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Abstract

Airfield Asphalt Pavement Technology Program Project 04-06, Improved Porous Friction
Courses (PFC) on Asphalt Airfield Pavements, was conducted to develop technical guidance and
direction to improve the performance of porous friction course mixtures on airfield pavements.
The research approach entailed interviewing airfield pavement engineers and conducting a
literature review. Information gathered during the research, as well as the experiences of the
research team, was synthesized and used to provide guidance in the areas of materials and mix
design, production/construction, maintenance and rehabilitation, advantages/disadvantages, and
performance. Where applicable, improvements to the current state of practice for airfield porous
friction courses were recommended. Also where applicable, recommendations for future research
were made.

Porous friction courses have been around since the 1930’s. These hot mix asphalt
mixture types have proven an effective method for improving the frictional characteristics of
pavements, especially in wet weather. Even though porous friction courses have been around for
many, many years, performance has been mixed. There have been reports of rapid and
catastrophic occurrences of raveling within porous friction course layers. Any raveling that
occurs will result in potential foreign object damage (FOD) for aircraft. Also, there have been
reports of these layers tearing at locations where high speed turns or locked wheel turns take
place.

Because of the safety benefits associated with porous friction courses, the highway
industry has conducted a significant amount of research on porous friction courses over the last
10 to 15 years. This research has led to improvements in the methods for specifying materials
and design mixtures. These improvements have led to a more durable mixture that has alleviated
some of the past problems associated with porous friction courses. In comparison to the highway
industry, little work on the use of porous friction courses for airfield pavements has been
conducted over the last 10 to 15 years.

Using the experiences of seasoned airfield pavement engineers, published papers,
articles, and reports, and the experiences of the research team, guidelines were developed for
materials selection, mix design, production/construction, maintenance and rehabilitation. The
majority of research available dealt with the specification of materials and the design of porous
friction courses. For this reason, recommendations were provided for improving the design of
airfield porous friction courses. Experiences of various countries with the maintenance and
rehabilitation of porous friction courses were provided. Unfortunately, the practices of each
agency evaluated were not always similar. This likely reflects the different environmental
conditions experienced by the different agencies. Very little published information was obtained
specifically on producing and constructing porous friction courses. The experiences of the
airfield pavement engineers and research team along with published best practices for the
production and construction of hot mix asphalt were used to develop guidance for the
construction of porous friction courses.
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Summary of Findings

Airfield Asphalt Pavement Technology Program Project 04-06, Improved Porous Friction
Courses (PFC) on Asphalt Airfield Pavements, was conducted to develop technical guidance and
direction to improve the performance of porous friction course mixtures on airfield pavements.
The research approach entailed interviewing airfield pavement engineers and reviewing reports,
articles and specifications on the use of porous friction courses. No specific laboratory or field
investigations were performed. Information gathered during the research, as well as the
experiences of the research team, was synthesized and used to provide guidance in the areas of
materials and mix design, production/construction, maintenance and rehabilitation,
advantages/disadvantages, and performance. Where applicable, improvements to the current state
of practice for airfield porous friction courses were recommended. Also where applicable,
recommendations for future research were made.

Improvements recommended within this report are in direct response to the documented
issues and past failures encountered. The literature and interview with airfield pavement
engineers indicated that raveling, moisture damage and delamination have been the primary
distresses encountered in PFCs. These distresses can be related to the materials selected, design
and construction of PFCs. Porous friction courses are specifically specified to have an open
gradation. This open gradation provides the benefits related to improved wet weather friction
and reduced potential for hydroplaning. Because of the open grading, there is very little surface
area of the aggregates which results in a relatively thick asphalt binder film coating the
aggregates. At typical production/construction temperatures, the heavy film of asphalt binder
had a propensity to drain form the aggregate structure. Because of the draindown issues, a
typical remedy was to reduce production temperatures. This reduction in temperature resulted in
an increase viscosity for the asphalt binder which assisted in holding the asphalt binder on the
aggregates. However, this reduction in temperature also led to the durability problems listed
above. First, because the production temperature was reduced, all of the internal moisture within
the aggregates was not removed. Moisture remaining within the aggregates led to increased
potential of stripping which resulted in an increased occurrence in raveling. Additionally, the
reduced temperatures prevented the new PFC from properly bonding with the tack coat placed on
the underlying layer. Both of these issues resulted in FOD.

The recommended mix design method included four primary steps: 1) materials
selection; 2) selection of design gradation; 3) selection of optimum asphalt binder content; and 4)
evaluation of moisture susceptibility. Within the materials selection step, tests were
recommended to better characterize the properties of aggregates used in PFCs. Tests were
recommended to evaluate aggregate toughness, durability, angularity, shape and cleanliness. It
was also recommended that modified asphalt binders and stabilizing additives be utilized within
PFCs in order to improve durability by allowing higher production temperatures, without
increasing the potential for draindown. Stabilizing additives recommended were modified
asphalt binders and/or fibers. Porous friction course gradation bands were recommended. The
recommended bands were selected to maximize the amount of water that could infiltrate the PFC
layer while providing sufficient shear strength to resist the actions of braking tires. Within the
selection of optimum asphalt binder content step of the mix design procedure, performance
related tests were recommended instead of the Centrifuge Kerosene Equivalent method.
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Performance related tests included evaluation of the existence of stone-on-stone contact, the
Cantabro Abrasion loss test, and draindown potential testing. The Cantabro Abrasion test was
recommended to establish a minimum asphalt binder content for durability, while the draindown
testing was recommended to establish a maximum asphalt binder content to minimize the
potential for draindown during construction.

No specific research was found that evaluated various construction techniques for PFCs.
Therefore, the research provided guidelines, or best practices, for the construction of PFCs.
Guidance is provided for plant production, transportation, placement, compaction and quality
control/quality assurance of PFC mixes for airfield pavements. Much of the guidance was
obtained from information on the construction of stone matrix asphalt mixtures. Stone matrix
asphalt and PFC mixes are somewhat similar because of the gapped aggregate grading and
typical use of modified asphalt binders and stabilizing additives.

Various reports, papers and articles from around the world were reviewed to provide a
synthesis of current maintenance practices on PFC pavements. The synthesis provides the
experiences of the different agencies with respect to general maintenance and winter
maintenance. General maintenance involves maintaining the drainage capacity of PFCs. The
ability of PFCs to drain water from the pavement surface greatly minimizes the potential for
hydroplaning during rain events. Winter maintenance activities by the various agencies were not
always similar and likely reflect the varying environmental conditions common to the different
agencies.
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CHAPTER 1
Introduction and Research Approach

INTRODUCTION

According to Federal Aviation Administration (FAA) statistics, over 700 million

passengers enplaned on commercial flights at primary and non-primary airports within the US

during 2005 (1). Because of the vast number of people flying, it is imperative that pavement

engineers design safe pavement surfaces for aircraft operations. In order to provide safe

pavements, the pavements must be strong, smooth, skid resistant, structurally intact and have

adequate surface drainage (2). Pavement strength is related to the ability of the pavement to

withstand the loads of aircraft. Structurally intact refers to the existence of distresses on the

pavement. For instance, rutting in hot mix asphalt (HMA) layers allows water to become pooled

on the pavement surface which can lead to an increased potential for hydroplaning.

Additionally, rutting can affect the directional control of aircraft. Also, distresses that result in

raveling can cause foreign object damage (FOD).

Pavements that are not smooth can result in aircraft performance and control problems.

Because of the high speeds that aircraft travel during take-off and landing, pavement roughness

on runways can result in aircraft structural damage and component fatigue; aircraft becoming

prematurely airborne; reduction in contact between tires and the pavement surface; aircraft

vibrations making on-board instruments difficult to read; and/or discomfort for passengers (2).

Airfield pavements must have adequate surface drainage to promote rapid runoff of water

during rain events (2). Without proper surface drainage, water may accumulate on the pavement

surface and result in an increased potential for hydroplaning. If pools of water are too deep,

aircraft may also encounter problems with directional control.
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The final characteristic of a quality airfield pavement is skid resistance. For pavements,

skid resistance is generally expressed in terms of friction. Pavement friction is a major safety

concern for the performance of both civil and military airfields. For military aircraft carrying

ordinance, pavement friction is extremely important (3). Frictional properties are most critical

during wet conditions. Friction characteristics on dry pavements tend to vary little (4) and are

normally adequate for maneuvers necessary during most airfield circumstances.

Tire/Pavement Friction

Friction defined is the relationship between the vertical and horizontal forces developed

as a tire slides along a pavement surface. ASTM E-867, Standard Terminology Relating to

Traveled Surface Characteristics, defines friction as the ability of a traveled surface to prevent

the loss of traction upon braking. In essence, frictional resistance is the force that is created

when a tire that is prevented from rotating slides along the top of a pavement surface (5). The

magnitude of frictional resistance developed by a braking vehicle or aircraft depends upon

pavement surface characteristics, vehicle/aircraft/tire characteristics and contaminants.

Contaminants are defined as dust, oil, fuel, debris, water or other materials that may be on a

pavement surface. A summary of important factors that can influence frictional resistance is

shown in Table 1.
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Table 1: Factors Influencing Pavement Surface Friction (6, 7)
Pavement Contaminant (fluid) Tire

Macrotexture
Microtexture
Smoothness

Chemistry of Materials
Temperature

Thermal Conductivity
Specific Heat

Type Contaminants

Chemical Structure
Viscosity
Density

Temperature
Thermal Conductivity

Specific Heat
Film Thickness

Tread Pattern
Rubber Composition

Inflation Pressure
Rubber Hardness
Load (Pressure)
Sliding Velocity

Temperature
Thermal Conductivity

Specific Heat

There are a number of aircraft characteristics that can influence the development of skid

resistance. Characteristics such as landing speed, braking system, tire condition, tire inflation

pressure, size of aircraft, landing gear configuration, braking assists (spoilers, reverse thrust, etc.)

etc. can all influence the frictional resistance developed between an aircraft tire and a pavement

surface. However, aircraft operating characteristics are not within the control of the pavement

engineer. Therefore, the pavement engineer must ensure sufficient frictional resistance through

the proper selection of pavement type, pavement materials and/or surface modifications.

Skid resistance between an aircraft’s tire and a pavement surface can be described as the

sum of two components: adhesion and hysteresis (8). Adhesion is the product of shear stresses

developed between the tire and pavement surface within the tire/pavement contact area. Factors

that can influence the magnitude of the adhesion component for resistance to skidding include

tire tread pattern, tire inflation pressure, weight of aircraft, method of braking, pavement surface

characteristics, etc. Hysteresis is caused by damping losses as the tire forms over and around the

texture of the pavement surface. Hysteresis also changes as aircraft characteristics and pavement

surface characteristics change.
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pavements. However, microtexture also has benefits during wet conditions. The small

deviations in the pavement surface (microtexture) act to penetrate small films of water creating

more contact between the tire and the pavement surface. Microtexture is characterized as

polished to harsh as illustrated in Figure 2 (5). Generally, adequate microtexture is developed by

selection of the proper aggregate mineralogical type that has sufficient angularity, polish

resistance and surface texture.

Figure 3 illustrates the importance of aggregate type selection on microtexture. This

figure shows wet skid numbers for various HMA mixes from the 2000 National Center Asphalt

Technology (NCAT) Test Track (10). These mixes had gradations ranging from fine-graded

Superpave designed mixes to stone matrix asphalts (SMAs). Of these mixes, the SMAs have a

significant amount of macrotexture; however, when a high polish potential limestone was

utilized, the aggregate polished (lost microtexture) and resulted in a pavement with low skid

resistance even though the wearing surface had high macrotexture.

