents the sound level that is exceeded 10 percent of the time.  This measurement is relevant where isolated and infrequent sounds may be dominating the noise perception from the roadway.
· Leq – equivalent sound level during the measurement time.  Mathematically, Leq is the sum of the sound energy during the measurement period divided by the measurement time.  Leq represents the actual traffic noise and is a function of both vehicle type (e.g., cars and trucks), speed, and pavement surface type.

[image: Definition of sound levels.bmp]
[bookmark: _Ref249846377][bookmark: _Toc301520417][bookmark: _Toc310367495]Figure 5-27.  Example of various sound level measurements (Rasmussen et al. 2007).


[bookmark: _Toc301519299][bookmark: _Toc301520529]Traffic Noise
Traffic noise is the sound generated from all vehicles traveling on the roadway.  Different vehicle types generate different levels of sound.  For example, a typical heavy truck is 10 dB(A) louder than a typical passenger car (Rasmussen et al. 2007).  In addition, vehicle speed also impacts the sound level.  An increase of 10 mph can result in an increase in sound level of approximately 2 to 3 dB(A) (Rasmussen et al. 2007).

Three possible sources of vehicle noise include propulsion, aerodynamic, and tire-pavement noise.

Propulsion Noise
Noise generated by the propulsion of the vehicle includes: engine, exhaust, intake, and other Powertrain components (Rasmussen et al. 2007).  At very slow speeds, propulsion noise will dominate the total noise level.

Aerodynamic Noise
Noise caused by the movement of air around the vehicle is referred to as aerodynamic noise.  Aerodynamic noise will dominate the total noise level only at very high speeds (> 70 mph).

Tire-Pavement Noise
The generation of noise between the tire-pavement interface is due to vibration and tire aerodynamic related mechanism.  Vibration is typically caused by the impact and adhesion of the tire treads to the pavement surface.  This is summarized below (Sandberg and Ejsmont 2002):

· Impact of the tire treads on the pavement surface.
· Impact of the tire treads with the pavement surface texture.
· Deflection of the tire treads.
· Stick-slip due to the motion of the tread block relative to the pavement surface.
· Stick-snap due to the tread block rubber sticking and releasing from the pavement surface.

Aerodynamic tire-pavement related noise is summarized as follows:

· Displacement of air as the tire rolls along the pavement surface and as air is dragged around by the spinning tire.
· Air displaced in or between the tire tread and the pavement surface.
· Air displaced in the tire tread grooves.
· Helmholtz resonance which is an amplification of the air displaced in the tread pattern.

[bookmark: _Toc301519300][bookmark: _Toc301520530]Measuring Tire-Pavement Noise
The following provides a summary of the various methodologies for measuring traffic noise and includes the Statistical Pass-By Method, the Controlled Pass-By Method, the Close-Proximity Method, and the On-Board Sound Intensity Method.  In addition, information and reference related to AASHTO, ASTM, and FHWA specifications are provided.

Statistical Pass-By Method
The statistical pass-by method consists of a microphone placed at a height of 5 ft and at a distance of 50 ft from the center of the measured lane.  The statistical pass-by method measures sound levels and vehicle speeds for vehicles traveling in a selected traffic stream (Sandberg and Ejsmont 2002).  From this, the sound level for an “average” car, medium truck, and heavy truck traveling at a standardized speed can be determined.

Controlled Pass-By Method
The controlled pass-by method is similar to the statistical pass-by method except the sound measurement is based on a single selected vehicle traveling at a specified speed.

Close-Proximity Method
The close-proximity (CPX) method measures the sound generated at the tire-pavement interface.  This method measures the sound pressure using a single microphone and test tire mounted on a trailer (Figure 5-28 and Figure 5-29) or on an especially designed vehicle.  Sound measurements (A-weighted sound pressure level) are typically recorded at travel speeds of 30, 50, or 70 mph.  One advantage of this method is the ability to collect sound measurements continuously over designated distances.

