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Abstract: Pavement skid resistance in-
Tormation and data 1s comprehensive but
scattered throughout the literature.
Here the state of the art and the state
of the practice involving various
methods of providing pavement surfaces
{roads and runways) that reduce wet
weather skidding and hydroplaning are
summarized and reviewed; also ldentified
are those areas where the practice lags
behind the state of the art. Source
information is also furnished for the
serious student and researcher of the
subjeet, Hield and laboratory tests and
specifications of skid measurement and
predictability are discussed, TPolish
resistance of various aggregate types
are listed as is the skid resistance of
various pavement surfaces., The effect
oft characteristics of the materlals and
surfaces of pavement construction are
presented in relationship to the design,
construction and malntenance of road and
airport pavements., Details of design,
construction and maintenance for effec-
tive skid resistance are covered., OCF
special significance 1s the section on
"The Tuture". The paper was contributed
te by a group of experts in the fleld.

One of the most impeortant factors in the
safe operastion of the modern motor vehicle
is the development of necessary tilre-
pavement friction {(skid resistance). It is
well-known that during an emergency stop,
the last chance for avolding an accldent
resides with the level of sklid resistance
developed between the tire and pavement dur-
ing braking, In most cases, emergency
situations lead to over-reaction on the part
of the driver, which often results in a
locked-wheel skid,

There is a substantlal drop in skid re-
sistance of pavements during wet weather,
This creates & serious siltuation since
experience has shown that the average driver
does not reduce driving speed under wet
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condltions.

It is also unfortunate that most tire
manufacturers! advertisements vividly dis-
play the remarkable stopping ability of
thelr tires. This can lead to overconfi-
dence on the part of the driver, especlally
since nc one explains that such stopping
ability depends on many factors besides the
advertised claims for the tire, such as the
significant changes that occur due to tire
wear. A "bald" tire on a wet pavement pre-
sents a very hazardous condition. Perhaps
this is best stated from a quotation by
R, W. Yeager (1) in his paper on "Tire
Hydroplaning: ~Testing, Analysis and Deslign™:
"Mhe road surface 1s a relatively lasting,
stable, rigid platform and is conducive to
resisting tire hydroplaning if properly
designed. These qualities are absent in the
tire. The improvement that a tire tread
potentially offers is governed by the level
of drainage and friction capability of the
surface,"

On the basis of the above statement and
assuming the driver and the tires are com-
petent, then cne could conclude that the
responsibility for the attainment of neces-
sary tire-pavement friction under the
variable snvironmental and vehicle operating
conditions mainly rests with the paving
engineer, This also appears to be the
thoughts of the writers of NCHRP Synthesis
1% on Skid Resistance (2) wherein we fing,
"Next to congestion, pavement slipperiness
is the greatest sin a public agency can, in
the eyes of the public, permlt to befall
highways and streets, Indeed, when skidding
accldents occur, the publiic 1s more likely
to blame the pavement than anything else.”
We should add that although the public is
not directly involved in terms of opera-
tions, the same feelings are of as great
imporbance in the takeolffs and landings of
commercial and military ailrplanes,

The problem of providing economical
pavements which generate the proper tire-
pavement frietion would be difficult enough,
but when the constraints of ncise, excessilve
tire wear, pavement roughness, and road
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geomebry must also be considered, one begins
to understand the magnitude of the problem.

During the interval between the First
International Skid Resistance Conference
and this one, numercus studies on tire-
pavement friction have been published and
a number of ocutstanding papers have been
made avallable to the paving engineer (2)
{3)(4)(5){6}). The purpose of this report
is to review the state of the art and the
state of the practice involving various
methods of providing pavement surfaces
(highways and runways) that reduce wet
weather skidding and hydroplaning, and
identify where the state of the practice
lags behind the state of the art.

In order fo fulfill the preceding
objectives we will consider:

What are the basiec requlrements for
a satisfactory skid resistance surface?

. What is being done to provide and
maintain skid resistance surfaces?

. What remains to be done?

. What is cur future plan of approach
to the ultimate solution of our problem?

Fortunately at this stage of develop-
ment, we appear to have reasonable agreement
on the basic requirements for a satisfac~
tory skid resistance surface. Among the
many factors which affect pavement friction,
the most important are the microscopic and
macroscopic roughness of the pavement sur-
face as well as the polish-wear character-
isties of mineral aggregates. The
recognitlion of these two ftexture scales
which affect the friction and surface
drainage properties of elther a road or
alrport pavement allows one to classify
various pavement surfaces in terms of skid
resistance.

