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ABSTRACT

This report presents the results of a four-year investigation of
the durability and skid resistance of asphalt pavements in Arkansas.
The study included field and laboratory evaluation of the polish char-
acteristics of the 18 most commonly used mineral aggregates in the
state. Field tests on 34 different pavements sections, totaling
212 miles in length, were performed with the locked-wheel skid trailer
(SN40) and the British Portable Tester (BPT). The British Pendulum
Number (BPN) value was obtained at 60 sites along the study roads.
Texture depth at the BPT sites was measured by the sand patch test
method. Pavement cores were taken at 32 of the BPT sites for polish
and evaluation in the laboratory.

For correlation purposes, the ultimate polish of each study
aggregate was determined with the British Wheel test by the Texas
Highway Department. The Arkansas method of polish was accomplished
on a small-scale circular wear track that was designed and built for
the study. This device (APD) was designed to polish 12 Marshall size
specimens at one time, the geometry of the device permitting the in-
place specimen frictional measurement with the BPT. This laboratory
polishing work included testing aggregates cast in polyester, Marshall
specimens, and pavement cores.

The asphalt mixtures used were designed to conform to the spec-
ifications for the Arkansas Highway Department ACHMSC type 2. Only the
coarse aggregate fraction of the mixtures was varied, the fine ag-
gregate fraction (47%) consisted of 1imestone screenings and a small
amount of river sand. The asphalt mixtures all were evaluated for their
Marshall stability and immersion-compression retained strength (after
vacuum saturation). Each aggregate sample was tested for its resis-
tance to film stripping by the static (140F) and dynamic immersion tests,
and the surface reaction test was used for quantitative measurement of
surface area stripped. The air void content of the compacted asphalt
mixture was found to influence greatly the retained strength as measured
by the immersion-compression test.

The polish tests indicated that when sandstone, novaculite, or syn-
thetic aggregate was used in the asphalt mixtures, the APV after polish
was less than the APV obtained for the pure aggregate. When limestone,
gravel, or syenite aggregate was placed in an asphalt mixture, the
resulting APV was higher than that obtained for the pure aggregate.
Thus, the APV obtained from tests on aggregate specimens did not indi-
cate the actual polish resistance that was obtained when the material
was placed into an asphalt mixture. Laboratory polish tests on pavement
cores indicated that for most cores, a higher APV was indicated than
their Marshall APV. The difference in these polish values was attributed
to the fine aggregate that was used in the actual paving mixture. The
data of this study indicate that the results of the Arkansas APD test
on asphalt mixtures can be used to estimate the minimum SN40 that would
be obtained when the mix is used in a pavement.
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GAINS, FINDINGS, AND CONCLUSIONS

The data obtained from this investigation provide sufficient
information for adequate study and evaluation of the polishing
characteristics of aggregates, asphalt miXtures, and pavement cores.
The Arkansas Polish Value obtained in the laboratory cna be used to
establish the minimum skid number that will be provided by an asphalt
mixture. In conjunction with the minimum desired skid value, SNgg,
specifications can be established for the polish values of asphalt
mixtures or mineral aggregates for use in Arkansas pavements.

The Arkansas Accelerated Polishing Device is an excellent ap-
paratus for polishing test specimens to their minimum friction value.
Therefore, the device and associated test procedures are a valuable
aid in predicting the wearing properties of aggregates and asphalt
mixtures for use in highway pavements.

The polish tests indicate that when sandstone, novaculite, or
synthetic aggregate was used in asphalt mixtures, the polish value
after polishing was less than the value obtained for the pure aggre-
gate. However, when limestone, gravel, or syenite aggregate was
incorporated in an asphalt mixture, the resulting polish value was
higher than that obtained for the pure aggregate. The polish value
obtained from tests on aggregate specimens does not indicate the actual
polish resistance that is obtained when the materials are placed into

a highway pavement.




IMPLEMENTATION STATEMENT

The results of this investigation demonstrate the capability
of evaluating in the Taboratory the ultimate polish value of an ag-
gregate or asphalt mixture in terms of the locked-wheel skid trailer
SN40 value. The minimum desired pavement frictional resistance in
terms of SNjq for Arkansas traffic conditions should be determined
and the results of this investigation should be implemented by
specifying the asphalt mixture components to attain the required skid
resistance.

A1l types and gradations of asphalt mixtures used or to be used
-in Arkansas pa?ements should be evaluated by the Arkansas Accelerated
Polishing Device test procedure as reported herein. The implementa-
tion of this suggested procedure will ensure that the asphalt mixtures
used are the best available and that they will be satisfactory for
the purpose for which they are intended.

The practical application of the results of this investigation
would be enhanced by an evaluation of the relationship between traffic
and the number of revolutions of the Arkansas Accelerated Polishing
Device. The relationship between the hours of laboratory polish and
traffic (total number of wheel passes or AADT) would enable the design
engineer to specify the pavement materials necessary to provide the
skid resistance for that particular highway tréffic. The Arkansas
Accelerated Polishing Device and test procedure then can be used to
pre-evaluate the asphalt mixture proposed for use to ascertain that

the desired long-term skid resistance is provided.
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CHAPTER I
INTRODUCTION

The purposes of this investigation are to measure the rate of
wear of Arkansas aggregates and asphalt mixtures by use of an acceler-
ated polishing machine; to determine the feasibility and economy of
using some locally available aggregates with imported aggregates of
high quality to produce hot-mix asphalt concrete mixtures; and to
improve skid resistance by blending high quality, polish resistant,
coarse aggregates with local, less polish resistant aggregates to
produce hot-mix asphalt concrete pavements. Further, because obtaining
a good skid resistant asphalt pavement has no merit unless the mixture
has sufficient durability to give satisfactory performance, the strip-
ping resistance of the aggregate and asphalt mixtures is evaluated.

The skid resistance of highway pavements is one of the greatest
problems facing today's highway engineers and researchers. The early
detection of low skid resistance areas, combined with a program to
pre-evaluate a pavement's polishing characteristics before actual
construction, is desirable if engineers are to maintain feasible and
safe operational highways.

Because of increased legal duties imposed on public entities by
the judiciary system, highway departments have been subject to liabili-
ty for accidents that result from what once were considered purely
weather-related causes. Unfortunately, nearly all pavement surfaces
thét are economically feasible to construct will lose their initial

high skid resistance with exposure to heavy traffic.



Skidding accidents can be caused by vehicle factors, the driver
variables, or the pavement frictional properties. Though many factors
contribute to skidding accidents, this investigation is concerned
with those primary factors affecting asphalt pavement friction in
Arkansas. Most accidents attributed to low pavement friction are
observed to occur on wet pavements. Thus, accidents that occur during
wet weather can be prevented if a good skid resistant pavement is
provided. Further, accidents that occur under dry weather conditions
also may be related to Tow pavement friction.

The problem of pavement skid resistance has been under investi-
gation for several years. Several different devices and techniques
for measuring the skid resistance of a pavement under wet conditions
have been established. Two of the machines being used more widely
each year are the locked-wheel trailer and the British Portable
Tester. Various laboratory techniques have been developed to accelerate
and measure the wearing and polishing characteristics of different
pavement materials.

Field and laboratory tests have led to a variety of approaches to
the solution of the skid resistance problem. Some of the solutions
that have been proposed are: 1) specifying a minimum polish value for
the aggregate based on laboratory tests, 2) mixing hard and soft
aggregate together, 3) using construction techniques that.give the
pavement surface a coarse texture, and 4) not using polish susceptible
aggregate.

It is an accepted fact that in an asphalt pavement, the larger
aggregate in the mix mainly controls the skidding frictional resistance

of the pavement. The extent to which the frictional characteristics



are changed by weather, traffic, or other mixture ingredients must
be determined in order to provide skid resistant pavements.

A research project was designed to investigate the materials
commonly incorporated into asphalt pavements by the Arkansas Highway
Department (AHD). Because the coarse aggregate fraction of an asphalt
mixture contributes most of the pavement's friction, the study 1is
limited to evaluation of this size material. Further, because most
pavement mixtures used by the AHD are classified as asphalt concrete
hot-mix surface coarse type 2, only this particular gradation is
studied. To make the fine aggregate contribution to the skid resis-
tance minimal and constant for all mixtures, the screening from a
local limestone quarry along with available river sand is used. The
asphalt cement used in the laboratory mixtures represents that which
is predominantly used in Arkansas. The same asphalt cement sample
is used in all the specimen preparation. The foregoing procedures
ensure that any change in skid resistance or durability properties
of different mixtures is attributable to the coarse aggregate.

To accomplish the stated purposes, the project work was scheduled
to be performed as follows: 1) determine the sources and obtain
samples representative of aggregate used in Arkansas pavements, 2)
develop laboratory methods and procure equipment needed to perform
tests to evaluate the durability and friction characteristics of the
aggregates, both as separate particles and when used in asphalt mix-
tures, 3) evaluate the actual field performance of the aggregates by
testing existing pavements constructed from these aggregates, 4) re-
late the laboratory test results to the actual field performance

results obtained in step 3, and 5) evaluate combinations of polish



susceptible aggregates and polish resistant aggregates to provide
mixtures with more enduring skid resistance.

The initial proposal to accomplish the purposes of the investi-
gation was modified to gain approval of the funding agency. The
proposed method of polishing was changed from use of an accelerated
circular track device to utilization of a British Wheel. After more
than 12 months of delay due to nondelivery of the British Wheel, the
project work plan was_revised to permit lTocal design and construction
of the accelerated polishing machine.

A limitation of $2000 was placed in the maximum cost of the
accelerated polishing machine by the Arkansas Highway Department. It
was further stipulated that the polish test results to be obtained
with the accelerated polishing machine had to be correlated with test
results obtained by polish on a British Wheel.

The investigative work required close cooperation with AHD
personnel. The initial work consisted of selecting the mineral aggre-
gate samples that were representative of Arkansas aggregate. A total
of 17 aggregate sources were chosed. They are all approved sources of
aggregate that had been used in asphalt pavement construction by the
Arkansas Highway Department. The general classification and number
of each type of aggregate are: limestone (7), sandstone (5), gravel
(3), syenite (1) and novaculite (1).

One additional aggregate was selected later for a total of 18
aggregates studied. It is a synthetic aggregate made from expanded
clay. This synthetic material had only been used successfully for
surface treatments at that time, but it was deemed appropriate for

study because AHD skid trailer tests indicated that it provided a high



skid resistance surface.

The standard test methods employed were those used by the AHD
Division of Materials and Tests or the standard methods published by
the American Society for Testing and Materials (ASTM). Special tests
were devised on the basis of the experience of other researchers. The
pavement frictional resistance was evaluated with the AHD locked-
wheel skid trailer and a British Portable Tester, which is a device
that was satisfactory for both field and laboratory friction measure-
ments.

The British Wheel tests were performed on all of the study aggre-
gates by the Materials and Test Division of the Texas Highway Depart-
ment in their Austin, Texas, laboratory. As part of this correlation
work, the Texas Highway Department also furnished British Wheel
specimens with known polish values for checking the operation of the
British Portable Tester.

The laboratory polishing tests of aggregate and asphalt mixtures
were accomplished on a small-scale circular wear track. This device
was designed to polish 12 Marshall size specimens at one time, the
geometry of the device permitting the in-place specimen frictional
resistance measurement with the British Portable Tester. The actual
asphalt mixture, as designed by the Marshall method, was then tested
for its polishing characteristics, as well as its stability, flow, and
jmmersion-compression strength.

In addition to immersion-compression tests of Marshall specimens,
each aggregate was tested for its resistance to film stripping by the
static immersion and dynamic immersion tests. The quantitative evalu-

ation of the amount of film stripping was measured by the surface



reaction test.

Cores from selected pavement sections were taken and polished for
correlation with the results of the laboratory polish test on the
Marshall specimens. In the 1ést phase of the project, different types
of aggregates were blended together to determine whether they would
provide a more polish resistant mixture.

The work planned included correlating the test results from this
investigation with those obtained by the AHD from their large circu-
lar track testing apparatus (HRP No. 40). No correlation was possible
because no test results were available from HRP No. 40 prior to the
completion of this report. |

The results of the laboratory and field investigation will be a
valuable asset for pre-evaluating the wear and skid resistance proper-
ties of the different types of aggregates and their asphalt mixtures
that are used in Arkansas. The results can provide new insight on the
design of asphalt pavements by allowing the highway engineer to be
aware of the different aggregate-asphalt mix characteristics in rela-

tion to their skid resistance and durability properties.



CHAPTER II
REVIEW OF LITERATURE

In 1853, during the early years of American road-making, Professor
Gillespie (1)1 presented criteria for the quality of stone to be used
in roads. In part he said:

Flint or quartz rocks, and all pure silicious materials are
improper for use, since though hard, they are brittle, and
deficient in toughness. Granite is generally bad, being com-
posed of three heterogeneous materials, quartz, feldspar, and
mica; the first of which is brittle, the second liable to
decomposition, and the third laminated. The sienitic gran-
ites, however, which contain hornblende in the place of feld-
spar, are good, and better in proportion to their darkness of
color. Gneiss is still inferior to granites, and mica-slate
wholly inadmissible. The argillaceous slates make a smooth
road, but one which decays very rapidly when wet. The sand-
stones are too soft. The limestones of the carboniferous

and transition formations are very good; but other limestones,
though they will make a smooth road very quickly, having a
peculiar readiness in 'binding', are too weak for heavy loads,
and wear out very rapidly. In wet weather they are also liable
to be slippery. It is generally better economy to bring good
materials from a distance than to employ inferior ones ob-
tained close at hand.

The major consideration in road building at that time was to
reduce the rolling friction of the wagon wheels moving over the var-
jous types of surfaces. Gillespie also noted that the friction on all
types of road surfaces was different, and could only be determined by
experiment. He described a "Dynamometer" as the instrument used for
measuring friction at that time.