Because of the small wavelengths associated with microtexture, contaminants can affect

the ability of the microtexture to enhance frictional properties. Dust, debris, oil, etc. that collects

on a pavement surface can reduce the beneficial effects of microtexture.
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Figure 2: General Scales of Microtexture and Macrotexture (2)
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Macrotexture

The hysteresis component of skidding resistance is most influenced by the macrotexture

on the pavement surface (5). The magnitude of macrotexture is influenced by the shape, size,

angularity, density, distribution and arrangement of aggregates within the pavement surface

and/or the manipulation of a pavement surface (tining/grooving). An added benefit of increased

macrotexture, with respect to skidding resistance, is that the macrotexture provides channels for

water to drain off the pavement surface. This draining from the pavement surface helps prevent

large water films from building up between a tire and the pavement surface during a rain event,

which helps prevent hydroplaning. Hydroplaning is the separation between the tire and the

pavement surface due to the buildup of a water film thickness on the pavement surface.

Macrotexture is generally characterized as smooth to rough, as illustrated in Figure 2.

Different hot mix asphalt (HMA) types result in varying degrees of macrotexture. Figure 4

illustrates the influence of HMA gradation on macrotexture (10). This figure includes the

percent passing the 2.36mm (No. 8) sieve versus mean profile depth, which is a measure of

macrotexture. Increasing values of mean profile depth indicate increasing macrotexture. As

shown in the figure, as the percent passing the 2.36mm sieve decreases (or the gradation

becomes coarser) the mean profile depth increases. Porous friction courses show the highest

levels of mean profile depth within this figure.
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Airfield Pavement Friction

Because of the high speeds associated with take-offs and landings, the frictional

characteristics of runways are of paramount importance. The Federal Aviation Administration

(FAA) has published guidelines and procedures for the design and construction of skid resistant

pavements. Advisory Circular (AC) 150/5320-12C, Measurement, Construction and

Maintenance of Skid-Resistant Airport Pavement Surfaces, provides recommendations for

runway friction. This AC is also referenced in Unified Facilities Criteria (UFC) 3-260-02,

Pavement Design for Airfields.
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Within AC 150/5320-12C, there is discussion on how the FAA’s recommendations for

runway pavement surfaces were developed. Based upon various research studies conducted at

Langley Research Center, the FAA Technical Center, and the Naval Air Engineering Center,

pavement grooving was identified as a method of providing safe pavement surfaces for aircraft

operations during wet weather. Subsequent research conducted in the United Kingdom and US

showed that porous friction courses also achieve skid resistant pavement surfaces. For both

civilian and military airfields, grooving dense-graded HMA wearing layers or placing a porous

friction course are the predominant methods for providing safe wearing surfaces on runways.

However, the FAA recommends within AC 150/5320-12C that porous friction courses not be

constructed on airport runways that have more than 91 turboject arrivals per day per runway end.

Porous Friction Courses

The term porous friction course (PFC), or open-graded friction course (OGFC), in the US

is used to describe an HMA having an open aggregate grading that is used as a wearing course

on airfield and highway pavements. The airfield pavement community utilizes the term PFC

while the highway industry generally uses the OGFC term. Within the US, OGFCs evolved

during the 1930’s through experimentation with plant mix seal coats. In the 1970’s, the Federal

Highway Administration (FHWA) initiated a program to improve the frictional resistance of the

nation’s roadways (11). The plant mix seal coats were one of the tools an agency could use to

improve frictional resistance and, thus, gained popularity. In 1974, the FHWA published a mix

design procedure for OGFC. The procedure entailed an aggregate gradation requirement, a

surface capacity of coarse aggregate, determination of fine aggregate content, determination of

optimum mixing temperature and resistance of the designed mixture to moisture. Open-graded
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friction course mixtures designed in accordance to the FHWA procedure were successful at

performing their intended function: removing water from the pavement surface and improving

wet weather frictional resistance.

Also during the 1970’s, the Waterway’s Experiment Station evaluated PFCs for airfield

pavements. This evaluation occurred because of hydroplaning problems (12) on airfield

runways.

Since the 1970’s, some significant improvements have been developed for PFCs, namely

the use of modified asphalt binders to improve durability and the incorporation of fibers to

prevent draindown. Additionally, various types of PFCs are commonly used in the U.S. Some

agencies specify PFCs having gradations similar to those recommended by the FHWA in the

1970’s and 1980’s. Some agencies have adopted coarser gradations (generally called permeable

friction courses, new-generation OGFC, or Porous European Mix) that provide higher air void

contents and, thus, more capacity to drain water from the pavement surface. Other agencies

construct an asphalt rubber friction course which utilizes a very open gradation; yet, a high

percentage of asphalt rubber binder is also used. These asphalt rubber friction courses do not

provide the permeability of other PFCs but provide high macrotexture for skid resistance as well

as reduction in noise levels at the tire/pavement interface.

PROBLEM STATEMENT

Porous friction courses, or OGFCs, have been used within the US since the 1930’s.

When placed as a wearing surface, these mixes have proven an effective method for improving

the frictional characteristics of pavements, especially in wet weather. Porous friction courses

improve wet weather skid resistance because of the open aggregate grading. This open gradation
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results in a significant amount of macrotexture at the pavement surface. Additionally, the open

gradation with minimal fines results in water being able to infiltrate into the PFC layer and flow

laterally through the PFC layer to the pavement edge. Without the water on the pavement

surface, hydroplaning potential is greatly reduced.

Even though PFCs have been around many, many years, the performance of these mix

types has been mixed. There have been reports of rapid and catastrophic occurrences of raveling

within PFC layers. Any raveling that occurs will result in potential FOD. Also, there have been

reports of PFC wearing surfaces tearing at locations where high speed turns or locked wheel

turns take place.

Because of the safety benefits associated with PFCs, the highway industry has conducted

a significant amount of research on OGFCs over the last 10 to 15 years. Improvements have

specifically been made with regards to the methods for specifying materials and designing

mixtures. Methods and equipment for constructing PFCs have also improved. Whether the

intended use is for airfields or highways, maintenance of PFCs has always been a concern. This

concern is primarily due to the potential rapid failure from raveling. Another issue related to

maintenance is winter maintenance. Because of the open nature of PFCs, these layers have

different thermal properties compared to dense-graded HMA mixes.

In comparison to the highway industry, little work on the use of PFCs for airfield

pavements has been conducted in the last 10 to 15 years. Therefore, there is a need to evaluate

the current state of practice on the use of PFCs. Information obtained should be used to provide

guidance for the use of PFCs on airfields and to identify potential improvements for using PFC

wearing layers.
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OBJECTIVES

As stated in the project statement, the objective of this study was to develop technical

guidance and direction to improve the performance of PFC mixtures on airfield pavements. This

guidance was to consider but not be limited to the following:

1) Performance history of PFC on airfield pavements;

2) PFC mix design requirements and qualities and characteristics of

component materials;

3) Construction requirements and limitations;

4) Effect of temperatures and other climatic conditions, especially durability under

freeze-thaw conditions, on construction and performance of PFC;

5) Existing surface preparation requirements;

6) Skid resistance characteristics of PFC;

7) Service life and maintenance of PFC;

8) Airfield pavement maintenance, including removal of aircraft tire rubber from the

pavement surface;

9) Performance of PFC considering airfield classifications and type of

aircraft using the facility; and

10) Compare and contrast design and performance of PFC use on highways and

airfields.
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RESEARCH APPROACH

In order to accomplish the project objectives, a total of six tasks were conducted. The

following sections describe the activities conducted during each task.

Task 1 – Review Performance History of PFC/OGFC at Airports

Porous friction course has been placed on numerous civil and military airfields. During

Task 1, the researchers contacted and discussed the performance of PFC layers with airfield

pavement engineers. The various civil and military airfield personnel were interviewed to

determine:

1. Specific concerns about the use of PFC on airfield pavements.

2. Specific areas that have been problematic for PFC.

3. Typical maintenance activities (general and winter) for PFC and their effectiveness.

4. Typical life expectancy for PFC layers.

5. Type aircraft using the facility; airfield classification; and number of operations.

In essence, there are six primary issues that must be addressed: materials and design,

production/construction, maintenance, rehabilitation, advantages/disadvantages, and

performance. These six items are all related to how a PFC layer performs.

Task 2 – Identify Recent Improvements in PFC/OGFC

Within recent years, there has been a significant amount of research conducted on PFC

mixes. Most of this research has been applied to highway usage; however, this research was

very relevant to this project. Therefore, a literature review was conducted to determine the

current state of practice with regards to PFC. Of particular interest within this task were
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improvements that could potentially increase life expectancy, minimize maintenance, maximize

the benefits and minimize the disadvantages of PFC.

Task 3 – Evaluate Recent Improvements

Based upon the results of Tasks 1 and 2, the research team evaluated each of the potential

improvements identified to provide an assessment of these improvements for future use on

airfield pavements. Potential improvements in all six areas identified in Task 2 were evaluated.

Task 4 – Develop Revised Draft Specifications and FAA Engineering Brief

Results from Tasks 1 through 3 were used to develop guidance on the design, production,

construction, maintenance and rehabilitation of PFCs. Additionally, a draft FAA Engineering

Brief was developed on recommendations for future use of PFC for airfield pavements.

Task 5 – Recommend Additional Work

Tasks 1, 2 and 3 identified current limitations, possible improvements to remedy the

limitations and an evaluation of the improvements. For limitations in which solutions could not

be identified, additional work was recommended. The recommended additional work

encompassed materials and design, production/construction, maintenance, rehabilitation and

performance.

Task 6 – Deliver Final Report

The final task was to submit a draft final report. The draft final report was compiled

according to the guidelines established by the AAPTP and presents a clear and concise summary

of the findings and conclusions generated from Tasks 1 through 5.
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REPORT ORGANIZATION

The first chapter of this report provides a brief overview of PFCs, the project objectives

and research approach. Chapter 2 discusses the advantages and disadvantages on the use of

PFCs for airfield pavements. The advantages and disadvantages are provided at the beginning of

this report because the subsequent chapters provide discussion on methods of maximizing the

advantages while minimizing the disadvantages. The third chapter provides discussion and

guidance on the design of PFC mixtures along with material requirements. Chapter 4 discusses

the production and construction of PFCs and Chapter 5 discusses the maintenance and

rehabilitation of PFC layers. Within Chapters 2 through 5, the current state of practice for each

topic is provided as well as recent improvements. Where applicable, recommendations were

made for needed future research. Chapter 6 presents conclusions and recommendations derived

from the results of this research project, while the final chapter presents the references utilized

during conduct of this research. A draft FAA Engineering Brief that provides recommendations

for future use of PFC for airfield pavements was also developed.
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CHAPTER 2
Advantages and Disadvantages of PFCs on Airfield Pavements

INTRODUCTION

This chapter discusses the advantages and disadvantages of using PFC on airfield

pavements. Ideally, the results of this project will maximize the advantages of using PFC on

airfield pavements while minimizing any disadvantages. The literature indicates a number of

advantages that can be realized with the use of PFCs as a wearing layer. For the most part, the

benefits are based upon the ability of the PFC layer to drain water from the pavement surface.

Lefebvre (13) states that the benefits of PFCs can be categorized based upon three general areas:

safety, smoothness and environmental. The primary advantages related to safety are the

reduction in hydroplaning potential and improvement in wet weather friction. Porous friction

courses generally are smoother than dense-graded HMA layers which helps prevent directional

control problems for aircraft and improves fuel economy for vehicles. The environmental

benefits cited by Lefebvre (13) are not specifically related to airfield pavements and include

reduction in tire/pavement noise levels and improved fuel economy.

The primary disadvantages discussed in the literature were the increased cost and the

differences in winter maintenance practices compared to dense-graded HMA. Another perceived

disadvantage is that PFCs have been susceptible to rapid deterioration due to raveling.

