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ABSTRACT

The Washington State Department of Transportation (WSDOT) determines wet-
pavement surface friction characteristics by conducting skid-tests in accordance with
American Society for Testing and Materials (ASTM) Method E-274. The results of the
skid-tests, Friction Number (FN), are used as one of several variables in programming
safety improvements.

This report examines literature from the United States and abroad on friction
number guidelines for highways. On the basis of an analysis of the literature, a revised
friction number guideline was developed. The new guideline is consistent with other
highway departments that have recently reviewed their minimum friction number
guidelines. Most importantly, the new guideline provides WSDOT pavement engineers

with a realistic parameter for assessment of highway pavements.



DISCLAIMER

The contents of this report reflect the views of the author, who is responsible for
the facts and the accuracy of the daa presented herein. The contents do not necessarily
reflect the official views or policies of the Washington State Transportation Commission,
Department of Transportation, or the University of Washington. This report does not

constitute a standard, specification, or regulation.
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CHAPTER 1
INTRODUCTION

BACKGROUND

The earliest research report on the skid resistance of rubber tires on various road surfaces
was presented at the 1933 annual meeting of the Highway Research Board by Ralph A. Moyer.
(15) The report gave a true indication of the many variable factors that influence tire and road
friction, especially the hazardous, slippery conditions of certain road surfaces when wet. Moyer
discovered that coefficients of friction for all slippery surfaces, except those covered with snow
or ice, are fairly high at low speeds, but drop sharply as the speeds of vehicles increase, as shown
in Figure 1. Furthermore, Moyer noted that the seriousness of the hazard created by slippery
road surfaces becomes more apparent when attention is directed to the fact that the friction
requirements for driving operations, such as acceleration and braking, increase approximately
with the square of the speed. (16) These concepts are shown graphically in Figure 2. (1)

The phenomenal increase in the volume and speed of highway traffic after World War II
was accompanied by a similar increase in the occurrence of highway accidents. Since World
War II, many factors believed to contribute to these accidents have been studied. Most
researchers agree that these factors fall into three major categories: (a) the driver's behavior, (b)
the roadway and its environment, and (c) the vehicle and its characteristics. (3) Highway
departments concentrate on the roadway and its environment, with safety and economics among
their highest priorities. This report focuses on wet-pavement skid resistance. It specifically
examines the issue of minimum skid resistance guidelines for highways. These guidelines are
designated to ensure that adequate friction is available in wet conditions.

Minimum skid resistance guidelines have been the focus of intensive research efforts
since the National Highway Safety Act of 1966, which requires states and jurisdictions to
maintain the skid resistance of public highways and streets. "Maintain" includes correction of

excessive slipperiness. (1)

Friction Requirements. Text 1 August 23, 1993
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Figure 1. Coefficients of Friction for New Tread and Smooth Tread Tires on
Various Types of Road Surfaces in Wet Condition (Moyer (16D
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Figure 2. Available Friction and Driver Demand (Byrd et. al {1])



In the mid-1960s, Kummer and Meyer (12} performed a landmark study to determine
frictional requirements for main rural highways. The study was published in 1967 by the
Highway Research Board (HRB) as National Cooperative Highway Research Program (NCHRP)
Report 37. The report recommended a minimum skid number of 37 for the national road
network, as measured with a skid trailer in accordance with ASTM Method E-274. The HRB
emphasized that the recommended skid number was minimum and tentative and that specific
frictional requirements needed to be determined for each giv¢n set of road, vehicle, operator, and
weather conditions. The HRB suggested continued research to develop a more refined skid
resistance requirement. (12)

Since 1967, researchers have made significant progress in field and laboratory methods of
measuring road surface friction, comparison and correlation of the different measuring methods,
relationships of road surface properties to skidding accidents, and several other aspects of the
tire-pavement interaction. This report adjusts the skid number recommended by HRB in 1967 to

reflect these research developments.

Before analyzing specific adjustments to the minimum skid number, basic principles are

briefly discussed.

SKID RESISTANCE

When a pavement is wet, quick braking or turning maneuvers may cause a vehicle's tires
to slide because of the lower friction between the tires and the pavement. In this report "friction"
is understood to be the force developed at the tire-pavement interface that prevents the tires from
sliding on pavement surfaces under fast braking or cornering. The term "skid resistance” has
also been used to describe this tire-pavement interaction. The two terms (friction and skid
resistance) are used interchangeably in this report, as they are in the literature.

Skid resistance can be stated several ways: coefficient of friction (), Friction Number

(FN), or Skid Number (SN). Each is defined as follows:



a. Coefficient of Friction (l)

F
=T
F = frictional resistance to motion in the plane of interface.
L = load perpendicular to the interface.

b. Skid Number (SN)
SN = 100Q) = 100(%)

F = measured friction obtained with a locked-wheel standardized tire at a
constant speed (usually 40 mph) along an artificially wetted pavement
(in accordance with ASTM E-274 or AASHTO T-242).
I. = vertical load on a locked wheel.
c. Friction Number (FN)

FN = defined by NCHRP Report 37 as the critical coefficient of friction which
the tire develops before skidding occurs.

Note: It is often used interchangeably with SN in other literature to represent
the measured value of skid resistance.

It is important to note that a pavement is not given a certain coefficient of friction because
friction involves two bodies, the pavement and the tire. Each is extremely variable because of

factors such as pavement wetness and vehicle speed. (1)

As already stated, the factors that contribute to highway skidding accidents fall into three

major categories, known as the three components of skidding accidents:

. The Driver — driving habits and capabilities
. The Pavement — surface characteristics
. The Vehicle — tires and suspension

The external environment, mainly wet weather, can affect each of these components
either directly or indirectly. For instance, rainfall affects the friction available from the pavement

surface; the tire tread affects the capacity of the tire to remove water at the tire-pavement



| interface; and wet roads can produce headlight reflection and spray, which can reduce the driver's
perceptual vision and sight distance. Wet conditions produce low and variable friction values.
Under dry conditions, skid resistance is good and uniform values are obtained for a wide range of
surfaces. Therefore, pavement engineers concentrate their efforts regarding skjdding accidents to
wet conditions,

The occurrence or avoidance of a skidding accident is a function of the three interrelated
components. A deficiency in any one of these Components, that is, the driver, the pPavement, or
the vehicle, can be the cause of a skidding accident. (1)

Pavement engineers strive to understand the factors involved in skid resistance and their
interrelationships. This is an extremely complex subject, and, therefore, is often outlined in
terms of friction demand and supply.

Skid resistance can be thought of in terms of the margin of safety between the friction
supply available and the friction demand generated at any particular time and for a particular
driving maneuver. The basic skid resistance equation is as follows: skid resistance equals
friction supply minus friction demand. Table 1 lists the major factors that affect the skid

equation,
Table 1. The Factors of Skid Resistance (from Byrd, et al. [1])

" FRICTION DEMAND FRICTION SUPPLY H
*  Speed *  Speed
* Acceleration and braking ¢ Tire
* Vehicle characteristics * Pavement surface
Microtexture
*  Weather related Macrotexture
Wind Drainage
Spray Cross slope
Sight
*+  Weather related
* Roadway geometrics Rainfall
Curvature Temperature
Superelevation Cyclic Effects
Trackin Seasonal




Note that certain factors affect both demand and supply and can therefore have a
significant influence on skid resistance. Obvious examples are speed and weather related
factors. (1)

Friction D is of Traffi

For a vehicle to follow a desired course the tires must be capable of developing definite
friction factors. Friction factors vary with speed, tire type, weather conditions, roadway
geometrics and, most importantly, with the maneuvers that drivers impose on their vehicles
(changes in direction and rate of acceleration).

The large dependence of available friction on speed arises from the fact that on wet
pavements the tire-pavement contact area is determined by the efficiency with which the tire can
expel water from that area. Water viscosity and other effects cause this efficiency to degrade at
higher specds——conscciuently, the tire is unable to maintain a dry contact area. (1)

Friction Supply Availabl

Whether enough friction is produced in the tire-pavement interface under certain
conditions, for example, high speed, depends on the properties of the tire, the pavement surface,
and weather related factors.

The two principle factors responsible for rubber tire friction are adhesion and hysteresis;
a high level of each is desirable for skid resistance. Adhesion is the product of interface shear
strength and contact area. Hysteresis is caused by damping losses within the rubber when it is
"flowing" over and around the mineral particle. Both are illustrated in Figure 3. (1)

The two principle factors responsible for pavement surface friction are microtexture and
macrotexture; both are needed to provide the pavement surface with an adequate level of friction.
The microtexture, provided by the small surface asperities, affects the level of friction in the
tire-pavement contact area. The macrotexture, provided by the larger surface asperities, provides
escape channels for the surface water from the tire-pavement contact area. Microtexture varies
from harsh to polished, and macrotexture varies from rough to polished, as shown in Figure 4, A

high drainage potential is also desirable for the pavement surface, as it allows water to escape by
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gravity; this potential reduces the water film thickness at the interface and increases available
friction. (1)

Weather related factors are key to the amount of available friction. Again, in dry
conditions friction is generally not a concern. Available friction is known to vary with season.
Normally, available friction is relatively low in summer and fall because of contamination (oil
and dirt) buildup in pavement asperities; it is relatively high in winter and spring because rainfall
cleans the contamination from the asperities. (1) A drop in available friction often occurs when

it rains following a period of dry days.