[image: ]
[bookmark: _Ref249091794][bookmark: _Toc301520420][bookmark: _Toc310367498]Figure 5-28.  CPX trailer (Hanson, James, and NeSmith 2004).
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[bookmark: _Ref251174758][bookmark: _Toc301520421][bookmark: _Toc310367499]Figure 5-29.  CPX trailer close-up (Rasmussen et al. 2007).


On-Board Sound Intensity
The on-board sound intensity (OBSI) method consists of a phase-matched pair of microphones (Figure 5-30) that are positioned to isolate the sound generated near the tire-pavement interface.  A standard tire, as specified by ASTM F2493 Standard Reference Test Tire (SRTT), is used during testing.

[image: ]
[bookmark: _Ref249058101][bookmark: _Toc301520422][bookmark: _Toc310367500]Figure 5-30.  OBSI equipment (Donavan 2011).


AASHTO/ASTM Specifications and Test Methods for Pavement Noise Testing
· AASHTO TP 76, Measurement of Tire/Pavement Noise Using the On-Board Sound Intensity Method – provides procedures for measuring tire-pavement noise using the OBSI method and for verifying the measurement system.
· ASTM F2493, Standard Specification for P225/60R16 97S Radial Standard Reference Test Tire – provides specifications for the standard reference tire used in testing for braking traction, snow traction, wear performance evaluations, pavement roughness, and noise.

FHWA Pavement Noise Information
FHWA Procedures for Abatement of Highway Traffic Noise and Construction Noise (23 CFR 772), outlines the process and procedures for predicting traffic noise using the FHWA Highway Traffic Noise Prediction Model (TNM).

In addition, the following provides a summary of FHWA related tire-pavement noise reports and websites.

· FHWA Tire-Pavement Noise
· FHWA 23 CFR Part 772 – Procedures for Abatement of Highway Traffic Noise and Construction Noise
· FHWA Guidance on Quiet Pavement Pilot Programs and Tire/Pavement Noise Research
· FHWA Turner-Fairbanks Quieter Pavements: Lessons Learned from Europe

NCHRP Research Reports
The following provides a summary of NCHRP related tire-pavement noise research reports.

· Measuring Tire-Pavement Noise at the Source (Donavan and Lodico 2009).
· Mapping Sources of Truck Noise (Gurovich et al. 2009).
· Texturing of Concrete Pavements (Hall, Smith, and Littleton 2009).

[bookmark: _Toc301519301][bookmark: _Toc301520531]Pavement Type Noise Characteristics
In general, three pavement properties affect tire pavement noise.  Pavement porosity, which has a more significant impact on noise characteristics, followed to a lesser degree by surface texture, and material stiffness.  Each of these characteristics is further discussed as follows (Rasmussen et al. 2007, Smit 2008):

· Porosity – the porosity of the pavement surface should be more than 20 percent.  Increasing the porosity of the pavement surface increases the ability of the surface material to absorb sound.  Porosity can be calculated from specimen weight, volume, and material components.  Acoustic absorption can be determined using an impedance tube (ASTM C384/E1050), impulse response measurement using the extended surface method (ISO 13472-1), or by the effective flow resistivity (ANSI S1.19) (Rasmussen et al. 2007).  Each of these procedures is shown in Figure 5-31.
· Texture – utilize maximum aggregate sizes less than 0.375 in.  In addition, a pavement surface with a negative texture (surface is largely flat) has been shown to be effective in reducing noise levels.  Texture measurements can be made in accordance with either the sand patch test (ASTM E965), laser-based height sensors used on pavement profilers (ISO 13473), Circular Texture Meter  (ASTM E2157) (Figure 5-32a), or RoboTex (Figure 5-32b).
· Stiffness – it is most desirable to have a pavement stiffness that approaches the stiffness of tires.  Measurement of material stiffness is highly dependent on testing temperature, testing rate, applied load, and so on, therefore, the use of the impact echo device (ASTM C1383) has been used in noise related studies.
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a. Impedance tube (Neithalath et al. 2005).
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b. Extended surface method (Acoustics Engineering 2009).
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c. Effective flow resistivity (Rasmussen et al. 2007).
[bookmark: _Ref249846696][bookmark: _Toc301520423][bookmark: _Toc310367501]Figure 5-31.  Acoustical absorption test equipment.
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	a.  Circular Texture Meter
	b.  RoboTex


[bookmark: _Ref249783449][bookmark: _Toc301520424][bookmark: _Toc310367502]Figure 5-32.  Texture measurement equipment (Rasmussen et al. 2007).