ADVANTAGES OF USING PFCS ON AIRFIELD PAVEMENTS

Benefits of PFC related to safety include reduced potential for hydroplaning, improved

skid resistance (especially during wet weather), and reduced light reflection. Reduction in light

reflection is more applicable to highways because of the angle at which drivers view a pavement
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surface. Hydroplaning occurs when a layer of water builds up between a tire and the pavement

surface (13). This layer of water breaks the contact between the tire and road (13, 14). When

this occurs, the aircraft will not respond to braking or turning. There are two aspects of PFCs

that help prevent the occurrence of hydroplaning. First, because the water drains from the

pavement surface into the PFC layer, the film of water is not available to break the bond between

the tire and pavement surface (12). The second aspect is the macrotexture provided at the

pavement surface by PFC layers. Even when clogged, PFCs provide a significant amount of

macrotexture. This macrotexture provides small channels for water to be dissipated as a tire

crosses over the pavement (5). Therefore, in wet weather conditions, the skid resistance of PFC

wearing layers is generally very good.

Many, many references mention that the use of PFCs as a wearing layer will improve

frictional properties, especially during wet weather. Similar to how PFCs reduce the potential

for hydroplaning, the ability to drain water from the pavement surface and the relatively high

macrotexture of PFCs also improve wet weather friction. Kandhal (15) cited a number of

references in his synthesis on OGFCs describing research conducted in the U.S., Canada and

Europe that showed the improved wet pavement frictional properties of PFCs. Much of the

research dealt with comparing the speed gradient (or friction gradient) encountered on PFC

layers. A frictional speed gradient can be defined as the rate of decrease in the friction number

per unit increase in speed. With low speed gradients, the pavement surface maintains its

frictional properties even at high speeds, which is vital on airfield runways. Therefore, low

frictional speed gradients are desirable. Table 2 presents data from a Pennsylvania Department of

Transportation project that showed a decreased frictional speed gradient for PFC layers. Similar
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work in Oregon and Louisiana presented by Kandhal (15) also showed decreased friction

gradients for PFCs compared to dense-graded layers.

Table 2: Friction Data from Pennsylvania (excerpt from 15)
Friction NumberMix

Type 30 mph 40 mph
Friction
Gradient

OGFC (gravel) 74 73 0.10
OGFC (dolomite) 71 70 0.10
Dense-graded HMA (gravel) 68 60 0.80
Dense-graded HMA (dolomite) 65 57 0.80

Isenring et al (16) also conducted friction testing on 17 different PFC test sections at

different speeds including 40, 60, 80, and 100 kph (25, 37, 50 and 62 mph). Friction

measurements were made using the PIARC skid tester and a ribbed tire. Results showed that

PFC pavement surfaces had much higher coefficients of friction at higher speeds than typical

dense-graded surfaces. Similar to the referenced literature by Kandhal (15), the frictional speed

gradients for PFC surfaces were lower than for typical dense-graded layers.

Bennert et al (17) presented the results of wet skid tests on various wearing surfaces,

including PFCs. The skid measurements were made in accordance with ASTM E274-97,

Standard Test Method for Skid Resistance of Paved Surfaces Using a Full-Scale Tire. A test

speed of 64 kph (40 mph) was utilized using a ribbed-tire on the skid trailer. A total of 19

different pavement sections were tested. Included within the evaluation were asphalt rubber

OGFC, modified OGFC, Novachip, stone matrix asphalt, microsurface, Superpave designed

dense-graded HMA and Portland cement concrete. Table 3 presents the results of testing on the

19 test sections. Based upon the results, the asphalt rubber OGFC had the highest frictional

resistance of the thin lift wearing layers followed by the microsurfacing and MOGFC. The PFC
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layers (AR OGFC and MOGFC) tested did provide higher wet-skid numbers than Novachip and

the SMA surfaces.

Table 3: Wet-Skid Numbers for Various Pavement Surfact Types (excerpt from 17)

Surface Type Age
Wet-Skid Number

(SN40)
Avg. Wet-Skid Number

(SN40) per Surface
AR-OGFC 9 47.8
AR-OGFC 10 55.9

51.9

MOGFC 1 47.9
MOGFC 4 44.8
MOGFC 2 51.2

48.0

Novachip 3 45.4
Novachip 8 45.7

45.6

9.5 mm SMA 7 42.5
12.5 mm SMA 9 42.0

42.3

MS Type 3 1 49.6
MS Type 3 1 49.1

49.4

12.5 mm SP 10 51.8
12.5 mm SP 4 54.3

53.1

PCC (no finish) 44 38.6
PCC (no finish) 39 39.1
PCC (no finish) 48 41.4

39.7

PCC (Trans. tined) 14 57.2
PCC (Trans. tined) 14 55.8

56.5

PCC (Diamond Grind) 14 54.6 54.6
AR-OGFC = asphalt rubber open-graded friction course
MOGFC = modified asphalt binder open-graded friction course
SMA = stone matrix asphalt MS = microsurfacing
SP = Superpave PCC = Portland cement concrete

Recent work in the US by McDaniel and Thornton (18) has also shown that PFCs provide

relatively more macrotexture and higher International Friction Index (IFI) values than other

HMA wearing layers. Tables 4 and 5 present macrotexture and friction measurement data for

three test sections in Indiana, respectively. Pavement surfaces included within the research were

PFC, stone matrix asphalt, and dense-graded HMA.
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Table 4: Results of Surface Texture Measurement from McDaniel and Thornton (18)

Mix
Mean Profile Depth, mm

(Standard Deviation)
PFC 1.37 (0.13)
SMA 1.17 (0.14)
HMA 0.30 (0.05)

Table 5: Results of Friction Measurement from McDaniel and Thornton (18)
Average Dynamic Friction Tester (DFT) Number

(Standard Deviation)Mix
20 kph 40 kph 60 kph

International
Friction Index

(F60)
PFC 0.51 (0.03) 0.45 (0.03) 0.42 (0.03) 0.36
SMA 0.37 (0.01) 0.31 (0.01) 0.29 (0.01) 0.28
HMA 0.52 (0.01) 0.47 (0.01) 0.44 (0.01) 0.19

McDaniel and Thornton (18) indicated that the PFC and SMA wearing layers showed

significantly more macrotexture (reported as mean profile depth) than did the dense-graded

HMA (Table 4). The PFC layer did provide the highest average mean profile depth

measurement. Variability in measured mean profile depths was also found to be higher for the

PFC and SMA layers compared to the dense-graded surface. The authors indicated that this was

expected since the PFC and SMA mixes have gap- or open-graded aggregate structures.

McDaniel and Thornton (18) reported results of dynamic friction measurements made

with the Dynamic Friction Tester (Table 5). Based upon the raw friction numbers, the PFC and

dense-graded surfaces were comparable whereas the SMA surface showed the lowest values.

The authors also converted the mean profile depth and friction number data into the IFI. In terms

of IFI, the PFC showed the highest friction followed by the SMA and dense-graded surface.

A number of references indicate that the use of PFC wearing layers improves

smoothness; however, very little specific research was encountered that provided relative

improvements in smoothness when PFCs are utilized. Bennert et al (17) did compare the results

of ride quality measurements for a number of highway pavement surfaces in New Jersey
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including: asphalt rubber OGFCs, modified OGFCs, Novachip, stone matrix asphalt,

microsurfacing and three types of rigid pavement surfaces (transverse tined, diamond grind and

no finish). Table 6 presents results of testing related to ride quality by Bennert et al. Two

measures of ride quality are provided within this table. The Ride Quality Index (RQI) was

measured using an ARAN vehicle. Previous studies in New Jersey cited by Bennert et al (17)

developed correlations between the ARAN van and user’s perceptions to ride quality. The RQI

is based upon a scale between 0 and 5, with an RQI of 5 being the “smoothest” ride according to

user’s perception. Results from the ARAN van were also used to determine the International

Roughness Index (IRI) for each of the pavements. According to the IRI definition and scale,

lower values of IRI are desirable.

Table 6: Results of Ride Quality Measurements for Various Pavement Surfaces (17)

Surface Type Age RQI value
RQI

Rating
IRI

(inch/mile)
Avg. IRI per
Surface Type

AR-OGFC 9 3.54 Good 121
AR-OGFC 10 4.34 V. Good 82

102

MOGFC 1 4.14 V. Good 90
MOGFC 4 4.05 V. Good 68
MOGFC 2 4.08 V. Good 113

90

Novachip 3 4.47 V. Good 65
Novachip 8 3.51 Good 123

94

9.5 mm SMA 7 4.10 V. Good 84
12.5 mm SMA 9 3.72 Good 194

139

MS Type 3 1 3.79 Good 108
MS Type 3 1 4.02 V. Good 111

110

12.5 mm SP 10 4.15 V. Good 56
12.5 mm SP 4 4.31 V. Good 74

65

PCC (no finish) 44 3.39 Good 178
PCC (no finish) 39 3.13 Good 206
PCC (no finish) 48 3.42 Good 137

174

PCC (Trans. tined) 14 2.66 Fair 274
PCC (Trans. tined) 14 2.54 Fair 295

285

PCC (Diamond
Grind)

14 4.21 V. Good 75
75

AR-OGFC = asphalt rubber open-graded friction course
MOGFC = modified asphalt binder open-graded friction course
SMA = stone matrix asphalt MS = microsurfacing
SP = Superpave PCC = Portland cement concrete
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Bennert et al (17) state that based upon the RQI data it was difficult to determine the

“best” pavement surface because of so many variables (most notably age). However, for the thin

lift HMA mixes included in the study (MOGFC, AR-OGFC, Novachip and microsurfacing), the

PFC mixes did have the highest average RQI values. Similar results were obtained using the IRI

measurements.

DISADVANTAGES OF USING PFCS ON AIRFIELD PAVEMENTS

Probably the biggest deterrent cited for using PFC layers is freezing weather. Porous

friction courses have a lower coefficient of thermal conductivity than dense-graded HMA. This

means that the temperature of the pavement surface drops below freezing sooner than dense-

graded HMA, and stays below freezing longer (19).

The primary concern then becomes a winter maintenance issue, especially winter icing.

Winter maintenance is different for porous pavements because of the “…different temperature

behavior for porous asphalt, and because of difficulty in maintaining a sufficient salt level at the

point of contact between tire and pavement”(20).

Moore et al mention three conditions under which open-graded mix in Oregon is not

recommended for use (20, 21). These are: 1) low volume roads with ADT of less than 1,000; 2)

curbed areas or areas requiring handwork; and, 3) heavily snow plowed areas where steel plow

blades are used. For airfield pavements, only the snowplow issue is of importance. As a result

of snowplow damage, Oregon’s Class F mix is no longer recommended in areas where plowing

is frequent (20, 21, 22). The snowplows can cause raveling and gouging resulting in a higher

rate of surface deterioration.
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Two papers gave a list of disadvantages for using PFCs. Lefebvre in his paper (13) listed

several disadvantages. First, Lefebvre stated that PFCs generally cost more than dense-graded

layers as a result of requiring high quality, polish resistant aggregates and modified asphalt

binders. Also, pavement markings have to be adapted for PFCs. Because of the openness of

PFCs, some pavement marking materials will infiltrate into the layer during placement. Special

impervious layers specifically placed below PFCs can also increase construction costs. Another

disadvantage of using PFCs is the relatively shorter economic life. Most references state that

PFCs last 8 to 12 years on highways, while dense-graded layers will last 10 to15 years. The 8 to

12 year expected lift on highways matches the experiences of most airfield pavement engineers

interviewed. Finally, Lefebvre stated that maintenance is generally more expensive, especially

winter maintenance. In another paper, Bolzan et al (23) mention that disadvantages include

increased costs; relatively low structural strength due to its high void content; possibly shorter

service life; complications to winter maintenance procedures; maintenance patching difficulties;

susceptibility to high stress sites; and requirement of minimizing the drainage path length to

allow water passing through the layer to enter the drainage system.