Identifying the major factors of skid resistance highlights an important point—a
significant number of wet weather accidents are related to factors other than a slick pavement.
Because of the number of contributing factors, wet-pavement skid resistance is said to have a
large degree of variability. (1)

Wet-pavement skid resistance is a major concern of highway departments. However, it is
a relatively small factor in relation to all accidents:

Reported studies have indicated that most accidents, perhaps more than 80
percent, may be attributed to human factors, and only 3 to 5 percent may be
attributed to vehicular characteristics or failures, with the exception of tire
condition. The remaining 10 to 15 percent of accidents may be related to the
roadway and its environment. (3)

To prevent skidding accidents, most states have initiated skid resistance programs that include

means of measuring wet-pavement skid resistance.

SKID RESISTANCE TESTING

Skid-Testing Methodol

Since the origin of testing in the 1930s, two major methods of skid-testing have
developed around the world. Although a number of devices are available for performing the

tests, common methods measure either the braking-force coefficient (BFC) or the sideways-force



coefficient (SFC). The United States usés the braking-force coefficient method, whereas Europe
and many other parts of the world use the sideways-force coefficient method.

The BFC is a calculation of the braking force divided by the vertical force, measured
when the vehicle is braking in a straight line and the tire is actually skidding. The SFC describes
the sideways force divided by the vertical force, measured when the vehicle is braking in a turn
and the tire is actually skidding. Measured BFC values are usually somewhat lower than SFC
values.

Skid-Testing Al ]

In Europe and other parts of the world, the skid resistance is measured by a machine
appropriately referred to as the Sideways-Force Coefficient Routine Investigation Machine
(SCRIM). SCRIM is based on the contention that the critical maneuver related to skidding is
cornering. The test wheel is set at a 20-degree angle in relation to the direction of travel, and the
sideways force acting normally to the plane of the wheel is measured. The sideways-force
coefficient is then defined as the ratio of the sideways force to the vertical load. The vehicle uses
a smooth tire in its measurements. The test wheel has its own deadweight, spring, and shock
absorber to give a known static reaction between the tire and road. In the hub is an electrical
load cell to provide the sideways-force input to the recording system. A speed input is provided
from the vehicle transmission system. (1)

Skid-Testing in the United Stat

Skid-testing in the United States is almost universally conducted in accordance with
ASTM Method E-274 (AASHTO T-242). This method uses a locked-wheel braking mechanism
to measure the braking-force coefficient. The measurement represents a steady state friction
force on a locked test wheel as the tire is dragged over a wetted pavement surface under constant
speed. The locked test wheel's major plane is parallel to its direction of motion and
perpendicular to the pavement.

The vast majority of skid measurement systems consist of a towing vehicle and a two-

wheel trailer. Most commonly, the left wheel is locked during testing. The skid measurement



system must have the following: (a) a transducer associated with each test wheel that senses the
force developed between the sliding wheel and the pavement during testing, (b) electronic signal
conditioning equipment to receive the transducer output signal and modify it as required, and (c)
suitable analog and/or digital readout equipment to record either the magnitude of the developed
force or the calculated value of the resulting Skid Number (SN).

The system must include a means to transport a supply of water — usually 200 to 500
gallons — and the necessary apparatus to deliver approximately 4 gallons of water per minute,
per wetted inch of pavement at 40 mph within specified limits in front of the test wheel. The
system must be able to measure the speed at which the test is conducted.

A standard tire is used in the test so that the skid resistance of different pavements can be
compared. The standardized skid-test tire, a tubeless, bias-ply G78x15 tire with seven
circumferential grooves, is defined by ASTM E-501 (AASHTO M-261). The standard rigidly
prescribes the rubber composition. Thus, the tire type and design are eliminated as variables in
the measurement of pavement skid resistance.

To take a measurement, the trailer is towed at a speed of 40 mph over the dry pavement,
while water is applied in front of the test wheel. The test wheel is then locked up by a suitable
brake. After the test wheel has been sliding on the pavement for a certain distance, the force that
the friction in the tire contact patch produces and transmits as torque on the test wheel is
measured and recorded for a specified length of time. The result of such a test is reported as the
Skid Number (SN).

it is essential that operators adhere to this standardized procedure. Although
measurements are essentially fixed, as far as skid resistance is concerned, surface characteristics
change with time and are frequently far from uniform. Unless the test is repeated and
measurements made in an identical manner, the operators may conclude that changes occurred
when they really did not and distort the magnitude of real changes. (1)

The possibility of some uncertainty in the measurements remains. Seasonal variations

exist, as shown by several studies. In addition, temperature effects exist because of tire friction's

10



dependence on temperature. Operators must also consider a complicated interplay that involves
air, pavement, and water temperatures, as well as the heating of the tire structure by flexing and
the heating of the tire tread by friction. (1) No universally accepted method of correcting skid
number for temperature exists yet; however, researchers are finding that the effect of reasonable
air temperatures (25°F-70°F) on pavement surface friction is insignificant.

There are other potential sources of error. Some sources affect the repeatability of a test
made with the same tester, while others cause different testers to produce different results on the
same surface under the same conditions. A potentially large source of error is position of the
wheel in the wheelpath.

However, these imperfections do not diminish the usefulness of ASTM E-274 for most
purposes, such as (a) determining whether pavement friction could be a governing factor at
highway accident locations, (b) making surveys of a road system for the purpose of identifying
low friction sections and setting priorities for remedial programs, and (c) determining the relative
in-service skid number of different types of construction, aggregates, and surface treatments.
Difficulties arise only when high precision is needed, as when engineers must determine whether

a particular surface meets a mandated level of skid resistance. (1)

DETECTION OF SLIPPERY CONDITIONS BY SKID-TESTING

Skid-testing may be performed for a wide variety of reasons; however, the primary reason
is to detect low friction pavements that may be corrected to prevent accidents. For researchers to
use the skid-test equipment to detect slippery pavement conditions, the term “slippery” must be
translated into skid numbers. For skid-testing to be used as an effective tool, decisions have to
be made, at least within a transportation department, as to acceptable or reasonable skid numbers.
This decision making becomes further complicated.when variation in friction demand is taken
into consideration, as discussed in a previous section. (1)

Many states have developed their own ranges of skid resistance values. The ranges may

vary by classification of road, by traffic volume, or by any other valid reason. Many other states

11



use the skid values from NCHRP Report 37 (1967), which recommends a minimum skid number
of 37 for highways. (1)

CALIBRATION AND CORRELATION

As with any other measurement, skid resistance measurements are of limited value, or
may even be totally useless, unless the measuring system obtains data that fall within acceptable
limits of accuracy and precision. Accuracy refers to the measurement's degree of agreement with
an accepted reference level. Precision refers to the degree of agreement among repeat
measurements. To ensure accuracy and precision the system must be calibrated periodically.

Because skid resistance is a performance measure, that is, the force required to drag a
specified tire over a wetted pavement under specified conditions, no absolute standard exists to
which the measured values may be compared or related. To address this problem, correlation
studies were conducted in which the results, obtained with different skid resistance testers, were
compared with each other. These correlation studies resalted in significant improvements in the
accuracy and precision of skid resistance measurements.

However, the correlation studies did not solve the problem. When different skid-testers
were correlated, the mean of the results of all testers was used as a reference level. This method
proved to be unsatisfactory because in all correlation studies the difference among the
measurements of several testers, under presumably identical conditions, was found to be
statistically significant. This meant that systematic errors were much larger than random ones.
The method of applying the water in front of the test tire is an example of a systematic error,
while placement in the wheel track is an example of a random error.

NCHRP Report 151 (13) summarized the factors in skid resistance measurement in terms
of the type and magnitude of error that each factor introduces. The summary is provided in
Appendix A. Report 151, in conjunction with more recent findings on error, has been used to
upgrade ASTM E-274; in particular the report specified the limits within which tester

components and instruments must perform. These limits are compromises between what is

12



permissible and what is practical. Every operator must periodically calibrate the tester to assure
that it conforms to the requirements of ASTM E-274, (1)

Field T i Evaluation C

To aid users of skid resistance testers and to assure that reported skid numbers were
related to a common basis, Field Test and Evaluation Centers (FT & EC) were established at the
Texas Transportation Institute (College Station, Texas) and Ohio State University (East Liberty,
Ohio). At the centers, skid-testers are dynamically calibrated, correlated, and evaluated while
operating personnel are instructed on proper test procedures.

Researchers at the centers calibraté a user's tester against a standard tester. The standard
tester is in turn calibrated against a primary reference tester maintained by the National Bureau
of Standards.

"Standard surfaces" are used for the calibration runs, which span the range of skid
resistance values that are typically encountered in fieldwork. The surfaces are subjected to use
and weather skid resistance variations similar to those experienced by highway pavements.
Because the surfaces are subjected to such conditions, researchers cannot calibrate a tester
directly on them by running a series of skid-tests and making appropriate adjustments until the
mean of the measured values agrees with the skid resistance of the standard test surfaces.
Instead, correlation tests with the secondary tester are made. (1)

Calibration Procedures

There is no way to predict how long a tester will stay calibrated. For practical and
€COnOMmIC reasons a tester may be taken to a field test and evaluation center only occasionally;
tester checks are recommended once every two years. Hence, the user must recalibrate and

maintain the tester between visits to a national center. As a minimum, the following items

require attention:

. Speed Measurement — The skid resistance of common pavements is a strong
function of speed. It is therefore essential that test speeds are accurately
measured,

13



. Water Application — The water application process involves the proper
functioning of the water nozzle and its correct positioning. In addition, the
discharge rate of the nozzle must be within specifications.