Figure I (3) and Figure IT (7) show the
influence of micro- and macrobtexbure and,
of greater lmportance, the necessity of
having both of these characteristices avall-
able at high operational speeds. As an
example, Figure I shows the excellent skid
numders that may be attalned by a fine-
textured gritty surface below 30 mph
(13.4 m/s} and the loss in skid resistance
above thils speed., This pavement surface
may be a very acceptable surface for city
streets, but would be inadequate for high
speed highways and certalinly not for alrport
runways. The paving engineer must be fully
cognlgant of the variatlon in tire-pavement
friction with speed.

Figures I and IT also indicate the
beneficial effect of texture in the geners-
tion of skid resistance. The important
function of texture is to provide drainage
channels so water can escape from under the
tire at faster vehiecle speeds, This allows
the tire tread elements to make positive
contact with the pavement surface.

Having ldentified the pavement surface
characteristics requlred for adequate skid
resistance, the paving engineer is also
concerned with maintaining such a texture
during the service 1ife of the pavement.
This 1s done by obtaining materials which
will have a high resistance to polish-wear
actlon of traffic, The balance of this
paper will be devoted o the study of
materials, and the deslgn and construction
methods used to provide adequate tire-

pavement {frictlion during the operational
life of alrpert and road, Also considered
will be the malntenance operations required
when surfaces fall below the desired skid
reslstant levels,

Megure I, Classification of pavement sur-
faces according to theilr wet friction and
drailnage properties.
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Figure II, Pavement Surface Characteristics.
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Materials

Assuming that proper design systems and
construction methods are available for pro-
ducing adequate skid resistant surfaces,
then the most important consideration is
the choice of suitable aggregate for bitu-
minous pavements and the mechanical textur-
ing of portland cement concrete pavements,

Excluding those bituminous pavements
produced mainly from fine aggregates, the
skid resistant properties of asphalt pave-
ments depend primarily on the coarse
aggregates, wWhereas in portland cement
concrete pavements, the fine aggregate
characteristlics are considered the more
important, at least until the surface has
worn sufficiently to expose the coarse
aggregates.

Four characteristics shculd be evaluated
in the selection of aggregates for skid
resistant surfaces. These are: texture,
shape, size, and reslstance to wear and
polish,

It should be noted that characteristics
such as texture, mineral constituents,
chemical composition, and certain physical
properties are controllable by the paving
engineer through aggregate source selection,
Once the source 1is selected, further char-
acteristics such as shape (angularity),
particle size and range of sizes (gradatiocn),
may be produced by processing. Microtexture
or roughness of aggregates is a very impor-
tant characteristic in terms of skid resis-
tance of the pavement. For a portland
cement conerete pavement, mlcrotexture refers
to fine-scale roughness contributed by
individual small asperities of the fine
aggregate particles in the mortar. This
would also be the case for surface gtreat-
ments with fine aggregate asphalt seal coats
(sand seals and sereenings) and asphalt
sturry seals., On the other hand, in asphalt
concrete and larger aggregate seal coats,
the microtexture of the larger aggregate
sizes is the most important.

Microtexture of an aggregate particle
must be specified or determined at the time
of 1ts incorporaticn into the pavement, but
of greater impcrtance is the change in such
texture during service 11fe, Minerals of
varying hardness in the aggregate matrix
may wear differentially under traffic
resulting in a continually renewed non-
polished surface, This also happens when
the individual aggrepgates have sand sige
particles composed of hard prains which are
weakly cemented. On the other hand, 1f the
cementing matrix is strong, the individual
grains will be tightly held and polished by
traffic, The rate of polish depends on the
hardness of the grains, frequency of contact
with traffic and the type of polishing medlia
or abrasive material on the roadway surface.

Shape and 3lze

Shape and size of the individual aggre-
gates are other important variables con=-
trolling skid resistance, The angularity
of coarse aggregates contributes to tire-
pavement friction in the case of asphalt
concrete and screening (aggregate) seal
coats by establishing polnts of contact,
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that protrude above the water level, with
the tire rubber, Angularity is most readily
attained by rock crushing operations.
However, aggregates of different mineral
composition with the same angularity may
wear-polish at very different rates, A
potentially slippery situation may develop
if rapld wear and polish reduces the
angularity of the points in contact with
the tire rubber. Such characteristics
gshould be determined by laboratcry testing
as discussed later,

Aggregate size is contreolled by the
grading requlrements., In the case of
screenings for seal coats, the sizes of the
aggregate are g very important consideration
in the final surface 1n terms of angular
projections to d4ifferent heights so as to
provide rubber envelopment and drainage
patterns. In the case of asphalt concrete,
size 1s important in creating the char-
acter of surface exposed. Varlance in
maximum aggregate size even from the same
aggregate source may result in different
changes in tire pavement frictlon under
aguivalent traflfic exposure.

