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Preface 

Wet-weather skidding on highways and runways is a major contributor to accidents. In 
the United States alone, deaths from highway accidents have averaged more than 50 000 
each year for the past 5 years. A significant number of those accidents can be di
rectly attributed to wet-weather conditions. 

Wet-weather accidents result from the interaction of many factors: climate and 
environmental conditions, vehicle operator, pavement design and construction, mainte
nance of roadway, and materials properties, Because the responsibilities of both pub
lic agencies and private individuals are involved, the question of legel liability 
for injury and damage is raised. 

The First International Skid Prevention Conference, held in 1958 at the Univer
sity of Virginia, emphasized the definition of problems and identification of research 
needs. During the intervening years, numerous techniques have been developed for re
ducing wet-weather accidents. Most of the basic mechanisms and interactions involved 
are known, and numerous promising solutions have been identified and demonstrated. 

The Second International Skid Prevention Conference was organized to facilitate 
an international exchange of information on all aspects of wet-weather skidding ac
cidents on highways. Primary emphasis was placed on research results and their ap
plication, vehicle industry developments, and operating agency practices and programs 
known to have a significant influence on reducing wet-weather accidents. The inter
action among the driver, the vehicle, and the pavement surface was of prime concern. 
The papers in Transportation Research Records 621, 622, 623, and 624 constitute the 
proceedings of the conference held May 2-6, 1977, in Columbus, Ohio. 

All papers prepared in advance for the conference are included in the proceedings. 
Records 621, 622, and 623 contain all papers addressing one of the three major topics 
of the conference; Record 624 contains ancillary papers not included in the conference 
program but considered to be important contributions to the state of the art. 

Organization and direction of the conference were responsibilities of the Confer
ence and Program Committees and Subcommittee on Tires, Vehicles, and Vehicle Compo
nents; Subcommittee on Pavement Characteristics; Subcommittee on Wet-Weather Accident 
Experience, Human Factors, and Legal Aspects. Chairmen and members of these conunit-
t~cs ~-~ -··b-~--~~~~~~ ~-~ 14~~~~ n- p~g~ ~~ n~ ~h~c ~o~n~~. 

The Second International Skid Prevention Conference was partially funded by the 
Federal Highway Administration and National Highway Traffic Safety Administration of 
the U.S. Department of Transportation. The following organizations cooperated to 
make the conference possible: 

Cosponsors 

Federal Highway Administration 
National Highway Traffic Safety 

Administration 
Ohio Department of Transportation 
Ohio State University 
Transportation Research Center of Ohio 
Technical Committee on Slipperiness and 

Evenness of the Permanent International 
Association of Road Congresses 

Participating Agencies 

American Association of State Highway 
and Transportation Officials 

American Society for Testing and 
Materials 

Belgian Road Research Center 
Central Laboratory of Bridges and Roads, 

France 
Federal Aviation Administration 
Human Factors Society 
Institute of Transportation Engineers 
Motor Vehicle Manufacturers Association 
Roads and Transport Association of 

Canada 
Rubber Manufacturers Association, Inc. 
Society of Automotive Engineers, Inc. 
Netherlands State Road Laboratory 
Transport and Road Research Laboratory, 

Great Britain 
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DEVELOPMENT AND EVALUATION OF ANTI-LOCK BRAKE SYSTEMS 

Maurice H. Cardon, Bendix Research Laboratories 
George B. Rickner, Bendix Automotive Control Systems Group 
Ralph W. Rothfusz, Bendix Heavy Vehicle Systems Group 

Anti-lock systems which control wheel lock have 
been d,2veloped for passenger cars, trucks, artic
ulated vehicles and buses. Six anti-lock system 
configurations involving individual wheel and ax
le control are discussed. Also discussed are 
techniques for evaluating the performance of anti
lock systems; included are straight line brak
ing, the use of a split coefficient surface and 
braking in a turn. The results of computer sim
ulation studies and vehicle tests conducted to 
evaluate performance of the various anti-lock 
system schemes are presented. It is concluded 
that the best anti-lock system configuration 
for a vehicle class requires a trade-off among 
vehicle design factors, desired level of brak
ing, and vehicle handling performance and cost. 

Anti-Lock Brake Systems have been developed 
for passenger cars, trucks, articulated vehicles, 
and buses to effectively prevent wheel lock in 
panic stop conditions. These systems assist the 
driver in vehicle control by allowing him to 
concentrate on vehicle handling and accident 
avoidance. They help the average driver maintain 
vehicle control under braking situations where 
maintaining the desired course would be nearly 
impossible with conventional braking systems. 

Several studies of driver performance under 
controlled conditions have shown that most drivers 
are not able to effectively handle situations where 
heavy braking is required. Loss of control result
ing from locked wheels is common. It is doubtful 
that the average driver can ever learn to handle 
the situation of braking where there is a transi
tion from high coefficient to low coefficient sur
faces unless his vehicle is equipped with an anti
lock system. 

Vehicle stability and control as related to 
locked versus rolling wheels is common knowledge 
among engineers in the vehicle industry. In very 
general terms, a freely rolling wheel allows maxi
mum directional control of a vehicle, while a 
locked wheel loses all ability to keep a vehicle 
on a controlled course. While the value of an 
anti-lock system in maintaining vehicle control is 
generally accepted, the configurations and designs 

of various available systems have long been the sub
ject of considerable discussion. Indeed, some 
questions relating to anti-lock system design have 
different answers depending on the constraints im
posed by vehicle design and cost considerations. 

Wheels to be equipped with an anti-lock system 
and control of each wheel independently or control 
of both wheels on an axle with a single modulator 
are issues which do not lend themselves to a single 
correct answer. Cost considerations, ratio of 
front to rear axle brake torque, load distribution 
and variation, and a host of other factors related 
to basic vehicle design influence the answer. 

The primary purpose of this paper is to report 
on the evaluation of two-wheel, four-wheel and ar
ticulated vehicle anti-lock systems of various 
configurations. The paper discusses evaluation 
techniques used for both computer simulation and 
vehicle test as well as for evaluation results. 
Since the evaluation covers a span of many years and 
different vehicle types, direct comparisons for 
different systems are not always available. There
fore, the data will sometimes be presented in more
or-less qualitative terms. The conclusions repre
sent the authors' judgment based on experience and 
the study of the available literature. 

Conclusions 

The basics of anti wheel-lock systems are now 
well understood and several conclusions relative to 
locked wheel braking can be offered. 

A rear-axle system on a two-axle vehicle pre
vents "spin-out" under most normal braking condi
tions. In addition, it will generally provide a 
shorter stop than either a locked wheel or "driver
best-effort" stop. On an articulated vehicle, an 
anti-lock system on the rear axle of the towing 
vehicle has some value in preventing "jackknife" 
conditions. 

A four-wheel system generally provides even 
shorter stops than a rear-axle system while at the 
same time allowing the driver to steer the vehicle 
around hazards during panic stops. Individual 
wheel control offers shorter stops with some sacri
fice in vehicle stability. 

The best anti-lock system configuration for a 
particular vehicle requires a tradeoff among 
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vehicle design characteristics, desired level of 
braking, and vehicle handling performance and cost. 
The "best" configuration is likely to be different 
for different vehicle types and market segments. 

Anti-lock systems allow more flexibility in 
brake system design and ensure better braking over 
a wide range of load and road conditions. The 
systems also provide considerable compensation for 
brake parameter variation due to production toler
ances and changes due to brake system component 
aging or severe braking inputs. 

Anti-Lock System Configurations 

Conceivable configurations of an anti-lock sys
tem range from fully independent single-wheel con
trol to a common control for all wheels on the 
vehicle. However, practical considerations gener
ally limit the selection to either individual wheel 
control or common control of the wheels on a single 
axle. Six systems involving individual wheel and 
axle control are depicted in Figure 1. Each is 
described in some detail below. 

Four Wheel: Individual Wheel Control (Type A) 

In a fully individual four-wheel anti-lock sys
tem (Type A( Figure 1) each of the four wheels of 
the vehicle has a wheel speed sensor, a control 
logic device, and a brake pressure modulator. The 
brake pressure modulator isolates its brake from the 
remainder of the brake system and modulates the 
brake pressure when the driver-generated brake 
pressure is enough to cause a wheel to lock. With 
a properly designed anti-lock system acting to pre
vent wheel lock, the brake force being developed 
at a particular wheel is mainly dependent on the 
tire-road surface coefficient at the wheel. This 
system configuration may be considered as ideal 
(with respect to braking force) as it has the po
tential of developing the maximum braking effort 
regardless of how the tire-road surface coefficient 
of each wheel differs. However, with this system 
configuration yaw moments can be generated if the 
road surface coefficients are different. Also de
pending on steering/suspension design, differing 
coefficients at the front wheels can generate an in
put to the steering system tending to make steering 
difficult or even impassible. 

Four-wheel anti-lock systems with individual 
wheel control have not been marketed by u. S. auto
motive manufacturers. Such a system was experi
mentally evaluated and compared to other four-and 
two wheel systems by Teldix. (l)* The results of 
this experimental evaluation will be discussed 
later. 

Four Wheel: Front, Individual Wheel Control; Rear, 
Axle Control (Type B) 

The Type B system configuration of Figure 1 is 
similar to the four-wheel individual wheel control 
system except that a single modulator controls the 
rear-axle brakes of the vehicle. TWo rear-wheel 
speed sensors are used, and the control logic is 
generally designed to select either the high-speed 
wheel (select-high) or the low-speed wheel (select
low) for controlling the brake pressure on the rear 
axle. This system is less costly than the Type A 
system as one less modulator and control logic de
vice is used. The philosophy behind this system is 
that individual wheel control on the front axle pro 
vides steering control along with maximum braking 
effort. The select-low logic is usually used on 

the rear axle of passenger car systems since this 
approach generally keeps both rear wheels rolling 
and reduces the tendency for spin-out. On a passen
ger car, the select-low rear axle control does not 
greatly compromise the total braking force because 
rear axle load is considerably less than the front 
axle load during braking. 

This system was available on a U.S. passenger 
car in the 1971 through 1973 model years. 

Both simulation and vehicle tests of this system 
were conducted and will be discussed later. 

Four Wheel: Axle Control, Front and Rear (Type C) 

In the Type C system of Figure 1, a single modu
lator is used to control brake pressure on each 
axle. Each wheel on the axle has a speed sensor and 
the control logic can be either select-high or 
select-low. Select-low (or a modified select-high) 
is the most common choice. This configuration 
joffers low cost and maximum vehicle stability. The 
braking performance on split coefficient surfaces 
and while braking in a turn is less than ideal; how
ever, the system provides good vehicle control and 
stability as no yaw moments are generated as a 
result of unequal side-to-side brake forces. Most 
air-brake anti-lock systems are of this type. 

Since each axle is controlled independently, 
this configuration can also apply to multi-axle 
articulated vehicles. We will use a Type C-1 desig
nation for multi-axle vehicles with axle control 
anti-lock systems. 

Both simulation and vehicle tests of this system 
have been conducted and will be discussed later. 

TWo Wheel: Rear-Axle Control ('l)'pe D) 

The two-wheel, rear-axle-control system configu
ration (Figure 1, Type D) has been used on passenger 
car anti-lock brake systems in the United States. 
In this system, only the rear axle has the anti-lock 
feature. Each wheel has a speed sensor, a single 
brake pressure modulator is used, and the control 
logic is generally of the select-low type. 

This system provides vehicle stability but does 
not provide steering control. Since only one axle 
has anti-lock equipment, this configuration is about 
one-half the cost of a Type C four-wheel system. 
Both simulation and vehicle test data are available 
describing the performance of this system configu
ration. 

TWo Wheel: Rear-Axle Control With Prop Shaft 
Sensor (Type E) 

The major difference between this configuration 
(Figure 1, Type E) and the Type D configuration just 
discussed is that a single prop shaft sensor is 
used in place of two wheel-speed sensors. The 
configuration is particularly attractive from a cost 
viewpoint in that a single sensor, control logic 
device and modulator can be used. Some compromises 
are made in performance however, as the information 
derived from the prop shaft sensor, which represents 
the average of the rear axle wheel speeds, results 
in poorer anti-lock system control. The system 
generally cannot handle a wide range of surface 
coefficients and is not as effective as other sys
tems on split coefficients or maneuvers involving 
braking. 
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'IWo Wheel: 1nd.i.-vidual Wheel Control, Rear Axle 
Only ( Type F) 

This configuration (Type F of Figure 1) was 
evaluated in the tests reported by Czinzel (1). 
Generally, this system does not fare well i-;-;;: cost
benefit analysis and is not used commercially, to 
our knowledge. Its advantage is that it provides 
stability without sacrificing rear axle braking 
capability as the Type D & E configurations do. 
However, the cost is almost as high as the cost of 
a four-wheel Type C system, yet it does not provide 
the steerability of a Type C system because the 
front wheels can lock. 

3 

Summary 

The choice of an anti-lock system configuration 
for a given vehicle depends upon many factors. 'IWo 
vehicle types that exemplify the range of designs 
that must be accommodated by the anti-lock system 
designer are the standard passenger car and the 
short wheelbase highway tractor. 

In the passenger car, cost is a prime considera
tion. Since the vehicle is generally quite stable 
even without anti-lock and the load variation on 
any wheel is relatively small, the performance de
mands placed on an anti-lock system are less severe 
than in most other applications. Consequently, most 

Figure 1. Anti-Lock System Configuration 
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anti-lock systems that have been put in production 
for passenger cars have been rear-axle Type D or E 
systems which can be implemented at miriimum cost. 

The highway tractor imposes a different set of 
constraints on the anti-lock system designer. Sta
bility and stopping performance are established by 
government regulation. There is greater concern 
about inputs to the steering system caused by un
balanced brake forces across the front axle. Rear 
axle loads can vary by a factor of ten. Cost, 
while not as critical as for the passenger car, is 
still a very important consideration. Thus, most 
anti-lock systems which meet the requirements of 
FMVSS 121 are of the Type C, axle-control configu
ration, which represents a compromise on the cost
benefit scale that is biased toward greater benefit 
at higher cost. 

Other applications would impose yet a different 
set of constraints. Indeed, there will probably be 
applications for most of the system configurations 
described above as anti-lock systems are designed 
to fit a wide range of vehicle types. A study by 
J. M. Ehlbeck and R. W. Murphy of Freightliner 
Corporation(2) demonstrates rather conclusively 
that the designer has a choice in optimization con
siderations, and that the final performance of any 
system or class of systems is going to reflect his 
emphasis during the design trade off studies. The 
study, which covered six anti-lock systems tested 
on different surfaces and with different vehicle 
configurations, showed that a given anti-lock sys
tem could be 11best 11 in one case and "worst" in 
another case. Since the actual anti-lock configu
rations were not disclosed, no specific judgment 
relative to configuration effect can be made. 

Evaluation Techniques 

The performance of anti-lock systems is estab
lished by conducting tests involving straight line 
braking and braking/turning maneuvers. Test pro
cedures for straight line braking and braking dur
ing a lane change maneuver have been formalized by 
the SAE in the Recommended Practice, "Wheel Slip 
Brake Control System Road Test Code-SAE J-46". 
The lane change maneuver is applicable only to ve
hicles with four-wheel anti-lock control where 
steering capability can be maintained. Braking in 
a turn or on a surface with large side-to-side 
coefficient differences has been generally conceded 
to be a true test of anti-lock system performance. 
Abrupt high level braking causing locked wheels 
under such conditions on the highway is sure to 
result in running off the road or spinning out of 
control. 

Straight Line Braking 

Straight line braking tests are usually driver 
controlled. That is, the driver both steers and 
applies brakes, while trying to achieve the minimum 
stopping distance without going out of a lane of 
some fixed width. Tests are conducted on surfaces 
representing dry, wet, and icy pavements. Results 
are indicative of stopping performance of various 
systems, and, on the lower coefficient surfaces, 
results are also indicative of stability and steer
ing control. Even on straight line stops a vehicle 
may tend to spin out due to wheel lockup, or re
quire a steering input to stay within the specified 
lane; however, this problem is more pronounced on 
low- or split-coefficient surfaces. 

Straight line braking tests are also conducted 
on surfaces with a split coefficient. That is, 

the road surface under the wheels on one side of 
the vehicle has a lower coefficient than that of 
the wheels on the other side. This test is indica
tive of stability and control imparted by the anti
lock system. When a vehicle is braked on a split 
coefficient surface, a yaw moment is induced in the 
vehicle that must be counteracted by lateral forces 
developed at the tire-road interface. This type of 
test does not require a large skid pad when compar
ed to braking/turning maneuvers; therefore it is 
rather an inexpensive way of evaluating stability 
and steering control characteristics of various 
anti-lock systems. The stopping characteristics 
of the various configurations can also be ascer
tained. 

A third type of straight line braking test 
specified by J-46 is a transition from low to high 
coefficient (or vice versa). This test evaluates 
the capability of an anti-lock system to adjust 
quickly to new road conditions. Results of this 
type of test will not be discussed in this paper. 

Braking/Turning Maneuvers 

The criterion of performance in the braking-in
a turn maneuver is the maximum deceleration that 
can be achieved while the vehicle is in a turn of 
some fixed initial lateral acceleration without 
losing stability or control of the vehicle. These 
maneuvers result in uneven side-to-side wheel-load 
distribution which results in a lateral force on 
the vehicle that must be overcome by lateral forces 
at the tire-road interface. This uneven load dis
tribution allows evaluation of the relative lateral 
stability of different anti-lock system configura
tions. There are two types of braking-in-a-turn 
maneuvers; one is termed a fixed-radius input turn 
and the other is termed a fixed-steering input turn. 

In the fixed-radius turn, a driver is required 
to keep a vehicle in a fixed-radius path of a given 
width. The radius and initial velocity of the ve
hicle define the initial lateral acceleration. From 
the initial velocity, the driver applies the brakes 
while trying to achieve a minimum stopping distance 
without going out of the fixed path. This maneuver 
requires considerable driver skill and is sometimes 
conducted with a brake machine that automatically 
applies the brakes and maintains a given brake 
force. When using such a machine, the brake force 
is incrementally increased in successive stops un
til the vehicle can no longer stay within the pre
scribed path. 

In the fixed-steering input maneuvers, the step 
steering input is introduced to the vehicle. The 
amplitude of the input is such that, for a given 
initial vehicle velocity, the desired lateral ac
celeration is achieved. As with the previous tests, 
the braking force is incrementally increased in 
successive stops until vehicle control or stability 
is lost. The loss of vehicle control or stability 
is most easily detected when either front or rear 
wheels of the vehicle lock. The measure of perfor
mance is the maximum deceleration that can be 
achieved before loss of control. 

Neither of the above maneuvers has been exten
sively used to evaluate anti-lock systems experimen
tally. The need for a large skid pad, brake machine 
and some inertial instrumentation makes conducting 
such tests expensive. It also is difficult to 
uniformly wet and/or ice a large pavement area. The 
procedure has been used effectively in simulation 
studies; the results of these will be reported. 

Another common maneuver for evaluating anti-lock 
systems involves a lane change while braking. The 
lane change induces both lateral forces and uneven 
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load distribution on the wheels on the vehicle. The 
measure of performance is the initial velocity at 
which the vehicle can enter the lane change without 
leaving the prescribed path. Achievable stopping 
distance is or can also be a criterion. The manue
ver requires considerable driving skill, but is 
relatively easy to set up and conduct. It requires 
less skid pad area, and the surface is more easily 
wet and iced than the braking-in-a-turn evaluation. 
This test maneuver is defined in SAE J-46. 

Simulation Studies 

Four-wheel vehicle computer simulations useful 
for studying maneuvers discussed above have been 
available for a number of years. Performance 
studies on three of the system configurations (Type 
B, C & D) have been completed. The studies in
cluded straight line braking on uniform surfaces 
with various friction coefficients as well as split 
coefficient surfaces. Braking-in-a-tum maneuvers 
on uniform coefficient surfaces with both fixed 
radius and fixed steering wheel procedures have 
also been studied. 

The four-wheel vehicle mode l used is a direct 
adaptation of the McHenry-Deleys model which was 
developed at Calspan (formerly the Cornell Aero
nautical Laboratories. (3) It is implemented on an 
AD-4/SEL-86 hybrid computer. 

The model has seventeen degrees of freedom: 
(See Figure 2.) 

• The sprung mass is free to move in the x, y 
and z directions and to rotate through the 
Euler angles roll, pitch and yaw, accounting 
for six degrees of freedom. 

• The front wheels are free to move in a 
vertical direction, accounting for two more 
degrees of freedom. 

5 

• A solid axle rear suspension is free to move 
in a vertical direction, and the axle is free 
to rotate relative to the sprung mass about 
a longitudinal axis, accounting for two more 
degrees of freedom. 

• Independent rear suspension vehicles also 
have been modeled, in which case the rear 
wheels move independently in a vertical di
rection, accounting for two degrees of free
dom. 

• The steering system accounts for three de
grees of freedom. Each front wheel is free 
to move in steering angle, indicated by ~l 
and ~2 in the figure, and in addition the 
steering wheel angles are subject to the 
steering system constraints, of course. 

• The last four degrees of freedom are accoun
ted for by four independent wheel rotational 
equations of motion which allow us to simu
late the wheel rotational behavior which 
occurs in braking-in-a-turn situations and 
on "split coefficient" roads. 

The major sub-models of this system are the 
suspension system, the brake system, and the tire/ 
road interface sub-model. The latter is an empiri
cal model in which actual tire test data is stored 
in the computer and used to determine the tire side 
forces and longitudinal forces during simulated 
maneuvers. 

The results of two studies will be discussed. 
The first study evaluated the performance of three 
anti-lock system configurations on a large, luxury
type U.S. passenger car. Braking performance with 
locked wheels was compared to that achievable using 
anti-lock systems. For the braking in the turn 
portion of this study the vehicle was directed to 
follow a fixed-radius path. 

The second study evaluated different brake sys
tem configurations for the AMF Advanced Systems 

Figure 2. Analytical representation of 
the four-wheeled vehicle 
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Laboratory Experimental Safety Vehicle (ESV) pro
jects sponsored by the National Highway Traffic 
Safety Administration. (4) The braking performance 
at impending slide was"""st"udied and the braking in 
a turn maneuver involved a fixed steering wheel 
input. 

Large Passenger Car Anti-Lock Systems 

The three system configurations studies were as 
follows: 

o Four-wheel: - Front, individual wheel control; 
Rear, Axle control (Type B) 

o Four-wheel: - Axle control, front and rear 
(Type C) 

o Two-wheel: - rear axl e control (Type D) 

Straight Line Braking. In the straight line 
braking performance studies, surfaces representing 
icy, wet, and dry pavements were investigated along 
wit,~ pavement having split coefficie nts. The 
straight line braking performance of these systems 
was compared to the locked wheel stops. 

The summary of the results is shown in Figure 3. 
In straight line braking on the uniform coefficient 
surface there was little difference in performance 
between the four-wheel systems; howe ver, the four
wheel systems outperformed the two-wheel systems. 

A comparison of actual vehicle t e st data with 
the simulating results partially validated the 
simulation results. The computer results for the 
wet jennite surface compare favorably with actual 
test data. On icy pavements, the simulation pre
dicted slightly greater improvement over locked
wheel stops with the anti-lock brake system than 
demonstrated by vehicle test. Vehicle test data 
for dry jennite was not available for comparison to 
simulation results. 

A major differe nce in straight line stopping 
performance between the two four-wheel control 
systems showed up on split coefficient surfaces. 
Typical results are shown in Figure 4. The figure 
shows the extended stopping distances that occur 
with the axle control system when stopping with two 
wheels on one side of the car on a slippery pavement 
(SN 30) and the other two on a high coefficient 
surface (SN 70). 

Braking In A Turn 

For the braking-in-a-tum study, the vehicle 
was programmed to steer the vehicle along a con
stant-radius path throughout the stop. Of course, 
if the required tire force could not be generated, 
the vehicle would not follow the prescribed path. 
The intent of the study was to determine maximum 
braking levels allowable while still maintaining 
some vehicle control. The vehicle was started 
along a prescribed path at the desired initial 
velocity and the brakes were then applied. On 
successive runs, the brake force was increased in 
fixed increments to determine minimum stopping 
distance achievable without deviating from the 
prescribed path by more than two feet. A summary 
of the results for an initial velocity of 45 miles 
per hour is shown in Figure 5. 

The Type B system with individual front wheel 
control has best overall performance because all 
of the available front axle brake force is used 
to retard the vehicle. 

ESV Anti-Lock Systems. This study evaluated 

the performance of a 5000-lb. Experimental Safety 
Vehicle with six different brake systems. We 
will discuss only the standard brake system and 
two anti-lock systems. 

The systems studies were: 
o Standard brake system without anti-lock 

with fixed ratio of front/rear brake torque. 
o Four whee l front, individual wheel control; 

rear, axle control (Type B) 
o Two Wheel, rear axle control (Type D) 
Simulation runs were made for all combinations 

of two vehicle maneuvers, two vehicle loading 
conditions, and two different skid numbers. The 
vehicle maneuvers that were simulated were (1) 
braking to a stop from 60 miles p e r hour in a 
straight line and (2) braking with a constant 
steering wheel angle from 40 miles per hour. Two 
road/tire friction characteristics were chosen 
from data on hand for SN 20 and 80 surfaces. Com
puter runs were made for the straight line stop 
to determine the pedal force which yields minimum 
stopping distance with no wheels locked. For the 
turn maneuver, brake pedal force was increa sed 
until at least one axle set of wheels locked. 

In the braking performance study, simulation 
runs were made to determine the minimum stopping 
distance without wheel lock. A brake p e dal force 
rate of 500 lb/sec, simulating a driver in a panic 
situation, was used in all cases. On successive 
runs, the maximum pedal force level was increased 
in increments of 1 pound. The runs were repeated 
until the minimum stopping distance was achieved 
or a wheel locked, for those cases where an axle 
did not have an anti-lock system. 

For the braking-in-a-turn simulation, the 
steering wheel was linearly ramped to 37.0 deg. to 
the right and maintained at this angle, resulting 
in an initial lateral acceleration of about 0.3g 
at 40 miles per hour. Application of the brakes 
was made 2.0 seconds after the start of the steer
ing input. 

The straight line stopping distances obtained 
with no wheel lock on wheels controlled by the 
anti-lock system are shown in Table 1. The origi
nal runs were made with the anti-lock parameters 
set for a standard production vehicle of similar 
weight. The two wheel system was then re-run with 
control logic parameters modified to be consistent 
with the ESV vehicle configuration. 

Comparison of results shows that the anti-lock 
systems have comparable performance on ctry pavement 
while the four wheel system provides shorter stops 
on wet pavement. This is to be expected since the 
four wheel system controls all wheels more near the 
peak road coefficient and the peak to locked wheel 
coefficient ratio is higher on the low coefficient. 

Selecting more optimum control logic allowed 
the anti-lock performance to approach the stopping 
distances obtained when brake pressures are set at 
a level which barely prevents wheel lock. 

The simulation for the two-wheel system with 
more optimum control logic parameters is also de
picted in the table. The results show marked im
provement for operation on dry pavement, with a 
slight improvement on wet pavement. A correspond
ing improvement on the four-wheel anti-lock system 
with more optimal control logic parameters would 
be expected. Actual test experience has confirmed 
this effect. 

Considering only the data in Table 1, one would 
be led to conclude that the anti-lock systems offer 
no advantage over standard braking systems. How
ever, one should be r eminded that the figures in 
Table l were generated by carefully increasing ped
al force on successive runs until the wheels lock. 
Thus, the data shown for the standard brake system 
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Table 1. Straight Line Stopping Distance for the Anti-Lock Systems 
and Standard Brake System Configuration 

Dry (.l/PK = 1. 0) Wet WPK = 0.45) 

""' .... 
cu 
cu 
e 

System 40% Load 

Four-Wheel Anti-Lock (Type B) 

• Stopping Distance 172 ft 

• Sustained Deceleration 0.08g 

TWo-Wheel Rear Anti-Lock (Type D) 

• Stopping Distance 172 ft 

• Sustained Deceleration 0. 77g 

Results with Improved Logic Values 
a 

• Stopping Distance 150 ft 

• Sustained Deceleration 0.90g 

Standard Brake System Configuration 

• Stopping Distance 150 ft 

• Sustained Deceleration 0.85g 

aSee text on ESU 

Figure 5. Braking in a turn 

Initial Velocity 45 MPH 

230 

220 

-o-

Rear Axle System 
Four-Wheel System (Type C) 
Four-Wheel System (Type B) 

cu 210 
~ .... ., 
-rl 
A 

~ 200 
-rl 

"' "' 0 .... 
CJ'.l 

100% Load 

172 ft 
0.82g 

172 ft 
0.76g 

155 ft 
0.85g 

160 ft 
o. 79g 

190 /0 
.,.,,,..,,,,- 0 - 0 ---o - .. 

180 
0/0 

5 10 15 

40% Load 100% Load 

315 ft 292 ft 
0.41g 0.43g 

328 ft 305 ft 
0.37g 0.42g 

315 ft 300 ft 
0.39g 0.43g 

315 ft 300 ft 
o. 39g 0.42g 
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in Table 1 is close to the optimum that can be 
achieved with a "perfect" brake system. In the 
vehicle, it is unlikely that a driver could control 
brake pressure accurately enough to achieve the 
Table 1 stopping distances. 

This point is further illustrated in Figure 6. 
This figure compares the stopping distance for the 
three systems over a limited range of brake pedal 
force. The importance of the comparison is seen in 
the large increase in stopping distance for all but 
the four-wheel anti-lock system as the pedal force 
is increased to the point where wheel lock occurs. 
In addition to the increase in stopping distance un
der the locked-wheel condition, vehicle stability 
and steerability are lost. (The Figure 6 data was 
also taken from the simulation where control logic 
parameters were not optimized.) 

Another important conside ration for the stand
ard brake system with the fixed ratio of front-rear 
brake torque is the effect of variation in brake 
gain on braking performance. Even if the pro
portioning valve tolerances are ignored and one 
assumes the valve acts the same every time, per
formance can be significantly affected. If a 
proportioning valve is fitted to the nominal toler
ance curve, as was done for this program, the per
formance of the vehicle would be nearly optimal. 
However, if the brake gains were at either ex
tremes of tolerance, the performance resulting from 
the proportioning characteristic shown would result 
in longer stopping distances. 

The effect of tolerances due to expected vari
ations in front and rear brake gains was examined 
in the study. The tolerances assumed for the brake 
gains resulted in a change of front-to-rear torque 
ratio of +15% and -30% from the nominal values, 
The nominal stopping distances and the stopping 
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distances at the brake gain limits are shown in 
Table 2. It is seen that little improvement in 
stopping distance can be made in most cases while 
far worse performance could result. These values 
have all been calculated assuming that there is a 
perfect driver able to ramp and hold pedal force 
exactly as prescribed. If normal driver variations 
are accounted for, a wider tolerance range on 
stopping distance will result. 

Braking in a 0.3g turn from 40 miles per hour, 
with a constant steering wheel angle, was used as 
a second maneuver to determine the brake system 
performance of the ESV. Table 3 shows the deceler
ation which could be achieved while braking in a 
turn with the two anti-lock systems and a standard 
brake system. Once again, the four wheel anti-lock 
system showed improved performance. 

Summary of Simulation Results 

In the simulation studies discussed, the per
formance of anti-lock system configurations and a 
standard brake system in straight line braking and 
braking in a turn was evaluated. A distinct dif
ference in the two simulation studies conducted 
was that in one, performance was established at a 
locked wheel condition and in the other, perfor
mance was established at incipient lock-up or just 
prior to wheel lock-up. The performance in the 
locked wheel condition presents minimum braking per
formance that can be derived from braking system and 
is also probably representative of the performance 
that can be expected by a large segment of the dri
ver population. Performance at incipient lock-up 
is representative of the maximum braking performance 
that can be derived from a vehicle and performance 

420 

Figure 6. Pedal force versus stopping distance for straight 
line braking 
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Table 2. Effects of Tolerances on Straight-Line Stopping Distances 

Dry ( PK = 1.0) Wet (PK= 0.45) 

System 40% Load 100% Load 40% Load 100% Load 

Standard Brake System 

• Nominal Stopping Distance 150 ft 160 ft ll5 ft 300 ft 

• Stopping Distance Range with 
Limited Values of Brake Gain 138-171 ft 155-180 ft 277-365 ft 290-344 ft 

Table 3. Maximum Achieved Deceleration Prior to Wheel Lock for Anti-Lock Systems and 
Standard Brake System Braking in a Turn 

Dry Pavement Wet Pavement 
System 40% Load 100% Load 40% Load 100% Load 

Standard Brake System Configuration 

Four-Wheel Anti-Lock 

Rear Wheel Anti-Skid 

0.72g 

0.75g 

0.65g 

that cannot be extracted from a vehicle even with a 
very experienced test driver. With respect to this 
difference, results of these two studies indicate 
the following: 

With respect to stopping distance: 
1. An anti-lock system, particularly a four

wheel system, prevents any significant degradation 
in braking performance at pedal efforts beyond that 
of incipient lock-up. 

2. Anti-lock will give an improvement over 
locked-wheel performance, particularly on wet sur
faces; this can be beneficial to less experienced 
drivers. 

With respect to vehicle control and stability: 
1. A four-wheel anti-lock system provides 

stability and steering control in both straight line 
braking and in situations in which lateral force is 
induced and steering is required. 

2. A rear-wheel system provides stability only. 
As mentioned previously actual test programs 

have verified that most drivers have difficulty 
handling braking in extreme road conditions and the 
improved stability and handlinq characteristics pro
vided by the anti-lock systems extend to transition 
surfaces. No definitive computer studies have been 
run for this condition but a brief study did support 
this conclusion. 

Vehicle Tests 

Over the past several years there has been much 
development and performance evaluation testing of a 
wide range of vehicles equipped with anti-lock sys
tems. Some of the results have been published but 
much more is unpublished. The data covers passen
ger cars, mostly in the large vehicle category, some 
non-commercial articulated vehicles, and commercial 
vehicles in both single and articulated vehicle 
configurations. 

This section covers results of some of that 
testing for straight line braking on both uniform 
and split coefficient surfaces as well as for brak
ing/turning maneuvers. 

0.72g 

0.73g 

0.70g 

0.35g 

0.39g 

0.35g 

0.34g 

0.38g 

0.37g 

Straight Line Uniform Coefficient Stops 

Examination of a considerable amount of passenger 
car tire test data shows the peak-to-locked wheel 
friction coefficient varies with road surface and 
with tire construction. For all tires and for all 
surfaces except gravel and loose snow covered roads, 
the peak coefficient is always higher than the 
locked wheel coefficient and ranges from 5 to 20% 
above locked wheel. Therefore, theoretically, 
stopping distances can be reduced significantly 
with an anti-lock system. Practically, the full 
improvement cannot be realized because no opera
tional system has been developed which will seek 
and maintain optimum traction throughout a com
plete stop on all surfaces. Fortunately, the most 
improvement occurs in situations where it is most 
needed -- namely,-on wet surfaces and for other 
conditions when the driver is most likely to lock 
wheels or need help in stopping quickly. 

Figure 7 shows representative curves for dry 
and wet asphalt longitudinal friction versus per 
cent wheel slip. Vehicle velocity has an effect 
on the curves and low speed data tends to have 
higher values than high speed data. Also the speed 
effect tends to be greater for wet surfaces than 
for dry surfaces. 

Available data on truck tires shows that the 
peak-to-locked-wheel friction coefficient ratio is 
higher than for passenger cars. It also shows that 
variation with speed and with load is also greater 
than for passenger car tires. Therefore, a judg
ment of performance improvement capability is more 
difficult. 

Data is available (6) to support the accepted 
conclusion that anti-lock systems give only minor 
stopping distance improvement on high coefficient 
surfaces when compared with locked wheel. How
ever, the data also shows that the anti-lock 
system gives significant stopping distance im
provement even on high coefficient surfaces over 
stopping distances attainable by even skilled 
drivers stopping with no wheel allowed to lock. 

Test data in the Douglas and Schafer paper was 
generated quite early in the history of com
mercially available anti-lock systems. Since that 
time considerable unpublished data has become 
available to verify those results. Also data for 
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Figure 7. Tire Brake Force Characteristics 

~ 
~ 
QJ 

0.8 
..... 
u ..... .... .... 
QJ 
0 
u 0.6 
~ 
0 ..... 
~ 
u ... 
M 

r,.. 0.4 
QJ 

~ 
M 

p'.1 

20 40 60 

Whe el Slip - Percent 

heavier hydraulically braked vehicles and air 
braked vehicles show the same trends. 

A significant amount of data on the effect of 
anti-lock systems on braking performance for com
mercial air braked vehicles is presented by C. W. 
Booth of PACCAR, Inc.(7). His study supports the 
thesis that anti-lock-;;;stems have a more diffi
cult time improving on locked wheel stopping dis
tances on high coefficient surfaces than they 
do on low coefficient surfaces. 

Four Wheel Systems. First, a TYpe Band Type C 
anti-lock system configuration will be compared. 
Both systems use select-low logic for the rear axle. 
For the Type C system, the front axle was tested 
with both select-high and select-low logic. All 
four-wheel systems showed a considerable decreased 
stopping distance over locked wheel stops on all 
but the very high coefficient surfaces. The Douglas 
and Schafer paper (6) presents similar data for the 
Type B system. Th~pe C system operated very 
effectively but, in general, showed about five to 
ten percent less performance improvement over locked 
wheel than the Type B system. The select-high 
system gave shorter stopping distances on the high 
coefficient surfaces, and the select-low system had 
shorter stopping distances on the low coefficient 
surface. The results are consistent with the fact 
that the select-low system keeps the wheels out of 
lock longer and better on the low coefficient 
surfaces. 

Another set of test data comparing a Type B 
system against a Type C system with the front axle 
using select-high logic showed similar results. 
The vehicle was run in both configurations on sur
faces with skid numbers ranging from low (as 
represented by wet jennite) to high (as represented 
by dry asphalt). The stopping distance performance 
in these tests was marginally better with the indi
vidual front wheel control. For surfaces with a 
uniform friction coefficient, these results will 
hold. 

80 

Dry asphalt 
peak to locked wheel 
= 1.1 

Wet asphalt 
peak to locked wheel 
= 1.43 

100 

Two-Wheel Control Versus Four-Wheel Control . 
Tests with a passenger car system were run to 

compare a Type Drear axle control system with 
select-low logic against a Type C control system 
using both select-low and select-high logic on the 
front axle. Test surfaces included ice at about 
20°F ambient temperature, wet and dry jennite, and 
wet painted asphalt. On all of the wet surfaces 
and on the ice, all systems had improved stopping 
distances over locked wheel stops. As has been 
mentioned previously, high coefficient surfaces 
generally have shorter locked-wheel stops than 
anti-lock controlled stops due to the relatively 
small friction peak for rolling tires on high co
efficient surfaces. 
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On the very slippery surfaces, the Type C 
system showed a significant improvement in stopping 
distance over the Type D system. This is because 
the high peaks in the µ-slip curve on low coef
ficient surfaces result in the anti-lock systems 
having better performance than locked wheel. The 
select-low system also out performed the select
high system because all wheels were prevented from 
locking until the vehicle was almost stopped. 

On the high coefficient surfaces the select-high 
system provided shorter stopping distances than the 
select-low system. '!he Type D system out-performed 
the Type C system and generally had only marginally 
longer stopping distances than locked wheel. 

Tests were also run to compare braking perform
ance with a rear axle anti-lock system using two 
wheel speed sensors and select low logic (Type D) 
with the same anti-lock system using a prop shaft 
speed sensor (Type E). The tests were run with the 
same vehicle to eliminate extraneous variables from 
the data. This particular vehicle also had a front 
axle anti-lock system using a single pressure modu
lator and two wheel speed sensors with select high 
logic. Test surfaces included wet painted asphalt, 
wet and dry asphalt, wet and dry jennite and gravel. 
The system using two speed sensors for the rear 
axle had marginally better performance on all co
efficients. The improvement was in the 1% to 5% 
range and did not seem to be dependent on the test 
surface. 
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A recent test with an air-braked truck showed 
the same trends as passenger car tests. Table 4 
compares stopping distances for a Type C four-wheel 
anti-lock system, a two-wheel Type D system, and 
locked wheel conditions. The stopping distances 
with anti-lock were shorter than locked wheel stops 
for both low coefficient surfaces. In addition, 
the vehicle was brought to a straight stop with 
either type of anti-lock system while the locked 
wheel stops generated vehicle yaw angles of up to 
45°. On the high coefficient surface (SN 75), the 
Type C anti-lock system produced a stop 8% longer 
than with locked wheels while the Type D anti-lock 
system showed a slight improvement. 

Articulated Vehicles. Tests with passenger car 
and station wagon type vehicles were run on low 
coefficient surfaces to demonstrate the advantages 
of an anti-lock system on the tow vehicle. Stops 
made with the tow vehicle rear wheels locked but 

the tow vehicle front wheels and the trailer wheels 
unlocked resulted in very violent jackknifes. With 
the anti-lock system on, well controlled, straight 
ahead stops were made. 

Results of tests with an articulated heavy duty 
air-braked vehicle are shown in Table 5. Again, 
the advantage of anti-lock on the SN 10 surface is 
apparent in that the locked wheel stops produced 
enough yaw to have the combination vehicle straddle 
two-lanes. In this test, the improvement in stop
ping distance with anti-lock compared to a locked 
wheel stop on the SN 10 surface was not apparent. 
However, the trend for the SN 30 and 75 surfaces 
was consistent with other test results. 

Split Coefficient Stops 

The split coefficient test is ideal to determine 
the ability of a wheel lock control system to main
tain directional stability. A locked wheel stop on 

Table 4. Braking Performance, 4 X 2 Tractor, Unladen, Air Brakes 

Surface 
Skid No. 

10 

30 

75 

Initial 
Vehicle 

Speed 
MPH 

20 

20 

30 

20 

40 

20 

30 

Stopping Distance 
Anti-Lock Anti-Lock 

4-Wheel 2-Wheel 
Type C Type D 

104 (8) a 

90 (6) 

326 (2) 

65 (3) 

308 (20) 

31 28 

70 (-8) 61 (6) 

~Number in ( ) indicates% improvement over locked wheel stop. 

Locked 
Wheel 

113 

96 

334 

67 

381 

65 

Table 5. Braking Performance, Combination Vehicle 4 X 2 Tractor, 
40' Tandem Trailer, Unladen , Air Brakes 

Nominal 
Surface 
Skid No. 

10 

30 

75 

Initial 
Vehicle 

Speed 
(MPH) 

20 

30 

20 

40 

20 

Stopping Distance 
Anti-Lock 

Type C Locked Wheel 

65 (-3) a 63 

161 (-2) 158 

38 (3) 39 

174 (8) 188 

30 (-11) 27 

aNumber in ( ) indicates % improvement over locked wheel stop. 

30-45° 

30-50° 

Comments 

10-15° Yaw on Locked 
Wheel Stops 

Up to 45° Yaw on Locked 
Wheel Stops 

10-20° Yaw on Locked 
Wheel Stops 

20-30° Yaw on Locked 
Wheel Stops 

No Locked Wheel Stops 

Comments 

Yaw on Locked Wheel Stops 

Yaw on Locked Wheel Stops 
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such a road will result in very large yaw angles at 
low speeds and vehicle "spin-out" at even moderate 
speeds. A rear axle anti-lock system will halt the 
vehicle fairly straight but will allow sideways 
drift and small yaw angles. Both effects are 
aggravated as vehicle speed increases. A four
wheel system allows the driver to offset the yaw 
torques with steering maneuvers and hold the 
vehicle in a straight course throughout the stop. 

One of the most complete experimental evalu
ations of anti-lock system configurations in passen
ger cars on a split coefficient surface was con
ducted by Teldix and reported by Armin Czinczel 
in a paper entitled, "Problems of Brakes with 
Different Brake Control Types on Split Coefficients'.' 
(1) Czinczel presents the results of an evaluation 
of differences in vehicle performance for three 
types of steering configuration and several anti
lock configurations. Included were vehicles with 
positive, neutral and negative steering roll radius 
(scrub radius). Anti-lock configurations evaluated 
included four wheel individual control (Type A), 
front individual and rear axle control (Type B), 
rear axle only (Type D) and individual rear wheel 
control (Type F). Tests were run with a free turn
ing steering wheel and a locked steering wheel, and 
with driver control. 

The results generally demonstrated the superior 
stability of the negative scrub radius under very 
heavy braking and especially when brake pressure 
was high en0ugh to lock the wheels. This steering 
configuration had a very noticeable effect on per
formance of the vehicles with anti-lock control. 

The study demonstrated a significant feature of 
four-wheel anti-lock system performance. A four
wheel system prevents lockup of all four wheels and 
allows steering control. However, on a split co
efficient surface or under other conditions where 
unbalanced side to side forces can be induced, the 
Type A anti-lock system is not as inherently stable 
as the Type B or Type D systems. If the driver 
freezes the steering wheel rather than steering to 
correct for these disturbances, the vehicle yaw 
with a Type A system will be greater than the yaw 
with a Type B or Type D system under the same con
ditions. In fact, the Type A system had very large 
yaw angles when the vehicle with the positive steer
ing roll radius was stopped with the steering wheel 
locked. The Type B system in general operated with 
lower lateral movement and with lower yaw angles. 
Also, less steering wheel input was required to 
hold the vehicle straight. The only exception was 
that the Type B system with the negative steering 
roll radius vehicle caused a significantly larger 
lateral displacement when the steering wheel was 
loose. 

The tests demonstrated the superiority of in
dividual wheel control in terms of stopping dis
tance on split coefficient surfaces. The Type A 
system resulted in approximately 10% shorter stop
ping distances than the Type B system. The rear 
axle Type F system had significantly longer stop
ping distance than the Type B system but slightly 
shorter than the rear-axle select-low system, Type 
D. The select-low rear axle was more stable. 
However, in a panic situation, non-professional 
drivers were unable to hold a course with either of 
the rear axle systems. 

The Teldix study did not include an evaluation 
of vehicles without an anti-lock system. In tests 
of European vehicles of a similar size conducted by 
Bendix, it was found that, without an anti-lock 
system, vehicle yaw angle increased very rapidly 
from about 10-150 for a 10 miles per hour stop to 
over 100° at 30 miles per hour. A few stops at up 
to 50 miles per hour produced spins of 1-1/2 to 2 
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revolutions on a combination of normal wet asphalt 
on one side and a special wet painted surface on 
the other. Another point of interest regarding 
safety is the lateral movement that occurs in ad
dition to the spin. At low speeds, the movement 
tends to be pure rotation, but at higher speeds the 
vehicle center of gravity moves 3 to 4 feet away 
from the original path. 

Several luxury type passenger cars were run 
through similar tests to determine the yaw with and 
without the anti-lock systems. Speeds were limited 
to 30 miles per hour and vehicles with rear-wheel
only systems and with four-wheel systems were 
tested. Yaw angles in excess of 200° were en
countered with all vehicles without the anti-lock 
systems. With rear wheel only, some systems held 
the yaw angle to 5 to 10° and some allowed as much 
as 30° yaw angle. The four-wheel system which al
lowed the driver directional control had minimal 
yaw angles of less than 5°. Similar tests run on 
glare ice show the same general results in terms 
of yaw angle control and differences between the 
two wheel and the four wheel systems. 

Braking In A Curve Or Lane Change 

Testing on a passenger car has demonstrated the 
advantages of anti-lock systems for stopping in 
curves and during lane changes. Unpublished data 
shows that with anti-lock a driver can safely come 
to a stop while negotiating a lane change at high 
speed. In most cases he was able to approach the 
lane change course without braking at all. The 
testing showed the advantage of a four-wheel sys
tem with individual front whee l control (Type B). 
A system with axle control both front and rear 
(Type C) worked well but was less effective (with 
respect to stopping distance) than the individual 
front wheel control. 

Another test of braking during a vehicle maneu
ver was conducted on a short wheelbase air-braked 
truck. The object of the test was to measure the 
reduction in maximum safe speed with the truck 
braked with a full brake (panic) application during 
a maneuver, as compared to driving through the 
maneuver without any braking. The maximum safe 
speed was the speed at which the driver could 
negotiate the maneuver without hitting any of the 
pylons marking the maneuver courses. The two 
maneuvers were the lane change (specified in SAE 
J-46) and a 356-foot radius curve. 

The test vehicle was a 4x2 truck with a wheel
base of 134 inches and equipped with a Type C anti
lock brake system. Empty vehicle weight was 
14,000 pounds, laden weight was 31,000 pounds. The 
test surface was wet jennite with a skid number of 
27. The test results are shown in Table 6. 

The maximum safe speed for the above maneuvers 
in a panic stop withour four-wheel anti-lock brak
ing, where the wheels lock, is 25 miles per hour 
and 22 miles per hour for the lane change and 
curve, respectively. 

Table 6 . Maximum Safe Speed for Braking Maneuvers 
Braking with 

Vehicle Drive Anti-Lock 
Maneuver Load Thru Brake System 

Lane Change Laden 32 30 
Unladen 40 38 

Curve Laden 40 40 
Unladen 40 40 
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A more recent test with an articulated vehicle 
further illustrates the advantage of an air-braked 
anti-lock system on each axle. The vehicle used 
in this test was a short wheel-base air-braked 4x2 
tractor coupled to a 40 foot tandem axle trailer. 
The maneuver was a 356 foot radius curve on wet 
jennite as above. The anti-lock system was select
low, axle-by-axle (Type C-1), With the anti-lock 
system on, the vehicle could easily negotiate the 
curve during a panic stop at 40 miles per hour and 
stop in about 175 feet. Without anti-lock the 
driver could not make the curve in a panic stop at 
40 miles per hour, if he allowed the wheels to lock. 
With a careful brake application to 30 psi he was 
able to stop safely in the curve in 200 feet from 
40 miles per hour. A second attempt at 30 miles 
per hour resulted in a 145 foot stop (equivalent 
to 225 feet at 40 miles per hour). 

Thus, the data shows that with anti-lock on 
all wheels, a driver can safely brake in maneuvers 
found in the real world at almost the same speed 
he can safely drive through them. On the other 
hand, the maximum safe speed for a maneuver is 
substantially reduced if the vehicle wheels are 
allowed to lock. If the driver elects to brake 
lightly to avoid wheel lock, his stopping distance 
will be considerably longer than that achievable 
with an anti-lock system on each braked wheel. In 
the light of studies showing the difficulty the 
average driver has in controlling the vehicle in 
heavy braking situations, especially on low coef
ficient surfaces, the advantages of anti-lock equip
ment becomes more apparent. 

Recent Developme nt s 

A recent development in the commercial vehicle anti
lock industry has been a trend toward a cost-effec
tive system which modulates both axles of a tandem 
axle from a single logic command. The configuration 
which appears to be most cost-effective uses a single 
sensor on each axle along with a single modulator 
on one a~_for controlling both, axlss from one 
command. The signal processing used to derive this 
single command has been under considerable study. 
System differences in terms of total number of sensors 
and the effect of suspension types also have entered 
into the studies. This whole question will be dis
cussed in a paper to be presented by The Bendix Cor
porRtion ,:i_t th':' 1'ngn~t-. .- 1 q77 .- mPPt-_i ng ~pnn~nrPl1 hy 
the Society of Automotive Engineers on the West Coast. 

Acknowledgments 

Much of the content of this paper was presented at 
the Society of Automotive Engineers February, 1976, 
meeting. 

The authors would like to acknowledge the work of 
their colleagues within the Bendix Corporation from 
which the data for this paper was collected. Their 
names are too numerous to mention, but in the 
aggregate, they have contributed many man-years to 
anti-lock system development within Bendix. 

References 

l . "Problems of Brakes with Different Brake 
Control Types on Split Coefficient," Armin 
Czinczel; Heidelberg, 5 November 1974 

2. "An Evaluation of Anti lock System Perform
ance on Heavy Duty Air Braked Commercial 
Vehicles," James M. Ehlheck and Ray W. 
Murphy, Symposium on Commercial Vehicle 
Braking and Handling, University of 
Michigan, May 5-7, 1975 

3. "Vehicle Dynamics in Single Vehicle 
Accidents," Technical Report CAL No. 
VJ-2251-V-3 Cornell Aeronautical 
Laboratory, Inc., December 1968 

4. "Braking Performance Analysis," Bendix 
Research Laboratories Final Report, 
BRL/TM-73-6684, July 1973 

5 . American Society for Testing and Materials 
(ASTM), Method E-274-65T 

6 . "The Chrysler 'Sure Brake' - The First Pro
duction Four-Wheel Antiskid System," SAE 
Paper No. 710248; J. W. Douglas, Chrysler 
Corporation, T. C. Schafer, Bendix Corpora
tion 

7 . "Proceedings of a Symposium on Commercial 
Vehicle Braking and Handling," May 5-7, 
1975; C. W. Booth, Symposium on Commercial 
Vehicle Braking and Handling, University 
of Michigan, May 5-7, 1975 



( 

( 

( 

( 

( 

( 

TYRES AND ROAD SURFACES 

Leonard H,M, Schlosser, Institute for Road Safety Research SWOV, 
Voorburg, The Netherlands 

The study concerning the contact between a 
tyre and a road surface was conducted by 
means of an experimental multifactor 
investigation, It was attempted not only to 
determine the effect of variables such as 
type of road surface and speed on the skid 
resistance but also interaction effects, In 
the first phase the first and second-order 
factors were separated, The second phase 
served to determine the numerical influence 
of the road surface characteristics and the 
speed on the size of the brake and side way 
forces, It was found possible to compile a 
mathematical relation incorporating the 
contribution of the macro-roughness and 
micro-roughness of the road surface and also 
of the speed to the brake and side way 
forces. In the third phase a similar 
mathematical relation was drawn up for truck 
tyres. Car and truck tyres were compared by 
reference to the results, A main feature is 
that with truck tyres the values of the 
available brake forces are about a factor 
two lower than with car tyres, Among the 
characteristics of the road surface, the 
micro-roughness has mostly considerable 
influence on the skid resistance, The 
influence of the macro-roughness of the road 
surface counts heavily almost exclusively at 
high speeds, Finally, recommendations are 
made for official measures, with emphasis on 
standards to be met by the micro-roughness 
and macro-roughness of road surfaces, 

Purpose of the Research 

The basic assumption of the study was that 
skidding accidents arise from human behaviour in 
traffic as the result of incorrect, excessive 
expectations regarding the available brake and 
side way forces, A major factor involved is a 
local and/ or temporary decrease of the brake and 
side way forces. This decrease is in particular 
attributable to the presence of water on the 
road surface, The study is therefore mainly 
concerned with wet road surface conditions, 

Following the above train of thought, it 
would be possible to reduce the number of 
skidding accidents by preventing incorrect 
expectations of the road user, This could be 

achieved through making the local and/ or 
temporary brake and side way forces decrease as 
little as possible. In braking and steering 
cars a distinction should be made between 
minimum brake and side way forces required for 
the movements of the vehicle, and the available 
forces between tyre and road surface, In order 
to achieve force s greater than the minimum 
required, the size of such forces must be known. 

In view of this, the need arose to find out, 
under possibly most realistic conditions, what 
factors actually affect the size of the brake 
and side way forces. According to the relevant 
literature, many of the studies conducted so 
far had been single-factor investigations, in 
which the influence of one single variable on 
the size of the brake and side way forces was 
investigated, An experimental multifactor 
investigation to supplement the existing 
knowledge was therefore considered necessary for 
a sound study schedule, This would have to make 
it possible to measure the effect of each 
variable such as type of road surface and speed 
as well as the interactions such as type of tyre 
- speed and water depth - tread depth - tyre 
type on the skid resistance, 

Criteria of the Investigation 

Coefficients of Longitudinal and Lateral Forces 

The object of the study of the available 
forces arising between a tyre and a wet road 
surface is to determine the influence of the 
variables on the size of the brake and side way 
forces. For comparison, dimensionless brake and 
side way coefficients are used, defined as 
follows(!): 

;uxm: the quotient of the maximum value of 
the brake force and the momentary 
vertical tyre load 

/
uxb: the quotient of the brake force and 

the momentary vertical tyre load if 
the wheel is locked 

jUy: the quotient of the maximum side way 
force and the momentary vertical tyre 
load, 

These three coefficients define the skid 
resistance, Each of them is important under 
certain conditions, A high /uxm value means 
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that braking hard is possible without the wheels 
of the vehicle locking. This permits of high 
deceleration whilst maintaining stability and 
controllability. In an emergency situation a 
driver will usually brake as hard as he can, 
which may cause the wheels to lock. Under these 
circumstances, the shortest possible braking 
distance depends on a high /1xb value. A high 

/1y value is desirable if the driver wishes to 

change direction, run through a bend or attempts 
to perform an evasive manoeuvre. 

Measuring Method 

Car tyre measurements were carried out with 
the measuring vehicle of the Vehicle Research 
Laboratory of the Delft University of Technology 
(see Figure 1). In a special measuring tower 

Figure 1. Measuring truck for car tyres of the 
Vehicle Research Laboratory of the Delft 
University of Technology. 

the vertical tyre load and the brake and side 
way forces can be measured with the aid of a 
measuring hub. The resulting brake and side way 
force coefficients are all averages of four 
observations. The vehicle used tor the 
measurements is described in Tire Science and 
Technology (_g). 

Measurements with truck tyres were made with 
the single-wheel measuring trailer of the 
Vehicle Research Laboratory of the Delft 
University of Technology (see Figure 2). This 
vehicle permits measuring only brake force 
coefficients. The measuring criteria for truck 
tyres were therefore the maximum brake fo rce 
coefficient /u and locking value ;u (2). 

xm ; xb -

Influence Variables 

Literature Survey 

Initially, the relevant literature was 
consulted to list the important factors 
influencing the contact between the tyre and the 
road surface. As these factors are undoubtedly 
known a brief description should suffice, 
dealing especially with the me.asuring method. 

Figure 2. Measuring truck for truck tyres of 
the Vehicle Research Laboratory of the Delft 
University of Technology. 

Figure 3. Illustration of terms of the road 
surface texture. 

road surface macro micro 

rough harsh 

rough polished 

smooth harsh 

~ smooth polished 

Roffd Surface Factors 

The nature and composition of the road 
surface, and in particular the surface texture 
have much effect on the brake and side way force 
coefficients (2, i, 2). The main 
characteristics important to the skid resistance 
are the macro-roughness and the micro-roughness 
(see Figure 3). The macro-roughness (uneven 

portions of 10-3 to 10- 2m) serves for quick 
disposal of water from the zone of contact 
between the tyre and the road surface. The 

( 
-q _q) 

micro-roughness 10 to 5.10 m is meant to 
break the remaining water film and thus to allow 
adhesion between the rubber of the tyre and the 
road surface. 
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Figure 4, British Pendulum Skid Resistance 
Tester (SRT). 

In the present study, the macro-roughness 
was measured b.l:.._determination of the average 
texture depth TD according to the sand-patch 
method(~). A standard volume of fine sand is 
spread in a circle on the road surface to be 
measured, The diameter of the sand patch is a 
measure of the average texture depth TD, ~sit 
was not possible to measure it directly the 
micro-roughness was determined by means of the 
SRT device (Bri ti i,h Portable Skid Resistance 
Tester), an instrument devel oped by the British 
Road Research Labor atory (z), A pendulum, with 
a small block of rubber attached to its end, 
slides along a wetted surface, The swing 
height, expressed in values between O and 100, 
is a measure of the micro-roughness (see Figure 
4). 

Tyre Factors 

Tyres display characteristics connected with 
their design, tread profile and composition of 
the rubber(~). Among the characteristics of 
the carcass, it is probably only the cornering 
stiffness which is important for the side way 
force coefficient. The cornering stiffness is 
the side way force coefficient per degree of 
skid angle between +1 and -1 degree of skid 
angle, Within this, the side way force can be 
assumed to be linear, 

The tread profile of the tyre serves to 
force away and take up water from the face of 
contact between the tyre and the road surface, 
Some of the water will be taken up in a groove 
or a sipe (small incision), The take-up 
capacity can be related to the air ratio, This 
is the quotient of the total area of the grooves 
and sipes, and the total contact surface, The 
water which cannot be taken up will have to be 
removed from the contact face, For the time 
being it is not possible to calculate the 
removal capacity and this was therefore 
determined by experiment, Water is forced 
through a slot into the tyre profile, Tread 
shapes can be compared with the aid of 
characteristic values (2), 

The tread compound of car tyres consists of 
a mixture of synthetic rubber, carbon, oil and 
other additives, Truck tyres are still often 
made of natural rubber, The composition is 
difficult to analyse chemically, A number of 

derived characteristics was therefore 
determined for this aspect, The hardness was 
measured by means of a Shore hardness meter, 
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and the resilience with a modified LUbke meter, 
Finally, the glass transition temperature was 
determined, The temperature at which the 
specific heat of the rubber changes, is referred 
to as glass transition temperature (10), 

Tread Depth 

The influence of the explicit tyre 
characteristic tread depth has been exhaustively 
covered by a single-factor investigation (11), 
On the whole, the brake force coefficient will 
decline fairly gradually with the tread depth 
decreasing, At less than 2 - 3 mm tread depth, 
the brake force coefficient will be reduced 
very progressively. This effect is most 
pronounced at relatively high speeds and on 
slippery roads, The influence of the tread 
depth on the side way coefficient appears to be 
smaller than on the brake force coefficient, 

Speed 

The influence of the speed on the skid 
resistance is very much dependent on the 
properties of the tyre and the road surface, 
This means that the results of single-factor 
studies should be approached with caution, 
Generally speaking, the skid resistance will 
become less as the speed increases, 

Water Depth 

By taking measures in road construction such 
as edging, planeness and transition to the 
verges, and also effective maintenance, bigger 
water depths on the roads can be largely 
prevented, On a plane, normally edged road a 
value of 1 1wn. after a heavy shower is already 
extreme (2, 12) , At depths of a few millimetres 
and more the risk of aquaplaning arises, 

Other Factors 

Tyre load, tyre inflation, the material of 
the road surface and the temperature of the 
tyre and the road surface probably have a small 
influence on the skid resistance, About the 
interaction effects, however, little is known, 

Qualification Study 

Object and Execution 

First of all, the study served to determine 
what factors and interactions were of primary 
importance to the skid resistance, To this end, 
an experimental multi-factor investigation (13, 
1/t ) was arranged for, The number of 
;;;;asurements to be taken is partly determined 
by the number of levels of the factors, 
According as ' the extent of the experiment 
increases along with the number of required 
measurements, unintended heterogeneity may grow 
in the results, With a view to eliminating this 
heterogeneity, the measurements can be divided 
into blocks, 

For the purpose of the qualification study 
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Table 1. Level of variables in the qualification study. 