Kandhal (15) provides a number of situations where PFC should not be used. Porous

friction courses should likely not be used on projects that include long haul distances. Long haul

distances increase the potential for draindown and/or cooling of the mix. Oregon restricts haul

distance for OGFC to 56km (35 miles) (21). Porous friction courses should not be used in

inlays. Porous friction courses should be free draining at the pavement edge; therefore, they

should not be used as an inlay. Handwork is difficult with PFC mixes. Therefore, projects that

include a lot of handwork should probably not include PFC. Kandhal (15) noted that PFC should

not be used in snow zones where extensive snow plowing is required. Porous friction courses
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may ravel and shove in some critical pavement locations with heavy turning movements, and

other adverse geometric locations. The final limitation noted by Kandhal (15) has to do with

underlying layers. Porous friction courses should not be placed on a permeable pavement layer

as water can infiltrate through the PFC into a permeable underlying layer causing moisture

damage within the underlying layer.

After construction, PFCs generally have a lower friction value when braking with locked

wheels. When the wheels lock, they begin to melt the thin layer of binder coating the aggregates

on the pavement surface, which creates a slippery surface. This is only true when the wheels are

locked. This layer of binder is worn off after approximately 3 to 6 months and friction values

increase (19).

During the life of PFC layers, dirt, debris, winter maintenance products and other

materials can enter the void structure. These contaminants will lead to clogging of the layer and

results in the layer not being able to remove water from the pavement surface. It should be

stated; however, that clogged PFCs still maintain their frictional properties because of the high

amounts of macrotexture. Another potential problem with debris within the voids of the PFC

layers is that the debris can retain moisture after the rain event leading to an increased potential

for moisture damage.

SUMMARY

The advantages and disadvantages of using PFCs are both primarily related to the

openness of these mixes. The open nature of PFCs allows water to infiltrate into the layer. Since

the water infiltrates into the layer, water films will not develop. Water films on the pavement

surface increase the potential for hydroplaning. Hydroplaning can make aircraft lose directional

control and the ability to brake.
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Because of the open gradation inherent in PFCs, these mix types have a significant

amount of surface texture in the wave length and amplitude range of macrotexture. High levels

of macrotexture combined with the selection of polish resistant aggregates (to provide

microtexture) result in improved frictional properties compared to typical dense-graded HMA

layers, especially in wet weather.

A benefit that is not specifically related to the ability of PFCs to remove water from the

pavement surface is the improved smoothness compared to typical HMA mixes. The improved

smoothness is likely related to the constructability of PFC mixes. As will be discussed in

Chapter 4, the goal of PFC compaction is simply to seat the aggregates, not densify the mix to an

impermeable compaction level. Therefore, only static-steel wheel rollers are used for PFCs with

each roller making relatively few passes. These construction related factors are likely the reason

for improved smoothness with PFCs. At the typical high speeds encountered on airfield

runways, the improved smoothness will reduce the potential for aircraft structural damage and

component fatigue; reduce the potential for aircraft prematurely becoming airborne; improve the

contact between tires and the pavement surface; minimize aircraft vibrations; and provide a more

comfortable ride for passengers.

The primary disadvantages of using PFC are winter maintenance, rapid raveling of the

layer, and moisture damage in underlying layers. Because of the open nature of PFCs, these

layers have different thermal properties than typical dense-graded HMA layers. Porous friction

course layers will generally reach a freezing temperature prior to dense-graded mixes and stay at

a freezing temperature longer. For this reason, PFC layers generally require a different winter

maintenance regime than other pavement surface types.
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The primary distress that has been associated with the use of PFCs is raveling. Within

the highway industry the occurrence and severity of raveling caused a moratorium by some

agencies on the use of PFCs within the 1980’s. During the interviews with various airfield

pavement engineers, raveling was discussed as a problem with some PFC layers. Rapid

deterioration of PFC layers due to raveling was identified as a disadvantage. Raveling of any

kind increases the potential for FOD.

Another potential problem identified in several of the airfield pavement engineer

interviews was stripping in underlying layers. Stripping in underlying layers has also been noted

in highway uses. It is unlikely that changes can be made to the design and construction of PFC

mixes to minimize the potential for stripping in underlying layers; however, modifications can

likely be made to the design and construction of underlying layers to minimize the potential for

stripping.
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CHAPTER 3
Design of PFC Mixes for Airfield Pavements

INTRODUCTION

One of the highlighted areas of developing technical guidance and direction to improve

the performance of PFCs was mix design requirements. This section provides discussion on

current mix design methods for PFCs used on airfields, current mix design methods for OGFCs

for highways and recommendations for improvements to the current airfield mix design methods.

Current limitations in the design of PFC mixes are provided and, where needed, additional work

recommended in the final section of this chapter. A tentative mix design method for PFCs that is

based upon the recommended improvements is presented in Appendix A.

CURRENT AIRFIELD MIX DESIGN METHODS FOR PFC

The primary PFC mix design specifications utilized for airfield applications include Item

P-402 documented in FAA AC 150/5370-10B and the Department of Defense (DoD), Unified

Facilities Guide Specification (UFGS)-32 12 20 (formerly UFGS-02747). As with the design of

other HMA types, the design of PFC mixes outlined within these two specifications entails

several steps. The first step in the mix design process is to select acceptable materials. Next, the

materials must be blended to develop a design aggregate gradation. Optimum asphalt binder

content for the selected materials using the design gradation must next be determined. The final

step in the design is to evaluate the performance of the designed mix. Both specifications

evaluate performance with laboratory moisture susceptibility testing. The following sections

describe the current mix design procedures for PFCs used on airfields.
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Materials Selection

Both mix design methods provide requirements for coarse aggregates, fine aggregates,

mineral fillers, asphalt binders and additives. Both methods define coarse aggregates as the

fraction of aggregate materials retained on the 4.75mm (No. 4) sieve. Fine aggregates are the

fraction passing through the 4.75mm (No. 4) sieve and retained on the 0.075mm (No. 200) sieve.

Mineral fillers are the aggregate fraction that passes through the 0.075mm (No. 200) sieve.

Both methods provide requirements on the shape, angularity, toughness and soundness of

coarse aggregates. Particle shape is controlled within both specifications using ASTM D4791,

Standard Test Method for Flat Particles, Elongated Particles, or Flat and Elongated Particles in

Coarse Aggregate. However, the two specifications do not have the same requirements. Item P-

402 requires that the coarse aggregate fraction contain no more than 8 percent, by mass, of flat or

elongated particles, while UFGS-32 12 20 states that the “… quantity of flat and elongated

particles in any sieve size shall not exceed 8 percent, by mass.” The differences in the

requirements include the measure of particle shape as well as the material that is tested.

ASTM D4791 compares the dimensions of aggregate particles in order to define a

measure of shape. To conduct this test, aggregate particles are measured with a proportional

caliper using a specified ratio. To evaluate flat particles, the proportional caliper is used to

compare a particle’s thickness to width. Width is defined as the maximum dimension

perpendicular to the particle’s length; where, length is defined as the maximum dimension of the

particle. Thickness is defined as the maximum dimension perpendicular to both the length and

width. Elongated particles are defined as those having a ratio of length to width greater than the

specified ratio. For evaluating flat and elongated particles, the length of each particle is

compared to its thickness. Determination of the percent flat and elongated particles, as required
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in UFGS-32 12 20, entails determining the percentage of aggregate particles that fail the flat and

elongated definition based on the total mass of the aggregate sample. Determination of the

percentage of flat or elongated particles, as required in Item P-402, entails determining the

combined percentage of aggregate particles that fail either the flat particle or the elongated

particle definition based on the total mass of the aggregate sample. Item P-402 references

ASTM D693, Standard Specification for Crushed Aggregate for Macadam Pavements, which

states that the specified ratio for which aggregates are to be evaluated during ASTM D4791 is

5:1. UFGS-32 12 20 does not state the specified ratio for which aggregates are to be compared.

As stated above, another difference between the two mix design methods is the material

to be tested. ASTM D4791 calls for the testing of the combined particles larger than the 9.5mm

(3/8 in.) sieve. However, UFGS-32 12 20 states “… any sieve size shall not exceed 8 percent…”

when referencing coarse aggregates. Though this may be a misinterpretation, the wording of

UFGS-32 12 20 indicates that material retained on each sieve should be tested.

Neither Item P-402 or UFGS-32 12 20 reference a particular test method for evaluating

the angularity of coarse aggregates; however both have a requirement that the coarse aggregate

must contain at least 75 percent , by mass, of crushed particles having two or more fractured

faces. Item P-402 further requires that 100 percent of the coarse aggregates have at least one

fractured face. Though neither method references a particular test method, both state that for a

face to be considered fractured, it must be equal to at least 75 percent of the smallest mid-

sectional area of the particle. Similar to the particle shape testing, the wording within UFGS-32

12 20 indicates that the fractured face count should be determined for each size fraction larger

than the 4.75mm (No. 4) sieve stating “… gravel retained on the 4.75mm (No. 4 sieve) and each
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coarser sieve…” Similar wording can be found in the Corps of Engineers test method CRD-C

171, Standard Test Method of Determining Percentage of Crushed Particles in Aggregate.

UFGS-32 12 20 also has a requirement for angularity to be applied to fine aggregates.

The fractured face count of aggregates passing the 4.75mm (No. 4) sieve and retained on the

0.60mm (No. 30) sieve are to be tested. Within this size fraction, 90 percent of the aggregate

particles must have two or more fractured faces. Additionally, UFGS-32 12 20 limits the amount

of natural sand to a maximum of 5 percent, by total mass of the aggregates. Item P-402 simply

states that the amount of natural sand to be added, if necessary, will be “… to produce mixtures

conforming to the requirements…” of Item P-402.

Both specifications utilize ASTM C131, Resistance to Abrasion of Small Size Coarse

Aggregates by Use of the Los Angeles Machine, to define aggregate toughness. Item P-402

limits the percent loss to a maximum of 30 percent, while UFGS-32 12 20 recommends an upper

limit of 25 percent for PFCs used on airfields.

ASTM C88, Soundness of Aggregates by Use of Sodium Sulfate or Magnesium Sulfate, is

required in both methods for defining the soundness of coarse aggregates. A maximum of 12

percent loss is required in both; however, Item P-402 states that sodium sulfate be used, while

UGFS-32 12 20 does not recommend whether sodium sulfate or magnesium sulfate be used

during testing.

Item P-402 provides requirements for the cleanliness of fine aggregates. The plasticity

index cannot be more than 6 and the liquid limit can not be more than 25 when tested in

accordance with ASTM D4318, Liquid Limit, Plastic Limit and Plasticity Index of Soils.
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viscosity beyond specifications, shall contain no harmful ingredients, shall be added in

recommended proportion by approved method and shall be a material approved by the

Department of Transportation in which the project is located.”

In summary, both Item P-402 and UFGS-32 12 20 provide requirements on the shape,

angularity, toughness and soundness of aggregates. Item P-402 also provides requirements for

the cleanliness of fine aggregates. Both also require viscosity-graded asphalt binders; however,

UFGS-32 12 20 also allows penetration-graded asphalt binders. In general, the material

requirements within the two mix design methods are similar. There are, however, some minor

differences in the material requirements.

Selection of Design Aggregate Gradation

Both Item P-402 and UFGS-32 12 20 contain two gradation bands for PFCs. Each has a

gradation band for a ¾ in. (19mm) maximum aggregate size gradation and a ½ in. (12.5mm)

maximum aggregate size gradation band. Tables 8 and 9 present the gradation requirements

contained within Item P-402 and UFGS-32 12 20, respectively. Figures 5 and 6 illustrate the

gradations by maximum aggregate size.

Table 8: Gradation Requirements for Porous Friction Courses - Item P-402
Sieve, mm ¾ in. (19.0 mm)

maximum
½ in. (12.5 mm)

maximum
19.0 (¾ in.) 100
12.5 (½ in.) 70-90 100
9.5 (3/8 in.) 40-65 85-95
4.75 (No. 4) 15-25 30-45
2.36 (No. 8) 8-15 20-30
1.18 (No. 30) 5-9 9-17
0.075 (No. 200) 1-5 2-7
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Table 9: Gradation Requirements for Porous Friction Courses - UFGS-32 12 20
Percent Passing by Weight of Total Aggregates

Sieve Designation
(mm)

Gradation “A” ¾ in. Maximum
(Compacted Nominal Thickness, 1 in.)