The present-day highway engineer is still concerned with the

problem of pavement friction and durability and needs to know which

1The number in parentheses corresponds to the listing of the
literature cited in the Reference section.



material will perform satisfactorily. The fact that "limestones"
are likely to be slippery when wet has been known for more than one
hundred years. Some limestones are better than others, however, and

researchers are still trying to determine which stone will provide

the best pavement, when the economy factor is to be considered.
Skid Resistance

Historical Perspective

The evaluation and corrective procedures associated with skid
resistance have concerned highway engineers for many years. In the
United States, horse-drawn vehicles were used as early as 1896 by
Captain Green to aid in observing and evaluating different types of
pavement (2). "Slipperiness", as it was called, was of significance
both to the foothold capability of horses and the traction associated
with the increasing motor-driven traffic (3).

Most sheet pavements, as well as wood-block and to some extent
stone-block pavements, became slick and dangerous when wef or frosty.
Soon it became obvious that storm water runoff was a major design
parameter of hardened pavements, and engineers began “crowning" roads
to aid in the proper disposition of storm water. As this art was
developed, the sloped pavements of turns and intersections were de-
signed to combat frictional loss dué to the vehicles' forward inertia
while turning (3).

Research began in the mid-1920s to investigate possibilities of
providing all-weather skid-safe travel for the motoring public. Agg,
and later Moyer, were the forefathers of this research. Their goal

was expected to be accomplished within a short period of time (2).



Five decades have since passed, however, and because of the continuing
evolution and changing maneuverability of the automobile, the goal of
skid-safe roads is more elusive than ever.

It was not until the 1950s that the causes of slipperiness, its
measurement, and its effect on the safety of vehicular traffic were
recognized aé matters of great concern (4). The highway engineer,
having little or no control over driver education or tire manufac-
turers, concentrated his efforts on the measurement of skid resistance
and the development of corrective measures for inadequate pavement
surfaces (2).

For 10 years between 1948 and 1958 Dillard (5), of the Virginia
Department of Highways, used the latest model cars and tires in the
stopping-distance method of skid resistance measurement. With each
new car and tires used, Dillard found that he could not correlate the
old data with the new data.

The Michigan State Highway Department (6) started its skid testing
also in 1947-48 with a skid trailer pulled behind a dump truck equipped
with water tanks for wetting the pavement. They too found a lack of
correlation with each new set of new improved tires.

0f particular significance in the history of skid resistance
research was the First International Skid Prevention Conference in
September 1958. The objectives of the conference were broad in scope.
They included the correlation of stopping-distances for vehicles, the
dissemination of technical knowledge, and the determination of gaps in
research. Probably the most significant findings at the conference
were the lack of aggreement among and between the data obtained from

skid trailers and the influence of the water film thickness on the



skid numbers measured in the field (2).

The Tappahannock Skid Correlation study (2) in the fall of 1967
also showed that the problem with co;relation between skid measuring
devices was due to water film thickness and the use of new improved
tires. From work accomplished at Purdue University, six out of every
seven accidents in wet weather were shown to be due to skidding. Thus,
the skid resistance measuring equipment and procedures were critically
appraised, evaluated, and standardized as a result of these first
conferences. The solution to the problem of skidding accidents was
not found, however, and it remains one of the major goals of the
highway engineer today.

Nature of Skid Resistance

Lack of skid resistance today is due mainly to wet pavement. Dry
pavements nearly always have a high skid resistance.

Two components of friction develop between the tire and pavement:
adhesion and hysteresis. The adhesion component of friction has been
shown to be speed dependent, whereas the hysteresis component is
relatively independent of speed except at very high speeds when it
decreases as the tire gains heat. The adhesion component generally
is considered to be the product of the interface shear strength and
the actual contact area of the tireland pavement. The hysteresis com-
ponent is caused by damping losses within the rubber when the tire
rubber is passing over and around the mineral particles. Mullen (7)
found that the adhesion component is the result of molecular forces
(shear) developed at the tire-pavement interface, whereas the hystere-
sis component is a function of the energy losses within the tire

rubber as it is deformed by the asperities of the pavement surface.
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Kummer and Meyer (4) show pictorially how these components are deter-
mined in Figure 1.

The effective skid resistance force is the sum of the adhesion
force, Fa’ and hysteresis force, F- It is customary, though, to
present the measured friction force (adhesion and hysteresis components)
as a dimensionless "coefficient" defined as the ratio of force compo-

nents opposing the sliding of the rubber-surface contact area (4).

Hence,
R i paisd fa * fh
L L |

where:

f = effective measured friction coefficient

F = measured friction force

L = slider or wheel vertical load

Fa = friction due to adhesion component

F = friction due to hysteresis component

fy = friction coefficient due to adhesion

fy, = friction coefficient due to hysteresis
Parameters

To examine properly the problem of skid resistance, one must have
a good understanding of the primary parameters that influence skidding.
The question of exactly how many factors affect pavement friction is
pointless, because their number can be greatly increased by adding
affects of the effects. Csathy et al. (8) Tlist the three primary
parameters as:

(a) those associated with the pavement surface aggregate

characteristics and surface texture,
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~Figure 1. The Two Principal Components of Rubber Friction:

Adhesion and Hysteresis (4).
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(b) the vehicle-rubber properties and tread pattern; and
(c) those caused by the operating conditions - vehicle speed and
temperature.
The highway engineer is limited in his control of the last two para-
meters, and must concentrate his efforts on the pavement surface.

Rubber Properties and Tread Pattern. Tabor reported to the First

International Skid Prevention Conference that the primary factors in-
volved in rubber and tire properties are the rubber damping and elas-
ticity and the tread grooves and slots. Work done after World War II
helped identify the differences between rubber resilience and friction
and the effect of rubber damping on the hysteresis component of fric-
tion.

The greater the damping of the rubber, the greater the increase
in skid resistance, up to a point. Too much damping may generate too
much heat, causing a lower value of friction and making the rubber
seem stiff. Kummer and Meyer (4) noted that the harder the rubber,
the greater the friction generated on smooth surfaces but the Tower
the friction value on textured surfaces. The change in slip and skid
resistance due to an increase in rubber hardness and damping and the
addition of tread grooves and slots varies with different surface
types.

Tread design is important in skid resistance, especially when the
pavement becomes wet. Tread designs are constantly being upgraded by
the tire manufacturers to remove the layer of water between the tire
and pavement more quickly. Many states require, by law, that a vehicle
tire must have a certain amount of tread.

Vehicle Speed and Operative Conditions. Speed is the most varia-
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ble parameter under the driver's control. Now that highway speeds
have been reduced to 55 mph to conserve energy, the number of high-
speed accidents has decreased slightly. Wet skid accidents are
considerably reduced with a reduction in speed. Unfortunately, lack
of adequate detailed information from the authorities investigating
traffic accidents precludes a quantitative expression of this effect.

Aggregate Characteristics

The primary function of the pavement surface in providing skid
resistant properties is to maintain effective instantaneous drainage
in the contact region (adhesion) and to provoke high hysteresis
losses in the tire rubber (deformation). The aggregate in a paving
mix is crucial in developing these %orces, and must maintain the
properties of being textured, angular, hard, and polish-resistant
under wear (9). Research by Burnett et al. (10) has shown that the
type coarse aggregate and gradation in a bituminous mix is most influ-
ential in contributing to skid resistance. They also state that the
~ coarse aggregate should be angular and resist wear so the pavement can
have good water drainage and hysteresis effects or should contain
adequate microtexture to replace any Toss of angularity.

Some states (11, 12) have had problems with adequate skid resis-
tance on pavements where a high carbonate aggregate, such as limestone,
was used. Sherwood and Mahone (11) concluded from insoluble residue
tests of carbonate aggregates (limestones) that the amount of acid-
insoluble mineral grains contained in limestone is primarily responsi-
ble for their variable wearing characteristics. The insoluble residue

test is a procedure used to separate the aggregate into a carbonate

fraction and a non-carbonate fraction. The test is based on the
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chemical reaction that occurs when dilute hydrochloric acid is allowed
to react with the carbonate portion of the aggregate. A leaching
process dissolves the carbonate fraction in the form of a residue.

The results of Sherwood and Mahone's (11) tests, which compared
the average frictional values obtained with a skid trailer going 40 mph
(SNgp) with the percentage of the aggregate's insoluble residue, are
shown in Table I. They classified SNyq values from good to critical
as the skid number decreases from 53 to 33. The results indicate that
as the percentage of insoluble residue increases in aggregate, the
skid resistance increases. Grambling (12) and Underwood et al. (13)
concluded from laboratory research that relatively pure carbonate
aggregates polish uniformly and become slippery, but as the amount of
insoluble sand-size material within the aggregate particles increases,
the skid resistance properties increase.

Mullen et al. (14) show that the skid resistance of a certain
aggregate increases with the aggregate hardness up to a certain point
as in Figure 2. Then,as the aggregate becomes harder, the skid resis-
tance decreases. Other factors they found to improve skid resistance
within an individual aggregate particle are mineral grain shape, size,
and distribution. Beaton (9) and Mullen et al. (14) agree that if an
aggregate is to retain non-skid properties under prolonged traffic,
the aggregate should contain at least two mineral constituents that
are considerably different in their resistance to wear.

More recent research by Dahir and Meyer (15) indicates that
aggregates with coarse grained rock surfaces require more polishing
effort than those with fine grained surfaces before maximum polishing

is achieved. This effect is believed to be due to the flattening or




Table I

Rating of Insoluble Residue and

Coefficient of Friction Values (11).

Rating Average SN40} Average IRZ%
Good 53 37
Fair 44 13
Poor 41 9
Unacceptable 38 8
Critical 33 5

TsNyq - Skid Trailer results at 40 mph.

2Inso'lub1e Residue Results.
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Figure 2. BPN Values Versus Hard Mineral Content (14).
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rounding of coarse grains before finer polish commences.

Surface Texture. Surface texture is beneficial to the generation

of friction and provides a means by which the water can be channeled
off the pavement without a loss of contact between the tire and pave-
ment (hydroplaning) (16). The texture of a pavement cannot be des-
cribed by a single characteristic. A distinction must be made between
macrotexture (profile) and microtexture (degree of sharpness ) of the
pavement surface (13).

Macrotexture refers to the pavement surface as a whole or the
large-scale texture produced by the size of the surface aggregate.
The primary function of macrotexture is water drainage from the tire-
pavement interface. This effect becomes more pronounced as the vehicle
speed increases, tire tread depth decreases, and water depth on the
pavement increases. In addition, macrotexture causes tire wrinkling
which performs as an energy absorber in rolling, slipping, and sliding.
Macrotexture brings into play the hysteresis properties on the tire
rubber and increases the ability of the tire tread to remove water
dynamically from the tire-pavement interface (17).

Microtexture refers to the fine-scaled roughness contributed by
the small individual asperities of the individual aggregate parti-
cles (17). The microtexture affects the contact area and shear strength
of the adhesion component and hysteresis losses. The microtexture of
paved surfaces changes throughout the year from smooth during late fall
to rough during early spring. These seasonal variations were noted in
skid resistance research conducted by Giles et al (18) and Kessinger
and Nielson (19). Microtextures also was found to change during the

beginning and after the end of a period of rain, and thus gives rise



to daily skid resistance fluctuations as observed by Kummer and Meyer
(4).

Grambling (20) reports that in Pennsylvania the pavement skid
friction values go through an annual cycle. The skid numbers measured
between June 15 and November 15 are considered to be the nominal mini-
mum skid values. The variation in skid numbers approximates a sine
curve, with the amplitude dependent on coarse aggregate characteristics
and traffic volume.

The critical period for pavement slipperiness is after the surface
is wetted. As the vehicle velocity increases, if the water on a pave-
ment surface does not have time to be squeezed away, tire hydroplaning
occurs. This hydroplaning or aquaplaning is caused by the fluid
pressures that develop at the tire-éavement interface. When these
pressures become large and the complete hydrodynamic force on the tire
from these pressures equals the total load the tire is carrying,
hydroplaning occurs. At this instant, theoretically the tire complete-
1y loses contact with the pavement and begins to skim over the surface
(21). Beaton (9) explains that the important function of texture is
to provide drainage channels by which water can escape from under the
tire at faster vehicle speed. This effect allows the tire tread
elements to expel any remaining water and make positive contact with
the pavement surface.

Beaton (9) reported the manner in which pavement surface texture
characteristics affect skid properties, as i1lustrated in Figure 3.