Road Characteristics Tyre Type Belt Characteristics (New Tyre) Other Fac tors Level 

TD SRT Material Cornering Air Resilience Hardness Low High 

(mm) Stiffness Ratio (Rebound%) Shore A 

(N/deg) (%) 

KESteren 0,3 69 I Radial Steel 760 29 , 7 36 59 Speed 50 100 

LEiden 0,6 74 II Radial Steel 800 23,4 39 62 Water Depth (mm) 0.3 o.6 

RAAmsdonkveer 0.8 77 III Radial Textile 650 30 , 6 42 59 Tread Depth (mm) 2 7 

GORinchem 0,7 79 IV Radial Textile 630 30 , 6 31 64 Tyre Load (N) 2500 4000 

Inflation (N/m2) 1.4"105 2. 0,.105 

Table 2, Results of the main effects of factors in the qualification study. 

Main Effect Average Road Type Tyre Type Speed Tread Water Load Inflation 

Value Depth Depth 

KES LEI RAA GOR I II III IV 50 100 2 7 0.3 o.6 2500 4000 1. 4 2.0 .. 105 

/1xm (..ioo) 84,3 -13,9 +0.3 +4.5 +9.1 -2.3 -1.9 +1,5 +2.7 +6,3 -6.3 -2.8 +2.8 +1,7 -1. 7 NS NS 

/1xb 
(..ioo) 50,6 -6.o +0,2 +0,4 +5,4 -2.5 -2,5 -0,3 +0,3 +9,6 -9,6 -3.6 +3,6 +0,5 -0,5 +0,7 -0,7 +0,5 -0,5 

/1y 
(..ioo) 78,7 -9.7 +1.8 +1.0 +6,9 +2,1 +0.9 -0.9 -1.5 +1,.2 -4.2 +LO -1.0 +0.5 -0.5 +1.2 -1.2 NS 

Note 1: NS Statistically Not Significant 

2: In the tables+ and - means a higher respectively a lower va l ue of the coefficients compared with the average 

value of the coefficient. 

Table 3. Results of the 

Two-factor interactions 

/1xm' 1. road surface type 

2. tyre type 

3. speed 

4. road surface type 

5. road surface type 

6. speed 

7, tread depth 

/1xb' 1. tyre type 

2. road surface type 

3. speed 

"· road s urface type 

5. road surface type 

6. road surface type 

7, tread depth 

/1y' 
1. road surface typ_e 

2. road surface type 

3. tyre type 

"· road surface type 

5. speed 

6. road surface type 

7. tyre type 

8. tread depth 

9, speed 

Three-factor interactions 

/1y' 1. road surface type 

2, tyre type 

3. tyre type 

sli.gnificant interactions. 

- tyre type 

- tread depth 

- tread depth 

- tread depth 

- speed 

- tyre type 

- water depth 

- tread depth 

- tyre type 

- tread depth 

- speed 

- tyre type 

- tyre type 

- tyre inflation 

- tyre type 

- tread depth 

- tread depth 

- speed 

- tyre type 

- tyre load 

- tyre load 

- tyre load 

- water depth 

- speed - tread depth 

- speed - tread depth 

- tread depth - tyre load 

the unit day was chosen as block, As it was not 
feasible to measure within one block, i,e. one 
day, with all combinations of factors, it was 
decided to confound some factors with blocks, 
The result of confounding a factor with blocks 
has the result of the effect of that factor not 
being distinguishable from the block effect. 

In this experiment, the factor road surface 
type and the factor units of one tyre type have 
been confounded with blocks to cause any 
differences existing between the various tyres 
within the type to coincide with the differences 
between days, To confound effectively, it was 
desirable to select a large number of factors 
at the same levels, 

It was therefore decided to set the factors 
speed, water depth, tyre load and tread depth 
at two levels. For each of the other two 
factors, viz, road surface type and tyre type, 
four levels were included in the test. 

In addition to these variables, there are a 
number of conditions which had to vary during 
the measurements. They include, the temperature 
of the road surface and of the spray water, air 
temperature, and other weather conditions, All 
these variables were recorded as consistently as 
possible throughout the measurements, The 
experiments were executed on normal highways. 
The location of the four test sites was a 
compromis between an easy performance of the 
experiments and a large difference in surface 
characteristics. The tyres were normal 
commercial-grade tyres. The levels of the 
other factors corresponded with high respectively 
low levels of these factors as found in practise 
(see Table 1), 

Results of the qualification Study 

The results of the main effects and inter-
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Figure 5, Specially constructed road surfaces 
for the investigation of the influence of the 
road surface characteristics, 

TD= 3.2 mm 
SRT:92 

2 TD:3.6 mm 
SRT:72 

3 TD:1.2mm 
SRT: 82 

4 TD:2.0mm 
SRT:68 

5 TD:O.Smm 

SRT:92 

6 TD:0.1 mm 
SRT:33 

actions are shown in Table 2 and 3, The results 
of 32 repetitive measurements warrant the 
conclusion that the reprocibility is very high, 
owing to which small differences in brake and 
side way force coefficients can be significant, 
It may also be concluded that none other than 
the main influence factors have varied, 

The conclusions from the qualification 
study can relate only to the area within which 
the levels of the factors were chosen, The 
choice aimed at involving the entire area which 
was important for practice, 

First-order factors important for the 
contact between the tyre and road surface are: 
the type of road surface, the tyre type, the 
speed, the tread depth and the water depth, 
Tyre load and pressure appear to carry little 
effect, The influence of the water depth is 
very small, but significant within the levels 
chosen. 

Functional Requirements 

Object and Execution 

After the qualification study the second 
phase concentrated on the road characteristics, 
It had appeared that these characteristics had 
the greatest influence on the skid resistance, 
Moreover, better policy decisions can be taken 

if quantitative data are available, 
For the second phase, it was assumed that 

all main effects, two-factor and three-factor 
interactions had to be determinable, The 
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result was that measurements had to be taken for 
any setting of factors, Again, a grouping was 
made into blocks, with the unit day as block, 
Twelve measurements were carried out each day, 
As it was again impossible to conduct all 
measurements within one block, it was decided to 
confound, and conduct the experiment in two 
measuring series, 

In the first series, the factors road 
surface type and tread depth were confounded 
with the blocks, In the second the factors 
tyre type and speed, In view of the emphasis on 
road characteristics, six levels of road surface 
types were used in this phase, Furthermore, 
the factor tyre type was varied at four levels, 
the speed at three levels and the tread depth 
at two, Al other variables, including the 
water depth, were kept at constant level, The 
water depth is a rather intangible aspect in 
policy decisions because the amount of 
precipitation per unit of time is a given value, 
Another reason is that the influence of the 
water depth, though significant, was yet rather 
small, As pointed out already bigger water 
depths can be prevented by measures in road 
construction, 

As road surfaces displaying the required 
characteristics were not available in practice 
or not suitable for carrying out measurements, 
test sections were laid on a test road (see 
Figure 5), By means of multivariate analysis 
four tyre types were selected from a group of 
sixteen commercial-grade tyres, The 
characteristics of the specially constructed 
road sections, the tyres and the levels of the 
other variables are set out in Table 4, 

Brief Description of the Results 

As could be expected, the road surfaces with 
very high macro-texture (1 and 2) fielded 
extremely high values (see Table 5), The high 
values measured on section 2 (macro high, micro 
low} can be attributed to the micro-roughness 
which was still rather much in evidence, 
Section 6 (no macro, no micro) displays very low 
values under all conditions, 

The differences between tyres are very 
slight compared with the other main effects, 
There is a clear difference between new and 
worn tyres, The effect of speed is less for new 
than for worn tyres, 

As the speed increases, the coefficients 
decrease practically linearly on all road 
surfaces, According as the macro structure 
increases the effect of the speed declines and 
is hardly noticeable on very macro-rough road 
surfaces, Very considerable interaction with 
the speed is found on a road with micro-texture 
only (rond section number 5), 

Mathematical relation 

Quantitative Relation, The variables and 
their levels have been so chosen that it must 
have been possible to obtain a quantitative 
relation between the brake and side way force 
coefficients on the one hand and the road 
characteristics, tyre characteristics, the speed 
and the tread depth on the other hand, A 
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Table q. Characteristics of the specially constructed road surfaces and levels of the other 
variables in the second test program. 

Ro ad Characteristics Tyre Type Bolt Characteristics (New Tyr e ) Other Factors Level 

Tii SRT Material 
Cornering Glass 

(mm) Stiffness Transition 

(N/deg) Temperature 

(oK) 

3, 2 92 V Radia l Textile 575 199 
2 3.6 72 VI Radial Steel 715 215 

3 1.2 82 VII Radial Textile 575 227 ,. 2,0 68 VIII Radial Steel 705 223 

5 0,5 92 

6 0.1 34 

formula was drawn up to form a model 
representing this relation, The model was based 
on the following considerations: 

Tyre Charac ter i sti c s . Difficulties arose 
in attempting to incorporate tyre characteristics 
in the model. The differences between the tyre 
type as main effect are but slight, For proper 
distinction between the effect of each tyre 
characteristic more tyres would have to be 
available, This study was conducted by the 
Vehicle Research Laboratory of the Delft 
University of Technology (i)• 

Roughly the characteristics glass transition 
temperature and air ratio are of importance for 
/1xm' the characteristics air ratio and 

resilience for / uxb and the characteristics 

glass transition temperature and cornering 
stiffness for / uy. An average of four tyres was 

taken for the present study. 

Tread Depth. Difficulties were likewise met 
with incorporating the tread depth in the model. 
For a good insight, the tread depth would have 
to be varied at more than the chosen two levels. 
This study was likewise carried out by the 
Vehicle Research Laboratory of the Delft 
Technical U11iv-e1~si ty (Z,). An ave.1·c1.ge l'ur Lhe 
tread depth was taken for the present study, 

Air Resilience Hardness 

Ratio (Rebound%) Sbore A 

( %) 

30 34 71 Speed (km/ hr) 50 75 100 

31 35 62 Trea d depth (mm) 7 
31 41 63 Water depth (mm) o.6 

30 35 60 Tyre Load (N) 3300 

Inflation (N/ m2) 1.Bd05 

Road Surface Characteristics. The TD and 
SRT values are a reasonable indication for the 
macro-roughness and micro-roughness of the road 
surface. These values can therefore serve to 
represent the road characteristics in the model. 

Additional Measurements. The formulas are 
actually valid only within the range covered by 
the variables. With regard to the road surf a ces 
the fact that no road surfaces from practice 
were available was considered a drawback. To 
remove part of this drawback, a series of 
additional measurements were carried out on road 
sections used by normal traffic. This was done 
on a number of trail sections of the Department 
of Roads and Waterways on State Highway 12 • 
. These sections display some diversity and their 
properties had been known for a number of years, 
The road characteristics and the measuring 
results are set out in Table 6, 

F ormula, For the model, it was assumed that 
the brake and side way force coefficients can be 
explained from an adhesion term and a 
hydrodynamic term, The adhesion term is related 
to the SRT value, and the hydrodynamic term to 
speed and texture depth, Out of a number of 
different ways of approach, the following form 
vielded the best results: 

Table 6. Results of the additional measurements in the second test program, 

CoHficient of Right Lane of Left Lane of 

Longitudinal and State Highway 12 State Highway 12 

Lateral Force Site 1 Si t e 4 Site 7 Site 9 Si te 1 Site 4 Site 7 Site 9 

50 100 50 100 50 100 50 100 50 100 50 100 50 100 50 100 

/ uxm (dOO) 93 90 100 84 96 BB 96 91 101 92 108 9'1 98 93 103 95 

/ uxb ( .. 100) 58 57 60 4'1 63 '19 67 50 63 49 66 '19 67 52 64 53 

;uy 
(dOO) 71 69 67 64 75 69 68 65 74 73 71 71 77 7'1 72 71 

Note: Conditions Right Lane site 1 SRT 70 s i te ,. SRT 66 site 7 SRT 71 site 9 SRT 69 
TD 1, 3 TD 0, 5 TD 1.5 TD 0, 5 

Left Lane site SRT 70 site 4 SRT 71 site 7 SRT 73 site 9 SRT ~ 70 
TD 1.0 TD o, 6 TD 1.'1 TDC 0 , 7 

Tyre: VII Speed: 50 and 100 km/ hr Water Depth: o,6 mm 

Inflation: 1, 8,.105 N/m2 Load: 3300 N Tread Depth: 7 mm 
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Results of the second test program, 

Tyre 

1 

Speed(km/hr) 

Type Tread 50 75 100 

2 

Speed(km/hr) 

50 75 100 

Road Surface 

3 

Speed(ion/hr) 

50 75 100 

Speed(km/hr) 

50 75 100 

Speed(ion/hr) 

50 75 100 

6 

Speed(km/hr) 

50 75 100 

V New 1 21 127 127 102 104 108 112 110 109 105 107 106 115 113 108 59 40 57 
133 127 120 98 101 101 115 116 106 101 98 100 116 110 108 53 48 38 

VI 

Worn 110 113 122 91 95 90 
120 125 115 88 91 91 

115 116 104 101 106 101 101 70 48 
116 99 97 99 89 86 97 51 38 

New 130 128 131 98 101 103 129 122 109 113 111 106 107 108 98 
128 137 128 101 111 109 117 111 109 105 113 105 110 106 98 

Worn 123 111 114 106 92 101 127 115 103 114 112 105 82 51 41 
134 123 124 93 104 92 128 102 95 103 106 86 79 48 35 

38 33 16 
58 35 19 

65 36 29 
56 49 1,2 

41 26 14 
41 24 15 

VII New 109 125 124 91 101 98 113 112 109 104 104 101 105 104 104 50 48 43 
120 124 120 103 102 101 112 110 98 101 97 94 108 106 99 69 55 47 

Worn 102 112 119 78 92 88 
116 121 121 90 88 88 

105 107 99 98 94 92 
122 107 102 91 94 92 

111 98 65 
122 102 78 

35 29 30 
57 30 22 

VIII New 124 126 116 97 102 98 118 111 114 100 109 104 106 102 101 46 57 34 
123 125 122 99 99 101 113 108 103 103 106 96 108 100 94 59 50 46 

Worn 114 107 115 89 97 91 
119 123 119 88 87 85 

2 

Speed(ion/hr) 

Type Tread 50 75 100 

Speed(km/hr) 

50 75 100 

V 

VI 

New 99 102 95 
95 92 92 

Worn 91 89 87 
90 84 72 

New 92 95 88 
92 89 84 

Worn 89 92 87 
92 83 75 

79 76 81 
75 75 72 

66 65 63 
61 60 56 

79 79 82 
78 77 74 

68 70 66 
63 63 59 

VII New 91 98 93 
94 90 88 

80 79 79 
80 77 75 

Worn 88 89 87 
89 85 75 

68 68 64 
62 59 59 

VIII New 103 90 95 
91 80 77 

82 78 73 
75 74 73 

Worn 95 88 78 
88 83 74 

69 66 65 
60 57 58 

2 

Speed(ion/hr) 

Type Tread 50 75 100 

Speed(ion/hr) 

50 75 100 

V 

VI 

New 100 102 100 89 86 90 
111 96 94 91 89 89 

Worn 101 94 100 83 83 81 
105 107 109 80 79 82 

New 108 102 106 q4 90 94 
114 112 111 96 96 93 

Worn 112 103 106 90 83 87 
115 106 113 84 85 85 

VII New 99 102 97 86 88 81 
109 107 106 88 89 89 

Worn 96 99 98 80 81 76 

VIII New 

107 110 108 79 81 78 

105 105 102 91 89 84 
112 109 107 90 88 89 

Worn 100 96 93 85 83 77 
106 107 105 78 72 79 

132 99 107 99 103 95 
118 107 95 98 89 79 

3 

Speed(ion/hr) 

50 75 100 

84 76 71 
79 72 69 

76 66 58 
66 60 50 

82 80 66 
79 71 65 

71 68 51 
71 57 48 

85 80 71 
81 78 66 

71 69 60 
82 65 60 

76 74 70 
65 66 66 

72 59 59 
75 61 52 

3 

Speed(ion/hr) 

50 75 100 

92 93 92 
95 90 85 

4 

Speed(km/hr) 

50 75 100 

78 71 70 
68 65 59 

69 61 57 
64 51 46 

72 74 69 
70 67 61 

66 66 58 
62 50 44 

83 73 71 
74 68 65 

75 65 56 
66 62 55 

71 71 67 
66 64 60 

74 63 57 
61 54 45 

4 

Speed(ion/hr) 

50 75 100 

91 87 87 
88 86 89 

76 97 96 88 88 90 
106 104 101 88 85 87 

109 99 95 98 94 92 
103 99 101 93 95 90 

122 111 101 97 97 89 
119 118 104 95 94 87 

99 98 74 
102 94 94 

99 97 92 
107 103 94 

100 98 91 
96 92 95 

116 103 93 
112 103 99 

91 92 87 
91 87 86 

87 87 85 
85 82 82 

94 92 85 
87 87 86 

89 89 90 
84 84 84 

80 50 35 
79 57 33 

5 

Speed(ion/hr) 

50 75 100 

93 84 73 
92 80 77 

60 45 34 
75 38 26 

78 79 67 
80 79 64 

47 35 24 
55 34 24 

92 82 70 
91 82 72 

79 62 34 
87 69 49 

75 73 62 
71 66 55 

56 35 24 
60 36 20 

5 

Speed(ion/hr) 

50 75 100 

88 86 84 
89 84 87 

101 96 52 
107 85 53 

93 93 81, 
92 104 85 

112 99 52 
131 104 60 

100 96 73 
101 97 95 

105 101 69 
111 101 80 

95 93 83 
92 89 82 

83 107 9J 
120 87 4.1 

47 23 17 
59 38 24 

6 

Speed(ion/hr) 

50 75 100 

30 22 25 
31 25 18 

23 16 10 
25 19 10 

39 17 13 
34 28 22 

21 22 9 
20 14 8 

24 21 17 
34 30 21 

21 12 12 
26 ! 6 11 

30 28 15 
36 30 20 

26 13 10 
30 22 14 

6 

Speed(ion/hr) 

50 75 100 

51 40 41 
51 49 40 

35 34 8 
47 30 13 

68 32 25 
59 54 43 

38 17 8 
46 22 10 

43 49 37 
61 55 47 

23 27 19 
37 33 14 

39 54 27 
57 49 37 

47 25 10 
511 37 17 

21 
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where 
V 

TD 
D 

tyre 

SRT 

speed of travel 
texture depth 

( 1) 

tyre drainage term, connected with tread 
design and tread depth 
SRT value 

A tyre adhesion term, connected with tread tyre 
. rubber compound 

If the results of the measurements for the 
different tyres are averaged, the influence of 
the tyre characteristics drops out. The formula 
is then reduced to: 

(2) 

If linear relations are assumed, the following 
formul a is obtained: 

V 
+ a 6 TD* SRT (3) 

The coefficients a 1 , a 2 , etc. have to be 

determined from the measuring results. Terms 
with two or more variables display interaction 
effects . 

With the aid of a forward stepped multiple 
regression analysis, the coefficients were 
calculated, which produced the following 
formul a s: 

0.397 + 
SRT v ~ SRT /1xm o.9q 100 - 100 0,0017 TD 

_ o.:s) (q) 

R = 0,990 s = 0,037 

0,133 + 
SRT 

1~ 0 (o. 0017 
SRT 

/uxb 0,95 100 TD 

- 0 ·~)5. 0,0010 '"' swr) (5) 
'l'lJ J 

R = 0,985 s = 0,038 

/1y 0.520 + SRT v ( SRT) 0.58 100 - 100 0,0010 TD 
(6) 

R = 0,985 s = 0.03'; 

(v in Ion/h; SRT dimensionless; TD in mm) 

R is the multiple correlation coefficient ands 
is the standard deviation, The multiple 
correla tion coefficient is very high. This 
means that the make-up of the ,u-values is 
reasonable covered by the formulas. The 
standard deviation is approx. O.Oq, in the order 
of magnitude of the scatter of the measurements. 

Truck Tyres 

Object and Execution 

In the production of truck tyres, large
scale use is made of natural rubber. The 
resulting brake and side way force coefficients 
are much lower than those obtained with car 
tyres. As a rule, the tyre load, and also the 
tyre inflation are much higher. Important for 
the contact between tyre and road surface is 
the high surface pressure in the contact face. 

It can be safely assumed that on account of 
the specific working conditions of truck tyres, 
the road surface would have to meet different 
requirements than if it were used for car tyres. 
The object of the third phase was therefore to 
see if conclusions from the study on car tyres 
would also apply to truck tyres. The study 
schedule therefore did not have to be so 
exhaustive. 

For a similar relation as with car tyres, 
at least twenty observations are required, This 
was achieved by measuring on normal roads as 
well as on the test sections. On the latter, 
the measurements were carried out twice. Again, 
groups of blocks were made with the unit day as 
block. It appeared no feasible to change a 
wheel during the measurements, so that the 
measurements were conducted with only one tyre a 
day. This means confounding tyres with days. 
The road sections and the levels of the other 
factors are listed in Table 7, One of the very 
rough surfaces 1 and 2 has not been selected to 
prevent excessive Lyre we~r. The 
characteristics of the specially constructed 
road sections were measured again before the 

Table 7, Levels of variables selected for the measurements of truck tyres. 

Road Characteristics Tyre Type 

SRT Tii 
(mm) 

1 87 3 .0 TI Radial 

3 74 1.2 TI! Radial 
q 67 1.8 TIII Retreaded 

5 89 0,4 Same carcass 

6 84 0,1 TIV Diagonal 

GORinchem 70 0,7 

ZEVenaar 70 1.1 

WOUw 67 0,8 

BREda 68 0.8 

WILlemstad 77 0,6 

Characteristics 

Glass Hardness 

Transition Shore A 

Temperature 

(OK) 

208 62 

208 64 

208 63 

as TI 

210 66 

Other Factors 

Speed (Ion/hr) 

Water Depth (mm) 

Load (N) 

Inflation (N/m2) 

Tread depth (mm) 

Level 

50 75 100 

1 at 100 Jon/hr 

2 at 50 Jon/hr 

25,000 

6,25 .. 105 

12 
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beginning of the tests. It appeared that the 
characteristics have changed somewhat, due to 
wear and erosion. The tyres were normal 
commercial-grade truck tyres. 

Results 

The measuring results are shown in Table 8. 
The four tyres did not differ much between 
themselves. In all cases, the bias-ply tyre 
reaches slightly lower values than the radial 
tyres. A feature is that the level of the 
brake and side way force coefficients are up to 
a factor 2 lower than those of car tyres. The 
effect of the speed is likewise virtually 
absent. 

A formula was drawn up for truck tyres in 
the same way as for car tyres, for which the 
same model was used. In view of the limited 
scope of the tests the formulas can only be 
roughly indicative of the size and the sequence 
in which the factors and the interactions 
account for the brake force coefficients. The 
formulas are: 

/1xm = O.Jq823 - 0.00066 ;D + 0.00q38 SRT (7) 

R = 92.2 s = 0.06 

/1xb 

0.00005 v ¥ SRT 

R = 90.1 s = 0.05 

where 
v speed of travel 
TD texture depth 
SRT SRT value 

Discussion of the Results 

Tyre Type 

As the various tyres differed very little 
among themselves, further considerations have 
been simplified by working with averages for 

(8) 

car and true~ tyres. The measurements with the 
various tyres are then considered to have been 
taken with the same tyre in several observations. 

Com~arison of car and truck tyres (see 
Table 9) shows a consistent large difference 
between the two types . On public roads (passing 
lanes of state highways) the ratio between 
truck tyres and car tyres is 75% for /1xm and 

60% for /1xb" These are averages calculated for 

all speeds. The test strips show roughly the 
same picture: 56% for /uxm and q9% for /1xb" 

The definition of the measuring criteria 
already enlarged upon the importance of each of 
the three coefficients. For normal braking, a 
high /1xm is favourable, but for an emergency 

stop, /1xb is very important. Not only are the 

absolute values of /1 lower for truck tyres. 

It appears also that the ratio /1xb/ /1xm is 

more unfavourable for truck tyres than for car 
tyres. This means that trucks will not only 
find their wheels locking at relatively low 
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Table 8. Results of the measurements with 
truck tyres. 

Road Tyre 

TI TII TIII TIV 

50 75 100 50 75 100 50 75 100 50 75 100 

1 58 60 61 68 62 63 61 59 61 56 56 54 
56 58 58 60 62 60 57 62 59 57 59 57 

3 72 67 63 71 70 70 68 66 68 67 70 54 
69 64 66 71 71 75 70 69 63 68 70 63 

63 58 61 64 61 66 64 61 58 58 58 59 
62 54 55 66 64 60 61 65 58 62 63 60 

5 70 60 57 
71 62 58 

6 28 20 13 
25 20 19 

WIL 66 62 58 

ZEV 69 62 56 

wou 57 53 48 

BRE 63 62 59 

GOR 65 62 55 

75 76 57 
71 68 60 

20 21 11 
22 19 15 

68 67 63 

69 70 61 

63 66 57 

65 66 61 

70 65 60 

67 60 59 
66 56 52 

24 21 21 
27 19 15 

61 61 55 

62 60 53 

58 56 53 

60 60 54 

61 60 54 

72 52 50 
69 58 48 

17 16 6 
19 15 11 

68 64 58 

67 63 55 

59 54 55 

62 64 47 

65 58 48 

Road Tyre 

TI TII TIII TIV 

50 75 100 50 75 100 50 75 100 50 75 100 

3 

4 

5 

6 

37 36 39 
37 37 34 

42 39 32 
44 36 32 

36 32 31 
37 32 28 

45 38 31 
46 38 30 

15 10 0 
13 8 8 

WIL 43 36 32 

ZEV 43 36 29 

wou 36 27 22 

BRE 39 36 29 

GOR 39 34 26 

44 39 40 
38 37 36 

48 39 34 
41 39 34 

42 33 33 
36 33 31 

46 39 26 
43 35 24 

13 10 7 
12 8 7 

42 35 28 

41 35 27 

33 25 19 

38 35 25 

38 30 22 

38 40 41 
37 38 40 

45 39 34 
41 42 36 

39 34 33 
36 36 33 

44 39 36 
45 37 30 

13 13 9 
11 9 7 

44 38 31 

41 38 29 

36 29 23 

40 37 28 

40 34 27 

34 35 36 
39 39 37 

43 39 31 
43 39 32 

37 33 29 
37 33 29 

42 28 21 
41 32 26 

10 6 4 
11 9 7 

44 37 27 

43 35 28 

32 25 19 

38 35 24 

41 31 20 

deceleration, but that the available brake force 
also decreases progressively more compared with 
cars. 

Tread Depth 

The tread depth always has a significant 
influence on the brake force and side way force 
coefficients, even on rough surfaces and at low 
speeds. The tread depth as separate factor 
varied at more levels is already exhaustively 
discussed elsewhere(.!.!,). 

For the present study the approach is 
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Table 9. Interaction road surface - speed - type of tyre on t he specially constructed road surface s 
and on normal highways. 

Road /1xm (¥100) /uxb (¥100) 

Car Tyres Truck Tyres Truck Tyres/Car Tyres (%) Car Tyres Truck Tyres Truck Tyres/Car Tyres (%) 

50 100 50 100 50 100 50 100 50 100 50 100 

100 101 59 60 59 59 79 76 38 38 48 50 

3 119 108 70 66 59 61 81 68 44 33 54 49 

4 108 104 63 60 58 58 75 67 38 31 51 46 

5 111 100 71 56 64 56 84 66 45 28 54 42 

6 56 38 23 11, 41 37 30 15 13 8 43 53 

Average 

Tests trips 99 90 57 51 56 54 70 58 36 28 50 48 

GOR 81 85 65 51, 80 64 60 48 40 24 67 50 

ZEV 86 81 67 56 78 69 62 49 42 28 58 57 

wou 71 70 59 53 83 76 52 39 34 21 65 54 

BRE 79 78 63 55 80 71 57 47 39 27 68 57 

WIL 83 83 66 59 80 71 62 50 43 30 69 60 

Average 

Highways 80 79 60 53 80 70 59 47 37 27 65 56 

Table 10. Illustration of the numerical effect of the road characteristics and the speed using the 
formul a s. 

Effect TD Car Tyres Truck Tyres 

/uxm /uxb /uy /uxm /1xb 

(¥100) 

/ { SRT = 50 4,3 3.7 3. 7 5 , 1 j , 1 

/1TD=1 - / uTD=0,4 
{at 50 km hr SRT = 80 8.1 7.6 6. o 5 . 1 3 , 1 

SRT = 50 8.5 7.5 7. 5 10 . 0 6, 5 
at 100 km/ hr { saT = 80 16.2 15.1 L2 , 0 10 . 0 6 . 3 

rv . 
at 50 km/hr 6.2 5 , 6 4,8 5,1 3.1 

/1TD=1 - /\D=0,4 
av, at 100 km/hr 12,4 11 , ) 9,8 10,0 6,4 
av, at SRT = 50 6.4 5 , 6 5,6 7,6 4.8 
av , at SRT = 80 12.2 11.J 9,0 7.6 4.7 

/1TD=1 - ;uTD=0.4 
total average 9.3 8 . 5 7 , 3 7. 6 4.8 

Effect SRT 

km/hr {'I'D• , at 50 
0. 4 21,8 20.6 13.6 13 , 2 7, 2 

/1SRT=80 - /1SRT=5 TD • 1 25,6 24.5 15,9 13 , 2 7, 2 

/ {TD - 0.4 15.4 12,8 9,9 13 , 2 14 . 6 at 100 km hr 'iiii . 1 23,1 20,4 14,4 13 , 2 14 , /, 

{av, at 50 km/hr 23,7 22,6 14,8 13 , 2 7,2 
/uSRT=80 - /1SRT=50 av. at !.QO km/ hr 19.2 16,6 12.2 13 , 2 14,5 

av. at TD - 0.4 18,6 16,7 11,8 13,2 10,9 
av, at TD• 1 24.,. 22,4 15,2 13 . 2 10.8 

/1SRT=80 - /1SRT=50 total average 21.5 19,6 13,i, 13,2 10,8 

Ef!cc~ s pco ,l 

km {TD = 0,4 
{ SRT = 50 7,1 8 , 8 6,3 8,3 16,5 

/u50 km - /ulOO SRT = 80 13,5 16.6 10,0 8,3 9,1 
{ SRT = 50 2.9 5 . 0 2,5 3,4 13,1 TD= 1 SRT = 80 5.4 9 , 1 4,0 3,4 5,9 

rv, 
TD • 0.4 10 . 3 12 . 7 8,2 8,3 12,8 

/150 km - /u100 km av. TD • 1 4 . 2 7, 0 3.2 3,4 8.5 
av, SRT • 50 5 , 0 6 . 9 4,4 5,8 14.8 
av, SRT • 80 9 . 4 12. 8 7,0 5.8 7,5 

/150 km - /u100 .km total average 7,2 9,9 5,7 5.8 11.2 
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simplified, Direct comparison between car and 
truck tyres was always made with full treads, 
In the discussion of the road surface 
characteristics and speed an average value for 
car tyres was determined from the measuring 
values of a new tyre and one worn to 1 mm. For 
the truck tyres the full tread was used again. 

Road Surface Type and Speed 

Illu stration fo1· a p1•actical Situation. By 
reference to the formulas the variables carrying 
the greatest effect can be calculated for a 
practical situation. The road surface 
characteristics considered are the micro
roughness with the SRT values as criterion, the 
macro-roughness with the average texture depth as 
criterion, and the speed v, 

On present state highways in the Netherlands, 
the SRT values vary between 50 and 80, the TD 
varies between 0,4 and 1, As to speed, the 
limits of 50 and 100 km/h can reasonably serve 
to delineate the speed interval for the 
practical situation, The numerical influences 
of the variables within the practical area are 
set out in Table 10, 

Influence of TD, According to the tables, 
the influence of TD can be rather considerable, 
It is biggest for /uxm, followed by /1xb and 

then for ;u, In an absolute sense, the 
I y -

influence of TD is greater for car tyres than 
for truck tyr~, As could be expected, the 
influence of TD is greater at higher than at 
lower speeds, 

Influence of SRT. The SRT has mostly 
considerable influence, It is greatest for 
/uxm, followed by /1xb and then for /uy' The 

influence of the SRT is greater for car tyres 
than for truck tyres, For car ~res, a high 
SRT value combined with a high TD value has an 
particularly favourable effect (interaction). 
With truck tyres, the influence of SRT is 
practically independent of TD, 

Influence of Speed, The speed can carry 
relatively much effect, which is greatest for 
/1xb' then for /1xm and then for /1"y' It is 

greater for car tyres than for truck tyres at a 
high SRT value, but the reverse at a low SRT 
value, 

Overall l1 icture, Summarising, it can be 
said that at the chosen peripheral conditions 
the micro-roughness of the road surface has much 
influence on the skid resistance, This applies 
to any type of tyre, at any speed and at any 
level of macro-roughness, The macro-roughness 
of the road surface has much influence 
practically only at high speeds, Reversely, 
there is much influence from the speed only on 
roads with little texture depth, 

Conclusi ons and Recommendations 

First-order Factors important to the Skid 
Resistance 

25 

The following factors are important with 
regard to the size of the brake and side way 
forces between car tyres and a wet road surface: 
the type of surface, the tyre type, the speed of 
the vehicle, the tread depth of the tyre and the 
water depth on the road. 

The type of road surface and the speed have 
much effect, the tread depth and the water depth 
(disregarding extremes in case of ruts, etc,) 
moderately so and the tyre type has little 
influence, Tyre load and inflation can be 
regarded as second-order factors for the skid 
resistance, Their influence is so slight that 
it can be further disregarded, 

Factors other than those mentioned had no 
demonstrable effect on the skid resistance, 
Particularly, no relationship was found between 
temperature and skid resistance, 

Characteristics important for ensuring the 
greatest possible Brake and Side way Forces 

With a view to achieving the greatest 
possible brake and side way forces, the 
conclusion regarding the characteristics studied 
is: a high SRT value is favourable on all 
roads, On roads where vehicles travel at high 
speeds (100 lon/h and over), increasing the 
average texture depth results in higher skid 
resistance, particularly with car tyres, 
Reducing the speed always increases the skid 
resistance, the least on roads with great 
micro-roughness and macro-roughness, the most 
on those without these two features, Large 
tread depth is favourable, also at low speeds 
and on rough roads, Normal commercial-grade 
tyres display little difference among 
themselves, and this applies to both car tyres 
and truck tyres, 

Recommendations for offical Measures 

In order to ensure the highest possible skid 
resistance through official measures, the 
conclusions give rise to the following 
recommendations, 

A recommendation can be made with regard to 
a highest possible minimum requirement for the 
micro-roughness of road surfaces, expressed in 
an SRT value. Depending on the type of road and 
in connection with the customary speeds a 
minimum requir~ent may be added for the average 
texture depth TD, 

With a view to countering temporary and/or 
local reduction of the available brake and side 
way forces, speed limits might be considered, 
As it not realistic to introduce general 
speed limits on the grounds of the degree of 
skid resistance of the road surface alone, such 
limits should only relate to situations in 
which the road is wet, Combination with 
moistness indicators would then be required, 

Although no value as regards tread depth can 
be directly derived from this study, setting a 
minimum is recommended. The level of the 
minimum value can be decided on the results of 
single-factor investigations already executed, 

There is as yet no sufficient knowledge of 
tyre characteristics important to the skid 
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resistance to warrant recommending official 
measures. This applies to both car and truck 
tyres. In an absolute sense, there is 
considerable difference between truck tyres and 
car tyres. Everything should therefore be done 
to ensure optimum use of the available brake 
forces of truck tyres. Such measures would 
relate to distribution of the brake force, with 
an anti-locking device supplementing it. 
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ROAD SURFACE CHARACTERISTICS AND HYDROPLANING 

Rita Pelloli, Federal Institute of Technology, Zurich, Switzerland 

The report first confirms the importance of 
micro- and macrotexture and explains its meas
uring devices, in particular a texture profile 
measuring device, developed by the Institute of 
Highways, Railways and Rock Engineering ISETH 
Zurich, which allows to quantify and to qualify 
macrotexture. A relation between surface tex
ture values and the thickness of the waterfilm 
for hydroplaning conditions of a certain speed 
has been found after a great number of skid re
sistance measurements on five different pavement 
surfaces covered with waterfilms of 0.5 to 10 mm 
depth. The same results are used to show the 
limits for a classification of pavement surfaces 
based on standard measurement conditions (water
film 0.5 or 1.0 mm). 

Introduction 

The influence of road and surface characteristics 
on traffic safety is very complex. In this work we 
exclude elements such as vertical and horizontal 
alignment, cross-section, sight distance and so on, 
because these are topics for planning engineers. 
Instead we concentrate on two factors which directly 
concern pavement construction: texture and evenness, 
and their influence on skid resistance in wet condi
tions. 

While texture directly influences the frictional 
conditions between tyre and road surface, unevenness 
has apart from variations of wheel load only an indi
rect but none the less important effect, due to the 
thickness of the waterfilm present in surface depres
sions, wheel-tracks and so on, 

Road Surface Texture 

The classification of the geometric form of a 
road surface into micro- and macro-texture is well 
known. 

Mic ro texture 

is chiefly connected with the friction force deve
loped both for dry and wet pavements. In wet condi-

tions the microtexture breaks through the last thin 
waterfilm in the contact zone tyre/road. The results 
of measurements with the english skid resistance 
tester (pendulum) or the skid resistance trailer at 
lower speeds give information on the amount of micro
texture. 

Macro texture 

makes it possible, on the one hand, to squeeze 
out quickly the water lying on the road surface, 
which is important at high speeds, as the tyre tread 
pattern alone is not sufficient (1), on the other 
hand it reduces the waterfilm lying on the surface. 

Figure 1. Water Level on Different Surfaces . 
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For the same rainfall intensity (light to medium 
rainfall) the water level lies below the gearing 
scope tyre/road surface for a rough pavement, 
tm > 1.0 mm (0.04 in) (tm = medium texture depth), 
while for a pavement with smooth texture, tm < 0.5 mm 
(0.02 in), a closed waterfilm exists. This film 
also has negative outworkings on sight conditions: 
reflection of light, spray of water. A good macro
texture (possibly complete with grooves (2) or drain
age asphalt) can make a significant contribution to 
the improvement of otherwise insufficient drainage 
conditions, for example due to small cross slope. 
This is shown in the following example: 

!SETH has examined four test fields on a concrete 
pavement ungrooved and grooved with variable spacing 
under two different rainfall intensities, simulated 
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with the aid of spray tubes. The waterfilm, resulting 
from this simulated rainfall, was measured with a comb 
- System Road Research Laboratory (3) - and with cap
illary tubes (accuracy 0.5 mm (0.02-in)). The effect 
of these surface textures concerning thickness of 
waterfilm on the pavement is shown in figure 2. 

Figure 2. Reduction of the Waterfilm by Different 
Types of Grooving. 
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Comparison of fields Band C shows first the reduction 
of the waterfilm by raising the quantity of drainage 
space. Moreover, the tests show the influence of rate 
of drainage (speed). The waterfilm of both fields B 
and Dis approximately at the same level, though the 
drainage space of field Dis double that of field B. 
Rate of drainage is by the same cross slope (1%) dis
tinctly greater in the ('_llt erOOVP.R. t.h:::m in thP rn11eh 

ones. It may be concluded that for short drainage 
paths, according to Kalender (4), for textures from 
smooth to 3/4 mm (0.03 in) dept"h the quantity of drain
age space of the pavement surface can keep to a mini
mum the thickness of a waterfilm. For greater dis
tances the speed of drainage gains in importance, 
which means that smooth pavement surfaces would be 
advantageous with regard to waterfilm thicknesses. 
This condition, however, opposes the one necessary 
for contact drainage. The tyre has to squeeze out 
the remaining waterfilm. So there have to be as many 
drainage channels as possible in the contact zone 
tyre/pavement. A good distribution of drainage spaces 
is important. Figure 3 shows the effect of the supply 
of drainage space on the friction coefficient. 
In addition to our tests, figure 4 gives results of 
research work carried out by NASA (5), which show, 
that by reducing groove spacing fro-;;;: 2 in to 1 in 
a great increase of friction is obtained. 

Figure 3. Effect of the Supply of Drainage Space on 
Friction Coefficient. 
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Figure 4. Effect of runway groove configuration on 
C-14/A aircraft braking on landing research runway 
at NASA Wallops Station. 

Brokino friction 
coefficient 

0 . 4 

NASA, WALL.OPS STATION 

Grooved 1 in x 1/4 in x V4 in 
a a ............ -...... , ....... _____ Grooved 2 in K 11'.4 in x 1/4in 

............. .......... ----'----
-- · ....._ Ungrooved 

0 2 

0 . 1 ·--·-·--'-·-·-·-

0 +--~--r---r---r--r--r--r--,---,---.---
a 10 20 30 40 50 60 70 80 90 ,oo 

Ground Spead, knots 

Conscious of the great importance of macrotexture 
- not only for skid resistance but also for other 
pavement properties such as wear resistance and noise 
lPvPl - t.rP d~uP1opPrl ;:in P'}11ipmPnf- T.Jhi ('h rh·.:=rtu.i:_: t-h~ 

profile of the pavement surface. We sought a solu
tion that would not be affected by the disadvantages 
of the characterisation of texture by the sand patch 
method, which, taken by itself alone, says nothing 
about the distribution of drainage spaces and can 
lead to wrong conclusions. 

Figure 5. Texture profile measuring device ISETH 
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Geometry of the road surface is palpated by an in
clined needle, moving slowly over the surface on a 
length of 50 cm (20 in). The profile is registered 
on a recording tape for computer processing, and pre
sented graphically (~). 

Figure 6. Examples of Profiles 
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Today the exploitations give us the values medium 
texture depth as quantity and standard devi~as 
distribution of drainage spaces. 
Standard deviation, a value in vertical direction, 
has influence on distribution in horizontal direc
tion. 
Figures 7a) and 7b) have the same medium texture 
depth, but a good regularity as in figure 7a) (s 
small) is advantageous. 
Because regularity in distribution of drainage spaces 
in horizontal direction is very important, we define 
macrotexture with the characteristic value 

tm = medium texture depth 
s standard deviation 

Figure 7, Definition of macrotexture 
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Evenness 

Skid resistance measurements with our trailer 
"Skiddometer" were carried out under a constant 
waterfilm of 0.5 mm (0.02 in) depth, On this basis 
classification of pavement surfaces is correct up to 
waterdepths of 2 or 3 mm (0.08 or 0.12 in). Theoret
ical studies (4) show, that a rainfallintensity of 
5 cm/h (2in/h)-;- that means heavy conditions, produces 
a waterfilm of 3 mm (0,12 in) for a cross slope of 
1% and a drainage path of 10 m (32,8 ft). 

Nevertheless, the results of the standard skid 
resistance measurements may not permit conclusions 
regarding traffic safety. A road surface is never 
perfectly even. Today we have, besides unevennesses 
in longitudinal direction the phenomenon of rutting. 
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In this case we can find corresponding to depth and 
width of the ruts waterfilm thicknesses of up to 
10 mm (0.4 in), even in light rainfall. The following 
systematic researches show the effect of waterfilm 
depth on friction coefficients. 

Influence of waterfilm thickness on friction coeffi
cients 

On five pavements 
1. Concrete, new ungrooved 
2. Asphalt base course, coarse graded, partially 

round aggregate 
3. Asphalt, coarse graded 
4. Asphalt, fine graded, untrafficked area of air-

field pavement 
5. Concrete, grooved, spacing 4 cm (1,6 in) 
a bed filled with water was prepared; length 40 m 
(131,2 ft), width 0.70 m (2,3 ft). This made it pos
sible to vary waterdepth from 0.5 to 12 mm (0.02 to 
0.48 in). 

Figure 8. View of the Test Pavement 3 

Figure 9 shows the results of one measurement and 
the dependence of the friction coefficient from 
waterfilm thickness. 

In figure 10 friction coefficients are given as 
a function of speed and waterfilm thickness for pave
ment 3 and for measurements with locked wheel. All 
other pavements examined give similiar curves; level 
and curvature of the curves are a function of sur
face texture. Measurements with locked wheel were 
chosen, because today abrupt braking still can lead 
to the danger of wheel-locking. 
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Figure 9. Results of one measurement on pavement 1 
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Figure 10. Friction Coefficient as a Function of 
Waterfilm and Speed; Pavement 3 

µ 

• --, 
• • 0 .70 • • 40 ~m/h • 

0 .60 

0 ,50 
60 km/h 

0 40 

o.30 

0. 20 

80 km/h 

010 

100 km/h 
0 

0 1 0 5. 0 100 waterfilm d mm 

Measurements of this kind will obviously remain re
stricted to special research work. Because of the 
importance of the results under extreme conditions 
(high speeds and thick waterfilms) for traffic safe
ty a correlation between some relevant data from a 
standard test is sought by which an extrapolation to 
these conditions would be possible. 

The curves of figure 10 for µ/d can adequately 
be formulated mathematically as follows: 

40 km/h (25 mph) ai + bi d 

60, 80, 100 km/h µi ai + bi ln d 
(37.5;50;62.5 mph) 

i speed, d = waterfilm thickness 
a, b depend on surface texture. 

(1) 

(2) 

A correlation can be found between the factors 
ai and friction coefficientµ obtained by standard 
measurement (0.5 mm (0.02 in) waterfilm) and a speed 
of 40 or 60 km/h (25 or 37.5 mph). Figure 11 shows 
this correlation for ai=lOO km/h and µ40 km/h, 

Drainage capacity of a surface influences the 
factor band is represented by tm - Vzs, obtained 
with the aid of our texture profile measuring device. 
The gradient of the curve µ/dis related to the 1n1-
tial level of skid resi s tance (factor a 1oo); so that 

if a curve already has a very low initial level (film 
thickness 0.5 mm (0.02 in)) a large further decrease 
is not possible. Figure 12 shows the correlation 
between microtexture and macrotexture to the factorb, 
again for a speed of 100 km/h (62,5 mph), 

Figure 11. Correlation between a100 and µ40 
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Note (*) not exactly comparable, because waterfilm 
was measured from the highest points of 
texture; that means the quantity of water 
inside the grooves was neglected. 

Figure 12. Corre lation of tm - Vzs and a10o with 
b100 
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All this (fig. 11, 12) enables us to estimate a 
friction coefficient at high speeds and great water
depths from a standard skid resistance measurement 
(0.5 mm (0.02 in) water) at low speed (40 km/h 
(25 mph)) and a measurement of texture. 



Our example for 100 km/h: 

from µ40 km/h, 0.5 mm water + figure 11 + 

and + figure 12 + -b
100 

It is difficult to determine in an objective man
ner the critical level of skid resi s tance when hydro
planing occurs. In the present case a friction coe f
ficient of 0.10 was chosen as the critical level. 
If we require that µ

100 
~ 0.10, the maximal permis

sible waterfilm results from equation (3). 
Summarizing, we can now obtain from figure 13 the 

maximal permissible waterfilm as a function of 

tm - V2s and µ40, 0.5 • 

Figure 13. Critical Waterfilm 
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Table 1. Critical Waterfilm (µ = 0.10) on the five 
test pavements 

Micro Macro Critical Waterfilm mm 

No. Pavement texture 
80 km/h 100 km/h 

µ40 ,0.5 tm-V2s (SO mph) (62,5 mph) 

1 Concrete 0 .40 0 . 2 2 0.3 

2 Asphalt base 
0.70 0 . 3 7-:-11 (*) 3,5.;-4 (*) 

coarse 

3 Asphalt o. 77 0 . 45 8-:-11 4.;.4,5 

Asphalt 
4 untrafficked 0. 85 0 . 35 11-:-19 5-:-6 

(airfield) 

5 
Concrete 

0.60 1. 3 
no hydro 

5 grooved planing 

Note: 1 mm= 0.04 in 

(*) The smaller values refer to a wheel load of 
350 kg, which is about the average for passenger cars. 
The higher values refer to a wheel load of 493 kg. 

Our test tyre, with four longitudinal grooves, repre
sents rather unfavorable conditions, that means for 
practise: values in figure 13 are very conservative. 
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Conclusions 

1. It has been shown, that it is meaningful to 
classify surface texture by: microtexture (obtained 
from µ-measurements with locked wheel, standard 
waterfilm 0.5 mm (0.02 in), speed 40 km/h (25 mph)) 
and macrotexture (obtained from medium texture depth 
and distribution of drainage spaces= standard devi
ation from profile record). Microtexture has above 
all considerable importance for the level of the 
curves µ/d, but this also af f ects curve inclination. 
The significance of macrotexture (quantity and dis
tribution), its interrelationship with microtex ture 
and its upper limits of effectiveness are presented 
in figure 13. For small microtexture the curves are 
very steep, which means: on pavement surfaces with
out sharpness even a very good macrotexture cannot 
improve the friction ration. 

2. Classification of pavement surfaces based 
on standard measurements with a waterfilm of 0.5mm 
(0.02 in) is correct for speeds up to 60 km/h (37.5 
mph) also for thicker waterfilms (up to 10 mm (0.4 
in)). In this field influence of tyre and load is 
of low significance. For speeds greater than 
60 km/h (37.5 mph) the friction coefficient is dis
tinctly influenced by waterfilm thickness. Macro
texture, tyre mould (limited up to 3 mm (0.12 in) 
waterfilm) and load gain in importance. Extrapola
tion using measurements with 0.5 mm (0.02 in) water
film to other film thicknesses may underestimate the 
effect of those factors, and can lead to wrong con
clusions (figure 15 and Table 2). 

Figure 15. Locked wheel friction coefficients of 
different pavements as a function of wat erfilm 
depht, speed 80 km/h (SO mph). 
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Table 2. Classification of the Pavement Surface 

Pavement 
water mm zone good - bad -

0.5 a 4 3 + 5 2 1 

2-4 b 4+5 3 + 2 1 

4 C 5 4 3+2 1 

3. For engineering practice we can conclude: 
On a pavement with a friction coefficient of about 
0. 70 (locked wheel, 40 km/h (25 mph), 0.5 mm water
film) and a texture tm - V2s of about 0.4 (corre
sponds to the recommended tm = 0.5 and a good dis
tribution of drainage spaces V2s = 0.10), the water
film should not be greater than 3 mm (0.12 in) for a 
sufficient safety for speeds of about 100 km/h (62.5 
mph). This demands very high quality of evenness 
especially transversally to the road axis (ruts) in 
case of low cross slope. 
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SKID RESISTANCE AND WATER FILM THICKNESS 

R. Laganier, Ingenieur responsable du Groupe 
Glissance au Laboratoire Central des 
Pants et Chaussees, Paris, France. 

Summary 

Problems of safety are closely linked to the 
state of the wearing course. In view of the impe
rious necessity to insure the best tyre-road 
adhesion possible, the researches undertaken in 
this fiel by the Laboratories of the french high
ways Administration have been directed towards the 
study of the reasons of rapid decreasing of fric
tion which may lead to aquaplanning of the vehicles. 

The precise study of these friction coeffi
cients on damp pavement must be accompanied by 
measurements of water film thickness which covers 
these pavements. These measurements are particular
ly difficult, for the surfacing of a pavement is 
not perfectly even at all scale. 

This paper describes a measurement method of 
the water film thickness which uses a device based 
on the principle of rapid neutron deceleration by 
hydr~gen nuclei. This method is very advantageous 
for it allows to make a "point" measurement with 
respect to the whole pavement and to obtain a mean 
water film thickness which takes into account the 
pavement asperities. 

The research now goes towards the study of a 
simulation computer model. The data of output sur
faces function are obtained on a miniature model in 
laboratory. 

The geometrical data are measured on the road. 
A car with a gyroscopic machine gives the gradient 
and the ruled surfaces of pavement (Scale of lie) 
treatment gives and automatical method to find 
wa~er.accumulation zones on an itinerary (highway 
pri~ci~aly), The local investigation using gradient 
variation on the pavement (Scale of evenness and 
inferior, but superior to roughness) allows the ri
ver system of drainage the flashes of water and 
accumulation, to be simulated during any intensity 
storm, 

I - INTRODUCTION 

I.I, Problems of safety are very closely linked 
with the condition of the pavement surface, and the 
imperative necessity of ensuring the best possible 
grip has slanted research towards a knowledge of 
the origins of sharp reductions in coefficients of 
friction which occur espacially with the phenomenon 
of aquaplaning of vehicles on the thin film of 
water covering the pavement, 

1,2, Grip decreases rapidly as the thickness of 
the film increases, and the smoother the surface 
the more marked is the variation. Consequently a 
precise study of coefficients of friction must be 
accompanied by measurements of the thicknesses of 
water covering the pavement. But a pavement surface 
is not perfectly smooth ; it has a succession of 
very slight irregularities, in the form of crests 
separated by troughs. So when the pavement is wet, 
account must be taken not only of the thickness of 
water above the crests, but also of the water in 
the troughs, so as to measure the mean thickness 
of the film of water covering a given surface, 

2 - DRAWBACKS OF THE VARIOUS EXISTING METHODS OF 
MEASURING f;IATER FILM THICKNESSES 

. 2.1, Among the familiar methods employed, men
tion may be made of the one consisting of a wedge 
in the shape of a right-angled triangle, one side 
of which is laid on the pavement (I), This wedge 
rests entirely on the crests of the irregularities, 
and hence can only enable the meam thickness of wa
ter above the crests to be measured. Moreover, its 
accuracy is no more than about 6/10 mm. Furthermore, 
the measurement can only be made when the thickness 
of the film covering the zone in question is equal 
to or greater than 2,5 mm. 

2.2. Another well-known method is the point 
water level gauge (2), This consists of a fine 
needle which is lowered on to the water-covered pa
v~ment. During the lowering, a high-precision 
micrometer measures the position of the point of 
the needle between the moment it comes into contact 
with the surface of the film and the moment it tou
ches the surface of the pavement. Though the measu
rements are very accurate, they are difficult to 
interpret statistically in order to determine the 
mean thickness ; very many measurements have to be 
made, because the needle can only give the minimum 
or maximum thickness of water according to whether 
it is in contact with a crest or a trough. 
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2.3. These considerations led the L.C.P.C. to 
design and apparatus for measuring water film 
thicknesses on pavements with does not possess 
these drawbacks. 

3 - PRINCIPLE OF THE PROPOSED METHODS OF MEASURE
MENT AND DESCRIPTION OF THE APPARATUS 

3.1. Our attention very soon turned to the use 
of nuclear methods, which a priori are quite promi
sing and more elegant. They offered two possibili
ties : 

§ Using the principle of beta-ray retrodiffusion 
on the surface. 

§ U~ing the slowing down and diffusion of neutrons, 
since the hydrogen present in the water is one of 
the elements with the highest coefficient of 
slowing down. 

3.2. Beta-ray retrodiffusion measurements are 
very local, and may be considered as point measure
ments in relation to the scale of the pavement. 
This has drawbacks, as we have seen in the case of 
the water level gauge, Consequently research was 
conducted on the principle of the second method. 

3.3. The principle of the slowing down and dif
fusion of neutrons has already been used for deter
mining the water content of pavement materials. 
Modi~ications were made so that the slowing down 
of high speed neutrons could be strongly influenced 
by the water present on the surface of the pavement 

3.4. For this purpose the measuring instrument 
(Fig. 1) has two sources of high-speed Americium 
Beryllium neutrons, embedded in the mass of a solid 
moderator containing many hydrogen nuclei (polye
thylene). Such a system slows down the neutrons as 
soon as they are emitted, and the geometry is such 
that the neutron flow in the direction of the water 
film contains a high proportion of neutrons whose 
energy is slightly above the thermal threshold. 
Thus the slowing down is completed mainly in the 
water film. 

3.5. Four boron trifluoride detectors are pla
ced on the lower surface of the moderator unit, 
They <lt!i.t:l;i... U1t:!1.wal f18utr0.Lts. A mt::toe1-_;_ug _;_1,.ott"umc1"it 
connected to these detectors gives information on 
the intensity of the flow of thermal neutrons abo
ve the water film, over a surface of about 400 cm2. 
This is very advantageous, because it gives us 
point measurements which are integrated with varia
tions in the height of water due to surface irregu
larities. 

Fig. I. Schematic cross-section of the system of 
emission, primary slowing down and detec
tion of neutrons. 

Am_ Be sources 
So u« es d 'Am -B• 

Moderator 

Water 
film 

Film dtau 

Pavement 

Fig. 2 . General view of the instrument. Left, im
pervious housing containing the moderator 
unit ; right, the measuring system and 
print-out. 

4 - MEASUREMENT PROCEDURE 

4. I. The moderator, sources and detector are 
contained in an impervious housing fitted with a 
handle. The lower surface of the housing rests on 
three legs, arranged in triangular pattern. The up
per surface is inclined so as to allow water to 
flow off when measurements are made in rainy wea
ther (Fig. 2). The four detectors are connected in 
parallel to the input of a preamplifier located in 
the measuring instrument. The signals detected are 
conveyed through a very long cable connected to a 
measuring system comprising a metering scale and a 
print-out. 

4.2. For a given pavement, the rate of metering 
~epends on the thickness of the water film covering 
it, and consequently it is necessary to determine 
the rate of metering Co on the dry pavement and the 
rate of metering Con the wet pavement, with the 
bottom of the housing IO mm above the pavement. 

4.3. Numerous tests carried out with this appa
ratus showed that the thickness of the water film 
is uniquely a linear function of the difference 
between C and Co, whatever the nature of the under
lying surface, though the rate of metering Co 
depends on this nature. These results are very im
portant, because it is not necessary to calibrate 
the apparatus for each type of pavement. At each 
spot where measurements are made, it suffices to 
determine the rate of metering Co on the dry pave
ment. Figure 3 shows all the calibrations made 
under four different conditions. 

4.4. Examination of the mean curve C - Co =f(e) 
shows that the calibrations are identical whatever 
the composition of the surface under the water film 
(coated material or concrete), watever its rough
ness, and watever the calibration procedure (with 
glass plate or direct coated material). 

4.5. In view of the sensitivity of calibration 
(slope of the straight line in figure 3) and the 
statistical error for a metering period of one mi
nute, we consider that the instrument makes it pos
sible to determine mean water film thicknesses bet
ween O and 8 mm to an accuracy of+ I/IO mm. 
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Fig, 3. Calibration curve of the instrument, valid 
for different surfaces under lying the wa
ter film. 
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5 - APPLICATIONS 

5,1, The instrument was designed and built for 
measuring water film thicknesses and their drainage 
(i.e. how the thickness changes over a period of 
time) on a very wide range of pavement surfaces. 

5.2. To achieve satisfactory reproductibility 
in the determination of the drainage characteris
tics of the surfaces studied, various instruments 
simulating "standardized" rainfalls were used in 
conjunction with the neutron probe. The whole for
med and autonomous system which could be used on 
various pavements, We shall briefly give some 
examples. 

5.3. Figure 4 shows the recording of the height 
of water on a pavement. This makes it possible to 
keep track of the evolution of water films. In an 
experimental procedure, we may distinguish succes
sively : 

§ The dry pavement. 

Fig, 4. Formation and disappearance of a water film 
under artificial rain. 

Height of water 

in 1110mm 
25 

0 2 3 4 
Time 

§ The more or less rapid increase in the water 
film thickness after the onset of a so-called 
"concentrated" fall of rain. 
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§ The achievement of equilibrium which can be 
prolonged to improve the accuracy of measurement. 

§ A "recession" after the rain ceases. 

A Stabilisation or very slow drainage correspon
ding to an interception of the water by the pave
ment surface ; the water is eliminated mainly by 
evaporation, 

5.4. As we have said, we were mainly interes
ted in determining water thicknesses and their evo
lution over a period of time. In figure 6 the pe
riods of stabilization during and after rainfall 
give interesting values, but the intermediate 
period of reduction in thickness depends on the 
drainage propensities of the pavement surface we 
shall deal with this at greater length. 

5.5. For instance, figure 5 shows measurements 
obtained on various pavements with gradients va
rying by a few per cent. Bilogarithmic coordinates 
were used here, for we noted that during a large 
part of the drainage they f'.nable the drainage cur
ves to be validly represented by straight lines. 

5.6. These curves indicate that a pavement may 
present marked differences in drainage, but in par
ticular drainage may last quite a long time, up to 
one hour after rain ceases, Hence the importance 
of ensuring the most rapid possible run-off of sur
face water (since the slopes depend on external 
requirements of alignment, or simply on the symme
try of traffic). Thus the drainage of pavement 2 is 
markedly more rapid than that of pavement 5, though 
the slope is the same. 

5.7. The second example is taken from compara
tive measurements made on a motorway whose concrete 
was either smoothed with burlap or grooved trans
versaly with a metal brush (worn in the slow lane), 

Fig. 5. Comparative drainages of various roads. 
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Fig. 6. Comparison of drainage propensities of 
three surface textures on the same motorway 

concrete smoothed with burlap 
worn grooved concrete, slow lane 
grooved concrete in good condition, 
fast lane. 
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in good condition in the fast lane). Thus only the 
surface states differed. In figure 6 we have 
brought each drainage curve to its equilibrium va
lue, so that at the outset all the drainages start 
from I and comparison is easier. Let us examine the 
beam of lines in detail. 

5.8. Leaving aside the first phase of transi
tion (10 to 100 s), we see that the shape of the 
lines indicates that from 102 to 103 s the smoothed 
concrete has a relatively greater thickness of water 
and its rate of drainage is greater than that of 
the grooved concrete. 

5.9. On the other hand, after about 103 s 
conditions change ; drainage slows down, and the 
thicknesses of water remaining on the pavement are 
about 10 % of their initial value ; while for groo
ved concrete, whose curves are below and which also 
undergoes a change of conditions, the thicknesses 
~rP rPrh1rPil t-n 1 '7- nf thP initial value. Thu.s the 
advantage of grooving is that the quantity of water 
remaining on the pavement is reduced by nine tenths 
after 20 minutes. 

5.10. A grooved concrete pavement, even worn, 
is therefore always better from the drainage point 
of view, even though it becomes less effective un
der traffic wear. 

5.11. The following example is taken from an 
experiment conducted on a concrete pavement where 
there were two very different textures practically 
in justaposition, One was a surface smoothed with 
burlap, the other a surface grooved transversaly 
with a grooving saw to a depth of about 5 mm, the 
grooves being 10 cm apart. The care taken with the 
experimental conditions made it possible to obtain 
figure 7, sufficiently accurate to calculate the 
different parameters. But some important points 
should first be noted : between 50 and 300 seconds, 
the drainage of the smoothed concrete is linear, and 
more rapid than that of the grooved concrete is li
near, and more rapid than that of the grooved con
crete. Beyond this point, however, two linear condi-

Fig. 7. Variation in Hr in function of time on a 
concrete smoothed with burlap (o) and a 
grooved concrete (+) 

tions are initiated, giving a much more effective 
drainage in the case of the grooved concrete. 