. Wheel Load — As long as no changes have been made on the trailer, the wheel
load may be assumed to be unchanged.

. Skid Resistance — A static calibration of the wheel force is performed to simulate
the traction force between the tire and the pavement. The calibration system
consists of a calibration platform, a horizontal drive mechanism, and a force
transducer. The calibration platform consists of a bearing that is frictionless in all
directions of the horizontal plane; the horizontal plane supports a rigid plate with
a high friction surface. 'With the test wheel placed on the calibration platform, a
tractive force is applied to the platform by a horizontal drive mechanism (see
Figure 5). The applied force is measured by a force transducer and compared to
the test wheel transducer output. The force is applied in 100 Ibf increments up to
80 percent of the wheel load or until the plate starts to slip under the tire,
whichever occurs first. At each increment, the indicators of the platform
transducer and the test wheel transducer are allowed to come to rest and force
readings are recorded. The recommended accuracy is 1 percent or better.
Mechanical or electronic adjustments are made until the force readings are equal.
Alternatively, calibration curves or tables may be prepared to be used as
corrections to measured results. This calibration procedure is performed in
accordance with ASTM Method E-556 (AASHTO Method T-282) and ASTM
Method F-377. (29, 30)

. Test Tires — Although test tires in the past have shown remarkable uniformity,
this uniformity cannot be assumed to be true—especially if a tire has been stored
or has seen considerable use. The break-in and conditioning procedures
prescribed by ASTM E-501 should be followed meticulously. Because inflation
pressure is an important variable, it should be measured with a calibrated gauge.

. General — All components and functions that have any effect on the validity of
the measured skid resistance values should be checked and corrected as needed.

This may include the cycle timer, brake system performance, and wheel
balance. (1)

Operating and data evaluation procedures must also conform to certain limits and
standards. The ASTM E-274 method provides some guidance in performing these procedures;
however, to a large extent, operator performance is a matter of skill, experience, and an

understanding of the skid resistance measuring process. L
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CHAPTER 2
LITERATURE SEARCH

A literature search was conducted for research reports pertinent to this paper and for
written guidelines on the WSDOT's skid resistance program. Although a substantial amount of
literature was available on pavement skid resistance, only a portion of it was useful for the

examination of minimum skid resistance guidelines.

THE WSDOT SKID-TESTING PROGRAM

The current WSDOT guideline for skid resistance is based, in part, on NCHRP Report 37,
which designates SN = 37 as the recommended minimum skid number (tentative and interim) for
highways. The WSDOT guideline agrees with a 1986 report by Wambolt, et al. that states,
"Based on the experience from many states, it is generally agreed that a skid number of 35 or
greater gives adequate skid resistance under most conditions." (21)

The WSDOT skid-testing program meets the national standards (ASTM) for testing and
calibration. The WSDOT skid-test equipment, calibration, and data storage techniques are
discussed in this section. In addition, the FN inventory and its role in the WSDOT Pavement
Management System database are addressed.

WSDOT has been involved in pavement friction testing with locked-wheel equipment
since 1968. The WSDOT Materials Laboratory, Special Projects Section, is responsible for the
skid-testing program. The intent of the program is to point out those areas that have a potential
problem regarding skidding accidents. WSDOT operates one Cox & Sons Model CS 9000
Locked-Wheel Skid-Tester, in accordance with ASTM Method E-274(80), and uses a ribbed test
tire, in accordance with ASTM E-501. (25) A picture of the WSDOT skid measurement system
is provided in Figure 6, an interior view in Figure 7, and a nozzle view in Figure 8. (21) The
WSDOT is due to receive a new test trailer in late 1993. The new trailer will meet ASTM E-

274(90) and will introduce many improvements, including more accurate calibration.
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Figure 8. Nozzle View of Washington No. 3 (Texas Transportation Institute [20])
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The Washington State highway system comprises 7,000 centerline miles. (24) The entire
system is tested every 2 years. The highway system is divided into six districts: each year the
highways in three of the six districts are tested for skid resistance. Districts 1, 3, and 5 are tested
during even-numbered years, and Districts 2, 4, and 6 are tested during odd-numbered years.
The pavement in the left wheel track of the slow lane is tested and recorded at each milepost, in
each direction on multilane highways and one direction on two lane highways. The length of the
test is 117 ft and takes 2 seconds at the standard test speed of 40 mph. (27) Skid resistance
generally does not change drastically over a 1-mile section of highway; therefore, this is a viable
method for testing the whole road network.

Newly paved sections of highway are friction tested as soon as possible after completion.
All lanes are tested in both directions, with a minimum of eight tests per project. (26)

The friction number is recorded at each milepost. The skid-tester generates a computer
output of the measured friction numbers. The results are tabulated by highway, milepost to the
0.01 of a mile, direction of travel, lane, surface type, and speed. The skid numbers are corrected
to a national standard for friction measurements, to which the WSDOT skid-tester has been
calibrated. If the test speed was other than 40 mph, the tests are also corrected to a friction
number at 40 mph. (27) This output is combined into a yearly pavement friction inventory. The
district managers receive their portion of the inventory and are advised to take action on those
roads that have a recorded friction number of less than 35. This guideline to report pavement
friction numbers of less than 35 accompanies the inventory in the form of a memorandum to the
district managers, as shown in Appendix B. (26) The friction numbers are also entered into the
WSDOT Pavement Management System, which compiles data for each milepost in the state
highway system.,

For continuity of the test results, no testing is performed during freezing weather
conditions or during heavy rainfall.

The WSDOT skid-testing equipment is calibrated once every 2 years at the Texas

Transportation Institute. In the interim, the equipment is calibrated both statically and

19



dynamically by WSDOT personnel. Because skid-testers operate at relatively high speeds, the
ultimate calibration is a "dynamic" test conducted on a surface of known and near constant
friction properties. The WSDOT skid trailer undergoes this dynamic test an average of once a
month at three specified pavement sections near the WSDOT Materials Laboratory in Olympia,
Washington. Two of the dynamic test sites are asphalt concrete pavements (ACP), SR101 MP
365.00 and SRS MP 92.00. The third site, SR5 MP 111.00, is a portland cement concrete
pavement (PCCP). At each site 10 tests are run at intervals of 0.10 mile for 1 mile. The results
are generated and later plotted, as shown in Appendix C. After each testing cycle, the results are
compared to previous cycle results for the corresponding pavement in order to ensure the skid-
test equipment is operating consistently during similar environmental conditions. Precipitation
data from the Olympia weather station are also plotted and used along with the friction number
data to evaluate tester performance. The next best alternative to the dynamic test is a "static"
test, which WSDOT also performs once per month. This "static” test is usually performed on the
same day as the dynamic test. The WSDOT follows the standard procedures for conducting the

static tests (see Calibration Procedures section, Chapter 1, for details).

UNITED STATES LITERATURE

Federal Guideli

The primary sources for the national position on skid resistance guidelines are the
National Cooperative Highway Research Program (NCHRP) Reports. The NCHRP Report 37
(1967) set SN = 37 as the minimum, tentative, and interim skid resistance requirement for the
national road network. (12) The NCHRP Report 151 (1974) investigated locked-wheel
pavement skid-tester correlation and calibration techniques and acceptable windows of error.
(13) The NCHRP Report 154 (1974) set tentative minimum skid resistance requirements at
intersections. (4)

Federal and State Research

The NCHRP Synthesis of Highway Practice 14 (1972) assembled information on skid

resistance from many highway departments and agencies. (9) The NCHRP Synthesis of
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Highway Practice 158 (1990) surveyed highway departments throughout the U.S. and provided
information regarding their wet-pavement safety programs. (3)

Federal and state sponsored research reports were essential for analyzing the interim skid
resistance requirements recommended in 1967 and for the proposal of new guidelines. Research
studies sponsored by Maryland, Pennsylvania, California, and Illinois are referenced in this
report. These studies further supported (a) the conclusion that skid numbers can only be used as
a guideline and not as a rigid requirement because of the number and variability of factors
involved, (b) specific conclusions regarding areas of pavement temperature and skid-tester
correlation/calibration, and (c) ideas for the format and range of the proposed skid resistance
guidelines. The Maryland and Pennsylvania reports are discussed in great detail later in the
Methodology and Results section.

