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performance. Permeability and skid-resistance mea-
surements were made on pavements that were accessible. 

From construction data collected in the field surveys, 
the relation between the binder temperature and the vis-
cosity was identified as a primary factor in obtaining 
satisfactory construction and maintaining the permea-
bility characteristics of PFCs. With a reasonable given 
volume of binder and a uniform gradation, excessive 
binder drainage is eliminated and adequate permeability 
of the PFC maintained. 

Field evaluations conducted in 1973, 1974, and 1975 
provided significant data by which to evaluate longer 
term performance of PFC. The field evaluations de-
termined skid.resistance, permeability, density, voids, 
binder content, binder penetration, binder viscosity, ag-
gregate gradation, and pavement condition at the time of 
the evaluation. These data were used to validate a PFC 
design method and recommended specifications. As a 
result, a PFC mixing viscosity and a modified 1.25-cm 
(0.5-in) maximum-size aggregate gradation were adopted. 

SUMMARY OF FINDINGS AND 
CONCLUSIONS 

PFCs should be considered for use only on structurally 
sound flexible pavements because cracks in base pave-
ments will reflect through the PFC in a short period of 
time and subsequently ravel. 

Although there is a tendency for the harder 
penetration-grade asphalt cement (i.e., the 60-70) 
used as a binder material to stabilize sooner than the 
softer penetration-grade asphalt cement (i.e., the 200-
300), the harder penetration-grade asphalt cement gen-
erally has lower values of wet skid resistance. An 85-
100 penetration-grade asphalt cement could be used to 
counteract these effects. The best performances will 
probably be obtained from PFC mixes designed by using 
the same types of aggregate and asphalt as used in con-
struction of the base pavement. 

Neither laboratory test results nor field observations 
of PFC mixes showed any correlation between perfor-
mance and Los Angeles abrasion values that could be 
used as a basis for changing the Los Angeles abrasion 
criteria used in the specification. The lack of differ-
ences in the performance of PFC pavements that is at-
tributed to aggregate quality could also be a result of 
using high-quality aggregate in all the PFCs studied. 

A recommended gradation for PFCs is shown below 
(i mm = 0.039 in). 

Sieve Size Percent Passing 
(mm) by Weight 

12.5 100 
9.5 80to 100 
4.75 25to40 
2.36 12to20 
0.75 3to5 	- 

Based on this gradation of aggregate, the permeability 
of PFC mixes, and the field performances, it was de-
termined that the minimum thickness of PFCs should be 
19 mm (0.75 in) and the maximum should be 25.4 mm 
(1 in). This thickness of properly designed PFC will 
provide the necessary porosity, but the thickness should 
be kept to a minimum to reduce any tendency of the PFC 
to densify under traffic. 

The design procedure for PFC mixes is based on 
meeting various material requirements of the asphalt 
and aggregate. The asphalt content can be estimated by 
using the relation 2K, + 4.0, where K. is determined 
from the CKE test. The temperature of mixing should 
be established by using a viscosity-temperature relation 
for the job asphalt. Validation of the mix design can in-
clude the permeability test. The design procedure for 
PFC mixes should consist of the following: 

Determine K,, and estimate the asphalt content by 
using the relation 2K, + 4.0. 

Develop the viscosity versus temperature relation 
for the job asphalt for use in establishing the field mix-
ing temperature and select the mixing temperature at a 
viscosity of 0.000 275 ± 0.000 025 m2/s (275 ± 25 centi-
stokes). 

If desired, conduct a laboratory permeability test 
to establish that the PFC mix design will have acceptable 
permeability. 

NEEDED STUDIES 

It has been proposed that a 19-mm (0.75-in) maximum-
size aggregate gradation be used for PFCs. However, 
some problems with raveling have been observed with 
this gradation, and it is suggested that a more detailed 
study be made. Elastomeric-modified asphalt in the 
form of neoprene-modified asphalt has performed very 
well, and the use of other elastomers as asphalt modi-
fiers should be studied. 
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Effectiveness, Skid Resistance, and Antihydroplaning Potential 
of 'Porous Friction Courses 
Leo F. Duggan, Airport Operators Council International, Washington, D.C. 