5. 12. l':1, ' '"' riation of the film thickness with 
time is given by 

Hr= a. t 
-b 

where Hr height of water brought to its maximum 
value at equilibrium 

t time in seconds 

a and b = two coefficients affecting draina
ge, and probably depending on tex
ture, gradient, etc •• 

The various parameters of drainage are given in the 
table below. 

D I D 2 D 3 

a 4.9 3 .1 X 103 5.2 X 108 

b o.42 1.52 3.74 

The field covered by these coefficients is thus 
quite wide, and clearly distinguishes the different 
hydrodynamic conditions which arise. 

5.13. Thus grooving reduces the time during 
which water remains on the pavement surface follo
wing a fall of rain lasting several dozen minutes. 
This is all the more important in that drivers are 
less careful in their driving after the rain has 
stopped than while it is falling. 

6 - FURTHER RESEARCH 

6.1. We have observed that real drainage condi
tions on pavements have previously been assessed 
very imperfectly. Apart from extreme cases of zones 
of transition between left hand curves and right 
hand curves on motorways (zones which favour the 
accumulation of water because of the change of ban
ked corner at the point of inversion) there is no 
quick method of determining the real conditions of 
water run-off on a given pavement. 
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6,2, We therefore consider that these problems 
are to be studied from two angles : 

§ From the angle that pavements are ruled surfaces. 
This makes it possible to select zones on a given 
itinerary where important accumulations of water 
are more likely. 

§ From the angle that local variations in gradient 
due to defects in laying and riding quality and 
rutting due to wear create particular drainage 
networks the rivers on the pavement surface may 
then be greatly above the average, and this ave
rage is then meaningful only in relation to the 
pavement as a whole, or to a zone. 

These two angles are dealt with in the follo
wing practical descriptions. 

7 - DETECTING ZONES FAVOURING THE ACCUMULATION OF 
WATER 

7.1. This is done with a vehicle called the 
Gyros. 

A gyroscopic unit mounted on an ID 20 station 
wagon permanently gives the three angles of direc
tion, roll and pitch at 25 Km/h. This basic infor
mation is recorded on magnetic tape. After being 
processed in a computer, it makes it possible to 
reconstitute the geometric characteristics of the 
road : plane alignment, longitudinal profile, and 
hauted corner, Different combinations of the re
sults extend the field of application of the appa
ratus to other problems (Fig, 8). 
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7.2. To detect points at which water accumu
lates on the pavement surface, we may determine at 
each point of measurement the line of greatest 
slope in the transverse profile or in the longitu
dinal profile by driving the Gyros once along each 
traffic lane. Driving the Gyros twice along each 
traffic lane gives transverse reverse slopes if 
need be. The graphic representation of these 
results (Fig. 9) enables us to visualize the 
points favouring accumulation, To rate these points 
in order of importance, the width and surface of 
the pavement have to be considered. An Automatic 
research for a Water accumulation coefficient is 
perfonned by a computer program. The most dangerous 
sites can be drawn with this method and a limit of 
this coefficient. (Fig. 10 et l 1). 

Fig. 8. Banked curves in relation to plane align
ment. 

Scales 

Plane 0,8 cm 
Bank 0,8 cm 

50 m 
2 7, 
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Fig. 9. Sloping section with curves 

Fig. IO. Flat section with curves 
water. 

Zone of 

Inversion of banking 

water run-off 

accumulation of 

Fig. 11. Straight section with low point 
rentiel run-off, 

prefe-

8 - RUN-OFF SIMULATION MODEL 

8. I. This model, now being developed, is inten
ded to reproduce in a computer the evolution of the 
height of water at each point of a pavement during 
a rainstorm, Its operation calls for the gathering 
of a certain amount of data : 

§ Geometric data . 

§ Drainage transfer functions. 

§ The rain function. 

8.2. The geometric data are characterized by 
the gradients of the elementary units of surface 
covered. The square or rectangular unit may very 
from IO cm to 3.5 metres ; it is generally 50 cm. 

This data may be gathered by the Gyros vehicle 
in the course of several passages, or by a pendulum 
tripod at specific points in a zone of investiga
tion. 

8.3. The drainage transfer functions are basic 
data gathered in advance on a model in the labora
tory , with surfaces of J m2 of different geometric 
rugosities on which the gradient and the flow of 
water can be varied. Measuring the height of water 
in equilibrium with a neutron probe placed under
neath enables us to obtain the data matrix 

The flow rate or transfer function . 

§ The gradient . 

§ The height of water. 

In a second s t age we sha l l introduce th e e f 
f ec t of wind, 

8.4. The rain function can be standardized in 
respect of intensity and duration, or can be the 
result of a real recording with all its variations. 

8.5. Numeral simulation will use these data to 
calculate the height of water at each point in 
function of time. The system cannot be divergent, 
but only oscillatory in function of the time
interval adopted. 

8.6. A knowledge of this height along the 
paths followed by vehicles will give an accurate 
indication of the amount of water which the tyres 
have to remove. The grip of vehicles depends on 
the extent to which they can adapt to variations 
in this height. 

8.7. In situ verifications of the results 
obtained with the model are planned, under real or 
artificial rainfall conditions. 

9 - CONCLUSIONS 

9,J, The development of the neutron probe for 
the purpose of accurately measuring heights of 
water has met the objective set. The apparatus 
makes it possible to measure water film thicknes
ses on the pavement surface, and keep track of 
them. 

9.2. Very varied applications may be envisaged 
for example, the detection of critical levels on 

bedded under the runway, facing upwards. 

9.3. Further development seems particularly 
interesting in respect of a knowledge of all pheno
mena of run-off, This involves continuous measure
ment embracing localized accumulations. The rate 
of measurement would, however, be slower. A proto
type is actually tested. 

9.4. Measur.ement at specific points nevetheless 
makes it possible to create a model or a computeri
zed simulation of run-off over the whole pavement, 
taking account of geometric data relating to gra
dients and surface structure. The former can be 
obtained by specialized high-yield instruments in 
situ, and the latter by laboratory measurements on 
models. Research is continuing along these lines. 
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THE DESIGN AND PERFORMANCE OF HIGH FRICTION DENSE ASPHALTS 
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Robert Bond and A.Roger Williams, Dunlop Ltd., England. 

University of Birmingham 

The basic microtextural and macrotextural require
ments of road/airfield surfacings for skid resis
tance are described and quantified. It is shown 
that whereas it is important to produce and main
tain the desired microtextural features over the 
whole vehicle speed range, the requirements for 
macrotexture are different over different portions 
of the speed range. These concepts of the most 
desirable microtexture and the most appropriate 
macrotexture have been combined into a rational 
method of aggregate grading design, in order to 
develop a range of road surfacing materials with 
good skid resistance properties over the range of 
traffic speeds and other hydraulic conditions for 
which they are designed. Whilst the achievement 
of a 'safe' value of wet skidding resistance is 
the prime objective of the reported research the 
aim has been to include,together with these 
desirable properties of skid resistance,equally 
necessary properties of resistance to deformation 
in wheel tracks ,durability and low noise generat
ion. Results are presented concerning some of 
the approximately 100 sites so far surfaced with 
1;•;rea!'ing ~01..!!"Se me.teri :d ~ rlP~i enP.rl ~rrnrr1ine tn 
these principles in order to show their generally 
satisfactory nature. 

For any surface to provide a high level of skid 
resistance and maintain it in wet conditions at 
medium and high speeds it has to possess certain 
minimum level of both micro- and macrotexture. 

Microtexture 

Microtexture,which refers to the detailed surface 
characteristics of the aggregates contained in the 
mix and to some extent of the mortar, governs the level 
of wet friction between the tyre and pavement. A 
minimum level of microtexture is essential for the 
penetration of the remaining thin water film after 
an bulk water has been expelled and for the estab
lishment of effective areas of contact between the 
tyre and road. The required minimum level of micro
texture is related to the thickness of the water film 
and is reported to be in the order of Sx10- 3mm,being 
limited by the water film thickness of 1 to 3xlo-3mm 
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(1). Lees and Williams(2) have shown that the values 
of wet friction increase sharply when the relief of 
the aggregate topography rises above approximately 
Sx10-3mm. At somewhat higher levels the rate of in
crease, however, reduces with further increase in the 
harshness, associated with a reduction in the real 
contact area between the surface and rubber. On the 
other hand, they show that an increase in the level 
of microtexture at such degress of harshness results 
in increased tyre wc~r without a proportional in
crease in the wet friction (Fig.1), Lees & Williams 
suggested limits of microtexture harshness between 10 
and lOOxlo-3mm within which an adequate level of wet· 
friction may be obtained without resulting in excess
ive tyre wear. 

Figure 1. Increase in wet friction and tyre tread 
compound abrasion with increase in aggregate micro
texture. 

11:'<l\.;RE :JE:.PTH 

Macro texture 

Macrotexture, which refers to the large-scale 
texture of the pavement surface is the second basic 
requirement for pavement surfaces used for medium 
and high speeds. It is essential to facilitate the 
drainage of bulk water (clearly more of a problem at 
high speeds) before the effect of the microtexture 
can be mobilised. 

For dry or low speed wet conditions the require
ment is for a surfacing whose texture is such that 
the deformation of the tyre into the surface will 
give a maximum contact area, the real contact area 
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Figure~- Optimisation of road surface drainage 
properties for maximum potential contact area(upper 
set of curves) and minimum drainage time for the re
moval of bulk water from beneath the contact patch 
(lower set of curves). 
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Figure 3. Schematic representation of road surface 
macrotexture requirements under wet conditions for a 
given microtexture. 
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Table 1. Pavement textural characteristics required for opt imum tyre performance . 

Tyre property I Pavement property I Specification 

Abrasion 

Wee Fdceinn < 
Ri~e/Comfort~ 

Noise 

Micro texture 
(All aggregates in mix) 

f 10-lOOxl0-3 mm 

Macro texture 1
. Aggregate particle size 6-12 mm dia. 

Inter particle spacing 1-4 mm 
Absolute texture depth 1-3 mm 
(dependent on aggregate size) 

possibly even exceeding the apparent contact area by 
an amount related to the surface topography, the 
load, the elastic modulus of the tread rubber and 
the mode of operation i.e. rolling or locked wheel. 
Whether the real contact area exceeds the apparent 
contact area or not, an interlocking or grooving 
component of friction will also be an intrinsic part 
of such an interaction. Any excess of surface 
texture topography above the amount which can 
accommodate maximum tread rubber deformation only 
represents a potential reduction in the contact area 
between tyre rubber and road surface and consequent 
loss of friction. For example, just as there is no 
direct contribution to friction from the channels, 
cuts and sipes on a tyre (hence the racing driver's 
preference for patternless "slick" tyres for dry 
racing conditions) there is no direct contribution 
to friction from the void spaces existing between 
upstanding areas of pavement surfacings. 

However this is not the case for medium/high 
speed wet conditions, especially where the surface 
has a low gradient. The textural requirements are 
here different in accordance with different hydrauli c 
conditions. Under these conditions the indirect 
contribution of the channels in both tyre and road 
come into effect, necessarily sacrificing the 
potential maximum contact area of the slick tyre and 
the low macrotexture surface in order to allow. by 
efficient bulk water dispersal, the remainder of 
rubber and road to make contact. 

The concept of matching the optimum size and 
spacing cf aggregate particles for maximum tyre/road 

contact with that for minimum time for expulsion of 
water from the contact patch by the rolling tyre has 
been investigate d by Bond (3, 4). A theoretical 
model has been evolved confirmed by the practical 
road experiments described below. Fig.2 illustrates 
the concept by showin g that for the closer particle 
spacings the optimum size for maximum contact (upper 
series of curves) and the optimum size for minimal 
tim for water to be forced out of the contact patch 
(lower series of curves) is in the region of 6 to 12 
mm diameter. This is the order of size used in the 
skid resistant asphalt surfacings to be described 
below and which were designed during the course of 
the present collaborative research between the 
University of Birmingham and Dunlop Limited. For 
close packed particles, comparison of the curves 'a' 
(upper and lower series) clearly demonstrates the 
known antipathetic relationship that exists between 
contact area and drainage efficiency, i.e. for small 
particles a maximum contact area would be achieved 
but also a high drainage time (a condition obviously 
suitable for dry and low speed conditions but 
unsuitable for high speed wet conditions) while for 
medium size particles the drainage time falls to a 
lower value than for very small particles but with 
some sacrifice in potential contact area (more 
appropriate to high speed wet conditions). For 
large particles not only is the potential contact 
area further reduced but also the minimum drainage 
time begins to rise again (due to the reduced number 
of particles in the contact patch, thereby increasi.rg 
the load on each individual particle which causes 
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the tyre tread to penetrate further into the surface 
texture so reducing the cross sectional area of the 
channels remaining for drainage). 

These points serve to emphasise that there is no 
such thing as an ideal skid resistant surface until 
one has specified what conditions of the surface (wet 
or dry) and what traffic speeds, one is referring to. 
However while theoretically it may be shown that each 
speed range category may merit its own optimum macro-
texture for wet friction, in practice a few varieties 
of textural configuration will serve the majority of 
cases, as illustrated in Fig.3. In addition it must 
be borne in mind in designing the surface macro
texture that although a speed limit may be in force 
on a given road, there will be some, possibly many, 
drivers who will drive above this limit. Some 
estimate and consideration of this factor should be 
made, as well as for the fact that the drainage 
requirement from the macrotexture is less for pave
ment surfaces which have a steep cross fall or 
gradient than it is for level surfaces. 

Microtexture and Macrotexture 

Finally it is stressed that the commonly held 
view that microtexture i.e. surface harshness, is 
required for low speed conditions and that a good 
macrotexture may in some sense substitute for 
microtextural harshness at high speeds, is 
fallacious. The true position is that microtextural 
harshness is required for 100% of the speed range 
while at medium to high speeds a macrotexture of 
high drainage efficiency is addi t ionally required. 
Table 1 summarises the requirements for microtexture 
(all speeds) and macrotexture (medium to high 
speeds). 

Mix desi n for a new variet of hi h friction 
sur ac1.ngs 

(a) grading design. Emphasis has been laid above 
on the requirement for surfacings to be designed for 
skid resistance according to speed range and site 
conditions. No less important is the requirement 
that surfacings should possess high resistance to 
deformation, to cracking and to fretting in order 
that they should serve as structurally sound 
engineering materials during an acceptable life teilll. 
The 81m nf mPPrine thP~P requirements has led to the 
development of the surfacing materials which are the 
subject of this paper. (The materials produced to 
this design are known as Delugrip R.S.M,which is a 
registered Trade Mark of Dunlop Ltd.) The authors 
have stated elsewhere (5, 6) that particulate 
construction materials sho-;:;-ld ideally be composed 
such that the design grading takes account of the 
packing properties of the component aggregates, as 
affected by particle shape, size distribution, 
compactive effort and boundary effects. Such a 
method possesses clear advantages over methods 
which are based upon recipe formulation whether this 
is as per standard tables or simple mathematical 
grading curves, in that the compositions are matched 
to the properties of the available chosen aggregates 
rather than that aggregates are made to conform to 
certain "type" grading specifications for which they 
may be unsuited. The development of a method of 
rational design of aggregate gradings has further 
provided the means whereby the desired principles of 
designing skid resistant, durable and deformation 
resistant surfacing materials of bituminous and 
concrete type according to site needs, may be 
combined in a unified system. 

In the method simple laboratory tests ("porosity" 

tests) are performed on representative samples of 
the aggregate components under a compaction effort 
appropriate to that anticipated in the field and in 
a layer of thickness equal to the minimum anticipatai 
thickness of carpet to be laid, in order to combine 
the packing influencing effects listed above. The 
results, together with measurements of size of the 
components, are used either in a graphical method or 
via a computer program to derive a design grading 
which may be either of continuous or gap graded type 
(in the latter case the gaps may be either selected 
on a basis of a preferred size ratio or accepted as 
those which best suit the economic preferences of 
industry). This versatility is an obvious advantage 
to manufacturers and of importance in the conservat
ion of natural resources. Further advantages are in 
the absence of special requirements for aggregate 
shape and for requirement of the supply of 
aggregates in narrowly controlled single sizes. 

The procedure as published in 1970 aims at 
producing gradings of minimum voids. However as 
stated in the opening sentence of that paper "it will 
also be apparent that if the factors which influence 
particle packing are understood well enough, then 
the design of gradings to controlled void contents 
other than the minimum will also be possible". 

This is particularly important where, in asphalt 
technology, a VMA (voids in mixed aggregate) value 
above the minimum possible is required to accommo
date a required minimum of the bituminous binder and 
where, as emphasised above, a degree of surface 
voids is required in both concrete (7, 8) and 
asphalt surfacings to encourage surface-drainage in 
the interests of medium to high speed skid resist
ance. Once the type and the sizes of aggregates are 
fixed, the rational method provides a single dense 
grading appropriate to this combination of sizes. 
The method as published (5) deals with the inclusion 
of approximately single size components in the total 
aggregate composition. Subsequently the method has 
been extended to deal with the case of aggregate 
components which cover a wider range of sizes. Using 
different combinations of sizes, different gradings 
can be obtained, each reflecting its own character
istics on the mix surface and structural properties. 
Within these various possibilities there will be, 
for certain selected size components, gradings which 
when combined with the optimum proportions of binder 
will produce a mix which contains low voids intern
ally and on all surfaces (Type A, Fig.4). While 

Figure 4. Examples of close (A), medium (B), and 
open (C) macrotex tures fo r use on low, medium, and 
high speed sites respectively. 

A 

B 

C 
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such a close textured mix may be that able to pro
vide the highest levels of skid resistance for dry 
and low speed wet conditions, given that the 
aggregates used have appropriately harsh micro
texture, it would clearly not be suitable for 
medium/high speed wet conditions. 

Accordingly, the method has been developed in 
order that mixes of a desired higher surface macro
texture may be produced suitable for the latter 
conditions (Types B & C Fig. 4). The development 
aims to produce essentially dense and impermeable 
wearing course mixes but with efficient surface
drainage macrotextures, by deviation in a deliberate 
and controlled manner from the maximum density 
grading producing the close textured variety of mix 
designated above as type A. The increase of only a 
few percent in the total VMA and VM values has a 
more than proportionate influence on the boundary 
voids, since as emphasised in references (9, 10), 
the interference with particle packing is always 
more marked at boundaries, producing more numerous 
and larger voids at these surfaces. 

In experience it has been found that while some 
degree of permeability as evidenced by occasional 
damp patches may sometimes be experienced in the 
immediate post laving period, (usually when the mix 
has been laid thinner than it was designed for) this 
is generally slight and rapidly reduces to an 
insignificant level with traffic compaction during 
early life. It is stressed however that in contrast 
to the philosophy of the pervious macadam approach 
to design of high friction carpets (11), the aim in 
design in this case is to maintain high strength, 
high stiffness, high density mixes in which entry by 
water (able to lead to stripping problems, frost 
action within the surfacing and in the lower layers, 
and to softening and volume change effects in the 
foundation) and by air (leading to binder hardening) 
are excluded. Again in contrast to the pervious 
friction course type of mix, mixes produced to this 
method are structural materials to be included as 
part of the road/airfield structure in pavement 
design procedures. 

(b) selection of aggregate types . A knowledge 
of the basic petrological characteristics, is 
essential to the design engineer selecting 
aggregates for use in this kind of surfacing layer. 
Gallaway and Epps (12) outlined possible alternative 
mix materials for road surfacings. Hard non-wearing 
aggregates were suggested as one alternative, but 
the number of sources of suitable natural aggregate 
of this type is very limited. Some artificial 
aggregates of this category (e.g. calcined bauxite) 
have proved to have high skid resistance properties, 
but the cost of such aggregate is high (13, 14). 
Another alternative is the use of naturai:.-crushed 
stones comprising minerals of varying rates of wear 
(15, 16, 17, 18). 
~ B;;ed~po~the known high resistance to polish

ing of gritstone aggregates (19)it was decided to 
employ gritstones of high polished stone value (20) 
in the initial stages of the present research. This 
type of aggregate has also been used extensively in 
subsequent designs but other rock types, natural or 
artificial, of suitably high polish resistance have 
been used in these compositions. The scanning 
electron microscope (21) and the accelerated polish
ing test (20)have proved to be valuable tools in 
identifyin~suitable aggregate types for high skid 
resistance surfacings. The former has been used 
with considerable success to relate seasonal and 
highway locational variation in skid resistance to 
the state of polish of road aggregates (22) and to 
interpret polishing tests at various sli~angles on 
complete bituminous mixes in a laboratory housed 
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variable speed internal drum machine (~) . 

(c) incorporating two types of aggregate. Loss 
of macrotexture is known to occur in a number of 
surfacings in common use due to embedment and/or 
progressive wear under traffic of the upstanding 
aggregate particles. In order to obviate these 
trends the mixes developed have been designed to 
possess high stability and high resistance to 
deformation and, by the incorporation of two aggre
gates of different rates of wear,to maintain a 
drainage-effective macrotexture through the life of 
the surfacing. However, when blending, it is import
ant to control the percentage and the sizes from 
each type in order to meet the requirements of a 
particular situation. The rate of wear of aggregate 
particles is assessed by means of the aggregate 
abrasion test (20) (or equivalent Los Angeles or 
Deval attrition~alues). 

In a particular example it has been decided to 
blend two types of aggregate of different rates of 
wear as indicated by their aggregate abrasion values 
of 4.4 and 6.1 respectively. The maximum size was 
chosen to be 14 mm. Several possible gradings were 
designed all according to the rational method with 
various combinations of sizes from each type of 
aggregate, The percentage by weight of each compon
ent and the total percentage from each type of 
aggre gate (in each grading) are given in Table 2 

Table 2. Percent by weight of each component for 
several gradings designed to the rational method 

size of % by weight of each component for 
aggregates several gradings 
mm A B C D E 
14 (A) 6.44 6 . 16 6 . 27 9.29 9.93 
10 (A) 16.37 15.66 15 . 94 23.61 25.23 
6. 4 (A) 13. 98 
6.4 (B) 16.86 17.23 25.41 27.16 
3.2 (B) 25.74 24.03 24.47 
Fines (A) 29.13 28.97 29.65 
Fines (B) 29.65 4.39 31.4 7 
Filler(L) 8.34 8. 32 6.43 7.66 6.22 
Total % of A 65.92 50. 79 22.22 62.54 35.15 
Total% of B 25.7440.89 71. 35 29.80 58. 63 

from which it can be seen that a large number of 
alternatives can be offered to cover a wide range of 
percentages from each type of aggregate (e.g. B type 
ranging from 25.74% to 71.35% in this particular 
example. 

(d) binder content design . The complete mix 
design procedure is outside the scope of this 
conference but obviously entails a method for 
arriving at a design binder content once the design 
grading has been determined. The design binder 
content is selected primarily from density/voids 
analysis on laboratory slabs prepared by a roller
compactor from which it has already been determined 
(24) that the orientation and degradation of 
particles and the voids produced in a standard mix 
correlate satisfactorily with those produced in 
road compaction using standard rolling equipment. If 
such equipment is not available the Marshall com
paction procedure may be adopted. The final design 
binder content may be adjusted according to engineer
ing experience in consideration of climatic condit-
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ions and in respect of traffic and foundation 
conditions etc. 

(e) Choice of binde1· type. Binder type is in 
general residual bitumen of penetration (at 25°c) of 
40-60 or 60-80. Occasionally, where weather,haulage 
distances, foundation weakness or probability of 
considerable hand work are a factor, binders of 90-
110 penetration may be used. 

Lees and Sharif (25, 26) used low penetration 
residual bitumen, both o:;:;-its own and blended with 
Trinidad Lake asphalt in dense asphalt mixes laid 
as experimental strips. However, after six and a 
half years of observation no significant difference 
between the behaviour of the mixes has been noticed 
confirming the authors' belief that the use of rapid 
weathering binders is only really necessary for 
high binder content mixes.For example because of the 
essential richness (8 to 11% binder) of the typical 
BS 594 mixes laid on motorways and trut1k roads in 
the U.K.,it has become a practice now over several 
decades to employ fast weathering binders such as 
Trinidad Lake asphalt/bitumen and pitch/bitumen 
blends in order to encourage aggregate exposure and 
produce rougher macrotextures (31). 

Test results and performance 

A brief account follows of the 100 or so 
sites so far surfaced (to May 1976) with wearing 
course mixes designed to the method outlined above. 
Of necessity a full programme of testing for 
friction and texture, riding quality and tyre/noise 
generation properties has only been possible on a 
relatively small number of these. Some monitoring 
of skid resistance properties has however been 
carried out on most and all are observed regularly 
for general appearance and performance under traffic. 

Staffordshire. The first road experiment of 12 
trial strips was laid at Essington, Staffs. in Nov. 
1970 by kind permission of the County Surveyor 
Mr.L.R.Musgrave. A full account of this experiment 
is contained in ref. (26). Since the publication of 
that account regular testing has continued. Fig.5 

Figure 5. Pendulum skid resistance values at the 
Essington experimental road surface with time. 
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confirms the maintenance of a high level of skid 
resistance as measured with the Transport and Road 
Research Laboratory pendulum tester(~) and Fig.6 

1978 

Figure 6. Essington experimental road surface six 
years after laying. 

illustrates that the concept of differential 
aggregate wear to maintain the initial macrotexture 
has indeed operated over the period of 6~ years since 
the strips were laid. 

London. The success of this first experiment in 
Staffordshire led to the commissioning of a further 
trial in the Greater London Council (GLC) area at 
the request and with the collaboration of 
Mr.L.W.Hatherly, Head of Maintenance Division. This 
trial involved the laying of three experimental 
strips on the A4, Hammersmith,close to the 
Hammersmith Flyover,in May 1973. 

The required thickness of the surfacing was a 
19 mm layer of high skid resistant asphalt mix to be 
laid as surface treatment (following planing) over 
an existing road showing a low level of friction. A 
high resistance to deformation would be required 
since the mix was to be laid on the slow lane of what 
is probably the most heavily trafficked road in the 
U.K. (50,000 vehicles per day on three lanes,of 
which 14% are heavy vehicles). 

iwu LJpeb uf ~ritstuuc CLush2d reek ugg~cg~tc~ 
were used, namely from Haughmond quarry in Shropshire 
(PSV 62, AAV 5) and from Craig yr Hesg quarry in 
S.Wales (PSV 68, AAV 8). Figs. 7 and 8 show the 
microtexture of both aggregate types as revealed by 
the scanning electron microscope. The filler used 
was a crushed Carboniferous Limestone from Ballidon 
Quarry, Derbyshire. 

Binder: a 40/60 penetration grade straight-run 
bitumen was chosen as the binder for this mix in 
recognition of the requirement for a high resistance 
to deformation on this heavily trafficked site, 

An extensive series of laboratory tests involv
ing Marshall tests, Immersion Wheel Tracking Tests 
(29) and tests with the Variable Speed Internal Drum 
Machine (23) was carried out on the selected mix 
prior to laying (30). From consideration of the 
results of these tests it was decided to lay three 
strips at binder contents of 4.9, 5.2 and 5.5% in 
order to test the tolerance of the mix to such 
variations in binder content as might be encountered 
in commercial practice. All the mixes were laid on 
the top of a regulating sand carpet in order to 
ensure a uniform thickness of 19 mm. Two more strips 
of friction course type, also using Haughmond 
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aggregate were laid in the same lane immediately to 
the east of the trial mixes. 

Figure 7, Aggregate microtexture as detected by the 
scanning electron microscope ( Haughmond gritstone). 

Figure 8. Aggregate microtexture as detected by the 
scanning electron microscope (Craig yr Hesg 
gritstone), 

A hot rolled asphalt mix to BS 594 1961 (31) 
(table 7A with 30 per cent of coarse aggregat~and 
7.9% residual bitumen) was laid at the same period 
at both ends of the trial strips and in the middle 
and 'fast' lanes. This mix was laid as a separate 
commercial operation the authors having no part in 
deciding its composition. The aggregates of this 
mix were not the same as those used in the trials 
but the mix may be regarded as quite typical of 
British Standard rolled asphalt surfacings laid in 
the London area and therefore it was considered 
reasonable to compare results between these 
surfacings of the same age and subject to the same 
traffic etc.The PSV of the aggregates used was about 

5 to 8 units lower than the average PSV of the 
aggregates used in the experimental mix. 

Field Tests on the Trial Road Strips 
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The skid resistance characteristics of the 
strips were investigated by the Pendulum tester, the 
Sideway force Coefficient Routine Investigation 
Machine (S.C.R.I.M.) (32) and an inatrumented car 
from Dunlop Ltd. The rill"crotexture of each strip was 
assessed by the sand patch method (28) and by the 
Birmingham University outflow meter---C:33). Internal 
and external noise and riding quality~easurements 
were carried out to compare the BS 594 surfaces,the 
experimental surfaces and a surface of concrete 
grooved in the plastic state. The latter was not 
on the same site as the A4 trial surfacings. 

Measurements of braking deceleration 

Measurements of braking deceleration were made 
4 months after laying, using an instrumented car 
from Dunlop Ltd. In this test the vehicle, a Ford 
Escort 1300 GT, is braked on front wheels only and 
the resulting deceleration of the car is measured 
using a decelerometer and a U.V. recorder. Both 
the maximum rolling value and the locked wheel value 
of deceleration are determined. 

Four types of tyre of the same size were used; 
new patterned tyres and worn tyres of standard 
compound, new patterned tyres of high grip compound 
and new patterned tyres of low grip compound. Two 
surfaces were tested: the BS 594 hot rolled asphalt 
with! inch precoated chippings, and the experiment
al strip of 5.2% binder. The water film thickness 
was maintained at near 1.5 mm depth for all surfaces 
and throughout the tests. Three test runs were made 
on each surface with each type of tyre and at each 
speed from 20 to 50 mile/h. 

Car results-difference between new & worn tyres 
(Fig.9) 

The peak and sliding values for worn tyres at 
low speeds (up to 40 mile/h) were better than for 
the new tyres on the experimental mix. However the 
worn tyres were inferior at higher speeds. 

On the BS 594 surface the peak and sliding 
values for the worn tyres were lower than the 
values for the new tyres at all speeds. The 
difference is larger at higher speeds. 

The rates of decrease of friction with speed in 
both the locked wheel and the peak values were 
higher in the case of the worn that the patterned 
tyres on both surfaces. 

The above results can be explained by the fa c t 
that the experimental surface provides adequate 
water drainage even for smooth worn tyres at speeds 
up to 40 mile/h. The smooth tyre provides higher 
co~tact areas and thus higher deceleration at these 
speeds. In the case of this particular BS 594 
surface there are not enough connected surface 
channels to drain the water, hence the difficulty 
of establishing high skid resistance with worn 
tyres. 

Car results-difference between surfaces(Fig.9) 

The experimental strip showed higher values of 
friction than the BS 594 surface in peak and sliding 
conditions for worn and new tyres of all compounds 
and at all speeds, Although some of this 
superiority can be attributed to the slightly lower 
PSV of the aggregate used in the BS 594 surface, it 
is felt that this can only account for a relatively 
small proportion of the difference. This is 
confirmed by further studies at other sites reported 
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Figure 9. Car deceleration at various speeds on the 
experimental road surface and a rolled asphalt sur
face with 12 nun pre~coated chippings on the A4 trunk 
road in London using new and worn tyres under wet 
conditions. 
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below, where even when aggregates of the same source 
were used, a significant superiority of mixes to the 
new design over British Standard 594 mixes has been 
observed. 

The peak values for patterned tyres on the 
experimental strip are high and exhibit little or no 
drop with speed, As is generally observed (34) the 
peak coefficients are less speed dependent than the 
corresponding locked wheel coefficients. This lower 
effect of speed is a consequence of the more 
efficient removal of the water film by a rotating 
wheel. 

From Fig.10 it may be observed that over the 
speed range up to 50 mile/h the experimental surface 
produced as great an improvement in wet grip over 
the standard surface as can be expected from a chaq,;e 
of tread compound from 80/20 SBR/BR blend (low grip 
compound) to a high styrene SBR compound (high grip 

Figure 10. Peak car deceleration at various speeds 
on thP PxpPrimPnt~l rn~rl RDrfBCP ~nd ~ hn~ rn1l~A 

asphalt with 12 nun pre-coated chippings on the A4 
trunk road in London using high and low grip tread 
compounds under wet conditions. 
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compound). The range between these two compounds 
represents the practical range of improvement that 
the rubber industry has been able to achieve in 
respect of traction in the past two decades of tyre 
development. 

Sideway force Coefficient Routine Investigation 
Machine 

This machine has been developed by the Transport 
and Road Research Laboratory (32) for routine 
testing to monitor the skiddin~resistance of roads. 

The SFC values of the three experimental strips 
as measured by SCRIM are significantly higher at 
all speeds up to 50 mile/h than those of the BS 594 
asphalt (Fig.11). Tests have also indicated that 
the experimental strips possess higher skid 
resistance than the open pervious friction course 
surfaces. This is due to the fact that more open 
surfaces unnecessarily sacrifice needed contact area 
in order to obtain a large number of surface channels 
which might not all be needed for water drainage at 
low and medium speeds. Fig.12 demonstrates the 
capability of the trial surfacing to maintain this 
high level of friction over four years of very 
heavy trafficking. 

Figure 11. Sideway force coefficient for various 
speeds under wet conditions on three road surfaces 
situated on the A4 trunk road in London. 
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Figure 12. Sideway force coefficient under wet <'on
ditions for two road surfaces on the A4 trunk road in 
London for the first three years of trafficking. 
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Table 3. Texture depth measurements(mm) A4 London 

BS 594 Experimental Strips Friction Course 

Location 5.2% B/C ( 1) 4.9% B/C (2) 5 .5% B/C (3) Type 1 Type 2 

1 2 lA 1B lC 2A I 2B 2C 3A 

7th N 1. 00 0 . 81 o. 72 0 . 73 0 .79 0.69 o. 72 o. 77 o. 74 
Ju l. 
'7 3 0 0. 75 0. 84 0 .61 

Ave 0. 85 
SFC SFC -20 SC 31 

N = Nearside wheel track 
0 Outside wheel track 

0. 68 

0.69 7 

26 

Texture depth measurements 

0.63 0.82 Io. 77 0.69 o. 76 

o. 743 

26 

Texture depth measured using the sand patch 
method showed no statistically significant 
difference between the experimental strips of 
different binder contents, but did show a signifi
cant di f ference between the three types of surface 
(Table 3). It is important to note that the high 
texture depth for the friction course surfaces is 
due t o the pervious nature of these mixes, i.e. the 
internal and surface voids are both measured by the 
sand patch method. 

The relationship between the texture depth 
measured and the drop in SFC between 20 and 50 
mile / h was investigated. The BS 594 surface 
exhibited the largest drop (31 SFC units) followed 
by the experimental strips (24 to 26 units) and then 
by the friction course surfaces (19 to 20 units). 
Analysis of the results on all surfaces showed that 
there was no correlation between the texture depth 
as measured by the sand patch method and the 
calculated drop in SFC. 

Outfl ow meter readings 

The authors have previously expressed the view 
(33) that direct measurements of surface drainage 
characteristics by outflow meter are more likely to 
correlate with the friction/speed relationship of 
those surfaces than measurements of surface voids by 
sand patch or grease patch techniques, where the 
important aspect of continuity of voids is neglected. 
Several points have been tested periodically on all 
surfaces with the Birmingham University outflow 
meter (Fig.lJ). The points tested were located in 
both wheel tracks. 

Measurements on the surfaces in September 1973 
(after approximately 4 months of trafficking) showed 
the friction course mixes to possess the shortest 
outflow times at all applied loads and for all 
tested points followed by the experimental surfaces 
and the BS 594 surface (Table 4), The friction 
course mix has the shortest outflow times because of 
its pervious nature i.e. ability to drain water 
through vertical as well as horizontal channels. 

These results accord with the different friction/ 
speed relationships observed i.e. the friction 
course mixes show the shortest outflow times and 
least effect of speed on friction and the BS 594 
surface shows the longest outflow times and the 
greatest reduction of friction with speed. The 
newly designed surfacings are intermediate in 
charac ter showing slightly longer outflow times than 

3B 3C Pt.1 Pt. 2 Pt.3 Pt.4 Pt.5 Pt. 6 

0. 73 0 . 62 0.9 15 0 . 805 0.857 .105 1. 515 1. 41 

0 . 74 0.64 0.819 0.805 o . 784 . 09 4 1. 41 -

0. 705 o. 831 1. 307 

24 19 20 

Figure 13. University of Birmingham Outflow-Meter. 

the friction course mixes and slightly steeper 
fri c tion/speed curve. 

Other test sites 

As has been remarked, of the 100 or so test 
sites now surfaced in the U.K. and Ireland with 
high friction dense asphalts designed according to 
the method des c ribed above, some have been subject 
to a more regular programme of testing than others. 
Table 5 summarises some of the results obtained up 
to the moment of writing and Fig.14 illustrates some 
of the sites. The results are encouraging and 
demonstrate that in tests where standard asphalts 
have been laid as control mixes at adjacent sites, 
at the same time and with the same aggregate type 
employed as the coated chippings as has been used 
in the new design mixes, the latter exhibit superior 
friction properties of in general greater than 10 
SFC units. It is emphasised that no measures have 
been taken to ensure that laying of these mixes 
takes place only in ideal weather conditions. On 
the contrary mixes have frequently been laid in 
rainy and/or cold conditions, in the normal course 
of weather variation. 



48 

Figure 14. Typical sites of Delugrip asphalt. 

Hammersmith fly-over, London 

Al Cambridgeshire, Department of Transport 
Experimental Strips. 

London Road, Croydon 

A4 Trunk Road, London 

Richmond, London, Traffic Junction 

Sydenham By Pass, Belfast 
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Table 4. Outflow Meter Readings (2nd September 1973) A4 London 

BS 594 Experimental Strips Friction Course 

Location 5.2% B/C 4.9% B/C 5.5% B/C Type 1 Type 2 

1 2 3 4 lA 1B lC 2A 2B 2C 3A 3B 3C Pt. l Pt.2 Pt.3 Pt.4 Pt.5 Pt. 6 

0 N 3.3 1. 8 15.2 2.9 6.4 7.8 7.0 7.4 13.5 l0.2 5.5 7.8 20. l 5.7 7.0 - 4.1 3.1 -
kg 0 5.3 2.8 5.1 14.3 - 5.0 - - 7.0 - - 7.0 - - 6.7 - 4.1 3.5 -

Ave 6.34 6.55 9.53 10.1 6.47 3.7 

5 N 4.6 2.1 65.4 3.7 8.0 11. 3 8.6 9.5 17.6 12.6 7.9 9.5 27.5 6.8 8.3 - 4.3 3.5 -

kg 0 8.2 3.6 7.3 32.5 - 6.2 - - 8.8 - - 8.8 - - 7. 7 - 4.5 3.8 -

Ave 15. 93 8.53 12.13 13.43 7.6 4.03 

10 N 4.8 2.4 170.5 4.8 9.7 13.1 8. 7 10.2 17.1 13. 8 9.7 10.7 34.2 8.2 9.0 - 4. 7 3.7 -
kg 0 10.5 4.1 8.3 50.3 - 7.4 - - 10.0 - - ,10.8 - - 8.5 - 5.0 4.2 -

Ave 31. 96 9.73 12. 78 16.35 8.57 4.4 
N Nearslde. wheel track 
0 Outside wheel track 

Table 5. Wet Friction of Delugrip Road Surfaces(SCRIM test at 50 km/h) 

Monitored Site Date Laid Date Tested Average SFC 

Bos tall Hill, Greenwich, London Jan. '74 29. 3. 76 74 
N22,Carrigrohane Rd., Cork Sept. 1 74 6.ll.75 72 
London Road, Croydon, London Oct. '74 29. 3.76 68 
A3100, Godalming, Surrey Nov. '74 5. 75 82 
A3100, Godalming, Surrey Nov. '74 5. 75 (BS 594 : 72) 
A413, Little Missenden, Bucks Dec. '74 31. 7. 75 76 
Malone Road, Belfast Jan. I 75 7. 7.75 77 
Malone Road, Belfast Jan. '75 7. 7.75 (BS 594: 63) 
Hammersmith Flyover, London Mar. '75 23.11.75 78 
Sydenham By-pass, Belfast Apr. '75 18. 6.75 70 
Swinton Street, Camden, London May I 75 29. 3.76 74 
Green Lanes, Enfield, London June I 75 29. 3.76 76 
Elm Park Road, Harrow, London Oct. '75 28. 3.76 84 
Stanmore Hill, Har.row, London Nov. '75 28. 3.76 84 
Theo balds Road, Camden, London Feb. I 76 29. 3.76 79 

Note The BS 591, results, where quoted, are for s tan<lard asplrnlt surfac ing 
laid at the same time, at the same sites and utilising the same 
aggregate as the coated chippings, as has been used in the corresponding 
Delugrip asphalts. 

Other Aspects of Tyre to Pavement Interaction 

Whilst the prime object of the research reported 
in this paper has been the development of durable 
high friction pavement surfaces other aspects of the 
interaction between the tyre and the pavement have 
not been ignored. 

(i) Tyre to pavement noise gener.ation . With 
increased awareness of environmental pollution 
particularly related to traffic noise, the subject 
of tyre to pavement noise generation has been the 
subject of recent research papers (35, 36). 

The road surface has two distinct effects on 
tyre to pavement noise generation. There is a 

vibrational effect, where the greater the macro
texture the more vibrations are exerted in the tyre 
and the greater the noise emitted unless the fre
quency is high enough to be outside the sensitive 
region for the tyre. The second effect relates to 
the break-up of the tread pattern noise, the 
greater the macrotexture the less the tread is in 
contact with the pavement and the greater the 
break-up of the tread pattern noise. 

Walker and Major (37) have indicated how the 
often quoted trend for""Tncreased wet skidding 
resistance to be associated with an increase in tyre 
to pavement noise generation need not always be so. 
Fig.15 illustrates the relationship between the 
length of the tyre tread pitch or mean aggregate 
spacing, vehicle speed and the corresponding 
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Figure 15. Relationship between tyre-road noise and 
frequency generation due to vehicle speed, tyre 
tread pitch and road aggregate spacing (Walker and 
Major 1975). 
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frequency generated. This figure also illustrates 
the third octave spectrum of a plain rib steel 
breaker radial ply tyre rolling on the newly 
developed surface. A characteristic broad peak in 
the order of 1000 Hz, which is independent of speed, 
together with a rapid decay rate as frequency rises 
is shown in this spectrum. In accordance with the 
lower effect of rubber excitation in this higher 
frequency region the re-surfacing of the Hammersmith 
Flyover, London, with one of the new high friction 
dense asphalts has resulted in a 3 to 4dB(A) 
reduction in noise level over a large part of the 
noise distribution curve compared with that on the 
old BS 594 rolled asphalt surface (37). 

Fig.16 illustrates the vehicle--;et friction 
results over a range of speeds on a variety of 
surfaces, confirming that increased tyre to road 
noise generation is not an essential penalty for 
the achievement of high wet skid resistance. 

(i.i.) Tyre I\.U.LLULb Re::;i.::;Ldllce. Iu a.JJi.Li.uu Lu 
the already stated advantages of the surfacings 
designed to the new method there is a considerable 
reduction in tyre rolling resistance on such 
surfaces relative to rolled asphalt BS 594 with 19 
mm pre-coated chippings and also to laterally 
grooved concrete with random groove spacing. Space 
and the scope of this conference forbid further 
detail but the implications in respect of lower fuel 
consumption are obvious. 

(iii) Longitud.i.nal Tracking . Langi tudinal track
ing may increase the water depth in the wheel tracks 
so reducing wet skidding resistance. Tracking may 
also result in dangerous reduction in vehicle 
stability, The designed materials discussed above 
when subjected to the highest density of traffic 
within the U.K. have been shown to possess a 
considerable resistance to tracking compared with 
standard asphaltic surfacings especially during the 
exceptionally hot summer of 1976. 

Figure 16. External car coasting noise generation 
(dry) and peak rolling friction (wet) on dissimilar 
surfaces with patterned tyres. 
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The research reported in this paper has concern
ed the development of a method of designing skid 
resistant asphalt surfacings based upon studies of 
the fundamental packing properties of aggregate 
particles and the polishing resistance of aggregates 
(the method is also capable of being applied to con
crete mixes). Application of this method has been 
aimed towards producing surfacing materials of the 
required microtexture and macrotexture for good skid 
resistance in relation to the traffic speed range 
anticipated for the site. These and other factors 
concerning traffic loads and densities and climatic 
factors, both at the time of laying and subsequent
ly, are considered in order to include the required 
textural features mentioned, within surfacing 
materials of high resistance to deformation, good 
load distributing characteristics and good dura
bility. The results presented, concerning some 100 
sites now laid, confirm the high level of skid 
~c3iotouc2 that has bceu cbtaiu2d aud the ubility cf 
the surface mixes to maintain this level during 
several years of extremely heavy trafficking. 

The paper concludes by relating the skid resis
tance properties of surfacing materials to other 
features of road/tyre interaction such as tyre/road 
noise generation, riding comfort and rolling resis
tance and shows that the mixes produced according 
to this method also possess favourable characteris
tics in these respects, 
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SOME U.K. DEVELOPMENTS IN SKID-RESISTANT ROAD SUR FACINGS 

By D.R. Lamb 
Shell International Petroleum Company Limited 

Summary 

The paper discusses various types of skid-resistant treatment 
appropriate for different categories of road . For particularly 
critical areas such as junctions in cities, treatments based on 
epoxy resin binders and calcined bauxite have proved highly 
effective in maintaining skid-resistance and reducing accidents. 
This combination was first proposed by the British Road 
Research Laboratory in 1959 and such treatments have been 
in commercial use in the U.K. and several other countries for 
up to 9 years. Methods of application and the performance of 
such systems are described. For heavily trafficked but less 
critical roads, improved methods of conventional bituminous 
surface dressing are discussed, the most promising systems 
being based on the use of high-viscosity cutback with pre
coated chippings and a polymer/bitumen emulsion with hot 
chippings. Methods of adapting open-textured asphalt carpets, 
or friction courses, already well-proven on airfield runways, to 
heavily trafficked roads and city streets with their more 
intense and channelised traffic, are also discussed. Finally the 
paper discusses possibilities of alternative treatments such as 
those based on improved slurry seal formulations. 

Skidding is widely recognised as an important contributory 
cause of road accidents, particularly when road surfaces are wet. It 
may take the form of visible sliding of the vehicle but more 
commoniy il is experienced as an increase in lhe stopping c.ii~la111,;t: 
when braking. Skidding is often the result of a combination of 
factors but one of the most important is the slipperiness of the road 
surface. Heavily trafficked surfaces tend to become slippery because 
of the polishing effect of rubber tyres, and there is a clear relation
ship between the amount of traffic passing over a road and its 
average level of skid resistance, as shown by Szatkowski and 
Hosking ( 1 ). This effect, together with the relationship between 
skidding resistance and accident risk led to the recommendations 
first proposed by Giles (2) and subsequently embodied in the 
Marshall Report (3) in the U.K. for minimum standards of skidding 
resistance for different categories of road. 

More recently, however, it has been increasingly recognised 
that the risk of accidents depends not only on the category of site 
and its traffic but also on other factors such as the precise layout of 
the particular site in question. For example, some very heavily 
trafficked roads such as straight lengths of motorways may develop 
low values of skidding resistance without showing high accident 
rates whereas road junctions where similar traffic volumes are 
combined with braking and turning manoeuvres often tend to 
become accident black spots, partly because of the potentially 
hazardous manoeuvres themselves and partly because the braking 
and turning actions cause extra polishing of the road surface at 
these places (4) (5). To take account of these effects new proposals 
have recently been published (6) in which recommended minimum 
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values of sideway force co-efficient (SFC) would be based not only 
on the category of site but would additionally be dependent on a 
"Risk Rating" which would be determined by the accident 
potential of each site. Table 1 summarises the new suggested values. 

Satisfactory skidding resistance depends on having an aggre
gate with an adequate resistance to polishing and a sufficient 
texture in the surface itself as measured by the sand-patch method 
(7) to ensure rapid contact between tyre and road in wet 
conditions, particularly at high speeds. 

Depending on the severity of traffic conditions various 
methods are available for improving the texture and skid-resistance 
of road surfaces which have been worn smooth by traffic. 

Resin/Bauxite Surfacings for Critical Sites 

It has become clear from experience that on the most difficult 
sites (Type A 1 in Table 1) it is hardly possible to obtain the 
required SFC levels for the high-risk sites with conventional road 
surfacing materials. However, in recent years a method of solving 
this problem has become established in which small chippings of 
calcined bauxite are bonded to the road surface by an extended 
epoxy resin binder. Refractory grade calcined bauxite has a higher 
,~si:iid fl (;t: tu ..,oHshi.-ig, as ;y,co5urcd by the Pvnshcd Stone Voluc 
Test (8) than any natural roadstone, coupled with a high abrasion 
resistance. The epoxy resin binder, being thermo-setting, effectively 
prevents any embedment of the chippings with the result that in 
spite of the use of very small chippings ( 1 to 3 mm size) a 
remarkably high texture depth can be maintained even under heavy 
traffic . 

The combination of refractory grade calcined bauxite and 
epoxy resin-based binder was first proposed by the British 
Transport and Road Research Laboratory (TR R L) and its effective
ness was demonstrated in road trials in 1959 which showed that the 
calcined bauxite gave a better skid-resistant surface than any other 
material (9) (10). Figure 1 shows the levels of skidding resistance 
obtained on three sections of surface dressing on the same road (i.e. 
having the same traffic) but with different types of aggregate. The 
calcined bauxite section shows a considerably better level of SFC 
than those with the natural stones which are typical of gritstones 
and granites respectively. 

In 1966, as a result of growing concern over accident black 
spots in London, the Greater London Council (GLC) carried out 
some small-scale trials which showed that resin-based surfacings 
were feasible in heavily trafficked city streets. The following year, 
1967, the G LC arranged to have the approaches to 7 major road 
junctions surfaced experimentally with a resin/bauxite system 
which had been developed by Shell Research Limited and is now 
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Table 1, Minimum* values of skidding resistance for different sites, proposed by TR R L 

Site 

Al 
(very difficult) 

A2 
(difficult) 

B 
(average) 

(i) 

(ii) 

(i) 

(ii) 
(iii) 

(iv) 

Definition 

Approaches to traffic signals on roads 
with a speed limit greater than 
40 mile/h (64 km/h) 
Approaches to traffic signals, pedestrian 
crossings and similar hazards on main 
urban roads 

Approaches to major junctions on 
roads carrying more than 250 
commercial vehicles per lane per day 
Roundabouts and their approaches 
Bends with radius less than 150 m 
on roads with a speed limit greater 
than 40 mile/h (64 km/h) 
Gradients of 5% or steeper, longer than 
100m 

Generally straight sections of and 
large radius curves on: 

(i) Motorways 
(ii) Trunk and principal roads 

SFC (at 50 km/h) 

Risk Rating 

2 3 4 5 6 7 8 9 10 

0.55 0.60 0.65 0.70 0.75 

0.45 0.50 0.55 0.60 0.65 

(iii) Other roads carrying more than 
250 commercial vehicles per 
lane per day 

0.30 0.35 0.40 0.45 0.50 0.55 

(i) Generally straight sections of lightly 
trafficked roads C 

(easy) (ii) Other roads where wet accidents 
are unlikely to be a problem 

0.30 0.35 0.40 0.45 

* 'Minimum' in this context does not refer to the lowest individual measurement taken but is defined in terms of the 'mean Summer SFC' 
(average of 3 readings taken during the months May-September) in a year of normal weather conditions. If the mean Summer SFC falls 
below the minimum value, the maintenance authority should initiate remedial action by including the length of road in question in the 
programme for future maintenance work, provided the accident record gives no grounds for re-coding with a lower risk number. 

Figure 1 Levels of skidding resistance recorded on different 
sections of the same road (surface dressing using 13 mm 
chippings. Traffic in lane: 2100 commercial vehicles per 
day). (With acknowledgement to the Transport and Road 
Research Laboratory) 
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known as Shellgrip. The accident reduction which ensued was so 
striking that it was decided to proceed with further treatments on a 
full commercial scale and 19 more junctions were treated in 1968, a 
further 40 in 1969 and greater numbers since. In 1969 the treat
ment was also extended to 32 pedestrian crossing approaches with 
similarly beneficial results. Detailed accounts of this work and its 

results were published in 1969 ( 11) and 1970 (4). Figure 2 shows a 
typical site in London in which the rough texture of the calcined 
bauxite can be clearly seen. 

Method of Application 

The Shellgrip binder most commonly used in this type of work 
is a 2-component bitumen-extended epoxy resin compound. Equal 
parts of the two components are thoroughly mixed together and 
spread or sprayed on the road surface, preferably by machine, at a 
minimum rate of 1.35 kg per sq m. The binder is then covered with 
an excess of small calcined bauxite chippings, 1-3 mm in size, and 
the treatment is allowed to cure. After curing (1-5 hours 
depending on ambient temperature) excess aggregate is removed 
and the road opened to traffic. For the application of the 
2-component binder special machines are necessary which will heat 
the components separately, proportion them accurately, mix them 
thoroughly and spray the mixture uniformly onto the road surface. 
Considerable improvement in the design and construction of such 
machines has taken place over the last few years. One of the most 
successful machines is manufactured in the U.K. by Thomas 
Coleman & Sons Ltd., of Derby, and is now being used by con
tractors in several countries ( Figure 3). Heavily trafficked asphalt 
roads normally require no surface prepllration before treatment and 
application of Shellgrip can be carried out at temperatures down to 
5°C provided the surface is dry. The rate of application of the resin 
binder must be appropriate to the texture of the substrate, rough 
surfaces requiring a heavier application than smooth surfaces. 
Recent studies have determined the relationship between the texture 
depth of the surface and the required rate of spread of Shellgrip. 
This is shown in Table 2. With experience the required rate of 
spread can often be judged by visual inspection, but where any 
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doubt exists the texture depth of the surface should be measured. 

Performance 

Resin/bauxite treatments have now been in extensive use in 
London for a period of 8 years. Most of the sites, including those 
treated in 1968, are still in good condition and continue to show 
high levels of skid resistance (S FC at 50 km per hour of more than 
0.7) . Figure 4 shows skid resistance measurements carried out by 
the Greater London Council on 127 Shellgrip treatments of various 
ages up to 6 years. No site has an SFC value at 50 km per hour 
lower than 0.74 and only two values are lower than 0.80. 

Figure 2 Shellgrip treatment at a typical busy road junction in 
London. 

Table 2 Rate of spread of Shellgrip for surfaces of different texture 
depths. 

Texture Depth Rate of Spread of 
(mm) Shellgrip (kg/m 2

) 

Up to 0.4 1.35 
0.5 1.4 
0.6 1.5 
0.7 1.6 
0.8 1.65 
0.9 1.7 
1.0 1.7 
1.2 1.75 
1.4 1.8 
1.6 1.85 
1.8 1.95* 
2.0 2.05* 

* For texture depths of more than about 1.75 mm application in 
two coats is recommended. 

Figure 3 The Coleman machine laying two adjacent widths of Shellgrip binder. 
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Figure 4 Performance of Shellgrip at road junctions. Age v. SFC 
at 127 sites in London. Tests carried out in summer 1974. 
(With acknowledgement to the Greater London Council) 
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The Greater London Council carried out a survey of 120 
Shellgrip sites selected at random from the sites of various ages so far 
treated. The overall proportion of failed or worn surface was very 
small (less than 1 % area) and it is now forecast that the effective life 
of this type of surfacing in city conditions will be approximately 10 
years. 

This type of treatment has also been found to be particularly 
effective at critical areas on high-speed roads such as motorway 
turnoffs, roundabouts and junctions on trunk roads, and exposed 
sites such as high-level bridges. Accidents occurring at these sites are 
often individually more disastrous than urban accidents because of 
the higher speeds involved. Figure 5 shows a typical site on a high
speed road which has been treated with Shellgrip. In providing a 
skid-resistant surface for such sites it is important to ensure that the 
surface maintains a good texture depth in order to minimise the 
fall-off in skidding resistance with increasing speed. Since the 
resin/bauxite surfacings use calcined bauxite of only 1-3 mm in 
size there were some doubts originally as to whether such a fine
textured surface would be suitable for high-speed traffic. However, 
experience on many sites including a runway at Belfast Airport, 
Northern Ireland, has shown that initial values of texture depth are 
as high as 1.5 mm. This falls off fairly rapidly under traffic to a 
value of about 1.0 mm but thereafter the decline in texture is very 
slow. This level of texture depth is certainly adequate for 
high-speed traffic. 

A trial length of Shellgrip was laid on the trunk road A 1 at 
Sandy in England in 1968 and its skid-resistance has been measured 
at regular invervals by the Transport and Road Research 
Laboratory ( 12) . Average sideway force co-efficient measurements 
at 50 and 80 kilometres per hour are shown in Figure 6 for the first 
6 years of the trial. The fall-off from SFC at 50 kilometres per hour 
to SFC at 80 kilometres per hour is generally less than 10%, and the 
SFC figures at the higher speed are generally between 0.75 and 
0.80. A few Braking Force Coefficient (BFC) measurements have 
also been carried out at higher speeds and in 1972 it was found that 
the fall -off from BFC at 50 km/h to BFC at 130 km/h was 14 per 
cent. 

Accident Studies in London 

Since the early years of these surfacings, considerable refine
ment in the analysis of accident statistics and methods of selection 
of sites for treatment has been achieved by the Greater London 
Council who have set up a central computerised accident statistics 
system for this purpose. Continuing studies of the effect of 
Shellgrip treatment on accidents have essentially confirmed 
Hatherly's 1970 cost/benefit calculations (4). A typical series of 
results is given in Table 3 relating to 37 sites which had been 
selected for treatment mainly on the basis of the previous year' s 
high accident figures. It could be expected of course that some 

Figure 6 Skidding resistance at 50 and 80 km/h of epoxy resin/ 
calcined bauxite surface dressing on trunk road A 1 at 
Sandy, England. Surfacing laid October 1968. 
(With acknowledgement to the Transport and Road 
Research Laboratory) 
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Table 3 Effect of resin/ bauxite treatment at intersections in 
London 

Change in Accident Numbers (%) 
Accident Type 

Total 
Wet road 
Dry road 
Skidding 

Loss of control 
Vehicle collision 
Pedestrian 
Other (13% of total) 

23 treated sites 
14 control sites 

Treated 
Sites 

- 44 
-76 
- 26 
- 87 

- 54 
- 39 
- 47 
-36 

Untreated Net 
Sites Change 

due to 
treatment 

-18 - 31 
-42 -47 
- 1 -25 
-60 - 67 

+32 - 66 
-29 -14 
- 6 - 44 
-52 +33 

747 accidents in study period (one year before treatment, one 
year after treatment). 

(With acknowledgement to the Greater London Council, 
Department of Planning and Transportation.) 

Figure 5 Shellgrip treatment on the approach to a roundabout on a high-speed road in England. 
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reduction from the previous year's peak may well occur by chance 
alone. For this reason only 23 of the sites were treated with 
Shellgrip and 14 were left untreated as controls. In the following 
year the treated sites showed a 44% reduction in accidents but the 
untreated control sites showed an 18% reduction, the nett reduc· 
tion to be ascribed to the Shellgrip treatment being 31 %, 
corresponding to a saving of about 3 accidents per site per year 
attributable to the Shellgrip treatment. Thus although such 
treatments are expensive, the economic benefits far outweigh the 
initial cost, which for a major road junction is approximately 
equivalent to the cost of 2 personal injury road accidents. 

Surface Dressing 

Surface dressing has long been one of the cheapest and most 
effective means of restoring a high skid resistance to a road surface 
and it is used on a very large scale for the maintenance of asphalt 
roads. It is particularly suitable for high-speed roads because of the 
coarse surface texture formed by the angular chippings. In fact 
surface dressing provides a much better skid-resistant surface 
texture than conventional asphaltic concrete and, because of the 
orientation of the chippings, gives a better texture than hot rolled 
asphalt ( Figure 7 .) In the U. K. tar, tar/bitumen mixtures, cutback 
bitumen and bitumen emulsion are all widely used as binders for 
surface dressing, the most striking changes in the last few years 
being the greatly increased use of high-bitumen-content hot-applied 
cationic emulsions and of tar/bitumen mixtures at the expense of 
tar and cutback bitumen. At the present time the proportions of 
different binder types used in the U.K. are roughly as follows : 

Tar 8% 
Tar/Bitumen mixtures 25% 
Bitumen Cutbacks 36% 
Cationic Emulsions 31% 

A typical cationic emulsion contains about 70% bitumen and is 
sprayed at 85° C. It has the advantages of negligible fire risk, no 
solvent fumes around the spray bar (only water vapour) , less heat 
required than with cutbacks or tars, and ability to cope with damp 
road surfaces and chippings. 

Until recently surface dressing was largely restricted to the less 
heavily trafficked roads or less critically stressed sites, and the treat
ment of heavily trafficked roads was not often undertaken because 
of the difficulties involved. These include the vulnerability of the 
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new dressings to damage by heavy traffic, particularly at highly 
stressed points such as bends or braking areas, and the danger of 
loose surplus chippings in the first few days or weeks of the new 
dressing which can result in broken windscreens. Many authorities 
have attempted to overcome these difficulties by more elaborate 
specifications for main road work, including better control of 
application and equipment, restriction of the working season and 
more careful control of traffic on the newly laid dressings. 
Recommendations based on full-scale experiments by the TR R L 
have recently been published in the U. K. ( 13) relating the size of 
stone and the rate of application of binder to the hardness of the 
substrate, the volume of traffic and the season of the year. 

In recent years efforts have been made to extend the use of 
surface dressings to major roads, including motorways, and to the 
more difficult sites such as junctions, roundabouts and other highly 
stressed areas. The main problem arises in the early stages when the 
binder has to be fluid enough to wet the chippings and yet stiff 
enough to hold them against traffic forces before any embedment 
into the old road surface has taken place. 

Probably the most useful development in recent years has 
been the widespread introduction of coated chippings (i.e. coated 
with about 0.5 to 1.0% of bitumen or tar). This serves two 
purposes; surface dust is eliminated and rapid adhesion to the 
binder film is achieved. Thus low viscosity binders are no longer 
necessary to ensure good wetting of the chippings and much higher 
viscosity binders can now be used successfully with the result that 

Figure 7 Surface textures of hot rolled asphalt and surface dressing. 