Gradation “B” ½ in. Maximum
(Compacted Nominal Thickness, ¾ in.)

19.0 (¾ in.) 100 100
12.5 (½ in.) 70-100 100
9.5 (3/8 in.) 45-75 80-100
4.75 (No. 4) 25-40 25-40
2.36 (No. 8) 10-20 10-20
1.18 (No. 30) 3-10 3-10
0.075 (No. 200) 0-5 0-5

Tables 8 and 9 and Figures 5 and 6 show that there are minor differences in the gradation

requirements between the two methods. For ¾ in. maximum aggregate size gradations, the Item

P-402 gradation requirements tend to be coarser within the larger aggregate fraction and the two

are somewhat similar in the finer fraction. For ½ in. maximum aggregate size gradations, the

UFGS-32 12 20 gradation requirement tends to be coarser throughout the entire range of

aggregate sizes.
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Evaluation of Moisture Susceptibility

Item P-402 does not require testing of the designed mixture for moisture susceptibility;

however, UFGS-32 12 20 requires at least 95 percent retained coating. No test method is

provided within UFGS-32 120 20 for the percent retained coating. Based upon work by

Anderton (21), ASTM D1664, Test Method for Coating and Stripping of Bitumen-Aggregate

Mixtures, is used to determine the percent retained coating. The test method begins by coating

the aggregates with asphalt binder. After coating, the mixture is allowed to cool to room

temperature. Next, the mixture is covered with distilled water at room temperature and allowed

to sit for 16 to 18 hours. After this time period, the water covered sample is illuminated by a

shaded lamp and a visual observation is made of the aggregate surface area that remains coated

with asphalt binder. The test results are then reported as the percent aggregates with retained

coating. Anderton (25) indicates that this test identifies those mixes with extremely serious

stripping potential. Unfortunately, this test method was withdrawn by ASTM without

replacement in 1992.

DESIGN OF OGFCS USED FOR HIGHWAYS

Within the highway industry, open-graded friction course (OGFC) is a generic term to

describe a specialty type HMA. The term was coined because of the large fraction of coarse

aggregate and low percentages of mineral filler which created an open aggregate structure. In

actuality, there are a number of OGFC types that are used for highways. The primary difference

between the different OGFC types is the intended function of the mixture as a pavement layer.

Some OGFC mixtures are designed specifically to remove large amounts of water from the

pavement surface during rain events. This is accomplished by specifying very coarse aggregate
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gradations and air void contents above 18 percent during mix design. Another type of OGFC is

specifically designed to reduce tire-pavement noise on urban highways. These OGFC types

generally have small maximum aggregate size gradations (though still open) and incorporate

high percentages of crumb-rubber modified asphalt binders. Air void contents within these

OGFC types are generally in the 12 to 15 percent range. Another type OGFC is one that was

recommended by the Federal Highway Administration (FHWA) approximately 20 years ago.

This type of OGFC also contains an open aggregate grading but air void contents are generally

around 15 percent. These types of OGFC were recommended specifically to improve frictional

properties. It should be stated, however, that all three OGFC types discussed above provide high

levels of macrotexture and, therefore, provide improved frictional properties compared to dense-

graded HMA layers.

The specific type of OGFC used by a highway agency is generally a direct response to

the performance issues that the agency faces. For instance, the Georgia Department of

Transportation utilizes an OGFC that is specifically designed to remove large volumes of water

from the pavement surface. This is in response to the large amount of rainfall that can be

encountered within the southeast US. These OGFC types also allow water to drain through the

layer over multiple lanes of traffic. Conversely, the Arizona Department of Transportation

utilizes the small maximum aggregate size gradation OGFC with crumb-rubber modified asphalt

binder near Phoenix. This is in direct response to high traffic noise levels as this OGFC type has

been shown to reduce tire/pavement noise.

The following sections describe the design of OGFC mixes for highway pavements.

Unfortunately, a number of the mix design methods used for highway pavements are recipe
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methods. Therefore, the discussions are more general than the discussion on the two airfield

PFC mix design methods.

Material Properties

Aggregates used in OGFC mixtures should be tough enough to resist degradation due to

environmental effects and loading conditions and should provide frictional characteristics

sufficient to resist polishing of the aggregate surface. The 1990 FHWA Technical Advisory (26)

recommended that the coarse aggregate fraction be 100 percent crushed material. However, it is

recommended that the coarse aggregate fraction, defined as the percent retained on the 2.36 mm

(No. 8) sieve, have at least 75 percent of the particles, by mass, with at least two fractured faces

and 90 percent with one or more fractured faces. While several agencies in the United States

require 100 percent quarried material, virtually all European agencies require quarried aggregates

be used in OGFCs. South Africa does make provisions for gravel on low volume routes by

requiring only 90 percent with two or more fractured faces (27).

The Los Angeles Abrasion test is typically used to determine aggregate toughness.

However, there is a wide range in permissible values. British specifications limit the Los Angeles

Abrasion loss to a maximum of 12 percent. Other countries in Europe and South Africa have

similar requirements with a maximum abrasion loss of 25 percent (27). In contrast, the 1990

FHWA Technical Advisory recommended a maximum abrasion loss of 40 percent (26). It is

most likely that agencies have set specification limits dependent on the best quality of locally

available aggregates.

One of the most significant changes in production of OGFC mixtures has been the trend

toward use of polymer-modified asphalt in order to reduce binder draindown and improve
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resistance to raveling. National Cooperative Highway Research Program (NCHRP) Synthesis

180 (28) published in 1992 barely mentioned the use of modified asphalt within OGFCs.

However, after the European Asphalt Study Tour in 1990, it was learned that the use of fiber and

polymer-modified binders were significantly improving the performance of SMA and OGFC

mixtures in Europe. NCHRP Synthesis 284 (27) completed in 2000 showed that in the period

from 1992 to 2000 there was more widespread usage of both fiber stabilizers and polymer-

modified asphalt in OGFCs.

Selection of Design Aggregate Gradation

There are typically four aggregate gradations that have been used for OGFC mixtures for

highway construction (Table 10). The 12.5 mm (1/2 inch) maximum aggregate size gradation

shown in Table 10 was recommended in a FHWA 1974 report (29) and in a subsequent 1990

Technical Advisory (22). This open-graded mixture provided benefits such as reduced

hydroplaning, increased surface friction, and reduced noise pollution. As traffic volumes grew

and roadways became wider, there was a movement toward coarser OGFC mixtures to increase

water drainage capacity across multiple lanes of traffic. This led to adoption of the porous

European mixtures such as the 19 mm (3/4 inch) maximum aggregate size OGFC shown in

Table 10. These mixtures are typically used on roadways with high traffic volumes and high

speeds such as interstate-type routes. Both Georgia and Alabama, for example, use a coarse

OGFC mixture as the final wearing surface layer on all their flexible pavement interstate

projects. Oregon is the only state agency to use the 25 mm (1 inch) maximum aggregate size

OGFC mixture on a regular basis. The final gradation shown within Table 10 is for a 9.5mm (3/8

in.) maximum aggregate size. This type of mixture is routinely used in the southwestern portion
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of the US and generally utilizes asphalt binder modified with crumb rubber. This OGFC type is

specifically used to improve frictional properties and reduce tire/pavement noise.

Table 10: Typical OGFC Gradations for Highway Construction Based on Maximum
Aggregate Size (Percent by Mass)

Grading Requirements % Passing

Sieve Size, mm
9.5 mm (3/8”)

OGFC
12.5 mm

(1/2”) OGFC
19 mm (3/4”)

OGFC
25 mm (1”)

OGFC
25 (1”) 100

19 (3/4”) 100 85-100
12.5 (1/2”) 100 80-100 55-70
9.5 (3/8”) 100 95-100 35-60 10-24

4.75 (No. 4) 35-55 30-50 10-25 ---
2.36 (No. 8) 9-14 5-15 5-10 ---

0.075 (No. 200) 0-2.5 2-5 1-4 1-6

Selection of Optimum Asphalt Binder Content

Selection of optimum asphalt binder content varies greatly based on the agency

specifying the OGFC. Some agencies simply utilize a recipe method for selecting optimum

asphalt binder content. These recipes are based upon local materials and experience and,

therefore, are not presented. Local experiences are not suitable for developing a specification

that may be used throughout the country and/or world. Other agencies do have formalized mix

design methods that are summarized herein.

As discussed previously during the selection of optimum asphalt binder content for

airfield applications, some OGFC mix design procedures utilize the CKE method of estimating

optimum asphalt binder content. When the CKE method is used, the majority of agencies will

also include an additional step to evaluate the draindown potential of the designed mix.

Draindown is a term related to a construction problem and is used to describe when asphalt

binder drains from the coarse aggregate structure during storage and/or transportation. When

draindown occurs, fat spots occur on the pavement surface. These fat spots are areas where the
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asphalt binder content is high and can result in a pavement surface with poor frictional

characteristics. Conversely, there will also be areas with low asphalt binder contents that will be

prone to raveling. The most common draindown potential test used with the CKE method of

selecting optimum asphalt binder content is the “pie-plate” method. This method entails placing

loose OGFC mixture into a pie plate. The mix and pie plate are then placed into an oven at a

specified temperature. After a specified time period, the loose mixture and pie plate are removed

from the oven. Draindown potential is evaluated by the amount of asphalt binder that drains

from the aggregate structure and adheres to the pie plate. The estimated optimum asphalt binder

content is then modified based upon results of the draindown testing. If draindown potential is

high, the optimum asphalt binder content is lowered, or the mixture is redesigned.

The most performance based mix design method currently used for highway OGFCs was

developed by NCAT in 2000 (30). This mix design procedure is for an OGFC that has been

called “new-generation” open-graded friction course which is an OGFC specifically designed to

remove large volumes of water from the pavement surface. Selection of optimum asphalt binder

content is based upon the results of laboratory performance tests.

Within the NCAT recommended mix design method, the selected design gradation is

combined with asphalt binder at three binder contents, in increments of 0.5 percent. A draindown

test is conducted for each asphalt binder content on loose mix at a temperature 15°C higher than

anticipated production temperature. The draindown test is different than the pie-plate method

described above. Loose mix is placed within a wire basket. The wire basket and loose mixture

are placed into a forced draft oven for one hour. Underneath the wire basket, a plate or container

is placed. At the conclusion of the test, the amount of asphalt binder that drains from the loose

mixture through the wire mesh basket onto the plate/container is measured. Draindown is
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expressed as the percentage of asphalt binder draining from the loose mixture based on the

original total mass of the sample. Mixture at the three asphalt binder contents is also compacted

using 50 gyrations of a Superpave gyratory compactor to evaluate air void contents. The

Cantabro Abrasion test is also conducted on laboratory compacted samples using unaged and

aged (7 days @ 60°C) samples in order to evaluate durability. The Cantabro Abrasion test is

conducted by placing a single compacted sample of OGFC into a Los Angeles Abrasion drum

without the charge of steel spheres. The drum is then rotated 300 revolutions at room

temperature. At the conclusion of the 300 revolutions, the sample is removed and the abrasion

loss is reported as the percent material lost during the test based upon the original mass of the

sample. Optimum asphalt binder content is one that meets all of the following criteria.

1. Air Voids. A minimum of 18 percent is acceptable, although higher values are more

desirable. The higher the air voids are the more permeable the OGFC.

2. Abrasion Loss on Unaged Specimens. The abrasion loss from the Cantabro test should

not exceed 20 percent.

3. Abrasion Loss on Aged Specimens. The abrasion loss from the Cantabro test should not

exceed 30 percent.

4. Draindown. The maximum permissible draindown should not exceed 0.3 percent by total

mixture mass.