Wear Resilstance

Having chosen an aggregate of appro-
priate microtexture and angularity and a
proper maximum sige and gradation, the
paving engineer must determine if such a
combination will produce the desired tire-
pavement friction and maintalin such skid
resistance during the service 1iife of the
pavement. As mentiocned previocusly, aggre-
gates may exhlblt different systems of
wear and polish depending on their miner-
aloglical composition, There 1s also the
possibility of using aggregates composed
of several minerals of various hardness
that will result in differential rates of
wear in a pavement.

An excellent summary on systems for
maintaining high skid resistance under con-
ditions conducive to wear and polish is
given vy B, B, Gallaway (£). Quoting from
portions of this paper, "Surface mlcro-
texture renewal processes may be alded by
proper selection of apgregates forming the
structural skeleton of the mix. The choices
that may be avallable ineclude granulating
materlals such as sandstone; conglomerates
which contain rock flagments that possess
great resistance to disintegration and
wear, like a quartz conglomerate; certain
limestones with uniformly dispersed small
sharp particles (Quartz in a limestone
matrix); certain iron ore gravels and
vesicular materials such as selected
slagsi scoria; and manufactured aggregate
of the lighwelight type such as expanded
clays, shales and slates,

"Another mechanism that has met with
moderate success utillizes the concept of
differential rates of wear of at least two
aggregates of distinctly different wear
rates in the mix. In service such a mixture
is worn and eroded by traffic and to some
extent by environmental factors at such a
rate as to create a contlinuous and effective
skid resistant pavement surface. The soft
particles wear in advance of the harder
particles leaving the latter in relief,
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As this relief is accentuated, the hard
particles are removed by the shearing action
of traffic, The process repecats itself to
maintain a particle exposure which contalns
a preponderance of particles that never
remain exposed to the actlion of traffic long
encugh to polish %o low level. The Highway
Departments of New York, Virginia, Kentucky,
Tennessee, Loulslana and Texas, ameong others
have utilized this approach with varying
degrees of success for a period of several
years.," TFigure III from this paper presents
this information in outline form.

Figure IIXL., Materials
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One of the difficult problems in proper
selection of aggregates in the United States
is the enormous amount of limestone avail-
able as aggregate, Some limestone aggre-
gates pelish rapidly and lead to low tiree
pavement friction values in a relatively
short period. HNumerous studies by the
individual states and the Naticnal Crushed
Stone Associatlon have shown that it is
possible through proper combinations of
aggregates of different wear rates to use
most sources of limestone aggregates.
Studlies Indicate that blending 1is effective
in proportion to the amount blended in the
proper size range {(coarse for asphalt
concrete and fine for portland cement con-
crete) and the polilish resistance of the
blending aggregate, However, blending
requires careful testing and evaluation
(described later) during preliminary studles
Jeading to mix design.

As mentloned previously, good skid
resistance requires g satisfactory micro-
texture on the aggregate partlcles for
both low and high speeds and the retention
of this texture during the service 1ife
of pavements., The acticn of the tire rubber

plus the avalilable abrasive material causes
a continuing wear of the pavement surface.
Also through a polishing actlon, aggregate
microtexture 1s reduced., All of this action
in most cases leads to a reduction in pave-
ment skid resistance. However, as noted

in Flgure II, careful use of dlfferent
aggregates may provide differential wear

and a continuing renewal of surface texture,

Tests and Specifications

One of the most difficult problems
presently facing the paving engineer 1s the
development of tests and specifications to
enable him to characterize the microtexture
of aggregates and the degree of retention
of such microtexture during service 1life of
the pavement.

There is a necessity Tor continulng
field evaluation of the wear-polish char-
acteristics of various aggregates and com-
binations of aggregates having different
mineraloglcal compositions. Although con-
tinuing field efforts are ilmportant it is
even more essential that the paving englneer
have laboratory tests to provide him with
answers for decisions on the suitability
of aggregate sources, The importance of
such tests should be stressed since the
proper choice of an aggregate is not only
based on i¢s angularity, mlcrotexture
properties, and 1ts susceptibllity to
polish-wear but also on the availability
and cost as well as numerous other required
properties. As 1s well apprecilated the
desipgn of a pavement i1s a balancing act
and tests that do not provide significant
answers and guldance may result in costly
mistakes,

Tests of significance in characterizing
the resistance to wear-polish are the
variocus petrographic tests which describe
the aggregate and its mineralogical com-
positlion., This analysis may prove very
useful in selection of apgregates 1if such
tests or combinations of {est results are
correlated with field performance, In
addition, specilal cases require specilal
tests., In the case of limestones and
dolomites which sometimes pollsh very
rapidly, the acid insoluble resldue test is
being explored and has been used in some
specifications, As with many tests of this
type there ls controversy on the interpre-
tatlon and use of the results,

Recent guidelines (8) comment on the
acld insoluble residue test as follows:

"It is recommended that thils test be used

as a laboratory evaluaticn test, but not

be consldered as a principal means of
predicting resistance to change in tire-
pavement friction as governed by polishing
action of traffic, The test should be
conslidered as a very useful tool when used
in conjunction with the results of field
performance of a given aggregate or combina-
tion, or when combined with other laborabory
tests such as a pelishing test and petro-
graphlic analysis.”