The pavement's wet-frictional properties, shown as a skid number, vary
with the pavement texture and vehicle speed. The skid number (SN) is

discussed in detail elsewhere in this report.
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COARSE TEXTURED, ROUNDED

COARSE TEXTURED, GRITTY

Figure 3. Classification of Pavement Surfaces According to

Their Wet Friction and Drainage Properties (9).
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There are differences of opinion in explaining the roles of micro-
texture and macrotexture in the properties of skid resistance.
Elsenaar et al. (22) support the belief that the coefficient of fric-
tion at low speeds depends mainly on the "angularity" of the surface
asperities (microtexture), and that the decrease in the coefficient
of friction with increase in speed depends on the "dimensions" of
these asperities (macrotexture) and, more generally, on the extent to
which the surface allows the water trapped under the tire to escape.
Lees et al. (23), in contrast, consider "fallacious" the commonly
held view that microtexture, i.e., surface harshness, is required for
Tow speed conditions and that a good macrotexture may in some sense
substitute for microtextural harshness at high speeds. They contend
that microtextural harshness is required for 100 percent of the speed
range, and that at medium to high speeds a macrotexture of high drain-
age efficiency is additionally required.

salt (24) reports that the British Transport and Road Research
Laboratory (TRRL) has attempted to set guidelines whereby minimum
values of surface macrotexture can be specified. This research organ-
ization contends that new pavements and surfacings should have suffi-
cient texture to give the same skidding resistance at high speeds as
at low. From values measuring the average depth of textural voids
between the upper and lower asperities, the variable referred to as
texture depth (Tp) can be found. TRRL recommends that maintenance
intervention should take place when texture is reduced to the point
at which a 20 percent drop in skid resistance occurs when vehicle
speed is changed from 30 to 80 mph. The effect of macrotexture on the

change in skidding resistance with speed in shown in Table II. The
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Table II

The Effect of Macrotexture on the

Change in Skidding Resistance with Speed (24)

Drop in skidding resistance
with speed change from
50 to 130 km/h
(30 to 80 mph)

Texture Depth (mm)

9 Flexible Concrete*
0 2.0 0.8
10 1.5 0.7
20 1.0 0.5
30 0.5 0.4

* when textured predominantly transversely
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TRRL conditions require a 2.0 mm (0.08 in.) texture depth for new
bituminous surfacings, with maintenance being required as the texture
depth approaches 1.0 mm (0.04 in.). Rose and Galloway (25) also sup-
port a minimum macrotexture value of about 1.0 mm (0.04 in.).

Measurement of Surface Texture. Several methods have been devised

in an attempt to evaluate pavement surface macrotexture characteristics.
Currently in use are the profilograph, the texturemeter, the laser,
photogrammetric tests, the tire-noise test, regular and modified sand
patch methods, the putty impression method, and the outflow meter test.
The profilograph, developed by the Pennsylvania Transportation
Institute (26), is designed to scribe a magnified profile of the sur-
face texture as a probe is drawn across a surface. The vertical move-
ment of the probe is magnified through a linkage system and a magni-
fied duplication of the texture profile is scribed on a chart recorder.
The texturemeter is a hand-operated device used to measure the
coarseness of the texture of pavements. Developed by F. H. Scrivner
of the Texas Transportation Institute (27), the texturemeter consists
of a series of evenly spaced, parallel vertical rods mounted in a hollow
frame. The metal rods can move individually in a vertical plane
against a light spring pressure. A wire is connected at one end of the
frame, passes through holes in the upper end of the rods, and is
attached to the spring-loaded stem of a 0.001-in. dial gage mounted on
the opposite end of the frame. As the frame is pushed down against
the surface, any irregularities in the surface cause the wire to form
a zig-zag line which will prevent the dial gage from resuming its

straight-wire zero reading. The coarser the pavement texture, the more

deformities will take place in the wire and the higher will be the dial
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reading.

The laser method utilizes a 1light beam and a receiver. As
explained by Gee et al. (28):

Light is emitted from the laser and is incident on the

pavement surface. The light reflected from the surface

is generally scattered in all directions. The...

linearly polarized Tight...will experience "depolariza-

tion", where reflected 1ight is no longer linearly

polarized, but is elliptically polarized... . The

degree of ellipticity is a function of pavement sur-

face characteristics and can be determined from the

two perpendicular...axes of the polarization ellipse.

The photogrammetric method of measuring texture is similar to
aerial photography surveying in that coinciding photographs are used
together in a stereophotographic technique. The pavement stereo-
photographs have horizontal and vertical scales located in the picture,
and are viewed under a mirror-stereoscope or a microstereoscope. The
pavement is then classified by a comparison chart and assigned a
textural code number according to its surface roughness (29).

The tire noise concept was first investigated by the Pennsylvania
Transportation Institute in 1972 when field testing suggested that
texture-related factors influence tire noise. Macrotexture can be
analyzed by mounting a microphone with a windscreen near a standard,
full-scale, treadless tire and carefully measuring the noise output (30).

The regular sand patch test is widely used in the measurement of
texture depth because of the simplicity and availability of the neces-
sary equipment. The test itself consists of pouring a known volume of
sand on the clean surface of pavement. Next, with a 6% cm diameter
hard rubber disk mounted on a flat wooden disk of the same size, the

sand is spread over the surface by working the disk with a flat cir-

cular motion. The sand is spread in a circular patch until the sur-
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face depressions are filled to the level of the peaks as shown in
Figure 4. By measuring the diameter of the patch and knowing the
volume of sand needed to form the circle, one can obtain the average

texture depth (Tp) by the equation:

Gy 4V
™
where:
TD = average texture depth
V = volume of sand
R = radius of the sand patch

The modified sand patch test incorporates the same basic idea as
the regular sand patch test, i.e., Surface Area X Average Depth =
Volume, but requires more equipment. To more accurately define the
surface area of sand, a rectangular metal plate with a rectangular hole
of a specified size, or a rectangular hard rubber plate with a circu-
lar ho]e‘of a specified size, is used. The plate is set on the surface
of the pavement and the volume of sand required to fill the cavity is
measured. By calibrating the device on a flat surface with no texture,
the volume of sand required to fill the textural voids of the specified
area can be computed. The deeper the median texture depth, the more
sand will be needed to fill the cavity (31).

The putty impression test is also similar to the regular sand
patch test. A ball of silicone putty is placed on the surface and a
metal plate with a specified flat, circular, 4-in.-wide indention is
used to flatten the putty. The indention is such that when the putty
is flattened on a textureless surface, it will form a flat, circular

shape 4 in. in diameter. The more irregular the surface macrotexture,
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the smaller the resulting putty diameter will be because more material
will be required to fill surface voids.

The outflow meter test is performed with a round cylinder device
with two reference marks approximately 4 in. apart on the cylinder wall.
A neoprene gasket is attached to one end of the cylinder, separating
the cylinder and the base from the pavement surface. The surface to
be tested is pre-wetted with water for one minute, after which the
device is placed on the wet surface and filled with water. The water
is permitted to drain out of the cylinder through the voids of the
pavement surface beneath the neoprene gasket. The time required for
the water level in the cylinder to drop from the upper reference line
to the lower line is recorded. The length of time required for the
outflow is inversely proportional to the average texture depth of the
voids. In using this approach, one assumes that none of the water
penetrates the pavement and flows laterally within it as might occur
with an open graded surface course (31).

Asphalt Mixture Characteristics

Surfaces of roadways are designed to provide stability, durabili-
ty, skid resistance, and rider comfort, plus many other related items.
Primarily, the surface requirements of durability and skid resistance
control the selection of the asphalt mixture to be used. These two
requirements impose opposite demands on the mixture characteristics.
Durability of the mixture is achieved when the asphalt content is high
and the void content is low, whereas skid resistance is achieved when
the smallest practical amount of asphalt cement is used and a high

void content is provided.

Asphalt Concrete. Asphalt concrete mixtures can be classified as




a dense graded or an open graded mix. Typical aggregate gradations
from several state highway department agencies are shown in Table III
(32, 33, 34, 35). The dense graded mixtures are similar except for
the North Carolina Type I-2, which is finer graded. The coarse
aggregate fraction (plus No. 10 material) of the Arkansas, Pennsylvania
and Louisiana mixes constitutes, respectively, 57, 58, and 56 percent
of the total aggregate in the mix. The optimum asphalt content of
these asphalt mixtures ranges from 5 to 7 percent, and desirable air
void content ranges from 3 to 6 percent. They are considered to
provide a stable, durable, and smooth riding surface. Their skid
resistant properties are variable, depending on the many factors
previously discussed.

Plant Mix Seals. Open graded asphalt friction courses, also

called plant mix seals (PMS), consist of high-void asphalt mixtures
placed on existing pavement surface in thin layers. The advantages
attributed to these mixtures during wet weather include: improved
skid resistance at high speeds, minimization of hydroplaning effects,
minimization of splash and spray, and improved night visibility (36).
Other benefits predicted from use of these friction courses are:
improved road smoothness, minimization of wheel path rutting, and
lower highway noise levels. However, early research reports indicate
very little difference in measured skid resistance between dense
graded asphalt mixtures and open graded asphalt friction courses when
similar materials are used. Adam and Shah (35) reported on a gravel
asphalt mixture in Louisiana, after four years of heavy traffic, where
the skid resistance of the PMS was 43 and the conventional dense

graded mixture skid resistance was 41. Kandhal et al. (34) reported
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on a trial PMS in Pennsylvania which had a friction value of 64 after
18 months, whereas the standard dense graded mixture had a skid resis-
tance of 62. They also noted that the PMS had considerably greater
surface texture depth at 0.09 in. when opened to traffic, but at the
end of 18 months the texture depth had decreased to 0.07 in., which
was the same as that of the dense graded mix.

Surface Treatments. Surface treatments have long been one of the

cheapest and most effective means of restoring a high skid resistance
to an existing road. The reduced expense in comparison with the cost
of a surface course overlay, and the speed and ease with which a
surface treatment can be placed, makeit a very acceptable solution.

In fact, surface treatments provide a much better skid resistant
surface texture than conventional asphalt concrete and, because of the
orientation of the chippings, give a better texture than hot rolled
asphalt (37). Several difficulties do arise from the use of surface
treatments that 1imit their application to light traffic volume roads.
The newly laid chips are vulnerable to damage by heavy traffic, especial-
1y at high-stress points such as bends and intersections. Also, loose
surplus chips that are scattered over the roadway during the early
life of the treatment may result in broken windshields or similar

problems.

Blending Aggregate. One method used to increase the skid resis-

tance of existing aggregate is to mix the existing mineral aggregate
with a blend of a more favorable aggregate. This process, not yet
perfected, has had little practical use and therefore little informa-
tion has been complied on its success.

Several researchers, such as Mullen et al. (14) and Galloway and
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Hargett (38), have compiled data on the possibility of blending the
larger aggregate of a wear resistant rock into a mix containing soft,
polish prone aggregate. Mullen's work established a direct linear
relationship between the coefficient of friction values of a blend
resulting from varying percentages of each aggregate in the mix.
Figure 5 illustrates Mullen's work with a blend of limestone (polish
prone) and crushed silica gravel (polish resistant) aggregates used
in an open graded mix.

Galloway and Hargett (38) concentrated on blending artificial
lightweight aggregate with natural aggregate. In most instances,
artificial lightweight aggregate does not satisfy durability require-
ments for use as the coarse aggregate in asphalt pavements (39).

When it is combined with other, more sound aggregates, a better over-
all performance is possible. For example, in combination with a high
polish prone yet durable rock, lightweight artificial aggregate has
economic advantages that would make it more favorable for blending
than a natural rock with wear-resistant qualities.

Effects of Traffic

The effect of traffic on the skid resistance of pavement has not
been finalized by research because of the many variables that must be
evaluated for each different road. Efforts to evaluate pavement
conditions and effects of mixed traffic first started in California in
1942 (40). Since that time, most work has focused on fatigue and
stress relations, and not on problems of skid resistance.

Field testing has shown that identical surfacing materials
compared at different sites have skid friction constants that are in-

versely related to the volume of traffic (15, 24). The conclusion



32

(L) XLW papean-uadg ue ul
$33e69466y papusa|g 40 saLjuadoug BuLysijod 'S aunbiy

% - L3ABJY ®IL|LS PaysSNu)/auojsaul

0/001 02/08 0t/09 09/0v 08/02 001/0

o€

04

Sen[eA Ndg



33

drawn from these observations is that the effect of traffic on skid
resistance is not cumulative from year to year, but rather is relata-
ble to rate of loading (average daily traffic). Therefore, assump-
tions and concepts used in fatigue studies do not apply to skidding
applications.

Salt (24), in an attempt to explain these observations, states
that the reason most generally accepted:

_..is that at the same time as traffic is tending to

polish the surface, other factors, usually identified

as complex, physico-chemical phenomena described as

'‘weathering', are acting in the opposite way, restoring

microtexture of the exposed aggregate. Thus the re-

sultant resistance to skidding represents an equilibrium

between the effects of certain naturally occurring

conditions on the one hand, and those of traffic on the

other.
Salt also notes that on any particular site, if the traffic flow is
changed, either increasing or decreasing (as a result, for instance,
of road development in the area), a corresponding change in skidding
friction would result.

Several attempts have also been made to estimate the effects
of truck traffic in accelerating polishing. It is an uncontested
belief that truck traffic enhances the wear of surface friction and
texture, but opinions differ about the ratio of truck wear equiva-
lency to car wearing properties. The National Cooperative Highway
Research Program (NCHRP) Synthesis of Highway Practice No. 14 (16)
reports that one truck is equivalent to about three passenger cars,
but equivalencies up to 11 to 1 have been used. In 1976, Dahir and
Meyer (15) reported that on the average, a truck was equivalent to

about 18 passenger cars in reducing pavement skid resistance.

These differences illustrate the need for more complete and



controlled traffic studies in relation to change in pavement skid
resistance. Traffic volume is influenced by many factors ranging from
cyclic variations such as season of the year, day of the week, and
hour of the day to more general and uncontrollable factors such as

the national economy and international relations. Also, the type of
truck load would be of concern. Is the road carrying average loads,
or is the road a route for delivery of steel and masonry products?

It is obvious that the most accurate of studies involving truck
traffic undoubtedly are localized to the specific conditions acting

on a pavement.

Measurement of Skid Resistance

To evaluate the results of improved skid resistant pavements
and the older slick pavements, several methods of measuring skid
resistance have been developed (16): the braking force method,
including the stopping distance method and the method of deceleration;
locked-wheel trailers; the side-force method; and the portable and
laboratory instruments, including the widely used British Portable
Tester.

Other methods for characterizing pavement skid resistance are
technically just as valid, but the approaches listed are the basic
methods that have been used in the United States and England. Each
method gives different numerical results and responds differently to
such variables as speed or pavement texture and the tire or rubber
elastic and viscoelastic properties. In the measurement of pavement
skid resistance, it is best not to speak of "coefficient of friction",
because the term implies a fairly simple basic interaction between the

two bodies sliding in relation to each other. The term "friction
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factor" conveys a more general meaning and is used when one does not
wish to or cannot define the nature of the fricitonal interaction.