Evaluation of Moisture Susceptibility

There are two tests that are prevalent for evaluating the moisture susceptibility of OGFC

mixtures. The first is using the tensile strength ratio concept. Within this method, samples of

OGFC are compacted in the laboratory. A subset of the samples is subjected to moisture
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conditioning. Several mix design methods include at least one freeze/thaw cycle within the

conditioning process. Mallick et al (30) recommended five freeze/thaw cycles for conditioning

specimens. After conditioning one subset of samples, the indirect tensile test is conducted on

both the conditioned subset and the unconditioned subset. Tensile strength ratios are then

developed by dividing the tensile strength of the conditioned subset by the unconditioned subset.

The other prevalent method for evaluating moisture damage is the boil method. This

method entails boiling loose OGFC mixture in water. After the prescribed time, the loose

mixture is visually evaluated to determine the percentage of aggregates in which the asphalt

binder has separated from the aggregates.

POTENTIAL IMPROVEMENTS TO MIX DESIGN FOR AIRFIELD PAVEMENTS

In order to make recommendations for improving the design of PFC mixes for airfields,

some discussion is needed to describe the desirable properties for PFC pavement layers.

According to AC 150/5320-12C, Measurement, Construction, and Maintenance of Skid-

Resistant Airport Pavement Surfaces, PFC pavements are one method for improving runway

pavement skid resistance and mitigating hydroplaning. Therefore, the desirable properties of a

PFC for airfield applications are a wearing layer that provides high frictional resistance and

minimizes the potential for hydroplaning without increasing the potential for FOD. Porous

friction course pavements are not utilized on airport runways with over 91 turbojet arrivals per

runway end per day. Since some larger aircraft will operate on the PFC, the mixture should also

have sufficient shear strength to resist any permanent deformation or gouging (due to locked-

wheel turning or braking traffic). As discussed in Chapter 2, one of the perceived disadvantages
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of PFCs is the occurrence of raveling; therefore, PFCs, should also be durable with low potential

for raveling.

Improved frictional properties can be achieved by focusing on two characteristics of PFC

pavements. First, an open-grading is needed within the aggregate gradation so that the PFC will

have a significant amount of macrotexture. Macrotexture is directly related to the shape, size,

angularity, density, distribution and arrangement of aggregates within the pavement surface (5).

Many research studies have shown that the open gradations associated with PFC mixes provide a

significant amount of macrotexture. However, the amount of macrotexture can be altered by the

proportion of coarse aggregates within the gradation. As the fraction of coarse aggregate

increases (or, the gradation become more single-sized), macrotexture increases. As shown in

Tables 8, 9, and 10, there are a number of gradations that can be used for PFCs (or OGFCs).

Each of these gradation requirements will provide a significant amount of macrotexture

compared to dense-graded HMA. The second characteristic is proper selection of aggregates.

Aggregates with a significant amount of microtexture and polish resistance that are not

susceptible to polishing should be selected.

Hydroplaning occurs when a layer of water builds up between a tire and the pavement

surface breaking the contact between the tire and pavement surface (12). When this occurs,

friction is lost. Hydroplaning can be combated in one of two ways. The first method is to

remove water from the pavement surface such that there is no layer of water that can break the

contact between the tire and pavement surface. This can be easily accomplished using PFCs as

these mixes are generally designed to have a high percentage of air voids. The high percentage of

air voids within a PFC layer increases the potential for these air voids to become interconnected.

Interconnected air voids provide pathways for water to infiltrate into the PFC layer. Water that
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infiltrates into a PFC is not available for creating a water layer to allow a break in contact

between tires and the pavement surface. However, the water that infiltrates into the OGFC layer

must be transported to the pavement edge and discharged from the layer.

The second method of mitigating hydroplaning is to provide a significant amount of

macrotexture within the pavement surface (5). Significant macrotexture provides channels at the

pavement surface for water pooled on the surface to be displaced due to the pressure created by

aircraft tires passing over the pavement surface. A significant amount of macrotexture may

reduce the potential for hydroplaning sufficiently so that a significant amount of permeability is

not required (though some permeability would be beneficial).

Another characteristic that is important to PFC layers is that the mixture should have

enough shear strength to resist the actions of turning or braking aircraft. As larger aircraft turn or

brake, very large shear stresses are developed between the tire and pavement surface. If the

shear stresses created are larger than the shear strength, particles will become dislodged creating

FOD. Therefore, high shear strengths are needed for PFC mixtures.

The final characteristic that is important for PFC is durability. Many of the interviews

conducted with the airfield pavement engineers cited raveling as a problem with PFCs.

Therefore, any potential improvements should attempt to make PFCs more durable.

Based upon the above discussion, PFCs used for airfield applications must provide a

significant amount of macrotexture, have sufficient shear strength and be durable.

Recommendations for improvements to the design of PFC mixtures must maximize these

qualities without increasing the potential for FOD.
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Similar to the discussion on the design of PFCs, the potential areas for improvements will

be divided by the steps in designing PFCs. The following paragraphs describe potential

improvements for the design of porous friction courses.

Materials Selection

As stated previously, materials needing selection include coarse aggregates, fine

aggregates, mineral fillers, asphalt binders and additives. Porous friction courses can be

considered a specialty type HMA because they contain an open aggregate grading having a large

percentage of coarse aggregate and a low percentage of fine aggregate and minimal mineral

filler. Therefore, the performance of PFCs is directly related to the characteristics of the

aggregates, especially coarse aggregates. Because of the open aggregate grading, the coarse

aggregates tend to be in contact with each other within the layer. This contact of the aggregates

is generally termed stone-on-stone contact when designing SMA and has applicability to PFCs.

There are five primary aggregate characteristics that are important to the performance of

any HMA, including PFCs: angularity, shape, toughness, abrasion resistance, soundness and

cleanliness. Table 11 summarizes the current aggregate tests for PFCs used on airfields.
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Table 11: Summary of Current Aggregate Tests for Porous Friction Courses
P-402 UFGS-32 12 20

Characteristic
Coarse
Aggregate

Fine
Aggregate

Coarse
Aggregate

Fine
Aggregate*

Angularity
Fractured Faces

---
Fractured Faces Fractured

Faces

Shape
Flat or
Elongated

---
Flat and
Elongated

---

Toughness LA Abrasion --- LA Abrasion LA Abrasion

Soundness
Sodium Sulfate
Soundness ---

Magnesium
Sulfate
Soundness

---

Cleanliness ---
Plasticity
Index &
Liquid Limit

--- ---

*Must consist of clean, sound, durable, angular particles produced by crushing aggregates
meeting coarse aggregate requirements.

Kandhal (15) has stated that the aggregate requirements for open-graded friction courses

should be similar to those of SMA. This recommendation is appropriate because the coarse

aggregates must be adequately strong (tough) to carry the loads of traffic (operations) since both

mix types essentially achieve their stability through stone-on-stone contact. Likewise, the

aggregates must be angular with the proper shape to provide a stable layer. Tables 12 and 13

provide current aggregate requirements for SMA mixes. These requirements are listed in

AASHTO MP-8, Standard Specification for Designing Stone Matrix Asphalt (SMA).
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Table 12: Coarse Aggregate Quality Requirements for SMA

Test Method Spec
Minimum

Spec
Maximum

Los Angeles (LA) Abrasion
percent loss

AASHTO T96 30a

Flat and Elongated, percentb 3 to 1 ASTM D4791 20
5 to 1 ASTM D4791 5

Absorption, percent AASHTO T85 2.0
Soundness (5 cycles), percent AASHTO T104

Sodium Sulfate, or 15
Magnesium Sulfate 20

Crushed Content, percent ASTM D5821
One Face 100
Two Face 90

a Aggregates with higher LA Abrasion values have been used successfully to produce SMA mixes. However, when
the LA Abrasion exceeds 30, excessive breakdown may occur in the laboratory compaction process or during in-
place compaction.
b Flat and Elongated criteria apply to the design aggregate blend, not individual stockpiles.
c Sodium Sulfate or Magnesium Sulfate may be used. It is not a requirement to perform both methods.

Table 13: Fine Aggregate Quality Requirements for SMA

Test Method Spec
Minimum

Spec
Maximum

Soundnessa (5 Cycles), Percentb AASHTO T104
Sodium Sulfate, or 15
Magnesium Sulfate 20

Liquid Limit, percent AASHTO T89 25
Plasticity Index, percent AASHTO T90 Non-plastic

a Fine Aggregate Quality Requirements may be performed on the parent coarse aggregate.
b Sodium Sulfate or Magnesium Sulfate may be used. It is not a requirement to perform both methods.

Tables 12 and 13 show that the test methods used to measure the characteristics of the

aggregates for SMA are generally similar to those currently provided in Item P-402 and UFGS-

32 12 20 for PFCs. Angularity is defined as the percent fractured faces, particle shape is defined

as the percent flat and elongated, toughness is defined as the percent loss in the Los Angeles

Abrasion, soundness is defined as sulfate or magnesium soundness and cleanliness is defined as

liquid limit and plasticity index. There are, however, some differences in the specification limits.

Most notably, the angularity requirements for SMA are higher than those contained within Item

P-402 and UFGS-32 12 20. For SMA, the minimum percentage of coarse aggregate particles
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with two or more fractured faces is 90 percent compared to the 75 percent minimum required for

airfield PFCs. Because the stability of PFCs is derived from inter-particle contact, the higher

percentage of particles with two or more fractured faces will provide a more stable layer. This

requirement should be irrespective of the size aircraft using the airfield.

The literature states that the fractured face test as defined by ASTM D5821, Determining

the Percentage of Fractured Particles in Coarse Aggregate, is relatively variable. Prowell (31)

indicates that the acceptable range between two properly conducted tests by two well-trained

operators would be 14.7 percent according to the test method’s precision statement. This

variability is likely similar when using the definition of a fractured face with Item P-402 and

UFGS-32 12 20. An alternative test for measuring the angularity of coarse aggregates is

AASHTO T326, Method A, Uncompacted Void Content of Coarse Aggregate (As Influenced by

Particle Shape, Surface Texture and Grading). This test method has been recommended over the

fractured face count test in two recent large research projects conducted for highway HMA (32,

33). Also, Ahlrich (34) recommended this test for heavy duty airfield HMA. To conduct this

test, a standard coarse aggregate grading is allowed to fall freely into a cylinder of known

volume. Using the bulk specific gravity of the aggregate, the percentage of voids between the

coarse aggregate particles is determined. The percentage of voids provides an indication of the

aggregate’s angularity, shape and surface texture. As the percent voids increase, the angularity,

shape and surface texture improve. This test method would be an improvement over the

fractured face count test.

The percent loss from the Los Angeles Abrasion test shown in Table 12 (30 percent) is

identical to that within Item P-402. However, UFGS-32 12 20 has a suggested maximum limit

of 25 percent. From a performance standpoint, there should not be any difference in
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performance whether the maximum Los Angeles Abrasion Loss requirement is 25 or 30 percent;

therefore, a requirement of 30 percent loss is appropriate for PFCs. One note that the SMA

specifications contain that is likely warranted is shown under Table 12. This note states,

“Aggregates with higher Los Angeles Abrasion values have been successfully used…” A caveat

of this nature is similarly contained within UFGS-32 12 20 which states the “… Los Angeles

Abrasion test is used in excluding aggregates known to be unsatisfactory or for evaluating

aggregates from new sources...Aggregates in the area that have been previously approved or that

have a satisfactory service record…” Experiences of the research team also suggest that some

aggregates having a Los Angeles Abrasion loss of more than 30 percent have performed

satisfactory in both PFCs and SMA. Therefore, the note contained within Table 12 and UFGS-

32 12 20 is warranted.

Another slight difference from the airfield specifications in the coarse aggregate

requirements presented in Table 12 is that both the sodium and magnesium sulfate soundness

tests are allowed for SMA. Recall that Item P-402 requires sodium sulfate and UFGS-32 12 20

allows both. Of the two sulfates that can be used, the magnesium sulfate is the harsher material

when conducting soundness testing. Therefore, higher percentages of loss would be expected

when using magnesium sulfate. However, the percentage of loss requirement is the same in

UFGS-32 12 20 no matter which sulfate solution is used. It is likely best to provide

recommended limits for both sodium and magnesium sulfate soundness results. This is

especially true since sodium and/or magnesium sulfate is specified by most highway agencies.