Perhaps the most significant gest for
predicting the resistance to change during
service life is some type of wear-pclish
test. Although numerous sbtudles have been
performed in this connection a fully



acceptable test ls not presently available.
However, the well-known British Wheel
Polishing Machine is being studied by ASTM
together wlth other devices for wear and
polish determinations, Texas uses this
machine for an accelerated polish test for
coarse aggregate (Texas H.D, Test Method
438-A, January 1, 1974).

There are twe approaches in the attempts
to provide design information on aggregate
wear and polish resistance, other than
experience from field testing. The [irst
invelves a laboratory system which deter-
mines the change 1n microtexture of selected
apggregate particles., The second involves
labeoratory simulation of field conditions.

The British Wheel Polishing Machine
is an example of the first system. The
guantitative measure of microtexture is
a very difficult problem and it is best
presently done with a low speed friction
tester such as the British Portable Tester.
This instrument provides frietlon readings
which are relatable to the lower speed
range (below 30 mph [13.4 m/s]) in which
the dominant factor is microtexture of the
aggregate particles. Through the use of
this system one may obtaln information on
coarse aggregates for use 1in asphalt con-
crete and aggregate (screening) seal coabs
such as 1/2-3/8 and 1/4 inch. However,
it 1s not possible to study fine materlals
with this method.

It is apparent that the second approach
is the most logical development for char-
acterizing the total effect of traffic
on various pavements or surface treatments.
Laboratory systems that simulate field
conditions are under active study through-
out the world with the use of some form
of eircular track as the most popular
device., Ofther systems include a stationary
spinning wheel wearing and polishing on
a fixed area of the specimen and smaller
instruments that employ small rotating
rubber devices secrubbing on elrcular speci-
mens. In any case, one of the most
difficult problems with such simulation
systems is the forming of a test specimen
that represents the pavement surface.

As an example, the preparation of portland
cement concrete test surfaces must provide
the same finish and strength as found in
the field and with the mortar, water and
aggregates in the same proportion relative
to field conditicns. This may or may not
be possible during preliminary design.

The use of additional water, for example,
during construction finishing operations
may result in a weak mortar. A strong
mortar 1s necessary since a mortar weak in
strength may wear at a rapild rate and lose
good microtexture aggremate., In this case,
rapid wear 1is the dominant factor in the
future Tleld condition, but may not show
in laboratory studies.

It appesars possible to produce realistic
test specimens for the various forms of
asphalt surfaces although sufficient results
are not availiable to provide firm recom-
mendatlons.

A problem with a circular track-type
machine 1s the possible displacement of
the surface because ¢of the scrubbing metion
of the wheel rotating on a short radius.
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A further problem is the difficulty of
tracking in the same area. Most units
presently under study, therefore, have a
variable radius feature,

A wear and polish machine must produce
accelerated results so most test methods
employ some additional form of abrasive,
There is a definite need for standardization
of the abrasive to be used, the grain size
or sizes and the time periods for testing
with the same or different combinations
ol the abrasive.

As has been mentioned previously, both
mierotexture and macrotexture are involved
in providing proper skid resistance over the
range of speeds encountered in pavement and
runway operations, Although microtexture
comes into play at all speeds, macrotexture
is essential at speeds above 30 mph (13.4
m/s). Therefore, 1t seems necessary that
the full friction curve over a range of
speeds be obtained from the wear-pollsh
efforts with the circular or linear track.
The British Portable Tester will provide
readings that indicate the change in micro-
texture and represent the friction curve up
$o about 30 mph (13,4 m/s). Beyond this
point macrotexture is of importance, The
measurement of changes in macrotexture may
be accomplished by use of either the
Sehonfeld method (33), the sand patch test
or the outflow meter, Howevar, these
measurements must be correlated with frle-
tion readings from field studies,

Another system is actual field studies
of trafficked surfaces. Skid resistance
measurements are taken at frequent interwvals
with standardized (ASTM) equipment, There
is a need for frequent measurements since
there can be significant varlations caused
by relatively mincr changes in environmental
conditions. The Pennsylvania DOT studiles
indicate that this system will provide
infTormation of value within cone to three
vears under heavy traffic. There is growing
indication that practical equilibrium con-
ditions are reached during this period,