However, it is incorrect to say that a pavement has a certain
friction factor (or coefficient of friction) because friction always
involves two bodies. By definition, then, skid resistance of a pave-
ment is the force developed when a tire that is prevented from rotating
slides along the pavement surface (16).

The Standard ASTM Method E 274 (41) prescribes all variables that
influence pavement friction factor. Measurements made in accord with

this method are reported as skid numbers (SN), such that:

SN = 100f = 100 F/W

where:
SN is subscripted with the speed of the test tire
f

coefficient of friction at that speed
F = tractive force applied to a sliding (locked) standardized
tire at a constant speed (usually 40 mph) along an artifi-
cjally wetted pavement
W = dynamic vertical Toad on test wheel
Field Tests
One of the more detailed reports on experiments with equipment
was given by Dillard and Mahone (42) in 1964. Machines used included
towed skid testers, stopping-distance vehicles, and portable testers.
The machines were tested on five test surfaces located on a flight
strip at Tappahannock, Virginia. Each test surface was constructed
to provide a different skid number. The researchers concluded from

their study that the spread in skid test data from the various ma-



chines was statistically significant and that more work was required
to improve the accuracy and precision of the devices.

Salt (24) describes the development of an apparatus to measure
skid resistance reliably by the British TRRL. The sideway-force
machine has been adopted in Britain as the basic measure of pavement
skid resistance. The present sideway-force coefficient routine
investigation machine (SCRIM) was turned over to commercial production
in 1968 and 15 are now in use throughout the world.

The side force is generated by a test wheel running at an angle
of 20 degrees to the direction of travel. The vehicle is mounted on
a production commercial vehicle chassis and contains its own water
tank holding 713 gallons (2700 liters) to wet the road in front of the
test wheel. This amount of water is satisfactory for 31 miles (50 km)
of testing, about half of one day's work. The test wheel has a smooth
tire and its own deadweight, spring, and shock absorber to give a
known static reaction between tire and road. In the hub is an elec-
trical Toad cell to provide the sideway-force input to the recording
system.

The side force output, on magnetic or punched paper tape, con-
sists of a record of sideway-force coefficients (SFC) at intervals of
16 ft. (5 m), 33 ft. (10 m), or 66 ft. (20 m). A speed input is pro-
vided from the vehicle transmission system to the record, and data
are provided to indicate location of the test site.

Locked-Wheel Trailer. Use of a tire representative of those

commonly used on vehicles was thought to provide results of skid re-
sistance tests that could be applied directly to a vehicle's perfor-

mance in traffic. The difference in performance, however, of the

36
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variety of tires currently available for use on private vehicles makes
such a generalization questionable. This difficulty cannot be overcome,
but the use of a standard tire on the locked-wheel trailer allows
comparison of the skid resistance of different pavements. The Ameri-
can Society for Testing and Materials (ASTM) has defined a standardized,
full-size test tire in Standard ASTM Specification E 249 {(41).. . It is
a bias-ply 7.50 x 14 tire with five circumferential grooves. Its use
eliminates the tire type and design variables in the skid resistance
measurement of the pavement.

The most widely accepted method of locked-wheel testing is use of
the two-wheel trailer in accordance with Standard ASTM Method E 274
(41). This trailer is towed at a specified speed over the dry pavement
by a towing vehicle that carries a water supply, instrumentation, and
other associated equipment. At the time of the skid measurement,
water is applied in front of the test wheel. The test wheel is then
completely locked by a suitable braking method and after sliding has
occurred for a predetermined period of time (to permit the temperature
in the contact patch to stabilize), the frictional force between the
pavement and the test wheel is measured by transducers. The elec-
tronic signal is relayed to a recorder for tabulation and visual
observation. The frictional coefficient measured by this test is
reported as the skid number, at the speed of the towing vehicle.

The Federal Highway Administration (FHWA), Department of Trans-
portation, has established Field Test and Evaluation Centers (FTC)
in key locations around the United States. The objective of these
centers is to reduce interstate variations in locked-wheel skid measure-

ments of pavement surfaces. To accomplish this objective, the FTC
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provides technical advisory services, static and dynamic calibrations,
and standardizstion services for skid resistance measurement systems.
The AHD skid trailer No. 1 was calibrated at the Texas Transpor-
tation Institute FTC, Texas A&M University, in April 1973. The report
(43) summarizes the calibration, correlations, and evaluations (as
érrived condition and after calibration completed) by the FTC on the
Arkansas No. 1 skid measurement system. On the basis of the results
of this calibration work, the skid test measurements were related to
a standard which at that time was the Central Interim Reference System.

British Portable Tester. The British Portable Skid Resistance

Tester, better known as the British Portable Tester (BPT), was first
developed by Sigler of the U.S. National Bureau of Standards (4).
Later, it was perfected by the Road Research Laboratory of England as
a routine method of checking the resistance of wet road surfaces to
skidding. The apparatus measures the frictional resistance between a
rubber slider, which is mounted on the end of a pendulum arm, and the
road surface. The BPT is designed for laboratory use as well as

field testing in accordance with Standard ASTM Method E 303-69 (41).
It has become one of the most widely used methods of measuring skid
resistance in the laboratory and in the field. The BPT was designed
to simulate sliding between a vehicle tire moving at 30 mph and the
road surface. Special attention also was given to overcoming all
types of weather, rough and uneven road surfaces, and any considerable
gradients that might be encountered in testing. The British Pendulum
Number (BPN) units of skid resistance measured with the portable tester
represent approximately 100 times the coefficient of friction of the

particular surface being tested.
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Giles et al. (18) pointed out that several factors can affect
the test results of the BPT. The main factors usually fit into two
groups, those connected with the design of the machine and its method
of use and those connected with the performance of the road surfaces
under test. These factors include operator variation, physical pro-
perties of and the effects of water on the rubber slider, variations
in the road surface texture, and seasonal changes.

Giles et al. (18) showed that the difference between operators is
not significant, and that the choice of the standard procedure for
testing a Tength of road gives a value representative of the perfor-
mance of the surface that is independent of any influence of the
operator using the machine. Likewise, Underwood et al. (13) indicated
that the greatest BPN range, with different operators, was 25 however,
there was also a range of 2 for one operator (with repeat tests) where
the operator was required to set the instrument up between tests.

Most of the variance, it is believed, can be attributed to adjusting
the slider length. |

To obtain the desired standard of consistency with the tester,
it is essential to have a close control on the physical properties of
the rubber used as the slider. The most important property is the
resilience of the rubber (or its hysteresis losses). Even with the
strict limits set by Standard ASTM Method E 303-69 (41), the effect
of temperature on rubber resilience gives rise to changes in "skid
resistance" results. As the rubber temperature increases, the rubber
becomes more resilient (the hysteresis losses become smaller) and the
"skid resistance" values tend to decrease. As a result of several

tests on road surfaces, an average temperature correction has been



derived to allow for the changes in the resilience of the rubber
slider (18). However, Giles et al. (18) also pointed out that the
effect of temperature is important only for tests made at temperatures
below 10 C when the correction becomes of the same order of magnitude
as the variations recorded along a typical surface.

Another physical property of the slider rubber that influences
the friction is its hardness; "skid resistance" increases with in-
creasing hardness of the slider rubber. The hardness effect is not
as great as the resilience effect, however, and the hardness has no
appreciable temperature variation. Also, though the friction between
a slider and the surface is substantially reduced by the presence of
even a trace of water, the Towest results are obtained by wetting the
surfaces thoroughly, using a water layer of at least 0.0l in. (18).

Rounding of the slider edge is another factor that affects the
BPT results. A change in the slider contact length of approximately

1/20 to 3/8 in. causes about an 8 percent increase in skid resistance;

40

therefore a rubber slider is good for about 500 strikes of the BPT (18).

The BPT can carry out a wide variety of measurements. The cali-
bration of the machine is based on the effective weight of the pendu-
lum arm, the distance over which the slider is in contact with the
surface being tested, and the nominal Toad on the slider. Giles et
al. (18) tested about 150 machines in use and showed that, with this
kind of absolute calibration, all the machines agreed within an
accuracy of *+ 3 percent.

There are some discrepancies among researchers in the terminology
used in reporting test values obtained with the BPT. For field tests,

the British unit of measure is termed British Pendulum Number (BPN).
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The BPN value is obtained with a standard stike path of 5 in. and
a 3-in. wide by 1-in. long rubber slider. For British laboratory
tests, an auxiliary scale is attached to the regular BPT scale and the
test values are reported as "polished stone values" (PSV). PSV are
numerically equal to BPNs because of the auxiliary scale; however, the
strike path is reduced to 3-in. long and a narrower rubber slider
(1% in. wide by 1-in. long) is used.

Several agencies in the United States use the BPT for laboratory
testing and report their test values as "polish values" (PV). In
this case the auxiliary scale has not been used, and the values reported
were obtained from reading the regular BPT scale. When the sample
tested is of the same configuration as the British, then the PV
reported is equal to 3/5 PSV. For example, a PV reading of 35 is equal
to a PSV value of 58 (44). The smaller test area of the Taboratory
sample (3 sq. in.) undoubtedly will give a different value than the
larger area (15 sq. in.) used in field tests. Therefore, the rela-
tionship between BPN and PSV of PV is not exact.

Many attempts have been made to correlate the BPT test results
with skid numbers from the locked-wheel devices. giles &t al. (18)
reported the results of correlation studies between the BPT, the
Virginia Test Car, and the British SFC. Dillard and Mahone (42)
presented extensive test data on skid numbers from various devices
and the BPN values for five different test surfaces. Not all re-
searchers agree on a specific relationship between the BPT and
locked-wheel skid numbers. Sabey, in 1964, discussed the report by
Dillard and Mahone (42) and presented a summary of test data correla-

tions between the BPT results and all Tocked-wheel skid results
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available at that time. The results of these correlations are shown
in Figure 6. Test results for a vehicle speed of 30 mph were used in
these correlations. A1l test data correlations are from “patterned
tires" except the plot for the Road Research Laboratory's sideway-
force skid-testing machine which uses a smooth test tire.

The BPT has a good regression correlation comparison with the
locked-wheel trailer tested at 30 mph. For this reason, the British
Tester appears to be satisfactory for indication of low-speed fric-
tional characteristics but may be unsatisfactory for indication of
high-speed skidding risk (45). Equally, the direct measurement of
friction with a locked-wheel tester, carried out at one relatively
Tow speed only, gives no reliable indication of friction at higher
speeds. According to Kummer and Meyer (4) the BPT's inability to
appraise the drainage properties of a surface, and hence the macro-
texture, makes comparisons between SNs and BPNs very girficuwit,
especially at speeds greater than 35 mph.

Therefore, no correlation is apparent between BPN values and
locked-wheel SNs at the ASTM E 274 recommended test speed of 40 mph.
ASTM supports this theory in its Precision and Accuracy section of the
Standard Test Method for the BPT (ASTM E 303-69) (41). In describing
the accuracy of the BPN units, it states that:

7.1) ...As there is no marked correlation between

standard deviation and arithmetic mean of sets of

test values, it.appears that standard deviations are

pertinent to this test regardless of the average skid

resistance being tested.

7.2) The relationship, if any exists, of observed

BPN units to some "true" value of skid resistance

has not and probably cannot be studied. As a result,

precision and accuracy of this test in relation to a

true skid resistance measure cannot be evaluated, and
only repeatability is given for the method.
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Minimum Skid Values. The minimum skid value permissible in pave-

ment design is difficult to predict because of the many possible com-
binations of speed, weather, tires, drivers, and roadway geometry. The
AASHTO Blue Book (46) for geometric design indicates that the coeffi-
cients of friction used for design criteria should represent not only
wet pavements in good condition, but also surfaces throughout their
useful Tife. It suggests a minimum coefficient of friction of 0.33

for providing minimum stopping sight distance at 40 mph.

Smith (47) discusses the skid values recommended by several state
highway departments, and research agencies. Louisiana specifies
minimum skid values based on SN40 values, whereas a Texas Transporta-
tion Institute study suggests a minimum skid value based on "polished
stone value". These Texas polished stone values are numerically
equal to 3/5 PSV obtained by the British. Recommended minimum skid or
polish numbers are shown in Table IV.

Giles et al. (18) suggest that minimum BPN values for critical
sections should be kept above 65, but categorize their values to type
of site rather than traffic load. They describe the most "difficult"
sites as: 1) roundabouts, 2) bends with radius less than 500 feet on
unrestricted roads, 3) gradients, 1 in 20 or steeper, of length
greater than 100 yd., and 4) approach to traffic Tights on unrestricted
roads. For all sites they recommend a minimum BPN value above 45.