The California Department of Transportation (CALTRANS) report studied wet accident
rates and found that

Curves have the highest accident rate followed by weave sections and
intersections. As one would expect, these rates are substantially higher at
locations having skid numbers less than 25. The accident rate is nearly constant
on pavements with skid numbers greater than 26, but it increases substantially as
the skid numbers decrease from 25 to 17. (18)

Furthermore, the report stated,

Nationwide, several studies have been completed in an attempt to establish
criteria that would minimize wet-pavement accidents by establishing minimum
skid numbers. In the past, when a minimum value has been proposed by another
agency, an in-house investigation by CALTRANS Traffic Engineers has shown
that many locations have skid numbers less than the proposed value with no
record of a wet-pavement accident problem. Therefore, it has been considered
inappropriate to adopt minimum skid number levels because of the difficulty in
establishing justifiable values and because the adoption of a value higher than
necessary would require utilization of limited highway improvement funds that
should be used to improve known problem areas. (18)

The Illinois Department of Transportation guidelines were more conservative than
CALTRANS, but still set friction guidelines significantly lower than those recommended in
NCHRP Report 37. The Illinois tentative guidelines for evaluating friction at high wet accident

sites after 1987 included the following:
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(a) if the FN is less than or equal to 30, friction is probably a factor contributing to
wet-pavement accidents,

(b) if the FN is greater than 31 but less than 35, uncertainty exists as to whether
pavement friction is the primary factor, and

() if the FN is greater than or equal to 36, some condition other than pavement
friction is probably the primary factor causing wet-pavement accidents, ©®

Practically every state has a skid-testing program. Each program was summarized in
NCHRP Synthesis of HighWay Practice 158 (1991). The states were asked to report their criteria
for evaluating skid-tests; state answers ranged from NCHRP Report 37's recommended minimum
skid number of 37 to a variety of acceptable, marginal, and unacceptable skid numbers. The
state guidelines similar to those recommended in this paper are provided in Table 2. (3)

Most of the recent literature on skid-testing encouraged highway departments to use the
smooth tire procedure (ASTM E-524 or AASHTO M-286) for routine measurement. The
literature suggested that if only one tire is to be used, it ought to be the smooth tire; this is
because the smooth tire is equally sensitive to micro- and macro-texture, whereas the ribbed tire
responds primarily to the microtexture. Furthermore, early attempts to relate accident data to
skid resistance measured with a ribbed tire were frustrating. Figure 9 shows that there is a
minimal correlation between the measure of wet-pavement safety and the skid number when
measurements are made with the ribbed tire. Figure 10 compares the measured skid number with
a ribbed tire (SN4gR) to that of a smooth tire (SN4ps). One notices that the level on the vertical
axis that separates most of the high wet accident rate sites from the low wet accident rate sites
is 25. On the other hand, no obvious value on the horizontal axis separates the high- and low-
accident sites. This absence of a value results in an "unclear” level of SNagR that separates the

high- and low-accident sites. (&)

INTERNATIONAL LITERATURE

The international arena, particularly Great Britain and Italy, provide a comparison of skid
resistance ranges. The standard in Ttaly for minimum highway skid resistance is surprisingly

similar to the results in this report. The Great Britain standard, on the other hand, is somewhat
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Table 2.

Summary of Friction Guidelines for State Highway Departments (Guidelines -
Similar to This Paper's Recommendation) (Dahir, et al. {3], updated by Ref,

[6] for Illinois)
STATE CRITERIA TO THRESHOLDS AND ACTIONS
EVALUATE TESTS
California | Office of traffic safety notified when | Varies
SN40 is below 30.
Idaho Change or range in numbers. At 35 secdon is listed. At 30 section is
recommendable.

Iinois Less than FN40 = 35, * FN <30 — friction is probably a
factor contributing to
wel-pavement accidents,

+ - 31 £FN <35 — uncertainty exists
as to whether pavement friction is
the primary factor, and

» FN 236 — some condition other
than pavement friction is probably
the primary factor causing wet
pavement accidents.

Indiana Trends from past data and 30 as a FN40 =30

minimum friction number.
Louisiana SN equal to or over 35 for new Not clearly established (below SN 30
construction. with high ADT). 7
Michigan Comparison with past results. Special attention given to investigate
surfaces with SN at 30 or below.
Ohio Below 30 - poor; Some type of correction likely where
30 to 40 - adequate, depending on SN =30.
traffic and geometry
over 40 - satisfactory
South Dakota | Action taken below FN 31, Action taken below FN 31.
Tennessee Above FN 35 - acceptable; Above FN 35 - acceptable;
FN 30 to 35 - questionable; FN 30 to 35 - questionable;
below 30 - unsatisfactory, below 30 - unsatisfactory.
Vermont Monitor area if SN is 40 or below:
inform proper personnel of problem
when SN is below 30.
Virginia Based on bald tire FN40 minimum of

approximately 20.
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higher. In order to compare a SCRIM measurement to a U.S. locked-wheel trailer measurement,
the SCRIM measurement must be converted from a sideways-force coefficient to a braking-force

coefficient. Typically,

BFC = SFCx0.80 (10)
It is also important to note that SCRIM measures SFC at 50 km/hr (30 mph). (1Q) To

convert this value to an SN at 40 mph, using gradient = 0.2 SN/mph, the calculation is as

follows:

i

SN (BFC x 100) + 0.2 SN/mph (30-40)

SN

]

(BFC x 100) -2 SN

In Italy a pavement is considered slippery when SFC is less than 0.30 on highways. (2)

Comparing this value to a U.S. measured SN-

SN = (SFCx0.8x100)-2
SN = (0.3x0.8x100)-2
SN = 22

This SN is much lower than the U.S. guideline (recommended in 1967) of SN = 37.

The Great Britain skid resistance policy sets investigatory levels of Mean Summer
SCRIM Coefficient (MSSC) at 13 different site categories, which are thought' to cover the whole
trunk-road network, as shown in Appendix D. This new policy was introduced in 1988 by
England’s Minister for Roads and Traffic. It is important to note that the Great Britain policy is
stated in terms of MSSC, which is the friction ratio (SFC) muitiplied by a factor of 0.78, as

follows:

MSSC = SFCx0.78 ()]

To compare the MSSC values in Appendix E to SN values, the equation is amended as

follows:
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BFC = SFCx0.80

MSSC
BFC = —OJ'TXO.SO

BFC = MSSCx1.026

To convert this to an SN at 40 mph, using gradient = 0.2 SN/mph, the calculation is as

follows:

SN

(BFC x 100) - 2 SN

SN

(MSSC x 1.026 x 100) - 2 SN
The table in Appendix E shows that the Great Britain standard for a Motorway (Mainline)
is MSSC = 0.35. To compare this value to a United States measured SN one must compute the
following;
SN = (0.35 x 1.026 x 100) - 2
SN =134
This SN is lower than the United States guideline of SN = 37 for main rural highways.
This examination of current standards abroad raises the question of whether the NCHRP

guidelines for highways is too conservative; this paper investigates that question.
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CHAPTER 3
METHODOLOGY AND RESULTS

FRICTION GUIDELINES FOR MAIN RURAL HIGHWAYS

It is important to recognize that the skid resistance value of SN = 37 recommended in
NCHRP Report 37 is not a standard and is based on 1967 knowledge. Various jurisdictions have
adopted or prescribed minimum skid resistance values based on their own considerations. These
considerations have included intuition and experience. Sometimes jurisdictions have included
provisions for higher SN values at specified locations. (3)

In their report (NCHRP Report 37), Kummer and Meyer developed the minimum skid
resistance requirements by establishing friction factors based on traffic needs. They then tackled
the problem of defining minimum skid resistance requirements. The next section provides a
detailed review of their methodology, followed by an application of up-to-date changes to
determine the effect of temperature and calibration accuracy on skid resistance values. The
purpose of updating the skid resistance guideline is to prevent the use of an excessively high
minimum SN. An artificially high SN increases the total cost of skid-proofing a highway system
without providing a significant benefit to traffic and accident prevention. The NCHRP Report 37

states, "In the author's view excessive minimum skid resistance requirements are

self-defeating.” (12)

THE 1967 RECOMMENDED MINIMUM SKID NUMBER

The NCHRP Report 37 showed that a friction number of 40 satisfied the normal frictional
needs of traffic on main rural highways, and, hence, on any road that carried traffic at lower
speeds. Skidding accident studies and a comparison of driver deceleration patterns during
braking and cornering proved that a friction number of 40 satisfied the frictional needs of all

normal vehicle maneuvers during acceleration, driving, cornering, and deceleration.
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Furthermore, the studies showed that a friction number of 40 did this over a wide speed range
(except toward the end of braking maneuvers that lead to a full stop).

Under ideal conditions—that is, in the absence of other friction components (laterally
during acceleration and braking, and fore and aft during cornering) and wheel load fluctuations
(caused either by tire runout, wheel imbalance, or pavement irregularities)—a friction number of
40 would satisfy the normal frictional needs of traffic. However, in actual conditions, a higher
friction number is needed to account for other friction components and wheel load fluctuations
that are present in all driving.

To convert friction numbers that satisfy the normal needs of traffic into skid numbers,
Kummer and Meyer made reasonable allowances for the following:
other friction components ,
wheel load fluctuations,

K-factors,

wet pavement temperature, and
machine error of present skid trailers.

opoop

Accordingly, they had five steps in the conversion process. Each step was broken down
into lines, as summarized in Table 3 and Figure 11. These steps are examined for opportunities
to adjust variables and thus produce a new skid number. It is helpful to follow Table 3 as the

steps are reviewed.