If we are to cbtain useful data, it is
essential that everyone place as many f(ileld
sections as possible together with duplicate
test surfaces in the laboratery. This
effort will {irm up our future efforts to
standardize a method of gdetermining the
eflfect of aggregate wear and polish on tire-
pavement friction values cover the entire
range of speed,

Summary

The development of a standardized labor-
atory device for wear and polish studies
including methods of friction measurements
over the entire range of operational speeds
is presently of great ilmportance in the many
areas of the United States especlally where
limestone aggregates are the main source of
supply. In these areas 1t may be necessary
to avoid such materials or blend them with
varying percentages of properly sized aggre-
gabes known to have superior wear-polish
resistance. A suitable laboratory test
would provide vital information for making
the most economical selection., Although
extensive studies have been performed (§)
using & clreular track, the only method of
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measurement of friction change was the
British Portable Tester. This does not
provide all of the information needed.

At the present time, tire-pavement
friction values depend on experience with
different aggregate types (noted in Pigure
TI). This experience gailned from fleld and
laboratery studies makes possible the
selection of apggrepate combinations to
overcome the preoblem of rapld polishing
aggregates. There 1s an essential and
immediate need for a standardized laboratory
test method for producing test specimens,
wear and polishing technigues, and proper
methods of measuring frictlon which will
predict changes in tire-pavement friction
over the entire vehicle speed range. It
is necessary that such methods be applicable
to all pavement types. To be successful
the system must also account for the action
of weathering of the aggregate.

Desipgn

A primary factor in achieving a skid
resistant roadway or runway is the design
of the pavement wearing course, The neces-
sity of achieving a skid resistant surface
is just one of a number of factors that must
be considered by the deslgner., Some of the
others are:

. Smooth riding gualities.

Limit excessive tire wear and nolse,
{Noise 1s not a facter for runway
pavement design.)

Structural stabllity in order to
withstand forces imposed by maneuvers
of vehicles, environment, etc.

. Exhibilt desirable qualities for day
and night driving under changing
environmental conditlons.

The attainment of these propertles 1s
dependent on the careful selectlon of the
properties of the aggrepates and the cholce
of the cementing agent. The design of the
several listed types of surfaces follows:
1. Portiand Cement Concrete
2, Asphalt Concrete

a. Continuous Grading

b. Gap-Graded or Continuous Grading

Mixture with Special Aggregate
Additions to Surface

c. Open~Graded

d. Sand Asphalt
3. Slurry Seal Coats
¥, Bggregate Seal Coatbs

Portland Cement Concrete

Guidelines for Skid Resistant Conerete
Pavement Construction have been recently
arafted by joint AASHTO-ARBA-AGC Task Force
Number 15. These Guidellnes {10) present
the latest practical state of THe art as
follows:

Many factors affect the skid resistance
of concrete pavement (28)., Among the most
important factors are the fine texture
(grittiness) of the surface, contributed
by the fine agpgregate, and the coarse
texture formed by the method of finishing,
The durability of the surface texture is
a funeticn of the wear-resistant gqualitles
of the concrete and the character and volume
of the traffie,

Mix Design

Mix design formulation for concrete
pavements should conslder the quality and
durabllity required %o produce and retaln
good textures, during and followlng con-
struction, The design of quality concrete
mixes is adeguately covered in current
publications, bulletins, and speciflcations
as issued by the Portland Cement Assocliation,
Pederal Highway Administration, Federal
Aviation Administration, American Concrete
Institute and American Assococlation of State
Highway and Transportation O0fficlals, as
well as many other trade assocliations and
state and federal agenciles. Research
previously referred to, (28) has shown that,
to cbtain better wear resistance in the
pavement surface, special consideration must
be given to the following factors:

Wear resistance of concrete lneresses
as the cement factor s increased.

., Wear resistance of concrete increases

as the water-cement ratio is decreased.

A review and study of this information
will indicate that, when designing a con-
crete mix for a pavement which will carry
high traffic volumes or involve conditions
that will subject the surface to highly
abrasive actlon, the water-cement ratio
should be lower (0,50 or less) than normally
required for adegquate durability under less
severe conditions.

To provide good skid resistance, the
proportion of fine aggregate in the concrete
mix should be near the upper limit of the
range that permits proper placing, [inishing,
and texturing, The sand content should
provide an adequate amount of mortar for
proper surface texturing without the addi-
tion of water or excesslve manipulation.

Air Entrainment

Entrained alr should be used in all con=-
ecrete pavements because of the beneficial
effects to both plastic and hardened concrete.
An important benefit is to protect the tex-
tured surface of the pavement from the effect
of alternate cycles of freezing and thawing
and the application of deicing salts. Alr
entrainment alsc improves concrete in the
plastie state by:

. Reducing segregatlion when haullng in
nenagltating conveyances and during
placing operations.

., Increasing workability.

. Reducing bleeding.