Open-Graded or Porous Asphalt
Open-graded friction course (OGFC), shown in Figure 5-33, can result in noise reductions of 3 to 5 dB(A) as compared to a non-porous asphalt (Hanson, James, and NeSmith 2004).  The evaluation of an OGFC in Davis, CA indicated an initial noise reduction of approximately 7 dB(A) and after 10-years of service only a slight increase in noise level has occurred (Lodico and Reyff 2009).  

[image: ]
[bookmark: _Ref250007949][bookmark: _Toc301520425][bookmark: _Toc310367503]Figure 5-33.  OGFC surface texture (Smit and Waller 2007a).

The achievable noise level reduction in open-graded asphalt pavements is dependent on the following factors (Hanson, James, and NeSmith 2004):

· Interconnected air voids, 15 percent or more (Sandberg and Ejsmont 2002).
· OGFC layer thickness, 0.8 to 1.6 in.
· Maximum aggregate size, less than 0.375 in.
· Binder quantity.

Furthermore, studies conducted by NCAT (Smit and Waller 2007a, Smit 2008) on the noise quality of a variety of asphalt pavements concluded:

· Single and double layer porous asphalt mixtures provide the lowest noise characteristics.  Consideration of aggregate size and layer thickness on the clogging potential needs to be considered for long-term performance.

Gap-Graded or Stone Matrix Asphalt
Testing conducted by NCAT indicates that the average noise levels for stone matrix asphalt (SMA) mixes is 97.2 dB(A) (ranging from 95.9 dB(A) to 100.0 dB(A)) as measured using the CPX trailer (Hanson, James, and NeSmith 2004) (see Figure 5-34).  Smit and Waller (2007a) also determined that No. 4 SMA mixtures should be avoided due to negligible sound absorption characteristics and higher potential for asphalt bleeding during construction.

[image: copy mod sma_core_600.jpg]
[bookmark: _Ref264621604][bookmark: _Toc301520426][bookmark: _Toc310367504]Figure 5-34.  SMA aggregate structure (Pierce 2000).

European Two-Layer Asphalt Design
A number of European countries have experimented with a quieter pavement structure that places a finer upper layer, to minimize the clogging potential, over a denser lower layer (Figure 5-35).  The French, for example, have experimented with a 1.2 to 1.6 in. thick fine porous mixture with a maximum aggregate size of 0.25 in. over a 3.5 in. thick highly porous asphalt mix with a maximum aggregate size of 0.625 in.

[image: asphalt two layer system.bmp]
[bookmark: _Ref249923665][bookmark: _Toc301520427][bookmark: _Toc310367505]Figure 5-35.  European two-layer asphalt design (Bendtsen and Larsen 2001).

Noise level analysis indicates that the two-layer asphalt designs have the potential of a 4 dB(A) or more reduction as compared to conventional dense-graded asphalt (Silence 2009).

Concrete Texture LMP
Hall, Smith, and Littleton (2009) conducted extensive analysis on a variety of textured concrete pavements, that included transverse tining. 

Next Generation Concrete Surface
The next generation concrete surface (NGCS) refers to a category of texture(s) that has evolved based on recent research studies (Scofield 2008).  One of the findings from the Purdue Tire/Pavement Test Apparatus results was that the variability in fin profile from the conventional diamond grinding surface affected the generation of tire-pavement noise (Scofield 2009).  The NGCS can be accomplished by first pre-grinding the entire surface (removing 100% of the existing surface texture on 98% of the pavement surface area) using the conventional diamond grinding process, followed by either a single pass or a two pass operation:.