Salt (24) reports the TRRL recommendations for minimum skid
resistance in terms of side-force friction coefficient, polished
stone value, and commercial vehicles per lane per day. These recom-
mended values of skid resistance are shown in Table V. The British

use the PSV term to indicate values obtained in laboratory tests; BPN
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le IV

Recommended Minimum Skid or Polish Values

A. Louisiana Department of Highways (47)

ADT per Lane

Minimum SN40

Less than 200
200 - 999

1000 - 5000
More than 5000

40
43
45
47

B. Texas Transportation Institute (47)

ADT per Lane Median PSV™ Range
100 - 400 28 26.5 ~ 29.5
400 - 1600 32 30.5~ 33.5
1600 - 6800 27 LR
6800 - 27,000 42 40 - 44
More than 27,000 47 47 - 49+

*PSV = Polished Stone Value

C. NCHRP Report 37 (4)

Mean Traffic SN40 BPN

Speed, MPH (Minimum) (Minimum)
30 31 50
40 33 55
50 37 60
60 41 65
70 46 -
80 51 -

D. Texas Highway Department (44)

Present ADT Minimum

Grouping Polish Value

0 - 749 NONE

750 - 1999 30

2000 - 4999 33

5000 - over 35

Interstate Highways 35




Table V

British (TRRL) Criteria for Aggregate PSY Related to

Sideway-Force Coefficient and Commercial Traffic

Required mean

summer SFC

PSV of aggregate necessary

Traffic (in commercial
vehicle per lane per day)

at 50 km/h
el 1000 1750 2500 3250 1000
under
0.30 30 35 Lo s 50 55
0.35 35 Lo Ls 50 55 60
0.Lko Lo s 50 55 60 65
0.45 s 50 55 60 65 70
0.50 50 55 60 65 T0 15
0.55 55 60 65 70 75
0.60 60 65 70 75
0.65 65 T0 75
0.70 70 5
0.75 75
Chipped not greater not greater not greater
surfacings than 14 than 12 than 10
AAV
MaaAdakis not greater not greater not greater

than 16

than 14

than 12

46
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numbers are reserved for values obtained in field pavement tests.

Laboratory Tests

Several methods have been used for pre-evaluating skid resistance
of aggregates and asphalt mixtures prior to their use in a roadway
surface. The laboratory investigation of these pavement surface
materials permits the materials engineer to estimate how a pavement
will wear and which materials will provide satisfactory service, and
thus allows savings in accident costs, maintenance and reconstruction.

According to Goodwin (48), several agencies have made significant
contributions to laboratory evaluation of the skidding characteristics
of pavement materials: Purdue University, Kentucky Department of
Highways, the National Crushed Stone Association (NCSA), the Portland
Cement Association (PCA), Pennsylvania State University, and the
Tennessee Highway Research Program. In addition, the Texas Highway
Department (13), the Oklahoma Department of Highways (49), the Highway
Research Program at North Carolina State University (7), and the British
TRRL (24) have reported pertinent laboratory test data of skid resis-
tance studies.

The known methods for pre-evaluating skid resistance of materials
can be grouped on the basis of relative sample size. For example,
the Purdue and Kentucky apparatus use samples between 4 and 6 in. in
diameter, whereas the PCA and Tennessee apparatus use samples of
sufficient size for testing with a standard size automobile tire. The
NCSA, Purdue, and North Carolina utilize a horizontal circular track;
Texas, Oklahoma, Pennsylvania, and the TRRL use a vertical circular
track such as the British Wheel.

In general, all test methods require a conditioning of the speci-
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men surface, either before or during testing. This conditioning is
usually referred to as polishing wear, and is brought about by a
rubber annulus such as a tire.

Two procedures are mainly used to accelerate surface wear from
the tire beyond the rate obtained by simply rolling the tire over the
test surface. One is to fasten the specimen and the tire into place
and rotate the tire so that it skids over the surface of the sample
as it turns. The other method is to fasten the specimen into place
and rotate the specimen in relation to the tire so that each moves
individually over the other. A fine abrasive sand spread between the
~tire and the sample will enhance wear; also, "toeing" either the
specimen or the tire slightly away from the normal direction of rota-
tion causes a scrubbing action over the specimen surface which ac-
celerates the polishing effect.

Horizontal Circular Track. An example of this type of accelerated

polishing device is the NCSA test track. The track is 14 feet in
diameter, 1.5 feet wide, and can accomodate as many as 20 test speci-
ments at a time. Severe traffic action is simulated by the continuous
passage of a bus wheel loaded to 2,000 1bs. on a single pneumatic tire.
The mixtures being tested are first subjected to wear to remove sur-
face asphalt and expose the aggregate particles. Next the track is
thoroughly cleaned and the initial slipperiness test is run. The
polishing action of the tire is then begun. Slipperiness is usually
measured after 2.5, 5, 10, 15, 25, 40, and 50 thousand wheel passes
with a BPT in accordance with Standard ASTM Method E 303 (11).

The NCSA researchers have also measured the slipperiness with a

bicycle wheel. This wheel, placed directly on the pavement section to
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be tested, is ground off to expose the tire fabric over half of its
circumference; the other half of the tire retains its full thickness
of tread. Counter-balance weights are attached to the rim of the
uppermost portion, and the height of the wheel is adjusted so that the
wheel turns freely except when the thick portion of the tire is down
on the surface. The wheel is released, allowing the weights to rotate
it so that the thick portion of the tire strikes the pavement surface,
thereby raising the wheel slightly in the slotted supports which hold
the axle. The wheel is then supported only by the surface, and it
continues to turn until brought to rest by the friction between the
tire and the road. The more slippery the pavement, the greater the
angel of turn required to bring the wheel to rest. An average of
eight readings is taken to indicate the pavement slipperiness (48).
The Purdue University method of laboratory skid testing was
developed by their Joint Highway Research Project (50). The apparatus
consists of a vertica]Ty mounted mandrel with a chuck to carry a pave-
ment sample about 6 in. in diameter, and a power unit to rotate the
mandrel at a speed of about 2,500 rpm. A rubber test shoe is mounted
on a ballbearing shaft that is in line with the specimen held by the
mandrel. The shaft is restrained from turning by a cantilever bar
on which are located SR-4 strain gages. The restraint to rotation is
recorded as the frictional resistance. In the test, as the specimen
is rotated the rubber test shoe is forced against the specimen surface
through a mechanical arrangement for applying a constant normal force
of 28 psi. The test shoe is held against the spinning specimen for
2 seconds and then removed. After a pause of approximately 2 seconds,

the test is repeated and the resistance is reported as a relative
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value. Water is supplied to the specimen surface during testing.

The Purdue University researchers attempted to correlate the lab-
oratory results with field test results obtained from a stopping-
distance automobile. They conc]udéd that surfaces of medium texture
had good correlation between laboratory and field tests. For open
surfaces, the laboratory method indicated poorer anti-skid charac-
teristics than did the stopping-distance method. For an extremely
dense surface, the laboratory method showed higher values than those
obtained by the stopping-distance measurements (48).

The North Carolina State University Wear and Polishing Machine
development was reported by Mullen and Dahir (51). This small dia-
meter circular track machine is capable of accelerated wearing and
polishing of 6-in. diameter pavement specimens. The machine con-
sists of four wheels that travel over a segmented circular track, a
36-in. diameter track which contains 12 specimens, and an electric
motor that drives the central shaft. Opposite tires are toed in and
the other two tires are toed out about 1.6 degrees to produce a
scrubbing action in addition to the rolling action. The tires used
on this machine are 4.10 X 3.50 X 5.00 Go-Cart Slicks having a 5% in.
tread width. The tire inflation pressure was maintained at 20 psi
which gives a tire-pavement contact pressure of 13 psi. Three
replicate test specimens were prepared and tested on the machine to
represent each test sample. The specimens were tested for initial
skid resistance with a BPT, and then subjected to polish on the
machines, with the wheels rotating around the track at the rate of
30 rpm. The standard length polishing action to achieve maximum

polish was taken as 16 hours, and the BPN values were taken at 0,
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1, 2, 4, 6, 8, 10, 12, 14, and 16 hours.

Test results obtained with this device by researchers at North
Carolina State University (7, 14, 51) are shown in Figures 2 and 5.

In addition, Mullen (7) reported the results of comparison tests on
three differently graded laboratory mixtures molded with a stock
‘aggregate used for control specimens. The results of these comparison
tests are shown in Figure 7. The gradation for the mixtures of

Figure 7 (open-graded, a No. 4 mix, and the dense-graded I-2) is

shown in Table VI. The gradation of the North Carolina University
dense-graded I-2 mix is shown in Table III for comparison.

The curves of Figure 7 indicate that a dense-graded I-2 mixture
has a higher BPN value than either the open-graded or No. 4 mixture.
The No. 4 mixture is a larger aggregate dense-graded mixture than
the I-2 mixture. The stock aggregate selected for control was a
quartz-disc muscovite gneiss (51).

Mullen (7) also correlated field BPN values with the North
Carolina State Highway Commission skid trailer SN values. The results
of this correlation work for an I-2 mixture and $N40 test data are
shown in Figure 8. By regression analysis the best fitted line for

this correlation was:

SN40 =-19.465 + 1.118 BPN

with a correlation coefficient of 0.909. The open-graded mixture was

likewise evaluated and the best fitted line was:
SN40 = 28.690 + 0.451 BPN

with a correlation coefficient of 0.774.
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Table

VI

Aggregate Gradation used for Standard Asphalt Mixtures

on Circular Wear Track at North

Carolina State University (7)

GRADATION TYPE OF  MiX
Total % Passing

Sieve Size Open-Graded | No. 4 Mix Dens?—graded
iy 100 100 100
3/4" 100 93 iOO
1/2" 100 68 100
3/8" 95 53 95
No. 4 43 33 80
No. 10 10 28 55
No. 40 4 15 27
No. 80 3 4 14
No.200 2 2 4
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Figure 8. Skid Number at 40 mph vs. BPN,
North Carolina I-2 Mix (7)
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Vertical Circular Track. The Pennsylvania State University has

three polishing devices: a circular track, a reciprocating pavement
polisher, and a rotary drum polishing machine (48). Their modified
reciprocating pavement polisher was used to polish individual aggre-
gate particles and pavement cores bound on a flat 3 by 5 in. metal
plate (52). The materials are polished with a flat 3.5 by 5.5 1n.
rubber pad. Results obtained from the reciprocating pavement polisher
led to the development of a rotary wear machine, which polishes 4 by
12 in. curved panels supporting aggregate particles. The panels are
prepared by setting 1/4 to 3/8 in. aggregate particles in an epoxy
matrix.

The effect of the rotary wear machine is believed to be more
representative of the polishing process that occurs under traffic on
the roadway. The machine operates by running an automobile tire
against pavement samples that are mounted on the outside of a rotating.
drum. The test tire wheel is run against the drum at a chosen speed,
load, and inflation pressure. Polishing agents are frequently intro-
duced to accelerate the polishing wear. During the test, the coeffi-
cient of friction is measured at intervals and its decrease is used as
a measure of the progress of the test. When the coefficient approaches
a constant value, the polishing process is complete.

A "drag tester" with a rubber shoe is mounted in such a way
as to permit measurement of the panel frictional resistance as the
drum containing the test sample rotates. The drag tester has a BPN-
type test shoe. The BPT is also used to measure the BPN value of the
specimens in accordance with Standard ASTM Method E 303-69.

" _ Dahir et al. (52) reported the resutts &f-a-Pennsylvania investi-
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gation which included 52 aggregate samples and 223 pavement cores
representing field test sections. The materials were tested in the
laboratory by various polishing methods and friction measurement
techniques. In regard to laboratory and field data correlation,
Dahir et al. concluded:

Laboratory-field data correlations indicated that the

general level of skid resistance characteristics of

surface aggregates may be determined in the laboratory

and the aggregates may be ranked similarly by both

approaches. However, the correlations failed to pro-

duce regression equations that could, with confidence,

define specific mathematical relationships for pre-

dicting specific field skid numbers.
Dahir also correlated some of the results of the Pennsylvania investi-
gation with the North Carolina results reported by Mullen (53). The
correlations between SN4q and BPN for the Pennsylvania ID-2A dense-
graded mixture resembled but differed from Mullen's results for
the North Carolina I-2 dense mixtures.

0f particular interest is the relationship between minimum SN40
values obtained in the field and BPN values from the laboratory-
polished pavement cores reported by Dahir et al. (52). Figure 9
shows the relationship between 3-year minimum average SN40 values and
BPN values for laboratory-polished cores. The correlation between
field data (SNgg) and laboratory polishing data on aggregate panels
resulted in a similar trend but the correlations were less satisfac-
tory, having coefficients in the range of 0.55 to 0.65.

A report from the Pennsylvania Department of Highways (Penn DOT)
by Furbush and Styers (54) gives the correlation of SNgg values and
field core BPNs. The pavement cores were taken from all sections of

11 test strips that were constructed for skid resistance studies. The

cores then were tested in the laboratory with the BPT and the results
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Figure 9. Minimum Average (3 year) SN40 v. Polished Core BPN,
Pennsylvania State University (52).



(BPN values) were compared with the results of skid-trailer tests that
were closest to the date of coring. The best fitted Tine relating the

SN4O and a core BPN value was:
SN40 = 0.0347 + 0.90 BPN

with a coefficient of correlation (R) of 0.64. One of the conclusions
stated in this report was, "At a testing speed of 40 mph the fine
aggregate in the mixes has considerable influence on skid resistance."

The Oklahoma Department of Highways (49) and the Texas Highway
Department (13) use the British Wheel and follow a modified British
Standard 812 Method of Test in evaluation of aggregates for surface
mixtures. The British Standard 812 Test for coarse aggregate involves
the measurement of the coefficient of friction of aggregate specimens
with the BPT after subjecting the specimens to wearing and polishing
on an accelerated polish machine (which is termed the British Wheel).
The major components of the British Wheel are: 1) road wheel - a
steel wheel 16 in. in diameter, 1 and 3/4 in. wide, around which 14
aggregate specimens are clamped; 2) rubber tired wheel - a smooth
rubber tired wheel (8 by 2 in.) which rests on the road wheel test
specimens with a force of 88 (+ 1) pounds; 3) aggregate specimen - the
aggregate(s) to be tested are molded in a polyester binder with flat
faces outward; and 4) grit feed system - accelerated wearing and
polishing are induced by the continuous, uniform application of abra-
sives between the rubber tire and the road tire.