. Reducing the amount of water reguired
Tfor satisfactory workabllity.

Each of these factors contributes to

the procduction of an adequate and durable
surface texture,.

The amount of entrained air needed to
produce durable concrete varies wlth the
maximum size coarse aggregate. The Joint
Task Force (8) reccmmends the grading be
within the fellowing ranges:

Maximum Size of Alr Content,

Coarse Agpgregate, Percent by
In. Volume
1-1/2, 2, or 2-1/2 EE L
3/4 or 1 6 + 1

3/8 or 1/2 7-1/2 1



When entrained air is not regquired for
protection apainst freeze-thaw or deicers,
these alr contents may be reduced by about
one-third, while still obtaining the other
benefits cof alr entralinment.

Apgregates

Where abraslon-resistant aggregates are
not economically available, locally avail-
able aggregates with relatively low resis-
tance to polishing may be used in the bottom
layer of pavement, HMore expensive, hard and
angular pelish resistant aggrepgates would be
required in a relatively thin surface course
placed while the lower course concrete 1s
st11l plastic., While this is not yet a
common practice in this country, it is
expected to be used more often as high
guality aggregates become more scarce. The
practice is in wlde use in Europe,

Fine Aggregate

Research to date indlicates that the
silicecus particle content of the fine
aggregate as determined by the acid in-
soluble residue test should not be less
than 25 percent (28). The siliceous
particle content s wvery important, and
where economically feasible, a higher per-
centage should be regulred., Where suitable
materials conforming to these requirements
are not eccnomically avallable, alternate
methods of achleving a skid-resistant sur-
face should be investigated. These might
inelude blending of fine {natural) aggre-
gates with synthetlc aggregates or
applying wear-reslstant partlicles to the
surface of the fresh concrete.

Coarse Aggregate

Coarse aggregate will not affect the
initial skid resistance of concrete pave-
ment, but will have an effect if it becomes
exposed due to surface wear, The perform-
ance record of the coarse agpgregate under
consilderation should be evaluated in terms
of skid resistance.

Asphalt Concrete

After consideration of local material
availability and environmental conditions,
the designer must establish the tire-
pavement friction need primarily on the
traffic speed, As previcusly mentloned,

a certain degree of microtexture is always
needed for both low and high speed traffic;
however, high speed traffic requires, in
additlion, an adequate macrotexture for
rapld dralnage.

There are a number of different types
of asphalt concrete and surface treatments
involving asphalt as a binder. Therefore,
the designer has much flexibility when
working with surface types contailning
asphalt as a binder. However, the designer
must keep in mind that the choilce of a sur-
face type in terms of skld resistance must
be balanced with other lmportant factors
such as availabllity and characteristics
of local materials, climate, traffic and
other factors.
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The designer must select his aggregates
to provide sufficlent microtexture as well
as a proper choice of crushed particles
and gradation to insure adequate macro-
texture. Generally aggregates fitting the
selected requirements, 1f exhibiting
resistance to wear and polish, will also
ald in providing sufficient stability to
the pavement. Presently used mix designs
such as the Hveem and Marshall methods
may be used to obtain the desired asphalt
content. The determination ¢f the optimum
asphalt content 1s a very criltical design
decision, not only for pavement skid
resistance but also for structural adeguacy.
An excess of asphalt cement in any pavement
type or surface treatment may rapidly lead
to "bleeding" or a "flushed" surface, one
of the most serious wet weather skid hazards
and a very difficult maintenance problem,

As discussed previously polish resistant
aggregates may be scarce In some areas,.
Under these circumstances, skid resistant
mixes may be designed by blending imported
coarse polish resistant aggregate with
polish susceptible fines, At the present
there is rather limited knowledge on the
percentapges to be used in the blend,

Another method that may be used In this
situaticn is a sprinkle treatment (10),

In this case, one may design a continuously
graded mix contalning a polish susceptible
coarse aggregate and, fellowing laydown and
prior to rolling, sprinkle the surface with
3-7 pounds/sq. yd. of a polish resistant
preccated coarse aggregate., This method has
also been used for a number of years in
Fngland where very dense mixes, gap-graded,
high Iin sand are laid. These mixes have a
very smooth surface, so they are finished
with a sprinkle treatment. The designer
should be aware that the two designs
relative to the application of surface
aggregates are Tor meeting the same criteria,
but should be selected on a different basis,
In the first system, the surface aggregate
1s for the purpose of preventing rapld polish
of the coarse aggregate in the mixture. )
In the second case, the purpose is not only
to provide resistance against polish, but
also to provide a drainage system since the
underlying mix within itself will produce a
smooth rolled surface,