Hot rolled asphalt (Flat faces uppermost) 

Surface dressing (Angular edges uppermost) 

Figure 8 Example of surface dressing with high-viscosity cutback after 2 years. A41 road, Bushey, England. 
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as soon as the binder has cooled it is stiff enough to hold chippings 
against normal traffic forces and moreover enables a much more 
vigorous sweeping procedure to be adopted. Thus loose chippings 
can be more effectively removed without damaging the surface 
dressing. 

An example of this technique is the use of bitumen cutbacks 
of viscosity 400 seconds STV at 40°C (about 1600 poises) which 
have been used on a full scale-trial basis in the U.K. since 1971. 
This is a much higher viscosity binder than is normally used for 
surface dressings in the U.K. but by using coated chippings, 
applying them quickly, and generally giving close control to all 
aspects of the operation it has been remarkably successful. Figure 8 
shows an example of this type of surface dressing after two years on 
a road carrying Category 2 traffic ( 1000.2000 commercial vehicles 
per day per lane). The chippings are Gilfach Gritstone which has a 
Polished Stone Value of about 71 and thus provides a satisfactory 
skid resistance for this class of road. 

An alternative approach is to incorporate a polymer into the 
binder in order to increase its stiffness at high road temperatures 
without causing it to become too brittle at low temperatures. A 
particularly promising development of this type is a hot-applied 
cationic emlusion containing a thermoplastic rubber. The applica
tion of the bitumen/polymer binder in emulsion form avoids the 
danger of degradation of the polymer which is such a common 
problem when incorporating polymers in cutbacks or tars. With this 
binder hot chippings are used to ensure rapid breaking of the emuls
ion and a high level of adhesion. Surface dressings with this system 
have been shown to be resistant to heavy rain falling shortly after 
laying and to severe traffic forces on roundabouts and junctions. 

Good quality surface dressings made with 10-12 mm chippings 
would show initial values of texture. depth of about 2.5 mm and 
although this declines under heavy traffic it would still be expected 
to show values of about 1.0 mm after four years which would 
ensure only a slight fall-off in skid resistance with increasing speed. 
The use of tar/bitumen blends in the U. K. is a further development 
which by aiming at an optimum rate of weathering of the binder, 
helps to maintain an adequate skid resistance and texture depth 
without leading to premature disintegration of the dressing. 

Porous Friction Courses 

An additional road hazard which has become increasingly 
recognised in recent years is that of splash and spray in wet 

Table 4 - Specification for Open-Graded Friction Course 

weather. This can cause danger and discomfort on all classes of road 
having impervious surfaces such as dense asphalt or surface dressing. 
Even in city streets splash can cause discomfort to pedestrians and 
damage to road furniture and structures, particularly in winter 
when de-icing salts are used. But on high-speed roads the spray can 
be particularly dangerous in seriously reducing visibility. 

A possible solution to the problem which is already widely 
used on airfield runways and is being increasingly applied to road 
surfaces is the porous friction course. This is a type of open-graded 
bitumen macadam which can absorb a considerable quantity of 
water before becoming saturated and also allows water to flow 
through the material towards the drainage channel at the side of the 
road. (The underlying surface needs to be impervious and of 
adequate crossfall in order to facilitate drainage.) There is then very 
little free water on the surface to be thrown up as spray. A specifi
cation for this type of surface was drawn up by the British Air 
Ministry in about 1959 and is given in Table 4. 

This material has been shown to be extremely effective on 
both military and civil airfield runways and in the last few years the 
major U.K. airports of Prestwick, Gatwick and Heathrow have had 
their runways surfaced with friction course (14). Similar treatments 
have been carried out in a number of other countries, notably 
U.S.A. and Denmark. 

The application of porous friction courses to roads seemed a 
logical development since in addition to reduction of splash and 
spray and almost complete freedom from the risk of aquaplaning, 
friction course shows a high skid resistance, a lower level of noise 
than either surface dressing or chipped rolled asphalt and minimum 
reflection of light in wet conditions. It is also relatively cheap and 
easy to lay. In the U. K. its use on roads has been pioneered by 
Warwickshire County Council using a mix of the" Air Ministry" 
type (Figures 9 & 10). Simultaneously the TRRL has carried out 
several series of trials with mixes of different composition in an 
effort to obtain improved performance since it was considered that 
under the intense and channelised traffic on a major road the 
friction course would tend to lose its drainage properties fairly 
rapidly as a result of a combination of compaction by traffic and 
silting-up ( 15). Similar trials have also been carried out in London 
by the G LC, in Holland by the Rijkswaterstaat and elsewhere. In 
most cases, although there has been considerable reduction in voids 
and permeability as a result of compaction in the wheel tracks and 
clogging by dirt and oil, the surfaces have remained effective in 
reducing splash and spray for several years. 

Aggregate: Crushed rock 

Binder: 

Filler: 

Aggregate grading (including filler) : 

Binder content: 

Mixing temperatures: 

Roll ing temperature: 

Compacted thickness: 

Crushing Value, less than 16% (BS 812) 
Fl;,k_in f"55 lndf"X:, IPSS th,m ?n% ms 8 1?) 
Pol ished Stone Value, greater than 62% 

Petroleum bitumen 190/210 

Portland cement to BS 12 or limestone with minimum 
85% passing No. 200 sieve. 
At least 1% up to a maximum of 2% is to be hydrated lime. 

BS Sieve 

Y, inch (14 mm) 
jl inch (10 mm) 
Y. inch (6.3 mm) 
i inch (3.35 mm) 
No. 200 (75f.1m) 

% wt. passing 

100 
90-100 
40-55 
22-28 

3-5 

Percentage by wt. of total mixed material 4.75 to 5.25 

Aggregate 80-120° C (175-250° F) 
Binder 95-135° C (200-275° F) 

Not less than 70° C ( 160° F) 

% inch 



r 

( 

( 

59 

Figure 9 Lorry on typical impervious surface in rain . (With acknowledgement to Mr. I. A. Cram, Warwickshire} 

Nevertheless the need is still felt for a more effective mix for 
the most severe traffic conditions. The trials referred to above 
indicated that modifications to the binder either by using harder 
grades or by the addition of rubber or other polymers are unlikely 
to result in any significant improvement. On the other hand the 
TR R L trials showed that the use of larger aggregates (maximum size 
19 mm instead of 10 mm) produced a more effective material with 
longer-lasting drainage properties, but this of course would require 
the application of a thicker layer of material which not only increa
ses the cost but is not actually possible on many roads such as city 
streets where surface levels cannot be raised by more than a few 
millimetres. 

It is believed that only a radically different type of binder 
would enable the required improvements to be achieved. Trials have 
therefore been made of a friction course using an epoxy/bitumen 
binder which is thermo-setting and produces a mix of great 
strength . With such a binder a mix of more open grading can be 
used without risk of fretting or disintegration and a number of trials 
of such a material have already been made in the U.K. Figure 11 
shows part of one such trial in London on the A4 road which 
carries about a quarter of a million vehicles per week. Figure 12 
shows the texture after two years traffic of a section of the trial in 
which a more open-graded mix was used, the grading of which is 
given in Table 5. This has been found to be considerably more 
effective in draining water rapidly than the adjacent mix made to 
the normal grading which is also shown in Table 5. 

Figure 10 Same lorry on friction course with junction between 
the two surfaces clearly visible. (With acknowledgement 
to Mr. I.A. Cram, Warwickshire} 

Table 5 - Mix compositions used in epoxy/bitumen friction course 
trials on A4 road, London. 

B.S. sieve(% w passing) 
14mm 
10mm 
6.3 mm 
3.35 mm 
75;um 

Binder content, % w. 

Normal grading 
(" Air Ministry"} 

100 
98 
55 
24 

5 
4.9 

Open grading 

100 
77 
32 
17 
2.3 

4.0 
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Figure 11 Epoxy friction course on A4 road, Hammersmith, after 2 years. 

Figure 12 Texture of epoxy friction course after 2 years. 

As can be seen from Figure 12 the epoxy/bitumen friction 
course has retained its very open texture even after two years of 
extremely heavy traffic. It is considered that such an open-graded 
mix would be unlikely to survive under very heavy traffic if made 
with a normal binder and is only feasible with a binder such as 
epoxy/bitumen. 

Bauxite Slurry Seals 

The success of the epoxy resin/calcined bauxite type of 
surface treatment has led to increasing interest in the possibility of 
using the remarkable properties of calcined bauxite in other forms 
of surfacing. Since the calcined bauxite is only readily available in 
small sizes, the possibility of using it in a slurry seal was investigated 
bytheTRRL(16). 

Slurry seals are mixtures of fine aggregate, filler, bitumen 
emulsion and water and are widely used for sealing airfield runways, 
motorway hard shoulders and lightly trafficked roads (Figure 13) . 
They have not hitherto been considered to be sufficiently durable 
for use on heavily trafficked roads, but it was thought that the 
replacement of a proportion of the normal crushed-rock aggregate 
by calcined bauxite would improve the resistance to skidding and 
the durability. A trial was carried out at the approaches to a round
about on the A 1 road near Grantham, England, where the surface is 
subject to braking and turning traffic. A proprietary rapid-setting 
anionic slurry seal (Bitupave) was used in which half the normal 
crushed-rock was replaced by calcined bauxite. 

The trial showed that in the fast lanes carrying about 3500 
vehicles per day, mainly passenger cars, the calcined bauxite slurry 
seal remained in good condition for over three ·years and showed a 
satisfactorily high resistance to skidding. However, in the slow 
lanes, carrying nearly 6000 vehicles per day, nearly half of which 
were heavy goods vehicles, the slurry seal required replacing after 2 
years. It also appeared that thicker layers of slurry were required 
than are normally laid on lightly trafficked pavements. 
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Figure 13 Slurry seal being laid on residential street. 

It is concluded that the calcined bauxite slurry seal process is 
promising but requires further development to establish the most 
suitable specifications for different traffic patterns. Moreover, for 
heavily trafficked areas it may require the development of a binder 
of improved properties, and this possibility is now under 
consideration. 

General Conclusions 

Increasing experience of epoxy resin/calcined bauxite surface 
treatments has shown them to be very effective in providing a high 

level of skid resistance at the most heavily trafficked sites for a 
period of at least 8 years. Their widespread use in urban situations 
has resulted in a significant fall in the number of accidents. 

The same type of surface is also highly effective when used on 
high speed roads at particularly demanding locations such as 
junction approaches. In spite of the small size of aggregate used the 
texture depth is sufficient to ensure little fall-off in skid resistance 
with increasing speed. 

For less critical sites a number of other treatments are 
available including surface dressing, porous friction course and 
slurry seal. Further development of all these processes is continuing 
and it is expected that each will establish an important place in the 
range of skid-resistant surfacings. 
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ANTI-SKID ROAD SURFACING: A CONTRACTORS VIEW ON A RESIN/BAUXITE SY8TEM 

P. B. Poulson and J, F, Wood, Prismo Universal Limited 

The use of a bitumen-extended epoxy resin/ 
calcined bauxite anti-skid surfacing has been 
demonstrated to be cost effective in reducing wet 
road skidding accidents, Over 1 million square 
metres of this type of surfacing have now been 
laid throughout the world, The excellent per
formance of the treatment results from the use of 
calcined bauxite aggregate, having high resist
ance to polishing and abrasion, bonded firmly to 
the road surface with a thermosetting resin, which 
prevents rolling or embedment. From the Con
tractor's point of view the material needs to be 
laid under carefully controlled conditions and 
this is achieved by the use of purpose built 
machinery designed to give precise proportioning 
and distribution of the components, The process 
has the advantage of fast application and does 
not require modification to existing markings or 
street furniture, With careful planning the 
contract can be carried out with minimum disruP
tion to traffic flow, Different techniques are 
needed to achieve optimum adhesion to varying 
substrates which can be asphalt, concrete or 
steel, The paper illustrates the different 
types of traffic situation which can be success
fully treated, including junctions, pedestrian 
crossings, bridges, tunnels, and rumble areas. 

This paper is concerned with a particular anti
skid surfacing process, employing a calcined bauxite 
aggregate held in a bitumen extended epoxy resin 
binder, The most widely-used proprietary systems 
are Shellgrip and Spraygrip. 

The process was developed as a result of a grow
ing awareness of the poor skid resistance of road 
surfaces due to the polishing action of an increasing 
volume of traffic, 

Studies over a number of years have clearly est
ablished the effect of traffic on the skid resistance 
of road surfaces, An extensive investigation by the 
British Road Research Laboratorf (l) showed that the 
Sideways Force Coefficient (SFCJ, which is a direct 
measure of skid resistance, can be directly related 
to traffic volume and the polished stone value of the 
aggregate used (Fig,1). Their studies led to the 
introduction of recommended minimum SFC values for 
particular categories of site (2) (Table 1). 

The resin/bauxite surfacing-system was designed 
to provide an efficient anti-skid treatment for the 

most severe sites, The process has since been used 
on a wider variety of locations, including bends, 
bridge decks, toll booth approaches, tunnels and 
aircraft runways, where skidding problems have been 
met. 

Process Development 

Development work on special surface dressing 
systems for sites where exceptional durability and 
performance are required began almost twenty years 
ago. Early problems with binder formulations, 
application techniques, and unsuitable aggregates 
were not resolved until the early 1960 1 s when a 
series of reports (3) on TRRL trials were published, 

Conventional treatments were not considered 
suitable for these difficult areas: burning-off the 
existing asphalt and replacing it with new material 
incorporating surface chippings was slow and costly, 
and the skid resistance of the new surface soon 
deteriorated, Mechanical roughening of the road 
surface produced very short term improvements in 
skid resistance, and normal surface dressing was 
not technically acceptable due to the severe traffic 
conditions, 

The TRRL work proved that epoxy resin binders, 
used in conjunction with calcined bauxite aggregate, 
would provide a durable anti-skid road surface, Use 
of this type of surfacing was recommended at "deci
sion areas" 1 particularly traffic light approaches 
and junctions in urban areas with high traffic 
densities, These areas had been identified by 
accident records as requiring special treatment: the 
continuous turning and braking of vehicles had 
inevitably resulted in a highly polished surface, 

The demand for the new surfacing system was 
therefore obvious and a number of early resin/ 
bauxite contracts, employing hand application 
techniques, proved encouraging. More rapid progress 
was initiated by the Greater London C01mcil (GLC) 
when studies indicated that 70% of the 55 1 000 
personal injury accidents reported annually in 
London occurred at or within 20 metres of road 
junctions, Skid resistance at many junctions was 
found to be low despite careful choice of the agg
regates used for surface application to hot rolled 
asphalt mixes, 

Small scale trials were carried out in 1966 to 
examine the merits of a number of commercially 
available resins systems, and in particular to 
establish the following essential characteristics, 
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1. The binder to be suitable for spray appli
cation, with components mixed in approximately equal 
proportions. 

2. A fast cure time to prevent undue traffic 
disruption during surfacing operations, but allowing 
sufficient time for application. 

3. Adequate adhesion between the binder and 
the existing road surface under severe traffic con
ditions. 

4. A combination of strength and flexibility 
to prevent displacement or embedment of the aggregat e 
whilst avoiding binder failure due to brittleness. 

The trials identified a resin system able to 
meet these criteria and the GLC then initiated, in 
19671 full scale trials, using spray application 
techniques. Five experimental sites were selected 
on the basis of the number of wet road accidents, 
expressed as a percentage of the total accidents. 
The number of accidents involving skidding in the 
12 months prior to and after treatment were recorded, 
and are summarised in Table 2. 

These encouraging statistics, and evidence of a 
satisfactory cost/benefit relationship resulted in a 
significantly increased programme of full scale exper
iments in 1968. The success of this early work was 
recorded in detail (j, 2) and to date over 700 London 
sit es have been treated with a resin/bauxite process. 
A report issued by the Great er London Council in 1970 
on the economic considerations influencing the use of 
this process showed that if the treatment lasted two 
years and one accident per year was prevented, then 
the cost would be justified. In fact there is evid
ence that many sites are effective in reducing 
accidents for at least 7 years. 

Use of resin/bauxite materials has developed to 
the extent that over 600 1 000m2 of carriageway area is 
surfaced annually in Great Britain including junctions 
and roundabout approaches on high speed roads. 

A TRRL report (]) on a 1968 trial on the Al Trunk 
Road in Bedfordshire indicated the potential for resin/ 
bauxite treatments on motorways and trunk roads. 
Motorways are designed in such a way as to minimise 
hazardous conditions, but interchanges, toll booths, 
and slip roads inevitably produce conditions where 
skidding may occur. Trunk roads, due to lower design 
standards or earlier construction, may contain a 
higher number of hazard sites demanding special anti
skid treatment. 

Materials 

The successful anti-skid surfacing process 
comprises a highly polish-resistant aggregate, cal
cined bauxite, bound firmly in a rigid thermo-setting 
bitumen extended epoxy resin binder: both materials 
are considerably more expensive than conventional road 
surfacing aggregates and binders, but the premium 
performance which results more than justifies the 
extra cost. 

Aggregates 

The choice of these materials stems from the 
work, previously mentioned, carried out by the Road 
Research Laboratory. Their road tests included a 
range of natural stones of good polishing resistance 
together with selected artificial abrasives, such as 
calcined bauxite, corundum and silicon carbide. The 
results of these tests showed that calcined bauxite 
gave the highest resistance to skidding and that this 
was maintained for far longer periods than the best 
natural stones, which had only a limited period of 
effectiveness. 

The differences in road performance between 
various aggregates have been found to correlate well 

with laboratory measured parameters such as pol-· 
ished stone value and aggregate abrasion value. On 
the basis of this work, '!RRL have recommended that 
aggregates used in this type of surfacing should 
have a minimum polished stone value of 70 and a 
maximum aggregate abrasion value of 5 (§.). 

Bauxites from a number of different sources 
have been investigated and the most effective 
material found so far is that from Guyana (2). 
Other bauxites from China, Australia, Ghana and 
Northern Ireland gave satisfactory performance in 
road tests though were not quite as effective as 
the Guyanan material. 

No natural stones have been found which give a 
performance matching that of calcined bauxite, 
particularly in terms of length of life. Several 
grit-stones have the necessary open textured gran
ular surface and give high polished stone values, 
but their abrasion resistance is low presumably 
because of a weak cementing phase. Those natural 
stones which have good abrasion resistance, such as 
granites, generally do not have good polishing 
resistance. 

For successful use in anti-skid surfacing the 
aggregate must be large ly single-size in order to 
give the smooth overall texture to the surfacing 
which ensures maximum contact area with the tyres 
of traffic. The si ze generally used is 2 - 3 mm 
a s this has been found sufficient to give the 
necessary level of texture depth. The initial 
value for the treatment is about 1.5 mm but this 
reduces to about 1.0 mm as the more loosely bound 
particles are removed by traffic. The reduction 
in texture depth thereafter is very slow because of 
the high resistance to abrasion of the calcined 
bauxite. 

A full specification for a widely used grade of 
calcined bauxite is given in Table 3. 

Binder 

In order to . gain the maximum benefit from the 
high performance of the calcined bauxite it i s 
necessary to use a thermo-setting resin binder 
rather than conventional surface dressing binders 
which are thermoplastic. Only a thermo-setting 
resin would hold the aggregate firmly in place and 
prevent rolling. Various thermo-setting systems 
have been tried such as epoxy, polyester, polyure
thane but the epoxy resin systems are preferred on 
grounds of proven performance. 

II --.!..J- ------- - .0 .-.-,..,~-- _,...,.....;,_ '""~~,....-1--..-.....,,.... ,......,..,.. 1-,.,... 
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formulated using a variety of curing agents. Those 
systems which have been used widely in surfacing 
are extended with bitumen which reduces the cost 
and gives a high level of flexibility to the cured 
binder. The formulation has to be very finely 
balanced in order to give optimum performance. 
This is derived by the use of phenolic accelerators 
and organic acids which apart from their usual 
functions, increase the compatibility of the bit
uminous extender with the epoxy resin. 

The performance of the binder is generally 
assessed by measuring the tensile properties to 
failure. Early road tests with varying formulations 
suggested that a minimum tensile strength of 7lfiN/ m2 
was necessary in order to retain the aggregate 
securely. Further laboratory tests indicated that 
lower tensile strengths are adequate to hold the 
aggregate against slow shear forces but the position 
in the case of impact stresses is far harder to 
define and as a result it has been considered pru
dent to retain a minimum tensile requirement of 
7iTN/ ro2 for the binder. This has limited the intro
duction of more highly extended epoxy resin binders. 

The mechanical properties of bitumen-extended 
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epoxy resin binders change significantly with temp
erature, as for all epoxy systems cured at ambient 
conditions. As the t emperature increases so the 
tensile strength falls off rapidly, as illustrated 
in Figure 2. This is a further reason why more 
highly extended systems can not be adopted for use 
until adequately proved by road tests. 

Application Equipment 

The aim of the process is to produce a mono
layer of 2 - 3 mm calcined bauxite embedded in the 
epoxy resin binder. If insufficient binder is 
applied, the aggregate will only be loosely held 
and the surfacing will have a limited life. On the 
other hand too much binder will reduce the texture 
depth of the surfacing and may even cover the aggre
gate, thereby reducing the skid resistance. It is 
therefore essential that both materials should be 
distributed evenly and accurately. Undoubtedly much 
of the successful and trouble-free operation of the 
system , stems from the attention given to the careful 
design of suitable applicators, particularly for the 
binder. 

The epoxy binder, being thermo-setting, has two 
components and the chemical reaction, which leads to 
setting, begins when these components are mixed. The 
applicator machine must therefore blend the two com
ponents in the correct proportions, mix them tho
roughly and then spray them evenly over the road. 
Proportioning is particularly critical in order to 
get optimum performance and a variety of mechanical 
devices have been used to ensure this. 

In the earliest machine the two components were 
pumped on equal pressure circuits, the temperatures 
of the materials being so adjusted as to give equal 
viscosities and therefore equal rates of flow. later 
machines used metering pumps to regulate the flow of 
the two ingredients and this type of equipment has 
been further refined by the use of automatic balan
cing devices. Other types of machine have also been 
developed using positive displacement reciprocating 
piston pumps with surge tanks to smooth the flow. 

After proportioning and mixing, the binder is 
sprayed onto the road and it is essential that it is 
metered accurately and that the transverse distribu
tion of the material is uniform. Conventional spray 
bars have been used but recent developments include 
the use of a multiplicity of independent spray jets 
separately fed from the mixer. 

The binder components are heated for application 
to a temperature of about 50°c. Hot application gives 
several benefits such as better mixing of the comp
onents, improved flow-out on the road and an initial 
boost to the curing process. The temperature of the 
binder rapidly falls to that of the road after 
application and this helps to minimise run-off in the 
case of roads with any appreciable gradient. In the 
case of steep slopes or where a heavier coverage than 
usual is required a special thixotropic grade of 
binder is used. 2 

The minimum rate of spread of binder is 1.35kg/m 
when used on smooth road surfaces. A higher binder 
coverage is needed where there is any appreciable 
degree of texture on the road. Generally the req
uired coverage rate can be gauged by an experienced 
operator on visual inspection but, where a more 
precise method is required, values for the binder 
coverage necessary for different texture depths have 
been found by experience and the relationship is 
shown in Figure 3. 

Apart from surface texture the required coverage 
of resin will also depend upon the porosity of the 
surface. This is particularly important in the case 
of newly laid asphalt surfaces which are frequently 
very porous until compacted by the action of traffic. 
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On extremely rugous surfaces the binder will 
tend to drain off the peaks of the chippings 
leading to poor retention of the bauxite which will 
soon become detached at these points. Although 
the effectiveness of the anti-skid treatment may 
only be marginally reduced when the asphalt 
chippings show through, the visual appearance may 
not be acceptable. In such cases a two-fold appli
cation of binder, the first coat being allowed to 
set partly before the second is applied, will 
minimise the problem. The calcined bauxite aggre
gate is applied shortly after the binder is sprayed. 
Sufficient time is allowed for the binder to flow
out to an even film but care must be taken that too 
great a time should not elapse, otherwise gelation 
of the binder will begin and the bedding of the 
aggregate will be impaired. 

Unlike conventional surface dressings the 
aggregate is applied in considerable excess - about 
50% - and after curing this excess is removed by 
vacuum sweeping. This method is used in order to 
ensure that the maximum coverage of aggregate 
results. The aggregate is not rolled after appli
cation since this might cause some embedment of the 
bauxite in the underlying surface, which would 
reduce the effectiveness of the treatment, and also 
because rolling would tend to drag the binder over 
the surface and thereby reduce the skid resistance. 

During the early development of the process, 
special gritting machines were used having low 
overall weight and low pressure tyres so as to 
minimise disturbance of the calcined bauxite 
aggregate as the vehicle moved over the newly laid 
treatment. Subsequent experience has shown that 
conventional gritting lorries can be used providing 
they are adjusted to handle 2 - 3 mm aggregates. 
The excess of aggregate tends to minimise disturb
ance of the final layer next to the road surface. 

Quality Control 

Experience has shown that the performance of 
the system is dependent upon the properties of the 
resin binder which in turn rely on the material 
being proportioned and mixed correctly. In order 
to provide assurance on these aspects a continual 
check is maintained on the relative volumes of the 
two components consumed and samples of cured resin 
are regularly taken and tested in the laboratory 
for tensile properties. These tests provide a 
second check on the quality of the resin component~ 
which will have been pre-tested in manufacture, and 
also show whether there is any regression in the 
proportioning performance of the machine. 

Surface Preparation and Adhesion 

The majority of the work carried out has been 
on hot rolled asphalt or asphaltic concrete and a 
very high success rate has been obtained. With 
asphaltic surfaces, experience has shown that 
provided the road is dry it is usually sufficient 
to sweep off loose dust and debris. Surfaces con
taminated with oil will require additional prepar
atory treatment in the form of a weak detergent 
wash, accompanied by vigorous brushing, followed by 
hosing down with clean water. 

The tolerance of the system on asphalt is 
probably derived to a large extent from the thermo
plastic character of the road surface which enables 
the bond to be self-healing. Thus the action of 
traffic can "iron" the surface treatment into 
contact with the road surface, particularly in warm 
weather. 

Adhesion of the binder to concrete is much more 
critical and has given rise to considerable 
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problems in practice. laboratory tests have shown 
that, in general, the bond of epoxy r esins to con
crete does not resist peeling forces even if the 
concrete is sound and free from laitance. The bond 
is further harmed by moisture and dust both of which 
are frequently present on concrete surfacings. 

Moisture is particularly serious since it is not 
always evident on visual inspection. After rain a 
concrete surface can appear to dry out rapidly, 
particularly in light wind, but considerable moisture 
will be left deep in the pores. It is particularly 
important therefore that adequate time is allowed 
for the surface to dry out thoroughly and this could 
take many hours depending upon the ambient conditions. 

In order to achieve successful application on 
concrete it is essential that the surface is first 
well prepared. The most convenient method is by 
exposing a fresh surface on the concrete. Grinding 
has been used for this purpose but is not particularly 
satisfactory since the full depth of the texture will 
not be treated. Grit-blasting is the preferred 
method since it naturally gives an even coverage of 
the surface. 

The most effective method of improving the bond 
to concrete is by etching with hydrochloric acid but 
this is not usually a practical proposition since, 
apart from the hazards of using acid on public roads, 
it leaves the surface completely saturated with water 
which would take a considerable period to dry out 
before application could be made. 

The bond strengths of the epoxy binder to both 
asphalt and concrete are illustrated in Table 4. 

Apart from asphalt and concrete the resin/ 
bauxite treatment has also been applied in a number 
of cases on steel, for example on fly-overs and 
temporary bridges. Again careful preparation is 
required to ensure success. The steel surface must 
be thoroughly grit-blasted to an even grey colour 
and the binder is applied shortly afterwards before 
•rusting' can begin. In such treatments it is 
customary to make two successive applications of 
binder, the first being merely a skim coat. In this 
way the possibility of pinholes occurring is greatly 
reduced. Pinholes are undesirable since they provide 
a route through which water can penetrate and initiate 
rusting and detachment. 

Operational Procedures 

In cities and other locations where high traffic 
densities are experienced it is normal for anti-skid 
surfacing "to -oe carried. out a L n.i.gh L .iu u.rU..ta· -Lo 
m1n1m1se interruptions to traffic flow. The normal 
sequence of events is as follows: 

Site inspection/Contract Programming 

The site will be inspected at Tender stage to 
establish the condition of the road surface, the 
volume and type of traffic and any particular speci
fication or contract requirements. This inspection 
will determine the preparatory works required, the 
rate of spread of binder and the likely time scale 
involved in completing the resurfacing. Of 
particular importance is the rugosity of the surface, 
which will have a direct bearing on the amount of 
resin required, this being the single most expensive 
cost item. 

Essentially the road surface must be hard, sound 
and impervious. Trench openings and weak areas in 
the carriageway must be satisfactorily reinstated in 
advance of the anti-skid treatment. Areas of 
reinstatement must be in hard, dense material; fine 
cold asphalt or bitumen macadam mat erials are 
generally unsuitable. 

In particularly difficult locations a meeting 

with the Police on site may be n ecessary. In this 
case suitable dates, times and operational pro
cedures will be discussed including the need for 
traffic control, diversions or road closures. 
Occasionally public transport companies will be 
involved if1 for example, bus routes are affected 
by the works. 

Site Operations 

Contract planning in advance of the arrival of 
the surfacing crew on site should enable the works 
to be executed with the minimum disruption to traf
sic. Off-peak operations, normally between 2000and 
0600 hours, plus the experience and expertise of 
the contractots crew will enable even the most 
difficult sites to be quickly and efficiently 
completed. 

The first essential is always to erect adequate 
temporary road signs, and to cone-off the areas to 
be treated, as protection for the crew, equipment 
and works. 

'[he two component binder is heated in the 
applicator whilst manhole covers, surface water 
drainage gullies and road markings are protected 
with adhesive tape and bituminous paper. The 
sequence of spraying and gritting is planned, and 
provision is made for hand application to any small 
areas inaccessible to the applicator unit. 

After the whole area has been thoroughly swept 
the binder is sprayed onto the road surface; 
wherever possible more than one spray bar width is 
applied at a time in order to reduce the number of 
joints and overlaps in the finished surface. When 
the binder has cooled to road temperature the 
calcined bauxite is applied to excess in order to 
ensure complete coverage. 

Following the application of the calcined 
bauxite the protective covering to street furniture 
is removed and the new surface remains closed to 
traffic during the curing period. The operations 
on site may cover a period of between four and 
eight hours depending on the area of treatment 
involved , the complexity of the road and traffic 
situation , and the ambient temperature. This 
latter consideration is important in assessing 
the time required for the binder to set sufficien
tly for traffic to be allowed to use the new 
surface. The variation of cure time with tempera
ture is shown in Figure 4. In practice application 
is not made at road temperatures less than 5°c, 

the possibility of frost on the road impairing the 
adhesion. 

When the binder is sufficiently cured the 
surplus chippings are removed using a suitably 
modified road vacuum sweeper and the road is 
re-opened to traffic. There will inevitably be 
some delay because of the curing time, and wherever 
possible, work is carried out on another site 
nearby, during the period between the bauxite 
distribution and the removal of surplus chippings 
on the first site. At times when the binder cure 
time is delayed due to low temperatures, and no 
other work is available, it is ~pparent that 
restricted output will result, with the obvious 
effect on costs. In the United Kingdom a crew 
involved in this type of process consists of six 
or seven men, but sites presenting difficult 
traffic control problems may necessitate additional 
labour. Taking a simple example of one pedestrian 
crossing, the normal procedure is to surface half 
of each approach in one shift, and the other half 
on a second visit as shown in Figure 5. 

Road junctions present additional operational 
and traffic control problems; where a high 
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proportion of mid-crossing collisions occur, the 
anti-skid treatment may be extended to include the 
centre of the junction. Figure 6 indicates a 
typical cross-road situation with right turns 
permitted in each case. It is apparent that a 
number of visits to the site will be necessary to 
complete re-surfacing to the junction centre area 
while maintaining traffic flow. 

Where road closures or traffic diversions can 
be arranged work can be more efficiently completed 
and considerable cost savings affected. However 
high traffic volumes on city roads for almost 24 
hours a day, together with the special problems 
created by public transport and commercial vehicles, 
usually prevent this luxury. The contractor must 
therefore be able to operate with the maximum 
efficiency under the most difficult traffic condi
tions. 

Other Uses for the Resin/Bauxite Process 

Bridges 

A number of successful application s have been 
made on bridge decks, where a resin/bauxite treatment 
can offer distinct advantages over conventional 
materials in terms of low weight loading, speed of 
application, and durability. 

The largest contract completed to date has been 
the whole of the mastic asphalt surface of the Severn 
Bridge, a total of 50 1 ooom2. The bridge was opened 
to traffic in 1966 1 and the increasing volume of 
traffic prompted trials in 1970 to establish the 
most effective skid resistant surfacing process able 
to meet the particular r equi rements of the Severn 
Bridge Engineers. A resin/bauxite process was chosen 
and contracts were let in 1971 for the slow lane 
resurfacing, and in 1972 for the outside lanes. On 
each occasion anti-skid treatment was also carried 
out to toll booth approaches. The excellent texture 
depth and abrasion resistance of the calcined bauxite 
aggregate have provided a safe and economic surface 
on this bridge which carries 10 million vehicles 
annually over the M4 Motorway link between England 
and Wales . 

Airports 

At Belfast Airport a bauxite surface was used 
on the secondary runway to allow R.A.F. Phantom jets 
to land safely at high speed. The treatment allowed 
normal air traffic operations to be diverted to the 
subsidiary runway while the main runway was closed 
for reconstruction. 

The centre 500 metres of the runway, where 
braking occurs, was treated to avoid skidding and 
aquaplaning on the flat and often wet surface, 

Another airfield treatment has been in providing 
traction for aircraft tugs, Faced with ever bigger 
and heavier aircraft to move, tugs often find the 
task difficult when the airfield pavement is wet. 
The texture depth provided by calcined bauxite 
aggregates produces an effective non slip surface 
to resolve this problem. 

Rumble Areas 

An interesting additional use of bitumen extended 
epoxy resin binder has been in "rumble areas", which 
are used to persuade drivers to reduce speed at 
potentially dangerous locations (10), After a period 
of continuous high speed motorway travel a driver 
may easily under-estimate his speed when approaching 
a roundabout, bend or junction, 

The rumble area consists of 13 - 19 mm stone 
held in the resin binder, and the effect is to 

produce a high noise level and a noticeable change 
in road surface texture. A number of areas are 
laid on the approach and are designed to promote a 
"rumble" sensation for approximately half a second 
duration every second, 

On a t ypical site the percentage of vehicles 
travelling at or above 64 Jon/h was 21% before the 
rumble area was laid and 7% a;fter treatment. The 
initial results have been sufficiently encouraging 
for extended trials to be carried out on a wider 
range of sites, 

Tunnels 

Many successful resin/bauxite treatments have 
been carried out in tunnels, where an accident can 
cause additional hazards and considerable congestion 
because of the confined space, 

In 1969 5 1 000 square metres of carriageway at 
the Blackwall Tunnel under the River Thames was 
surfaced with resin/bauxite materials. Similar 
work has since been completed at other locations 
including the Mersey and Wallasey Tunnels, with 
equal success. 

Winter Tyres 

The resin/bauxite skid resistant process has 
been applied extensively in many European countries, 
U.S.A. and Japan, but in areas where studded snow 
tyres are used damage to the surface is inevitable, 
The degree of damage is normally directly related 
to the number of vehicles using studded tyres, but 
variable factors associated with weather conditions 
can also influence the situation, For example, on 
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a mountain bend the surfacing may be protected by 
snow cover during at least part of the winter period. 

The damage to resin/bauxite surfaces is caused 
by the crushing and levering action of the metal 
projections, Calcined bauxite has unique qualities 
of resistance to abrasion, but a relatively poor 
crushing strength; the peaks of the bauxite aggre
gate are ground down by the studs and the texture 
depth of the surfacing is consequently reduced. 

These problems have not prevented a number of 
successful treatments being completed, notably on 
the Grand St. Bernard Pass in Switzerland, where 
accidents on a bridge and mountain bends have been 
drastically reduced, 

Although a resin/bauxite treatment will have 
reduced life in areas where studded tyres are 
widely used and will therefore need regular re
newal, it can nevertheless prove cost-effective in 
reducing accidents in hazardous situations. 

Conclusions 

Anti-skid surfacing based on the use of 
calcined bauxite held in a bitumen extended epoxy 
resin is now well accepted as having proven road 
performance and an excellent cost/benefit relation
ship. The many advantages of the system allow it 
to make a significant contribution to accident 
reductions, particularly at high traffic density 
'decision areas•. There may also be justification 
for a wider use of the process to include key 
sections of motorway and trunk roads in order to 
counteract an increase in skidding accidents. 

The success of the process stems in part from 
the use of precision machinery to ensure that the 
components are laid in the correct proportions, 
Careful planning and the skill of the team of 
workers ensure that the treatment is applied with 
the minimum disruption to traffic, 

The resin/bauxite system can be applied to most 
road surfacing materials, although specifications 
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may vary to provide for suitable preparatory works 
and adjustments to binder usage rates. 

This paper has deliberately avoided reference 
to driver behaviour, road layout and signing and 
other contributory factors in accident statistics. 
These considerations , together with improved road 
surfaces and tyre design will probably be discussed 
in more detail in other papers to this Conference. 
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Table 1. Minimum* values of skidding resistance for different sites as proposed by TRRL. 

SFC (at 50 1:mM 
SITE DEFilHTIOI/ Risk Rating 

1 2 3 4 5 6 7 8 9 10 

(i) Approaches to traffic signals on roads with a 
Al --- - - _ .... :. _ :..a.. ____ .,L __ ..1.,. ___ "" _:, .. - /,_ le. JI ,_A..\ 

.:>,lJl.::t::IU .L..LIII..LII 5..1.ca1.,,;;;;.1. IIH0.11 ""tV ui. ..L..:.. 'w/il \V't ~''/"'/ 

0.70 I 0.75 _ (v difficult) (ii) Approaches to traffic sienals 1 pedestrian 0.55 0.60 0.65 
crossings and similar hazards on main urban roads 

(i) Approaches to major junctions on roads carrying I 
more than 250 commercial vehicles per l:,ne per day 

A2 ( ii j Roundabouts end their approac:heo 
(difficult) iii Bend,J with radius less tl\&1 150 m on roaclc with a 0.45 0.50 0.55 0.60 0,65 

speed limit greater than 40 milc/h (64 km/h) 
(iv) Gradients of 5% or steeper, longer than 100 m 

Generally straight sections of and large radius 
e11rves on: 

( i) l>iotvrway:; 
B (ii) Trunk ar1d ;,rincipal roads 

(average) ~iii) Other roads car1·ying more than 250 conur.ercial 0.30 io. 35 0,40 0.45 0.50 0.55 
vehicles pr laue per r;,a.y 

(i) GenP.rally straight sections of lightly trafficked 
C roads 

(easy) (ii) Other roads where wet accidents aro unlikely to be 0 .30 0 .35 0.40 0.45 
problem 

·:.t Minimum in this context does not refer to the lowe3t individual measurement taken but is defined in te!~mc; of the 
'mean S..:.u:rrer Si'C 1 (average of 3 readings taken during the months May - September) in a yea"Z' of normal i·,eather condition~. 
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Table 2, Accident reductions on 5 initial sites in London area, 

Before After % change 

total accidents 73 35 52 

total casualties 88 42 51 

number of wet road accidents 24 8 67 

number of dry road accidents 49 27 45 
number of skidding accidents 18 4 78 

Table 3, Typical Specification for Calcined Bauxite - RASC grade, 

Characteristic Specified 

Grading: Passing 2,80 mm, B.S. sieve 
Passing 1,70 mm, B,S, sieve 
Passing 1.18 mm, B,S, sieve 
Passing 600 micron, B,S, sieve 

Chemical Analysis A1 2o3 Fe203 
Si02 
Ti02 

Calcining Temperature (0 c) 

Polished Stone Value 
Aggregate Abrasion Value 

100% 
40% max, 

5% max, 
2% max, 

86% min, 
2,5% max, 
7,5% max. 
4,0% max, 

70 min, 
10 max. 

Typical 

1oo% 
30% 

1% 
Nil 

88% 
'2!/o 
7% 
3% 

1600 

75 
4 

Table 4, Bond strength of Spraygrip to various road surfaces, 

Surface 

Asphalt (dry) 
Asphalt (damp) 

Concrete 
Concrete 
Concrete 
Concrete 

(dry) 
(grit-blasted) 
(damp ) 
(acid- etched) 

Typical Bond strengths (MN/mm
2

) 

0.8 - 1,0 
0 - 0.2 

1,0 - 1.5 
1,5 - 2.0 

0 - 0,3 
2,0 - 2.5 
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Figure 1. Effect of traffic on skidding resistance 
of a typical motorway-standard surfacing (rolled 
asphalt with precoated chippings of PSV 58-60), 
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Figure 2. Effect of temperature on the tensile 
strength of bitumen-extended epoxy resin binders . 
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Figure 3, Required binder coverage rate for 
surfaces of varying texture depth. 
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Figure 4, Spraygrip - variation of curing time 
with temperature, 
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Figure 5. Anti-skid treatment of a typical pedestrian crossing. 

Treatment method without road closure 

•• 

. . 
36 Metres min 

at 30 M.PH. 

Area treated in first shift with traffic funnelted into one lone . 

Reverse procedure for second visit. 

Figure 6. Anti-skid treatment of a typical cross-roads (right turns permitted) . 

~ Area treated in 'first shift with traffic funnelled into one lcne. 

~ Reverse procedure for second visit. 

EEfB Squared junction centre as permitted by traffic type and volume 
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REHABILITATION OF CONCRETE PAVEMENTS ANTI-SKID PROPERTIES 

Jacques BONNOT et Michel RAY, Laboratoire Central des 
Ponts et Chaussees, Paris. 

The highways built in France in the 1960-1970 
period with a cement concrete pavement have now 
very low friction coefficients, mainly because 
they had received only a very unefficient burlap 
surface treatment. This leads to an abnormal 
decrease of safety on wet conditions, caracteri
sed by a high value of the ratio "number of wet 
pavement accidents/total number of accidents". 
A research has been made by L.C.P.C to compare 
different methods of skid resistance improvement, 
in order to prepare a program of improvement work 
on this network. 25 experimental stretches on 
highways have been made, including transversal 
(diamond sawing and percussion) and longitudinal 
(diamond sawing) grooving with different grooving 
patterns, and surface dressings. The main conclu
sions are : 

I. For longitudinal grooving, narrow and close
set grooves are more efficient than wide and far 
apart grooves. As for braking force coefficient, 
longitudinal grooving leads to surfacings equiva
lent to a poor asphaltic concrete, but as for si
deways force coefficient its efficiency is much 
better. The influence of grooves depth is not 
high, provided this depth is more than l mm. 
2. For the same quantity of concrete removed by 
grooving, the braking force coefficients obtained 
with longitudinal and transversal grooving are 
the same, but the sideways force coefficient is 
much higher with longitudinal' grooving. 
3. It is possible to use surface dressings on a 
highly trafficked concrete motorway (40,000 
veh/day) with hard stone chippings and a polymer 
modified asphaltic binder. This process is 
cheaper than grooving on concretes made with 
flint aggregates; after four years the skid re
sistance is still good. 

The anti-skid properties of concrete pavements 
having received a light surface texturing (burlap 
drag finishing or transverse brooming) are reduced 
very quickly under the effect of traffic. In France 
this deterioration in pavement skid resistance has 
been especially noted during recent years with the 
growing use of studded tires. On freeways having sup
ported 4 to 5 years of traffic, pavement friction 
coefficients have taken on low values, especially at 
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high speed, and are in any case clearly lower than 
those obtained on the asphaltic pavements of free
ways handling similar traffic levels (figure I) 

Figure I. Braking force coefficient at 80 km/h 
on hydraulic concrete and asphaltic concrete pave
ments carrying similar traffic (freeways). 

28 

24 

20 

16 

12 

8 

4 

rr1: Ul:OC 

Interval =ntal ni ng80°A 
ofresults obtained on 
French p.;,vem ents (.all types 
of pav czments I 

hvdraulic 
concrete 

ai;phaltic 
concrete -

These low friction coefficients have brought 
about greater wet-pavement accident proneness espe
cially on older concrete pavements. The criterion 
used in France to assess wet-pavement accident pro
nene.ss is the ratio of the number of wet-pavement 
accidents to the total number of accidents. It has 
been found that this ratio was much higher on the 
oldest concrete paved freeway sections, the braking 
force coefficient of which (measured with the L.P.C 
trailer) at 80 km/h is in the neighborhood of 0.20. 
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From this arose the awareness that a substantial 
improvement in rainyweather safety could be achieved 
on French freeway concrete pavements by utilizing an 
effective method for rehabilitating their anti-skid 
properties. Such a treatment would be justified on 
pavements older than 4 or 5 years which, when origi
nally placed, were given only a light surface treat
ment, these pavements representing over 300 km (90 
percent) of the concrete paved freeways existing in 
France in 1975, 

For this reason, the Laboratoire Central des 
Pants et Chaussees (L.C. P .C) has been undertaking 
since 1972, at the request of the Service d'Etudes 
Techniques des Routes et Autoroutes (S.E.T.R.A), r e
search aimed at comparing the different methods of 
rehabilitating the skid resistance properties of con
crete pavements in order to determine their optimum 
utilization conditions in France. 

In setting up the research program, use was made 
of the results obtained in the United States, and in 
particular in California where a current practice is 
the longitudinal grooving of pavements by means of 
diamond saws yielding very fine grooves (2,4 mm wide) 
with a small pitch (20 mm between groove centers) and 
a minimum depth of 3.2 mm. Account has also been 
taken of experiments conducted in England especially 
in connection with transverse grooving as well as the 
us e of tar-P.V.C surface dressings. However, the 
conclusions arrived at in these countries are not 
applicable to conditions in France without further 
studies. In fact, climatic conditions are very d i f
ferent (in Los Angeles, only 2.5 percent of the traf
fic occurs on wet pavements - corresponding to at 
least 0.25 mm of rain in one hour - whereas in France 
this proportion is doubtless higher). Driving condi
tions, types of vehicles and especially the types of 
tires are also different. Limestone aggregates are 
generally used in California, whereas in France many 
concrete pavements contain silex aggregates which are 
more difficult to saw. Finally, California traffic is 
much lighter and, as it is not exposed to studded 
tires, is not as hard on roads as French traffic. 

Other countries have also used various methods 
for producting an aggregate mosaic on the concrete 
pavement surface by removing part of the surface mor
tar so as to enhance pavement roughness. The follo
wing methods may be mentioned, 

I. Flame treatment, which breaks up part of the 
mortar by a sudden thermal shock obtained by means of 
propane burners. 

2. Hydrochloric acid treatment, to break up part 
of the mortar by spraying diluted acid on the surface 
and brushing vigorously. 

3. Roughening by impact to destroy the surface 
of the concrete. 

These methods have apparently not been very ef
ficient or long-lasting and certain are liable to 
weaken the concrete surface, 

French experience with concrete pavement groo
ving prior to 1972 was gained essentially on airfield 
runways. Because of the large width of runways (45 m 
and sometimes wider) and the very small cross slope 
(I percent maximum, as against 2 to 2.5 percent for a 
highway), the accelerated drying of the pavement takes 
on primary importance, so that transverse grooving is 
essential. In general, as in other countries, runway 
grooves are 6 mm wide, 3 mm deep and from 25 to 40 mm 
between centers, However, the Aeroport de Paris pre
fers much wider grooves (10 mm) in order to facilita
te the removal of tire rubber deposits, and much lar-
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ger spacing (100 mm pitch) for reasons of economy . 

However, it became clearly apparent that the pro
blem of runways was very different from that of free
ways. Besides the width and the cross slope of the 
pavements, tire-pavement contact conditions are very 
different. On runways, much higher speeds are en
countered, as well as higher contact pressure and 
larger contact areas. Aircraft tires moreover have 
deep longitudinal treads, and devices are used to 
prevent wheel locking, whereas vehicle tires can be 
smooth and wheel locking can occur. Surface wear 
and polishing is also less of a problem on runways 
than on highways. Finally, working conditions for 
grooving operations are quite different. It was thus 
evident that the types of grooving suited to runways 
stood only a meager chance of being adaptable to 
highways. 

At most, use coul d be made of braking force coef
ficient measurements carried out on runways under 
usual highway test conditions. These results indica
ted that new transverse grooves 6 mm wide, 3 mm deep 
and with a spacing of 30 mm were very effective (the 
braking force coefficient rising from O. 12 to 0.35 
at 120 km/h). 

Tar-vinyl surface dressings were also used in 
France on concrete pavements but for traffic muc h 
lighter than freeway traffic. 

Research Program On The Rehabilitation of Freeway 
Concrete Pavement Anti-Skid Pr operties 

Based upon our knowl edge and the particular re
quirements of our freeway network, it was possible 
to set the research objectives to be striven for in 
France with regard to methods for rehabilitating the 
skid resistance properties of concrete pavements. 

These goals ar e a s follows 

I. Comparing the differ ent possible methods and 
de termining their fields of utilization. 

2, Setting, for each method worthy of interest, 
its optimum conditions (arrangement and dimensions 
of grooves, formulation of surface dressings). 

3. Evaluation their effectiveness. 

The methods to be adopted must exhibit a suffi
ciently lasting effectiveness, with an acceptab l e 
cost, must involve work not hindering traffic exces
sively (traffic flow and safety), without any draw
back to their application, must conserve the other 
surface properties of the concrete (evenness, rolling 
noise) and, finally, must allow a new rehabilitation 
of anti-skid properties when the effect to the treat
ment has become insufficient, 

A preliminary problem to be solved was wheter on 
the French network, it was desirable to iook for re
habilitation methods applicable only to short stret
ches of highways where a clearly higher wet-pavement 
accident rate was observed (in this case, it was ne
cessary to look for very effective methods from the 
viewpoint of water drainage but involving a rather 
high cost) or wheter it would be preferable to define 
methods capable of being applied to all concrete pa
vements otheir their entire length (in this case, on
ly low-cost and fast-application methods were consi
dered, even if their effectiveness was not so high), 

A first study of this problem, dealing with per
sonal injury accidents over a 3-year period, made it 
possible to point out zones of which the cunulated 
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rength represented 8 to IO percent of the total length 
to be considered road, in which the ratio of the num
ber of wet-pavement accidents to the total number of 
accidents was clearly higher than along the rest of 
the road. Over 40 percent of wet-pavement accidents 
occured on these sections. A second study, dealing 
with material and personal injury accidents over the 
next two years on the same road, appears to confirm 
only certain wet-pavement accident prone areas pre
viously found. 

Among the wet-pavement accident prone areas which 
appear to remain constant in the studies conducted 
during different periods, most are zones with long 
ramps or depressions, or banked corner transition zo
ne located on a flat pavement. The skid-resistance 
properties of these zones are poor, without however 
being lower than elsewhere in every case. The diffi
culty of interpreting these results calls for great 
caution. There are, however zones in which skidding 
accidents occur and in which pavement surface water 
drainage is not as effective as elsewhere. But, 
there are a majority of accidents which are distribu
ted in a random manner and, while the treatment of 
skid-accident prone areas must be given priority, it 
is also necessary to find methods of rehabilitating 
the anti-skid properties over the entire length of a 
road. 

Considering the results of a study of the litera
ture, it was decided to concentrate research on two 
methods : grooving and surface dressing. 

A program of experimental road sections was the
refore worked out, including a rather large number 
(25) of short sections (100 to 300 meters) for the 
different rehabilitation methods to be compared. The 
criterion used for comparing the effectiveness of the 
different methods was the improvement in friction 
coefficients. The effect of increasing rainy-weather 
safety was investigated only subsequently, on longer 
sections prepared with the best methods found during 
the first phase of the study. These accidents stu
dies require long enough observations and are conse
quently not yet completed. 

Rehabilitation of Anti-skid Properties By Grooving 

Principle of action 

The methods of rehabilitating trre anti-skid pro
perties of pavements by grooving are aimed at modi
fying the pavement surface water flow conditions. 
At least as regards certain groove arrangements, 
their principle of action is twofold. 

I. They accelerate the drying of the pavement 
surface, with the water filling the grooves and flow
ing out faster in the grooves than on the pavement 
surface. Consequently, the pavement remains wet shor
ter and, for a given rain, the thickness of the wa
ter film is less. This may be referred to as a "pre
ventive" effect. Obviously, this effect will be in 
direct relation with the distance of the grooves from 
the line of greatest slope of the pavement, and with 
the pavement water runoff conditions. 
proportional to the smoothness of the groove walls. 

2. They facilitate the ejection of water from 
under the tire preventing the appearance of a conti
nuous water film between the tire and pavement, or in 
any case clearly reducing its thickness. 

The grooves act as an auxiliary to the tire 
treads. In contract with the preceding principle of 
action, this may be refered to as a "instant" effect. 

For this latter effect, it is seen that 
orientation of the grooves has a secondary influence 
but that, by contrast, the groove surface falling 
within the imprint of a tire is predominant. Final
ly, it is possible that the sharp edges of grooves, 
when they exist, facilitate the breaking of the wa
ter film under the tire : the orientation of grooves 
in relation to the considered braking force direc
tion doubtless intervenes in the latter effect. 

Different types of grooving 

If we disregard the grooves made along two per
pendicular lines at an inclination of 45 degrees to 
the centerline of the pavement, which have been tes
ted on experimental road sections in England, two ty
pes of grooving exist and are favored by engineers. 

I. Longitudinal grooving . 
2. Transverse grooving. 

It is also possible to classify grooving techni
ques according to their working methods 

I . Diamond blade grooving. What is involved 
here is a virtual sawing of the concrete, but to a 
depth of only a few millimeters. The grooves thus 
formed have clean borders and sharp edges when the 
grooves is new, and the walls of the groove are per
fectly smooth (unless the sawing produces concrete 
spalling, which occurs with certain aggregates -
silex - poorly suited blades or in the case of groo
ves which are too deep in relation to their spacing). 

2. Impact grooving. In this process, the groo
ves are obtained by breaking up the concrete under 
impact. This result is obtained either by means of 
small compressed-air hammers (KLARCRETE process) or 
rotating beams (ERRUT process, Cement and Concrete 
Association). 

In both cases, the hammers or beams are fitted 
with tungsten carbide inserts. The grooves obtained 
have fairly irregular borders, rounded edges, and 
walls exhibiting roughness. 

In fact, if we confine ourselves to processes 
which can be implemented on a large scale on free
ways with equipment presently available on the mar
ket, and involving an acceptable hindrance to traf
fic, there are only two valid techniques : 

1. Longitudinal grooving with ciiamonci-studdeci 
blades, for which operational machines of American 
manufacture exist (Catgroover, Hatcher, etc ..• ). 

2. Transverse grooving by impact of rotating 
beams, performed with an English prototype machine 
(ERRUT - CCA) or with other machines, 

Finding optimum grooving arrangements 
Results obtained by L.C.P.C 

Several tens of experimental road sections were 
constructed in 1972 and 1973 in order to determine 
optimum grooving arrangements for transverse as well 
as longitudinal grooves. It should first be pointed 
out that the different types of grooves were compa
red from the viewpoint of an improvement in the 
anti-skid characteristics measured either by means 
of the L.P.C trailer or the C.E.B,T.P (Centre Expe
rimental de Recherches et d'Etudes du Batiment et 
des Travaux Publics) "stradographe". These two ap
paratus wet the pavement immediately ahead of the 
measuring wheel, The result is that the different 
processes are compared only from the viewpoint of the 
"instant" effect of ejecting the water from under 
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the tire, and not at all from the viewpoint of the 
"preventive" drying of the pavement. 

Transverse grooving 

Grooving with diamond saw. Although transverse 
grooving is presently not achievable on a large sca
le on freeways except in the form of impact grooving, 
most of the experimental road sections have been set 
up on the basis of convenience with diamond-studded 
blades. 

Four experimental road sections were constructed 
on the French Autoroute (freeway) A6 near Paris (in 
the Seine et Marne Department) on a fairly old (1963) 
silica-limestone aggregate concrete (the aggregate 
being a natural mix of silex and limestone aggrega
tes). However, as the surface wearing led to an ex
posure of the aggregate, the pavement exhibits a 
certain macroroughness, so that the skid properties, 
in particular at high speed (braking force coeffi
cient of 0.29 at 80 km/h), are slighty higher than 
the average of these old freeway concrete pavements. 

It is noted (figure 2) that transverse grooving 
clearly improves the braking force coefficient what
ever the speed and in proportion to the concrete area 
removed. As a first approximation, it moreover ap
pears that the effectiveness is the same irrespective 
of the manner in which this surface is removed : 
narrow and closely spaced grooves, wide and highly 
spaced grooves (in the field investigated, i.e. with 
pitches not exceeding 100 mm). 

Figure 2. Braking force coefficient as a function 
of speed for different types of diamond transverse 
grooves on silica-limestone aggregate concrete. 
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A large part of the improvement is obtained as 
soon as the groove surface reaches 12 percent of the 
total surface. It increases to a lesser degree for 
higher removed surface proportions. 
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Transverse grooving also clearly improves the 
sideway friction coefficient (with a slip angle of 3 
degrees) but the maximum improvement is reached as 
soon as the surface of the grooves reaches 12 percent 
of the total surface, and then no longer increases, 

It is possible to conclude, for diamond trans
verse grooving, that the grooves must remove at least 
12 percent of the concrete surface. This result can 
be obtained, for example, by using grooves 6 mm wide, 
spaced SO mm between centers. On a worn concrete, 
with a braking force coefficient from 0.20 to 0.25 
at 80 km/h, and from 0.10 to 0.15 at 120 km/h, this 
treatment will lead to a braking force coefficient 
of 0.35 at 80 km/h and from 0.25 to 0.27 at 120 km/h. 
The skid-resistance properties thus obtained are 
suitable, while remaining lower than the average of 
French pavements (and also lower than the average of 
asphaltic concrete pavements on freeways, which ex
hibited a braking force coefficient of 0.45 at 80 km 
80 km/h in 1972). 

To obtained significantly higher anti-skid pro
perties after treatment, it would be necessary to 
substantially increase the proportion of the removed 
concrete surface, by tending toward the proportion 
of 30 percent recommended by British engineers in 
1963 since the effectiveness of the treatment increa
ses only slowly when more than 12 percent of the sur
face is removed. However, the cost of treatment, if 
it is performed by diamond sawing, would become pro
hibitive. 

Impact grooving. Experimental test sections 
were set up using prototype machine ERRUT-CCA, on 
limestone and silico-limestone aggregate concrete. 
.In this process, the grooves are irregularly spaced, 
in order to avoid a sharp tire noise. The grooves 
walls are not so smG>Qth than Fith diamond grooving, 
The results obtained are given in table 

BRAKING FORCE SIDEWAY FRICTION 
COEFFICIENT COEFFICIENT 

SPEED 
km/h before after before after 

grooving grooving grooving grooving 

40 0,40-0.45 0.40-0.55 

80 0,20-0.25 0.35-0.43 0.25-0.40 0.45-0.50 

120 O. I 0-0. I 5 0.25-0.30 0.20-0.30 0.40-0.50 

Longitudinal grooving 

Fifteen experimental road sections with longitu
dinal grooving made with the diamond-studded blade 
were set up in 1973 on the French freeway A6 on dif
ferent types of concrete. Most of the experimental 
sections involved a concrete with hard aggregates 
(porphyritic). The concrete had a low roughness 
and low anti-skid properties (braking force coeffi
cient of 0.23 at 80 km/h, the not highly polishable 
stones not being apparent). 

A few experimental test sections were set up on 
two other concretes in order to confirm the findings 
a low-roughness lime stone aggregate concrete of 
which the polishable stones are apparent (braking 
force coefficient of 0.22 at 80 km/h); a silica-li
mestone aggregate concrete of which the slightly 



76 

exposed stones are apparent and which thus exhibits a 
low, but non negligible macroroughness. Its anti-skid 
characteristics are slightly better (braking force 
coefficient of 0.29 at 80 km/h). These three concre
tes are proportioned with 300-330 kg/cu.m of Portland 
cement. They were placed using a slipform paver and 
were hurlap drag finished, The experimental road sec
tions, jn general 100 meters long, were set up using 
the Catgroover machine which is one of the two machi
nes of American make presently capable of working in 
France. 

This machine grooves the pavement by means of a 
rotary cutting head with a transverse axis 150 cm 
wide, equipped with diamond disks of 35 cm diameter 
driven by a 350 HP motor running at 1800 rpm. The 
water necessary for the cooling and the lubrication 
of the blades and laden with cuttings, is pumped, se
parated from the cuttings by settling and filtering, 
and then recycled. This is performed by a tractor/ 
motor-pump/tank unit following the grooving machine . 

The anti-skid properties on the different test 
sections were determined shortly after the construc
tion of the sections by means of the L.P.C trailer, 
for the braking force coefficient, and by means of 
the C.E.B.T.P "stradographe" for the braking force 
coefficient and the sideway friction coefficient. 

Results 

Influence of grooving arrangements . 

I. For the same proportion of the concrete surfa
ce removed by the grooves, the arrangement of the 
grooves is significant : it is found that, in order 
to obtain the best effectiveness, it is better to use 
fine and closely-spaced grooves rather than wide 
grooves with large spacing. This results was obtai
ned for the braking force coefficient (figure 3) as 
well as for the sideway fri.cti.on coefficient (figure 
4,. 

Figure 3. Influence of groove spacing and width on 
braking force coefficient for the same removed con
crete surface equal to about 10% (constant depth). 
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One is moreover led to choose fine and closely
spaced grooves for another reason; the effect of lon
gitudin~l grooving on the driving comfort of motor
cyclists. 

In fact, the reactions of motorcycle users riding 
on the experimental road sections very quickly con
firmed the observations made in the United States 
indicating that motorcyclists complained of a feeling 
of uneasiness on grooved pavements, even when the 
pavement is, dry, hut especially when the pavement 
is wet, 

This probably can be explained by an engagement 
of the grooves in the tire which appears more with 
tires having longitudinal treads, such as the type 
used on motorcycles. 

If the proportion of the concrete surface remo
ved by the grooves is increased, the effectiveness 
of the grooving tends to increase but, as a result 
of the preceding remark, it is more efficient to 
achieve this by reducing the spacing between grooves 
and by conserving their width rather than by increa
sing the groove width and conserving their spacing. 
This is true as regards the braking force coefficient 
{fi~ure 5) as well as the sideway friction coeffi
cient (figure 6). The same result has been found with 
lismestone aggregate concrete. 

It is however not possible to remove more than 
10 to 12 percent of the concrete surface (with groo
ves 2.4 mm wide and spaced from 20 to 25 mm). In 
fact, when groove spacing becomes smaller than 3 ti
mes groove depth, the risk of damaging the concrete 
(by the falling off of concrete in places between 
two grooves) becomes high with certain types of con
crete (silex aggregate). 