The Airport Operators Council International survey has provided an 	Airport operators that have applied porous friction courses are pleased 
operational assessment of the effectiveness of the porous friction course 	with their performances, both as to friction characteristics and wearabil- 
as an alternative to grooving to reduce hydroplaning at airport facilities. 	ity. The Federal Aviation Administration has evaluated these courses for 
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airport pavements and presented data on their design, construction, and 
performance. This technical evaluation essentially supports the consensus 
of the operational survey that performance has been good. On the as-
sumption that asphalt concrete grooving and porous friction courses are 
equally effective, airport operators are encouraged to explore the cost of 
each in their geographic areas to determine which is less costly. If the 
aggregates necessary to meet specification requirements must be hauled 
in, grooving may be the better choice. In the airport operators' opinion, 
design specifications and acceptable cleaning methods have not been fully 
explored. The success of porous friction courses that use larger size ag-
gregates with a more open textured course suggests that design may be 
the key to rubber buildup. The use of a high-pressure water blast with a 
rotating spray bar for removing rubber deposits seems to have potential. 

The Airport Operators Council International (AOCI) has 

f
athered data on grooved and porous -friction-course 
PFC) treatments of runway surfaces. The intent of the 

survey was twofold: 

To make available to airport authorities, engi-
neering staffs, and the Federal Aviation Administration 
(FAA) information as to cost, life cycle, effectiveness, 
maintenance needs, and other issues associated with 
runway-surface treatment to reduce the incidence of air-
craft hydroplaning and 

To make available to the FAA Systems Research 
and Development Service the reasons why only 100 of the 
5000 runways in the United States that serve air-carrier 
aircraft have had surface treatment. 

The seeming reluctance of airport authorities to use 
pavement- surface techniques more widely has intrigued 
FAA because grooving and PFCs are eligible for federal 
funding, although PFCs are approved only on a case-by-
case basis. Specific survey questions were therefore 
developed to determine whether cost was a significant 
factor in the decision as to whether a runway should or 
should not be treated. 

Because hydroplaning is a phenomenon experienced 
worldwide, the survey was conducted of the entire AOCI 
membership to ensure that the data provided and the 
views reflected in the replies represented all geographic 
areas, climatic conditions, product specifications, and 
application techniques. 

The response to the survey was excellent; the analy-
sis is based on replies from 114 airports in Austria, 
Australia, Great Britain, Canada, France, Germany, 
New Zealand, and the United States. 

GENERAL ANALYSIS 

Cost of Application 

Based on the average of cost data received, the grooving 
of portland cement concrete (PCC) is the most expensive 
technique, the grooving of asphalt is the least expensive, 
and the use of PFCs is intermediate. 

However, cost data based on averages can be mislead-
ing, and such comparisons should be used with caution. 
For example, in some areas of the United States, the 
costs of PFCs are about the same as those of grooving, 
but in other areas, PFCs are cheaper. Local factors 
such as labor and material costs vary among different 
geographic areas. Airport operators should explore the 
costs locally before making a decision as to which tech-
nique to apply. This will apply more particularly to the 
use of a PFC versus the grooving of asphalt because the 
grooving of PCC is consistently more costly. At three 
airports, operators reported satisfaction with a PCC 
wire-comb application in the plastic state at minimal or 
no extra cost. Cost data of United States and non-United 
States airports were kept separate because costs were  

appreciably higher at non-United States airports, except 
in New Zealand. 

Methodology 

The most commonly used groove configuration in the 
United States is 6 by 6 by 38 mm (0.25 by 0.25 by 1.5 in), 
although at many United States and most non- United 
States airports, a 6 by 6 by 32-mm (0.25 by 0.25 by 1.25-
in) configuration is favored. Only 12 percent of the air-
ports have the 6 by 6 by 50-mm (0.25 by 0.25 by 2-in) 
configuration, but it is significant that the 50-mm spacing 
reduced the cost of grooving a bit more than 9 /m2  (1 / 
ft2) on asphalt concrete. On PCC, the 6 by 6 by 32-mm 
grooving configuration costs about 50 percent more than 
the same configuration on asphalt concrete. 

The full length of the runway is treated at all but four 
United States airports that have treated runways. [Some 
authoritiep would question this practice on asphalt con-
crete because deterioration from fuel spillage and 
locked-wheel turns occurs most often in the first 91 m 
(300 ft), so that the first hundred or so meters need 
not be treated, but others would counter that the ad-
ditional cost is minimal for an added safety feature.] At 
almost half of the non-United States airports, grooving 
does not extend full length. Cumulatively, among both 
United States and non-United States airports, 80 percent 
are treated (grooving or PFC) full length and 42 percent 
full width. Of those grooved runways that are not grooved 
full width, the majority are to within 3 m (10 ft) of the 
edge on each side, which provides for ease of maneuver-
ing cutting equipment. 