Another excellent anti-skid pavement is
now known as an open-graded friction course,
This mix contains about 30-40% voids and has
a high film thickness, The wvoids and heavy
texture created by a coarse grading provide
an excellent nonskid surface, Both surface
dralnage and sub-surface porosity are
provided so as to drain surface water away
rapidly. If the aggregate properties,
gradation and asphalt content are properly
selected, the resuiting mix will not only
provide microtexture but, of great impor-
tance, oubtstanding macrotexture. This mix
has been found to be a highly satisfactory
asphalt concrete surface course for runways
(11, 12). Its performance for high speed
hTghwi¥s has been excellent,

The designer must be aware of certgin
overall requirements for open-graded pave-
ment mixtures, Slnce this type of pavement
permlits very rapid downward movement of
water, the underlying pavement must be
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impermeable to prevent entrance of f{ree
water into the structural section. Cross-—
slope must be sulficlent to allow rapid
movement of water through the open-—graded
surface onto the adjacent shoulder, This

i1s of special importance in hilly country
where rapld longltudinal fleow of water
through an open graded surface may build up
water to above the surface in swales, creat-
ing a severe hydroplaning sifuation at these
locations,

The most recent desipgn procedure
together with gradations and cther aggre-
gate propertles are found in references 11,
12, 13, and 14,

Another form of surface is sand asphalt
mixes. Kentucky Bureau of Highways has
propesed four types of sand asphalt surfaces
{15) as Tollows:

Type 1 - dense-graded; for general use,

Type 2 = dense-graded; skld resistant;
for moderate speed traffic,

Type 3 - open-graded; skid resistant;
intended for moderate traffic.

Type 4 - open-graded; skid resistant;
intended for high speed,heavy
traffic.

Reference 15 conbains proposed specifi-
cations for these different types as well
as a paper by J. H. Havens on porous sandé-
asphalt mixtures, This paper describes the
development of Type 3 and Type Y4 mixtures
wherein modificaticon of a sand asphalt
paving mixture leads £o adeguate micro-~
texture and also to direct removal of sur-
Tace water by downward drainapge in the same
manner as the previously described open-
graded friction course, Thls would then
provide the necessary drainage for high
speed traffic.

The recommendations put forward for
open-graded sand asphalt (15} have been
partially implemented by the Kenbucky DOT
and the continual develcopment of the state
of the art should scon permit the full use
of sand asphalt mixtures for the full range
of highway speeds, They recommend that
sands be selected in terms of mineral com-
position, gradation and particle shape.

The need [or excellent wear-polish char-
acteristics of the aggregate, even for
jlower speed sand asphalt surfaces, is
clearly indicated. The dense-graded,
moderate speed surface, requires the sand
to be either crushed slag or a select
angular high-silica material containing at
least 75% Si0s. This requlrement must be
met on the portion of sand retained on all
sieves down to and including the 100 mesh
sieve, Field studies by Kentucky clearly
indicate the need for controlled wear or
attrition under traffic and the accompany-
ing continuous renewal of the all-impertant
microtexture,

Slurry Seals

Slurry seals in most specifications are
a form of sand asphalt mixture, The maln
difference 1s in the method of preparation
and construction. An asphalt emulsion is
used in the slurry seal nmixture and the
percentage of material passing No. 200

sieve is higher than normal, Unless a
larger size aggregabe 1s used, most slurry
gradations lead to a microtextured surface
with 1little macrotexture for drainage under
high speed traffic, Therefecre, the mate-
rial should be considered for use mainly

on moderate speed roads unless the designer
uses gradations invelving larger sized
apgregates, As with sand asphalt mixtures,
the problem of wear-polish must be carefully
considered, Of great lmportance i1s the use
of proper desipgn tests for asphalt content
since these seals are critical in terms of
"pleeding.,"

Aggregate 3eal Coats

Aggregate or secreening seal coats in-
volving different maximum slilzed aggregates
have been used on pavement surfaces for
many years. The designer has flexibility
with this type of surface since he 1is able
to provide mierotexture and a choice of a
maximum size aggregabe allows development
of gradations that will produce different
amounts of macrotexture depending on the
volume and speed of {raffic.

Design methods are avallable (16, 17,
18). This state of the art is being used
in most States and cther agencies for
determining the amount of required asphalt,
A continuing problem to the designer 1s
the selection of satisfactory aggregates,
especlally in terms of resistance to wear
and polish. Presently, most specificatlons
require a crushed aggregate and many define
the geologle type of aggregate. A special
problem to the airfield engineer 1g the
selectlion of aggregate gquantities so as
to eliminate loose agpregate,

At the present time, methods of design
are Tollowing the most recent state of the
art for the varlous asphalt surface systems,
Once again the problem that must be solved
is the development of laberatory methods
for preparing test specimens of the
different surface types that will simulate
the final texture found in the field after
completion of construction, Following this,
one must standardize a method for wear and
polish and a procedure for measurement that
will provide measures of change in micro
and macrotextures and the significance of
such change in the wet tlre-pavement
friction values for various cperating
speeds,

Construction

One of the most important requirements
for attaining satisfactory initial skid
resistance as well as minimum change
during the service life 1s the use of
proper construction methoeds, Methods
provided by the specificatlions must be
rigidly followed since such methods are
an integral part of the designer's overall
procedure [or providing a satisfactory
surface.