Influence of groove depth. The effectiveness of 
narrow and closely spaced grooves (2.4mm width and 
25 mm spacing) called for by the preceding 

Figure 4. Influence of groove spacing and width on 
sideway friction coefficient for the same removed 
concrete surface equal to about 10% (constant depth) , 
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Figure 5. Influence of proportion of concrete remo
ved (at constant depth) on the braking force coeffi
cient, 

0 ,60 

0,50 

0,40 

q30 

0;20 

br<1kin9 forc12 co12Ffici12nt 
( tr<lll«rl 

40 80 km/h 120 

Porphyritic concrete - Longitudinal grooving 

observations, varies very little with their depth, 
i.e within the 2-6mm range (these are average depths 
obtained in the case of these experimental road sec
tions on concrete which was not greatly deformed and; 
hence, with groove depths not varying greatly), 

Figure 7, Influence of groove depth on braki ng for
ce coefficient, 
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Figure 6. Influence of proportion of concrete sur
face removed (constant depth) on sideway friction 
coefficient (3°), 
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However, the unfavorable effect of a decrease in 
depth is felt more at high speed (120 km/h) than at 
medium speed (80 km/h) (figures 7 et 8). Below a 
depth of 2 mm, · the effectiveness of the grooving de
crease very quickly 

Figure 8. Influence of groove depth on sideway 
friction coefficient (3°), 
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These results are obviously of great importance with 
respect to the selection of the average depth of 
grooves to be made and also for estimatin·g the dura
bility of these grooves (these two elements of cour
se being closely related). 

It can be set, for instance, that the grooving 
is no longer efficient when, on more of 10% of the 
pavement surface, the depth of the grooves is less 
than 1,5 mm. The histogramm of figures 9 shows that, 
in the case of a pavement exhibiting a poor or bad 
evenness, there may be a difference of 2 mm between 
the groove depth reached on 90 percent of the concre
te surface and the average groove depth. 

Figure 9, Histogram of groove depth - Concrete 
with poor evenness (1960) - Hatcher machine. 

rr<2qu2ncy 
'/, 

20 

10 

0 3 4 

m : 4,6mm 

5 

472 mc2asurem<2nts a>t<2ra9cr. 
d<Zpth rotqulr.:?d 6mm 

6 7 8 9 10 11 12mm 

Figure JO. Comparison of longitudinal grooving and 
transverse grooving with the same amount of concrete 
removed, for the braking force coefficient. 
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The annual wear of concrete measured on French 
freeways is, as an average, 0,5 mm (most of measured 
wear being between 0.3 and 0.6 mm per year). 

It appears reasonable to adopt an average depth 
of 6 mm. On a pavement exhibiting a poor or bad 
evenness, the groove depth will be more than 4 mm on 
90 percent of the concrete surface; this will lead 
to a groove service life of 4 to 8 years depending 
of rate of wear. On concrete exhibiting a better 
evenness service life of 6 to JO years is likely. 

It may thus be concluded that, for longitudinal 
grooving, it is necessary to use grooves 2.4 mm wide 
having an average depth of 6 mm and a spacing of 
25 mm between centers. 

As an average, on worn concrete pavements of 
French freeways, this treatment has improved friction 
coefficients as shown in table 

BRAKING FORCE SIDEWAY FRICTION 
SPEED COEFFICIENT COEFFICIENT 
km/h before after before after 

grooving grooving grooving grooving 

40 0.40-0.45 0.45-0.55 

80 0.20-0.25 0.30-0.40 0.25-0.40 0,50-0.60 

120 0, J0-0. I 5 0.20-0.25 0.20-0.30 0.45-0.55 

The figures in table result from measures on 
30 km of grooved concrete motorways near Paris. These 
skid resistance characteristics are suitable, while 
remaining lower than the average of asphaltic concre
te pavements on freeways. 

Comparison of transverse grooving and longitudinal 
grooving. (figures JO, II). 

The experimental test sections allow us, first 
of all, to compare the two treatment modes from 
the viewpoint of "instant" effectiveness, correspon
ding to the acceleration of water drainage in the 

Figure I I. Comparison of transverse grooving and 
longitudinal grooving with the same amount of removed 
concrete for the sideway friction coefficient (3°) 

--· . - - .._ ' ..... ' Sideway tr-1 ct ion co(lrrn..;1~111.. , .:, - , 

o,eO 

0 ,50 

0,40 

0 ,30 

0,20 

0 ,10 

40 

Ror phvritic concrete 
Longitudinal · 

2,4x4x 25mm 

Transverse 

6,4x4x65 mm 

Not grooved 

----------Percentage of 

!>O 

concrete surface 
removed JOi'. 

km/h 120 



( 

( 

tire-pavement contact area. 

It is noted that, for the same amount of concrete 
removed (10 percent), longitudinal grooving and trans
verse grooving, using a diamond saw, have a roughly 
equivalent effectiveness in improvi ng the braking 
force coefficient. Longitudinal grooving is s l ight
ly more effective at 40 and 80 km/h, and slightly 
less effective at 120 km/h (figure IO). On the other 
hand, to improve the sideway friction coefficient, 
longitudinal grooving is much more effective than 
transverse grooving (figure II). 

And, it would appear that the improvement in the 
lateral stability of vehicles, in particular in cur
ve sections, is at least as important as the reduc
tion in the braking distance. 

However, a comparison of "instant" action is not 
enough, and it is also necessary to take account of 
the "preventive" action relative to drainage. 

On straight stretches (flat or slightly sloping 
road), it is certain that transverse grooving plays 
a "preventive" role with respect to drainage which 
is not played by longitudinal grooving. The period 
during which a film of water will exist on a trans
versely grooved pavement will be shorter than on a 
longitudinally grooved pavement. 

The only valid comparison of the effectiveness 
of the two .processes would be their effect on wet
pavement accidents. The small length of pavement 
on which transverse impact grooving has been made 
in our country does not allow such a comparison. 

Rehabilitation Of Anti-Skid Pro erties by Surface 
Dressing. Surface treatment). 

In this process, surface dressing gives the pave
ment surface the macroroughness and the microrough
ness it lacks. 

The fact that this surface dressing must be car
ried out on a freeway, and on a hydraulic concrete 
slab substrate, calls for the use of carefully selec
ted aggregates, binders and application techniques. 

Owing to the high traffic volumes on the free
ways to be treated, chippings must have a very high 
resistance to attrition and to polishing. Since the 
chippings are placed on a very rigid substrate, they 
are liable to be crushed by the heavy traffic and 
must consequently have a high resistance to fragmen
tation. To enable the resumption of traffic after a 
very short period of time on the dressed surface, 
after sweeping and vacuum removal of loose chippings 
which represent a danger to windshields, the binder 
used must be very viscous and must very quickly reach 
its final properties. 

The surface dressing methods must also be care
fully planned because the work has to be carried out 
on busy highways. Of particular importance are the 
choice of materials (spreading of binder and chip
pings, sweeping and suction), the sequencing of the 
different work phases and the methods used for con
trolling the flow of traffic. A discussion thereof 
is not within the scope of this paper. 

On the other hand, a concrete pavement constitu
tes a very uniform support in which chippings are 
not liable to become embedded, which is favorable to 
the service life of the dressing as shown by a compa
rison of the behavior of surface dressings on a 
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hydraulic concre t e support and on an asphaltic con
crete support. 

For the study of this method of rehabilitating 
the anti-skid properties of concrete pavements, use 
was made of the findings of research conducted in 
France during the past 5 years for improving the 
technique of surface dressings, in particular in or
der to allow their use on heavy-traffic roads. This 
research suggested that, for a concrete-paved free
way, the surfac e dressing should be as follows ; 

I. It should consist of two layers of binder and 
two layers of chippings or a single layer of binder 
and two layers of chippings. 

2. Chippings, of very hard and nonpolishable 
rock, must be of large particle size because their 
mechanical strength is higher and the obtained ma
croroughness is higher; the largest chippings size 
must be 10/14 mm. 

3. The binder must be a fluxed asphalt or a tar, 
modified by polymer addition. 

Three experimental test sections, each 400 m 
long, were set up in 1972 on the French freeway A.13 
west of Paris, which handles 35,000 vehicles per day 
at the chosen location (of which 13 percent are 
trucks of over 5 tons useful load). These test sec
tions were made as follows 

I. One layer of binder and two layers of chip
pings; the binder is a fluxed asphalt modified by 
the addition of IO percent of thioelastomer, the 
first layer of chippings has a 10/14 mm grading, the 
second a 4/6 mm grading. 

2. Two layers of binder and two layers of chip
pings, using the same binder, but the first chippings 
layer has a 4/6 mm grading in this case and these
cond a 10/14 mm grading. This unusual arrangement 
is designed to have the first layer of small 4/6 mm 
chippings play an insultating r~ l e, preventing the 
large 10/14 mm chippings from being in direct con
tact with the very hard concrete substrate. 

3. Same mixture as above, but with a tar-P.V.C 
binder. 

The chippings used are from one of the hardest 
natural rocks found in France (Los Angeles Coeffi
cient IO, Polished Stone Value 0,50). 

After 4 1/2 years of traffic, the three experi
mental road sections are still in excellent condi
tion. Figure 12 shows the evolution of the braking 
force coefficient during the first 3 1/2 years. 

Immediatly after laying, friction coefficients 
are obviously much higher than for any grooving me
thods. 

After 3 1/2 years of traffic, the braking force 
coefficient at low speed (40 km/h) are low, because 
of the polishing action of intense and heavy trafr 
fie. At 80 km/h the braking force coefficient is of 
the same order as those of grooved pavements. At 
120 km/h, the braking force coefficient is much hi
gher (0.36) than those obtained with longitudinal 
grooving, which gives a maximum of 0.25. This good 
resu l t is due to the fact that the macroroughness 
of the dressing remains high, although it has great
ly decreased since laying. These results have al
lowed surface dressing to be choosen for rehabilita
tion of anti-skid properties of all the concrete 
sections of Paris-Lyon motorways, on which more than 
200 km of lanes have been dressed since 1974. 
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The durability of a surface dressing on a concre
te freeway is still difficult to predict at the pre
sent time, The experience acquired appears to indi
cate that such a dressing should normally be able to 
last at least 5 years. 

Surface dressings of this type have the draw
back of contituting a rather noisy wearing course. 

Figure 12. Evolution of braking force coefficient 
under the effect of traffic. Surface dressing with 
one layer of asphalt binder and two layers of aggre
gate of 4/6 - 10/14 mm grading. French freeway 
A.13 35,000 vehicles per day. 
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Comparison of Different Processes - Respective 
Fields of App l ication 

The only three processes presently capa~le of 
being applied practically on a freeway are : 

1. Longitudinal grooving with diamond blade 
2. Transverse grooving by impact 
3, Surface dressing. 

The problem is to determine the best field of 
utilization for each of these processes under condi
tions specific to France. 

Each process has a certain number of drawbacks 
or limitations which rule it out for certain pave
ments. 

Diamond longitudinal grooving 

This process has Lhe drawback of being excessive
ly costly on concrete which contains a high propor
tion of silex aggregate, which is rather frequent in 
France especially on the old freeways. The cost of 
grooving in this case reaches 15 to 18 F/sq. m (ins
te~d of 6 to 7 F/sq.m for the other types of aggrega
te) owing to the very rapid wear of the saw blades 
regardless of the care taken in selecting the compo
sition of the cutting parts of the blades. 

The use of diamond longitudinal grooving will 
thus be avoided on silex aggregate concrete pave
ments unless the use of the other two processes is 
also impossible for other reasons. 

In addition, the inconvenience involved for high 
speed motorcycles, while acceptable in urban areas 
where rather low speed limits may be set for motor
cycles (80 km/h for example) without too much diffi
culty, is much less acceptable in the open country 
where long distances are involved and where a such 
a speed limit would be difficult to impose. 

Transverse impact grooving 

The use of this process appears to be ruled out 
in two cases. 

1. For pavements having transverse joints which 
are oblique (and not perpendicular) to the centerli
ne of the road. In fact, the transverse grooves 
and the oblique joints form very narrow and pointed 
concrete areas at their intersection where the im
pact grooving tool could damage the apex. Oblique 
joints are thus considerably damaged by this type 
of grooving. And, all concrete pavements in France 
placed since 1962' by slipform pavers have oblique 
joints . 

2. In urban areas sensitive to traffic noise, it 
is better to avoid the further increase in the noise 
level caused by this grooving method. 

Surface dressing 

The use of this process appears to be ruled out 
in two cases : 

1. For pavements handling more than 35,000 or 
45,000 vehicles per day. No experimental data on the 
use of surface dressings for such traffic are avai
lable. The consequences of a failure during the 
placing of a dressing would become catastrophic and, 
in any case, it may be feared that the durability 
of the dressing will be insufficient. 

2. In urban areas sensitive to traffic noise, 
for the same reason indicated with respect to impact 
grooving. 

The cost of each process is also to be taken in
to account 

1. For diamond grooving : 6 to 7 F/sq,m for 
aggregates other than silex, for an expected dura
bility of 8 to 10 years; 

2. For impact grooving : 7 F/sq.m whatever the 
type of aggregate, for the same expected durability; 

3. For surface dressings : 5 F/sq.m for a dura
Dility of at least 5 years. 

Finally, the effectiveness of the processes is 
also an important factor. In this regard, the ef
fectiveness of longitudinal grooving in improving 
the sideway friction coefficient is advantageous 
for urban roads having small radii of curvature. On 
the other hand, the effectiveness of surface dres
sing for high speed traffic is advantageous for free
ways in the open country. 

The following table may be drawn up to indicate 
the solutions which appear best suited to the diffe
rent cases encountered. 
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At the end of 1976, rehabilitation works made on 
French concrete freeways were as follows. 

1. Open country freeways : more than 300 km of 
lanes with surface dressing, less than 20 km of la
nes with longitudinal grooving. 

2, Urban freeways : 150 km of lanes with longi
tudinal grooving, 20 km of lanes with transverse im
pact grooving. 

The effectiveness on reduction of wet-pavement 
accidents has been very satisfactory, mainly for sur
face dressing. 
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CHIPPED BITUMINOUS CONCRETE, A DENSE, DURABLE ANTI-SKID PAVEMENT 

Yves Decoene, Centre de Recherches Routieres, Bruxelles, Belgium. 
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The wearing courses of modern highways must 
display high evenness standards, outstanding 
anti-skid properties at high speed (which imply 
a coarse macrotexture and a harsh microtex
ture), as well as a long durability and a lasting 
impermeability. 
Chipped bituminous concrete meets these requi
rements. It consists of a bituminous pavement, 
whose composition ensures durability, over 
which a coarse macrotexture is created by 
spreading an adequate quantity of stones imme
diately after the passage of the spreader
finisher. These chippings, which are very little 
polishable and therefore entail a harsh micro
texture, are precoated, cold-spread and set at 
an adequate temperature (110 to 130°C) (230 to 
266°F) by means of compactors that also achieve 
the densification and thus the impermeability of 
the surfacing. Light-colored aggregates may be 
used as chipping stones ; this may allow a re
duction in the public lighting power consumption. 
This type of pavement also has an economical 
advantage, owing to the possibility of using pol
ishable stones in the bulk of the bituminous 
mixture without impairing the anti-skid quality 
of the riding surfac""e. - · 
Such pavements have been laid on numerous 
Belgian highways since 19 62, in particular 90 "lo 
of the bituminous motorways wearing courses 
that have been laid in Belgium since 1971. The 
observation has confirmed their outstanding 
performances, which the Belgian Road Research 
Center attempts still to improve through the 
construction and monitoring of several test 
sections. 
The experiments monitored namely have shown 
the importance of a uniform and even strewing 
by adequate spreading machines, and the neces
sity of setting the chippings at a sufficiently 
high temperature (~ l 10°C - 230°F) to avoid an 
excess of bitumen at the surface. Compliance 
with such construction rules, together with the 
choice of an adequate mix composition and high 
quality materials, make it possible to achieve 
an aconomical, dense, durable pavement with 
lasting anti-skid properties, even at high speed. 

Conscious of the importance of the skid resis
tance of the wearing course for the security of auto
mobilists, the Belgian Road Research Center has 
developed research for numerous years with a view 
to obtaining durable, undeformable pavements pre
senting a strong resistance to skidding, even at 
high speed. 

In what concerns flexible pavements, three 
principal types of wearing courses have thus been 
studied 

1. Bitu- and tarmacadams (1, 2). 
2. Unchipped bituminous concrete (3, 4). 
3. Chipped bituminous concrete, which is the 

subject of the present report. 

Quality Criteria for a Wearing ourse 

The essential qualities demanded by the auto
mobilist of the road are a high degree of security 
and comfort. 

One of the principal factors conditioning secu
rity is the skid resistance of the wearing course, 
which has to meet requirements that are dependent 
on the site and road alignment, on the volume of 
traffic and on the maximum permitted speed. High 
non-skid qualities require the fulfillment of two 
conditions (5) ; on the one hand, the macrotexture, 
which can be evaluated by the sand patch test ( 6), 
must be rough ; on the other hand, the microtexture 
of the surface in contact with the vehicles'tires must 
be harsh ; if the contact only occurs with the aggre
gates, which is the case with chipped bituminous 
concrete, this microtexture can be figured by the 
polished-stone value (P. S. V.) of these materials (7). 

The adherence of the tire to the wearing course 
can be represented by the sideway force coefficient 
(S. F. C.) measured on a wet road. At the Belgian 
Road Research Center this measurement is made 
with an odoliograph of the TRRL type equipped with 
a smooth tire ; a correction is eventually applied to 
this coefficient to bring it back to the temperature 
of 20°C (68°F), considered as standard temperature 
for water on the pavement. 

The comfort depends on the initial evenness of 
the road profile and its maintenance in time. Such 
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Figure 1. General view of a construction site with the finisher and the 
chipping machines 

requirements are satisfied by the application of 
layers resistant to rutting in a correctly designed 
road. On the other hand, permeable bituminous 
layers can be damaged by rain and frost. This 
is why in Belgium there is an orientation toward 
the realization of dense bituminous layers (2 to 
5 % voids on the average). 

If its composition is adequate and if it is 
correctly applied, chipped bituminous concrete 
satisfies the requirements for skid resistance 
and comfort, and it is practically never neces
sary to envision any short term maintenance 
such as repair of its non-skid properties. 

The Co.ncept of a Chipped Bituminous Concrete 
urfacing 

Chipped bituminous concrete is a dense mix
ture, laid hot (140 to 160°C) (284 to 320°F), and 
compacted after the spreading of a layer of cold 
aggregates, previously coated, which takes place 
immediately after the passage of the spreading 
finisher (figure 1 ). 

The compaction, carried out at an adequate 
temperature (110 to 140°C) (230 to 284°F) has the 
effect of incrusting the aggregates and rendering 
the dense surface impermeable. 

The bituminous mixture itself assures the 
durability, the evenness and the impermeability 
of the wearing course, It consists, like all bitu
minous concretes, of a mixture of stones, sands, 
filler and bitumen, The durability depends, in 
particular, on the quality of these materials and 
the choice of composition. This last point, as 
well as the care taken in the laying of the mix
ture and its compaction, by an adequate equip
ment, are decisive in obtaining a good initial pro
file, assuring a good evenness of the surface, 
and the realization of a high degree of compaction, 
rendering the surface impermeable. 

The chipping process assures the skid resis
tance of the pavement. On the one hand, one ob
tains a harsh microtexture if the insertion of the 
aggregates is such that they alone are in contact 
with the vehicles' tires and if they offer a suffi
cient resistance to polishing, which must be all 
the greater, the greater the traffic, On the other 
hand, the anchoring is optimal, that is a rough 
macrotexture is created, if they have a relative
ly cubic form, if they are clean and previously 
coated with a sufficient amount of binder, This 
macrotexture is all the better when the stones 
are of more or less uniform size (thus avoiding 
the phenomenon of segregation at the time of 
spreading) and distributed in a regular way and 
compacted at a temperature such that they don't 
risk to be too deeply embedded nor to be loosen
ed. 

Economic Advantages of the Process 

Use of Local Materials 

In the case of roads bearing heavy and in
tense traffic, the execution of an unchipped 
wearing course offering high non-skid surface 
qualities requires the use, for the whole layer, 
of stones very resistant to polishing (P.S.V. 2". 
0. 60 sometimes), no distinction existing between 
the characteristics of the stones in the mass and 
those appearing on the surface, The chipping of 
bituminous concrete, like that of cement concrete 
(~), offers the advantage of reducing this neces
sity to just the chipping materials, thus permit~ 
ting the use of local and eventually polishable 
materials in the bulk. This is notably the case 
in Belgium with the limestqpe, because only ma
terials from other cou ntries are suitable as 
light-colored stones presenting a high polished 
stone value , 
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Reduction in the Cost of Public Lighting 

The use of light-colored stones satisfying the 
other quality criteria for chipping can considera
bly reduce the consumption of electrical energy 
for public lighting, Calculations, made from 
photometric measurements (in the laboratories of 
the Schreder firm in Liege) have indicated that 
chipping with a very light-colored stone brings 
about, over a 20 years period, economy in light
ing equal to double the cost of the stones, in 
comparison to unchipped bituminous concrete 
without white stones in the mixture, This aspect 
assumes even more importance in Belgium where 
practically all the roads and freeways are light
ed, This is why chipping with a mixture of dark 
and light stones has become generalized. An 
investigation by the Belgian Road Research Center 
has shown that the whiteness of these stones 
could be quite variable (table 1 ). 

Evolution of the Characteristics of the Process 

The chipping of bituminous concrete already 
has quite a favorable past. Indeed, since 1930, 
this technique has generally been used for the 
wearing courses in Great Britain, where it is 
called "hot rolled asphalt". It began in the 
northern part of France in 1964 under the name 
of "rugochape". In the Netherlands it has been 
the subject of experimental roads since 19 71. 
Chipped bituminous concrete has also received 
the right to be cited in other countries, in parti
cular in Sweden and in Norway where it is known 
under the name of "topeka". 

The composition of the mixture varies nota
bly from one country to the other : thus are 
found mixtures with 25 % ("topeka") or 35 % ("hot 

rolled asphalt") stones, with high percentages of 
filler (10 to 15 %) and binder (8 to 9. 5 %). How
ever, there are also more granular mixtures 
(55 % stones, 8 to 9 % filler, 6 to 8 % binder), 
like the "rugochape". The penetration of the bi
tumen varies from 40 to 100, the thickness from 
3 to 5 cm (1 1/8" to 2"). As for the chipping, 
it is also variable, as much in regard to the size 
of the stones (6- 10 to 14- 20 mm) (1/4"-3/8" to 
1/2"-3/4") as to their spreading ratio. 

Since 1962 the technique has rapidly developed 
in Belgium, especially in the case of roads with 
intens e traffic. Since 19 71, 9 O % of the wearing 
courses of flexible freeways are, in fact, in bi
tuminous concrete with 35 % stones in the mix
ture, laid 3 cm (1 1/8") thick and chipped with 
stones sized 10-14 mm (3/8"-1/2"). 

Even after several years under traffic, the 
non-skid qualities of the first Belgian pavements 
in "topeka" with 25 % stones in the mixture are 
still remarkable; thus a road constructed in 1962 
presents after 11 years of intense traffic (21, 400 
vehicles per day Ior the two directions in 1972) 
a s. F, C, (20°C) (68°F) of O, 46 at 80 km/h (50 
mph). With such excellent behavior observed 
from the beginning, the Belgian Road Research 
Center wanted to observe the performance of 
numerous roads in chipped bituminous concrete 
before doing research on ways to further improve 
this surfacing. 

The purpose of the present research of the 
Belgian Road Research Center is to examine the 
influence of diverse parameters of chipping of 
bituminous concrete on the evolution of the sur
facing : 

- in what concerns the composition of the 

Table 1. Reflectometric Values and Luminosity Factors of 
Analyzed Stones 

Types of stones Reflectometric 
values a in % 

PllrP r,,alrinecl Rilex 
68 87 

Sand and lime fusion to 

Gabbro 
Stones sold 

Quartz 54 to 67 
in Belgium 

Impure calcined silex as "white 
stones" 

Quartzites from France 45 to 52 

Sandstone 
River gravel 26 to 34 

Stones sold 
Porphyry 

in Belgium 

Basalt 
as ''dark 

Blast furnace slag 15 to 22 stones" 

Calcined bauxite 

aThe tests were made on the fraction of materials comprised between 
the sizes of O. 420 mm (sq, mesh sieve) (ASTM 40) and round-hole 

sieve 1 mm (0. 04 11
). This fraction is obtained after crushing the 

materials. The reflectometric value was determined under a glass 
plate with Dr, Lange's leukometer (9) in relation to finely pulverized 
magnesium oxide, the barite standard-under a glass plate having a 
reflectometric value of 92. 5 %. 
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bituminous mixture, the durability tends to in
crease by augmenting the amount of stones, 
while at the same time being able to insert the 
chippings in an impermeable surfacing; like
wise, it is examined to what extent the use of 
polishable stones in the mixture can have an 
influence on the non-skid qualities of the pave
ment, 

- in what concerns the thickness of the layer, 
there is a tendency to increase it (5 cm - 2" 
instead of 3 cm - 1/ 1/8"), while adapting the 
composition of the mixture, 

- in what concerns the chippings, research is 
made on the size and the optimal spreading ra
tio, the influence of their qualities on the non
skid properties of the pavement, and the use
fulness of spreading light-colored stones is 
examined, 

On the other hand, the research undertaken 
is to result in the publication of recommendations 
relative to the application of chipped bitumi-
nous concrete surfacings, 

The conclusions arrived at by the Belgian 
Road Research Center are summarized in the 
following paragraphs. 

Performances with Regard to Skid Resistance 

A first road, with 38 experimental sections, 
was made in 1969 (10), The chippings, of differ
ent sizes and presenting a P.S. V. between 0, 50 
and 0. 51, were spread in variable amounts, The 
evolution of this road, bearing heavy traffic 
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(11,700 vehicles daily in 1973 in each direction), 
allows the following information concerning the 
adherence of the vehicles' tires to the surface of 
chipped bituminous concrete, when correctly exe
cuted, to be deduced, 

As for all types of surfacings (5), the de
crease in the sideway force coefficie nt (S, F. C, ) 
of the chipped bituminous concrete with an in
crease in the measuring speed varies in function 
of the texture depth, according to a hyperbolic 
law. 

Except for the small sizes, like 3-6 mm 
(l/8"-1/4"), the chipping of bituminous concrete 
can improve the adherence, if the stones (sized 
6-10 mm (1/4"-3/8"), 10-14 (3/8"-1/2") or 14-
18 mm (1/2"-5/8"))are spread in sufficient quan
tity, An increase in the spreading ratio of these 
stones gives rise to an improvement in the su
perficial texture (texture or levelling depth) and 
in the sideway force coefficient (S, F. C. ) (figure 
2), 

The S, F, C, of the passing lane becomes 
higher, after a year or more of service, than 
that of the right lane, bearing more intense and 
heavier traffic, The reason is found in the dif
ference of depth of embedding due to traffic of 
the chippings, and, therefore, in the superficial 
texture of the surfacing, 

After a year or more of service, the pol
ishing of the chippings used on the aforemention
ed road became such that the gain due to the 
chipping (increase in the macrotexture) is practi
cally annulled by the decrease in the microtexture. 
There results that the use of stones with a 

Figure 2, Evolution of the levelling depth (H) and of the S, F, C, (20°C) (68°F) at 80 km/h 
(50 mph) of differently chipped sections, 
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P. S, V. inferior or equal to 0. 51 is not recom
mended for roads with as heavy a traffic (11,700 
vehicles daily). 

Concerning the selection of the chippings'size, 
several factors must be taken into consideration, 
This size cannot be too large because of a greater 
spreading ratio and therefore greater cost for the 
stones and the bitumen for coating, and because 
of the increased difficulty of insertion and of the 
danger of windshield breakage. It cannot be too 
small because of the decrease in adherence of 
the stones to the bituminous mixture and in order 
for the pavement to have satisfactory non-skid 
properties, In conclusion, the choice of size 6-
10 mm (1/4"-3/8") or 10-14 mm (3/8"-1/2") is 
preferable. 

Performances of the Bituminous Mixture 

While observing numerous Belgian construc
tion sites, the Belgian Road Research Center not
ed that with unfavorable atmospheric conditions 
(wind) compaction began at a temperature inferior 
to l10°C (230°F) (minimum desired temperature), 
so that the chippings were not well enough anchor
ed, thus bringing about their loosening, The 
thickness presently prescribed for Belgian chipped 
bituminous concr te (3 cm = 1 1 /8") is such that 
the caloric reserve in the mixture, at the time of 
laying, is very little, It therefore seems advis
able (11) to increase this thickness to 5 cm (2 11

), 

If it f~, decided to only work in favorable atmos
pheric conditions, the thickness of 3 cm (1 1/8") 
is, however, sufficient. 

With regard to resistance to rutting (load of 
13,000 kg (14 . 3 short tons) per axle in Belgium), 
an increase in the thickness of the layer of chip
ped bituminous concrete must be accompanied by 
a modification in the formulation of the mixture, 
This modification comprises, on the one hand, the 
use of a bigger maximum size of the stones, and, 
on the other hand, the increase in the stone con
tent in the mixture (45 to 55 %). 

Experimental sections, executed by the Belgian 
Road Research Center in 1973 for this purpose, 
have thus shown that it is possible to suitably in-
- .... _ • .1- _..1.. ~ - ,.. ,... ~.: .-. ,.. ~ C!. 1 n ( 1 / ,1 I I 'l / Q 11 \ r\ n .-1 1 I') 1 A YY'\ YY\ 
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(3/8"-1/2") in a bituminous mixture comprising 
55 o/o stones (superior to 2 mm #) (ASTM lO)while 
at the same time presenting a low percentage of 
voids (1, 5 to 3, 0 %). The sections made with this 
mixture show, in comparison to those of which the 
mixture contains less stones, after a two years' 
period of service, a greater average depth of lev
elling and a better resistance to deformations, 
both on the site and in laboratory testing : com
pression und r repeated loads (12 ), splitting ten
sile test (13), traffic simulator "114), as can be 
seen. in table 2 in comparing mixtures B and C. 
However, it seems unreasonable to further in
crease the stone content of the bituminous mixture 
for fear of no longer being able to suitably insert 
the chippings. 

It remains evident that, like for unchipped bi
tuminous concrete, resistance to deformations is 
all the better when the penetration of the binder 
is lower and the amount of the latter in the mix
ture is better adapted to the composition and to 
the nature of the aggregates (stones, sands, filler). 
The comparison of mixtures A and B of table 2 

shows that it can be quite different if, in the de
termination of the binder, a change in the nature 
of the aggregates, like the sand, is not taken in
to consideration, In the case of bituminous con
crete with 55 % stones in the mixture, it is 
strongly advisable to make use of the recommen
dations published for unchipped bituminous con
crete (~). 

Recommendations for a Good Execution 

The quality of the chippings is an essential 
factor in the success of chipping bituminous con
crete, It is advisable to use materials of cubic 
form so that they may be easily inserted; a good 
pre-coating of the stones requires that they be 
clean; in order to avoid segregation of the aggre.,. 
gates in the storage bin of the chipping machine, 
care is needed to spread materials of a narrow size 
range (examples : 6-10 mm (1/4"-3/8"), 10-14 
mm (~/8 11 -1/2")); and stones with an appropriate 
polished-stone value will be chosen according to 
the location of the road, the traffic it bears and 
the permitted maximum speed, while taking as a 
model, for example, the English recommendations 
(16). An investigation undertaken by the Belgian 
Road Research Center showed that there exist 
several stones in Europe which meet these re
quirements : the P . S . V. of some of them is 
sometimes very high (up to O. 70) and numerous 
stones are, in addition, light-colored (table 1 ). 

A good pre-coating of the aggregates sup
poses, besides the cleanness of the materials, 
an amount of binder (the same as in the bul k ) 
adapted to the nature of the stone ( 1 7 ), that is 
0. 5 to 1, 0 % for nonporous stones and 1. 0 to 
1. 5 % for porous stones (percentages expressed 
in weight) . The pre-coating should taJce place at 
not too high a temp rature (145 to 160°C) (293 to 
32 0° •), so as to avoid oxidation of Lhe binder and, 
consequently, poor anchoring of the chippings. 

Low sotckpiles (inf rior to 1 m (3 ft) in 
height). in a clean place, and the sprinkling with 
water, accelerate the cooling of the pre-coated 
aggregates, indispensable for avoiding the for
mation of stone aggl omerates in the bin of the 
,-.l,inninn YYl!:1,...hinP (1 R\ ....,.,.~r-- r ... ,.,.t, ,._,. _______ - \ - I• 

The applicationof the bituminous mixture is 
made with a classical laying train; immediately 
behind the spreading-finisher, it is necessary, 
for spreading the chippings, to use a good chip
ping machine, preferably meeting the following 
criteria : 

- .good spreading regularity, longitudinally as well 
as transversally (coefficient of variation inferior 
to 15 %), even for possible extensions, 

- spreading width equal to that of the laid bitu
minous layer, 

- easy access to a storage bin of large capacity, 
- absence of influence of the height of loading of 

the storage bin on the spreading ratio, 
- easy access to the controls without work stop

page, 
- possibility of easily varying the width of the 

work and of making repairs on the spreading 
system without emptying the storage bin, 

- a comfortable operator's position giving the 
operator an excellent view of the controls and 
the work done, 
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Table 2, Deformations measured for chipped bituminous concretes of different mixtures 

I % stones 
% sand Deformations 

Nature (2mml> % filler % binder 
Mixture 

of sands ~ 2 mm#) fraction~ (< O. 074 mm#) (on Repeated comp, a Splitting tenJ! Traffic sim, c 
0.074mm#) aggregates) test 

1/3 crushed 
A 46. 1 41. 6 12.3 7.3 4,19 

2/3 natural 

B 
100 "/o 46. 0 42.5 11. 5 7.3 11. 4 

natural 
C 53.8 36.7 9.5 6.6 4.46 

apermanent deformation (%) acquired after 1,000 s, at 20°C (72°F) and at a frequency of 10 Hz. 

bRelative vertical diametrical deformation determined at the rupture at 25°C (77°F). 

cAverage of differences in level (mm), determined after 40,000 cycles at 25°C (77°F). 

0. 051 9.54 

o. 057 19.96 

0. 048 8 . 97 

dAverage difference (mm) of the vertical rutting depths measured before opening to traffic and after 36 months of traffic. 

On the sited 

3. 7 

6.5 

5.7 

") 

00 ..... 
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An investigation undertaken at the Belgian 
Road Research Center has shown that robust chip
ping machinesexist, satisfying most of the above 
mentioned criteria. 

If there is a brief stoppage of the chipping 
machine, care must be taken to avoid superim
posing aggregates when starting up again; and in 
case of stoppage, even of relatively little impor
tance, of the paving train, the chipping machine 
must be moved in order to make it possible to 
compact the part it covered. 

The insertion of the chippings should be made 
at an adequate temperature. The first machine 
for the compaction operation is a smooth rollar, 
which inserts the chippings at a temperature in
ferior to 140°C (284°F), in order to avoid pushing 
the aggregates too deeply into the mixture, and 
superior to 110°C (230°F), in order to prevent 
their coming loose, So as to efficiently organize 
the work, it is useful to have recourse to non
destructive measurements apparatuses such as an 
infrared pyrometer mounted on the first rollar 
(~). 

In order to obtain a good compaction of the 
bituminous concrete and a low voids ratio (less 
than 5 %), it is necessary to foresee a sufficient 
compaction train (minimum of two compactors). 
So as to control the compaction at the time of 
execution, a nuclear gauge, such as that des
cribed in (2 0) is very useful. The use of pneu
matic compactors is permitted, but only after 
sufficient cooling of the surfacing (temperature 
inferior to 8 0°C ( 1 76 °F) ), in order to avoid pulling 
out the stones. 

Figure 3, Chipped bituminous concrete with 
7 kg/m2 (13 lbs/sq.yd,) of stones sized 
10-14 mm (3/8"-1/2") after 3 months of 
traffic. Levelling depth : 2. 10 mm 
(0. 08 11

). 

Lastly, in order to prevent windshield break
age in case of possible loosening of the aggre
gates, it is strongly recommended to efficiently 
brush the surfacing before opening it to traffic. 
This brushing is preferably done with suction, 
For the same reason, it is useful to limit the 
vehicles I speed the first week after its opening to 
traffic. After this period, there is practically no 
more loosening of chippings, This is illustrated 
by figures 3 and 4, taken at the same place after 
respectively 3 months and 4 years to traffic. 

Conclusions 

Observation of numerous roads in bituminous 
concrete made some years ago in Belgium as 
well as in other countries has shown the excellent 
qualities of the technique of chipping (sprinkling) 
bituminous concrete. 

The success of this technique requires, how
ever, sustained attention on the part of the con
tractor in order that this surface treatment be 
applied according to the recommendations formu
lated above. 

The chipping of bituminous concrete offers 
numerous technical advantages, especially re
garding adherence- and therefore the safety of 
the automobilist- and a reduction in water spray 
at the rear of the vehicles. 

As for the economic advantages (use of local 
and possibly polishable stones in the bituminous 
mixture and reduction in the consumption of pu
blic lighting), they have been noted above. On 

Figure 4. Chipped bituminous concrete with 
7 kg/m2 (13 lbs/sq.yd.) of stones sized 
10-14 mm (3/8"-1/2") after 4 years of 
traffic. Levelling d,epth : 1. 75 mm 
(0. 07"). Photograph taken at the same 
site as in figure 3. 



( 

the other hand, the price of the chippings (0. 1 to 
0. 2 dollar/ sq. yd. ) is relatively low in the total 
moderate cost of chipped bituminous concrete 
(about 2 dollars/sq.yd.). 
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The chipping of fresh cement concrete pavements, 
developed by the Belgian Road Research Center, 
is one of the techniques for creating, during the 
laying, a coarse macrotexture indispensable for 
obtaining a high degree of skid resistance, even 
at high speed, on wet pavements. 
After a period of study and experimentation dea
ling, on the one hand, with the characteristics of 
the technique (composition of the concrete, the 
stones to be used in the chipping) and the perfor
mances achieved with regard to skid resistance 
and durability and, on the other hand, with the 
conception and development of an operational 
chipping machine, the process made its appear
ance in the specifications in Belgium with a view 
to its application on a large scale. 
The technique comprises two phases : 
a) uniform distribution of the chipping stones, 

sized 14-20 mm (1/2 in. - 3/4 in.) and highly 
resistant to polishing, over the concrete sur
face, previously compacted and profiled, in 
thf> nrnnnrtion fl to 8 ki;r/mz (11-15 lbs/sq.yd), 

b) inse'rti~n of the chippi;{gs into the fres'h con-
crete by tamping with vibration. 

In addition to the safety it provides, chipping 
offers economic advantages of its own : 
- the process permits the use of polishable 

aggregates in the concrete mass without 
reducing skid resistance, the contact surface 
between the pavement and the tread of the tires 
being constituted by the slightly polishable 
chipping stones, 

- it is possible to obtain economically a high 
degree of skid resistance in certain dangerous 
places or on roads with heavy traffic, given the 
small quantity of chippings of high Polished 
Stone Value used, 

- from the durability of the micro- and the ma
crotexture results a long-term maintenance of 
the pavement's non-skid qualities. 

The surface of road pavements is characterized 
by the following two factors : the macrotexture and 
the microtexture. In order to achieve pavements 
with good and durable skid resistance, even at high 
speed, the following criteria mus t be met ; 
- a coarse macrotexture, assuring the evacuation of 

surface water between the pavement and the tires 
of the vehicles, 

- a rough microtexture, assuring the adherence of 
the vehicles' tires to the pavement. 

In the case of cement concrete pavements,a coar
se macrotexture can be made at the time of execu
tion in three different ways : 
- by deep transversal grooving(_!_, ~), 
- by removal of the surface mortar in order that the 

stony skeleton be bare from the beginning, 
- by chipping ( 3, 4, 5). 

In order to obtain a rough microtexture on the 
surface, the first two techniques imply the use of 
slightly polishable materials in the concrete's com
position. The chipping technique, on the other hand, 
permits the use of local stones in the total mass 
even if they are less resistant to polishing, since 
the surface is chipped with aggregates highly resis
tant to polishing. 

This is one of the reasons that brought the 
Belgian Road Research Center to undertake the sys
tem atic s tudy of this latter process, which is the 
subject of this present report. 

1. Principle and Principal Advantages of Chipped 
Cement Concrete 

The chipping of fresh cement concrete pavements 
consists in distributing slightly polishable stones in 
a uniform manner on the concrete's surface which 
has first been compacted and profiled and in then in
crusting them in the concrete in such a way as to 
create a sufficiently coarse macrotexture, about 2 
to 3 mm (0. 08 to 0. 12 in.) by the sand patch test 
(6). 
- The chief interest in the process resides in the 

fact that it is possible to use polishable aggregates 
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in the concrete mass while the chippings of high 
polish resistance, constituting the separation be
tween the pavement and the tread of the tires, are 
used on the surface and give it its high and durable 
qualities of skid resistance. 

On the other hand, it is possible to adapt the 
desired level of skid resistance in relation to the 
site, the volume of traffic and the maximum autho
rized speed, by a judicious choice of the chipping 
stones. 

Finally, the traffic noise produced by the sur
face, which is characterized by a random distribu
tion of the chippings, is less annoying than in the 
case of transversal grooving, and comparable to 
the noise obtained with pavements in chipped bitu
minous concrete or those covered with a surface 
dressing. 

2. Principal Phases of the Application in Belgium 

The chipping of fresh cement concrete first took 
place in Belgium in the 1950's on several experi
mental sections. The spreading was done by hand 
and the stones were inserted into the concrete by a 
vibrating finisher. These sections still exist and 
have proven their resistance to weather and traf
fic as well as the durability of the process 
(Figure 1). 

In 1969 the Belgian Road Research Center under
took the systematic study of chipping at the time of 
execution of an experimental section of a road with 
heavy and intense traffic (6, 500 vehicles per day in 
1970 for the two directions together). 

Here too the spreading was done by hand with 
stones sized 10/14 mm (3/8 in. - 1/2 in.) and 
14/20 mm (1/2 in . - 3/4 in.) (square sieves), but 
the insertion was also done manually with a wooden 
tamping beam. 

At the end of 1976, the S.F.C. (sideway force 
coefficient on wet pavement measured with the aid 
of the TRRL-type odoliograph equipped with a 
smooth tire ; a correction is applied to bring the 
measured values back to a water temperature of 
20°C (68°F) on the pavement) measured on these 
sections at the speed of 80 km/h (50 mph) varies 
from O. 52 to O. 57 and this in spite of a relatively 
low PSV (polished stone value, determined accord
ing to reference 7) of the chippings used (0. 54). 
The decrease in s-: F. C. between 20 and 80 km/h 
U2. 5 and 50 mph), linked to the pavement's macro
texture, varies from 0. 10 to 0.16, thereby showing 
that the vehicles' adherence on the wet pavement is 
only slightly sensitive to an increase in speed. 

Insertion with the tamping beam having revealed 
itself particularly promising, the acquired experi
ence was to lead to the mechanization of the chip
ping technique on the basis of this last method. 

In collaboration with a firm for construction of 
contractors' material, the Belgian Road Research 
Center conceived and developed a machine for 
chipping (4, 5). This machine is presently opera
tional for work done on fixed forms and thus per
mits chipping to be rapidly applied on a large scale. 

Figure 1. Aspect of chipped concrete after 
21 years of traffic. 

3. Characteristics of the Chipping Process 
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One of the objectives pursued at the time of the 
experimental phase of the process was the deter
mination of the optimal composition of the concrete 
as well as of criteria concerning the choice and 
application of the chipping stones. 

During the course of experiments at the work 
site, it became apparent that concrete made of 
continuously graded aggregate of 0-32 mm 
(0-11/4 in.), whose composition is given in table 1 to 
serve as an example, having a slump of about 1 cm 
(0. 4 in. ) at the time of fabrication and chipped 
within 90 minutes (ti.me limit can vary depending on 
the atmospheric conditions) gives excellent results. 

In addition, it is of primary importance that the 
profile followed by the chipping machine be exactly 
the same as that of the paving machines ; thus the 
chipping machine was immediately preceded by a 
self-propelling surfacer, following the same profile 
references lengthwise and periecting the su.rface's 
evenness after the passage of the vibrating finisher 
(Figure 2). 

As for the stones to be used in the chipping, it 
became apparent that cubic crushed ones of the 
size 14-20 mm (1/2 in. - 3/4 in.) are ideal for 
chipping concrete made of continuously graded 
aggregate of 0-32 mm (0-1.1/4 in. ). With larger 
stones the resistance to insertion is too great . If 
they are too smaU, this resistance is too little, and 
there is a risk of pushing them completely into the 
concrete. These stones must also meet severe 
criteria in regard to resistance to polishing (mini
mum PSV of 0. 50 to 0. 60 according to the road's 
category), to crushing and to wear. 

The chippings should be wet prior to their appli
cation in order to increase their adherence to the 
concrete. The spreading rate ranges from 6 to 
8 kg per mz ( 11 to 16 lbs. /sq . yd) for stones with a 
density of 2. 6 to 2. 8). The anchoring of the stones 
in the concrete must be assured without their sink
ing, in order to confer on the surface an average 
levelling depth of about 2 to 3 mm (0.08-0.12 in.) 
by the sand patch test (Figure 3). A fine layer of 
mortar on top of the stones, which will wear off 
from the traffic, is, however, tolerated. 
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Table 1. Composition of the cement concrete . 

Materials 

Crushed stones 19-32 mm (3/4 in. - 11 / 4 in,) 

Crushed stones 6-19 mm (1 /4 in, - 3 / 4 in. l 

Crushed stones 1. 6-6 mm (ASTM n° 12 - 1/4 in.) 

Natural sand 

Cement 

Water 

Figure 2 . Paving train for the application of a 
pavement in chipped cement concrete, 
Width of work: 7,50 m (25 ft.). , 

4. Chipping Machine 

The chipping machine for concrete roads (4, 5), 
specially conceived and developed by the Belgian
Road Research Center, possesses the following 
functions : 
1) control of the transversal evenness of the sur

face before spreading the chippings, 
2) loading of the chippings in a storage compart

ment, 
3) dosage and uniform distribution of the chippings 

on the concrete's finished surface by means of a 
spreader drum, 

4) insertion of the chippings into the fresh concrete 
by tamping with vibration, 

5) spraying of a curing compound after the chipping. 
In a first stage lhe machine was developed for 

works on fixed forms and for concrete widths of 3 
to 13. 25 m (10 to 44 ft.), with the understanding 
that adaption to slip forms was foreseen for the 
near future. The work is carried out in the follow
ing way : after verification of the concrete's profile, 
the chippings are spread on the surface, the ma-

Quantity/volume of concrete in place 

kg/m 3 lbs. /ydl 

750 1265 

375 632 

350 590 

450 760 

375 632 

150 to 160 253 to 270 

Figure 3 . 

chine progressing at the speed of 2 . 7 m/min. 
(9 ft . /min .). They are immediately incrusted into 
the fresh .concrete during the same passag.e of the 
machine, thus with a continuous advancement of the 
machine, At any moment the operator can adjust, 
during the course of work and in a precls and 
continuous manner, the depth of incrustment of the 
chippings by l"egulating the level of actj,on of the 
tamper and its frequency of vibration . The beam is 
inclined by 3 °lo in relation to the direction of ad
vanoement, so that the chippings may be incrusted 
in a progressive way, each place being ta.ntp d 
about ten times. If need be and depending on the 
obtained result, it is possible to back the machine 
and, proc ed with a second phase of tamping . 

'file spraying of the curing compound is done 
during a supplementary passing of t)le machine at 
Lhe s peed of 10. 8 m / min. (36 ft. /min.) . Thus. one 
can easily follow a classical paving train on fixed 
forms, making an average daily advancement of 
about 300 m (330 yd). 

A view of the machine in operation is illustrated 
in Figure 4. 
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Figure 4. Side view of the chipping machine for 
concrete roads. 

The machine has been patented in Belgium as 
well as abroad (~). 

5. Achievements and Previsions 

At present there are about 100, 000 ml 
(120,000 sq. yds) of pavements in chipped cement 
concrete of which some 70, 000 (84, 000 yds) were 
made with the chipping machine described above. 

All together there are thus about 22 km (14 ml.) 
of experimental roads in chipped cement concrete 
with widths of 3 to 7. 50 m ( 10 to 2 5 ft. ) . 

In a first stage and after the older sections exe
cuted by hand, tests were made towards the tech
nological improvement of the process with the 
chipping machine. Preliminary tests underlined 
the excellent regularity of the distribution of the 
chippings, both in the transversal and in the longi
tudinal sense ( 9). On the other hand, different 
methods were tested in order to optimally realize 
the insertion of the chippings into the fresh con
crete by tamping or rolling, which finally led to 
the adoption of the process of continuously advanc
ing tamping with variable frequency of vibration 
(4, 5). 
- Following this development, tests have recent

ly been undertaken on the work sites of roads with 
heavy and intense traffic, for the purpose of 
observing, by systematic measurements of the 
S. F. C., the influence of the following parameters 
on the evolution of the S. F. C. : 
- the PSV of the stones for chipping (from O. 50 to 

o. 71), 
- the PSV of the stones in the concrete mass (from 

0. 34 to O. 55), 
- the type of cement used : Portland cement or 

blast-furnace slag cement, characterized by a 
volume of 35 to 60 % of blast-furnace slag. 
As for any study of skid resistance and its 

evolution in time, the analysis of these parameters 
will require years of observation. However, the 
measurements made after 6 months of traffic 
(about 5, 000 vehicles per day) show that the S. F. C., 
measured at 80 km/h (50 mph) on all the experi
mental sections, varies from O. 53 to O. 66, in 
function of the PSV of the chipping stones and 

independently of the PSV of the stones in the con
crete mass. 

As for riding comfort, the measurements made 
with the A. P. L. (analyser of the profile in length) 
do not show any incidence of the presence of 
chipping stone s on the surface. 
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All of the observations made on the experimen
tal roads have permitted, with a view to application 
on a large scale, the formulation of provisional 
recommendations relative to the execution of a 
chipped cement concrete pavement for the use of 
those designing and undertaking such work. On 
this subject, the realization of about 300, 000 ml 
(360, 000 sq. yd) of chipped cement concrete pave
ments has been foreseen within a short period of 
time. 

6. Economic Aspect of Chipping 

Besides its advantages with regard to safety, the 
chipping process offers important economic advan
tages of its own : 
a) In the first place, the process permits the use of 

local stones in the concrete mass, even if they 
are less resistant to polishing, which permits 
new perspectives to be foreseen for regions pos
sessing few or no stones with good resistance to 
polishing and can largely compensate for the 
supplementary cost of chipping. 
As an example, we have limestone quarries in 
Belgium whose stones were up to now rejected 
for the wearing courses of road pavements 
because of their low PSV (about 0.40) (10). By 
using these stones in the concrete mass, an 
economy on materials of about 9 B. F. per mz 
(fl, 0. 18 /sq.yd) is made on the cost of a cement 
concrete pavement, 20 cm (8 in.) thick, without 
harm to the mechanical properties of the pave
ment. To this should be added the economy 
made on the cost of transport in the case where 
the work is done in the vicinity of the quarries. 
Now, it is possible to chip the surface by means 
of a stone of excellent quality whose price in 
general is about 1,000 B. F. (fl, 25) per metric 
ton, which, for a ratio of aggregates of 8 kg/mZ 
(15 lbs. /sq. yd), would lead to a supplement of 
8 B.F. per m 2 (//, 0.17/sq.yd). 
In addition the use of these softer stones in the 
bulk permits a decrease in the wear of the equip
ment for fabrication and laying of the concrete as 
well as the diamond discs used for the sawing of 
the joints in the hardened concrete 

b) It is possible to economically obtai~ a high de
gree of skid resistance at dangerous places 
(curves, intersections ... ) or on roads submit
ted to an intense traffic. Indeed, given the 
relatively unimportant amount of aggregates 
used, the cost still remains limited, even if 
expensive stones of a high polished stone value 
are spread. 

c) From the durability of the macrotexture and the 
microtexture results a long-term maintenance 
of the non-skid qualities of the pavement, which 
means that special and costly repair treatments 
for restoring the skid resistance can be ulte
riorly avoided. 
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7. General Conclusions 

The technique of inserting chippings in fresh 
cement concrete, developed and perfected by the 
Belgian Road Research Center, is one of the tech
niques for achieving, at the time of construction, a 
rough microtexture and a coarse macrotexture, 
which are indispensable for obtaining a high degree 
of skid resistance, even at high speed, on wet pave
ments. 

The experimental sections (about 100, 000 m 2 

(120,000 sq. yds) at the present time) have shown, 
on the one hand, the efficiency and durability of the 
process and, on the other hand, have contributed 
to the development of a chipping machine, present
ly capable of carrying out work on fixed forms. 

With a view to the application of the proc e ss on 
a large scale within a short period of time, the 
acquired experience has permitted the formulation 
of provisional recommendations for the use of 
those designing and undertaking such work. Indeed, 
in order to be done successfully, chipping, like 
any surface treatment, requires particular atten
tion in regard to the composition and the laying of 
the concrete, notably an excellent initial profile, as 
well as the choice and application of the chipping 
stones. 

Lastly, chipping permits the use of polishable 
stones in the concrete mass, giving an indication 
of new perspectives, for those regions having 
little or nothing in the way of stones with good 
resistance to polishing, in the field of the concep
tion of non-skid cement concrete pavements. 
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Runway slipperiness research performed in the 
United States and Europe since 1968 has been 
reviewed. This review suggests the following 
benefits to the aviation community: Better 
understanding of the hydroplaning phenomena; 
a method for predicting aircra~ tire per
formance on wet runways from a ground-vehicle 
braking test; runway rubber deposits identified 
as a serious threat to aircra~ operational 
safety; methods developed for removing rubber 
deposits and restoring runway traction to 
uncontaminated surface levels; and developed 
antihydroplaning runway surfaces, such as 
pavement grooving and porous friction course, 
which considerably reduce the possibility of 
encountering aircra~ hydroplaning during 
landings in rainstorms. 

Extensive research has been performed in the 
United States and Europe since 1968 in an effort 
to combat problems relative to aircraft operations 
on slippery runways. This research has led to a 
more complete understanding of the sources of these 
operating problems and, as a result, improved 
methods are being introduced to control or allevi
ate these problems. The purpose of this paper is 
to review the present status of runway slipperiness 
research in the following areas of interest: 

1. Runway flooding during rainstorms 
2. Hydroplaning 
3, Identification of slippery runways 

including the results from ground vehicle friction 
measurements and attempts to correlate these mea
surements with aircraft stopping performance 

4. Progress and problems associated with the 
development of antihydroplaning runway surface 
treatments such as pavement grooving and porous 
friction course (PFC) 

5. Runway rubber deposits and their removal 

Runway Flooding During Rainstorms 

During 1971, the Texas Transporation Institute 
(TTI), Texas A&M University, published the results 
of a comprehensive study on the effects of rainfall 
intensity, pavement cross slope, surface texture, 
and drainage length on pavement water depths 
(ref. 1). From the TTI study, an equation can be 
derived to predict the rainfall intensity required 
to initiate flooding in aircraft tire paths on the 
runway as follows: 

For SI Units : 

1.253 x 103 ( __ T_.8_9_-~1. 695 

lL. 43(1/S) .42J 
(la) 

For U.S. Customary Units: 

(lb) 

where 

T 

rain rate required to initiate runway flooding 
in tire patch, mm/hr (in/hr) 

pavement surface texture depth (ATD), mm (in.) 

L tire patch distance from runway crown, m (~) 

S runway cross slope, m/m (ft/ft) 

It should be noted that equations 1 are derived 
from data obtained on ungrooved pavements and from 
pavements that have not been treated with a porous 
friction course. Figure 1 illustrates how equa
tions 1 can be used to predict whether a flooded 
runway condition will exist for a typical jet 
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transport landing on the runway center line during 
a rainstorm. The trends shown in figure 1 suggest 
that a pavement must be provided with a good cross 
slope and a good surface texture to minimize the 
risk of runway flooding and dynamic hydroplaning 
occurring to aircraft during take-off and landing 
in rainstorms. 

Effect of Surface Winds on Drainage 

Surface winds, when present on runways, can 
appreciably affect runway drainage by changing the 
direction of water flow off the side of the runway 
which tends to increase the drainage path length 
and increase runway water depths. Observations of 
water drainage from a number of runways using a dye 
test (sodium fluorescein dye injected into draining 
water on the runway to improve flow visualization) 
suggest that surface winds do not appreciably 
affect water drainage from runways as long as the 
draining water is flowing below the top of the 
pavement texture. Surface winds to affect water 
drainage from runways when flooded conditions 
exist and the water is flowing as a sheet above the 
top of the pavement texture. In the latter case, 
the water drainage-path angle with respect to the 
runway center line is determined from the vector sum 
of the wind and gravitational forces acting on the 
water. Typical examples of this behavior are shown 
in figure 2 (ref. 2) where the water'drainage pat
terns (from a dye test) obtained on a conventional 
burlap drag and a wire-combed (plastic grooved) 
concrete runway surfaces during artificial wetting 
tests performed in a 10-knot surface wind are com
pared. The average testure depth (A1'D) of the 
ungrooved burlap drag surface was 0.28 mm 
(0 .011 in.) as me.asured by the NASA grease test. 
This texture depth was insufficient to prevent sur
face flooding under the artificial wetting condi
tions, and the water drainage path direction was 
rotated toward the runway center line by the action 
of the surface wind. Under the same surface wetting 
and wind condition, the grooved concrete surface 
with an ATD of 0.81 mm (0.032 in,1 allowed most of 
the draining water to flow below- the top of the 
surface texture (unaffected by wind}. As a conse
quence, the water drainage path on this surface was 
nearly inline with the transverse grooves and the 
runway cross slope. 

Flooding on Grooved Runways 

NASA has constructed a concrete runway 4372 m 
(15 000 ft) long and 91 m (300 ft) wide at the 
Kennedy Space Center (KSC) for the space shuttle. 
(See fig. 3.) A longitudinal broom surfacing treat
ment was given the fresh concrete as it was paved 
by a lip-form paver (fig. 4). The concerete runway 
surface several months after paving was grooved by 
diamond saws to a transverse 29 x 6 x 6 mm 
(1! x * x ! in,) pattern with the resulting surface 
texture shown in figures 5 and 6. The Langley 
Research Center (LaRC) performed drainage and 
traction studies on the space shuttle runway in 
June 1976. 

On June 20, 1976, the Cape Canaveral area was 
subjected to a series of thunderstorms during which 
heavy rain fell on the shuttle runway. Figure 7 
shows the rain rates and surface flooding that 
occurred on the shuttle runway during a 30-minute 
period as one of the thunderstorms passed over the 
runway. The space shuttle runway is oriented in a 
north/south direction; a wind of approximately 

10 knots magnitude from the southwest was observed 
during the storm. For this wind condition, the data 
in figure 7 show that a rain rate of approximately 
81 mm/hr (3.2 in/hr) is required to start runway 
flooding in the shuttle main gear tire paths (land
ing on runway center line). 

The predicted rain rate (from eqs. 1) required 
to flood the runway in the shuttle main tire path 
is 47.1 mm/hr (1.85 in/hr). This difference 
between observed (81 mm/hr (3.2 in/hr)) and esti
mated (47.1 mm/hr (1.85 in/hr)) rain rates gives 
added weight to features long observed on runways 
grooved with a diamond saw technique; that is, the 
polished groove channels (from the diamond saw cuts) 
greatly reduce water flow resistance over water 
draining through and over the comparatively much 
rougher texture of conventional surface treatments. 
In addition, the draining water is forced by the 
groove channels to take the shortest drainage path 
(down the grooves) off the runway edge even on run
ways with longitudinal slope. As a consequence, 
water drainage from runways grooved with the diamond 
saw technique is greatly increased over ungrooved 
runway surfaces. (See fig. 8.) It is believed that 
plastic grooving techniques are not as effective as 
the sawed groove technique for water drainage 
because the grooves can be interrupted or misalined 
at paving lane edges and the groove channels have 
rougher wall surfaces. 

Flooding on Porous Friction Course Runways 

Water drainage from the porous friction course 
(PFC) runway at Farnborough, England, was personally 
observed during a heavy rain in 1965 and the runway 
did not flood while adjacent conventional surfaces 
did. Most PFC surfaces are 19 mm (3/4 in.) thick 
and have void ratios ranging between 0.1 and 0,15, 
which give this surface treatment a high water 
storage capacity before the surface floods. How
ever, water drainage over and through this surface 
treatment is interstitial with many abrupt flow 
direction changes as well as rough flow surfaces. 
Consequently, the drainage-path lengths will be 
longer for a PFC surface than for a grooved surface, 
especially on runways with longitudinal slope. For 
these reasons, it is believed, but not yet substan
tiated, that PFC surfaces will not drain water from 
runways as effectively as grooved surfaces (diamond 
RRW8) during prolonged rainfalls having high rain
fall rates. 

Hydroplaning 

The three presently known types of hydroplaning 
were first defined in reference 2, that is, dynamic, 
vi~cous, and "reverted" rubber hydr~planing. Con
tinuing research on hydroplaning since that time has 
in general supported the conclusions reached in ref
erence 2. However, this later research has shown 
new aspects of hydroplaning that are significant and 
of importance to describe. 

Wheel Spin-Up Speed 

Early (1960) NASA track hydroplaning research 
was conducted by rolling full-size unbraked aircraft 
tires across dry and flooded runway sections. The 
aircraft tire spun up at touchdown on the dry pave
ment and then entered the flo oded runway section at 
synchronous runway wheel speed and subsequently spun 
down or stopped completely when the carriage speed 
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equaled or exceeded the tire hydroplaning speed. 
This type of test defined the well-known tire hydro
planing speed equation (ref. 3), which is given as 
follows: 

For SI Units: 

(v) - 3 .43/p 
p spin-down -

For U.S. Customary Units: 

( V ) "' 9,lp 
P spin-down 

where 

p 

tire spin-down hydroplaning 
speed, knots 

tire inf~ation pressure, kPa 
(lb/in ) 

Since 1960, the aircraft industry has used 

(2a) 

(2b) 

this equation to define the hydroplaning speed for 
particular aircraft and aircraft flight manuals. 
Starting in 1970, investigation of aircraft hydro
planing accidents suggested that the spin-up hydro
planing speed for a nonrotating aircraft tire (as 
at aircraft touchdown) might be lower in magnitude 
than the speed predicted by equations 2 for a rolling 
unbraked tire. (See refs. 4 and 5.) As a conse
quence, references 6 and 7 defined the tire wheel 
spin-up hydroplaning speed on flooded runways as 

For SI Units: 

(v) - 2 . 93,Tp 
p spin-up -

For U.S. Customary Units: 

where 

p 

tire spin-up hydroplaning speed, 
knots 

tire inflation pressure, kPa 
(lb/in2 ) 

(3a) 

(3b) 

Additional verification of this new hydroplaning 
equation (eqs. 3) is given in reference 8 and shown 
in figure 9. It is important that aircraft flight
manual hydroplaning speeds be changed to reflect the 
values given by equations 3 since this hydroplaning 
speed represents the actual tire situation for air
craft touchdown on flooded runways. 