Step 1
The minimum required resultant friction number, FN , is determined. The FN assures
the availability of friction for the principal vehicle maneuver under ideal conditions (FNp), and
also allows for an additional friction component in the fore and aft or the lateral direction.
Line 1: FNg = 40 is the minimum friction number for the speed range 40 mph to
80 mph; this number was established by a driver behavior study. The FN,
increases linearly to FNg = 50 at O mph because of the higher decelerations

required at the end of a stop.
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Table 3.  Conversion of Friction Numbers that Satisfy the Normal Need of

Traffic into Skid Numbers (Kummer and Meyer [12])

MINIMUM FRICTION AND SKID
NUMBERS, FN & SN

SKID NUMBER FOR MEAN TRAFFIC SPEED, V, OF

CONVERSION 0 10 20 30 40 50 60 70 80
LINE STEPS MFH MPH MPH MPH MPH MPH MPH MPH  MPH
1 FNa 50 475 45 425 40 40 40 40 40
1 .
STEP 1<, CSN — — 16 36 64 100 144 196 255
: 3 FN 50 47.5 45 427 404 411 424 445 470
STEP2<4 AL/L(%) — — 25 50 75 100 125 150 185
5 Fb:_d 50 47.5 461 448 435 450 477 512 55.2
6 K-factor i 1.3 1.6 1.8 2.0 2.2 2.4 2.6 2.8
STEP3<__ , SN, 50 375 288 25 218 205 20 197 198
STEP4 —= § gg: 56 43.5 348 31 27.8 265 26 257 258
- 61 48.5 398 34 32.8 315 31 30,7 308
STEPS < | SN (rounded) 60 50 40 35 33 32 31 31 31
80
FNd Allowing for Additional Frictiom
Component and Wheel Load
Fluctuations
€0
FN  Allowing for Additicnal Friction
////—- Component in Fore and Aft or
Lateral Direction
40 : ; ; ; ; ’/{: FN  Satisfying Normal Traffic Needs
? under Ideal Conditions
] | I | SN Minimum Skid Number, Allowing
> for Temperature Effects and
////i;f;// \\\\_- Machine Errors
20 )
SNt Minimum Skid Number, Allowing
for Temperature Effects
SNo Minimum Skid Number which
Satisfies Normal Frictional
) Needs of Traffic under Ideal
0 20 40 60 80 Test Conditions of Comstant

MEAN TRAFFIC SPEED, V, mph

Figure 11. Conversion of Normal Fri

(Kummer and Meyer [12]

)
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Line2: CSN = CxV?

where CSN = comering slip number,
C =  steering correction constant = 5"516 , and
v =  speed.

The cornering slip number (CSN) factor is applied to account for the lateral friction
component due to steering corrections made by the driver. The corrections are deviations from
the driver's intended path and may be caused by road crown, inattention, and cross winds, to
name a few. The researchers measured the vehicle's lateral decelerations that resulted from
driving and braking on a straight course. A cornering slip number of up to 10 at 50 mph, which

increases to a maximum of 20 at 70 mph, was also measured.

Line3: FN = V(FNg)2+ (CSN)2
where FN = resultant friction number.
Step 2

The dynamic friction number, FNg, is calculated to compensate for the temporary
reduction of the wheel load by AL during braking or cornering; it correspondingly increases the
friction number to prevent either wheel lock or lateral breakaway.

Line 4: % (percent)

where AL = the increase or reduction of average wheel load because of tire

run-out, wheel imbalance, or pavement roughness.
L =  the average wheel load.

The T value was estimated by measuring the dynamic wheel loads of passenger cars on

selected pavement surfaces and at different speeds.

Line5: FNg = —1—xﬁ

-8

the dynamic friction number, which allows for additional friction
components, and wheel load fluctuations.

where FNg

Il
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Step3

To convert the dynamic friction number, FNy, into a corresponding skid number, SN, a
K-factor is used. The K-factor accounts for the fact that vehicles "see" transient critical friction
numbers before skidding occurs, whereas pavement skid resistance is measured under quasi-
steady-state conditions. These critical friction numbers are higher than skid tester obtained skid
numbers, which, in part, are due to lower tiré temperatures during testing (thus higher friction
levels). Thus, the K-factor, which accounts for typically used tread designs, rubber

compositions, and surface types, is used to convert the peeded pavement friction to a measured

pavement friction.

. EN
Line6: K = 3N
where FN = the transient friction number, and
SN = the steady-state skid number.
. FNg4
Line 7: SNO = T
where SN, =  the minimum skid number that satisfies the normal frictional needs

of traffic under the ideal test conditions of constant temperature and
zero machine error.

The K-factors used in NCHRP Report 37 were obtained from results reported by Maycock and
are shown in Table 3. (32) They are mean ratio's of BSN (Brake Skid Number—measured under
transient conditions) divided by SN (Skid Number—measured under steady-state conditions).

Step 4

The SNy is adjusted for pavement temperature effects, resulting in SN;. In 1967
pavement temperature was thought to have a significant effect on skid number. However, it was
impractical in routine skid resistance surveys to constantly monitor wet pavement temperature in
order to correct the data. Therefore, the researchers developed a correction factor in the
laboratory by measuring the British Pendulum Number (BPN) with natural rubber sliders on a
bituminous concrete surface. The authors chose a conservative gradient of 0.3 S‘Sa_l:’ which was

much higher than the results of other researchers at the time. This experiment suggested that
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further work was needed to establish a reliable correction factor. The temperature correction

factor is examined later in this report.
Line 8: [0.3 —%—g gradient] X 20°F =6

SNi = SNy+6
where SN; = minimum skid number, allowing for temperature effects.
To safeguard against operators overrating a surface because of low wet-pavement
temperatures, 70°F is assumed to be the mean wet pavement temperature, with a maximum

deviation of £20°F. The resulting range of 50°F to 90°F should include the majority of test

conditions encountered in the U.S.

Step 5

The SN; is adjusted for skidtrailer machine errors, resulting in SN.

Line9: SN = SN;+5

where SN = the minimum skid number, allowing for temperature effects and

machine errors.

A detailed analysis made with the Penn State road friction tester revealed a measurement
uncertainty that was attributable to a machine error of approximately one to two skid numbers.
The authors chose five skid numbers as a conservative but typical machine error for U.S.
two-wheel trailers in 1967. The calibration and correlation of skid trailers in the U.S. have
improved considerably since 1967. The calibration/correlation correction factors are examined
later in this report.

Line 10: The SN (rounded) is the lowest recommended skid number for the

corresponding mean traffic speed, V. The mean speed of traffic the
researchers were concerned with was V = 50 mph. This was established by a
driver behavior study, where researchers found the speeds of most concern
were between 40 and 60 mph, hence the average value of 50 mph was chosen

for analysis. The SN (rounded) at 50 mph = 32,
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Conversion to SNsg: The standard testing speed of a two-wheel trailer is 40 mph. The

skid number measured at 40 mph includes an allowance for the reduced skid number and speed

by using a mean gradient of G = 0.5 SN/mph, as shown in Table 4.

Table 4. Recommended Minimum Interim Skid Numbers (Kummer and Meyer [12])

Mean Traffic Speed, Skid Number®
V (mph) SNb SNaq®
0 &0 —
10 50 —
20 40 —
30 36 31
40 33 33
50 32 37
60 31 41
70 31 46
80 31 51

3 Skid numbers in accordance with ASTM E-274 Method of Test
b SN = skid number, measured at mean traffic speeds

€ SN = skid number, measured at 40 mph, including allowance for the skid
number reduction with speed using a mean gradient of G = 0.5

SN4p = the SN rounded (at V) + [0.5 SN/mph X (V - 40 mph))

where V = the mean traffic speed

SNgg = 32 +[0.5 SN/mph x (50 - 40 mph)]

= 32485
= 37

Therefore, the lowest recommended skid number in 1967 was SNy4g = 37.

It is important to note that the authors of NCHRP Report 37 did not consider seasonal

fluctuations of the pavement's skid resistance. Rather than adding another correction factor, for

which only limited data were available, the researchers based the minimum requirements on the

assumption that the skid-tests would be made in summer and fall seasons, when skid resistance is

lowest. (12)
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RECOMMENDED CHANGES TO THE 1967 MINIMUM SKID NUMBER

Adjustments were applied to the previously derived minimum skid number to reflect
current knowledge. These adjustments specifically addressed step 4, pavement temperature
effects, step 5, machine errors, and lastly, speed gradient.

Pavement Temperature Effects

Before the specific changes to step 4 are addressed, a more thorough presentation of the
NCHRP Report 37 researchers' point of view must be provided. The researchers estimated the
pavement temperature effect on SN on the basis of three graphs. The results of the first graph, as
shown in Figure 12, emphasized the similarity of the curves of wet skidding accidents rates and
mean air temperatures and suggested that increasing temperatures during the summer months
causes a decrease in the pavement friction level. The results also emphasized the role of rubber
tire friction, by suggesting that an increase in pavement temperature causes a reduction in the
hysteresis component of tire friction and, under some conditions, a reduction in the adhesion
component. (12) However, the researchers did not recognize that a more likely reason for the
increase in skidding accidents during the summer was the buildup of contamination in pavement
asperities, attributable to the decrease in rainfall. (The Maryland study showed that rainfall has a
much more significant effect on SN than does pavement temperature, as discussed later in this
section.) The second graph, shown in Figure 13, illustrates the decrease in BPN with wet surface
temperature, which for this case is 0.25 BPN/°F. The authors' test resulted in a gradient of 0.20,
while Britain's Transport and Road Research Laboratory (TRRL) quoted a gradient of 0.13.
Therefore, the authors’ estimate of 0.3 BPN/°F was very conservative. The third graph, shown in
Figure 14, illustrates the results of a study by Finney and Brown, which measured the steady-
state skid resistance on a bituminous concrete surface. They found a skid number reduction
gradient of 0.3 SN/°F. Finney and Brown's research revealed some correlation between
pavement temperature and SN, but further work needed to be done to establish a reliable

correction factor.
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Recent research reveals that SN corrections for pavement temperature are not necessary.
Even in 1967, researchers were not sure how much pavement temperature affected SN. The
authors of NCHRP Report 37 stated, "Although it can safely be stated that the slip and skid
resistance of a tire-pavement combination will, as a rule decrease with higher temperatures, it is
as yet impossible to reliably predict the reduction.” Consequently, the researchers made a
conservative correction to the SN that was based on the knowledge they had at that time. (12)
Although it has long been recognized that skid resistance measurements exhibit short-
term variations because of pavement temperature effects (skid resistance generally decreases as
the temperature increases), the degree of the effects is debated. The NCHRP Report 37
suggested a SN/°F gradient of 0.3; however, more recent reports have suggested a much lower
gradient, which incidentally has a negligible effect on the final skid number. In NCHRP
Report 151 (1974) researchers concluded from tests that temperature effects are very small and
are often overshadowed by the data spread because of other causes. Researchers also found that
correction factors vary with pavement type. Furthermore, to determine temperature correction
factors, a single skid-tester should be used in a large number of repeat tests. The tests should be
carried out over a large temperature range and within a short period. Unless the data spread from
other sources can be kept to a minimum, temperature corrections need not be considered.
Specifically, the report concluded the following:
1. Temperature correction factors are small, on the order of 2 percent per 10°F (see
Figure 15). In comparison to the previously mentioned gradient, which resulted
in a correction of 6 SN, this gradient yields a correction of 0.04 SN, as follows:
[0.02 SN/10°F gradient] x 20°F = 0.04 SN
This is clearly an insignificant correction.
2. Because of the slight effect of temperature on skid resistance, correction shc;uld be

attempted only if both skid resistance and temperature measurements are

sufficiently reliable. (13)
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parameters. Collaboration of this can be obtained by sCrutinizing the data
resulting from regression analyses [as shown in Appendix E]). Not only are the
coefficients virtually zero, but the slopes of the lines show that friction numbers
are not effected [sic] by the pavement temperature. (14)