· In the single-pass operation, the diamond blade stack consists of two types of diamond grinding blades arranged to produce a flush ground surface and longitudinal grooves (Figure 5-36).  The 4 ft grinding head consists of 0.125 in. grinding blades with 0.03 in. spacers.  The blades to create the longitudinal grooves are 0.25 in. to 0.376 in. taller in diameter than the grinding blades and are spaced approximately 0.5 in. center to center.

[image: NGCS First Pass.jpg]
[bookmark: _Ref263920623][bookmark: _Toc301520428][bookmark: _Toc310367506]Figure 5-36.  NGCS single-pass diamond grinding head (Scofield 2008).

· In the two-pass operation, the first operation, using a 4 ft grinding head stacked with 0.125 in. blades separated by 0.03 in. spacers, creates the flush ground surface (similar to head shown in Figure 5-36 but all blades are flush), while the second operation provides the longitudinal grooves (Figure 5-37).

[image: NGCS Second Pass.jpg]
[bookmark: _Ref263920664][bookmark: _Toc301520429][bookmark: _Toc310367507]Figure 5-37.  NGCS second pass diamond grinding head (Scofield 2008).

The benefit of the NGCS is that it creates a surface with negative texture, resulting in lower tire-pavement noise levels (Figure 5-38).
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[bookmark: _Ref249952453][bookmark: _Toc301520430][bookmark: _Toc310367508]Figure 5-38.  Next generation concrete surface.

Several studies report OBSI testing on a number of concrete pavement surface textures, indicating that conventional transverse tining results in one of the noisiest concrete textures, while the NGCS results in the quietest (Wathne and Scofield 2009):

· Transverse tining:	103 – 110 dB(A)
· Longitudinal tining:	101 – 106 dB(A)
· Conventional diamond grinding:	100 – 104 dB(A)
· Next generation concrete surface:	99 – 101 dB(A)

A number of highway agencies, including Kansas DOT, Illinois DOT, Minnesota DOT, and Oklahoma DOT, have constructed and are evaluating the noise and pavement performance characteristics of NGCS.

European Two-Lift Concrete System
The European two-lift concrete system includes the placement (Figure 5-39) of two wet-on-wet layers or the bonding of a wet layer to a dry layer of concrete.  The lower layer consists of a structural section (typically 80 to 90 percent of total thickness) of locally available materials.  The upper layer consists of a thinner layer of high quality materials designed for resistance to freeze-thaw damage, reduced noise, and/or improved friction characteristics.

[image: ]
[bookmark: _Ref250032242][bookmark: _Toc301520431][bookmark: _Toc310367509]Figure 5-39.  Two-lift concrete construction (Gerhardt 2008).

To date, the states of Kansas and Michigan have constructed test sections of the European two-lift system.

[bookmark: _Toc301519302][bookmark: _Toc301520532][bookmark: _Toc310367396]Other Dynamic Attributes
Other dynamic forms of pavement surface characteristics include rolling resistance, tire wear, and light reflectance/luminance.  These attributes are briefly discussed below.

[bookmark: _Toc301519303][bookmark: _Toc301520533]Rolling Resistance
Rolling resistance is defined as the force that resists the rolling of a wheel along a pavement surface.  The force is caused by the natural deformations (bending, stretching and recovering) that occur in the pavement tire as it encounters the pavement and by the tread’s interaction with the road.

The same texture components that are essential to wet-weather friction—microtexture and macrotexture—are key contributors to the development of rolling resistance forces.  Other potential contributors include the longitudinal profile (roughness) and the stiffness of the pavement.

The energy consumed by a tire rolling under load is manifested as heat and sound, and it is estimated that between 2 and 10 percent of vehicle fuel consumption is used to overcome rolling resistance (Sandberg and Ejsmont 2002).  Research is on-going to identify and quantify the links between pavement surface characteristics and rolling resistance and to determine what improvements can be made to reduce rolling resistance without sacrificing friction and other safety-related attributes.