Reverted Rubber Hydroplaning 

Reverted rubber hydroplaning was first recog
nized and defined from friction data produced at the 
Langley landing-loads track (ref. 2), now called the 
Langley aircraft landing loads and traction facility, 
and from investigation of NTSB (National Transporta
tion Safety Board) aircra:ft skidding accident reports 
prior to 1965, (Data from the Langley landing-loads 
track or the Langley aircraft landing loads and trac
tion facility are herein after designated "NASA track 
data," and the facility is designated "NASA track.") 
Full-scale aircraft verification of the extremely low 

friction values encountered during reverted rubber 
hydroplaning did not occur until the aircraft 
flight test programs that are reported in refer
ences 9 to 11. These flight test programs were 
conducted in 1971-73. Figure 10 shows the reverted 
rubber skid patch developed on a B-737 tire during 
a landing run on the artificially wet runway at 
Roswell, New Mexico, after an approximately 1829-m 
(6000-ft) slide-out with all four main gear tires 
of the B-737 in a locked-wheel condition. Fig-
ure 11 shows the comparison between the Langley 
friction results of 1965 and the B-727 (1971) and 
the B-737 (1973) full-scale braking tests. The 
aircraft friction data shown in this figure com
pletely validate the 1965 NASA track data and con
firm the belief that the reverted rubber skid mode 
is the most catastrophic for aircraft operational 
safety because of the low braking friction and the 
additional fact that tire cornering capability 
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drops to zero when wheels are locked. (See ref. 8.) 
The reverted rubber hydroplaning condition is 

limited to aircraft using high tire inflation pres
sures. This phenomenon has not been observed on 
ground vehicles employing low tire inflation 
pressures of 165 kPa (24 lb/in2) or less when 
vehicle wheels are locked. Reverted rubber hydro
planing develops only when prolonged wheel lockups 
occur which stem from pilot/antiskid braking system 
inputs. Thus, the avoidance of reverted rubber 
hydroplaning must rest with improving pilot braking 
procedures and with improving locked-wheel protec
tion circuits of aircraft antiskid braking systems. 
(See ref. 8.) 

Combined Viscous and Dynamic Hydroplaning 

Most researchers now agree that the loss of 
tire friction on wet or flooded pavements with 
speed is due to the combined effects of viscous and 
dynamic hydroplaning phenomena acting in the tire 
footprint as shown in figure 12. The tire hydro
planing model shown in this figure was first pro
posed by Gough in 1959 in reference 12. (See also 
ref. 13.) The footprint and sketch in this figure 
show a pneumatic rolling at medium speed across a 
flooded pavement. For this partial hydroplaning 
condition, zone 1 describes the fraction of the tire 
footprint that is supported by bulk water, zone 2 
describes the fraction of tire footprint that is 
supported by a thin water film, and zone 3 describes 
the fraction of the tire footprint that is in essen
tially dry contact with the peaks of the pavement 
surface texture. The length of zone 1 represents 
the time required for the rolling tire for this speed 
condition to expel bulk water from under the foot
print; correspondingly, the length of zone 2 repre
sents the time required for the tire to squeeze out 
the residual thin water film remaining under the 
footprint after the bulk water has been removed. 
Since fluids cannot develop shear forces of appre
ciable magnitude, it is only in zone 3 (essentially 
dry region) that traction forces for steering, 
decelerating, and accelerating a vehicle can be 
developed between the tire and the pavement. The 
ratio of the dry contact area (zone 3) to the total 
tire footprint area (zone 1 + zone 2 + zone 3) multi
plied by the friction coefficient the tire develops 
on a dry pavement yields the friction coefficient the 
tire can develop for this flooded pavement and speed 
condition. 

As speed is increased, a point is reached where 
zone 3 disappears and the entire footprint is sup
ported by either bulk water or a thin water film. 
This speed condition is called combined viscous and 
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dynamic hydroplaning, As speed is further increased 
a poi nt is reached where bulk water penetrates the 
entire tir e footprint. This condition is called 
dynamic hydroplaning . If the runway is not flooded 
(no bulk water ) such as on a runway covered wi th a 
heavy dew, it is possible for zone 3 to cover the 
entire tir e f ootpri nt at spe ed i f the pavement is 
very smooth. This condition is called viscous 
hydroplani ng . 

Water Pressure Propagation Under the Tire Footprint 

NASA track research (ref. 2) shows that the 
fluid pressure developed in the bulk water (zone l) 
region of the footprint follows a v2 law and stems 
from fluid inertial or density properties as shown 
in figure l2. Correspondingly, this research shows 
that the fluid pressure developed in zone 2 (fig. l2) 
stems from fluid viscous properties; hence, the 
names dynamic and viscous hydroplaning are used to 
describe the hydroplaning phenomena. 

Pavement Macro/Microtexture Effects on Hydroplaning 

When flooding on a runway occurs, the pavement 
surface macrotexture plays the important role of 
providing escape channels to drain bulk water from 
zone l (fig. l2). The drainage channels are pro
vided by the tire tread draping over the high spots 
(asperities) of the pavement surface texture leaving 
valleys between the tire tread and the low points of 
the surface texture through which bulk water can 
easily drain out from under the tire footprint. 
Bulk water drainage through the pavement macrotex
ture thus delays to much higher speeds the buildup 
of fluid dynamic pressure with speed found for pave
ments with no or poor macrotexture. This effect is 
illustrated in figure l2 for smooth and grooved 
pavements. The macrotexture of a pavement can be 
assessed to some degree by methods such as the NASA 
grease test (ref. 14), the British sand patch test 
(ref. l5), and the Texas Transportation Institute 
silicone putty test (ref. l6). 

Providing the pavement with a good microtexture 
is the major means of combating viscous hydroplaning 
or preventing the development of viscous fluid pres
sures in zone 2 of the tire footprint. (See fig. l2.) 
Pavement microtexture is difficult to detect by eye 
"hu.t CG...~ ~G!!e.ll~'{ be d.ete~!f!in'='d from t.n11~hing the sur
face. A good pavement microtexture has a sharp
harsh-gritty feel such as obtained when touching 
fine sandpaper. The touch test is qualitative and 
not infallible and should be confirmed by ground 
vehicle friction tests under wet conditions. Pave
ment microtexture performs its function by providing 
the pavement surface thousands of sharp pointed pro
jections that, when contacted by the tire tread , 
generate local bearing pressures of several thousand 
Pa (lb/in2) . This intense pressure quickly breaks 
down the thin water film coating the pavement sur
face, and allows the tire to regain dry contact with 
the high points of the pavement surface texture. 

Tire Effects on Hydroplaning 

The footprint of the tire can be considered 
analogous to the wing on an aircra:ft; both are lift
ing surfaces, the wing to support the weight of the 
aircra~ in flight through the atmosphere and the 
tire footprint to support the weight of the vehicle 
during hydroplaning on a wet or flooded pavement. 
Wings of high aspect ratio (wing length/chord length) 

reduce tip losses and produce the highest lift coef
ficient to support the aircra:ft in flight. Research 
shows the same trends for tire footprints. Smooth 
tread tires having high-aspect-ratio footprints 
(footprint width/footprint length) for similar condi
tions of flooded pavement, load, and inflation pres
sure will hydroplane at lower vehicle speeds than 
tires with low-aspect-ratio footprints. The aspect 
ratio of the tire footprint is governed by the shape 
of the tire cross section or the ratio of tire sec
tion height to section width (also called the tire 
aspect ratio). 

Molding grooves (channels) in the tire tread at 
time of construction is the tire designers equivalent 
of pavement macrotexture. The tread grooves in the 
tire footprint are vented to atmosphere and provide 
escape channels for the bulk water trapped in zone l 
(fig. l2). Tread grooves thus raise the critical 
water depth required for a tire to suffer dynlllllic 
hydroplaning, and for water depths less than the 
critical depth, raise the tire hydroplaning speed. 
It should be noted that the benefits from grooving 
the tire tread decrease in proportion to tread wear 
(depth of groove) and vanish when the groove depth 
decreases to 1.6 mm (l/16 in.) or less. The tire 
decigners equivalent of pavement microtexture is to 
cut or mold kerfs or sipes into the tread ribs that 
lie between the tread grooves. The purpose of these 
features is to greatly increase the number of sharp 
edges of tread contact with the pavement that are 
provided by the tread grooves. Contact of the pave
ment surface at these sharp cornered tread sipe and 
groove edges creates local bearing pressures suffi
ciently high to quickly breakdown and displace the 
thin water film (zone 2, fig. 12) that creates 
viscous hydroplaning. 

The vertical load acting on a tire divided by 
the tire footprint area determines the average tire
pavement contact pressure. For smooth tread tires, 
this contact pressure is approximately equal or pro
portional to the tire inflation pressure. The 
difference in the pressure within and without (atmo
spheric pressure) the tire footprint creates forces 
which expel the water trapped in the tire-pavement 
contact zone at velocities which are proportional to 
the square root of the tire tread-pavement contact 
pressures. Thus, increasing the inflation pressure 
in a tire increases the rate of flow of water drain
age out of the footprint and raises the tire hydro
planing speed. When grooves are cut or molded into 
a tire tread t o form a tread pattern, the area of 
actual rubber contact with the pavement in the tire 
footprint is reduced. The result is that the contact 
pressures on the ribs of the tread pattern are 
increased which increases the rate of flow of water 
draining out of the footprint. This fact explains 
the effectiveness of tire tread patterns in improv
ing wet traction or delaying hydroplaning effects on 
wet or flooded pavements to higher speeds. It should 
be noted that while tire tread designs can reduce wet 
runway traction losses, the improvements obtained are 
relatively small in comparison to what can be 
obtained by providing the pavement with a good 
micro/macrotexture (ref. 7), and these improvements 
disappear when the tread becomes worn. 

Tire Operating Mode Effects on Hydroplaning 

The tire operating mode is controlled by the 
vehicle operator (pilot or driver). Depending upon 
the maneuver required, the vehicle tires may be 
undergoing free rolling, braked rolling, yawed roll
ing, powered rolling, a combination of braked and 
yawed rolling, or a combination of powered and yawed 
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rolling. Maximum lateral or steering forces for the 
tire occur when the tire is neither braked nor 
powered (driven by the engine). Correspondingly, 
maximum traction for accelerating or decelerating 
the vehicle develops when the vehicle is moving 
straight ahead (unyawed) and the tires are not 
developing lateral forces to withstand a cross wind 
or to conduct a turning maneuver. If the driver 
applies power to the vehicle driving wheels in 
excess of the tire-pavement friction capability, the 
tire loses its grip on the pavement, and the wheel 
will start to spin up with respect to the pavement. 
The resulting relative motion between the tire and 
the pavement under wet conditions increases viscous
dynamic hydroplaning effects and traction for 
accelerating and steering the vehicle is greatly 
reduced. On the other hand, if the pilot or driver 
bra.king demand (brake application) exceeds the tire
pavement friction capability, the tire loses its 
grip with the pavement and rapidly spins down to a 
locked-wheel condition. This is the most hazardous 
tire operating mode for vehicle operational safety 
(refs. 7, 8, and 17) because the tire cornering 
capability drops to zero even on dry pavements and 
vehicle directional stability is greatly reduced. 
Research shows that on wet and flooded pavements, 
both viscous and dynamic fluid pressures increase 
in magnitude under the sliding tire footprint over 
those obtained for a rolling tire for the same speed 
condition, The result is that locked-wheel sliding 
or nonrotating tires have a lower hydroplaning speed 
than rolling tires (compare eqs. 2 and 3). Under 
partial hydroplaning conditions on wet runways, the 
bra.king traction can ,be reduced by as much as one
third to two-thirds the maximum obtained during the 
braked rolling mode from this enhanced hydroplaning 
effect as shown in figure 11, (Compare µmax with 
µskid for normal rubber.) 

Prediction of Tire Braking and Cornering 
Characteristics on Wet Runways 

The description of the hydroplaning process 
given in the preceding paragraphs was ta.ken from the 
preamble of an empirically derived combined viscous
dynamic hydroplaning theory which is being developed 
by Horne (LaRC) and Merritt (FAA, Flight Standards). 
This theory is presently being refined and tested by 
using NASA track tire data and data obtained from 
aircraft-ground vehicle runway test programs. The 
theory was first exposed to public view at the FAA/ 
Industry Meeting on Runway Traction and Rational 
Landing Rule (Washington, D.C.), February 11-13, 
1975, The theory is being used to develop tire
runway friction models for flight simulator research 
conducted under NASA Contract (ref. 18), and is 
being used by NASA to assist NTSB in the investiga
tion of aircraft skidding accidents on wet runways. 

One of the first major accomplishments of the 
theory is the development of a simple method for 
transforming experimental friction measurements made 
by a vehicle using one tire operating mode on a wet 
pavement to prediction of braking and cornering 
friction coefficients for other tire sizes and dif
ferent tire operating modes for this same wet pave
ment condition. The method is described herein with 
the aid of figures 13 and 14 for the case of a 
diagonal-braked vehicle (DBV) friction measurement 
of the wet runway at Roswell, New Mexico, and the 
corresponding prediction of a B-737 main gear tire 
friction performance for the same runway wetness 
condition, 

The DBV method for evaluating the slipperiness 
of wet runways is to lock a diagonal pair of wheels 

on a four-wheel ground vehicle at a speed of 
52.2 knots and decelerate the vehicle to a stop 
under both wet and dry runway conditions. (See 
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ref. 19.) The wet-dry stopping distance ratio (SDR) 
obtained is an index to the slipperiness of the 
runway surface; the higher the SDR, the slipperier 
the runway is under wet conditions. The upper left 
plot shown in figure 13 describes the variation of 
DBV ground speed with time during a typical DBV test 
run at Roswell during the B-737 flight test program 
described in references 10 and 11. This speed time 
history was differentiated with respect to time to 
obtain the curve for DBV µskid against speed 
shown in the upper right plot of figure -13. The 
values of DBV µskid were obtained from the 
equation 

DBV µski d 2 f( ~; ) -( ~; ) J ( 4 ) 
~ braked unbraked 

The viscous-dynamic hydroplaning theory states 
that any experimentally obtained variation of tire 
friction coefficient with speed on a wet pavement 
can be converted to an equivalent nondimensional 
hydroplaning-parameter (Y)-speed-ratio form (lower 
le~ plot of fig, 13) by means of the relationships 

y 

Speed r atio 

where 

~ et 

y 

y 
R 

characteristic dry friction coefficient 
for tire 

experimental or predicted friction coef
ficient for wet pavement conditions 

ground speed 

characteristic tire hydroplaning speed 
(obtained from eqs. 2) 

tire-pavement drainage characteristic or 
hydroplaning parameter for pavement 

Y for locked-wheel sliding (nonrotating 
tire) 

Y for braked or yawed rolling (rotating 
tire) 

(5) 

(6) 

The theory defines µdry as the maximum friction 
coefficient obtainable on a dry pavement under 
braked rolling, yawed rolling, or locked-wheel 
sliding conditions at low speed (VG< 2 knots). For 
aircraft tires, µdJ;y may be calculated from the 
following equation laerived from ref. 20): 

For SI Units: 

6 -4 µd = 0,93 - 1. X 10 p ry 
(7a) 
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For U.S. Customary Units: 

-3 µdry= 0.93 - 1,1 X 10 p 

where 

p tire inflation pressure, kPa (lb/in2 ) 

(7b) 

The value of µdry for ground-vehicle tires must be 
determined experimentally. Typical values of µdr 
found for ground-vehicle friction measuring device~ 
are listed in table l . If µQr¥= 1.15 and 
Vp = 44.1 knots (from eqs. 2) in equations 5 and 6, 
respectively, the curve for DBV µskid agai~st VG 
of figure 13 is converted to the curve for YL 
against VG shown in the lower le~ plot of 
figure 13. The curve of YR (rolling tire) shown 
in this latter plot was obtained with the aid of 
figure 14 which is empirically derived from NASA 
track aircraft tire data in the viscous-dynamic 
hydroplaning theory. 

The theory suggests that all experimental 
pneumatic tire friction coefficients (aircraft or 
ground vehicle), when converted to nondimensional 
form , will condense along either the _YL curve 
(locked-wheel braking tests) or the YR curve 
(peak- braking or yawed-rolling tests) if the correct 
values for µdr and Vp for the tire conditions 
are used, and the pavement micro/macrotexture and 
wetness conditions remain constant for the pavement 
during the tests. 

Prediction of friction coefficients for any 
other tire size and inflation pressure simply 
requires multiplying either YL or YR in fig-
ure 13 by the appropriate µd value for the 
desired tire condition and th~yspeed ratio VG/Vp 
by the appropriate value of Vp for the desired 
tire condition for each data point (Y,VG/Vp), For 
the B-737 tire friction coefficient prediction 
shown in figure 13, µdr = 0.75 and Vp = 115.6 
knots were used. These ~alues were predicted by the 
B-737 test tire inflation pressure of p = 1137 kPa 
(165 lb/in2). Figure 13 shows that the prediction 
of the theory using DBV test data is within reason
able agreement of the NASA track friction data over 
the speed range studied for the B-737 tire. 

Identification of Slippery Runways 

A main goc;1.,l of rw1wc:1.y- Blippe1-ii1ess 1-esearch ha.3 
been to find ways to identify slippery runways so 
that such runways can be remedied and made safe for 
aircraft adverse weather operation. It has always 
been realized that it would be very expensive and 
impractical to utilize specially instrumented air
craft for this purpose; therefore, much research 
attention has been devoted to developing suitable 
g~ound-vehicle friction measuring techniques and 
equipment for this purpose. Since 1968, extensive 
aircraft/ground-vehicle runway research programs 
have been carried out in this country and abroad to 
find a solution to this problem (refs. 9 to 11, 19, 
and 21 to 26), and to answer the fundamental 
questions: 

1. Do friction measuring devices correlate 
between themselves? 

2. Do friction measuring devices correlate with 
aircraft tire performance on wet runways? 

3. Do friction measuring devices correlate with 
aircraft stopping performance on wet runways? 

The scope of this aircra~/ground-vehicle cor
relation problem is indicated by the data trends 

shown in figures 15 and 16. It can be seen that the 
data obtained by the various friction measuring 
devices and two aircraft, all of which utilize 
different tire operational modes in testing, 
literally fill the figures, and poor correlation 
between ground vehicle to ground vehicle, ground 
vehicle to aircraft, and aircraft to aircraft is 
indicated. The data in figures 15 and 16 were 
obtained from references 21, 22, and 27. 

Ground-Vehicle/Ground-Vehicle Correlation 

Ground-vehicle/ground-vehicle correlation is 
complicated by the fact that the tire sizes, 
operating modes, and inflation pressures, as well as 
test speed or test speed ranges, used by the ground
vehicle devices in measuring runway slipperiness are 
usually significantly different. Historically, most 
correlation attempts between devices have compared 
the measurement output of one device against that of 
another as shown in figures 17 and 18. These fig
ures compare l/SDR for the DBV against the Mu-Meter 
friction reading. Both measurements of runway 
slipperiness were obtained under identical runway 
wetness conditions on many different runway surfaces 
tested by USAF (fig. 17 (data from ref. 28)) and FAA 
(fig. 18 (data from ref. 29)). The data shown in 
both figures exhibit similar trends and indicate 
very poor correlation between a device (DBV) which 
measures vehicle stopping distance over a speed 
range of 52.2 to O knots with diagonal wheels locked 
and a yawed-rolling trailer which measures tire cor
nering force at constant ySM a.ogle (t = 7.5°) and 
constant speed (VG= 34.8 knots) for the wet runway 
surfaces investigated. A similar trend is noted 
for the Roswell smooth concrete runway surface shown 
in figure 19. In this instance only one runway sur
face was tested, but the runway wetness condition 
(water depth) varied. These data for the DEV and 
Mu-Meter were obtained from reference 11. Figures 20 
and 21 show the correlation obtained between the DBV 
and the skiddometer and the DBV and the Miles trailer 
at Roswell (ref. 11), respectively. The data in 
these figures show that the skiddometer (fig. 20) 
(like the Mu-Meter) exhibits poor correlation with 
DBV SDR measurements, whereas the Miles trailer com
pares better (fig. 21). The skiddometer runway 
slipperiness rating was achieved by testing the 
pavement at a constant speed of 34.8 knots (like the 
M,,_Mo+o'V'), T,T"ht:>oY.i::::,,cC! +n~ M; 1 PC! +."Y'.Q; 1 ~l" t.P~t.P.n t.hP. 

pavement over a speed range of 85 to O knots (sim
ilar to the DBV). 

Much better correlation between ground vehicles 
is obtained when each vehicle is tested over a speed 
range and the viscous-hydroplaning theory method 
(described earlier) is used to compare the friction 
data obtained by the vehicles. This type of cor
relation is shown in figures 22 to 25. The data for 
these figures were obtained from the joint NASA
British Ministry of Technology Skid Correlation 
Study reported in references 21, 22, and 30. The 
data trends shown in figures 22 to 25 suggest that 
good correlation is achieved between ground vehicles 
when the friction measurement of a vehicle is com
pared over a speed range with its equivalent mea
surement from another ground-vehicle device. This 
result suggests that ground-vehicle runway slip
periness measurements can correlate if tested over 
a speed range and proper accounting is made for the 
difference in the tire operating modes between the 
vehicles. It should be noted that the worst cor
relation between devices occurs in figure 25 where 
the Mu-Meter is compared with several other friction 
measuring devices. The Mu-Meter is the only 
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friction device that does not measure a friction 
boundary condition - that is, the skiddometer mea
sures peak braking (constant 0,13 braking slip); 
the General Motors (GM) trailer, either µmax 
or µskid from a pulse braking technique; the Miles 
trailer, µskid from a pulse braking technique; and 
the DBV, µskid from a continuous locked-wheel 
braking technique. The Mu-Meter, on the other hand, 
measures cornering force'developed on a tire at 7,5° 
yaw angle. At high pavement friction values, it 
cannot measure the peak friction boundary condition, 
whereas for low friction conditions, it may measure 
cornering force after the peak cornering-force value 
has been obtained, as shown in figure 26. The data 
in figure 26 were obtained from reference 31 
(p. 654). These data suggest that if the yaw angle 
for maximum cornering force (limiting coefficient of 
friction) is exceeded, the cornering force (and cor
nering friction coefficient) is reduced as yaw 
angle is further increased. For the case of the Mu
Meter which measures cornering force at 7.5° yaw 
angle, this type of tire behavior may result in an 
overestimation of the slipperiness of the wet pave
ment defined by peak boundary friction conditions. 

Aircraft/Ground-Vehicle Correlation 

As with ground-vehicle/ground-vehicle correla
tion attempts, most aircraft/ground-vehicle 
correlation attempts try to relate the measured out
put of a friction device with some measured output 
of the aircraft from data obtained during joint test
ing of the device and aircraft on artificially wet 
runway surfaces. Typical aircraft/ground-vehicle 
relationships obtained from such test programs are 
shown in figures 27 (Mu-Meter, ref. 24) and 28 
(DBV, refs. 11 and 25), Each friction device advo
cate claims good correlation between the device and 
the aircraft. For example, reference 26 states 
that the Mu-Meter may predict aircraft stopping 
performance within 10 to 15 percent if a correla
tion ranking system classifying runways surfaces 
into different texture groups is used. On the 
other hand, reference 11 states that the DBV can 
predict aircraft stopping performance within ±15 per
cent by using its prediction method. The tire fric
tion prediction method (described earlier in the 
paper) offers another approach to show correlation 
between ground-vehicle and aircraft measurements of 
runway slipperiness. 

Equation 5 may be modified to the form 

where 

y 
R 

n 

effective braking friction coefficient 
realized by the aircraft through its 
antiskid braking system 

(8) 

runway tire-pavement drainage characteristic 
(hydroplaning parameter) determined by 

~nd-vehicle friction test over ground 
- speed range 

characteristic maximum aircraft tire fric
tion coefficient on dry pavement 

antiskid braking system efficiency, 
µeff/~ax 

This method, using the DBV friction measuring device, 
is illustrated in figures 29 to 31. The correlation 
shown in the figures resulted from use of the 

arbitrarily selected antiskid braking system effi
ciency model depicted in figure 29 which is pat
terned after the one described in reference 32. 

The data trends shown in figures 29 to 31 sug
gest that a ground-vehicle friction measuring 
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device can be used to predict the effective friction 
coefficient an aircraft will develop on a wet run
way providing the antiskid braking system efficiency 
of the aircraft is known. The data trends also sug
gest that each aircraft type has its own charac
teristic antiskid braking system efficiency which is 
dependent upon the landing gear, braking, and anti
skid system design. 

Summary of Correlation Results 

The runway slipperiness research conducted since 
1968 in the area of ground-vehicle/ground-vehicle 
and aircraft/ground-vehicle correlations has been 
reviewed and yields the following observations: 

Ground-vehicle devices that test at constant 
speed do not correlate well with those devices that 
test over a speed range. 

Ground-vehicle devices that test at constant 
speed can be correlated together as well as those 
that test over a speed range regardless of the tire 
operating mode during testing. 

The DBV can be used to predict aircraft tire 
braking and cornering characteristics on wet run
ways. Other ground-vehicle devices have the 
potential to predict these tire characteristics as 
well if their test procedure is changed from a con
stant speed test to a speed range test similar to 
the DBV. Ground-vehicle devices that test at con
stant speed cannot predict aircraft tire braking and 
cornering friction coefficient on wet runways over 
the full take-off and landing speed range of 
aircraft. 

Ground-vehicle and aircraft slipperiness measure
ments can be correlated. However, the precision of 
correlation is obtained from artificially wet runway 
test programs. The accuracy of prediction from the 
correlation may be degraded when runways are wet 
from natural rain (different water depths). Fur
ther, some of the older aircraft braking systems can 
allow locked-wheel operation during maximum braking 
operation on wet runways. The locked-wheel condi
tion can result in reverted rubber hydroplaning 
which destroys the aircraft/ground-vehicle correla
tion. For these reasons, predictions of aircraft 
braking performance on wet runways from ground
vehicle devices should be employed only to provide 
guidance information to pilots. 

Status of Runway Slipperiness Measurements 

Standard USAF rm1Way skid resistant tests. - Since 
November 1973, the Air Force Civil Engineering 
Center (A.FCEC) has been measuring the skid resistance 
properties of airfields. Procedures for conducting 
the standard skid resistance tests are given in 
reference 33, This test requires that friction mea
surements be obtained by both the DBV and Mu-Meter 
when testing an airfield pavement. AFCEC feels that 
the friction data obtained from these friction 
measuring devices are complementary, and together 
they provide an adequate data base to evaluate the 
skid resistance of an airfield pavement. AFCEC 
intends to survey the skid resistance of all USAF 
runways in the United States and overseas on a 
periodic basis. AFCEC feels strongly that the con
cept of using an experienced, well-trained crew and 
standardized testing procedures for pavement skid 
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resistance evaluations offers many advantages. This 
concept requires the Air Force to purchase and main
tain a minimum quantity of equipment and ensures 
that the testing is properly accomplished and docu
mented. Results from this Air Force program are 
reported in references 28 and 34. 

FAA Advisory Circular No . 150/5320-12 .- FAA Air
ports Service issued FAA Advisory Circular 
No. 150/5320-12 on June 30, 1975 (ref. 35). This 
advisory circular provides guidance on methods that 
can be used to provide and maintain airport pavement 
surface friction characteristics. This guidance is 
intended for use by airport operators, engineering 
consultants, and maintenance personnel. This 
advisory circular does not purport to provide a 
means to predict aircraft stopping distance. For 
the requirements specified in this circular, FAA 
Airports Service requires a friction measuring 
device which 

1. Can provide fast, accurate, and reliable 
friction values of airport pavement surfaces under 
varvine- r:l im.1=1t.ir rnnnit.innf:. 

2. Can provide a continuous graph record of the 
pavement surface characteristics 

3. Has minimal maintenance and recurring costs 
4. Has a simple calibration technique 
5. Indicates potential for hydroplaning 

conditions 

This circular is worded carefully such that cur
rent friction measuring devices, the DBV for example, 
are not excluded from use in implementing the cir
cular, although it is clear that the British Mu-Meter 
is the device favored by FAA Airports Service since 
it is the only device described in the circular. The 
advisory circular clearly indicates that its needs 
are met by a device which measures the relative 
friction of pavement surfaces and that this measure
ment of friction does not provide a means to predict 
aircraft stopping distance (determine how slippery 
the runway surfaces are for aircraft operation). 

It is felt that issuance of this advisory cir
cular by the FAA is a noteworthy step forward in pro
viding guidance to install antihydroplaning runway 
surfaces at airports. However, the providing of 
relative friction measurements for engineering and 
maintenance purposes is secondary to the main 
objective of a friction evaluation which is to 
determine how slippery the runway surface is for 
aircraft operation. 

Progress and Problems of Ant-:lhydroplaning Runway 
Surface Treatments 

Both runway grooving and porous friction course 
(PFC) antihydroplaning runway surfaces were orig
inated in England, as described in reference 36. 
Research on runway grooving in the United States 
started with NASA experiments in 1962 (reported in 
ref. 2). PFC pavement research in the United States 
was initiated by USAF (1972) and is reported in 
references 37 and 38. 

Runway Grooving 

Since 1956, approximately 160 runways have been 
grooved world-wide as indicated in tables 2 to 12. 
Figure 32 shows the development of grooved runways 
at U.S. civil airports since the first air carrier 
airport was grooved in 1967. For the past 3 years 
an average of 24 air carrier airport runways have 
been grooved each year. At this present rate, the 

224 ILS runways 1524 m (5000 ~) or longer in length 
at U.S. air carrier airports will all be grooved by 
1986. At the present time, six different methods 
are available for grooving runways, namely, diamond 
saws, abrasive (carborundum) saws, flails, plastic 
grooving with segmented drum, plastic grooving with 
wire comb, and plastic grooving with wire broom. 
The latter three methods can only be used for groov
ing portland cement concrete when it has been 
freshly laid and has not hardened or set up. The 
most popular grooving method is the diamond saw. 
Approximately 80 percent of the air carrier airport 
runways that have been grooved since 1967 have used 
this grooving method. The effectiveness of runway 
grooving as an antihydroplaning surface treatment is 
revealed by reviewing the DBV SDR data shown in 
tables 13 to 17. Tables 13 to 16 were obtained from 
reference 39. Table 17 shows data obtained from a 
recenLly completed FAA DBV trial application-runway 
friction calibration and pilot information program 
(ref. 4o). Review of these data suggests that the 
greatest fraction benefit is realized from closed
spaced grooves that are cut 1/4 inch deep in the 
...-..o,rc'rfla-n+ -. .. ;+'h ,:;a;..,..,..,,....,....~ ,......, .. .,.,... 111\..;,... .,....,,...,.. •• ,+ .&>-,,..-. .... - .Ll-.-
J:' . ------- - - - - - ---·----- ~- .. ~. 

trend reported in reference 27 where a 25 x 6 x 6 mm 
(1 x 1/4 x 1/4 in.) pattern was found to be superior 
to all other patterns studied with regard to pre
serving traction on wet or flooded runways. Plastic 
grooving treatments are considered to be an improve
ment over conventional ungrooved concrete surfaces 
but are inferior to diamond sawed grooves in both 
traction performance and water drainage (discussed 
in section "Flooding on Grooved Runways 11

) • The 
uniformity of plastic grooving is poor compared with 
diamond sawed grooves as shown by comparing figures 5 
and 6 with figure 33. The data presented in fig-
ure 34 compare the traction performance of plastic 
grooving using a wire comb technique (ref. 41) with 
other antihydroplaning pavement surface treatments. 
These data confirm the traction trends just discussed . 

The major problem encountered with grooved run
ways is the chevron cutting of aircraft tires during 
the touchdown phase of aircraft landings on grooved 
runways. (See fig. 35.) This problem is discussed 
in detail in reference 39 and has been studied in 
reference 42. The civil airlines in the United 
States at the present time do not consider chevron 
cutting to be a serious operational problem to their 
j et transport fleet. It should be noted that the 
aircraft tire industry has been working in close 
cooperation with aircraft operators on the chevron 
cutting problem. During the past 5 years, the air
craft tire industry has developed new tread rubber 
compounds and tread designs that significantly reduce 
the degree of chevron cutting on aircraft tires 
experienced on grooved runways. In this regard, 
American Airlines reports that over the past 4 years, 
the number of landings per tire change on its jet 
transport fleet has increased by 50 percent. During 
this time period, the number of grooved runways at 
a ir carrier airports has increased from 37 to 107. 
The slipperiness of grooved runways is increased 
when heavy rubber deposits coat touchdown areas, but 
this problem is easily corrected by rubber removal 
treatments (discussed later). Some asphaltic con
crete runways have suffered collapsed grooves in 
trafficked areas. This type of problem is usually 
created by grooving the asphaltic concrete shortly 
after the runway has been paved and before the 
asphaltic concrete has cured properly. 

Porous Friction Course 

The first PFC surface treatment in the United 
States was at the Dallas Naval Air Station in 1971 
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as indicated in table 18. The growth of the PFC 
surface treatment at U.S. civil airports (through 
1975) is shown in figure 36. Over the past 3 years 
(1973 to 1975), an average of seven air carrier air
port runways per year have been given this antihydro
planing pavement surface treatment. Figure 34 shows 
that this surface is definitely superior in traction 
qualities over conventional ungrooved concrete and 
ranks with pavement grooving in this regard as 
reported in reference 19, PFC has a high storage 
volume to prevent runway flooding when rain first 
commences but does not have the free flowing drain
age features common to grooved runways. Consequently 
(as discussed earlier in the paper), PFC surface 
treatments are not believed to be as effective as 
grooved pavements, especially those cut with diamond 
saws, in preventing runway flooding during sus
tained, high rainfall rate precipitation conditions. 

A major problem that has been reported for PFC 
pavements is the difficulty of removing rubber from 
contaminated touchdown areas of the runway. AOCI 
(Airport Operators Council International) reports 
that the PFC surface at Johannesburg had to be 
replaced because rubber deposits could not be 
removed from the surface. A similar problem has 
been encountered at Denver Stapleton Airport where 
the rubber deposits could be removed only through 
the use of a flailing machine and high-pressure 
water-blast equipment. It should be stressed that 
the PFC surface treatments at U.S. airports have 
not been installed long enough at the present time 
to report realistically on the durability and main
tainability of this type pavement surface. 

Runway Rubber Deposits and Their Removal 

NASA, USAF, and FAA studies (tables 13 to 17) 
show that the most slippery runway segments are 
usually those located in aircraft touchdown areas 
which become covered with heavy rubber deposits. 
The reduced macro/microtexture of the pavement sur
face (fig. 37) resulting from rubber deposits makes 
the runway much more susceptible to dynamic and 
viscous hydroplaning during times of rain. The 
dramatic runway traction loss suffered as a conse
quence is illustrated by figure 38. Reference 11 
points out that wheel spin-up at touchdown on the 
Roswell smooth concrete runway (SDR = 2,17 to 2,75 
for DBV, B-737, and L-1011) required as much as 
2 seconds. From a comparison of figures 13 and 38, 
the predicted aircraft tire friction coefficient 
µskid available to spin the tire up on the rubber 
coated ungrooved runway at MIA runway 9R/27L 
(SDR = 4.62) is found to be much less than at 
Roswell, Consequently, wheel spin-up times may 
take from 6 to 8 seconds on this wet, contaminated 
surface. As a consequence, pilots may apply wheel 
braking before the wheels are spun up with the 
result that the antiskid braking system fails to 
perform properly and poor braking, poor directional 
control along with reverted rubber skidding may 
occur for the aircraft. (See refs. 8 and 11.) 
Obviously, runway rubber deposits pose a distinct 
threat to the operational safety of aircraft during 
landings and take-offs in adverse weather. This 
paper has pointed out that ground vehicles which 
test pavements utilizing a constant speed technique 
cannot predict the runway slipperiness resulting to 
aircraft from this effect. Therefore, the DBV, 
which has a demonstrated capability to perform this 
measurement, should be the only device permitted to 
assess this runway condition. Only when test pro
cedures have been changed and the devices correlated 
or calibrated satisfactorily with the DBV, should 
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other devices be allowed to measure the effects of 
rubber deposits on runway slipperiness for aircra~ 
operation. 

Review of the data contained in tables 13 to 17 
and figures 37 and 38 indicates that grooved runways 
are much less affected by rubber deposits than 
ungrooved runways and may require less frequent 
cleaning. Several methods for cleaning runways of 
rubber deposits are available and discussed in 
reference 40. One of the most effective means is by 
high-pressure water blast as shown in figures 39 
and 40. 

Concluding Remarks 

This paper has reviewed the runway slipperiness 
research performed in the United States and abroad 
over the time period 1968 to the present. This 
review suggests that this research has been extremely 
fruitful with the following tangible benefits 
resulting to the aviation community: 

1. A better understanding of the hydroplaning 
phenomena 

2. A method for predicting aircraft tire per
formance on wet runways from a ground-vehicle 
braking test 

3. The runway rubber deposit problem has been 
defined as one of the most serious threats to air
cra~ operational safety during landings and take
offs in adverse weather; at the same time, methods 
have been developed which can remove runway rubber 
deposits so that runway traction is effectively 
restored to uncontaminated levels 

4. Pavement grooving has fulfilled its promise 
as a runway surface treatment that minimizes runway 
flooding during heavy rainstorms and produces 
nearly dry aircraft braking and cornering perform
ance under wet runway conditions 

5. Porous friction course surface treatments 
are nearly as effective as pavement grooving, but 
further research and time are required to assess the 
effects of rubber deposits (and removal), durability, 
and maintainability of this surface treatment 

Finally, it is hoped that this report on the 
status of runway slipperiness research will stim
ulate the aviation conununity and the Federal 
Regulatory Agencies into a rapid implementation 
program to utilize the technological advances this 
research has produced and to improve airport runway 
safety. 

References 

1 . Galloway, Bob M.; Schiller, Robert E., Jr.; and 
Rose, Jerry G.: The Effects of Rainfall Inten
sity, Pavement Cross Slope, Surface Texture, 
and Drainage Length on Pavement Water Depths. 
Res. Rep. No. 138-5, Texas Transp. Inst., Texas 
A&M Univ., May 1971, 

2 . Horne, Walter B.; Yager, Thomas J.; and Taylor, 
Glenn R.: Review of Causes and Alleviation of 
Low Tire Traction on Wet Runways. NASA 
TN D-4406, 1968. 

3. Horne, Walter B.; and Dreher, Robert C.: 
Phenomena of Pneumatic Tire Hydroplaning. NASA 
TN D-2056, 1963. 

4 . Aircra~ Accident Report - Caribbean Atlantic 
Airlines, Inc.; Douglas DC-9-31, N938PR; Harry 
S. Truman Airport, Charlotte Amalie, St. Thomas, 
Virgin Islands; August 12, 1969. 
Rep. No. NTSB-AAR-70-23, Sept. 16, 1970, 



104 

5 . Aircraft Accident Report - Piedmont Airlines; 
Boeing 737, N751N; Greensboro, N.C.; October 28, 
1973. Rep. No. NTSB-AAR-74-7, May 22, 1974. 

6 . Horne, Walter B.; and Joyner, Upshur T.: Deter
mining Causation of Aircraft Skidding Accidents 
or Incidents. Paper presented at the 23rd Annual 
International Air Safety Seminar, Flight Safety 
Foundation, Inc. (Washington, D.C.), Oct. 1970. 

7. Horne , Walter B.: Elements Affecting Runway 
Traction. [Preprint] 740496, Soc. Automat. Eng., 
Apr. -May 1974. 

8. Horne, Walter B.; McCarty, John L.; and Tanner, 
John A.: Some Effects of Adverse Weather Condi
tions on Performance of Airplane Antiskid Braking 
Systems. NASA TN D-8202, 1976. 

9. Merritt, Leslie R.: Impact of Runway Traction on 
Possible Approaches to Certification and Opera
tion of Jet Transport Aircraft. [Preprint] 
740497, Soc. Automot. Eng., Apr.-May 1974. 

10. Cantu, A. G.; and Chernick, B. E.: Model 737 
Data - FAA Evaluation of Proposed Landing Certi
fication Rules. Doc. No. D6-43078, Boeing Co., 
Dec. 1973. 

11. Merritt, Leslie R.: 
l!:va.Luation 'l'ests. 
1974. 

Concorde Landing Requirement 
Report No. FAA-FS-160-74-2, 

12. Gough, V. E.: Discussion of Paper by D. Tabor, 
Frottement en Caoutchouc, Rev. Ge'n du Caoutchouc, 
vol. 36, 1959. 

13. Frictional and Retarding Forces on Aircraft Tyres. 
Part I: Introduction. Eng. Sci. Data Item 
No. 71025 with ammendment A, R. Aeronaut. Soc., 
Aug. 1972. 

14. Leland, Trafford J. W.; Yager, Thomas J.; and 
Joyner, Upshur T.: Effects of Pavement Texture 
on Wet-Runway Bra.king Performance. NASA 
TN D-4323, 1968. 

15. Lander, F. T. W.; and Williams, T.: The Skidding 
Resistance of Wet Runway Surfaces With Reference 
to Surface Texture and Tyre Conditions. RRL Rep. 
LR 184, Road Res. Lab., British Minist. Transp., 
1968. 

16. Rose, F. G.; Gallaway, R. M.; and Hankins, K. D.: 
Macrotexture Measurements and Related Skid 
Resistance at Speeds From 20 to 60 Miles Per Hour. 
Highway Research Record no. 341, 1970, pp. 33-45. 

17. Horne, Walter B.: Skidding Accidents on Runways 
and Highways Can Be Reduced. Astronaut. & 
Aeronaut., vol. 5, no. 8, Aug. 1967, pp. 48-55. 

18. Expansion of Flight Simulator Capability for 
Study and Solution of Airers.~ Directional Con
trol Problems on Runways. Phase I - Final Report. 
Rep. MDC A3304 (Contract NASl-13378), McDonnell 
Aircraft Co., Mar. 15, 1975. (Available as 
NASA CR-145084.) 

19. Yager, Thomas J.; Phillips, W. Pelham; Horne, 
Walter B.; and Sparks, Howard C. (appendix D by 
R. W. Sugg): A Comparison of Aircra~ and 
Ground Vehicle Stopping Performance on Dry, Wet, 
Flooded, Slush-, Snow-, and Ice-Covered Runways. 
NASA TN D-6098, 1970. 

20. Smiley, Robert F.; and Horne, Walter B.: 
Mechanical Properties of Pneumatic Tires With 
Special Reference to Modern Aircraft Tires. 
NASA TR R-64, 1960. (Supersedes NACA TN 4110.) 

21. Horne, Walter B.; and Tanner, John A.: Joint 
NASA-British Ministry of Technology Skid Corre
lation Study - Results From American Vehicles. 
Pavement Grooving and Traction Studies, NASA 
SP-5073, 1969, pp. 325-359. 

22. Sugg, R. W.: Joint NASA-British Ministry of 
Technology Skid Correlation Study - Results 
From British Vehicles. Pavement Grooving and 
Traction Studies, NASA SP-5073, 1969, 
PP· 361-409. 

23. Apon.: Model L-1011-1 (Base Aircraft) Landing 
Performance Report for FAA Evaluation of 
Concorde SST Special Condition 25-43-EU-12. 
Rep. No. LR 26267, Lockheed Aircraft Corp., 
Jan. 14, 1974. 

24. Sugg, R. W.: The Development and Testing of the 
Runway Friction Meter MK 1 (Mu-Meter). 
AF/542/043, British Minist. Def., June 1972. 

25. Merritt, L. R.: Analysis of Tests Conducted by 
the French Ministry of Armed Forces Flight Test 
Center for the Service Technique Aeronautique 
(STAe) Utilizing a Caravelle 116 Aircraft and a 
Diagonal Braked Vehicle (DBV). Rep. 
No. FS-160-75-2, FAA, Oct. 1975. 

26. Blanchard, J. W.: An Analysis of the B727 and 
DC9 Trials on Wet Runways With the Mu-Meter and 
Diagonal Braked Vehicle (DBV). Civil Aviat. 
Auth. (London), Dec. 1974. 

27. Yager, Thomas J.: Comparative Braking Perfor
mance of Various Aircra~ on Grooved and 
Ungrooved Pavements at the Landing Research 
Runway, NASA Wallops Station. Pavement Grooving 
and Traction Studies, NASA SP-5073, 1969, 
pp. 35-65. 

28. Williams, John H.: Analysis of the Standard 
USAF Runway Skid Resistance Tests. 
AFCEC-TR-75-3, U.S. Air Force, May 1975, 

29, Nussbaum, Peter J.; Hiering, William A.; and 
Grisel, Charles R.: Runway Friction Data for 
10 Civil Airports as Measured With a Mu-Meter 
and Diagonal Braked Vehicle. Rep. 
No. FAA-RD-72-61, July 1972. 

30. Horne, Walter B.: Results From Studies of High
way Grooving and Texturing at NASA Wallops Sta
tion. Pavement Grooving and Traction Studies, 
NASA SP-5073, 1969, pp. 425-464. 

31. Van Eldik Thieme, H. C. A.: Cornering and 
Camber Experiments. Mechanics of Pneumatic 
Tires, Samuel K. Clark, ed., NBS Monogr. 122, 
U.S. Dep. Commer., Nov. 1971, pp. 631-693. 

32. Preston, O. W.; Kibbee, G. W.; Murayama, R. H.; 
and Starley, R. A.: Development of a Basic 
Methodology for Predicting Airers.~ Stopping 
Distance on a Wet Runway. Rep. 
No. FAA-RD-70-62, Mar. 1971. 

33. Ballentine, George D.; and Compton, Phil V.: 
Procedures for Conducting the Air Force Weapons 
Laboratory Standard Skid Resistance Test. 
AFWL-TR-73-165, U.S. Air Force, Sept. 1973, 

34. AFCEC Pavement Surface Effects Team: Runway 
Skid Resistance Survey Report. Air Force Civil 
Eng. Center, U.S. Air Force, 1975. Production 
FLT/Test Instln, AF Plant 42, Palmdale, 
California, Mar. 1975. 
Norton AFB, California, Apr. 1975. 
March AFB, California., Apr. 1975, 
Vandenberg AFB, California, Apr. 1975. 
Williams AFB, California, Apr, 1975. 
Davis Monthan AFB, Arizona, Apr. 1975. 
Reese AFB, Texas, May 1975 
Carswell AFB, Texas, May 1975. 
Dyess AFB, Texas, May 1975, 
Webb. AFB, Texas, May 1975. 
Laughlin AFB, Texas, May 1975. 
Randolph AFB, Texas, May 1975. 
Barksdale AFB, Louisana, May 1975. 
Yokota AFB, Japan, Aug. 1975. 
Elmendorf AFB, Alaska, Aug. 1975, 



r 

( 

( 

(, 

( 

( 

35, Methods for the Design, Construction, and Main
tenance of Skid Resistant Airport Pavement 
Surfaces. AC No. 150/5320-12, FAA, June 30, 
1975, 

36. Martin, F. R.: Pavement Surface Treatments at 
Airports in Great Britain. Pavement Grooving 
and Traction Studies, NASA SP-5073, 1969, 
pp. 235-278, 

37, Tomita, Hisao; and Forrest, J, B.: Porous 
Friction Surfaces for Airfield Pavements. 
AFWL-TR-74-177, U.S. Air Force, May 1975, 

38. Compton, Phil V.; and Hargett, Emil R.: Skid
Resistance Evaluation of Seven Antihydroplaning 
Surfaces. AFWL-TR-74-64, U.S. Air Force, 
May 1974, 

39, Horne, Walter B.; and Griswold, Guy D.: Eval
uation of High Pressure Water Blast With 
Rotating Spray Bar for Removing Paint and Rubber 
Deposits From Airport Runways, and Review of 
Runway Slipperiness Problems Created by Rubber 
Contamination. NASA TM X-72797, 1975, 

4o. Merritt, Leslie R.: Trial Application-Runway 
Friction Calibration and Pilot Information 
Program. Rep. No. AFS-160-76-1, FAA, Aug. 19, 
1976. 

41. Marlin, Eugene C.; and Horne, Walter B.: 
Plastic (Wire-Combed) Grooving of a Slip-Formed 
Concrete Runway Overlay at Patrick Henry 
Airport - An Initial Evaluation. Paper 
presented at the Southeastern Airport Managers 
Association (Fort Lauderdale, Fla.), Nov. 1973, 

42. Byrdsong, Thomas A.; McCarty, John Locke; and 
Yager, Thomas J.: Investigation of Aircra~ 
Tire Damage Resulting From Touchdown on Grooved 
Runway Surfaces. NASA TN D-6690, 1972, 

105 



106 

-- L = 0.61 m (2 ft) - NOSE WHEEL 

IF' mm/hr 

- - - L = 3.05 m (IO ft) - MA IN WHEEL 

lOOQ=0.25% w=0.50% 
4 

~ - 2 __ , 
- , 

o -- --- ----- o IF, in/hr 

100 s = 1.00 % s = I.~ % 4 

I 
I 

I 
~ 

, 
I 2 I I 

I , 
,,/ :/ , - ./' , -- 0 

0 1.0 2.0 0 1.0 2.0 mm 

0 .04 .08 0 . 04 .08 in • 
PAVEMENT SURFACE TEXTURE DEPTH, T 

Figure 1. Rainfall rate required to flood tire 
path on conventional runway surfaces. Landings 
on center line. 

Figure 2. Water drainage from concrete runway 
at PHF. Water truck wetting; runway 6/24; 
wind from 60° at 10 knots. 

Figure 3. Space shuttle landing facility at KSC. 

Figure 4. Space shuttle landing facility at KSC with 
slip-form paving equipment, leveling tube, and 
longitudinal broom. 

Figure 5. Space shuttle landing facility at 
KSC with pavement grooving machine (diamond 
blades). 

Figure 6. Concrete runway surface texture of 
space shuttle landing facility at KSC. 
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Figure 7. Surface flooding on space shuttle grooved 
runway during thunderstorm 6/20/76. 

Figure 8. Water drainage from grooved and 
ungrooved asphalt. Grooving pattern, 38 x 6 x 6 mm 
(1-1/2 X 1/4 X 1/4 in.). 
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Figure 9. Delayed wheel spin-up at touchdown on 
flooded runway. 
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Figure 10. B-737 tire reverted rubber skid patch 
after 1.8 km (6000 f't) locked-wheel skid on wet 
smooth concrete. 
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Figure 11. Aircraft flight test confirmation of 
reverted rubber hydroplaning 1965 NASA track; 
32 x 8.8 aircraf't tire; flooded runway. 
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Figure 12. NASA model for combined viscous 
and dynamic tire hydroplaning. 
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Figure 13. Prediction of aircraft tire friction 
coefficient from ground-vehicle braking test on 
a wet runway by NASA theory. 

1.0 

.8 

SLID ING TIRE .6 

HYDROPLANING 
PARAMETER. 

'i\ .4 

.2 
FROM HORNE AND MERRITT COMBINED 
VISCOUS-DYNAMIC HYDROPLANING THEORY 

0 .2 .4 .6 .8 1.0 

ROTATING TIRE HYDROPLANING PARAMETER. YR 

Figure 14. Empirically derived relationship between 
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1.0 

.8 

FRICTION, .6 
COEFFICIENT. 

µ 
.4 

TEST VEHICLE TIRE TEST MODE 

I GM SKID µB,max 
TRAIL.ER 

2 GM SKID µB,skid 
TRAIL.ER 

3 SWEDISH µB,max 113% SLIP) 
SKIDDOMffiR 

4 NASA OBV 

MU-METER 

MILES 
TRAILER 

I50 8 F-4D 
AIRCRAFT 

µB,skid 

µS,¢-7.5° 

µB,skid 
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Figure 22. Prediction of GM trailer µskid from GM 
trailer µmax data. ASTM smooth tread tire; data 
from reference 22, 
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Figure 23. Prediction of skiddometer ~ax from 
Miles trailer µskid data. Data from references 21 
and 22. 
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references 21, 22, and 30. 
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Figure 25. Prediction of skiddometer and GM trailer 
µmax from Mu- Met er friction r eading(~ = 7.5°). 
Data from references 21, 22, and 30. 
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Figure 28. Aircraft/DEV correlation on wet 
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Figure 29. Prediction of aircra~ braking 
performance on wet runway from DBV braking 
test. JFK runway 4R/221; grooved concrete; 
water truck wetting. 
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Figure 30. Prediction of aircraft braking 
performance on wet runways from DBV braking test 
for DC-9 and C-141 jet transports. 
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Figure 32, Number of grooved runways at 
U.S. air carrier airports. 

Figure 33, Examples of plastic grooving of Portland 
cement concrete. 
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Figure 34. Wet skid resistance of several new type 
runway surface treatments. Artificial wetting. 

Figure 35, Tire damage from wheel spin-up at 
touch-down on dry grooved runway. Wallops grooved 
concrete; groove pattern, 25 x 6 x 6 mm 
(1 x 1/4 x 1/4 in.); CV-990 jet transport MLG tire, 
size 41 x 15,0-18; p = 1102 kPa (160 lb/in2); 
VG= 125 knots. 
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Figure 37. Effect of rubber deposits on runway 
surface texture. 
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Figure 38. Effect of rubber deposits on run
way traction before and after grooving. 
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Figure 40. Effect of rubber removal by high-pressure 
water blast on runway traction. LAFB runway 25; 
May 1975. 
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p 
Device 11dry 2 kPa lb/in 

DBV (ASTM E-249 smooth tread tire) 1.15 165 24 

DBV (ASTM E-524 smooth tread tire) 1.20 165 24 

Mu-Meter 0.84 69 10 

Miles trailer 1.15 138 20 

Skiddometer model BV-6 (ASTM E-249 smooth tread tire), 1.15 165 24 

Table 1, Tire characteristics of friction measuring devices 

Groove pattern, 

Airport Country Runway Surface Grooving p X W X D 
technique mm in, 

A (1956) - M UK N/A AC T-F 25 X 3 X 3 1 X 1/8 X 1/8 
B (1957) - M UK N/A AC T-F 25 X 3 X 3 1 X 1/8 X 1/8 
C (1960) - M UK N/A AC T-F 25 X 3 X 3 1 X 1/8 X 1/8 
D (1960) - M UK N/A AC T-F 25 X 3 X 3 1 X 1/8 X 1/8 
E (1960) - M UK N/A PCC T-F 25 X 3 X 3 1 X 1/8 X 1/8 
F (1961) - M UK N/A AC T-CS 25 X 3 X 3 1 X 1/8 X 1/8 
Manchester (1961) - C UK N/A AC T-F 25 X 3 X 3 1 X 1/8 X 1/8 

NASA LaRC (1964) - C USA Research track { AC T-DS 25 X 3 X 3 1 X 1/8 X 1/8 
PCC L-DS 25 X 6 X 6 1 X 1/4 X 1/4 

Manchester (1965) - C UK N/A AC T-F 25 X 3 X 3 1 X 1/8 X 1/8 
Ubon (1966) - M USA N/A PCC T-DS 51 X 6 X 6 2 X 1/4 X 1/4 

(Skip 610) (Skip 24) 
Udorn (1966) ·- M USA N/A PCC T-DS 51 X 6 X 6 2 X 1/4 X 1/4 

(Skip 610) (Skip 24) 

( 
} 25 X 3-9 X 3 1 X 1/8-3/8 X 1/8 

T-F 38 X 3-9 X 3 1 1/2 X 1/8-3/8 X 1/8 

NASA LaRC (1966) - C USA Research track PCC 
51 X 3-9 X 3 2 X 1/8-3/8 X 1/8 l 25 X 3-9 X 6 l X 1/8-3/8 X 1/4 

T-DS 38 X 3-9 X 6 l 1/2 X 1/8-3/8 X 1/4 
51 X 3-9 X 6 2 X 1/8-3/8 X 1/4 

Table 2, Grooved runways constructed during 1956-1966 

Groove pattern, 

Airport Country Runway Surface Grooving p X w X D 
technique 

mm in. 

Bien Hoa - M USA N/A PCC T-DS 51 X 6 X 6 2 X 1/4 X 1/ 4 
(Skip 610) (Skip 24) 

Birmingham - C UK N/A AC T-F 25 X 3 X 3 l X 1/8 X 1/8 
Beale AFB - M USA 14/32 PCC T-DS 25 X 6 X 6 l X 1/4 X 1/4 
John F. Kennedy - C USA 4R/22L PCG T-DS 38 X 10-5 X 3 l 1/2 X 3/8-3/16 X 1/8 
Kansas City Mun. - C USA 18/36 PCC/AC T-DS 25 X 3 X 6 1 X 1/8 X 1/4 
NASA Wallops - C USA 4/22 PCC/AC T-DS 25 X 6 X 6 l X 1/4 X 1/4 
Washington Nat. - C USA 18/36 AC T-DS 25 X 3 X 3 l X 1/8 X 1/8 

Table 3, Grooved runways constructed during 1967 
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Groove pattern, 

Airport Country Runway Surface Grooving p X w X D 
technique 

mm in. 

Atlanta Mun. - C USA 9R/27L PCC T-DS 32 X 10-3 X 6 1 1/4 X 3/8-1/8 X 1/4 
Chicago-Midway - C USA 13R/31L PCC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Chicago-Midway - C USA 4R/22L PCC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Seymour-Johnson 

AFB - M USA 8/26 PCC/AC T-DS 51 X 6 X 6 2 X 1/4 X 1/4 
(Skip 610) (Skip 24) 

Tempelhof (Ger.) - M USA 9R/27L AC T-DS 38 X 10 X 10 1 1/2 X 3/8 X 3/8 

Table 4. Grooved runways constructed during 1968 

Groove pattern, 

Airport Country Runway Surface Grooving p X w X D 
technique 

- i::. 

Boston Logan - C USA N/A AC T-DS 25 X 6 X 6 1 X 1/4 X 1/4 
Charleston (W.Va.) - C USA 5/23 PCC/AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Chicago O'Hare - C USA 9L/27R PCC/AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Dallas Love Field - C USA 13R/31L PCC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Offutt AFB - M USA 12/30 PCC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Wellington - C New N/A AC T-DS 25 X 3 X 3 1 X 1/8 X 1/8 

Zealand 

Table 5. Grooved runways constructed during 1969 

Groove pattern, 

Airport Country Runway Surface Grooving p X W X D 
technique 

mm in. 

Bankok Thailand N/A PCC T-DS 51 X 6 X 6 2 X 1/4 X 1/4 
Dallas Love_ Field - C USA 13L/31R AC T-DS 38 X 10 X 6 1 1/2 X 3/8 X 1/4 
Harry s. Truman - C USA 9/27 PCC/AC T-DS/CS 38 X 10 X 6 1 1/2 X 1/4 X 1/4 
Kadena - M USA N/A PCC/AC T-DS 32 X 6 X 6 11/4 X 1/4 X 1/4 
Nashville Met. - C USA 2L/20R AC T-DS/CS 51 X 6 X 6 2 X 1/4 X 1/4 
Nashville Met, - C USA 13/31 PCC/AC T-DS/CS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Orly - C France N/A PCC T-DS N/A N/A 
Port Hardy - C Canada N/A AC T-DS 25 X 6 X 6 1 X 1/4 X 1/4 
Shemya - M USA 10/28 AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 

Table 6. Grooved runways constructed during 1970 

Grooving Groove pattern, 
Airport Country Runway Surface technique 

P X W X D 

mm in. 

Boston Logan - C USA 4R/22L AC T-DS 57 X 6 X 6 2 1/4 X 1/4 X 1/4 
Chicago O'Hare - C USA 4R/22L PCC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Houston Int. - C USA 8L/26R PCC T-DS 51 X 6 X 6 2 X 1/4 X 1/4 
Kaitak - C Hong Kong 13/31 PCC/AC T-DS 44 X 6 X 6 1 3/4 X 1/4 X 1/4 
Kunsan - M USA 17/35 PCC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
LaGuardia - C USA 4/22 AC T-DS 38 X 10-5 X 5 1 1/2 X 3/8-3/16 X 3/16 
LaGuardia - C USA 13/31 AC T-DS 38 X 10-5 X 5 1 1/2 X 3/8-3/16 X 3/16 
Memphis Int. - C USA 17R/35L PCC T-PGWB N/A N/A 
Newark - C USA 4L/22R AC T-DS 38 X 10-5 X 5 1 1/2 X 3/8-3/16 X 3/16 
San Diego Lindberg - C USA 9/27 PCC T-DS 25 X 6 X 6 1 X 1/4 X 1/4 
Springfield (Ill.) - C USA 4/22 PCC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Tampa Int. - C USA 18L/36R PCC T-PGWB N/A N/A 

Table 7. Grooved runways constructed during 1971 
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Groove pattern, 

Airport Country Runway Surface Grooving p X w X D 
technique 

mm in. 

Baton Rouge - C USA 4/22 PCC T-PG 51 X 6 X 6 2 X 1/4 X 1/4 
Boston Logan - C USA 4R/221 AC T-DS 57 X 8 X 6 2 1/4 X 5/16 X 1/4 
Cincinnati - C USA 18/36 AC T-DS 38 X 6 X 6 1 1/2 X 1/ 4 X 1/ 4 
Cincinnati - C USA 9R/27L PCC T-DS 38 X 6 X 6 1 1/2 X 1/4 X 1/4 
Denver Stapleton - C USA 17L/35R PCC T-DS 51 X 6 X 6 2 X 1/ 4 X 1/ 4 
Detroit Metro. - C USA 3L/21R PCC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Minneapolis - C USA 4/22 PCC T-DS 51 X 6 X 6 2 X 1/4 X 1/4 
Oklahoma City - C USA 17R/35L PCC T-PG 25 X l3 X 13 1 X 1/2 X 1/2 
Omaha Eppley Field - C USA 14R/321 AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Osan - M USA 9/27 PCC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Plattsburg - M USA 17/35 PCC T-DS 38 X 6 X 6 1 1/2 X 1/4 X 1/4 
Shaw - M USA 4L/22R PCC T-DS 51 X 6 X 6 2 X 1/4 X 1/4 

(Skip 610) (Skip 24) 
Springfield (Mo.) - C USA 1/19 PCC T-DS 51 X 6 X 6 2 X 1/4 X 1/4 
St. Paul Holman - C USA 12/30 AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Waterloo Mun. - C USA 12/30 PCC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Washington Nat. - C USA 18/36 AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 

Tabl e 8. Gr ooved runways construct ed during 1972 

Groove pattern, 

Airport Country Runway Surface Grooving p X W X D 
technique 

mm in. 