Researchers agree that in both northern and southern States, short-term variations in skid
resistance appear to be the result of variations in local weather conditions, specifically rainfall
and temperature. In 1989, rainfall was shown to have a more pronounced effect on skid
resistance than pavement temperature in a research report by the Pennsylvania Transportation
Institute, in coordination with the Federal Highway Administration, The report stated, "It is
evident in a series of measurements from Florida that SNy decreases to a minimum value by

about midyear and then increases, as contrasted with Texas during a dry year, when there is very

little, if any, time-of-year effect [see Appendix F1L." (22)

measurements taken frequently during the season in three geographic areas. With realistic
temperature variations, this model resulted in only slight and inconsistent variations of SNy with
Pavement temperature. This slight variation was evident from graphs of the data from Florida,
New York, Pennsylvania, and San Angelo, Texas (see Appendix F). (22) Therefore, this
research supports the conclusion that pavement temperature does not significantly affect

Pavement skid resistance.
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A statement by Kennedy, et al. from Britain, partially supports the position that a
temperature correction factor is not necessary for skid-testing in the U.S. (in accordance with

ASTM Method E-274). Kennedy stated,

Increasing the (pavement) temperature reduces SFC by about 0.003 units per °C
but surfacings with a higher coefficient of friction tend to suffer a greater
reduction. The effect is not particularly significant over the normal working range
of temperatures in a particular area, but can be significant when equipment with
noncontinuous types of operation is used; systems with continuous measurement
of skid resistance need only to ensure that equilibrium working temperatures have
been reached, normally by testing for about 500 m (1640 ft), prior to recording on
the survey lengths. (10)

The testing method in the U.S. is not continuous; however, because the locked test wheel
is allowed to slide on the pavement for a certain distance to permit the temperature in the contact
area to stabilize, it could be argued that equilibrium temperatures are reached and a correction
factor is not necessary.

Furthermore, when the pavement temperature is high, it is brought down to an
equilibrium temperature by the ambient temperature of the water that is applied to the pavement
ahead of the wheel before and during wheel lockup. This is further justification for not applying
a correction factor for pavement temperature.

Machine Error Effects

In 1967, when NCHRP Report 37 was published, the national Field Test and Evaluation
Centers (FT & EC) had not yet been established. Not until 1971 did the Federal Highway
Administration (FHWA) establish the centers to calibrate and correlate locked-wheel skid trailers
in order to reduce interstate variations in locked-whee! skid measurements of pavement
surfaces. (20)

In NCHRP Report 151 (1974), “Locked-Wheel Pavement Skid-Tester Correlation and
Calibration Techniques,” the standard deviation of mean skid numbers was reduced from 4.08 to
1.04 after corrective measures, including calibrations, were applied. The factors thought to be
most responsible for the initially poor correlation were, in order of decreasing effect, force

calibration and wheel load errors, chart interpretation and evaluation, watering systems, and

temperature effects. Because of NCHRP Report 151's findings, significant improvements were
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made in methods that could be controlled—these methods included all those stated above except
temperature.

The NCHRP Report 151 listed the crror sources in skid-testing and the estimated error
bands at 40 mph (as shown in Appendix H, Table 1). From these estimates, the predicted total
error band for inventory testing by a single tester was calculated to be 2.4 SN for the "reduced”
condition (as shown in Appendix H, Table 2). Reduced refers to the decrease in errors resulting
from improved prdccdures, correction of data, and improved equipment. (13)

Furthermore, the allowable machine error stated in ASTM E-274 is a standard deviation
of 2 SN. Using a one-sided 95 percent confidence interval,. the calculated machine error is
(2) (1.645)=3.29 (or approximately 3).

Given the improved and standardized calibration procedures described above, the
machine error correction factor can safely be decreased to 3 SN.

Speed Gradient

The WSDOT mean speed gradient (G) is 0.2 SN/mph versus the G = 0.5 SN/mph in
NCHRP Report 37. This is based on calibration equations developed at TTI (as shown in
Appendix I).

REYISED SKID NUMBER

On the basis of the findings discussed above, the correction factor for temperature effects

(6 SN) can be deleted and the correction factor for machine errors (5 SN) can be decreased to
3 SN. The result is as follows:

SN = SN,+3

SN(@V=>50mph) = 205+3 = 235

SN (rounded) = 24

SNgg = SN (rounded) + {0.2 SN/mph x (V - 40 mph)]
SNgp = 24+[02 SN/mph x (50 - 40 mph)]
SNgo = 24+2=2¢

The revised minimum skid number is SNgp = 26 (revised in that it is derived using the NCHRP

methodology with improved inputs). |
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CHAPTER 4
SUMMARY

DEL

This paper examined NCHRP Report 37 (1967), which set a recommended minimum
skid number guideline of 37 for highways. Adjustments were made to the NCHRP Report 37
methodology for current knowledge in the areas of pavement temperature and machine errors
and their effect on pavement skid resistance. The resulting minimum skid number guideline was
calculated to be 26.

WSDOT uses AASHTO terminology, which assigns friction number (FN) to represent
the identical measured value of skid resistance as SN. Therefore, the recommended minimum
friction number guideline for WSDOT is 26. A CALTRANS report (18) concluded that the
accident rate was nearly constant on pavements with friction numbers greater than 26, but
increased substantially as the friction numbers decreased from 25 to 17. This supports the
suggested guideline.

State DOT's have generally not assigned a single minimum friction value as policy for
highway skid resistance. The issue is difficult because of the number of factors affecting the
availability of skid resistance (as described in the Background section. Chapter 1) and sensitive
because highway departments should be concerned with pavements in real need of surface
friction improvément. Consequently, state DOT's generally prefer to use a range of friction
values.

USE OF SMOOTH AND RIBBED STANDARD TEST TIRES FOR NETWORK
TESTING

Given the research results by Henry and Wamboit (8) on the smooth tire procedure tor

routine skid-testing (ASTM E-524 or AASHTO M-286), this measurement process appears

promising. Their research demonstrated that if only one tire is used, it should be the smooth tire
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because of its equal sensitivity to micro- and macro-texture. Adjustments must be made to the

recommendations of this report if a smooth tire is used.

mm‘wmmmmm

It is essential to remember that roads should not be ranked by friction number only.
Consider the example of a long, straight road with a friction number of 25 and an ADT of 1.
This road should not be a concern if many other roads have high ADT values, curves,
intersections, etc., and have the Same or even higher FN values. These roads would be more
likely to have wet weather accidents,

In fact, WSDOT must analyze wet-pavement accident rates first. before skid resistance
data, when preparing the list of hazardous sites by priority order. This is recommended by
FHWA Technical Advisory T5040.17 (as shown in Appendix J). 31)

Finally, to fully evaluate the risk of a wet-pavement accident, all factors that inﬂﬁcnce
demand for friction and available friction must be considered. This is difficult because wet-
pavement accidents are caused by comj)lcx interactions among many roadway, vehicle, hurnan,
and environmental factors. Accidents also occur because of unpredictable factors such as
inattentiveness, misjudgment, recklessness, and random variables such as unforeseeable events
or obstacles. Realizing this, pavement engineers do their best to provide reasonably safe

highways through routine skid-testing and experience. (1)
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APPENDIX A

SUMMARY OF FACTORS IN SKID RESISTANCE MEASUREMENT
(FROM MEYER, ET AL. [13})