[bookmark: _Toc301519304][bookmark: _Toc301520534]Tire Wear
Tire wear refers to the impact a pavement surface has on the abrasion/wear rate of vehicle tires as they roll (or slide) along the surface.  Although both pavement microtexture and macrotexture have an influence on tire wear, the predominant factor is microtexture.

The effect of increased tire wear is manifested in increased user costs—the higher the wear, the more frequently tires must be replaced, thereby increasing the costs borne by the user.  However, like rolling resistance, there is a tradeoff between tire wear and safety-related attributes.  While tire wear can be reduced by decreasing microtexture and macrotexture, friction is also reduced and the potential for hydroplaning and splash/spray is increased.

[bookmark: _Toc301519305][bookmark: _Toc301520535]Light Reflectance/Luminance
Light reflectance or luminance is the physical measure of brightness of a pavement surface created by reflected light.  It is dependent upon the relative positions of the light source and the observer, as well as the reflectance characteristics of the pavement surface.  While color can impact the reflectance characteristics of the surface (darker colors absorb more light), surface texture can affect directional reflectance and the amount of wet-pavement glare.

Increased surface texture reduces pavement luminance (and thus visibility) on lighted roads.  However, light from headlights reflected back toward the driver, increases with macrotexture depth until the macrotexture peaks shadow one another.  Increased macrotexture also provides better water drainage, thereby reducing glare for wet pavements.

[bookmark: _Toc301519306][bookmark: _Toc301520536][bookmark: _Toc310367397]Surface Characteristics and User Costs
User costs are defined as non-agency costs that are borne by the users of a roadway facility.  User costs are incurred during both normal highway operating and work zone conditions (i.e., lane restrictions or road closures associated with construction, maintenance, or rehabilitation activities).  There are four primary user cost:

· Time delay costs—Costs incurred as a result of additional time spent due to work zones and/or pavement surface conditions.
· Vehicle operating costs—Costs associated with fuel and oil consumption, vehicle maintenance/repair, emissions, and depreciation due to work zone traffic flow disruptions and/or pavement surface conditions.  Vehicle operating costs typically involve the out-of-pocket expenses associated with owning, operating, and maintaining a vehicle.
· Crash costs—Costs associated with additional crashes brought about by work zones and/or pavement surface conditions.  Crash costs are primarily comprised of the costs of human fatalities, non-fatal injuries, and accompanying property damage.
· Discomfort costs—Costs associated with driving in congested traffic or on pavement surfaces with annoying or disconcerting characteristics.

User costs are often included in the economic assessments made by highway agencies regarding the type of pavement or pavement materials to be used on a project.  Roughly one-third of highway agencies try to quantify certain types of user costs and consider them with the projected agency costs of building and maintaining competing pavement types.  The user cost types considered are usually the time delay costs and vehicle operating costs associated with work zones.

Pavement surface characteristics can impact user costs in various ways, primarily as part of normal highway operating conditions.  The most significant cost impacts are in the areas of crash and vehicle operating costs.  As noted earlier, inadequate friction, hydroplaning, and splash/spray all contribute to the number of annual highway crashes.  While difficult to quantify, the costs of such crashes could be greatly reduced with the appropriate texture and good transverse profile.

Also, as noted earlier, smoothness, rolling resistance, and tire wear all have an impact on vehicle operating costs; smoothness and rolling resistance affecting fuel consumption and tire wear affecting vehicle maintenance/repair.  Rougher roads have been shown to result in higher fuel consumption rates, due to the increased dynamic accelerations created by the longitudinal profile irregularities.  Although vehicle operating costs are more tangible than crash costs, they can also be difficult to quantify, given the many different textures and longitudinal profile conditions that can exist and the confounding influence of pavement stiffness.  Nonetheless, vehicle operating costs can be reduced via smoother pavements and pavements with less macrotexture (reduced rolling resistance) and microtexture (reduced tire wear).
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