The aggregate specimen size is 3.5 by 1.75 in., having a thickness

of a single layer of aggregate; the specimens are molded to the same

radius of curvature as the road wheel, around which they are attached.
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The aggregate particles to be tested are graded to pass the one-half
inch sieve and are retained on the No. 4 sieve. The grit is vibrated
from a small hopper to a chute at a specified rate. Water is sup-
plied (also at a specified rate) and washes the grit onto the road
wheel near the point of contact of the road wheel and the rubber tire.
The grit used is a No. 150 (100 microns) silicone carbide grit. This
size grit was selected after research had proved that various sizes of
abrasives form stair-step friction values, the finest grit forming the
lowest friction value (13).

The Texas Highway Department has standardized their British
Wheel test procedure as Test Method Tex-438-A. Briefly, this test is
performed on a total of 14 specimens at one time, with a polishing
time of 9 hours of wheel operation. A minimum of seven specimens of
each aggregate sample are polished. The polishing value of each
specimen is determined before and after polish with the BPT in accor-
dance with Standard ASTM Method E 303.

On the basis of the test results from the British Wheel, minimum
polish values for coarse aggregate to be used in pavement surfaces
have been determined (13). The most recently recommended polish
values for the Texas Highway Department are reported by Hankins (44)

and are shown in Table IV.

Durability

The durability of asphalt pavement is one of the major requirements
for a satisfactory asphalt mixture. The other primary requirements
are to provide high stability, adequate skid resistance, an impermeable

waterproof layer, and economy.
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The factors thought to influence overall pavement performance
include structural design of the roadway, asphalt mix design, mineral
aggregate properties, asphalt material properties, construction tech-
niques, amount and character of traffic, environment of the road, and
maintenance. Distress of the pavement surface leads to reduced per-
formance. A1l failures, whether caused by base or subgrade material,
are reflected in the pavement surface. The causes of pavement failure
include poor mix design; poor construction technique; insufficient
compaction of pavement, base, and subgrade; differential settlement
of the subgrade; and water entering (and reducing the strength of) the
subgrade, base, or pavement.

Hveem (55) presents a classification of bituminous road surface
failures which describes the types of distress in the surface layer
composition and their causes. The three common types of distress and
their cause are: 1) disintegration, caused by a lack of asphalt or
hardening of the asphalt or by water action; 2) cracking, caused by
hardening of the asphalt or low temperatures or lack of asphalt; and
3) instability (plastic deformation), caused by an excess of asphalt,
an excess of water, or smooth aggregate particles.

Distress of pavement surfaces is noted as: cracking, stripping,
raveling, instability, rutting, distortion, or disintegration. Be-
cause durability is a function of these variables, one of the major
problems of the highway engineer is to measure pavement durability
and associate this measurement with the various types of distress.
Evaluation of the foregoing causes of pavement failure reveals that
asphalt and water are two of the major factors involved in asphalt

pavement durability.
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Effectively, then, the durability of asphalt pavement can be investi-
gated by considering the effect of water on the asphalt mixture. The
phenomenon of stripping is the result of the effects of water on an
asphalt mixture that cause raveling and in extreme cases disintegra-
tion of the entire pavement mass. Stripping occurs where there is a
loss of adhesion between the aggregate and asphalt cement due pri-
marily to the action of water.

Factors which affect stripping include aggregate properties, such
as absorption, surface texture, porosity, and mineral composition;
and asphalt cement characteristics, such as surface tension, chemical
composition, and viscosity. Thus, adhesivity of asphalt to aggregate
is related to the physical and chemical properties of both the asphalt
and the aggregate. This adherence is detrimentally affected by the
presence of water, i.e., the bond at the solid-1iquid interface is or
can be disturbed and deteriorated by water action.

In general, siliceous aggregates have been classified as hydro-
philic ("water lovers") and tend to strip more readily than limestone
aggregates which have been classified as hydrophobic ("water haters").
Hubbard (56) applied the term hydrophobic to an aggregate which will
persistently retain an asphalt film in the presence of water. Practi-
cal experience reported by Mathews (57) indicates that relatively few
aggregates are known which are completely resistant to the action of
water under all conditions of practical use. Further, Mathews states:

For this reason it is not possible to generalize about

the behavior of classes of aggregates. In particular,

the well-known and often quoted rule that 'acidic’

rocks (high silica content) are vulnerable to strip-

ping whereas "basic" rocks (low silica content) are
not, is quite wrong.
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In many areas the use of siliceous aggregates in paving mixtures
has been curtailed because of bad pavement performance experiences.
Frequently, the surface of asphalt concrete pavement is made with
Timestone aggregate which tends to polish under traffic, thus causing
a reduction in skid resistance of the pavement surface. The need for
improving or retaining skid resistance in surface mixtures has created
interest in incorporating the harder, less easily polished aggregates
having a high siliceous content into the paving mixtures.

Before constructing pavements with materials to provide ade-
quate skid resistance, the materials engineer must evaluate the dura-
bility or stripping tendencies of the skid resistant materials.
Investigators have attempted to determine the effects of water on the
adhesion between the aggregate and the asphalt cement. Since 1932,
tests on compacted bituminous mixtures have included: immersion com-
pression, cold water abrasion, sonic vibration, water susceptibility,
and laboratory test tracks. Tests proposed on asphalt cement coated
aggregate include: static immersion, dynamic immersion, chemical
immersion, and stripping coefficient. Methods investigated to measure
in quantitative terms the amount of stripping of asphalt cement coated
aggregate include: radio isotope trace, 1ight reflection, mechanical
integration, tracer salt, and dye adsorption. Despite the large
number of tests devised to study the effect of water on adhesion, an
examination of the technical literature reveals a continuing stream
of research studies being conducted to evaluate stripping (58).

Much of this research has been directed toward determining the
cause or causes of stripping with emphasis on relating laboratory test

results to observed pavement performance. Other research emphasis has
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been placed on improving the stripping resistance of a particular
mixture by use of additives and evaluating minimum quantities of
additives required to achieve a satisfactory pavement mixture.

Hubbard (56) discusses the important factors that must be con-
sidered to ensure pavements of maximum durability against water
action. Briefly, these include: thorough wetting of the aggregate
with asphalt, which is essential to good adhesion; use of an asphalt
having the highest practical viscosity for the specific application,
as this is an important deterrent to stripping; time, which is often
an important element in developing the maximum adhesion; and avoiding
the use of highly hydrophilic aggregates, as they may lose their
adhesion to asphalt films in the presence of water.

For stripping to occur, there must be a loss of adhesion between
the asphalt binder and the aggregate particles used in a paving
mixture. Thus, much research effort has been devoted to the study
of the adhesion characteristics between these two materials. Several
theories on adhesion and mechanisms of stripping have been developed
by various investigators.

Theories of Adhesion

Adhesion is defined as that physical property or molecular force
by which one body sticks to another of a different nature (59). Fac-
tors which affect the adhesion of asphalt to aggregate include:
surface tensions of asphalt and aggregate, chemical composition of
these material, viscosity of the asphalt, surface texture of the
aggregate, porosity of the aggregate, cleanliness of the aggregate,
and dryness and temperature of the aggregate when mixed with asphalt

(60). Four major theories of the cause of adhesion are: chemical
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reaction, mechanical adhesion, surface energy, and molecular orienta-

tion (58).

Chemical Reaction. This theory is credited to Riedel (61) and

states that the acidic components of the bituminous material react

with basic minerals of the aggregate to form water-insoluble compounds
at the interface. Though this theory may have some basis in fact, it
does not hold true in all cases because good adhesion has been reported
between siliceous aggregate and some asphalts by Winterkorn et al. (62).
It is generally believed that siliceous aggregates, which are acidic,
tend to strip more readily than basic aggregates, such as limestones

(4, 63).

Mechanical Adhesion. The aggregate properties considered to affect

mechanical adhesion are: surface texture, absorption and porosity,
surface coatings and area, and particle size. Lee (64) observed that
rough, irregular surfaced aggregate had better retention of asphalt
than smooth glassy-surfaced aggregate. Once wetted, a rough-textured
surface will produce greater adhesion under service conditions than a
smooth surface.

Different aggregates have been shown to absorb asphalt to dif-
ferent degrees (57). Some components of asphalt, primarily the oily
constituents, enter the pores or capillaries of an aggregate particle
where they are preferentially adsorbed. This action causes the asphalt
coating on the particle to become harder. The interlock of the asphalt
coating with these pores should make the asphalt adhere more strongly
and be less readily stripped by water (64). However, Tyler (65) found
no correlation between adsorptive capabity of an aggregate and the

amount of stripping resistance.
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Nicholson (59) presents test results showing that colloid coatings

on sand grains incorporated in a bituminous mixture tend to reduce the
mixture's resistance to stripping. Thelen (60) observed that dust on
aggregate surfaces had a tendency to trap air when treated with road
0ils or cutback asphalts and weakened the bond by preventing intimate
contact between the aggregate and the asphalt. Thus, stripping is
promoted by providing channels at the interface where water can pene-
trate.

Stross and Anderson (66) report the importance of the particle
size to adhesion in bituminous mixtures, particularly material sizes
below the No. 200 sieve. Their test results show that aggregate con-
taining appreciable amounts of clay requires much more asphalt for
complete coating than is compatible with mechanical stability. Thus,
a stable mixture, with excess fines, would tend to strip because of
the presence of partially uncoated aggregate particles.

Surface Energy. The ability of asphalt to make intimate contact

with the surface of the aggregate is known as its wetting power. The
wettability of the solid surface of the aggregate is Ats ability to
be covered by the asphalt (56). The wetting power of an asphalt is
largely controlled by its viscosity. Viscosity is that property of a
liquid that represents a resistance to flow caused by molecular fric-
tion. Viscosity is also related to surface tension, which is the force
tending to hold a drop of it in spherical form. Water has a higher
surface tension than most liquid asphaltic materials but its lower
viscosity makes it a better wetting agent.

When asphalt spreads over and wets the aggregate surface, a

change in energy takes place which is called adhesion tension (67).
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This adhesion tension is a surface phenomenon and depends on close-
ness of contact, mutual affinity of the two materials, and time of

contact. Numerically, adhesion tension is equal to the sum of the

surface tensions of the asphalt and aggregate less the interfacial

tension between them.

Results of measurement of the surface tension, interfacial ten-
sion, and adhesion tension of the ingredients of some bituminous mix-
tures are presented by Rice (67), and are shown in Tab]e VII. MclLeod
(68) notes that an aggregate tends to become coated by the liquid
present for which it has the greatest adhesion tension. Results of
tests performed by Mack (69) on energy relations at the interface
between asphalt and mineral aggregate indicate that the interfacial
tensions vary not only with the type of aggregate but also with the
type of asphalt. On the basis of the data presented in Table VII,
Rice observed that in all cases, except for the quartz-asphalt
interface, the adhesion tension was higher for water to aggregate than for
asphalt to aggregate. Thus, according to the surface energy theory,
water will tend to displace asphalt at an interface where contact is
made between water-asphalt-aggregate.

Molecular Orientation. According to Hubbard (56), when molecules

of asphalt come in contact with the aggregate surface they orient
themselves so as to satisfy all energy demends of the aggregate to the
best of their ability. This orientation in viscous liquids and semi-
éolids proceeds rather slowly, and considerable time may elapse before
the maximum adhesion between an asphalt film and an aggregate surface
is developed. Water molecules are all dipoles, whereas asphalt mole-

cules predominantly appear to have nonpolar characteristics; thus water



Table VII

VALUES FOR SURFACE, INTERFACIAL
AND ADHESION TENSION (67)

Value

Property (ergs/cm?)
Surface Tension
Water 72
Asphalt 26 to 39
Various marbles of limestone 28 to 50
Diabase 42 to 50
Various granites he #0..13
Interfacial Tension
Aspha]t-wate{ 25 1o 35
Quartz-water 0
Quartz-asphalt 14 to 20
Glass-tar 18
Adhesion Tension

Limestone-asphalt 2lito 26
Slag-asphalt 23 30 26
Sand-asphalt 22 A& 30
Sand-tar 40
Quartz-asphalt 75
Limestone-water 58 to 64
Slag-water 63 to 68
Silica sand-water 83

]
Based on the assumption that the surface consists of a water film.



has an advantage over asphalt in rapidly satisfying energy demands of
polar aggregate surfaces. However, asphalt dipoles may have a more
powerful energy demand for some aggregates than do water molecules,
and may be able to displace water from the surfaces of these aggre-
gates. Surface conditions at different spots on the same aggregate
particle may vary appreciably in relation to a given film of asphalt,
and adhesion of the asphalt may be stronger over some areas than over
other areas.

Mechanisms of Stripping

An asphalt mixture is a system composed of asphalt cement, aggre-
gate, and air. Water may be present because of incomplete drying of
the aggregate or may be derived from external sources after construc-
tion. Stripping in this system occurs when the bond between the
aggregate and asphalt is broken by water. Stripping is the reverse
of the adhesion process. Water through some mechanism causes the
bond between aggregate and asphalt to be diminished. Five mechanisms
of stripping have been advanced: detachment, displacement, film
rupture, hydraulic scouring, and emulsification (58, 70, 71).

Detachment. Detachment occurs where the asphalt cement is
separated from the aggregate surface by a thin film of water but
there is no obvious break in the continuity of the asphalt coating.
The water may be present in the capillary pores of the aggregate
because of improper drying, or because of the diffusion of water
through the asphalt layer. In this state, the asphalt film can be
peeled cleanly away from the aggregate. Hughes et al. (63) suggest
that the crystal lattice of the mineral reacts with water to form a

gel-like structure and detachment is partially due to the rupture of

68
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this weakened structure.

Displacement. Mathews (57) states that it is unusual for the bond
between a binder and an aggregate to fail at the interface for reasons
other than the displacement of the binder by water. Lee (64) per-
formed experiments to measure the equilibrium forces which act on
the binder-water-aggregate system. He attributed the displacement of
binder to the superior wetting properties of water.