Performance 

At all airports the grooves are continuing in good condi-
tion and closing has occurred only in isolated areas such 
as turnouts. The first airport at which grooving was done 
was John F. Kennedy International in 1965. At the ma-
jority of airports, grooving was begun in the early 1970s. 
Consequently, the survey results are based in large part 
on experience during the last 5 years. 

At all airports at which PFCs have been applied, their 
effectiveness and durability are satisfactory although 
data on PFCs are not as extensive as data on grooving. 

Rubber deposits and other contaminants do not build 
up more quickly on grooved or PFC surfaces. At the 
majority of airports, the runways do not have to be 
cleaned any more than before, and at many, less clean-
ing is required. Although at some airports it is too 
early to tell, at most there is no expectation that groov-
ing or the use of a PFC -will affect the life of the runway, 
nor increase its maintenance. 

There has been a prevailing thought that an asphalt 
runway should not be grooved until it has matured about 
2 years, but the responses to the survey dispute this. 
At many airports, grooving has been carried out within 
6 months of overlay and at a few, as early as 30 d after 
overlay. At one airport, grooving was done within 8 d. 

To the question of whether grooving or PFCs enhance 
the coefficient of friction of the pavement surface, the 
replies from a few airports indicated that this question 
should be asked of the pilots, but the majority were un-
hesitant in stating that surface treatment increased trac-
tion on wet runways and reduced or eliminated hydro-
planing. 

Nontreated Runways 

A major interest of the survey was to learn why so few 
airport authorities have chosen to treat their runways. 
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Because complete replies were not received from all 
airports, it is not possible to give a precise figure as 
to the percentage of each hub classification that treats 
runways; however, the replies do indicate that within the 
United States, the busier the airport, the more likely it 
is that at least one runway has been treated. The replies 
from 41 airports gave reasons for not treating runways: 
46 percent indicated that it was not needed, 30 percent 
believed that they did not have adequate information, and 
28 percent believed that it is too expensive. The replies 
from non-United States airports tended not to answer this 
question. Thus, a rationale for not treating runways 
could not be developed. At several airports, runways 
are not now treated, but contracts are being let, or 
treatment is being planned. 

POROUS FRICTION COURSES 

The reaction of airport authorities to the use of a PFC 
as an alternative method of pavement-surface treatment 
was a significant part of the survey. This is a relatively 
new method for improving pavement skid resistance and, 
unlike grooving, data were not available to the AOCI 
technical staff to provide affirmative support to its ap-
plication. Although FAA had developed and issued in-
terim specifications for PFCs by mid-1975, funding was 
not available for a wide-scale research and development 
program. FAA was approving Airport Development Aid 
Program (ADAP) funding on a case-by-case basis, but 
airport operators who chose to apply PFCs over groov-
ing were essentially embarking on their own research 
and development programs. 

Acceptance Worldwide 

FAA concern that only a small percentage of the 5000 
air-carrier runways in the United States have some type 
of surface treatment may be valid, but such concern 
does not seem to be reflected worldwide. Airport op-
erators in western Europe, except the British, do not 
seem particularly interested in pavement-surface treat-
ment. The Ministry of Transport, Canada, has only two 
grooved runways throughout its entire airport system. 

The British are the most experienced in the use of 
PFCs. The first was laid at a British military airfield 
in 1960, and since then, 20 runways at military airfields 
in the United Kingdom and West Germany have been re-
surfaced with PFCs. There are also 12 civil runways 
in the United Kingdom, including Heathrow and other 
airports under the British Airport Authority, that have 
PFCs. The British have experienced no maintenance or 
operational problems and are so pleased with these run-
ways that two previously grooved runways at Manchester 
and Farnborough have now been overlaid with PFCs. 

Aside from their wide use in the United Kingdom and 
increasing use in the United States, PFCs are also being 
evaluated by the. Australian Department of Transport. 
Testing was begun in Australia because of engineering 
considerations and pressure from the Federation of Air 
Pilots. Australian airline pilots are strongly in favor of 
PFCs and the Department of Transport is considering 
their use on all major runways that present wet, slippery 
problems. 