ERROR SOURCE
RANDOM AVERAGE ERROR BAND REDUCED ERROR BAND
MAXIMUM
SKID CORRECTIVE SKID
SYSTEMATIC EFFECT PACTOR RESISTANCE ACTION FACTOR RESISTANCE
X Speed At 40 mph =2 mph +1.58N Speed deviation =1 mph +0.8 SN
holding (1) * *1.28N indicator
per mph
X | Speed Same 5% *1.58N Fifth wheel and
measurement (1) a) tachometer- +2% +0.8 SN
generator
b) pulse-generator | +=0.5% =0.2 SN
X 1 Water Negligible
temperature (1)
X |Air Indirect effect through pavement and tire tfemperature.
temperature (2)
Pavement or +4%/10° F | Depends on +2%/10°F Correction requires *=1%/
X tire tempera- season and accurate skid re- 10°F
ture (2) geographical sistance and tem-
region perature measure-
ment
X [X [|Waterfilm (3) =1 8N for +25% Negligible on Specify calibration +5% Negligible
+10% var- most pave- method, reduce on most
iation ments, on tolerance to pave-
some 2.5 +5% ments,
SN on some
+13N
X | Water flow (3) Strong Large Uniform watering Negligible
system, cali-
brated flow rate
proportional to
speed
X Pavement 108N 15 in. +4 SN Operator awareness |5 in. =2 SN
variability, (4)
lateral
X Pavement 7SN in +2 8N Number of samples +2 8N
variability, (4) mile (wheel-locks) per
longitudinal test based on
standard deviation
of tester
Conditioning 4 SN per —28N Run control tests, —18N
X and deterio- day randomize test se-
ration (4) quence, correct
data
Tire varia- 258N +1 SN Check before use +0.5 SN
X bility (5)
Tire construc- 25N =1 8N Belted tire =0.5 SN
X tion (5)
Tire Within wear +1 8N Check for uniform +1 SN
X condition {5) range | SN wear
Inflation 1SN in 24 to 28 psi 1SN Use reliable gage 1SN
X pressure (5) operating
range
X [Wheel-load % SN error +2% +2% Use scale of mini- +0.5% +0.5%
error (6) equal to % mum resclution
weight error of 51b
Wheel-load 1SN/1001b (880to 2SN Reduce range 1SN
X range (6) 1080 1b
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ERROR SOURCE

RANDOM AVERAGE ERROR BAND REDUCED ERROR BAND
MAXIMUM
SKID CORRECTIVE SKID
SYSTEMATIC EFFECT FACTOR RESISTANCE ACTION FACTOR RESISTANCE
Dynamic 28N +1 SN Avoid aerodynamic +0.5 SN
X wheel-load loads, wheel-load
change (6) recording with
electronic evalua-
tion
Instrumenta- Drift 10% or more Reliable instrumen- *1%
X [X tion (7) tation, observing
operating proce-
dure
Operating Controls other erTor Follow correct pro-
X X procedure (8) sources cedure
Torque Negligible See procedure *0.5%
X calibration (9) (+21b)
Platform *10% +4.5% See procedure 2%
X calibration (9) {(*=51b)
Data eval.: (10) *=5 38N +3 8N Adequate resolu- +=1 8N
X X Operator tion, correct op-
erating procedure
X Braking +2% Minimum cycle *=2% Optimal filtering in- | Minimum 1%
cycle 2 sec crease interval cycle
3 sec
X Dynamics (11) Negligible
direct effect
Statistical Repeat tests Estimate standard Repeat
control (12) deviation of tester, tests

determine number
of repeat tests

* Numbers indicate corresponding sections in Appendix A.
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APPENDIX B

WSDOT MEMORANDUM REGARDING PAVEMENT FRICTION INVENTORY
(FROM WSDOT STATEWIDE FRICTION INVENTORY [26])



Al =
Washington Jiste
" Department of Transportation ° INTRA-DEPARTMENTAL COMMUNIC
DATE:  December 11, 1989
358
FROM:  p_ 3. vandehey/John R. ada
PHONE: gcaN 753-7103 SUBJECT: Pavement Friction Inventory - 1989
TO: D.S. Senn

G.F. Demich
M.D. Tranum

Attached is an inventory of pavement friction tests performed on the state
highways in your District as specified in the Departmental Position State-
ment entitled "Skid Accident Reduction Program." This test report is an
update of our last pavement friction inventory (1988) and covers the period
from March through July 1989,

Apprecximately one-half of the entire State highway system is tested for
pavement friction each year - Districts 1, 3 and S on even-numbered years
and Districts 2, 4 and 6 on odd-numbered years. We are submitting to each
District only the data that pertains to that specific District.

When comparing the pavement friction values from one reporting period to
another, check the lane and direction of testing for best comparison. The
ADT shown at each milepost is from the 1988 traffic data obtained from both
directions. Cn overlays or reconstruction, the test data should enable a
determination of whether the friction test was conducted before -or after
the new pavement was placed.

gZstablishing mirimum levels of pavement friction for all types of surfaces

still continues to be a subject of debate by several agencies nationwide,

Our position remains the same, and until the national research is completed
and the results are accepted by a majority of the states, we will continue

to suggest a desirable minimum friction number of 35 and further advise

that those areas with friction numbers below 40 should be monitored for

indications of potential hazards. The inventory listing specifically

delineates those particular areas with values of 0 to 34 and 35 to 39.

This inventory represents testing on all State highways within your

District at each milepost. Occasionally, conditicns will prevent doing the
test at the milepost. Should you desire scecial testing or further infor-

mation, please contact Bob Allison (SCAN 234-4664) at the Materials Lab.



APPENDIX C

DYNAMIC CALIBRATION RUN—SKID TESTER OUTPUT WITH DATA
DEFINITIONS AND GRAPH OF FRICTION NUMBER VS. TEST NUMBER
(FROM TEXAS TRANSPORTATION INSTITUTE [21))
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PAVEMENT SKID TESTER DATA DEFINITIONS

The Pavement Skid Tester generates printed reports and records test data onto a digital
cassette. This data includes parameters that are operator entered as well as values that are

derived from the test instrumentation. Below is a tabulation of these parameters and their

meanings.
Parameter Definition
District Departmental district; 0-99
Control Section Control section number: 0-9999
Route Highway route number: 0-999
Weather Weather code:
0 =clear
1 = cloudy
2 =rain
3 = windy
Month Month: 1-12
Day Day: 1-31
Year Last digits of year: 0-99
Wheel Path Wheel path: 1=right 2= left
Posted Speed Posted speed limit
Lane Lane number: 0-9
Total Lanes Total number of lanes: 0-9
Surface Surface description number: 0-9
0 = patch
1 = dense graded AC
2 = open graded AC
3 = chip seal
4 =PCC
5 =PCC grooved
6 = epoxy
7 = slurry seal
8 = non aggregate seal
9 = all others
Misc Miscellaneous: 0-9
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Parameter Definition

Direction Direction:

1 = north (incrementing)
2 = south {(decrementing)
3 = east (incrementing)

4 = west (decrementing)

Inclination Inclination of trailer in degrees. Blue momentary
controller cabinet button selects transverse
inclinometer. Otherwise reads longitudinal
inclination. Readings are updated only when
testing is not active. Very closely spaced tests
may cause this value to lag quickly changing
conditions.

Temperature Measured temperature in degrees C

Tract Force Measured traction force in pounds

Wheel Load Measured vertical force in pounds

Adj Skid Skid number = traction / vertical x 100
adjusted by calibration equation

Unadj Skid Skid number = traction / vertical x 100

Test Speed Measured test speed

Test Odom Odometer at the center of the data averaging
segment

Flow Rate Average measured flow rate during test

Lateral Accel

Lateral Acceleration in Gs from accelerometer
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APPENDIX D

GREAT BRITAIN SKID RESISTANCE POLICY FOR DIFFERENT
CATEGORIES OF SITE (FROM GARGETT [3])
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APPENDIX E

MARYLAND REPORT - CORRELATION BETWEEN
PAVEMENT TEMPERATURE AND FRICTION NUMBER
AND
GRAPHS OF FRICTION NUMBER VS. PAVEMENT TEMPERATURE
(FROM MITCHELL, ET AL. [14])



CORRELATION BETWEEN PAVEMENT TEXPERATURE
AND FRICTION NUMBERS

Site Pavement Correlation
Number Type Coefficient (R) Slope

1 JRCP .2060 -.0330

2 JRCP .0801 .0150

3 JRCP .0049 .0007

Average .0970 -.0058

4 CRCP L2174 .0378

S CRCP .1280 .0173

15 CRCP .0527 -.0160

16 CRCP .1025 .0273

19 CRCP .0041 -.0009

20 CRCP .1031 .0191

Average .1013 +.0141

6 DGBC ' .0150 -.0004

7 DGBC .0881 .0205

8 DGBC .0144 .002%

9 DGBC .2425 -, 0417

10 DGBC .2078 .0457

11 DGBC .1141 .0301

12 DGBC .09811 -.0264

Average .1104 +.0044

13 OGBC 0773 .0289

14 OGBC .0863 .0467

17 OGBC .1577 .0555

18 OGBC .0223 .0072

Average .0859% - +.0346
RIGID

Jointed Reinforced Concrete Pavement (JRCP)

Continuously Reinforced Concrete Pavement (CRCP)

ELEXIBLE
Dense Graded Bituminous Concrete Pavement (DGBC)

Open Graded Bituminous Concrete Pavement (OGBC)
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APPENDIX F

PENNSYLVANIA REPORT - SKID RESISTANCE BY DAYS FOR
FLORIDA AND TEXAS (FROM WAMBOLT, ET AL. [22])
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APPENDIX G

PENNSYLVANIA REPORT - SKID RESISTANCE GRAPHS AND DATA SETS
FOR FLORIDA, NEW YORK, PENNSYLVANIA, AND TEXAS
(FROM WAMBOLT, ET AL. [22])



S = skid resistance (sib tire)

A = (.2 X air temperature

3 = (0.2xT30

T30 = average temperature for prior 30 days

DSFN = dry spell factor (number of days since rainfall of 0.1 inch or more)
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DAY