The surface energy necessary to strip asphalt from aggregate is
reported by Thelen (60). His work is repeated here as a numerical
example. Normal stripping is where a discontinuity or break in the
asphalt coating occurs and asphalt, free water, and aggregate are

all in contact. The free energy change is:

AF=Y12+Y24‘Y14

where:

A F

free energy change

Y12 = interfacial tension, aggregate-asphalt
Y24 = interfacial tension, water-asphalt
Y14 = interfacial tension, aggregate-water

from data of Table VII,

1]

Y12 = 17 ergs/cm2

Y24 30 ergs/cm2

Y 2

14

0 ergs/cm

then

A F 17 + 30 - 0 = 47 ergs/cm2
which is the energy potential to cause stripping. The rate at which
the displacement occurs depends on the magnitude of the free energy

evolved, and the viscosity of the asphalt. High viscosity binders



70

show higher resistance to displacement; thus road surfaces that are
subjected to rain before they'attain their desired viscosity may

show a higher degree of stripping (57). Displacement fails to ex-
plain how stripping is initiated when the aggregate is completely

coated with asphalt.

Film Rupture. This method of stripping may occur when adhesion

of the asphalt cement is not uniform over the entire surface of the
aggregate (56). Mathews (57) suggests that the asphalt film is
thinnest at sharp corners and edges of the aggregate and the effect
of traffic may cause the film to fracture, thus initiating stripping.
Once ruptured, and in the presence of water, the asphalt film would
tend to take up the form of Towest potential energy by retracting

to spherical globules (63).

Hydraulic Scouring. This theory of the mechanism of stripping

is presented by Stevens (70). He states that voids in a bituminous
mix or seal-coat consist of a largely interconnected pore system which
is partially filled with air and water. In a saturated pavement,

on impact of a wheel, water is pressed into the pavement in front of
the tire and is sucked out as the tire leaves the spot; rapid decom-
pression occurs within the pore system, and a small upward thrust is
developed. This movement of water due to the action of traffic would
tend to strip hydrophilic aggregate spontaneously, and dust may be-
come mixed with rainwater and assist in abrading the asphalt-aggregate
contacts. This theory may explain failure of pavements in the field
due to action of water and traffic.

Emulsification. This mechanism has been observed to occur in

the laboratory by Fromm (71). The water causes spontaneous emulsion
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formation as droplets migrate through the asphalt coating to the
aggregate. The emulsion is a greyish material which forms on the
asphalt surface, and is a water-in-oil emulsion. The rate at which
the emulsion forms depends on the chemical nature of the asphalt
cement. Fromm reports the use of three commercial anti-stripping
additives which were tested; they actually increased the emulsion
formation.

Summary. No one theory of adhesion or mechanics of stripping
can explain the phenomenon of stripping. The resulting physico-
chemical forces acting at the interface between asphalt cement, aggre-
gate, water, and air may promote stripping. The displacement and
detachment mechanisms can be considered the primary causes of stripping,
and film rupture and hydraulic scouring the secondary causes. Ad-
hesion of asphalt cement to the aggregate seems to be controlled by
the characteristics of the aggregate, the asphalt cement characteris-
tics being secondary.

Tests for Stripping

Asphalt-aggregate systems are divided into two types, two dimen-
sional and three dimensional, by Majidzadeh and Brovold (58). The
two-dimension binder-aggregate system consists of mixtures in which
the asphalt and uniform sized aggregate form a layered and laminated
structure. These can be thought of as surface treatments or seal
coats. In the second type of system large numbers of well-graded
aggregate particles are held together in a coherent three-dimensional
honeycomb structure by the asphalt cement. Examples of this asphalt-
aggregate system are hot-mix asphalt concrete or road mix type mixtures.

Stripping tests are discussed on the basis of whether the bituminous
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mixture is considered two-dimensional (layered system) or three-
dimensional (compacted bituminous mixture).

Tests devised for the layered system of construction have a
common procedure. The aggregate to be evaluated is usually of one
gradation, commonly sized to pass a 3/8 in. sieve and be retained
on a 1/4 in. or No. 4 sieve. The aggregate is coated with
the asphalt material, subjected to the effects of distilled water,
and then evaluated to ascertain the percentage of asphalt coating
still adhering to the aggregate. Several differént detailed proce-
dures have been proposed. Four types reviewed here are: dynamic
_immersion stripping test, static immersion stripping test, chemical
or boil test, and detachment test. The laboratory test track, which
is discussed with the compacted bituminous test, has also been used
to evaluate stripping tendencies of the layered system of construction.

Compacted bituminous mixture tests are used to evaluate the water
resistance characteristics of the entire compacted bituminous mixture.
They include: immersion-compression (I-C), laboratory test tracks,
vertical swell, water susceptibility, abrasion weight loss, and sonic
vibration. Each test provides some measure of the change in a physi-
cal property of the mix due to the effects of water. This change in
physical property then is related to stripping effects of water on the
bituminous mixtures over stripping tests of coated aggregate particles
include: 1) the test results are quantitative values, 2) the compacted
test specimens represent the actual bituminous mixture that will be
used in highway construction, and 3) the laboratory specimens are
subjected to water action which may simulate actual field conditions,

where the pavement mass is exposed to effects of rain and groundwater.
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These advantages are offset somewhat by the need for more elaborate
test equipment and test procedures to achieve satisfactory test results.

Dynamic Immersion Stripping Test. Nicholson (59) devised a

dynamic immersion stripping (DIS) test to evaluate the adhesion of
asphalt to various types of fine aggregates. His test mixtures re-
presented sheet asphalt and typically were composed of 12 percent
limestone dust (passing No. 200 sieve), coarse concrete sand, and 8
percent asphalt. He weighed out 50 g of the cooled friable mix and
placed it in a 250 ml Pyrex Erlemeyer flask. About 175 m1 of warm
(140 F) distilled water was added to the flask before it was placed
in a shaking machine. The machine was rotated at 39 rpm submerged
in a water bath whose temperature was held at 140 F during the one-
hour test period. The sample then was removed from the machine and
the contents examined visually to see if the asphalt had washed off
the aggregate.

Dow (72) used the same type of test to evaluate his Colprovia
Paving Mixture in 1936. His mixtures were shaken at intervals of 1,
3, 5, 10, 15, and 30 minutes. The mixture was evaluated at the end of
each interval and any mixture which did not strip at the end of the
30-minute period was passed as satisfactory. Dow ran tests on various
component parts of the aggregate used in his mixture to determine
which aggregate size contributed to stripping. Winterkorn et al. (62)
used a similar test procedure but varied the test temperature and
rate of rotation, and extended the time of rotation up to four hours.

Lang and Thomas (73) also used the DIS test devised by Nicholson.
Their report gives the results of tests on 6 different types of aggre-

gate with 23 different brands of asphalt cement (85-100 penetration
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grade). The samplies were rotated at 44 rpm for two 15-minute periods
at 76 F, .and for additionai 15-minute periods at 100 F and 120 F. At
the end of each 15-minute period, the samples were examined and the
visually estimated percentage of surface area of the aggregate which
had been stripped was recorded. Two of the same aggregate types also
were subjected to stripping after coating with a 50-60 penetration
grade asphalt cement. Considerable variation in the stripping tenden-
cy of different asphalt cements was noted. Average results of these
stripping tests are shown‘in Table VIII.

Critz and Goode (74) used a DIS test to evaluate the effect of
using additives to decrease the stripping of bituminous coated aggre-
gate. They concluded that the conditions of the test were not suffi-
ciently severe to demonstrate differences between the additives or the
effect of using different percentages of additive.

A modification of the Nicholson DIS test was used by Tyler (65),
to increase the stripping effect on the bituminous coated aggregate.
In this method the coated aggregate, after curing, was separated by
hand and immersed in a mason fruit jar containing 1000 ml of distilled
water. The jar was placed in a Ro-Tap sieve-shaker and agitated for
30 minutes. The samples were removed from the jar and graded according
to visual inspection and count. Tyler concluded that aggregate composed
of granite, quartz, and some cherts were hydrophilic and aggregate
types such as dolomite, traprock, limestone, and basalt were hydro-
phobic.

Sanderson (75) used the TyTer test in evaluating the stripping
resistance of seven different aggregates. These aggregates were also

treated with methylchlorosilanes to determiné whether their stripping



Table VIII

Dynamic Stripping Test Results (73)

Per Cent Coating

Aggregate Penetration Asphalt Cement
50-60 85-100
Granite -- 34
Quartzite 75 53
Feldsite -- 65
Traprock -- 91
Limestone 99 g5
Mixed Gravel -- 99

]Mixed gravel composed of 32% 1limestone,
39% granite, 27% traprock, 1% sandstone, and

1% quartzite.

5
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resistance would be increased. Sanderson concluded that the Tyler
test did not simulate actual road conditions. Because the particles
of aggregate were agitated violently in a jar of water, it seemed to
him that most of the stripping which occurred was caused by mutual
abrasion of the aggregate particles.

The State of California Highway Department Taboratory test manual
describes a dynamic immersion method of test to evaluate film strip-
ping (76). The test is applied to the aggregate fraction passing the
3/8 in. sieve and retained 6n the No. 8 sieve. After curing, the coated
sample is immersed in water at 77 F and agitated for 15 minutes.
Additional 15-minute periods of agitation successively at 100 F and
120 F are used in special cases.

Static Immersion. In 1938, Hubbard (56) suggested a test to

evaluate resistance to film stripping. The procedure was to prepare
laboratory samples with the same proportions of asphalt and aggregate
as those intended for the mixtures in the field. After mixing was
completed, the blended materials were spread in a thin layer and allowed
to stand for 24 hours. A suitable amount of the cold mixture then was
placed in a glass jar with a screw top 1id, and completely covered

with distilled water. The jar and its contents remained undisturbed
for 24 fours, after which the mixture was examined for evidence of film
stripping. The jar then was vigorously hand shaken for three periods
of 5 minutes and the mixture was examined at the end of each period.

If only a slight amount of stripping was noted at the end of the

third period of shaking, Tittle or no trouble was anticipated with
stripping under ordinary field conditions. 1In 1936 Lee (64) had

reported results of a jar test similar to the one described by Hubbard.
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A water-asphalt preferential test intended to determine the water-
resisting properties of mineral fillers used in a bituminous mixture
was described by Stanton and Hveem (77). This test consisted of
mechanically mixing 50 m1 of a heavy fuel oil heated to 140 F with
10 g of filler dust (passing the No. 200 sieve) for 5 minutes. Then
100 m1 of distilled water at 140 F was added and the mixture stirred
5 additional minutes. The jar was set aside to allow the sample to
settle until the water became clear. The amount of clean filler in
the bottom of the jar was estimated and recorded as the percentage
of total filler. Higher percentages of a poor quality filler separated
from the oil and collected at the bottom of the jar.

An evaluation of stripping test methods and their usefulness was
published by Holmes in 1939 (78). He divided the various tests into
three categories: partition tests, displacement tests, and abrasion-
displacement tests. The partition test of Holmes was similar to the
water-asphalt preferential test previously described by Stanton and
Hveem, and the qbrasion-disp]acement test was similar to the dynamic
immersion test where the coated aggregate was shaken in a horizontal
plane. Holmes thought both of these tests were of little value in
éva]uating aggregate stripping tendency.

The displacement test was classified by Holmes as the one most
frequently used at that time and was essentially the same test used by
Hubbard and Lee, with slight modifications. The coating ability of
the asphalt before immersion as well as the stripping resistance at
the end of the test were noted. For the water-displacement test at
140 F, Holmes coated No. 4 to No. 10 sieve size material with 4 per-

cent cutback asphalt. The mixture was cured 2 days at 140 F, then
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completely covered with distilled water for 18 to 20 hours at 140 F.
The specimen was cooled to room temperature and spread out and dried.
The percentage of aggregate still coated with asphalt was determined
by visual estimation.

The influence of the pH of water on asphalt stripping from the
aggregate was reported by Gzemski (79). The static immersion test
previously described by Hubbard was used in the study. The coated
aggregate was cured 48 hour at 110 F and then immersed at 77 F in a
water solution (whose pH was varied from 40 to 10) for 24 hours. The
percentage of asphalt coating that remained on the aggregate at the
end of the immersion period was determined by visual estimatién while
it was still under water. Low pH solutions favored the retention of
asphalt on the hydrophilic aggregate (rhyolite and granitic gneiss),
whereas with dolomite better retention was obtained at pH values of
8 to 10. The pH of natural waters was surveyed to determine the extent
of the variation of this factor. In Pennsylvania during 1944-45, the
pH of surface waters varied between 2 and 10. Most of these pH values
were in the range of 4.5 to 8.5.

Carroll (80) reports that rainwater in equilibrium with the CO,
of the atmosphere (as in clouds) has a pH of 5.7, and in the United
States the pH of rainwater is generally between 6 and 7. According to
Carroll, all water that comes in contact with rocks is slightly acid.
When mineral grains are crushed and placed in water, the pH obtained
is known as the "abrasion pH". Cafro11 reports abrasion pH values for
common minerals as: quartz, pH 6-7; feldspar, pH 8-9; amphiboles,
pH 10-11; pryoxene, pH 8-10; mica, pH 7-9; calcite and colomite, pH 8-

10; and clay minerals, pH 6-7. The test results of Gzemski perhaps
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reflect the tendency of a bituminous material to adhere better in the
presence of a water whose pH is compatible with the abrasion pH of the
aggregate to which it is applied.

A report of ASTM Subcommittee B-26 on the effect of water on
bituminous coated aggregate was published in 1952 (81). A survey of
current methods was used as a basis for proposing a standard method of
performing the static immersion stripping (SIS) test. This standard
method of test was adopted by ASTM, after continued review, in 1959 (82).