The first test strip was laid at Sydney in 1973, and 
additional strips were laid at Brisbane and Sydney in 1975. 
The porous surfaces have proven quite stable under Aus-
tralian conditions, although slight densification has oc-
curred in the wheel tracks. Some minor damage has been 
caused at Australian airports by aircraft turning sharply, 
but this problem was resolved by restricting turns of all 
aircraft heavier than 5682 kg (12 500 ib) to the runway 
ends. The original damage has not worsened, and  

no specific treatments have been undertaken or are 
contemplated. 

The densification has not noticeably affected the fric-
tion and drainage capabilities of the courses. The sur-
faces appear dry when wet and pilot comment has been 
favorable on both friction characteristics and the visi-
bility improvements that a PFC offers over dense as-
phalt concrete. 

Tests have shown that the course provides consis-
tently good friction in wet conditions. It is notable, 
according to the Australians, that friction is almost 
constant over the whole surface and that paint and 
rubber contamination, unless severe, have little effect 
on the friction. 

At present, there are 27 full-length PFCs in the United 
States. One additional project is under grant, 8 more 
are in the ADAP preapplication stage, and several other 
locations have been proposed under the new ADAP pro-
gram. The majority of these airports are concentrated 
in the FAA Rocky Mountain Region where 13 air-carrier 
airports and 1 general-aviation airport have successfully 
used PFCs. Costs in the Rocky Mountain Region have 
varied from $0.47 to $2.14/rn2  ($0.05 to $0.23/ft2), 
which were at one time about one-third to one-half the 
cost of grooving. 

Specification 

An FAA Advisory Circular (1) describes a PFC as a thin 
asphalt concrete overlay that varies in thickness from 
19 to 25 mm (0.75 to 1 in) and consists of an open-graded, 
bituminous surface course composed of mineral aggre-
gates and bituminous material. It should be constructed 
only on existing asphalt concrete pavements that are in 
excellent condition, which means they should have good, 
watertight surfaces and proper longitudinal and trans-
verse grades. Contaminants should be removed before 
laying the PFC. The addition of rubber to the mix im-
proves the adhesion so that a better bond is achieved. 
The addition of a small amount of rubber should also 
improve the basic asphalt properties through increased 
resistance to aging, increased long-term elasticity; 
added strength, tenacity, and toughness; low- and high-
temperature stability; increased resistance to flow and 
runoff; and application consistency. 

The P-402 porous course specification recommended 
by FAA has two gradations, one with a 19-mm (0.75-in) 
maximum size aggregate and the other with a 13-mm 
(0.5-in) maximum size aggregate. Experience in the 
FAA Rocky Mountain Region suggests that the selection 
of aggregate size may be of critical importance to the 
pavement designer, particularly as it relates to rubber 
buildup. 

A PFC overlay is not a load-bearing course. The 
open-graded texture permits water to permeate the 
course to the runway beneath and run off. It continues 
to have a dry look even in a downpour. 

Freeze-Thaw Cycle 

The British have experienced success with open-graded 
courses for years. The FAA, in its initial effort to de-
velop specifications for application in the United States, 
believed it necessary to modify the British specifications 
because of the extremes of hot and cold experienced in 
this country. This was done in collaboration with the 
U.S. Air Force and the U.S. Army Corps of Engineers 
at the Waterways Experiment Station, and interim spec-
ifications were approved. 

The British Civil Aviation Authority reports that their 
friction courses have been subjected to a large number 
of freeze-thaw cycles without losing their integrity. The 
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reason for this is believed to be that the voids in the 
course are interlinked, so that if any water is retained 
within the course, which ideally it should not be, it is 
free to expand on freezing. 

The experience in the United States has been essen-
tially the same as in the United Kingdom. White (2) con-
cludes that no problems have developed from freezing and 
thawing cycles, but that a future problem may develop 
where heavy buildup of rubber occurs. 

Some engineers believe that freeze-thaw damage can 
be avoided by ensuring that the open course is laid on a 
surface in excellent condition. The need for a good sur-
face is specified by FAA. The main east-west runway 
at Stapleton International Airport, Denver, was not over-
laid before applying the PFC, and freeze-thaw damage 
has occurred where reflective cracking has come through. 