280
311
343
374
402
409
430
462
492
526
560
584
616
644
708

SKID DATA FOR FLORIDA

SN

1.9
28.1
27.3
31.0
28.4
29.9
25.5
24.2
23.3
25.4
23.2
27.5
30.4
28.2
34.6

mermmmmem e SITE=2

DAY

280
i1l
343
374
402
409
430
462
492
526
560
584
816
644
708

SN

44.8
42.0
43.8
44.2
41.9
44.6
39.7
40.1
39.3
8.7
3.4
40.3
42.5
43.2
45.4

AIRTEMP

58
78
62
50
7¢
42
40
75
g8
80
85
97
75
78
70

G-3

N WNOGW~NNNOO~NRN

T30

75.0
72.0
65.3
50.7
53.8
54.8
55.9
64.0
67.6
76.8
79.1
80.3
78.23
75.7
65.3

DSFN

NGO WG W~~~ NNCO- &N

T30

75.0
72.0
65.3
50.7

'53.8

54.8
55.9
64.0
67.6
76.8
79.1
80.3
78.3
75.7
65.3
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SN

56.7
57.7
58.1
53.9
57.0
52.3
52.1

SN

54.7
55.8
51.2
52.8
51.0
52.4
50.4

SN

36.8
40.8
40.9
37.6
37.2
6.8
36.0

g e e et S i s e . S

45.1
45.0
47.1
45.1
39.5
44.3
42.2

SKRID DATA FOR NEW YORK

DSFN

NN AWWN O

G-5

62
63
62
79
57
47
39

T30

53.71
63.97
65.56
68.69
61.90
53.93
38.84

i v s e

T30

53.71
63.97
65.56
68.69
61.90
53.93
38.84

T30

53.71
63.97
65.56
68.69
61.90
53.93
38.84

—— e e v st

T30

53.711
63.97
65.56
68.6%
61.90
53.93
38.84

[T

DAY

135
169
197
226
254
289
322

DAY

135
169
197
226
254
289
322

DAY

138
169
197
226
254
289
322

DAY

135
le9
197
226
254
289
322
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SKID DATA FOR PENNSYLVANIA

--------------- SITE=3 ~=————————e==——=
SN DSFN AIRTEMP T30 DAY
22.4 1 37 27.5 22
22.2 7 48 51.3 122
24.6 1 79 66.1 167
23.0 3 76 69.5 205
21l.6 1 66 68.7 237
20.7 4 63 63.8 258
22.7 4 49 55.6 290
24.4 2 34 35.6 339
--------------- SITE=4 —--——=—===rw——=w=
SN DSFN AIRTEMP T30 DAY
27.6 1 37 27.5 22
231.2 1 35 24.6 33
23.6 7 48 51.3 122
24.7 1 62 59.7 143
29.8 0 67 60.8 148
24.8 1 79 66.1 167
23.1 3 76 69.5 205
24.1 1 66 68.7 237
23.1 4 66 63.8 258
23.0 4 48 5.6 290
27.3 2 34 5.6 339
SITE=S -————m————==o==-

SN DSFN AIRTEMP T30 DAY
5.8 1 37 27.5 22
23.6 7 48 51.3 122
33.5 1l 79 66.1 167
31.2 3 75 69.5 205
30.7 1 65 68.7 237
30.4 4 63 63.8 258
31.2 4 48 55.6 290
37.3 2 34 35.6 339

G-7
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SKID DATA FOR SAN ANGELQ

---------------- SITE=] -=---—-—-—ccwm——

SN DSFN AIRTEMP T30 DAY
22.%0 2 86 66.2 120
19.40 6 93 72.4 148
20.98 7 83 78.2 177
29.68 0 g8 78.1 203
26.28 0 86 78.1 239
22.10 7 72 75.5 268
31.08 3 70 65.4 301
21.46 7 8l 56.6 329
---------------- SITE=2 -==~rm———s—eeu—-

SN DSFN AIRTEMP T30 DAY
31.18 2 85 66.2 120
32.84 6 92 72.4 148
34.94 7 83 78.2 177
37.74 0 a8 78.1 203
34.34 0 86 78.1 239
32.62 7 71 75.5 268
36.46 3 68 65.4 301
29.96 7 80 56.6 329
———————————————— SITE=3 --==--—vem—rmm———

SN DSFN AIRTEMP T30 DAY
35.84 2 86 66.2 120
32.84 & 94 72.4 148
39.12 7 8l 78.2 177
36.64 0 8l 78.1 203
jl.86 0 85 78.1 239
29.10 7 71 75.5 268
30.38 3 69 65.4 301
27.60 7 80 56.6 329
---------------- SITE=4 —--wse——rmmmeee—e

SN DSFN AIRTEMP T30 DAY
40.54 1 87 66.2 120
37.%0 5 96 72.4 148
44.52 7 8l 78.2 177
46.84 0 88 78.1 203
43.50 0 92 78.1 239
40.34 7 71 75.5 268
40.92 7 71 65.4 301
38.04 7 81 56.6 329



APPENDIX H

ESTIMATE OF ERROR IN SKID-TESTING (FROM MEYER, ET AL. [13])



Figure H-1.

Error Sources in Skid Testing and the Estimated Error Bands at

40 mph, As Is and Reduced by Corrective Action

ERROR ESTIMATED

(sn)

SYMBOL ERROR SOURCE AS 18 REDUCED
% Speed holding 1.5 *=08
Xy Speed measurement +1.5 +08
X -Temperature *4 *2
Xa Water film *2.5 *+1
X5 Lateral position +4 +2
Xa Longitudinal position =2 +=2
Xy Pavement conditioning and

deterioration -2 -1
Xe Variability among tires *1 +0.5
s Tire construction *1 +0.5
X Tire condition +1 *1
Xu Inflation pressure +1 =1
X Wheel load error =1 +=0.2
X1 Wheel load range +2 +1
Xu Dynamic wheel load +1 *=0.5
Xus Calibration error *3 +0.5
X1 Operator data evaluation +3 +=1
Xt Procedure of data evaluation +2 +1

Figure H-2. Predicted Total Error Bands for Three Modes of Testing
Conducted in Both As is and Reduced Conditions

TOTAL ERROR BAND= [2 r"] 17 xi——INDIVIDUAL ERROR BANDS.

ERROR BAND
(sN) For ESTIMATE, 51
MEANS OF
ERROR BAND FIVE REPEAT SINGLE
(sn) TESTS MEANS TESTS
RE- RE- RE- RE-
MODE FACTORS ASIS DUCED ASISDUCED  AS IS DUCED AS IS DUCED
1. Repeat testing by X1, X4, Xsy 95 40 42 1.8 1.8 08 41 17
single tester Xu, Xua
2. Inventory iesting by X1, Xay Xa, 105 5.6 40 25 20 1.1 45 24
single tester Xe, X1y X1e
3. (a) Tester compari- X1, Xs, Xa, 158 7.3 7.0 33 30 1.6 — -~
son X, Xs, X1,
Xay Xa0y X,
Xae, X13, Xu,
X8y X1e, Koz
{b) Correlation pro- X, Xs, Xe, 153 6.8 68 30 29 13 _—
gram Xsy X1y X1,
Xaz, Xaay Xrey
Xuy Xuw, Xuy

H-1



APPENDIX 1

FRICTION TEST REGRESSION AND SPEED CORRECTION
FORMULAS BASED ON CALIBRATION AT TTI (LEFT WHEEL)
(FROM TEXAS TRANSPORTATION INSTITUTE [20])



ERICTION TEST REGRESSION AND SPEED CORRECTION FORMULAS BASED ON
CALIBRATION AT TTI (LEFT WHEEL) (FROM TEXAS TRANSPORTATION
INSTITUTE 1201

1982 FNagg =  [0:21 (Sp- 40) + FNypaqjl 0.907 + 1.6
1985  FNagi = [0.16(Sp- 40) + FNypagj) 0.993 + 0.8
1987  FNagj =  [0.23(Sp- 40) + FNUnaqj] 0.918 + 1.7
1989  FNag =  [0.21 (Sp- 40) + FNinaqj] 0.990 + 0.3

I-1



APPENDIX ]
MODEL SKID ACCIDENT REDUCTION PLAN (FROM FHWA [31])



Select Sites Representing New
and Typical Design Mixes

Identify and List High Wet
Weather Accident Sites

Calibrate Skid Tester at Test
Center

Develop Representative
Sampling Plan with Stratification
by Highway Type, Area and
ADT*

-

Sample

Develop Wet and Dry Pavement
Times for Highway Location

L

Analyze Wet Pavement Accident
Rates

Y

Collect Skid Resistance Data

B

List Selected Sites in Sample

Collect Auxiliary Pavement
Data as Needed

Y

L

Evaluate New and Typical
Pavement Mixes

Establish Performance of Mixes

Prepare Listing of Hazardous
Sites by Priority Order

Prepare Skid Number
Distribution by Highway Type,
Area, and ADT for
Representative Sample

Y

Y

Conduct Cost-Effectiveness
Analysis of Treatments for High

Provide Feedback to Design,
Operations, and Research

Priority Sites

Average Daily Traffic

L]

Schedule Highway Projects for
Resurfacing and Other Remedial
Treatments (within constraints of

funds)
Y

implement Projects in
Coordination with Safety
Improvements, 3R** Pavement
Management, Maintenance, and
Applicable Programs

ol

Y

Resurfacing, Restoration
and Rebhabilitation

Prepare Annual Report on
Program Implementation

Prepare Next Year's Test and
Sample Plans

Figure J-1. Model Skid Accident Reduction Plan
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