Therefore, aggregate suppliers will have test results for one or the other, and sometimes both. As

for the maximum percentage of loss, a maximum of 12 percent using sodium sulfate soundness

and 15 percent using magnesium sulfate soundness appear appropriate.
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Requirements for particle shape within the SMA specifications are for flat and elongated.

This is identical to UFGS-32 12 20 but differs from Item P-402 where the flat or elongated

particles test is specified. Recently completed research conducted through NCHRP (32, 33) has

indicated that particle shape as measured by the flat or elongated definition is a better predictor

of pavement performance. Therefore, flat or elongated should be included within the aggregate

requirements for PFCs. The next question is which ratio should be used. Item P-402 and UFGS-

32 12 20 both recommend 5:1; however, the requirements for SMA require 3:1 and 5:1.

Additionally, the previously mentioned NCHRP research projects (32, 33) both recommended a

2:1 ratio. The 2:1 ratio was recommended because it had a significant relationship with

performance while other ratios of flat or elongated and none of the ratios for flat and elongated

provided adequate relationships with pavement performance. Therefore, a ratio of 2:1 for flat or

elongated particles is warranted for PFCs. According to research (33), a maximum limit of 50

percent flat or elongated particles at a 2:1 ratio should be utilized.

A requirement included for SMA that is not contained within either Item P-402 or UFGS-

32 12 20 is that of limiting aggregate absorption to 2 percent. This requirement is included for

SMA to ensure that a significant amount of asphalt binder is not absorbed into the aggregates.

Asphalt absorbed into the pores of the aggregates does not enhance the durability of a mixture.

While the intent of this requirement is valid, the absorption characteristics of the aggregates can

be taken into account during the design of the PFC mixtures. The mixture can be aged in a

forced draft oven during the mix design stage to simulate the aging that occurs to the asphalt

binder and the amount of asphalt binder absorption that takes place during production and

construction. Inclusion of a note that describes how to address absorptive aggregates may be a

better method than limiting absorption.
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Similar to Item P-402, the cleanliness of fine aggregates is addressed through the use of

liquid limit and plasticity index within the current requirements for SMA. UFGS-32 12 20 does

not currently have a requirement for the cleanliness of fine aggregates. Another test that could

be used to evaluate the cleanliness of the fine aggregate blend is the Sand Equivalency test as

defined in ASTM D2419, Standard Test Method for Sand Equivalent Value of Soils and Fine

Aggregate. Conducting this test on the aggregate blend would identify potentially harmful fines

that are included within the aggregate stockpiles (e.g., clay coatings on gravel aggregates).

One characteristic of the fine aggregate fraction not directly required within the Item P-

402 is that of angularity. Angularity of the fine aggregates is addressed within UFGS-32 12 20

using fractured faces. However, this test is difficult to conduct on fine aggregates. Both airfield

PFC mix design methods require the fine aggregates to be crushed byproducts of coarse

aggregates; however, both allow some natural sands. A test to evaluate the angularity

characteristics of the fine aggregate fraction of the aggregate blend should be included. Table 13

shows that for SMA, the uncompacted voids in fine aggregates as defined by Method A of

AASHTO T304, Standard Test Method for Uncompacted Void Content of Fine Aggregate (As

Influenced by Particle Shape, Surface Texture and Grading), is used to ensure angular fine

aggregates. This test method should be included for PFCs. It is currently included within Item

P-401 and UGFS-32 12 15 for the design of dense-graded HMA.

The next material requiring selection is the asphalt binder. Current requirements within

Item P-402 are for a viscosity-graded asphalt binder while UFGS-32 12 20 allows both viscosity-

and penetration-graded binders. An improvement in the selection of asphalt binders would be to

require asphalt binders graded in accordance with the Superpave Performance Grading (PG)

system. The Superpave PG system is provided in AASHTO M320, Standard Specification for
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pressure aging vessel (PAV) is conducted within the Superpave PG system to simulate the

amount of aging that occurs after several years of in-place service (35).

Fatigue
CrackingRutting

RTFO
Short Term AgingNo aging

Construction

[RV] [DSR]

Low Temp
Cracking

[BBR]

PAV
Long Term Aging

Fatigue
CrackingRutting

RTFO
Short Term Aging

RTFO
Short Term AgingNo agingNo aging

Construction

[RV] [DSR]

Low Temp
Cracking

[BBR]

PAV
Long Term Aging

PAV
Long Term Aging

Figure 7: Superpave Binder Tests

As shown in Figure 7, a rotational viscometer (RV) is used to characterize asphalt binders

at the time of construction. This test is included to ensure that asphalt binders can be pumped at

typical production facility temperatures (35). Rotational viscometer testing is conducted on

unaged samples of asphalt binder.

Permanent deformation occurs at high temperatures. Additionally, permanent

deformation generally occurs within the first few years of service before the asphalt binder

stiffens due to aging. Therefore, the contribution of asphalt binder to the stability of a pavement
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The above discussion shows that the Superpave PG system is an improvement over the

currently specified viscosity- and penetration-grading methods. This is based on the fact that the

Superpave PG system utilizes testing at high, intermediate and low temperatures, utilizes test

methods that measure a wide range of physical properties, and includes aging techniques that

more accurately reflect the amount of oxidative stiffening that occurs during the life of the

asphalt binder. The next question that must be asked is “What are the desirable properties of

asphalt binders used in porous friction courses?”

When open-graded friction courses were first developed in the 1930’s, neat (unmodified)

asphalt binders were utilized. In 1992, Anderton (25) stated that the use of PFCs had not been

widespread within the US because of concerns over the lack of durability of these mix types.

Problems that were encountered in the past with PFCs include raveling, stripping and

delamination (15, 36). Additionally, in most instances, these problems tended to accelerate

quickly requiring immediate maintenance or complete removal (27).

Many of the past problems with PFCs can be traced to the selection of the asphalt binder.

As discussed previously, PFCs have an open aggregate grading with a relatively low percentage

of material passing the 0.075mm (No. 200) sieve. Because of the open grading, there is very

little surface area of the aggregate which results in a relatively thick asphalt binder film coating

the aggregates. At typical production/construction temperatures, the heavy film of asphalt binder

had a propensity to drain from the aggregate skeleton (27). Because of the draindown issues, a

typical remedy was to reduce mixing and compaction temperatures (15). This reduction in

temperature increased the viscosity of the asphalt binder which assisted in preventing the binder

from draining from the aggregates. However, the reduction in temperature also led to the

durability problems listed above. First, because the production temperature of the PFC was
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reduced, all of the internal moisture within the aggregates was not removed during production.

Moisture remaining within the aggregates after production led to stripping of the asphalt binder

film from the aggregates which resulted in the increased occurrence of raveling (26).

Additionally, the reduced temperatures prevented the new PFC from properly bonding with the

tack coat placed on the underlying layer. This lack of an adequate bond led to delamination

problems (15).

Though the problems described above are not directly related to the fundamental

properties of the asphalt binder, they were related to the viscous component of the asphalt binder.

In a 1998 survey of state highway agencies, Kandhal and Mallick (36) stated that many of the

highway agencies which had experienced good performance with PFCs were utilizing modified

asphalt binders and relatively high asphalt binder contents (by using fibers and/or relatively open

gradations). Based upon the discussions provided on the past problems with PFCs, the use of

modified asphalt binders makes sense. First, the increased viscosity of the asphalt binder helps

to hold the asphalt binder on the coarse aggregate structure reducing the potential for draindown.

When combined with the proper use of fibers, modified asphalt binders have basically eliminated

draindown potential. Without the potential for draindown, production temperatures do not have

to be lowered.

The benefits of modified asphalt binders are not limited to helping prevent draindown. A

series of reports and papers from NCAT (30,37,38) have shown that the use of modified asphalt

binders that provide high stiffness at typical in-service pavement temperature helps provide

increased durability. Anderton (25) has also showed that the addition of reclaimed rubber

particles to the asphalt binder (i.e., increased viscosity) improved the performance of PFCs.
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As alluded to above, one additive routinely added to PFCs used for highways is fibers.

Fibers are added to these open-graded mixes to reduce draindown potential. Figure 8 illustrates

the effect of fiber addition on draindown potential. Data used to create Figure 8 is from a

research project being conducted by the NCAT and was previously published by Watson et al

(38) in a slightly different form. Figure 8 clearly shows that the addition of fiber significantly

reduces draindown potential. Also, the addition of modified binders and fibers allows for an

increase in asphalt binder content which improves durability. Figure 9 illustrates the results of

laboratory durability testing at two different asphalt binder contents. Data used to create Figure

9 also comes from Watson et al (38) and is presented here in a slightly different form. The

laboratory durability testing depicted in Figure 9 is the Cantabro Abrasion Test.
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Effect of Binder Type/Fiber on Durability
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Figure 9: Effect of Asphalt Binder Type on Cantabro Abrasion Loss (38)

Figure 9 clearly illustrates two important points. First, as the asphalt binder content

increases, the abrasion loss decreases signifying an increase in durability. Secondly, the addition

of modified binders and fibers also decreased abrasion loss. Therefore, inclusion of fibers as an

additive would be beneficial for PFCs. Fibers would allow for increased asphalt binder contents

which, when combined with the use of modified binders, would improve durability.

Other additives added to PFCs generally relate to anti-stripping agents. Both liquid and

solid (lime) anti-stripping agents have been used with success. Local experience will likely

dictate which form of anti-stripping agent is used.

Selection of Design Gradation

As stated previously, the purpose of PFCs is to improve the frictional characteristics of a

pavement surface. Desirable properties of PFC surfaces include high levels of macrotexture,
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high air void contents (for permeability) and shear strength. Macrotexture is provided by the

gradation of the mixture; therefore, to provide a significant amount of macrotexture it would be

desirable to provide a very coarse gradation. An added benefit of very coarse PFC gradations is

that these gradations also result in a large number of interconnected air voids that allows water to

drain from the pavement surface. Conversely, mixtures having a very coarse gradation will

likely have minimal shear strength. Some amount of fine aggregate and filler is needed to

provide shear strength. Therefore, the ideal gradations for PFC used on airfields have to balance

the need for macrotexture/permeability and shear strength.

Research has shown that there are two predominant methods for increasing the

macrotexture of asphalt pavement surfaces. The first method is to move the gradation away from

the maximum density line (39). As gradations become coarser, more surface texture is created.

The other method of increasing the macrotexture of asphalt pavement surfaces is to increase the

maximum aggregate size of the surface mixture. Based upon these two properties, desirable PFC

gradations to improve macrotexture would be coarse with relatively large maximum aggregate

sizes. An additional benefit of large maximum aggregate size gradations that are very coarse is

that these gradation types promote the drainage of water through the layer as would be desired in

PFCs.

One of the past problems associated with PFCs is that of raveling. This was especially

true when turning or braking traffic passes over PFCs. Because of the very coarse gradation and

low filler content, PFC mixes have relatively low shear strength compared to dense-graded

HMA. The ability of PFCs to withstand the turning and braking effects of aircraft is more related

to the properties of the asphalt binder because of the lack of internal shear strength. One method

of improving the shear strength of PFC mixes would be to ensure some amount of filler within
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the gradation requirements. The addition of some filler will provide some mortar (combination

of filler and asphalt binder) to increase shear strength. The addition of filler must be balanced,

however, with the desired ability of PFCs to drain water.

Based upon the above discussion, two gradation bands for PFCs were developed. The

two gradation bands have the same maximum aggregate sizes as currently included within Item

P-402 and UFGS-32 12 20. The recommended gradation bands, illustrated in Figures 10 and 11

and provided in Table 14, are a compromise between the Item P-402 and UGFS-32 12 20

gradation requirements while considering the desirable properties of PFCs described previously.