Tire Wear 

The airlines report there is no significant increase in 
tire wear due to operations at airports having PFCs. 

Rubber Contamination and Removal 

Experience with rubber buildup and removal vary within 
Australia, the United Kingdom, and the United States. 
It is not known whether this is caused by climatic condi-
tions, course design specifications, or some unknown 
cause. 

The British have never found it necessary to remove 
rubber from PFCs. Although rubber deposits in the 
touchdown zone build up during the warm months, they 
largely powder away during the winter. No studies have 
been specifically aimed at determining whether rubber 
deposits clog the voids; however, no reduction in the ef-
fectiveness of PFCs from this cause has been observed. 

However, the Australians report that the main prob-
lem with porous surfaces is the buildup of rubber in the 
touchdown zones, although rubber buildup is not as fast 
on porous surfaces as on dense bituminous concrete. 
They have had no success in removing rubber by chem-
ical means. In the one trial carried out at Sydney, the 
porous surface broke down because a chemical reaction 
weakened the bitumen bond. Rubber removal by the use 
of diamond saw blades was initially successful, but the 
area has since been recovered with rubber and some of 
the advantage of the nature of the PFC texture has been 
lost. 

There has been concern in the United States as to 
whether the cleaning of PFCs is a problem. Although the 
survey would indicate that rubber buildup on PFCs is 
neither more nor less than on other surfaces, and many 
believe that less cleaning is required, the use of PFCs 
in the United States has been limited, and reliable data 
are still not available. 

A study of the main east-west runway at Stapleton 
Airport may offer a solution to the removal of contami-
nants. In 1972, a method for prolonging the use of the 
runway for 3 or 4 years became necessary. A PFC was 
applied after a preparatory heater scarification of the  

surface. Several design mixes were discussed, and a 
mixture of 13-mm (0.5-in) aggregate with 7 percent as-
phalt concrete and 1.5 percent neoprene synthetic rubber 
was selected. The course performed well for 4 years 
without cleaning. 

In early summer 1976, Stapleton Airport authorities 
contracted with a commercial firm to remove the rubber. 
This firm used a high-pressure water blast with a rotat-
ing bar, a technique that has been evaluated by the Na-
tional Aeronautics and Space Administration (3). 

The rubber on the runway was 3 to 6 mm (0.13 to 0.25 
in) thick, which necessitated the use of a biodegradable 
chemical to soften it. Water pressure of 48.3 to 55.2 MPa 
(7000 to 8000 lbf/in2) was applied. There is no evidence 
of harm to the runway from either the chemical or the 
high water pressure, and no harm was caused because 
the solid state of rubber protected the open course. 

A second cleaning was completed in mid-October. The 
rotating bar was used with the water pressure reduced to 
34.5 MPa (5000 lbf/in2). It is estimated that 90 percent 
of the rubber was removed at the edge where the buildup 
was light and 85 percent was removed where the -buildup 
was heavy. Where the bar was stationary, aggregate was 
removed at a pressure of 27.6 MPa (4000 lbf/in2). 

In the view of the airport authorities and the contrac-
tor, high-pressure water can be used successfully to 
clean a PFC. It appears necessary, however, to use an 
actuating bar, preferably a rotating bar that strikes from 
3600. A stationary bar provides too much dwell time and 
will cause damage. 

The removal of contaminants remains a problem to be 
further studied, but it is appropriate to consider the fol-
lowing. On the basis of the rubber deposits at Salt Lake 
City Airport, it might have been concluded that Stapleton 
Airport would have been less susceptible to reverted rub-
ber because it has a larger size aggregate with a more 
open-textured surface. However, considering the dif-
ference in traffic use, it is difficult to make an absolute 
conclusion. Very little reverted rubber has been ob-
served at Salt Lake City. Apparently, once the rubber 
starts to bridge across the projected aggregate particles, 
it flakes off rather than completing the bridge. 
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Abridgment 

Fibrous Concrete Construction at Reno and Las Vegas Airports 
Robert A. Lowe, McCarran International Airport, Las Vegas 

Construction projects using fibrous concrete at Reno 	projects included the use of steel fibers in the mix, but 
International Airport, Reno, Nevada, and McCarran 	otherwise varied significantly in methods and size. 
International Airport, Las Vegas, are discussed. Both 	The project at Reno had an area of approximately 