Allentown - C USA 6/24 AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Atlanta Int. - C USA 9R/27L PCC T-PGWC N/A N/A 
Baltimore Int . - C USA 10/ 28 AC T-DS 32 X 6 X 6 11/4 X 1/4 X 1/4 
Baltimore Int. - C USA 15/33 AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Charles DeGaulle - C France N/A PCC T-DS N/A N/A 
Clarksburg - C USA 3/21 AC T-DS 51 X 6 X 6 2 X 1/4 X 1/4 
Cleveland Hopkins - C USA 5R/23L AC T-DS 38 X 6 X 6 1 1/2 X 1/4 X 1/4 
Dallas/Ft. Worth - C USA 171/35R PCC T-DS 38 X 6 X 6 1 1/2 X 1/4 X 1/4 
Dallas/Ft. Worth - C USA 17R/35L PCC T-DS 38 X 6 X 6 1 1/2 X 1/4 X 1/4 
Dallas/Ft. Worth - C USA 13L/31R PCC T-DS 38 X 6 X 6 1 1/2 X 1/4 X 1/4 
Gainsville Mun. - C USA 10/28 AC T-DS 38 X 6 X 6 1 1/2 X 1/4 X 1/4 
Griffiss - M USA 15/33 PCC T-DS 51 X 6 X 6 2 X 1/4 X 1/4 
Huntington - C USA 12/30 AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Jacksonville Int. - C USA 7/25 AC T-DS 51 X 6 )( 6 2 X 1/4 X 1/4 
Laf ayette (Ind.) - C USA 10/28 AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
LaGuardia - C USA 13/31 AC T-DS 38 X 10-5 X 5 1 1/2 X 3/8-3/16 X 3/16 
Miami Int. - C USA 9L/27R AC T-DS 38 X 6 X 6 1 1/2 X 1/4 X 1/4 
Miami Int . - C USA 9R/271 AC T-DS 38 X 6 X 6 1 1/2 X 1/ 4 X 1/4 
Patrick Henry Field - C USA 6/24 PCC T-PGWC 13 X 3 X 3 1/2 X 1/8 X 1/8 
Peoria (Ill.) - C USA 12/30 AC T-DS 51-76 X 6 X 6 2-3 X 1/4 X 1/4 
Savannah - C USA 18/36 PCC T-PGWC N/A N/A 
South Bend - C USA 9/27 AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
St. Louis Lambert - C USA 6/24 PCC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
V.snce - M USA 17R/35L PCC T-DS 51 X 6 X 6 2 X 1/4 X 1/4 
Williamsport - C USA 9/27 AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 

Table 9. Grooved r unways constructed during 1973 
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Groove pattern, 

Airport Country Runway Surface Grooving p X w X D 
technique 

nun in. 

Albany (N.Y,) - C USA 10/28 AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Allentown - C USA 13/31 AC T-DS 38 X 6 X 6 1 1/2 X 1/4 X 1/4 
Bagotville - M Canada 11/29 PCC T-PGWC N/A N/A 
Bangor - C USA 15/33 PCC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Cedar Rapids - C USA 8/26 AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Cedar Rapids - C USA 13/31 AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Chattanooga - C USA 2R/20L AC T-DS 38 X 6 X 6 1 1/2 X 1/4 X 1/4 
Chicago O'Hare - C USA 14L/32R AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Chicago O'Hare - C USA 14R/32L AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Chicago O'Hare - C USA 9R/27L AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Cleveland Hopkins - C USA 10L/28R AC T-DS 38 X 6 X 6 1 1/2 X 1/4 X 1/4 
England - M USA 14/32 PCC T-DS 51 X 6 X 6 2 X 1/4 X 1/4 

(Skip 610) (Skip 24) 
Elsworth - M USA 12/30 AC T-DS 38 ·X 6 X 6 1 1/2 X 1/4 X 1/4 
Harry S. Truman - C USA 9/27 AC T-DS 51 X 10 X 6 2 X 3/8 X 1/4 
Jacksonville Int. - C USA 7/25 AC T-DS 51 X 6 X 6 2 X 1/4 X 1/4 
John F. Kennedy - C USA 13L/31R AC T-DS 38 X 10-5 X 5 1 1/2 X 3/8-3/16 X 3/16 
John F. Kennedy - C USA 4L/22R PCC/AC T-DS 38 X 10-5 X 5 1 1/2 X 3/8-3/16 X 3/16 
Lawton - C USA 17/35 PCC T-PG 51 X 6 X 3 2 X 1/4 X 1/8 
Los Angeles Int. - C USA 6R/24L PCC/AC T-DS Jts X b X t, l. l./ L X l.i4 X l. i 4 
Louisville - C USA 1/19 PCC T-PGWB N/A N/A 
Memphis Int. - C USA 17L/35R PCC T-PGWB N/A N/A 
Minneapolis - C USA 11R/29L PCC/AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Newark - C USA 4R/22L AC T-DS 38 X 10-5 X 5 l 1/2 X 3/8-3/16 X 3/16 
Patrick Henry Field - C USA 2/20 PCC T-PGWC 13 X 3 X 3 1/2 x 1/8 x 1/B 
Pittsburg - C USA 10L/28R PCC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Ponca City - C USA 17/35 PCC T-PG 51 X 6 X 3 2 X 1/4 X 1/8 
Washington Nat. - C USA 18/36 AC T-DS 32 X 6 X 6 ·l 1/4 X 1/ 4 X 1/ 4 

Table 10. Grooved runways constructed during 1974 

Groove pattern, 

Airport Country Runway Surface 
Grooving p X w X D 
technique 

mm in, 

Arlanda - C Sweden N/A PCC N/A 25 X 3 X' 3 1 X 1/8 X 1/8 
Beaumont - C USA 11/29 PCC T-PG 51 X 6 X 6 2 X 1/4 X, 1/4 
Boston Logan - C USA 4L/22R AC T-DS 57 X 6 X 6 2 1/4 X 1/4 X 1/4 
Boston Logan - C USA 15R/33°L AC T-DS 57 X 6 X 6 2 1/4• X 1/4 X 1/4 
Cannon - M USA 3/21 PCC T-DS 51 X 6 X 6 2 X 1/4 X 1/4 

(Skip 610) (Skip 24) 
Charlotte - C USA 5/23 PCC/AC T-DS 44 X 6 X 6 1 3/4 X 1/4 X 1/4 
Chicago O'Hare - C USA 9L/27R AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Chicago O'Hare - C USA 4L/22R AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Denver Stapleton - C USA 17L/35R PCC T-DS 51 X 6 X 6 2 X 1/4 X 1/4 
Des Moines Mun, - C USA 12L/30R AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Dunedin - C New N/A N/A N/A N/A N/A 

Zealand 
Elmira - C USA 10/28 AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Erie - C USA 6/24 AC T-DS 51 X 6 X 6 2 X 1/4 X 1/4 
Fort Lauderdale - C USA 9L/27R AC T-DS 38 X 6 X 6 1 1/2 X 1/4 X 1/4 
Grand Forks - M USA 17/35 PCC T-DS SI X 6 X 6 2 X 1/4 X 1/4 
Houston Int. - C USA 14/32 PCC T-PG 51 X 6 X 6 2 X 1/4 X 1/4 
Invercargill - C New N/A N/A- N/A N/A N/A 

Zealand 
Kansas City Int. - C USA 9/27 PCC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Kansas City Int. - C USA 1/19 PCC/ AC T-DS 32 X 6 X 6 1 1/4 X 1/ 4 X 1/4 
Kincheloe - M USA 15/33 PCC T-DS 51 X 6 X 6 2 X 1/4 X 1/4 
Knoxville - C USA 4L/22R PCC T-PGWB N/~ N/A 
Lubbock Int. - C USA 8/26 PCC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Monroe (La,) - C USA 4/22 PCC T-PG 13 X 6 X 3 1/2 X 1/4 x 1/B 
New Haven - C USA 2/20 AC T-DS 48 X 6 X 6 1 7/8 X 1/4 X 1/4 
Pittsburg - C USA 14/32 PCC/AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Pittsburg - C USA 10R/28L Pee T-DS 32 X 6 X (i 1 1/4 X 1/4 X 1/4 
San Antonio - C USA 12R/30L PCC T-PG 51 X 6 X 6 2 X 1/4 X 1/4 
Tallahassee - C USA 18/36 AC T-DS 44 X 6 X 6 1 3/4 X 1/4 X 1/4 
Tampa - C USA 18R/36L AC T-DS 44 X 6 X 6 1 3/4 X 1/4 X 1/4 
Washington Nat. - C USA 15/33 AC T-DS 32 X 6 X 6 1 1/4 X 1/4 X 1/4 
Wilkes-Barre - C USA 4/22 AC T-DS 38 X 6 X 6 1 1/2 X 1/4 X 1/4 
Victoria Int, - C Canada N/A N/A N/A N/A N/A 
Zurich - C Switzerland N/A N/A N/A N/A N/A 

Table 11. Grooved rllllways constructed during 1975 
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Groove pattern, 

Airport Country Runway Surface Grooving p X W X D 
technique 

mm 

Albany County - C USA N/A AC T-DS 32 X 6 X 6 
Boston Logan - C USA N/A AC T-DS 57 X 6 X 6 
Cumberland (Md.) - C USA N/A N/A T-DS N/A 
Jackson County USA N/A AC T-DS 32 X 6 X 6 

(W.Va.) - C 
Lihue (H.I.) - C USA N/A AC T-DS 44 X 6 X 6 
NASA Kennedy - C USA PCC T-DS 29 X 6 X 6 
Raleigh Heights USA N/A PCC/AC T-DS 32 X 6 X 6 

(W.Va.) - C 
Wood County USA N/A AC T-DS 38 X 6 X 6 

(W. Va.) - C 

Table 12. Grooved runways constructed during 1976 

Touchdown area, Trafficked, 
rubber deposits no rubber 

Airfield Runway Surface ATD ATD 
SDR SDR 

(a) nun in. (a) nnn in. 

Travis 21L PCC 5. 79 0.3759 0.0148 2.28 0.9677 0.0381 
Fairchild 23 PCC 4.75 .1092 .0043 1. 97 .4318 .0170 
Castle 30 AC 4.60 .1448 .0057 2.00 --- ----
Loring 01 AC 4.58 .1499 .0059 1. 99 .3632 .0143 
Travis 21R AC 4.01 .3632 .0143 2.71 .4140 .0163 
McGuire 24 AC 3.92 .1575 .0062 1. 93 .3073 .0121 
Torrejon 23 AC 3.85 .1626 .0064 1.85 1.1633 .0458 
Mather 22L PCC/AC 3.75 .2083 .0082 1.86 .4140 .0163 
Blytheville 17 PCC 3.73 - -- ---- 2.45 --- ----
Dover 01 PCC/AC 3.62 --- --- 1. 74 --- ----
Scott 31 AC 3.61 ----- --- 1.83 --- ----
Robbins 32 PCC 3.59 .2896 .0114 2.01 .4928 .0194 
Cannon 21 PCC/GPCC 3.59 --- ----- 1. 74 -- ----
Rickenbacker 23L PCC 3.40 .2769 .0109 2.04 . 4851 .0190 
Homestead 05 PCC 3.37 .2235 .0088 1. 92 . 7061 .0278 
Grissom 22 AC 3.23 .1041 .0041 1. 66 . 5055 .0199 
Charleston 15 AC/PCC 3.21 . 2159 .0085 2.55 ---- ---
Zaragosa 31R AC 2.93 .2591 .0102 1. 31 .5817 .0229 
Mather 22R AC 2.90 .2083 .0082 2.18 .4140 .0163 
Andrews OlL PCC 2.89 .4064 .0160 2.14 .5588 .0220 
Charleston 21 AC 2.79 .3327 .0131 1.88 .5817 .0229 
Shaw 4L PCC/GPCC/AC 2. 77 .3429 .0135 l. 79 . 7264 .0286 
Mcconnel 18R AC 2. 77 ---- -- 2.03 -- --
Hector 35 PCC 2 .. 72 ---- --- 1. 95 . 6121 .0241 
Dover 31 AC 2.66 ---- ---- 1. 89 --- - - --
Columbus 13L PCC/AC 2.62 .4851 .0191 1.80 .4851 .0191 
Glasgow 28 PCC 2.61 .3632 .0143 2.11 .2464 .0097 
Andrews OlR PCC/AC 2.60 .3302 .0130 1. 73 .635 .025 
England 14 PCC 2.54 --- ---- 2.66 .sass .0199 
Aviano 05 AC 2.51 .889 .035 1. 73 1.168 .046 
R, Gebaur 36 PCC/AC 2.50 --- ---- 2.22 --- ---
Vance 17R PCC/AC/GPCC 2.50 ------ ---- 1.50 -- --
Soesterberg 28 AC 2.42 --- ---- 2.29 -- --
Columbus 13R PCC 2.40 ----- ---- 2.28 -- --
England 18 PCC/AC 2.39 .6452 .0254 2.57 .6375 .0251 
Moody 18R PCC/AC 2.38 .4851 .0191 1. 48 l.1633 .0458 
Zweibrucken 03 AC 2.34 .5283 .0208 1.35 . 8941 .0352 
Bentwaters 25 PCC/AC 2.33 .4851 .0191 1.44 1.1633 .0458 
Moody 18L PCC/AC 2.32 .3073 .0121 1. 66 .5283 .0208 
Craig 32L PCC/AC 2.27 .4318 .0170 1. 70 .3327 .0131 
Rickenbacker 23R AC 2.26 ---- ---- 1.94 --- ----
Vance 17C PCC/AC 2.25 .1448 .0057 1. 45 .8941 . 0352 
Columbus 13C PCC/AC 2.22 ---- ---- 1.90 --- ----
Woodbridge 27 AC 2.22 ----- ---- 1.53 --- ----
Niagara Falls 28 AC 2.12 .1651 .0065 1. 80 .4851 . 0191 
Vance 17L PCC 2.10 ---- ---- 2.09 .4851 .0191 
11cConnel 18L AC 2.03 ----- ---- 1. 73 ---- ----·-
McGuire 36 PCC/AC 2.00 .1575 .0062 1.66 .3023 .0121 
Myrtle Beach 17 PCC/AC 2.00 .4013 .0158 1.57 .5283 .0208 
Cannon 30 PCC/AC 2.00 ---- ---- 1.65 ---- ----
Shaw 04R PCC/PGWC/PCC 1. 99 .3150 .0124 1.13 1. 5570 .0613 
Erding 26 PCC 1. 93 .2184 .0086 2.04 .4851 .0191 
Hurlburt 35 PCC/AC 1. 89 .5055 .0199 1.92 .6833 .0269 
McChord 34 AC 1. 87 • 7747 .0305 2.23 .8306 .0327 

aDBV SDR 3 minutes after wetting. 
Table 13, DBV SDR and NASA grease test ATD obtained on runways 
evaluated July 1973 to December 1974 by AFCEC 
[From reference 28] 

in. 

1 1/4 X 1/4 X 1/4 
2 1/4 X 1/4 X 1/4 

N/A 
1 1/4 X 1/4 X 1/4 

1 3/4 X 1/4 X 1/4 
1 1/8 X 1/4 X 1/4 
1 1/4 X 1/4 X 1/4 

1 1/2 X 1/4 X 1/4 

Untrafficked, 
no rubber 

ATD 
SDR 

(a) nun in. 

--- --- ----
1. 97 0.2769 0.0109 
1. 59 .8306 .0327 
--- ---- ---
2.18 . 5537 . 0218 
1. 33 --·-- ----
1.50 .6452 . 0254 
-- ---- --
1. 57 --·-- ---
l. 47 --- -----
1. 47 --- ------- ----- ----
1.43 ---- -----
1. 86 .5055 .0199 
2. 17 .4140 .0163 
l. 60 .5283 .0208 
2 . 21 .3302 ,0130 
1. 32 .5537 .0218 
l. 67 --- ----
2.28 . 9398 .0370 
----- -- ---
1. 52 .4851 .0191 

----- ---- ----
1. 89 - --- ----
1. 28 ---- ----
1. 71 .5537 .0218 
2.37 .1727 .0068 
1. 82 .686 .027 
---- ---- ----
1. 84 .965 .038 
2.29 ----- -----
1.53 ------ ----
1. 57 ---- ----
---- ---- ----
2.40 ---- ---
1. 32 1.1633 .0458 
1.16 . 7264 .0286 
1. 57 .6121 .0241 
l. 45 .6121 .0241 
1.42 1. 3462 .0530 
---- ---- ----I 

• 1.52 --- ----
2.13 ---- ---
2.01 ---- ----
1. 28 .6121 .0241 
---- ---- ----
1. 89 ---- -----
1. 36 ---- ----
1.52 .6452 .0254 
l. 81 --- --
1. 38 ---- -----
1. 73 .4470 .0176 
1. 34 .8306 .0327 
2.13 . 7747 .0305 
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Rubber-coated touchdown areas Trafficked, Untraffic.ked, 
no rubber no rubber 

Airfield Runway Primary Secondary (wheel paths) (runway edge) 

SDR Surface SDR Surface SDR Surface SDR Surface 
(a) (a) (a) (a) 

Palmdale 07 /25 6.12 PCC 2. 55 PCC 2. 31 PCC -- PCC/ AC 
March 13/31 5.19 PCC 2 . 46 PCC 2. 21 PCC --- AC 
Barksdale 14/32 4. 73 AC ) . 70 AC 1. 84 AC 1.40 AC 
Norton 05/23 4.58 PCC 2 . 75 PCC 2.19 PCC 2.40 PCC 

bwebb 17L/35R 2. 95 PCC/AC l . 51 PCC/ AC 4.51 AC --- AC 
Dyess 16/34 3.52 PCC , .. 46 PCC 2. 61 PCC --- AC 
Carswell 17 /35 3. 78 AC/PCC 1,.11 PCC 2. 36 AC/PCC 1. 32 AC 
Elmendorf 05/23 3.53 AC l.92 AC 2. 95 AC 1.52 AC 
Reese 17R/ 35L 3.03 PCC l. 85 PCC/AC 1.80 PCC/AC 1. 72 AC 
Davis Monthan 12/30 2.98 AC 2. 50 PCC 1.54 AC 1. 39 AC 
Palmdale 04/22 2. 88 AC 1 . 43 AC 1. 82 AC 2.05 AC 

bwebb 17R/35L 2. 82 PCC/AC 2 . 65 PCC/ AC 2.69 AC ---- AC 
Laughlin 13C/31C 2. 70 PCC/AC l. 88 PCC/AC 1.69 AC 1. 75 AC 
Randolph 14L/ 32R 2.65 PCC 2 .16 PCC 2.05 PCC 2. 27 PCC 
Yokota 18/36 2.61 PCC l. 95 PCC 1. 91 PCC 1. 94 PCC 
Reese 17C/35C 2. 37 AC ~ - 59 AC 2.15 AC 2 .06 AC 
Williams 12L/30R 2. 52 PCC/AC l. 57 AC 1.68 AC 1. 65 AC 

cWilliams 12C/30C 2. 39 PCC -- -- -- ---- --- --
Williams 12R/30L 2. 36 PCC 2 .16 PCC 2.22 PCC 2. 03 PCC 
Laughlin l3L/31L 2.15 PCC/ AC 2. 31 PCC/ AC 1. 35 AC ---- AC 
Elmendorf 15/33 2. 21 AC 1. 86 AC 2.05 AC/PCC --- AC 
Laughlin 13R/31L 1. 87 AC 2.20 AC 1.56 AC --- AC 

_Randolph 14R/32L 2.13 PCC/AC 1. 90 PCC 1.48 PCC/AC 1.39 PCC/ AC 
uvandenberg 

I 
12/30 1.59 AC 1. 54 AC 1. 60 AC 1.32 AC 

Reese 17L/35R -- PCC/AC -- PCC/ AC 1. 39 AC --- AC 

8 Average DBV SDR 3 minutes after wetting. 

bAsphalt emulsion diluted with water applied to asphaltic concrete. 

cRunway under construction. 

dNew runway surface. 

Table 14. DBV SDR obtained on runways evaluated January to June 1975 by AFCEC 
[From reference 38] 

Touchdown area, 
Trafficked, 

no rubber 

Airport Runway 
rubber deposits (wheel path) 

SDR Surface SDR Surface SDR Surface 
(a) (a) (a) 

12R/30L 4. 79 12R:AC 3.51 30L:AC 2. 90 AC 

St. Louis Int. 6/24 2. 48 24 :PCC 2 .13 6:PCC 1. 85 PCC 
12L/ 30R 1. 93 30R:PCC I. 35 12L:WCPCC 1. 81 PCC 
17 /35 1. 77 17:PCC I. 63 35 :PCC 1. 79 PCC 

9R/27L 4.44 9R:AC 2 .88 27L:AC l. 81 AC 

Miami Int, 9L/27R 2.88 9L:AC I.. 98 27R:AC l. 72 AC 
12/30 2.01 12:AC l. 75 30:AC I. 56 AC 
17 /35 1. 35 17:AC l. 32 35:AC l. 33 AC 

l 7L/ 35R 3. 82 17 :PCC 3 .51 35R:PCC 2 .44 PCC 

Memphis Int. 9/27 1. 83 27:AC 1. 58 9:AC I. 32 AC 
bl 7R/35L ---- ---- ---- -- 1.47 PCC 

3/21 1.18 3:AC 1.16 21 :AC J.17 AC 

10/28 3. 76 10:PCC z. 22 28:AC 2.26 PCC 
New Orleans Int. 1/19 3. 22 19:PCC 3.03 1:AC 2.17 PCC 

5/23 1. 22 23:AC ---- 5:AC 1. 32 AC 

9L/27R 2. 88 9L:WCPCC 2.26 27R:WCPCC 1. 38 WCPCC 
Atlanta 15/33 2. 21 33:AC L. 72 15:AC 1.50 AC 
w. B. Hartsfield 9R/27L 2.09 27L:GPCC I. 24 9R:GPCC 1.12 GPCC 

3/21 1. 69 21:AC 1. 52 3:AC 1. 36 AC 

Jacksonville Int. 7 /25 2. 77 7:PCC 2.53 25: PCC 2.12 PCC 
13/31 2. 65 31 :PCC 2. 33 13: PCC 1. 97 PCC 

18/36 2. 45 36:AC 1.93 18:AC 1. 73 AC 
Greater Cincinnati 9R/27L 2. 38 27L:AC 2.09 9R:AC 1. 77 AC 

9L/27R 1. 30 9L:PCC 1.15 27R:PCC 1. 25 PCC 

Charlotte Douglas 18/36 2. 32 36:AC L. 39 18:AC L. 46 AC 
5/23 1. 81 5:AC .1 . 38 23:AC l.22 AC 

13/31 2 .12 31:AC 1. 71 13:AC 1.69 AC 
Nashville Int. 2L/20R 2.08 20R:GAC 1.82 2L:GAC 2.04 GAC 

2R/20L 1. 30 20L:AC ---- 2R:AC 1.24 AC 

Charles ton Kanawha 5/23 1. 33 23:GPCC 1.10 5 :GPCC 1.09 GPCC 
14/32 1. 20 32:AC 1. 09 14:AC 1.16 AC 

8Average DBV SDR. 

bNew surface; under construction. 

Table 15, DBV SDR obtained at 10 civil airports evaluated November 1971 to 
April 1972 by FAA [From reference 29] 
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Airport 
Date 

Runway 
Rubber SDR 

tested deposits 
DBV Aircraft 

Cannon AFB 11/73 3/21 Heavy a3.59 to 2.46 
None 1. 74 

Shaw AFB 7 /74 4L/27R Med-lt 2.77 to 1. 97 
None 1. 79 

Vance AFB 12/73 l 7R/ 351 Lt-med a2.50 
None "I. 50 

Houston Int. b6/70 8L/26R Heavy- 3. 46 to 2.94 
med 

10/71 Lt- 2.08 to 2.52 cl. 91 
none 

2/25/71 Nohe 1.13 to 1.44 dl.10 

Heavy 2.27 to 2.43 

Miami Int. 3/73 9R/27L Heavy 4. 62 to 3.51 
None 2.43 

9L/27R Heavy- 3.16 to 2.38 
med 

5/73 9R/27L Heavy- 2.42 to 1. 51 
lt 

9R/27L None 1. 51 
9L/27R None 1. 22 

John F. Kennedy 7/69 4R/22L None I. 7~ f 1. 57 
7/69 Heavy 2. 20 1.86 

10/71 Lt- 1.47 to 1. 80 cl.50 
none 

Atlanta Int. 11/71 9R/27L Heavy- Z..09 to 1.24 
med 

None 1.12 

Nashville Int. 4/72 2L/20R Lt 2.08 to 1. 82 
None 2.04 

Harry S. Truman 6/70 9/27 Heavy 2 .28 
None 1.40 
Heavy l. 69 
None 1.18 

Seymour-Johnson AFB 7 /69 8/26 None 1. 35 f 1.38 
Heavy- 1.50 1.47 

lt 

8nBv test area contained both grooved and ungrooved pavements. 

bRubb~r removed after test. 

cB-727. 

dDC-9. 

e9L/27R being grooved at time of test. 

fC-141. 

-

--

-

-
to 2.52 

to 1. 53 

-
--
-
-
-
-

to 1. 67 

-

--

--

Surface; Groove pattern; 
date installed date installed 

305 m (1000 ft) 51 X 6 X 6 mm 
PCC, 2438 m (2 X 1/4 X 1/4 in.), 
(8000 ft) GPCC, groove 610 mm (2 ft) 
305 m (1000 ft) skip 610 mm (2 ft); 
PCC; date unknown 1973 

305 m (1000 ft) 51 X 6X6mm 
PCC, 1367 m (2 X 1/4 X 1/4 in.), 
(3500 ft) GPCC, groove 610 mm 
1370 m (4500 ft) (2 ft) skip 610 mm 
GAC, 305 m (2 ft); 1971 
(1000 ft) PCC; 
date unknown 

457 m (1500 ft) 51 X 6 X 6 mm 
PCC, 853 m (2 X 1/4 X 1/4 in.); 
(2800 ft) GPCC, 1973 
1036 m (3400 ft) 
AC; date unknown 

PCC; date unknown Ungrooved 

Ungrooved 

51 X 6 X 6 mm 
(2 X 1/4 X 1/4 in.); 
2124/71 

AC overlay; 11/72 Ungrooved 

38 X 10 X 6 mm 
(1 1/2 X 1/4 

x 1/4 in.); el973 

PCC; 1959 38 X 10-5 X 3 mm 
(1 3/8 X 3/8-3/16 

X 1/8 in.); 1967 

PCC; date unknown 32 X 10-3 X 6 llllil 

(1 1/4 X 3/8-1/8 
X 1/4 in.); 1969 

AC; date unknown 32 X 6 X 6 mm 
(1 1/4 X 1/4 

X 1/4 in.); 1970 

AC ; date unknown Ungrooved 
38 X 6 X 6 mm 
(1 1/2 X 1/4 

X 1/4 in.); 4/70 

PCC; 1960 51 X 6 X 6 mm 
(2 1/4 X 1/4 

X 1/4 in.), 
groove 610 mm 
(2 ft) skip 610 mm 
(2 ft); 1968 

Table 16. DBV and aircraft SDR obtained on transverse grooved runway surfaces 
with and without rubber contamination [From reference 39] 
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Source 

Reference 8 

Reference 8 

Reference 8 

Unpublished 

Unpublished 

Unpublished 

Unpublished 

Reference 1 

Unpublished 

Reference 10 

Reference 10 

Unpublished 

Reference 1 
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Touchdown area, Trafficked, no rubber 
rubber deposits Surface 

Airport Runway ATD 
DBV SDR 

(a) mm in. 

13 1.07 l. 56 0.061 
31 GAC 1.0 1.29 1.49 .059 

Allentown 6 2.07 l.52 .060 
24 GAC 0.75 1. 71 t.60 .063 

1 
1.4 

2. 71 0 .229 0.009 
19 AC 2.19 .229 .009 

Akron-Canton 
5 1. 4 1.32 .254 .010 

23 AC 1.26 .330 .013 

41 1.12 -- ---
22R GAC 1. 0 1.00 - ---

4R 1.62 ---- ---Boston Logan 
221 

GAC 1.0 1. 75 - ---
15R 1.39 --- ---
331 GAC 1.0 2.50 - ---

5 2.06 0.838 0.033 
23 AC 1.0 2.68 1.092 .043 

Buffalo bl4 

b32 

Burlington 15 1. 0 2.09 0.559 0.022 
33 AC 2.04 .508 .020 

5 GPCC 0.8 1.27 0. 211 0.008 
23 1.42 .165 .007 

Charleston,W.Va. bl4 

b32 

18 
1.5 1.51 1.346 0.053 

36 GAC 
l. 70 1.270 . 050 

Cincinnati 
9R 1. 34 .838 .033 

271 GPCC 1. 5 
1. 78 l.270 .050 

SR GAC l. 3 1. 7 0.737 0.029 

Cleveland 231 2.4 .279 .011 

101 
GAC 0.8 1.30 1.118 .044 

28R 1.39 .737 .029 

31 GPCC 1.0 1.58 1.270 0.050 

Detroit 21R 1. 65 l. 270 .050 

9 PCC/AC 1. 0 2."10 .432 .017 
27 2. 77 .076 .003 

11 PCC 1. 0 3.11 0.152 0.006 

Dulles 19R 3.90 .102 .004 

lR PCC 1. 0 4.48 .229 .009 
191 3.12 .279 .011 

4 PCC/AC 0.9 2.00 0.330 0.013 

Ft. Wayne 22 2.05 .203 .008 

9 PCC/AC N/A 1. 77 l. 016 .040 
27 1. 81 .559 .022 

Grand Rapids 8R PCC/AC l. 5 
2.36 0.254 0.010 

261 l. 96 .254 .010 

18 PCC l. 5 l. 68 0.686 0.027 

Madison 36 1. 35 1.118 .044 

13 AC 1. 5 l. 62 .381 .015 
31 l. 70 .254 .010 

aNurnber on right of column represents the runway transverse slope in percent. 

bUnder construction. 

DBV SDR 

l.08 
1.08 
l.66 
1. 66 

2.01 

1.47 

0.90 
.90 

1.96 
1.96 
2.00 
2.00 

2.30 
2.30 

1. 75 

1.35 

2.05 

1.38 

2.14 

1.57 

1.68 

1.91 

2.98 

3.13 

1. 55 

l. 80 

1. 57 

1. 43 

1.54 

Table 17. DBV SDR and NASA grease test ATD obtained on runways evaluated by 
the FAA trial application - runway friction calibration and pilot 
information program during August and September 1975 

ATD 

mm 

1.48 
1.48 
1.48 
1. 48 

0.305 

.330 

--
-
--
---
-
---

0.864 
.864 

0.584 

0.221 

1. 016 

1.194 

1.092 

l. 702 

1. 270 

.508 

0.254 

.254 

0.533 

.508 

0.127 

1.016 

.127 

in. 

0.058 
.058 
.058 
.058 

0.012 

.013 

---
---
---
---
--
---

0.034 
.034 

0.023 

0.009 

0.040 

0.047 

0.043 

.067 

0.050 

.020 

0.010 

.010 

0.021 

. 020 

0.005 

0.040 

.005 
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Touchdown area, Trafficked, no rubber 
Surface rubber deposits 

Airport Runway ATD ATD 
DBV SDR DBV SDR 

(a) mm in . mm in. 

blL 

Milwaukee bl9R 

7R FCC 1.0 1.67 0.838 0.033 1.56 0.432 0.017 2SL 3.02 1.118 .044 

9 AC 1.0 2.34 0.508 0.020 2.65 0.508 0.020 27 2.77 .102 .004 
Moline 

12 FCC 1.0 2.66 .216 ,009 
30 2.91 .152 .006 

30 GAC 1. 25 1. 36 0.965 0.038 

Peoria 12 1. 52 .991 .039 

4 AC 1. 0 
1.14 .635 .025 

22 1.44 .305 .012 

Philadelphia 9R AC 1. 0 4.99 0.127 0.005 
27L 3.57 .127 .DOS 

lOR GAC 1. 0 2.15 1.549 0.061 
28L 2.54 1.549 .061 

Pittsburg 
lOL GAC 1. 5 

1. 43 1.549 .061 
28R 1.49 1.626 .064 

11 AC 1.0 1. 54 0.737 0.029 

Portland, Maine 29 1.41 .762 .030 

18 AC 1. 0 1. 86 . 254 .010 
36 1. 83 .279 .011 

10 AC 1. 0 1. 74 0.559 0.022 

Rochester, N.Y. 28 2.18 .178 .007 

4 PCC 1.0 3. 68 .102 .004 
22 4.50 .127 .005 

8Number on right of column represents the runway transverse slope in percent. 

bUnder construction. 

Table 17, Concluded 

Year Airport Runway Year 

2.49 

1.16 

1.43 

2.47 

1.63 

1.35 

1.27 

1. 77 

1. 79 

3.60 

Airport 

Hahn AB - M 11/29 1973 s~. Louis Lambert - C 
1970 RAF Milden Hall - M 1/29 Aberdeen (S. Dak.) - C 

.127 

1. 397 

1. 270 

0.279 

1.600 

1.600 

0.737 

.279 

0.356 

.152 

Wiesbaden AB - M 8/26 Farmington (N, Mex.) - C 

1971 Dallas NAS - M 17/35 Greensboro-High Point - C 
Gallup (N, Mex.) - C 6/24 Hill AFB - M 

Denver Stapleton - C 8L/26R l974 Las Vegas (Nev.) - C 
RAF Bentwaters - M Denver Stapleton - C 8R/26L RAF Lakenheath - M Great Falls Int. - C 16/34 

Hot Springs · (Va.) - C 6/24 Roswell (N. Mex.) - C 

1972 Nashville Metro. - C 2L/20R 
Sioux City (Idaho) - C 

Sioux Falls (N. Dak.) - C 15/33 Boise (Idaho) - C 
Springfield (Mo.) - C 13/31 Jackson Hole (Wyo.-) - C 
Vernal (Utah) - C 16/34 Jamestown (N. Dak.) - C 
Wichita Mun. - C N/A 1975 Las Vegas (Nev.) - C 

Bellingham (Wash.) - C 16/34 Missoula (Mont.) - C 
Monroe (La.) - C Cedar City (Utah) - C 2/20 Pierre (S. D~k.) - C Pease AFB - M 16/34 

Portland (Maine) - C 11/29 
1973 RAF Alconbury - M 12/30 

Rapid City (S, Dak.) - C 14/32 
Ramstein AB - M 9/27 
Salt Lake City (Utah) - C 16L/34R 
Salt Lake City (Utah) - C 16R/34L 

Table 18. U.S. porous asphalt runway surface construction 

. 005 

0.055 

. 050 

0.011 

0.063 

.063 

0.029 

. 011 

0.014 

.006 

Runway 

6/24 

13/31 
7/25 
14/32 
14/32 
7/25 
7/25 
6/24 
17/35 
17/35 

10R/28L 
18/36 
12/30 
1R/19L 
11/29 
4/22 
13/31 
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TWO STATISTICAL METHODS FOR DETECTION OF 'SLIPPERY WHEN WET' HIGHWAY SECTIONS 

J. Paul Dean, University of New Brunswick 
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Two methods, having a statistical basis, were 
developed to identify sections of highway that 
could be suspected of having a deficient wet 
pavement skid resistance. The Quality Control 
Chart Method and Significant Relative Frequency 
Method were applied to sections of New Brunswick 
Route 2 - a total length of 528 km (330 miles), 
using annual "raw" accident experience for each 
year of the period 1969 to 1975 inclusive. The 
basis of both methods is the New Brunswick 
Accident Report Form which may be considered 
similar to most report forms used in North 
America. In New Brunswick, the wet pavement 
accident event is identified by the indication 
of both a "Wet" and a "Wet-Slippery" road 
surface condition, and, an indication of whether 
or not one or more vehicles were "Skidding or 
Swerving" prior to the accident event. The 
Quality Control Chart Method utilizes past "raw" 
accident experience of a highway section to 
predict expected accident experience for any 
given time period. The actual experience is 
compared with that predicted and statistical 
results are given to enable a decision to be 
made with respect to whether or not the accident 
experience worsened, remained the same, or, 
improved. The Significant Relative Frequency 
Method utilizes the ratio of the number of a 
particular class of accident event to the total 
number of accidents occurring along a section 
of highway. This ratio, the relative frequency, 
is given statistical significance and is 
transformed to a Significant Relative Frequency. 
The Significant Relative Frequency of wet 
pavement accidents of a highway section is 
compared to an acceptable minimum relative 
frequency. Sections of highway identified by 
analyses using these methods were tested to 
determine their average wet pavement skid 
resistance, SN40. Comparison of observed 
average skid resistance measurements of 
suspected 'slippery when wet' highway sections 
with recommended minimum skid resistance levels 
for highways having mean speeds in the range of 
64-112 km/hr, (40-70 mph), indicated that both 
methods successfully predicted highway sections 
having deficient wet pavement skid resistance. 

Identification of 'Slippery when Wet' highway 
sections is a special application of an agency's 
overall program for identification of hazardous 
locations. Of the several methods employed (]_), 
only one, the Rate-Quality Control Method, 
incorporates statistical reliability in that the 
method attempts to ac count for the inherent 
variability of accident experience. Use of this 
method is subject to the assumptions and simplifi
cations made to basic statistical control chart 
theory for application to identification of 
hazardous highway locations (2). A more complete 
analysis of the literature is-contained in(!)• 

Two basic issues associated with the application 
of the Rate-Quality Control Method are the use of a 
vehicle mileage-based rates. Essentially, when the 
expected number of accidents per time period is 
greater than 25 it is possible to approximate the 
rate control chart limits by asymptotic expressions. 
Use of rate expressions for small numbers of 
expected accidents such as those in analyses of 
accidents occurring during a wet pavement condition 
and/or those related to skidding or swerving 
vehicles on wet pavement preclude the use of rate 
expressions, (5). 

Secondly, the use of vehicle-miles to reduce the 
relatively exact number of accidents to a rate is 
questionable on the grounds that a vehicle-mile 
measurement is crude and only, at best, an estimate. 
In addition, the entire exposure of a highway 
location is reduced to a single random variable. 
Vehicle-miles are just as much a part of a highway's 
exposure as road surface friction, highway classifi
cation, vehicle mix and degree of control of access. 
Finally, if vehicle miles are used to determine an 
accident rate and this rate is then used to explain 
causation, an unnecessarily complex situation 
results because all causation analyses will be 
modified by vehicle-miles. In view of these 
arguments the usefulness of vehicle-mileage-based 
rate expressions for quantitative analyses related 
to jurisdictional countermeasures is questionable. 

The alternatives available involve the analysis 
of raw accident events over a given time period. 
Past accident experience is used to predict the 
expected, and, this expectancy is compared 
statistically with the actual experience or an 
established maximum acceptable experience to 
determine whether or not a change has occurred, or, 
that the actual accident experience is greater than 
or less than an acceptable maximum. 
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Control chart theory provides the means to 
detect, with flexible statistical controls, a 
worsening accident situation. A basic application 
of control charts is given by (2) and was extended 
and modified in (1). -

The second alternative involves the application 
of the statistical Chi-Square test of significance 
and was applied to analysis of wet pavement acci
dent experience in Britain (4), and modified for 
use in a recent study (1). -

Another major consideration in the use of 
analytical techniques for identification of hazar
dous locations and subsequent modification is the 
degree to which the techniques satisfy the variety 
of operational and management decisions required of 
a highway agency. For example, a rapid operational 
response to an apparent worsening accident situation 
may be desired in the case of deteriorating wet 
pavement surface skid resistance which could be a 
result of inadequate plant quality control. The 
immediate response might consist of the erection of 
signs warning of a 'slippery when wet' pavement 
surface condition and may be desirable from the 
point of view of the liability of the agency in 
regard to its action to correct an unsafe highway 
location. On the other hand, the decision to alter 
the surface of an apparently 'slippery when wet' 
highway location by means of a surface treatment 
such as a chip seal or an overlay must be, practi
cally, associated with an agency's overall pavement 
management program. Implimentation of these 
decisions takes time - perhaps one year would be a 
practical minimum - and, as is the usual case, 
budgetary considerations may push the desired 
remedial treatment far into the future. 

The methods described herein identify highway 
sections that could be suspected of having a 
worsening accident experience, In their general 
application they merely identify the location, 
using accident reports, where an agency can search 
through the "exposure hyperspace" (1_), for specific 
changes in exposure factors to explain the cause of 
an apparent worsening accident experience. The 
application of the methods, of interest in the 
subject of this paper, is directed toward a 
worsening wet pavement accident experience. The 
exposure factor suspected of undergoing a change is 
the wet pavement skid resistance. The basis of 
accident data is the Province of New Brunswick 
accident report form. With minor changes the 
accident data classifications illustrated can be 
modified for use by other agencies having slightly 
differing accident report forms. 

The Quality Control Chart Method 

A brief summary of this method follows herein. 
A complete description is found in (5). 

The following assumptions underlie the applica
tion of control chart theory to analysis of accident 
experience: 

1. Accident data reflect the underlying 
processes of accident causation. 

2. Accident experience will vary from time 
period to time period even when the accident 
causation factors remain unchanged. 

3. The number of accidents occurring on an 
element of highway during a given time period is 
Poisson distributed. 

Using an estimate of accident expectation an 
accident interval is determined that has a defined 
probability of including the actual number of 
accidents on an element of highway, or, an upper 

and lower control chart interval for a two-sided 
control chart .. 

A change in accident experience is determined 
according to a set of rules: if the observed 
number of accidents falls outside of the control 
chart interval it is concluded that a change in 
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the underlying accident causation process occurred 
(~uring the time period and on the roadway element 
for which the control chart interval was deter
mined); if the observed number of accidents falls 
inside the control chart interval it is concluded 
that there was no change in the underlying accident 
causation process. 

Thus, for a 90% control chart interval, 10 
decisions out of one hundred that conclude that a 
change occurred will be wrong - the alpha (a) 
error, Type 1 error, or, error of commission. On 
the other hand, if the observed number of accidents 
falls within the control chart interval, decisions 
as to no change in accident causation will 
occasionally be wrong - the beta (S) error, Type 
II error, or, error of omission. 

The utility of the control chart method is 
based on the magnitudes of the a and S errors used 
to judge whether or not a change in the accident 
causation process occurred. The magnitude of the 
S error is associated with the amount of process 
change, (K). For a given control chart interval 
the magnitude of the S error decreases with an 
increase in K. 

In the application of the control chart method 
to highway sections that could be suspected of 
having a deficient wet pavement skid resistance, a 
"relaxed" a, S, K triplet may be desirable for an 
immediate operational response, whereas, a 
decision related to major reconstruction in the form 
of an overlay or other countermeasures, a stringent 
a, S, K triplet would be in order. 

Application of the Control Chart Method 
to New Brunswick Route 2 

New Brunswick Route 2 is approximately 528 Ion 
(330 miles) in length and extends from the Quebec 
border on the North to that of Nova Scotia on the 
East. For the most part, Route 2 is classified as 
a rural arterial undivided highway with 1975 
average daily traffic volumes ranging from 2000-
7500 vpd. The posted speed is essentially 96 Ion/hr 
(60 mph) and the degree of access control varies 
from 100% to 0%. 

For operational and management purposes the 
route is subdivided into control sections along 
which "the major characteristics of the highway 
and traffic are relatively uniform". Control 
Sections are, in turn, subdivided by mileage. 
Accidents are located by means of the route control 
section mileage system and are reported by the 
Highway Patrol of the Royal Canadian Mounted 
Police (R.C.M.P.). 

Because highway control sections were already 
established, the control chart method was applied 
to them. The time period chosen was one calendar 
year. 

Figure 1 illustrates a portion of the computer 
control chart analysis of control section 40 for 
the years 1970-1975. This control chart was 
constructed using all accidents occurring within 
each year to predict the experience for the follow
ing year. (No accident experience was available 
for 1972, therefore the 1971 experience was used 
to predict that for 1973. Complete details of 
this program, "Poisson", are given in (1).) 

The column titled ALPHA gives tabulated values 
of the a error (and the control chart interval, 
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Figure 1. Control chart analysis of control section 
40. 

ROUTE NL1!-1tn:1< 2 
lllGIJ'JAY CJ.Mi~IFIL:AlllrS AP.lt:KIAJ. 
ROAi> CONUITl fi'.: GOOD 

ROAIJ SW<FAC:E C()'.:IJ11 IQ!'I /J.L 
ACClUENT SF.\'EHJTY t:LASSTFlCAflO!\ AI.L 

tu:n1<0 1. YEAR EST1MA1 ED AC1l1AL Al,PHA Bf.TA K(Z) BELOv.' 'r.'ITlll:-: 

St:CTIO!i ACCIDENTS ACCIIH::: 1S LCI. CL 

40 1970 12 0.01 o. 96 17 
0 .6 7 42 .... 
0. 65 58 "'*·· 0.10 83 .... 

0.05 o. 92 17 "*** 
0 . 67 '2 *AM1'r 

o. l(, 56 ···--0.01 83 
0.10 0.85 17 "'"'"'* o. "'.".14 42 **** 

0.2) 56 
0.00 83 .... 

0 . 20 0. 74 17 "'*** o. 38 42 
0.12 56 •••* 
V,VV 

0.30 0. 6) 17 
o. 28 42 ***"' 
0.07 56 
o.oo 83 .... 

0.40 o. 53 17 
o. 21 42 
0.05 56 .,,_*. 
o. 00 83 

o. 50 0 .4 4 17 *""* 0.16 42 
O.OJ 58 
0.00 83 **"* 

1971" LG 0.01 0,98 17 
0,% 33 .... 
0.84 67 
o. 76 SJ ... ,.. 
o. 65 100 

o.os o. 93 17 1,-Aitltill 

0.87 33 .... 
0.67 67 .,. .. 
0. 55 63 ..... 
0.44 100 

0 . 10 0.87 17 •••t11 
o. 79 33 
0. 56 67 
0 .44 63 
0 . 3) 100 1'r111t•1'1 

o. 20 0. 75 17 
0. 66 )3 
0.'2 67 
O.Jl 83 .... 
o. 22 100 

0.30 0.65 17 .... 
0.56 3) .... 
0.33 67 .... 
0.23 83 *""** 
O.J.6 100 .... 

0.40 o. 55 17 
0.47 3) 
0. 26 67 
0.18 63 
0.12 100 

o. 50 0.46 17 
O.J8 33 
0.20 67 
0.14 BJ 
0 . 09 100 

1-a). The 8 error is listed with values of K -
percent of change in expected n~mbers of all 
accidents. Asterisked notation below the columns 
titled BELOW LCL, (below lower control chart 
limit), WITHIN CL, (within control chart limits), 
and ABOVE UCL, (above upper control chart limit), 
indicate the range of change in accident experience 
for a number of a, B, K triplets. For example 1 
in 1971, a decision that a worsening in accident 
experience occurred would be made with the likeli
hood of making an a error of 40% with a control 
chart interval of 60% (1-a). On the other hand, a 

ABOVt-: 
UGL 

,U.1U: .... .... 
*•"* .... .... .... .... 
··"'· •111•• 

·- ------
RASGF: or 
Dl::CJSJO~ S"l'Al ISTICS 

1910 

a s K 

HO 0.10 o.oo 63 
~o o. 01 0.10 ~3 

1971 

a 

~o 0.01 0.84 67 
so 0.30 o. 33 67 

n:s 0.40 (,7 

decision that no change in accident experience 
occurred during the year 1971 will be wrong 65% 
for a 17% increase in accident experience, 56% 
for a 33% increase, 33% for a 67% increase, 23% 
for an 83% increase and .16% for a 100% increase in 
actual accident experience - the 8 error, (1-a=70). 

The actual change in accidents, from 6 
expected to 10 actual, is 67%. The odds of being 
wrong in making the decision that a change occurred 
are slightly higher, 40%, than those odds of being 
wrong in making the decision that no change in 
accident experience occurred, 33%, in control 
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Figure 2. Summary of control chart analysis of 
control section 40, New Brunswick Route 2, 1970~75 
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Did a Worsening Occur? 

All Accidents Wet Accidents Wet-Slippery Wet+ Wet-Slippery 
Accidents Accidents 

Decision a s K(%) Decision a s K(%) Decision a B K(%) Decision a B K(%) 

1970 NO 0.01 0.10 83b NO - e -e - e NO - - - NO - - -
NO 0.10 0.00 83 NO - - - NO - - - NO - - -

1971 YESc 0.40 - 67 NO - - - NO - - - NO - - -
NOC 0.30 0.33 67 NO - - - NO - - - NO - - -

a 

1973 NO 0.01 0.97 20 NO - - - NO 0.01 0.96 50 NO 0.01 0.88 100 

NO 0.50 0.42 20 NO - - - NO a.so o.4o 50 NO a.so 0.21 100 

1974 NO 0.10 0.42 58b NO - - - NO - - - NO - - -
YES 0.20 - 58 NO - - - NO - - - NO - - -

1975d YES 0.01 - 79 NO 0.01 0.94 100 NO 0.30 0.33 100 NO 0.10 o.46 100 

YES 0.01 - 21 NO 0.50 0.33 100 YES 0.40 - 100 YES 0.20 - 100 

Notes : 

a 197, Acc;dent Data Not Available, 1971 experience used as 1973 expected experience. 
l, a. , S errors shown for actual change K in accident experience. 
ca, B errors show,, to illu s trate the odds in making a Rule 1 and Rule 2 decision error for same K. 
d During 1975, there was a change in the underlying apcident causation process within Control Section 40; 

Wet road surface accident causation worsened: Wet pavement skid resistance might be an exposure factor 
contributing to the worsening accident experience.· During 1975, the average SNoo was measured to be 
28, thus the suspi~ion confirmed. 

e Accident experience too sm&ll to interpret. 

section 40 during 1971, based on the actual 
magnitude of process change K of 67%. One conclu
sion that could be made as a result of judging 
the a and B errors for the actual K is that no 
change in control section 40 occurred in 1971. 

Alternatively, one might desire to respond to 
a very small increase in accident experience -
say 15-20%. The odds of being wrong in a decision 
that this amount of change did occur are 40%. The 
odds of being wrong in a decision that this amount 
of change did not occur are 65 %. A conclusion 
that could---i;; drawn, as a result of judging the a 
and B errors resulting from a desire to detect a 
small change, is that the odds definitely favour a 
decision that a change of 15-20% did occur, (1-a=70). 

Control Chart analyses of Control Section 40 
for Wet, Wet-Slippery and Wet plus Wet-Slippery 
road surface conditions were analyzed in a similar 
manner and are summarized in Figure 2. 

On the basis of comparison of the odds of being 
wrong as to a decision that a change occurred 
during 1975, the decision is highly in favour of 
deciding that, first of all, the control section is 
hazardous in terms of all accidents, and, secondly, 
there is a good chance that a deficient wet pave
ment skid resistance could be responsible for the 
change in accident experience. 

Detailed accident location printouts were 
studied to determine if there was a grouping of 
wet and wet-slippery accident s thereby giving an 
indication of where the deficient pavement surface 
was located within the control section. On the 
basis of this check, the SN 40 value best represent-

ing the wet pavement skid resistance of the highway 
was measured. An average value SN~= 28 resulted 
from the field test and thus confirmed the initial 
suspicion that wet pavement skid resistance was a 
contributing factor in the accident causation 
process. 

Other locations within control sections 
throughout the length of Route 2 were identified 
in a similar manner and related to a measurement 
of wet pavement skid resistance where the 
measurement of SN~was available. In all locations 
SN~values were less than 45 and the large 
majority were below an SN~ value of 30. 

The Significant Relative Frequency Method 

A brief summary of this method follows herein. 
A complete description is found in (_J) and (4). A 
North American applicat.ion is described in (6). 

Application of this method is largely dependent 
upon the accident report form used within a 
jurisdiction. In Britain the accident report form 
contains a provision as to whether or not one or 
more vehicles skidded in addition to the state of ' 
the road surface at the time of the accident 
event. A frequency of s ki dding accidents occurring 
on various road surface conditions is obtainable 
in addition to the frequency of accidents occurring 
on various road surface conditions where skidd i n-g 
did not occur. A relative frequency of skidding 
~~determined from the ratio of the number of 
skidding accidents to the total number of accidents 
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which occur under the same road surface condition, 
With an accident report form such as Britain's, 
therefore, a relative frequency of skidding during 
wet pavement surface condition accidents can be 
determined for any highway location. This relative 
frequency can then be given statistical significance 
(4), to account for the small numbers in both the 
numerator and denominator of the relative frequency 
(to account for the effects of chance occurrances) 
and thus transform the relative frequency to a 
"significant" relative frequency, Various levels of 
significance can be used to determine the significant 
relative frequency, hence, the sensitivity of the 
transformed relative frequency can be varied 
according to the needs of the user. 

Having determined the significant relative 
frequency of skidding of a highway location - say, 
in terms of the subject of this paper, for skidding 
in wet pavement accidents, a comparison of location 
frequency with a predetermined maximum acceptable 
frequency can be made. If the frequency of the 
location equals or exceeds that determined to be the 
maximum tolerable, then the location may be sus
pected of having a deficient wet pavement skid 
resistance. 

Unfortunately, most North American accident 
report forms do not contain a provision exclusively 
related to whether or not one or more vehicles 
skidded. In New Brunswick, for example, this event 
is only one of a multiple choice statement within 
the accident report section entitled "Direction of 

Figure 3. Significant relative frequency 
analysis of New Brunswick Rout.e 2 197 5. 
Road surface condition: wet-slippery. 

Travel" wherein there are 10 possible circumstances 
to choose from. Data printouts combining the 
options of skidding or swerving with a wet and wet
slippery road surface condition yield very small 
numbers and therefore limit the usefulness of the 
reported skidding event. 

The relative frequency concept can be modified, 
however, to suit accident report forms such as 
New Brunswick's. Instead of determining the 
relative frequency of skidding in wet pavement 
accidents, a ratio can be determined using the 
number of wet road surface condition accidents and 
the total number of accidents for all road surface 
conditions. This ratio is the relative frequency 
of wet road surface condition accidents, and, it 
also can be given significance to account for 
chance and compared with a maximum acceptable 
relative frequency in the same manner as outlined 
above. 

Application of the Significant Relative Frequency 
Method to New Brunswick Route 2 

New Brunswick Route 2, described previously, was 
chosen as the highway to test this method. 

The significant relative frequency of WET road 
surface condition and WET-SLIPPERY road surface 
condition accidents was determined for each control 
section for the years 1969-1975. Those control 
sections exhibiting a significant relative frequency 
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Figure 4. Summary of significant relative 
frequency analyses, New Brunswick Route 2, 
1969-1975. 
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rnAR CONTROL SECTIONS SUSPECTED 

SIGNIFICA~T RELATIVE FREQUENCY a 

WET/TOTAL WET-SLIPPERY/TOTAL WET PLUS WET-SLIPPERY/TOTAL 

No. c.s. No. c.s. No. c.s. 

1969 5 5, 11, 17, 38, 41 3 21, 22, 23 6 11, 21, 22, 38, 41, 43 

1970 - - 2 21, 25 3 13, 21, 25 

1971 - - 2 4, 39 1 4 

1973 - - 3 4, 16, 24 1 16 

1974 2 23, 28 3 10, 23, 41 2 23, 41 

1975b - - 3 39, 40, 43 1 39 

1 TOTAL 7 16 14 

Notes: a 2 1/2 Level of Significance. 
b Control Sections 39, 40 and 43 are suspected to have deficient wet pavement skid _resistance. 

1 Average wet pavement skid resistance measurements in 1975 for these.control sections were (SN40): 
19, 28 and 28, thus confirming suspicion that wet pavement skid resistance is a contributing factor. 

of wet accidents, wet-slippery accidents and wet 
plus wet-slippery accidents equal to or greater 
than 80% of the arterial system relative frequency 
were identified by means of a computer analysis 
program, "Chi-Squared", developed for this purpose, 
(1). The choice of the relative arterial frequency 
as the maximum allowable frequency was arbitrary, 
however, it is an indication of what one would 
expect to find for any particular location on the 
average, and, if this relative frequency was 
equalled or exceeded at a particular location then 
perhaps wet pavement surface friction could be a 
contributing wet accident causation factor. The 
80% level was chosen as the programmed level of 
significance was 2 1/2% - a rather stringent 
statistical requirement. 

Figure 3 illustrates the significant relative 
frequency analysis for Route 2 for the year 1975. 
The road surface condition used was wet-slippery. 
Asterisked notation adjacent to the control 
sections under the rightmost column titled "Sig
nificant Relative Frequency at 2 1/2% Level of 
Significance" identifies those control sections 
that could be suspected of having a deficient wet 
pavement skid resistance. 

In 1975, for example, in control section 39, 
8 wet-slippery road surface condition accidents 
occurred out of a total of 32 accidents. The 
relative frequency is 8/32 or 25%. However, 
accounting for the small numbers of accidents 
involved, the significant relative frequency of 
wet-slippery accidents in control section 39 is 
only 13%. In 1975, the arterial system relative 
frequency was 10%. Thus control section 39 was 
suspect in terms of .a deficient wet pavement skid 
resistance. Records show that the average SN~ 
measured in control section 39 during 1969 was 19 
thus confirming that a deficient wet pavement skid 
resistance was a contributing factor in the wet 
pavement accident causation process. 

Figure 4 contains the results of the significant 

relative frequency analysis perfromed on Route 2 for 
three relative frequencies - wet/total, wet-slippery 
/total and wet plus wet-slippery/total. It is seen 
that the use of a relative frequency of "wet
slippery" accidents in addition to "wet" and "wet 
plus wet-slippery" provides more suspected locations 
than if only one relative frequency analysis were 
performed. 60% of the suspected control sections 
for which SN~ measurements were available had SN40 
values less than 40 and these control sections were 
identified by the significant relative frequency 
analysis of Wet-Slippery Accidents. Some jurisdic
tions may not have the wet-slippery road surface 
condition option and therefore any significant 
relative analyses would be limited to wet road 
surface condition accidents after relative frequency. 

Natural fluctuation in accident experience from 
time period to time period can be taken into account 
by cummulating accident numbers. The resulting 
significant relative frequency is a more reliable 
indication of the experience and gives an indication 
of how fast a wet pavement skid resistance changes 
with time. F'igure 5 illustrates the cummulative 
effect. In the last 5 years the wet pavement skid 
resistance of control section 39 decreased by 20 
skid numbers - an average of 4 per year. The signif
icant relative frequency of wet plus wet-slippery 
accidents increased by an average of about 1% per 
year. Using 1971 as a base level, the increase in 
relative frequency in successive years was 8% in 
1971-73, 17% in 1973-74 and 25% in 1974-75. Control 
section 39 was identified by the "Chi-Squared" 
analysis in 1971 as a suspect highway section. 
Remedial treatment seemed warranted at that time 
because of a marginally low SN40• 

Conclusion 

The two methods of identifying hazardous sec
tions of highway which could be suspected of having 
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Figure 5. Cummulated annual significant 
relative frequency of wet plus wet-slippery 
accidents, New Brunswick Route 2, 1969-1975. 

YEAR NUHBER OF ACCIDENTS CUMMULATED ACCIDENTS 

1969 

1970 

1971 

1973 

1974 

1975 

Notes: a 

WET PLUS 
WET-SLIPPERY 

5 

3 

5 

7 

6 

10 

SN~0 not measured 

TOTAL 

20 

24 

20 

31 

31 

32 

WET PLUS 
WET-SLIPPERY 

8 

13 

20 

26 

36 

TOTAL 

44 

64 

95 

126 

158 

CUMMULATED 
SIGNIFICANTc RELATIVE 

FREQUEXCY OF 
WET PLUS WET-SLIPPERY 

ACCIDENTSb 

9 

12 

13 

14 

16 

a 

a 

39 

a 

a -
19 

b Significant ratio of wet plus wet-slippery accidents to total accidents 
C 2 1/2% Level of Significance 

a deficient wet pavement skid resistance were 
developed from statistical theory. Using accident 
records for the period 1969-1975 as the source of 
raw accident events, analyses of New Brunswick 
Route 2 were performed to identify highway sections 
that could be suspected of being slippery when wet. 
Comparison of actual wet pavement skid resistance 
of suspected slippery highway sections with recom
mended minimum values of skid resistance for rural 
highways having mean speeds in the range of 64-112 
km/hr, (40-70 mph), indicated a deficiency in wet 
pavement skid resistance existed and, hence, was a 
probable contributing factor in the accident 
causation process. 

The Quality Control Chart and Significant 
Relative Frequency Methods employ raw accident 
events extracted from accident reports unencumbered 
by vehicle-mileage accident rate conversions. 
Although the methods were used to predict 'slippery 
when wet' highway sections, they may be extended 
to the overall problem of identification of 
hazardous highway locations by selective employment 
of accident classifications and thereby provide the 
starting point for additional investigation of 
exposure factors to determine the probable cause 
for an apparent change (worsening) in accident 
experience. 

Computer programs (!_) were developed for both 
predictive methods, and, with minor changes assoc
iated with jurisdictional accident report forms, 
these programs can be readily adopted by any 
agency concerned with wet pavement skidding hazard. 
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THE RELATIONSHIP BETWEEN ACCIDENT EXPERIENCE AND WET PAVEMENT SKID RESISTANCE 

J, Paul Dean, University of New Brunswick 

Wet accident experience of rural highway sections 
in New Brunswick, Saskatchewan, Ontario and 
Kentucky was related to measurements of average 
wet pavement skid resistance, SN 40 , in separate 
and combined analyses. Two classes of highway 
were analysed: two lane undivided rural 
arterials having posted speeds 96-104 km/hr 
(60-65 mph), and average annual traffic volumes 
0-8400 vpd; two lane divided rural freeways 
and parkways having posted speeds 112 km/hr 
(70 mph), and average annual traffic volumes 
1100-34000 vpd. The data exhibited strong non
linear variation and considerable scatter. Ten 
point moving average plots of wet accident 
experience vs SN 40 served to subdue scatter and 
identify SN 40 levels at which significant 
increases in wet pavement accident experience 
occurred. Plots of wet accidents per mile vs 
SN40 appeared to have less scatter than those 
in which the significant relative frequency of 
wet accidents was used as the wet accident 
variable. In addition, wet accident experience 
averaged over 2 or more years gave less scatter 
than plots of yearly wet accident experience. 
Preliminary equations were developed from the 
data using a non-linear least squares computer 
program. Two lane undivided rural highway data 
exhibit a higher level of wet pavement skid 
resistance demand than that for four lane 
divided rural highways. Wet pavement skid 
resistance ranges at which marked increases in 
wet accident experience occurred were, for two 
lane rural arterials: SN40; 55-60; for four 
lane rural freeways and parkways: SN 40 ; 43-50. 
Present reconnnended minimum wet pavement skid 
resistance levels for highways having mean 
speeds in the range of 64-112 km/hr (40-70 mph), 
appear to be low when the trends of this study 
are examined. 