The ASTM procedure is applicable to cutback, emulsified, and semi-
solid asphalts and tars. The method consists of coating 100 g of pre-
washed, selected aggregate (passing the 3/8 in. sieve and retained on
the 1/4 in. sieve) with 5.5 percent of liquid or semi-solid bitumen or
8 percent of emulsified asphalt. Temperature of mixing is as required
to obtain a satisfactory coating and curing conditions are compatible
with the type of bituminous material employed. The coated aggregate
is immersed for 16 to 24 hours in distilled water of 6.0 to 7.0 pH at
room temperature (77 F). By observation through the water, from above,
the percentage of the total visible area of the aggregate which remains
coated (above or below 95 percent) is estimated. This method should
not be used as a field control measure because such correlation has
not been established.

Karius and Dalton (83) evaluated the stripping tendencies of
aggregate used for seal coats with a detachment test. The aggregate
(5/8 in. to 1/4 in. size) was placed on the prepared bituminous film
under dry conditions. After curing 16 hours at 68 F, any loose aggre-
gate was removed from the pan, and the weight of the attached aggregate

determined. The test pans were immersed in a water bath at 68 F and
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the detachment of the asphalt was observed daily for a period of 30
days. Percentage detachment was determined on a weight basis.

Boiling of Chemical Immersion. This type of test was originally

developed by Riedel and Weber (84). The test involved placing a sample
of bituminous coated aggregate in boiling water for 1 minute and noting
whether separation of the bituminous material occurred. The aggregate
was classified as hydrophobic if there was no separation. The degree
of adhesion then was determined by the resistance to stripping of the
bituminous films when boiled for 1 minute in sodium carbonate solutions
of increasing concentration. A fresh sample of coated material was
used with each solution. The numerical value of adhesiveness (on a
scale of 1 to 10) was defined by the concentration of sodium carbonate
solution at which the stripping occurred.

Winterkorn et al. (62) compared results of the Riedel and Weber
test method with those obtained by using a dynamic immersion stripping
test. They observed that the two tests gave comparative results, but
the dynamic immersion stripping test approached road conditions more
closely than did the boiling test. Other researchers have objected
to the use of the boiling test because subjection of the sample to
such high temperatures and ekposure to the action of sodjum carbonate
solutions bear no relation to normal road conditions (57, 75).

Holmes (78) reported a water-boil test in which the coating of the
aggregate was accomplished in the same manner as in his water-dis-
placement test at 140 F. Then the coated aggregate was placed in a
beaker and covered with distilled water. The beaker contents were
heated to boiling in 6 minutes and boiled for 1 minute. The boiling
sample was then cooled under running water and spread on a flat surface.

The amount of coated surface was estimated visually.
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Quantitative Methods to Determine Film Stripping. A problem

common to the previously enumerated stripping test procedures has been
the visual estimation of stripped surface area. Visual estimation
provides only a qualitative indication of the stripping tendency of an
asphalt-aggregate mixture and depends largely on the judgment of the
operator, i.e., the individual performing the test. Considerable
research effort has been expended to develop a quantitative method

to measure the amount of stripping. The procedures include the use of
radioactive isotope tracer, lithium tracer-salt, dye adsorption,
mechanical integration, and leaching and stripping coefficient for
"quantity" measurements.

These tests have been considered either too complex, requiring
extensive equipment and expertise, or their accuracy has been ques-
tioned because results were based on the operator's visual judgment of
the amount of stripping. Ford et al. (85) reported a better procedure
to provide quantitative results and eliminate the judgment aspect of
the amount of stripping.

In this study, an apparatus and a technique were developed to
measure the amount of exposed surface area on asphalt-coated mineral
aggregate particles after they had been subjected to the "stripping"
effects of water. The test procedure is based on the principle that
calcareous or siliciferous minerals will react with a suitable reagent
and create a gas as part of the chemical reaction products. Within
reasonable time limits in a sealed container, the generated gas
creates a certain amount of pressure that can be considered propor-
tional to the mineral surface area exposed to the reagent.

With proper selection of reagents and reagent concentrations,
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asphalt, being a relatively inert substance, will not enter into the
reaction and will not contribute to the created gas pressure. By use
of duplicate aggregate samples, one uncoated and the other asphalt
coated and partially stripped, the change in gas pressure of the
respective samples can be compared to determine the amount of exposed
surface area on the partially coated sample.

This procedure was used to measure the amount of stripping shown
by 11 different aggregate-asphalt mixtures. The aggregates, obtained
from various Oklahoma sources, included several different types of
carbonate and siliceous materials. The quantitative results of the
surface reaction test were compared with visual evaluations of similar
mixtures which were subjected to static and dynamic immersion stripping
procedures and are shown in Table IX.

Immersion-Compression Tests. Developmental work on this method

was reported in 1943 by Krchma and Loomis (86). They compacted their
mixtures by using a vibratory procedure. The 3 in. diameter by 2 in.
high specimens were cured 16 hours at 77 F before being tested in
unconfined compreséion to determine their initial or dry strength.
Duplicated specimens were allowed to stand in water at 77 F and were
tested in compression after different periods of time. Three types of
aggregates were evaluated with a 142 penetration Wyoming asphalt cement.
Asphalt coated aggregate samples also were subjected to the dynamic
stripping, boil, and swell tests.

The unexpected failure in 1941 of an experimental highway built in
Colorado was attributed to the stripping effects of water. This failure
prompted research on stripping by the Public Roads Administration.

Pau1s and Rex (87) reported the work undertaken by that agency in



Table IX

RESULTS OF STATIC AND DYNAMIC
IMMERSION STRIPPING TESTS AND SURFACE REACTION TEST (85)

Static Immersion, Dynamic Immersion Surface Reaction
Ret. Coating (%) Ret. Coating (%) Ret. Coating
Aggregate Variation
77 F | 140F]| 1 hr. 2 hr. 4 hr. (%) (%)
Cooperton 100 85 95 90 85 90 +0.5
Hartshorne 100 75 95 90 15 85 +05
Stringtown 100 65 95 90 85 93 +0.7
Cyril 100 60 90 80 75 64 + Q.7
Keota 100 50 95 90 80 56 +0.0
Onapa 100 50 95 90 85 68 +0.8
Asher 100 90 95 90 80 74 +3.4
Broken Bow | 100 90 95 90 70 54 + 316
Gdre 100 40 90 85 65 65 o B
Hugo 100 95 95 90 80 78 05
Miami 100 70 95 85 5 60 +35

Tvariation based on maximum and minimum values of duplicate tests.
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developing an immersion-compression test. They used the same source of
Colorado aggregate as used in the test highway and compared results with
a Potomac River sand and gravel of known quality. Initially they
performed DIS tests on the aggregates under study. After testing, the
Colorado aggregate showed only 40 to 50 percent of its surface area had
retained its asphalt coating, whereas 95 to 100 percent of the surface
area of the Potomac River gravel remained coated. With similar mixtures,
cylindrical specimens 3 in. in diameter and 3 in. in height were molded
at room temperature under a molding pressure of 1000 psi. This molding
pressure was maintained for a l-minute period.

Specimens from each mix were tested in compression after molding
and after immersion in water for periods of 1 to 7 days at a temperature
of 77 F. The Colorado aggregate mixture showed a retained strength
from 0 to 5 percent; the Potomac River sand and gravel mixture had a
retained strength ranging from 87 to 103 percent. This method of test
was considered so promising that its use was extended to evaluation
of other types of aggregates, filler, and asphalts.

Further development of the I-C test were reported by Pauls and
Goode (88, 89). The sensitivity of the test was to be increased until
the differences in hot mixtures in the laboratory agreed with field
observations. They evaluated I-C retained strengths of bituminous
mixtures by using 1) vacuum process to accelerate the saturation of the
compacted mixture, 2) higher water bath temperatures, and 3) different
immersion times.

In the vacuum process, the specimen was kept immersed in a water
bath under 27 inches of mercury vacuum until air bubbles ceased to

come from the surface of the specimen. This step required about 20
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minutes; then the vacuum was reduced to atmospheric pressure, which
forced water into the empty voids of the specimen. Swell and strength
tests indicated that no initial detrimental effect resulted from vacuum
saturation. However, when comparative specimens were vacuum saturated
and soaked in the regular manner, a difference was noted in their
retained strength. The vacuum process was not severe for hot mixtures
of the coarse-grained type, but the fine-grained mixtures were affected
to a much greater degree. It was concluded that the degree to which
vacuum saturation affected values of retained strength was related to
the fineness of the aggregate used in the mixture. Because fine-
grained mixtures normally have high resistance to the infiltration of
moisture and usually show good service behavior, it was concluded that
the vacuum process should not be used in the I-C test procedure.

A definite relation between temperature of immersion water and
time of test was observed. This study evaluated the effect of immersion
temperatures of 77, 100, 120, and 140 F, along with periods of immersion
of 5 hours and 1, 4, 14, and 35 days. The best correlation between
field service behavior and I-C results was obtained with 4 days of
immersion at 120 F. However, results of immersion tests at 140 F for
1 day and 120 F for 4 days showed a very close agreement. Therefore,
results obtained with 1 day immersion at 140 F were considered accepta-
ble.

The Standard ASTM Method D 1075, for effect of water on cohesion
of compacted bituminous mixtures, was adopted in 1954 (90). In this
test the bituminous mixture is evaluated by preparing 6 specimens, 4
in. in diameter and 4 in. high. The specimens are molded by means of
a double plunger device, the final pressure of 3000 psi being applied

for 2 minutes. The specimens are cured 24 hours at 140 F in air after
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whiéh their bulk specific gravity is determined. The 6 specimens are
then sorted into two groups so that the average specific gravity of
each group is about the same.

Dry specimens are then brought to 77 F and tested in axial
compression at a uniform rate of vertical deformation of 0.05 in. per
minute for each inch of specimen height. Wet specimens are placed in
a 120 F water bath for 4 days (alternate method of 140 F water bath
for 1 day) then cooled in a 77 F water bath at least 2 hours before
determination of their compressive strength. The index of retained
strength is calculated by dividing the compressive strength of the wet
specimens by the compressive strength of the dry specimens.

A similar test procedure has been published by the U.S. Army
Corps of Engineers (91). Eight Marshall specimens are molded for each
test. The standard size of specimen is 4 in. in diameter and 2.5 in.
in height. Specimens are divided into two groups so that the average
specific gravity of each group is essentially the same. Dry speci-
mens are immersed in a 140 F water bath for not less than 20 minutes
and their stability is determined by using a Marshall stability pro-
cedure. Wet specimens are immersed in a 140 F water bath for 24
hours prior to determination of their Marshall stability. The index of
retained strength is obtained by dividing the wet Marshall stability
by the dry Marshall stability. Mixes showing an index of retained
stability of less than 75‘percent are rejected.

Swanberg and Hindermann (92) reported a variation of the ASTM
immersion-compression procedure in which they used specimens 4 in.
in diameter and 2 in. in height. The standard testing procedures were
followed except the strength of the specimens was determined by using

the Marshall Stability Testing Head. Mathews et al. (93) also used
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this procedure in their 1965 work.

Olsen (94) reported a study in which the I-C test was performed
with both the ASTM test procedure (90) and the Marshall stability
test procedure (91). A higher percentage retained strength was
obtained with the Marshall I-C method than with the ASTM I-C method.
Eager (95) noted that in comparing indices of retained stability, the
method of compacting and testing the specimens must also be considered.
Specimens molded by kneading action, such as by the Hveem Kneading
Foot Compactor, show significantly higher stability values as well as
higher indices of retained stability than specimens compacted by the
ASTM standard double plunger direct compression method.

The 1973 Annual Book of ASTM Standards (41) includes a proposed
method of test for effect of water on resistance to plastic flow of
bituminous mixtures with the Marshall apparatus. For the mixture to
be evaluated, a minimum of 8 test specimens 4 in. in diameter and
2.5 in. in height are prepared in accordance with Standard ASTM
Method D 1559 (41). The specific gravity of the test specimens is
determined by the Standard ASTM Method D 2726 (41) and then
they are sorted into two groups, one to be tested "dry" and the other
to be tested "wet". Dry specimens are immersed in a 140 F water bath
for not less fhan 30 minutes and their Marshall stability is determined.
The wet specimens, if molded with asphalt cement, are immersed in a
140 F water bath for 24 hours and their Marshall stability is determined.
The numerical index of the resistance to flow is obtained by dividing
the wet Marshall stability by the dry Marshall stability, and expres-
sing the retained strength as a percentage.

Some criticism has been directed at the I-C test method.
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Sanderson (75) states, "The immersion-compression test is long, in-
volved, and requires special apparatus not usually found in a highway
engineering laboratory. The results of the test are somewhat dubious,
even when performed with the best laboratory equipment." Goldbeck
(96) notes that there was not a good correlation between the traffic
test in the circular track and the standard I-C test.

Andersland and Goetz (97) report that a bituminous mixture con-
taining hydrophilic rhyolite had a higher I-C retained strength, at
the end of one day immersion at 140 F, than either a gravel mixture or
a limestone mixture. Their test results are shown in Table X. Paul
Thompson, in the discussion to this paper, notes his observation that
very dense specimens would not be completely saturated during the
entire 4 days immersion time at 120 F. He recommends that the time for
immersion of the specimens should be calculated from the time the
specimens are entirely saturated by water, such saturation having been
effected either by a vacuum saturation technique or by a preliminary
water immersion.

One phenomenon reported by some investigators using the I-C test
method deserves elaboration. In some instances the bituminous mixture
being evaluated indicates a retained strength greater than 100 percent.
When asked if there were instances of higher compressive strength
being obtained after water immersion, Goode (98) replied, "Oh yes,
we qﬁite frequently get a retained strength greater than 100 percent,
particularly with a mixture conta<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>