For the ¾ in. (19.0 mm) maximum aggregate size gradation band, the recommended limits

roughly follow the P-402 requirements on the coarse side and pass between the Item P-402 and

UFGS-32 12 20 requirements on the fine side. One difference between the recommended ¾ in.

(19.0 mm) maximum aggregate size requirements and the two current airfield requirements is

that the minimum filler content was increased to 2 percent. This was done to include slightly

more filler in an effort to improve shear strength.

For the ½ in. (12.5 mm) maximum aggregate size gradation (Figure 11), the

recommended limits closely follow the UFGS-32 12 20 requirements on the coarse side and

again between the two airfield specifications on the fine side. Filler content was again set

between 2 and 5 percent. This upper limit of 5 percent is slightly less than the Item P-402

requirements. Too much filler can reduce the permeability of the PFC layer in the field.
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Since setting a maximum asphalt binder content would be to minimize the potential for

draindown, a laboratory draindown test should be utilized to help select optimum asphalt binder

content. There are a number of draindown tests available, including the draindown basket test

(developed by NCAT), the Schellenberger drainage test, and pie-plate method. The draindown

basket and pie-plate methods were described previously. The Schellenberger method entails

placing loose PFC mix into a glass beaker. The beaker is then placed into an oven at an elevated

temperature for a specified time. The amount of binder that drains from the loose mixture and is

stuck to the sides and bottom of the beaker is then used to calculate the amount of draindown.

Of these three methods, only the draindown basket method currently has a national standard.

The test method is provided in AASHTO T305, Determination of Draindown Characteristics

in Uncompacted Asphalt Mixtures, and ASTM D6390, Standard Test Method for Determination

of Draindown Characteristics in Uncompacted Asphalt Mixtures.

In order to use the draindown test within a mix design method to identify a maximum

asphalt binder content, samples of PFC should be prepared over a range of asphalt binder

contents. At each asphalt binder content the draindown properties should be measured. The

asphalt binder content in which the draindown test result exceeds 0.3 percent would be

considered a maximum optimum asphalt binder content. Testing should be conducted 15°C

above the anticipated production temperature. This temperature was recommended for SMA

(40). Testing at this temperature should provide some factor of safety against draindown.

The literature shows that the predominant test used to evaluate a minimum asphalt binder

content (for durability) is the Cantabro Abrasion Loss test. This test method is used in the

design of OGFC mixtures in the US and Europe. Originally developed in Spain, this test is used

to evaluate durability (41). As shown in Figure 9, results of the Cantabro are influenced by the
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asphalt binder content and the stiffness of the asphalt binder. Porous friction course mixtures

that do not have sufficient asphalt binder coating the aggregates will not perform within the

Cantabro Abrasion Loss test.

Samples used for the Cantabro Abrasion Loss are laboratory compacted samples.

Therefore, the next question is what standard compactive effort should be used for preparing

PFC samples. This question is also important for evaluating air void contents for PFCs. Within

Europe and the US, the predominant compactive effort has been 50 blows per face of the

Marshall hammer. Some agencies have, however, utilized 25 blows (42). One potential problem

with specifying the Marshall hammer is that fewer and fewer contractors and laboratories have

equipment and experience for conducting the Marshall compaction method. Since the early

1990’s, the Superpave gyratory compactor has become the prevalent laboratory compaction

method for HMA in the US. AAPTP Project 04-03, Implementation of Superpave Mix Design

for Airfield Pavements, is currently being conducted because the vast majority of HMA

produced in the US is being designed using the Superpave methods and associated equipment.

Currently, the design of new-generation open-graded friction courses is conducted with

50 gyrations (30) of the Superpave gyration compactor. Samples prepared for Cantabro

Abrasion Loss testing within the design method are also compacted to 50 gyrations.

Additionally, samples prepared to evaluate air void contents are also compacted to 50 gyrations.

This compactive effort is likely applicable to PFCs but may need further evaluation. Based upon

research conducted by Watson et al (37), Cantabro Abrasion testing would be conducted on

unaged samples prepared with the Superpave gyratory compactor. A minimum asphalt binder

content would be defined as the asphalt binder content that resulted in 15 percent loss.
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As stated above, PFCs should have the ability to remove water from the pavement

surface. Therefore, PFCs should have a minimum air void content. Historically, OGFCs were

designed to have a minimum specified air void content of 15 percent (26). The new-generation

OGFCs are designed to have a minimum air void content of 18 percent (30). Since PFCs for

airfield pavements are not specifically designed to remove large volumes of water from the

pavement surface, 15 percent may be more applicable. Additionally, the recommended

gradation bands for PFCs are slightly finer than the new-generation OGFCs and, therefore, 18

percent air voids may not be achievable on a consistent basis.

Optimum asphalt binder content can be selected based upon the draindown and Cantabro

Abrasion loss testing and the minimum air void content of 15 percent. Optimum asphalt binder

content should be at least 0.4 percent below the maximum asphalt content determined form the

draindown testing to account for production variability; yield a minimum of 15 percent air voids

and meet the requirements for Cantabro Abrasion loss.

Another area that would improve the design of PFC is the evaluation of stone-on-stone

contact. This is currently required for new-generation OGFC (30). Evaluation of stone-on-stone

contact is conducted to ensure resistance to permanent deformation. The method for evaluating

stone-on-stone contact would entail first measuring the voids in coarse aggregate of the coarse

aggregate fraction in the dry-rodded condition using AASHTO T19, Unit Weight and Voids in

Aggregates. This testing is conducted on the coarse aggregate fraction of the aggregate blend.

Unlike the current airfield specifications, the coarse aggregate would not be defined by the

fraction retained on the 4.75mm (No.4) sieve; rather, coarse aggregate would be those retained

on a breakpoint sieve (37). The break point sieve is the finest (smallest) sieve to retain 10

percent or more of the aggregate gradation. The next step in evaluating stone-on-stone contact is
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the construction of PFCs. Another valuable reference utilized during the development of

guidelines was the “Hot-Mix Asphalt Paving Handbook (2000)” (43).

PLANT PRODUCTION

Production of PFC at a typical HMA plant encompasses those same procedures that

would ordinarily be performed at the plant to manufacture any HMA mixture. Any HMA

production facility that is capable of producing high quality HMA can produce high quality PFC

(27). This section provides guidance for procedures involving aggregate handling, stabilizing

additives, liquid asphalt, mixing times, and plant calibration along with other issues that require

special attention when compared to conventional HMA production.

Aggregates

As with the construction of any HMA pavement layer, quality begins with proper

aggregate stockpile management. Stockpiles should be built on sloped, clean, stable surfaces

with the different stockpiles kept separated (43). Every effort should be made to maintain a

relatively low moisture content within the aggregate stockpiles. Low moisture contents and low

moisture content variability will allow for easier control of mixing temperature (27).

A PFC mixture must contain a high percentage of coarse aggregate in order to provide

the desired high air void contents and, thus, benefits related to permeability. The high

percentage of coarse aggregate within PFC mixtures also provides the stone-on-stone contact

necessary to provide a stable pavement layer for these high air void content mixes. While it is

typical to blend two or three different aggregate stockpiles in the mixture (coarse aggregate,

immediate aggregate, and fine aggregate), the coarse aggregate (defined as the material retained
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on the break point sieve) is usually a high percentage of the gradation blend (on the order of 75

to 85 percent of the blend). Since the coarse aggregate gradation can have a tremendous effect

on the quality of the PFC mixture produced, it is necessary that the aggregates be carefully

handled and stockpiled. Consideration should be given to feeding the coarse aggregate stockpile

through more than one cold feed bin to provide better control over the production process. Using

more than one cold feed bin for the coarse aggregate will minimize variability in the coarse

aggregate gradation (43).

Liquid Asphalt

Porous friction course mixtures produced meeting the proposed draft mix design method

may require that some type of modifier be used in order to enhance binder properties. The

modifiers typically are combinations of styrene, butadiene, latex rubber, or crumb rubber. These

products may require special blending through a shear mill or extra agitation and time for

dispersion. The blending needed is usually done at an asphalt refinery or terminal. Since the

modifier particles may have a different specific gravity than the binder they are used in, there is

some concern that the modifier particles may separate out over a period of time. This concern

has led some agencies to require additional tests, such as a separation test, be added to the

normal binder testing regimen. Contractors are also required to provide asphalt storage

containers that will provide continuous agitation of the binder in order to avoid any separation of

binder and modifier. Vertical storage tanks (Figure 12) are often used in place of conventional

horizontal tanks because the efficiency of agitation and product circulation may be improved.
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Figure 12: Vertical Asphalt Binder Storage Tanks (Courtesy Heatec, Inc.)

Metering and introduction of asphalt binder into the mixture may be done by any of the

standard methods using a temperature compensating system. It is very important, however, that

the asphalt binder be metered accurately.

Stabilizing Additives

With the high asphalt binder contents and large fraction of coarse aggregate inherent to

PFC mixtures, a stabilizing additive of some type is generally used to hold the asphalt binder

within the coarse aggregate structure during storage, transportation and placement. Draindown

can occur at typical production temperatures if a stabilizing additive is not used. When

draindown occurs during haul and placement it results in flushed spots in the finished pavement.

Eliminating draindown is helped through modifying the asphalt binder and/or the use of fibers.

Some PFC mixtures will require the use of both a fiber and a modified asphalt binder to
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minimize draindown potential and improve durability. Additionally, use of fibers and modified

asphalt binders will allow for higher production temperatures without draindown occurring.

Fibers

Both cellulose and mineral fibers have been used in PFC mixture production. Dosage

rates vary, but typically the rates are 0.3 percent for cellulose and 0.4 percent for mineral fiber,

by total mixture mass (15). Fibers can generally be purchased in two forms, loose and pelletized.

Fibers in a dry, loose state come packaged in plastic bags or in bulk. Fibers can also be

pelletized with the addition of some amount of a binding agent. Asphalt binder and waxy

substances have both been used as binding agents within pelletized fibers. Both fiber types (loose

or pelletized) have been added into batch and drum-mix plants with success.

For batch plant production, loose fibers are sometimes delivered to the plant site in bags.

The bags are usually made from a material which melts easily at typical mixing temperatures

(40). Therefore, the bags can be added directly to the pugmill during each dry mix cycle. When

the bags melt, only the fiber remains. Addition of the bags of fibers can be done by workers on

the pugmill platform. At the appropriate time in every dry mix cycle, the workers add the correct

number of bags to the pugmill. The bags of fiber can be elevated to the pugmill platform by the

use of a conveyor belt. While this method of manual introduction works satisfactorily, it is labor

intensive.

Another method for addition of fibers into a batch plant is by blowing them into the plant

using a machine typically designed and supplied by the fiber manufacturer. The dry, loose fiber

is placed in the hopper of the machine where it is fluffed by large paddles (Figure 13). The

fluffed fiber next enters an auger system which conditions the material to a known density. The
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fiber is then metered by the machine and blown into the pugmill or weigh hopper at the

appropriate time. These machines can meter in the proper amount of fiber by mass or blow in a

known volume (15).

Figure 13: Fiber Pugmill-Type Dispersion System

This fiber blowing method can also be used in a drum-mix plant. The same machine is

used and the fibers are simply blown into the drum. When using this method in a drum mix plant

the fiber introduction line should be placed in the drum within 0.3 to 0.5m (12 to 18 inches)

upstream of the asphalt binder line (15). Figure 14 illustrates a typical fiber injection point

within a drum-mix plant. At least one agency has reported that introduction of the fibers at the

lime injection point (assuming lime is incorporated into the mix) also worked well (42). They

indicated that this allowed the fibers to mix with the aggregates prior to the introduction of

asphalt binder. No matter the method of introduction, it is imperative that fibers be captured by

the asphalt binder before being exposed to the high velocity gases in the drum. If the fiber gets

into the gas stream, they will enter the dust control system of the plant (15).