In its simplest form, the measure of motor 
vehicle traffic safety, as related to wet pavement 
skid resistance, is the magnitude of the number of 
accidents that can be attributed directly to a 
deficiency in wet pavement skid resistance. 

Unfortunately, accident experience is a measure
ment of all exposure factors of which wet pavement 
skid resistance is only one. Even by classifying 
accidents by road surface condition and degree of 
access control, highway class, geometry, etc., and, 
thereby controlling some accident causation exposure 
factors, the vehicle-driver-traffic-roadway system 
interacts to describe actual accident experience. 
In addition, even if exposure factors remain 
unchanged over given periods of time, accident 
experience will vary along a given section of 
highway from time period to time period. 

With these basic limitations in mind, therefore, 
considerable variation in results of studies 
directed toward the relationship between wet 
accident experience and skid resistance can be 
expected, (1, 2). Additional primary sources of 
variability- are seated in the differences between 
accident report forms of jurisdictions. Analyses 
will vary according to how the accident report 
identifies both road surface condition and skidding. 

Most North American accident report forms 
contain the options of road surface condition and 
presence or absence of a road defect in the way of 
repairs, potholes, ruts, etc. It is possible, 
therefore, to determine the number and location of 
accidents occurring on wet road surfaces under 
otherwise good road conditions in most jurisdictions. 
The manner in which skidding is reported varies. 
In some cases, skidding of one or more vehicles is 
one of a multiple choice selection contained in 
the 'direction of travel' component of the report, 
Ci), Most reports do not contain a reliable and 
exclusive indication of whether or not one or more 
vehicles skidded prior to the accident event 
(4, 5). The success of any analysis using accident 
rep9rts is dependent upon dat~ extraction using 
both the wet road surface condition and skidding 
options. The British accident report contains this 
facility and reasonable success has been reported 
(3) in describing the variation of wet pavement 
skidding accident experience with wet pavement skid 
resistance. In addition, the same accident 
predictor has been used to demonstrate reduced wet 
pavement skidding accidents following a remedial 
treatment to an apparently 'slippery-when-wet' 
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highway location. 
A more recent study (~} identified the following 

major limitations of previous work directed to the 
relationship between accidents and skid resistance: 

1. Lack of a large sample encompassing the 
entire range of skid resistance. 

2. Lack of an attempt to account for the natural 
variability in accident experience of the same 
highway location from time period to time period. 

3. Modification of actual accident experience 
by reducing the rather exact numbers of accidents to 
a rate expression by dividing accidents by the 
relatively crude measure of the number of vehicle
miles travelled during a particular time interval. 
(Use of a vehicle mile accident rate reduces the 
entire exposure factor question to vehicular volume 
and length. Further correlations of this rate with 
exposure factors such as wet pavement skid resis
tance are questionable because the pure measure of 
hazard - the actual number of accidents - has been 
modified.) 

4. T.ac,k of control of maior exoosure variables 
such as vehicular volume, highway classification, 
roadway geometry, and representative highway 
sections. 

The following sections of this paper describe 
the pertinent analyses and results of a recent 
study ( ~ ), in which the primary sources of variabil
ity in reported relationships between wet pavement 
accident experience and wet pavement skid resistance 
were controlled where possible subject to practical 
constraints of budget and time. 

Description of Highway and Traffic Data 

In order to obtain a large sample, accident data 
and associated skid measurements for New Brunswick, 
Saskatchewan, Ontario and Kentucky were used in 
separate and combined analyses (5). Data from all 
three jurisdictions apply to rur"al highway systems 
having a range of climatic conditions and differing 
geographic locations within North America. With 
few exceptions, as noted herein, the data was 
compatible in all major aspects and was classified 
as described below. 

Selection of Accident Predictor Variables 

The accident report forms and accident location 
systems of all agencies were similar for the 
purpose of extracting wet pavement accident events. 
All report forms were deficient in that they did 
not contain the provision as to whether or not one 
or more vehicles skidded - as contained in the 
British report described above. It was not possible, 
therefore, to obtain an expression containing both 
the wet pavement condition and wet pavement skidding 
accident event - the ratio of the number of vehicles 
skidding in wet pavement accidents to the total 
number of wet pavement accidents. Expressed as a 
percentage, this ratio, has been called the relative 
risk of skidding in wet pavement accidents. This 
ratio can be given statistical significance to 
account for chance (3, 50). For example, if 4 wet 
accidents out of 10 -;it~ in a highway section 
involve skidding by one or more vehicles, the rela
tive risk of skidding is 0.40 or 40%. However, to 
account for chance in small numbers the significan t 
relative risk of skidding in wet accidents is only 
12% at the 2 1/2% level of significance. 

The theory and application described above was 
extended to the accident data available in the four 

jurisdictions studied. In lieu of a significant 
relative frequency of skidding in wet accidents, a 
significant relative frequency of wet pavement 
accidents can be determined from the ratio of the 
number of wet road surface condition accidents to 
the total number of accidents occurring under all 
road surface conditions. Use of this ratio as an 
accident predictor, therefore, removes the varia
bility associated with small numbers of accidents 
and subsequent use of raw ratios in many forms. 
See, for example, (4, 5, 6). 

In addition, and in an attempt to account for 
natural fluctuation in accidents from time period 
to time period - in this case annually, accident 
experience was averaged over 2 or more years. The 
cummulated accident events for each highway section 
for which a representative skid resistance was 
known was averaged. This resulted in a cummulated, 
average, annual significant relative frequency of 
wet pavement condition accidents for each highway 
section. 

A second accident predictor variable selected 
was, simply, the number of wet pavement condition 
accidents per mile of highway section for which a 
representative skid resistance was known. This 
ratio was also averaged using 2 or more years of 
accident experience in an attempt to account for 
natural variability in accident occurrence from 
time period to time period. 

In each jurisdiction, accidents were reported 
by one police agency, and were located by mileage 
within each highway section and were retrieved by 
data processing using computer files within each 
jurisdiction. 

Friction Measurement and Highway Section 
Definition 

Friction measurements were obtained for highway 
sections, described hereinafter, by skid trailers 
complying with ASTM E 274 and representing the 
friction between a standard test tire and a wet 
pavement with the exception of measurements 
available in New Brunswick. 

New Brunswick data was available in the form 
of BPN, British Pendulum Number, performed in 
accordance with ASTM E 303. Conversion of BPN 
units to SN~units was in accordance with the 
equation, (1) . 

SN~= 1. 75 BPN-70 1 

Test speeds of the skid trailers were essen
tially 64 km/hr and 112 km/hr, (40 mph and 70 mph), 
for 2 lane undivided and four lane divided rural 
highways respectively. SN 70 measurements were 
converted to SN~using the correlation developed by 
the agency, (4). Measurements of skid resistance 
were made by ~ ach agency during late spring, 
summer and early fall. 

Two lane undivided friction data was almost 
exclusively that for bituminous concrete pavements. 
A mixture of portland cement and bituminous 
concrete surfaces comprise the four lane divided 
data. 

The highway section definition varied slightly 
from jurisdiction to jurisdiction. For the most 
part, however, they are individually defined as a 
section of pavement of uniform age and composition 
subjected to uniform wear throughout their length. 
Where it was possible to do so the highway section 
skid measurement was that which best characterized 
the skid resistance of the pavement section in 
which the majority of wet pavement accidents 
occurred. In New Brunswick, for example, the 
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primary highway section considered was the estab
lished control section having the general definition 
of "a length of highway along which the characteris
tics of the highway and traffic are relatively 
uniform". Wet pavement accident data for each 
control section were reviewed as to whether or not 
an apparent grouping occurred, and, if so, the skid 
measurement best fitting the dominant accident 
location for both directions of travel was used as 
the highway section skid resistance. Where no 
apparent accident grouping occurred the average 
skid resistance for both directions of travel of 
the control section was used. Average skid resis
tance readings on four lane divided highways were 
those for lane "one" or outer lanes in both direc
tions of travel. 

Traffic Volume and Speed 

Each highway section defined above was assoc
iated with an average AADT for the purpose of 
stratifying the relationship between wet pavement 
accident experience and skid resistance. The AADT 
was, therefore, the average annual traffic volume 
on the highway section over which the accident 
experience was cummulated and averaged. 

Two lane undivided rural highways of all 
jurisdictions had posted speeds of 96-104 km/hr 
(60-65 mph), and four lane divided rural highways 
had a posted speed of 112 km/hr, (70 mph). 

Two Lane Undivided Rural Highways 

Yearly and cummulated wet pavement accident and 
skid resistance data, stratified by AADT, were 
plotted for New Brunswick, Ontario, Saskatchewan 
and Kentucky in separate and combined analyses (2), 
Combined data cummulated over 2 or more years and 
averaged gave the best results in terms of varia
bility and trends. 

Figures 1 through 6 illustrate the relationship 
between the accident experience predictors Signifi
cant Relative Frequency of Wet Pavement Accidents 
and Wet Pavement Accidents per Mile and Wet Pavement 
Skid Resistance, SN 40 . Study of these scattergrams 
indicates a definite non-linear exponential 
relationship; this is more evident in the AADT 
stratifications 0-3000, Figures 2 and 5. Consider
able scatter is present. 

Trends were determined by analysis of data using 
a moving average smoothing technique (!!__, 1), The 
purpose of plotting a moving average was to detect 
whether or not marked changes in accident experience 
occurred at a given skid number, the locations of 
data instability, and, to determine the general 
trend of the data. Figures 7 through 12 illustrate 
10 point moving average plots of accident experience 
vs SN40. 

In general, moving average plots of the accident 
predictor wet accidents per mile of highway section
Figures 10, 11 and 12, illustrate relatively more 
distinct changes in accident occurrance vs SN40 than 
those of significant relative frequency. Both 
predictors show, however, marked changes in accident 
experience at SN40 ranges, of 38-45 and 55 to 60. 
Within these SN 40 ranges, Figure 11 indicates that a 
sharp tendency of an increased level of accident 
experience occurs at SN 40 = 44 and 55. For the higher 
AADT stratifications, Figures 9 and 12, no clear 
evidence of marked changes exist except for the 
overall horizontal tendency of moving averages at 
SN 40 levels > 38. 
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Four Lane Divided Rural Freeways and Parkways 

Yearly data for Kentucky and Ontario combined 
are shown in Figures 13 and 14 for AADT levels 
greater than 3000 vpd using as the accident 
predictor - wet accidents per mile (of highway 
section). Figure 14 illustrates an abrupt change 
in the trend and moving average variability at an 
SN 40 level of 43. The moving average of Figure 14 
is only reliable to SN 40 = 45 because no data exists 
in the range SN 40 = 50-55. Trends using the signi
ficant relative frequency of wet accidents illus
trated more variability but a change occurred at 
SN40 = 43. Yearly plots of all jurisdictions were 
more variable with less distinct trends than those 
wherein cummulated average accident data was used. 

Because the Ontario data were for one year of 
accident experience, cummulated plots of four lane 
undivided data was restricted to Kentucky. Figures 
15 and 16 illustrate the trend lines for both 
accident predictors. Figure 15 shows a general 
rise in accident experience in the range of SN 40 = 
44-46 and another relatively steeper increase at 
SN 40 = 40. Figure 16 shows abrupt increases at 
SN 40 = 43 and 39, although that at SN 40 = 43 is more 
dramatic. 

Discussion and Conclusion 

Comparison of trends shown in Figures 11 and 
16 indicates a greater level of skid resistance 
demand exists on two lane rural highways compared 
to four lane divided highways for a correspondingly 
similar accident experience. For an average 
accident experience of 0.15 accidents per mile (per 
year), limiting SN 40 values are approximately 55 and 
43 respectively at apparent marked changes in 
moving averages. This may offer some factual 
evidence of what heretofore has been intuitively 
suspected: that skid resistance demand is higher 
on two lane highways carrying low to intermediate 
traffic volumes than on controlled access highways 
where many accident causation factors are minimized. 
Increased variability of moving averages for high 
volume two lane undivided highways may be due to 
the more complex exposure situation normally 
experienced along these highway sections. 

The data and analyses e~hibit strong non-linear 
tendencies with relatively distinct changes in 
accident experience at certain SN 40 levels although 
scatter and trendline variability is present in all 
analyses of separate and combined data. 

Figures 11 and 12 can be compared directly 
with results obtained in a recent 2 lane undivided 
highway study in Kentucky (1) where a marked 
increase in accident experience is indicated at 
SN 40 = 46 and 40 for volumes below AADT = 3000. No 
trends were available at skid numbers> 50 due to 
lack of test sections having skid resistances 
higher than SN 40 = 50. For AADT's > 3000 similar 
results are indicated except for the relatively 
more distinct changes illustrated in Figure 12 at 
SN 40 values of 40 and 45. Kentucky researchers 
employed the ratio of wet pavement to dry pavement 
accidents as the accident predictor variable. 

In a study of four lane divided highways, (!!__), 
a SN 40 = 40 appeared to be the skid resistance at 
which a marked change in accident experience 
occurred, however, considerable scatter and varia
bility was evident in moving average plots. This 
may be due to the use of a vehicle-mileage based 
wet pavement accident rate as the accident predic
tor. Comparible results using wet pavement acci
dents per mile are shown in Figure 16. Distinct 
changes are shown at SN 40 = 43 and 38. 
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Figure 1. Scattergram of cummulated relative signi
ficant frequency of wet accidents (Fsig) vs SN40; 
N.B., Sask., Ky.; AADT 0-8400; 384 data points. 
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Figure 5. Scattergram of cummulated wet accidents 
per mile vs SN 40 ; N.B., Sask., Ky.; 2 lane undivided; 
AADT 0-3000; 232 data points. 
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Figure 2. Scattergram of curnrnulated relative sig
nificant frequency of wet accidents (Fsig) vs SN40; 
N.B., Sask., Ky.; AADT 0-3000; 232 data points. 
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Figure 6. Scattergrarn of curnrnulated wet accidents 
per mile vs SN40; N .B., Sask., Ky.; 2 lane undivided; 
AADT 3000-8400; 152 data points. 
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Figure 7. 10 point moving average significant 
relative frequency of wet accidents vs SN~; N.B., 
Sask., Ky.; 2 lane undivided; AADT 0-8400. 
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While the possible sources of variability were 
controlled to the extent possible, additional data 
classification is necessary particularly for two 
lane highways. In addition, the SN~ skid resistance 
data was measured using three skid trailers without 
common calibration. The New Brunswick data was 
converted to SN~ by means of a correlation based 
upon a small sample, (!). 

The data can be considered, however, to be 
representative because the sample is, first of all, 
relatively large and, secondly, gathered from a 
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Figure 8. 10 point moving average significant 
relative frequency of wet accidents vs SN~; N .B. , 
Sask., Ky.; 2 lane undivided; AADT 0-3000. 
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Figure 9. 10 point moving average significant 
relative frequency of wet accidents vs SN40 ; N.B., 
Sask., Ky.; 2 lane undivided; AADT 3000-8400. 
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number of jurisdictions, and, finally, the accident 
predictor variables used have a sound statistical 
basis. The trends illustrated provide the means 
to assess or predict accident experience at 
different levels of. wet pavement skid resistance 
and lend themselves to cost effective pavement 
management practice. Preliminary equations were 
developed from the data for this purpose using a 
non-linear least squares program, (8), the results 
of which are reported in (2)· -
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Figure 10. 10 point moving average cummulated wet 
accidents per mile vs SN40; N,B., Sask,, Ky.; 2 lane 
undivided; AADT 0-8400. 

1.25 

Cl) 
..-1 
•H 
::c 1.00 
H 
Cl) 
p. 

rnc .., 
0 . 75 1::1 

Cl) 
'"C 
'.-1 
cJ 

~· 
.., a. so 
Cl) 

~ 
.. -· .. 

·-

- : 
,. ., . ..... 
I:• .. •:: 1• 

. ... ! . ,• .. t! • 
:. "·:·, .:·.~ . ,· .. .. 
' •• t I .. 

'\~ I :~-: If • '"C 
(]) .., 
"' 

.. .. . 

8. 

.. 

F ;s. Wood.. Non-Linear Least-Squares Curve
Fitting Program, Share Program Information 
Department, Hawthorne, New York, 1971. 

0.25 r-1 
;:)· 

I 
.. ~;,,~r-.,,· ·.:··· .. 1··. __ 

,· .. - 1 · ··---. :-.• . 
I t ·. I \. ...... 

u 

o.ool 11 1 I · -~. ·:.:r 
10 20 30 J10 50 60 

SN40 

Figure 11. 10 point moving average cummulated wet 
accidents per mile vs SN 40 ; N.B., Sask., Ky.; 2 lane 
undivided; AADT 0-3000. 
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Figure 12. 10 point moving average cummulated wet 
accidents per mile vs SN40; N.B., Sask., Ky.; 2 lane 
undivided; AADT 3000-8400. 
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Figure 13. Scattergram of yearly wet accidents per 
mile vs SN 40 ; Ont. , Ky. ; 4 lane divided; AADT 300o+; 
305 data points. 
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Figure 15.. 10 point moving average cummulated data 
significant relative frequency of wet accidents vs 
SN 40 ; Ky.; AADT 1100~23540; 4 lane divided; 110 
data points. 
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Figure 14. 10 point moving average yearly wet 
accidents per mile vs SN 40 ; Ont., Ky.; 4 lane 
divided; AADT 3000+. 
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Figure 16. 10 point moving average cummulated data 
wet accidents per mile vs SN 40 ; Ky.; AADT 1100-23540; 
4 lane divid£d; 110 data points. 
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WET WEATHER JNJURY ACCIBENTS ON NEW ZEALAND ROADS 

C,M, Clissold, B.So. M.Eng.Sc, M.N.Z.I.E. 
Chief Traffic Engineer, Ministry of Transport, New Zealand 

The overall accident picture in New Zealand has 
been analysed in order to establish the types of 
accidents occurring whioh are most likely to 
involve skidding. The accidents are then 
analysed in depth to evaluate the associated 
factors - namely vehicle, pavement, seasonal 
and human. The most significant findings were: 

1, The accident rate whilst raining was four 
times the fine weather rate. 

2, The main types of accidents which were over 
represented in wet weather due to road 
surface conditions were head on collisions, 
rear end, cornering and losing control on 
straight roads. 

3, The types of accidents in (2) were the ones 
most usually associated with slippery road 
surfaces and or worn tyres. 

4, Collisions with obstructions, rear end and 
pedestrians were over represented at night 
during wet weather but not during daytime 
wet weather. 

Intro duo ti on 

New Zealand is in the south-west Pacific with 
a population of 3, 1 million and consists mainly of 
two large islands which are over 1,000 miles in 
overall length and 103,000 square miles in area. 
Much of the country is deeply mountainous, less 
than one-quarter of the total land surface lying 
below the 650 foot contour line. 

There are 7,000 miles of urban and 52,000 miles 
of rural roads in New Zealand. 

There were 15,571 injury accidents on 
New Zealand roads in 1973 in whioh 843 people were 
killed and 23,385 were injured. (1) 

Vehicle Movement Codes 

All injury accidents are coded into 15 major 
types of movement codes depending on the movement 
of vehicles just before the accident. These codes 
are shown in Appendix A, 
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Proportion of Time that Ra.in Falls 

The New Zealand Meteorological Service kept 
records for about 16 years from 1950 onwards of the 
number of hours where more than O. 5 millimetres per 
hour of rain fell at 19 stations, chiefly at aero
dromes throughout the country. Weighting these to 
allow for the greater amount of traffic in the 
North Island gives a total of 535 hours per year 
that rain falls on average. That is 6.1 percent 
of the time. The records suggested that rainfall 
is very even between dey and night, possibly there 
is about 2 percent more rain at night than during 
the day but this was considered insignificant and 
ignored. 

Proportion of Accidents in Rainy Weather 

Table 1 shows accidents by urban and rural areas 
separated into fine weather or rain, day or dark, 
according to the report of the police or traffic 
officer who investigated the accident and separated 
into vehicle movement codes. The rates Ra.in:Fine, 
are calculated from the information that it is rain
ing 6.1 percent of the time. 

Henoe the final figure in Table 1 shows that the 
total rate of accidents during rain is 3,93 times 
the rate during dry conditions allowing for the 
hours of rain and dry weather. The accident rate 
when raining and dark is 5. 10 compared with 3. 1 2 
in deytime and rain, 

Looking at the types of vehicle movement which 
a.re affected by rain in urban areas, head on 
collisions mich include collisions on corners, 
rear end accidents and single vehicles cornering 
are the major categories that increase in rain. 
In rural areas, head on and right-turn against and 
cornering accidents are the major ones. There are 
somE:! categories which vary significantly between 
daylight and dark and although below the average 
rate in deylight are above it in dark. These 
include collision with obstruction and pedestrians 
crossing the road in urban areas. In rural areas 
rear end collisions are the major cries to fall in 
this category (manoeuvring and pedestrians not 
crossing the road show a similar tendency but the 
figures are too small to be reliable. These 
categories that are worse at night appear to be 
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due to poorer visibility during re.in rather than the 
condition of the road surface or poor tyres causing 
skidding. 

Table 1, Comparison 1973 Injury and Fatal Accidents during Fine 
(mist and snow accidents excluded) 

Weather and Rain by Type of Vehicle Movement 

Fine Raining Rate: Rain/Fine 
Type aVehicle Movement 

Dey Dark Total Dey Dark Total Dey Dark Total 

URBAN 

A Overtaking or lane change 101 68 12 20 1, 83 4,53 
B Head on 192 161 62 53 4.97 5.07 
C Lost control or off road 211 396 46 99 3.36 3,85 

(straight roads) 
D Cornering 256 538 64 171 3. 85 4, 89 
E Collision with obstruction 217 313 30 131 2.13 6.44 
F Rear end 320 146 83 65 3,99 6. 85 
G Turning versus same 611 216 78 67 1, 96 4,78 

direction 
H Crossing ~no turns) 704 295 146 96 3,19 5.01 
J Crossing vehicle turning) 386 183 88 74 3.51 6.22 
K Merging 140 56 23 19 2,53 5, 22 
L Right turn against 431 277 86 96 3.07 5,34 
M .Manoeuvring 331 150 46 47 2.14 4,82 

( N Pedestrians crossing road 1034 422 148 186 2.20 6.78 
p Pedestrians other 143 55 13 20 1.40 5,60 
Q Miscellaneous 106 58 8 4 1.16 1, 06 

Total: 5183 3334 8517 933 1148 2081 2. 77 5.30 3, 76 

RURAL 

A Overtaking or lane change 130 86 42 32 4,97 5, 73 
B Head on 336 152 135 64 6.18 6.48 
C Lost control of off road 336 354 45 76 2.06 3, 31 

(straight roads) 
D Cornering 491 652 152 190 4,77 4,49 
E Collision with obstruction 54 112 15 48 4.28 6.60 
F Rear end 118 71 25 31 3.26 6. 72 
G Turning versus same 159 50 24 16 2.32 4,93 

direction 
H Crossing ~no turns) 81 19 12 3 2, 28 2.43 
J Crossing vehicle turning) 88 33 25 9 4.37 4.20 
K Merging 28 11 10 3 5.50 4.20 
L Right turn against 75 29 24 9 4,93 4, 78 
M Manoeuvring 50 15 12 7 3, 69 7, 18 
N Pedestrians crossing road 83 27 11 7 2.04 3, 99 
p Pedestrians other 20 28 5 11 3,85 6.05 
Q Mis eel laneous 40 17 6 2 2,31 1,18 

Total: 2089 1656 3745 543 507 1050 4. 00 4, 71 4.32 

COMBINED URBAN AND RURAL 

I. Total: 7272 4990 12262 1476 1655 3131 3.12 5.10 3,93 

a see Appendix A for classification of vehicle movements. 

Types of Accidents on Slil!J!B!Z Surfaces surface accidents and 89,8 percent of rural slippery 
surface accidente. The number of cornering acci-

The types of vehicle movement on bitumen dents in the dark on wet surfaces also is the 
surfaces 1/ihen it was wet and dry and one of the largest single group in the table both for urban 
causes given was surface slippery due to rain, frost, and rural situations. 
ice, snow or hail are shown in Table 2. The total 
of types B, C and D accidents: 1l (fflad on) C (lost 
control or off road on the straight) or D (cornering 
accidents) account for 60 , 1 percent of urban slippery 



138 

Table 2. Types of Vehicle Movement on Bitumen Surfaces which were slippery due to rain, frost or ioe, 
snow or hai 1. 

URllAN RURAL 

Wet Surfaoe Dry Surface Wet Surface Dry Surface 
aMovement Type 

Dey Dark Dey Dark 
Totals aMovement Type Dey Dark lay Dark Totals 

A 0 1 0 0 1 A 5 0 2 0 7 
B 23 16 1 0 40 B 47 9 3 2 61 
C 13 22 3 2 40 C 16 5 5 8 34 
D 35 68 1 6 110 D 76 51 14 11 152 
E 3 6 0 1 10 E 2 1 0 0 3 
F 24 11 1 0 36 F 5 2 2 0 9 
G 10 4 2 0 16 G 3 0 1 0 4 
H 9 2 0 0 11 H 1 0 0 0 1 
J 4 3 0 0 7 J 2 0 0 0 2 
K 0 0 0 0 0 K 0 0 0 0 0 
L 4 5 0 0 9 L 0 0 0 0 0 
M 4 2 0 1 7 M 0 1 0 0 1 
N 10 12 0 0 22 N 1 0 0 0 1 
p 2 "5 n n 5 p 1 n n n 1 

Q. 0 0 2 Q. 0 0 0 0 0 

Total: 142 155 8 11 316 Total: 159 69 27 21 276 

COMBINED URBAN AND RURAL 

Total: 301 224 35 32 592 

asee Table for Movement Type. 

Table 3. Types of Vehicle Movements associated with the factor of Worn Tyres • 

URllAN RURAL 

Wet Surface Dry Surface Wet Surface Dry Surface 
aMovement Type Day Darl!: Dey Dark Totals aMovement Type Dey Dark Dey Dark Totals 

A 0 0 0 0 0 A 0 0 0 1 1 
B 2 0 0 1 3 B 4 2 1 1 8 
C 2 4 0 1 7 C 1 0 2 2 5 
D 0 5 5 4 14 D 9 6 3 7 25 
E 0 1 0 0 1 E 0 0 1 0 1 
F 1 0 0 0 1 F 0 0 0 0 0 
G 0 0 0 0 0 G 0 0 0 0 0 
H 0 0 2 0 2 H 0 0 0 0 0 
J 1 0 0 1 2 J 0 0 0 0 0 
K 0 0 0 0 0 K 0 0 0 0 0 
L 0 2 0 0 2 L 0 0 0 0 0 
M 0 0 1 0 1 M 0 0 0 0 0 
N 0 0 2 0 2 N 0 0 0 0 0 
p 0 0 0 0 0 p 0 0 0 0 0 
Q. 0 0 0 1 1 Q. 0 0 0 1 1 

Total: 6 12 10 8 36 Total: 14 8 7 12 41 

COMBINED URllAN AND RURAL 

Total: 20 20 17 77 

asee Table for Movement Type 

Skiddi!!£. accidents occur. No doubt, however, where the 
cause I slippery surface 1 ie given it is very likely 

There is no satisfactory category on the a vehicle has skidded. 
accident fo:rm for noting whether skidding has 
taken place. One factor gives inexperience or 
incompetenoe in controlling skid and this has been 
reserved very much for use on loose metal or 
unsealed surfaces where only 3. 6 percent of total 
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Tyres with worn treads 

The types of aooidents on bitumen road surfaces 
involving wom t;yTe treads are shown in Table 3. 
The bulk of them a.re type D (lost control while 
cornering) end it is of interest to note that a 
relatively large proportion are on 'dry surface's 
where smooth treads are considered ·to be at least 
equal to fully treated tynis (punctures or blow
outs are excluded from this table). 

Reference 

1 • Ministry of Transport. Motor Accidents in 
New Zealand, Statistioal Statement, Calendar 
Year 1973. Ministry of Transport, Wellington, 
New Zealand. 
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DRIVER AWARENESS OF WET WEATHER SKIDDING ACCIDENT POTENTIAL (Abridgement) 

Fred R. Hanscom, BioTechnology, Inc, 

This field study investigated the driver's 
general awareness and response to warning signs in 
a potentially hazardous situation of wet pavement 
subjected to high lateral friction demand. Detailed 
vehicle performance data were collected, and speeds 
were used as the primary indication of hazard 
awareness and sign response, Driver interviewing 
was used to establish the motorist's cognizance of 
the hazard and his observation of the warning sign, 
Selected driver characteristics were obtained dur
ing the interview and were compared to hazard 
responses. (!_) 

Three curved highway sections were treated 
using five experimental signing conditions. Com
parisons between all signs and the "no sign" condi
tion were made for wet and dry pavements, Norma
tive driving behavior data were used to resolve 
time-of-day speed variations. Experimental signing 
conditions were comprised of variations to the 
"Slippery When Wet" symbolic sign, ranging from 
its use by itself through increasing levels of 
specificity and conspicuity, to its use with flash
ing beacons and an advisory speed limit. 

Specific vehicle performance measures examined 
were speeds and mean acceleration/deceleration. 
The primary measure of signing effectiveness was 
mean speeds at critical curve locations. The 
highest quartile speed group (fastest 25 percent) 
of vehicles arriving at the advance speed trap was 
selected as the target sample. Table l lists mean 
speed differences between wet pavement and norma
tive driving for the target sample demonstrating 
increasingly improved responses for higher levels 
of sign conspicuity and specificity. A separate 
analysis of speeds obtained during the "no sign" 
condition demonstrated that little, if any, improve
ment resulted from use of the symbol sign alone, 
No significant sign-related changes were observed 
in mean acceleration/deceleration rates as motorists 
initiated speed reductions prior to reaching the 
curve, in cases of effective signing. 

Sufficient site characterization at one site 
permitted a comparison of observed motorists' speeds 
with the critical wet pavement speed based on the 
site geometry and pavement characteristics. All 
high conspicuity experimental signing did result in 
virtually all motorists driving below that speed 
during wet pavement conditions. Substantial speed 
reductions obtained at the remaining sites with 
high conspicuity signing displayed during wet pave
ment conditions did corroborate that the flashing 

Figure 1. Differences in highest quartile speeds 
between normal, no signing, dry pavement conditions 
and experimental signing, wet pavement conditions 
at site 1. 
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beacons were effective in warning motorists of the 
potential hazard. 

Questionnaire results were revealing i n terms 
of motorists' responses to experimental signing. 
Vehicle speeds of interviewed motorists demonstrated 
that motorists who saw signing slowed down more than 
those who did not. A driver's recognition of sign 
message versus appearance alone did not impact on 
his speed. The more familiar motorists were more 
likely to see the signs, and those with greater 
driving practice were more likely to read them. It 
was shown that the experimental skid hazard warning 
signs have a marginal effect on motorists' verbal 
assessment of the site as being a skid hazard . 

Certain driver characteristics were linked to 
general perception of skid hazard. Younger drivers 
and those with prior skidding experience were seen 
to be more prone to assess test curves as potential 
skid hazards. Motorists who drive more miles per 
year exhibited higher speeds throughout the sites, 
but they were divided in their assessments of skid
ding potential. Female drivers were seen to be 
generally more sensitive to wet weather driving 
hazards as they gave lower estimates of safe wet 
pavement speeds, predominantly indicated that skid 
warning signs were helpful, and indicated a tendency 
to panic in the event of an unexpected skid. 

References 

1. F.R. Hanscom. Driver Awareness of Highway Sites 
with High Skid Accident Potential. FHWA-RD-74-
66, 1974, Federal Highway Administration, Wash
ington, D,C. 
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EVALUATION OF ACCIDENT RATE-SKID NUMBER RELATIONSHIPS FOR A NATIONWIDE SAMPLE 
OF HIGHWAY SECTIONS 

D, W. Harwood, R. R. Blackburn, A. D. St. John, and M. C. Sharp, 
1"!.iciwes 1: .ttesearc.i.1 ~u~ L .i. LUL~ 

The objective of this study was to establish 
the relationship between accident rate and skid 
number for various combinations of highway type, 
area type (urban/rural) and traffic volume. 
Accident rate, skid number and related data 
were collected for two, 1-year periods on 428 
highway sections located in 16 states. An ex
tensive statistical analysis of the data was 
conducted using matched-pair comparisons, re
gression analysis and analysis of covariance, 
The analyses found a small, but statistically 
significant, effect of skid number on wet-pave
ment accident rate. A linear relationship with 
skid number explained the variation in wet
pavement accident rate as well, or better, than 
any simple logarithmic or polynomial function. 
The differences in the slope of this linear re
lationship for various highway type-area type
traffic volume combinations were not statisti
cally significant, so a single common slope was 
used. Specific relationships between wet-pave
ment accident rate and skid number are presented. 
It was found that the slope of the wet-pavement 
accident rate-skid number relationship is sen
sitive to the dry-pavement accident rate. The 
sensitivity was quantified and is presented in 
the paper. Finally, the accident rate-skid num
ber relationships developed in this study are 
compared with the relationships developed by 
previous researchers. 

Skidding accidents have become an increasing 
problem in the United States in recent years. One 
researcher Q) has indicated that skidding acci
dents account for more than one-third of all vehi
cle accidents in some geographic areas. This trend 
is undoubtedly a reflection of increased vehicle 
speeds and traffic volumes. However, despite the 

142 

observed accident trend, there has been little hard 
evidence to relate accidents to the skid resistance 
properties of the pavement, 

The objective of this study was to establish the 
relationship between accident rate and skid number 
for various combinations of area type (urban/rural), 
highway type, and traffic volume (l), Such quanti
tative relationships are needed to compare the effec
tiveness of improving skid number through resurfac
ing with the effectiveness of other skidding acci
dent countermeasures. 

Experimental Plan 

Study Sections 

Accident rate, skid number and related data were 
collected for 428 highway sections located in 16 
states. One hundred forty-two (142) of these sec
tions are test sections that were resurfaced during 
the study period, Resurfacing of the test sections 
enabled the study to examine each highway at two 
levels of skid number without any major modifica
tions of geometric or traffic characteristics. Be
cause temporal changes in accident rate are not un
common, some form of experimental control was needed 
to assure that a general trend in accident rate was 
not mistaken for an effect of resurfacing. There
fore, a matched-control section, similar in physical 
and traffic characteristics, was selected for each 
test section, No alteration was made to the pave
ment surface of the control sections during the study 
period. In order to obtain an adequate sample size, 
data were also obtained for 144 unmatched-control 
sections. These sections were not resurfaced and 
were not matched to any particular test section. 
Table 1 shows the distribution of test, matched
control and unmatched-control sections by area type 
and highway type, 
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Table 1. Distribution of highway sections by 
area type and highway type. 

Highway Type Section Type 

No. of Sections 
by Area Type 
Rural Urban 

Two-Lane Test 94 6 
Matched Control 94 6 
Unmatched Control 87 6 

275 18 

Multilane Test 16 6 
Uncontrolled Matched Control 16 6 
Access Unmatched Control 18 6 

50 18 

Multilane Test 14 6 
Controlled Matched Control 14 6 
Access Unmatched Control 25 2 

53 14 

Data Needs 

Several kinds of data with a known or postulated 
relationship to accident experience or pavement sur
face characteristics were collected for each study 
section. These included: 

Highway type 
Area type (urban/rural) 
Average daily traffic volume 
Wet-pavement accident rate 
Pavement type 
Skid number 
Skid number - speed gradient 
85th percentile speed of traffic 
Exposure to wet-pavement conditions 
Geometrics (curves, grades, intersections) 

These data were collected with the cooperation of 
highway and transportation agencies in the states 
where the study sections were located. The 16 
cooperating states were: California, Connecticut, 
Florida, Louisiana, Maine, Maryland, Massachusetts, 
Michigan, Mississippi, North Carolina, Ohio, 
Pennsylvania, Rhode Island, South Carolina, 
Washington and West Virginia. 

Study Periods 

Two data collection periods were used--before 
and after resurfacing of the test sections. Data 
were collected for all 428 study sections in the 
period before resurfacing of the test sections. 
Missing data in the after period reduced the num
ber of useable sections to 378. 

The before period for each test section was a 
12-month period during the 24 months immediately 
prior to resurfacing. The after period was a 1-
year period beginning at least 2 months after com
pletion of resurfacing to allow the new pavement 
some initial traffic wear before any accident or 
skid number data were collected. The dates of the 

143 

before and after period for each matched-control sec
tion were the same as its matching test section. 
The study period for the unmatched-control sections 
was determined by the dates of the available skid 
test results. 

One major constraint in the selection of study 
periods was the energy crisis or gasoline shortage 
that began to have a pronounced effect on highway 
transportation in the United States during the Fall 
of 1973. This shortage resulted in a nationwide re
duction of speed limits to 55 mph in late 1973 and 
early 1974, and was accompanied by a marked reduc
tion in nationwide accident experience, especially 
fatalities. The initial effect of the gasoline 
shortage on travel and accident experience was prob
ably not uniform throughout the 16 cooperating states 
because of regional differences in the price and 
availability of gasoline and in the date of the 
speed limit reduction. For this reason, all before 
data for the project, including accident data, were 
collected for a period before July 1, 1973. All 
after data were collected for a period after June 30, 
1974. 

Study Section Criteria 

Great care was exercised in the selection of test 
and control sections for the study to assure that 
each section, although several miles in length, was 
homogeneous with respect to area type, highway type 
and ADT. 

Test sections were selected from lists of resur
facing projects provided by the cooperating states. 
A minimum length for test sections was required to 
assure that each section had enough yearly wet-pave
ment accidents to carry out the planned statistical 
analysis. A minimum length of 4 miles was estab
lished from accident studies for sections on highways 
with ADT over 5,000. Sections as short as 2 miles 
were used on highways with ADT much greater than 
5,000. In some states, very few sections with ADT 
over 5,000 were resurfaced, so it was necessary to 
select projects where ADT was less than 5,000. Min
imum section lengths up to 6 miles were required in 
these cases. 

A matched-control section was selected for each 
test section, The highway type and area type of 
matching test and control sections were identical 
and the ADT were matched within 20%. Whenever pos
sible, the contr?l section was at least as long as 
its matching test section. 

Analysis Variables 

The basic analysis variables used in the study 
were measures of accident rate and skid number. The 
following discussion presents the data gathered and 
the formulation used for each of these variables. 

Skid Number 

Skid resistance data for the study were obtained 
from locked-wheel skid trailer measurements made by 
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the 16 cooperating states. The skid testing proce
dures used by the states generally accord with ASTM 
Specification E-274. Most project data were col
lected at the standard testing speed of 64 km/hr 
(40 mph). Each highway section was tested twice 
during the study--once in the before period and 
once in the after period. 

Two-lane highways were skid tested in both di
rections of travel by 11 of the 16 cooperating 
states and in one direction only by the remaining 
five. All states tested multilane highways in both 
directions of travel. The testing frequencies used 
by the states ranged from 1 to 5 skid tests per 
mile. On multilane highways, only the results of 
skid tests conducted in the travel (right) lane were 
used in the analysis. 

The skid trailers of 13 of the 16 cooperating 
states were calibrated during 1974 or 1975 at one 
of the three Field Test and Evaluation Centers es
tablished by the Federal Highway Administration in 
n~~- m---~- --~ A-4~--~ ............... ' ... _. .......... ' ............. - ................... . 
ships established by these centers were used to cor
rect the raw skid data supplied by these 13 states. 
No correction was made to skid measurements made by 
trailers that were not calibrated. No correlations 
between the three FHWA centers were available in 
time to be used in this study. 

The skid numbers of highway pavements are known 
to exhibit seasonal variations. However, these vari
ations have not been adequately quantified in the 
literature as a function of climatic and pavement 
characteristics. For this reason, no adjustment for 
seasonal variation was made in this study. Also, 
no adjustment was made for the change in the ASTM 
standard test tire from 14 in. to 15 in. which oc
curred during the study. These factors remain as 
sources of residual variation in the data. 

Two candidate measures of skid number for the 
highway sections were considered. The first was the 
mean skid number at 64 km/hr (40 mph), SN40, ad
justed in the manner described above. The second 
candidate measure was the mean skid number at the 
85th percentile speed of traffic on each section, 
SN(85). It was postulated that, because most ve
hicles travel at speeds higher than 40 mph, the skid 
number at a higher speed might show a stronger cor
relation with accidents than SN40. To obtain SN(85), 
the skid number speed gradient (i.e., the slope of 
the skid number-speed curve) was estimated from 
photographs of the pavement surface of each section 
taken from a moving vehicle. The relationship used 
to calculate SN(85) from SN40 is: 

where 

SN(85) = SN40 - (Vs5 - 40)(0.52 - 0.06 R) (1) 

SN(85) = Mean skid number at 85th percentile 
speed, 

R 

Mean skid number at 64 km/hr (40 mpq), 

Estimated 85th percentile speed of 
traffic for the section (mph), and 

Mean gradient rating estimated from 
pavement photographs. 

R is a pavement texture rating on a scale of 1 to 5 
determined from pavement photographs. The quantity 
(0.52 - 0.06 R) represents the skid number-speed 
gradient of the pavement. This gradient estimation 
technique was developed during the study and is pre
sented in a recent paper by McDonald, Blackburn and 
Kobett (1). The 85th percentile speed of traffic 
on each section was estimated from spot speed data 
collected on typical highways of various types by 
12 of the 16 cooperating states. 

Simple regression analyses and analyses of co
variance comparisons between SN40 and SN(85) found 
that SN40 had a much stronger correlation with acci
dent experience than SN(85). For this reason, SN40 
was used as the primary measure of skid resistance 
in the analyses. 

Accident Rate 
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study were the computerized accident records systems 
maintained by the 16 cooperating states. The project 
obtained listings that identified the location, date 
and pavement condition of each traffic accident that 
occurred on each section during the before and after 
periods. The study excluded accidents that occurred 
on roads that intersected the sections and accidents 
that occurred on interchange ramps, whenever such 
accidents could be identified. Such accidents were 
not included because no skid tests were conducted on 
either crossroads or interchange ramps and because 
traffic volumes for crossroads and ramps were not 
available. 

An early decision was made to study all wet
pavement accidents rather than just those accidents 
identified as involving skidding. Only five of the 
16 cooperating states were able to identify whether 
or not accidents involved skidding in their computer
generated accident data. Furthermore, there are ob
vious questions as to the completeness of the re
porting of skidding involvement, even in those states 
which use this item. On the other hand, pavement 
conditions at the time of the accident are easily 
observed and universally reported. Although the 
study of wet-pavement accident experience was the 
focus of the project, dry-pavement accident experi
ence was also analyzed for comparative purposes as 
described below. The wet-pavement accident data for 
the study sections were normalized with three factors: 
(1) section length, (2) exposure to wet-pavement con
ditions, and (3) traffic volume. The wet-pavement 
accident rate was calculated as: 

AR 

where AR 

L 

(Nw)(2.4 X 107) 

(L)(Ew)(ADT) 
(2) 

Wet-pavement accident rate (accidents/ 
106 vehicle-kilometers or accidents/ 
106 vehicle-miles) 

Number of wet-pavement accidents during 
study period 

Section length (kilometers or miles) 
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Ew Exposure to wet-pavement conditions 
during study period (hours) 

ADT = Average Daily Traffic (vehicles) 

The dry-pavement accident rate was computed analo
gously as: 

DAR -

where DAR 

(Nd)(2.4 x 107) 

(L) (Ed) (AIJr) 
(3) 

Dry-pavement accident rate (accidents/ 
106 vehicle-kilometers or accidents/ 
106 vehicle-miles) 

Nd Number of dry-pavement accidents in 
study period 

Exposure to dry-pavement conditions in 
study period (hours) 

The ADT of each section was obtained from AIJr 
maps, log books and other information provided by 
the cooperating states. The exposure to various 
pavement conditions was estimated from hourly weath
er records for a station near each section using a 
modification of a technique developed in NCHRP Proj
ect 6-11/1 (1,1). 

Analy'sis of Accident Rate-Skid Number Relationships 

An extensive statistical analysis was undertaken 
to examine the relationship between wet-pavement 
accident rate and skid number at 64 km/hr (40 mph). 
The basic types of analysis used were matched-pair 
comparisons, regression analysis and analysis of 
covariance. This section of the paper presents the 
highlights of the analysis approach and the results 
obtained. Further details· are available in the com
plete report of this investigation (l)• 

Investigation of Non-Linearity 

A preliminary analysis was made to determine 
whether a linear wet-pavement accident rate--skid 
number relationship should be used or whether the 
relationship was significantly non-linear. First, 
we examined possible log and log-log forms of the 
relationship. Several regressions were calculated 
with AR as a function of SN40 for rural, two-lane 
highways in the before period, The correlation co
efficients for these regressions are given in Table 
2. Neither the log nor the log-log form of the 
accident rate-skid number relationship fits the 
data significantly better than the simple linear 
form. 

A polynomial relationship between wet-pavement 
accident rate and skid number was also considered. 
The data were divided into eight skid number ranges 
and a one-way analysis of variance was used to ex
amine contribution of various polynomial terms to 
explaining the variation in wet-pavement accident 
rate. 

Table 2, Correlation coefficients for linear, 
log and log-log regressions, for 
rural, two-lane highways in the 
before period . 
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Form of Dependent Independent Correlation 
Relationship Variable Variable Coefficient 

(r) 

Linear AR SN40 0.23075 

Log AR log SN40 0.23990 

Log-Log log AR log SN40 0 . 20108 

The analysis of variance showed that the linear term 
had an F-ratio of 9.357, which is significant at the 
99% confidence level. The quadratic and higher or
der terms were not significant. 

Further analysis provided some indirect evidence 
that the wet-pavement accident rate-skid number re
lationship may be slightly non-linear, with a flat
ter slope at high than at low skid number. However, 
no simple functional relationship could be found that 
fit the data significantly better than a linear re
lationship, For this reason, a linear relationship 
was used in subsequent analyses. 

Evaluation of Before-After Differences in Accident 
Rate 

A matched-pair analysis of differences between 
before and after wet-pavement accident rates for the 
test and control sections was conducted to identify 
any time trend, A time trend in the control section 
accident rates was anticipated, because the begin
ning of the energy crisis and the national speed 
limit reduction, which are known to have affected 
nationwide accident rates, intervened between the 
before and after periods, A time trend in the test 
section accident rates (after any trend in the con
trol section rates has been corrected for) would 
indicate an effect of resurfacing carried out on 
the test sections. 

The first step in this evaluation was to examine 
the control sections for a time trend using the null 
hypothesis that the mean change in control section 
accident rate is zero: 

where Chi= Control section accident rate for 
section in before period, and 

Cai Control section accident rate for 
section in after period, 

(4) 

The mean wet-pavement accident rate for matched 
control sections in the before period is 1.86 acci
dents per million vehicle-kilometers (3.00 accidents 
per million vehicle-miles) ; the after period accident 
rate is 1,84 accidents per million vehicle-kilometers 
(2,97 accidents per million vehicle-miles), The 
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sample mean difference in the before and after pe
riod rates is: 

a(Cai - Cbi) = -0.02 accidents/MVK.m 

which is not significantly different from zero 
(t(l29) = -0.09) • Therefore, there is no time 
trend in the wet-pavement accident data for the 
matched-control sections. This unexpected result 
indicates that events between the before and after 
periods, including the energy crisis, did not in
troduce a bias into the analysis. 

The next step in the analysis wa.s to examine 
the test section accident rates for a time trend 
using: 

(5) 

where Thi= Test section accident rate for ith 

section in before period, and 

Tai Test section accident rate for ith 

section in after period. 

The mean wet-pavement accident rate for test 
sections in the before period is 2.11 accidents/ 
MVKm (3.39 accidents/MVM); the after period accident 
rate is 1.90 accidents/MVKm (3.06 accidents/MVM). 
The sample mean difference in the before and after 
accident rates is: 

~(Tai - Tbi) = -0.20 accidents/MVKrn 

which is not significantly different from zero 
(t(l29) = -0.86) • Further statistical analyses 
that were conducted all supported the initial find
ing that there were no time trends in accident rate 
between the before and after periods. This finding 
serves as a justification for combining the before 
and after data to increase the available sample size 
in subsequent analyses. With the combined data set, 
806 data points are available: 428 from the before 
period and 378 from the after period. 

In interpreting the matched-pair analysis re
sults, it should be kept in mind that there was 
virtually uo change in the mean skid number for 
test sections from the before to the after period; 
i.e., on the average the skid number of test sec
tions was not improved by resurfacing. Thus, it 
cannot be determined from the matched-pair before~ 
after analysis whether or not there is a significant 
relationship between wet-pavement accident rate and 
skid number, because there was no change in the 
mean skid number brought about through resurfacing. 
Therefore, subsequent analyses used an analysis of 
covariance approach, because that type of analysis 
explicitly considers the skid number of each sec
tion both before and after resurfacing. 

Influence of Area Type, Highway Type and ADT 

Analysis of covariance is a statistical tech
nique to examine the relationship between a quanti
tative dependent variable and one or more quantita
tive independent variables (known as covariates) 

within cells defined by levels of one or more non
quantitative factors. An analysis of covariance 
approach was used to examine the effect of factors 
area type, highway type and ADT on the relationship 
between wet-pavement accident rate (dependent vari
able) and skid number at 64 km/hr (independent vari
able) using the combined before and after data. The 
area type factor had two levels (urban and rural), 
the highway type factor had three levels (two-lane, 
multilane uncontrolled access, and multilane con
trolled access) and the ADT factor had two levels 
(under and over 10,000 vehicles per day). 

The structure of an analysis of covariance that 
could be used to examine these factors was limited 
by the available sample. Only 50 of the 428 study 
sections were located in urban areas. Because of 
the small number of urban sections, it was not pos
sible to examine the three-way interaction between 
the area type, highway type, and ADT factors expli
citly. Instead, these factors were considered two 
.at- ia t-imP _ in ~11 nn.c:i..c:i.ihl P rnmhin.Qf-inn.c:i. .QTirl t-hn.c:i. 

all three two-way interactions were evaluated. 
The following results were obtained from this 

analysis. All three factors (area type, highway 
type and ADT) were significant and so were all of 
their two-way interactions. This indicates that 
each area type-highway type-ADT combination has a 
specific effect on the mean wet-pavement accident 
rate. The covariate, SN40, was significant in all 
three analyses. The correlation coefficients for 
the three analyses ranged from 0.28 to 0.43, indicat
ing that much of the variation in accident rate is 
not explained by skid number or the other variables 
examined. 

The analysis of covariance calculates an over
all "common" slope for the wet-pavement accident 
rate-skid number (AR-SN40) relationship for each 

analysis framework. If the slopes of the AR-SN40 
regression lines in the individual cells defined by 
the factors are tested and no significant difference 
is found, the common slope is the best estimate of 
the true slope in each cell. The slopes of the re
gression lines in individual cells were not signifi
cantly different in any of the three analyses con
ducted and the common slopes determined in each case 
are virtually identical: -0.0286 accidents per mil
lion vehicle-kilometers per skid number (-0.046 acci
dents per million vehicle-miles per skid number). 
Therefore, it is sufficient to assign the common 
slope to all AR-SN40 regression lines. However, the 
relationship in each cell will have a different in
tercept. 

The magnitude of the common slope indicates that 
skid number does have a substantial effect on acci
dent rate. For example, if the skid number of a 
highway was increased by 10 units, the wet-pavement 
accident rate would, on the average, be reduced by 
0.286 accidents/MVKrn (0.46 accidents/MVM), which is 
about 15% of the mean wet-pavement accident rate. 

The results of the three analysis of covariance 
calculations were combined to obtain AR-SN40 predic
tive relationships for the 12 cells d~fined by two 
levels of area type, three levels of highway type, 
and two levels of ADT. These predictive relation
ships have the form: 
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AR-AR= -0.0286 (SN40-SN40) (6) 

in units of accidents per million vehicle-kilometers, 
and 

AR-AR= -0.046 (SN40-SN40) (7) 

in units of accidents per million vehicle miles. 

Specific values of AR and SN40 for use in individual 
area type-highway type-ADT cells are given in Table 
3. The family of wet-pavement accident rate-skid 
number relationships found for rural highways is 
illustrated in Figure 1 and for urban highways in 
Figure 2. 

The reader is cautioned that the usefulness of 
these relationships for predicting the effect of 
skid number on the accident rate of a given highway 
in a given year is limited by the low correlation 
coefficients found in the analysis. The relation
ships do give an accurate estimate of the long-term 
e.xpected value of accident rate, however. The pre
dictive ability of the relationships can'be improved 
by employing them to predict accident rates for 
multi-year periods or for groups of similar highway 
sections. 

Relationship Between Wet- and Dry-Pavement Accident 
Rate 

Simple correlation analyses found a strong re
lationship between wet-pavement accident rate (AR) 
and dry-pavement accident rate (DAR), as expected. 
The overall correlation coefficient for the combined 
before and after data for all area types and high
way types is 0.67. 

The influence of dry-pavement accident rate on 
the wet-pavement accident rate-skid number relation
ship was investigated. It was postulated that, where 
dry-pavement accident rate was high, there would be 
more-than-average demand for skid resistance to 
avoid accidents. The analysis described below in
dicated that this postulate was generally true for 
rural and multilane uncontrolled access highway sec~ 
tions. 

Table J, Mean wet-pavement accid•nt rate and skid number used in 
predic~ive relationships. 

Ana 8 Highwayb 
Type Type ADT" 

l l 
I 1 
1 
2 
l 
l 

l 
2 
2 
a 
2 

All Data 

1.83 

Mean Wat-Paveme..!!!, 

"ec i d•nt Rot• (AR) 

2.54 
1.13 
2.48 
0.47 
0.40 

2.15 
2.93 
4.35 
5.95 
1.02 
1. 39 

1. 82 

8Aru Type: l • Rural; 2 • Urban. 

2.95 
4 . 08 
1.82 
3 . 99 
o. 70 
0 . 65 

3 . 45 
4 , 72 
7.01 
9 , 57 
1.63 
2 . 23 

2 . 94 

Mean Skid Number 
a!ftkm/hr (40 mph) 
(SN40) 

48.36 
40.13 
49.51 
40.66 
50.28 
41.51 

42.49 
40.14 
40.27 
38.05 
40.65 
38.41 

46.30 

bHighway Type: 1 • Two-Lane, Uncontrolled Access; 2 • M.iltilane • Uncontrolled Access; 
3 • Multilane, Controlled Access. 

cADT: l • Under 10,000 veh/day; 2 • Dver 10,000 veb/day. 
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Figure 1. Relationship between wet-pavement acci
dent rate and skid number at 64 km/hr (40 mph) for 
rural highways. 
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Figure 2. Relationship between wet-pavement acci
dent rate and skid number at 64 km/hr (40 mph) for 
urban highways. 
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The dry-pavement accident rate was used as a 
factor with area type, highway type and ADT in sev
eral analyses of covariance, This analysis found 
that the wet-pavement accident rate-skid number 
relationship was sensitive to the level of dry
pavement accident rate, This sensitivity is illus
trated by the analysis results in Figure 3, It was 
found that there is essentially no influence of 
skid number on accident rate for sections where the 
accident rate is very low, In the middle range, the 
slope of the AR-SN40 relationship changes from zero 
to -0,051 accidents per million vehicle-kilometer 
per skid number (-0.0825 accidents per million ve
hicle-mile per skid number), The slope of the 
AR-SN40 relationship reaches a maximum and becomes 
constant at high dry-pavement accident rate, This 
unanticipated finding was indicated at a high confi
dence level, 

F igure .3 . KaLe ui. cua111=:,t: u.L weL - l'ctveu1t:uL tu.:.c.Lut:uL 

rate with skid number as a function of dry-pavement 
accident rate for rural highways. 
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The amount of variation explained by the dry
pavement accident rate is quite large, In fact, 
analyses of covariance with dry-pavement accident 
rate as the only factor and skid number as the only 
covariate, explained the variance of wet-pavement 
accident rate as well as the more complex multi
factor analysis described above. Because there is 
no direct causal relationship between wet- and dry
pavement accident rate, the observed sensitivity 
must represent the influence of factors related to 
the causation of both wet- and dry-pavement accidents, 
This finding suggests that factors such as highway 
geometry (horizontal curves, vertical grades, inter
sections, etc,) may influence the AR-SN relation
ship, 

Comparison of Results with Previous Work 

A series of studies were conducted by the 
Kentucky Department of Transportation to develop an 
accident rate-skid number relationship for two-lane 
highways and for multilane controlled access high
ways (l,~,l,~). These studies represent one of the 
few attempts, prior to the current study, to develop 
explicit accident rate-skid number relationships, 

Figures 4 and 5 illustrate the difference in 
the form of accident rate-skid number relationships 
developed here and in the Kentucky studies. Figure 
3 contains linear accident rate-skid number relation
ships developed here for rural multilane controlled 
access highways: with ADTs under and over 10,000, 
Figure 4 illustrates one of the non-linear relation
ships developed in the Kentucky study for the same 
highway type and area type, For comparison, the 
Kentucky results were converted to wet-pavement 
accident rates based on weather data for Boone 
~ouncy wnicn inaicacea pavemencs were wee LU~ oi 
the time, The skid numbers are not directly com
parable, because the Kentucky data were measured 
at 113 km/hr (70 mph), but the distributions have 
substantial overlap. 

Figure 4. Accident rate-skid number relationships 
developed in this study, 
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Figure 5, Accident rate-skid number relationship 
from Kentucky study (2), 
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The graphs in Figures 4 and 5 both have negative 
slopes and indicate a roughly comparable range of 
accident rates. The most obvious difference between 
the figures is the form of the accident rate-skid 
number relationship. The Kentucky study found a 
"critical skid number" in the wet-pavement accident 
rate-skid number curve. Above this skid number, the 
Kentucky curve has a very small slope; i.e., further 
improvement of skid number does not have much effect 
on accident rate. In contrast, the linear form de
veloped here has no "break-point" or point of dimin
ishing returns beyond which an improvement of skid 
number no longer produces a comparable decrease in 
accident rate. The "critical skid number" found by 
the Kentucky study is within the range of skid num
bers used to develop the linear relationship in 
Figure 4. The slope of this linear relationship is 
greater than the slope of the Kentucky curve in the 
region above the "critical skid number." Thus, these 
two studies appear to conflict on whether or not a 
"critical skid number" exists in the low to medium 
range of skid number. If a "critical skid number" 
does exist, it is a logical minimum skid resistance 
requirement or, at least, a goal toward which pave
ments should be improved. If such a point does not 
exist, as the results developed herein imply, then 
the skid number of every pavement should be as high 
as possible. 

These contrasting results are not necessarily in 
conflict, because entirely different analysis ap
proaches were used in this and the Kentucky study. 
The current study used a formal statistical analysis 
to develop an accident rate-skid number relationship. 
The analysis showed that a linear relationship was 
the "best" only in the sense that there was no other 
simple function that fit the data significantly bet
ter, The Kentucky study used curve-smoothing tech
niques, such as the moving-average method, to develop 
the relationship graphically. Curve-smoothing tech
niques are also useful for examining such relation
ships, but they should not be misinterpreted as rep
resenting the "best" statistical relationship be
tween the variables. 

The best interpretation of these contrasting re
sults is simply that the variability of accident rate 
is so great and dependent on so many factors other 
than skid resistance that several interpretations of 
the accident rate-skid number relationship are pos
sible. The current study and the Kentucky study do 
not conflict in the basic strategy that a reduction 
of wet-pavement accidents can be accomplished through 
improvement of skid number. 

The Kentucky data for two-lane roads also was 
interpreted by the authors (~ to indicate a break
point in the relation between accident rate and skid 
number. However, the break-point is present only in 
data for roads with ADT ~ 2,701. 

Additional sources in the literature indicated a 
break-point in the mid-range of typical skid numbers. 
This concurrence was noted in Kummer and Meyer's sum
mary (2), It was difficult to make direct compari
sons between such sources and the data report~d here 
because a variety of dependent variables were used by 
investigators, However, it should be recognized that 
the data reported here were dominated by rural high
way sections with further emphasis on the two-lane 
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type, These data indicate that there is not a break
point in the accident rate-skid number curve within 
the range of typical skid numbers, This does not ex
clude the possibility that a break-point would be 
found for urban sections or for spot sites where the 
accident rate is not averaged over several geometric 
situations. 

Conclusions 

The following conclusions were drawn from the 
study: 

1. There is a small, but statistically signifi
cant, inverse relationship between skid number and 
wet-pavement accident rate. However, the large vari
ability of accident rate limits the usefulness of 
the relationship for predicting the accident rate 
for a given section for a given year. 

2, The linear form for the wet-pavement acci
dent rate-skid number relationship fits the data as 
well or better than any other simple function. 
Other research studies suggest the existence of a 
"critical skid number" or "break-point" in the acci
dent rate-skid number relationship. No direct evi
dence of such a "break-point" ·was found in this 
study. Indirect evidence suggests that the relation
ship may be non-linear with a smaller slope at high
er than at lower skid number. 

3. Area type, highway type and ADT are factors 
with significant effects on the wet-pavement acci
dent rate-skid number relationship, Predictive 
equations constructed from the analysis of covari
ance have a co!IDilon slope, but a different intercept, 
in each cell defined by these factors. 

4. The overall slope of the wet~pavement acci
dent rate-skid number relationship is -0.0286 acci
dents/MVKm/SN (-0.046 accidents/MVM/SN). 

5. The slope of the wet-pavement accident rate
skid number relationship is greater at high than at 
low dry-pavement accident rate, at least for rural 
two-lane and multilane uncontrolled access highway 
sections. A predictive relationship describing this 
sensitivity has been developed, 

6. The sensitivity of the slope of the wet
pavement accident rate-skid number relationship to 
dry-pavement accident rate suggests the importance 
of other factors related to accident causation, such 
as highway geometrics. 

7, The predictive ability of the accident rate
skid number relationships developed in this study 
can be increased through the use of multi-year acci
dent rates and by use of the relationships for groups 
of sections rather than for individual sections. 
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