Portland Cement Concrete
One of the surfaces whose tire-pavement

friction is heavily influenced by varisbles
in construction techniques is portland




cement concrete pavement. The creatlon of
a satlsfactory macrotexture or surface
dtainape system for this type of pavement
1s primarily dependent on the constructlion
procedure followed during surface finishing
operations,

The state of the art for concrete pave-
ment finishing shows many recent improve-
ments. The old traditional method of
forming striations by burlap dragging does
not consistently furnish surface suffi-
clently textured, Other methods are under
intensive investigation, Numerous field
trials are underway on both highways and
runways. Recent proposed guidelines (8)
recommend burlap finishing only where low
speed limits are in effect. Instruections
for buriap finishing In combinatilon with
plastic grooving are available (30).
According to reference (19), 46 states in
1969 were approving a burlap~drag finish of
highways; however, in most cases the burlap
drag finilsh resulted in less texture depth
than recommended by leading organizatlons
involved with concrete pavement technology.

It is interesting to consider the
pegsible reasons for failure of the normal
burlap drag system to provide adequate
resistance to wear and polish. According
to Reference 19, research on actual pave-
ments under traffic disclosed that for
texturing methods using burlap drags,
brooms, and belts, generally the wear rate
inecreased with texture depth. "Probably
this rapid rate of wear is due to the fact
that most of the texture above the general
plane of the surface has less strength and
abrasion resistance than the mass of the
slab." Bxperience indicates that the
situation presented above may not be due
to the inadeguacy of the burlap method as
specified by the designer, but the actual
nature of the finishing operation. For
instance, the use of excessive water during
the final finishing operation.

After problems occurred with the burlap
drag, the use cof brooms for finishing was
instituted. This treatment produces a
deeper texture with better drainage, and
several States now approve the use of this
method., However, according to Reference 19
most engineers preferred a fairly light
brooming to minimize noise from roadways
(nolse is no problem for runways).

The development of sawed grooves in the
hardened concrete of highways and airport
runways as a system for increasing drainage
and thereby reducing the danger of hydro-
planing is well known (20, 21, 25, 263,

The high reduction in accldents clearly
indicated that grooving might be very
effective for the original concrete surface,
Research contlnues on methods for

texturing plastic concrete. An excellent
survey of the status of these methods is
available (19). A continuing problem is
the direction of sawed grooving, All
pgrooving on airport runways has been in the
transverse directlon which, based on cross
slope and water movement, etc., is the most
efficlent direction (29). The Britilsh have
demonstrated that transverse grooving for
highways is effective (4. On the other
hand, extensive wet weather accident
studles in Callfcrnila (22, 24) have clearly

47

indicated excellent results with longitu-
dinal grooving, especially on curves,

On the basis of the results from
presently available studies (19), the state
of the art is to groove both highways and
runways employing combs with steel tines
whille fthe concrete 1s in the plastlc state
conditlon. The depth and width of the
grooves 1s still a subject for further
field studies, However, a tentative gulde-
1ine has been supggested by the Amerilcan
Concrete Paving Association (30).

Methods for forming plastic grooves
are s8till in a stage of development. A
factor of great importance, as with other
forms of finishing operations, is timing
for texturing. The optimum time to texture
depends on such variables as consistency of
the surface mortar, temperature, humidity,
and wind velocity. In other words, correct
timing must be determined on the job as the
job progresses., Presently, experience must
be the final judge., There is little doubt
that research into texturing of portland
cement concrete pavements should be given
the highest priocrity in the Immediate
future by paving engineers, As stated in
a number of places in this paper, it does
little geood to form an adequate texbure in
a portland cement concrete pavement 1f the
texture virtually disappears within a few
vears. In fact, skid-prone surfaces due to
such wear was the reason for the development
of grooving of existing highways. If the
surface mortar strength is properly main-
tained during construction operations, then
the primary construction factor influencing
durability and wear resistance of the con-
crete surface 1s the effectiveness of curing,
Curing compounds have been developed and
machines bullt for uniform application., The
use of presently avallable knowledge result
in a durable ourface. However, in future
field trials invelving plastic grooving,
careful observations should be made of the
coating of the sides and bottom of the
grooves, Effective coating of these areas
is of great ilmportance, especlally at the
groove-surface edges where spalling could
occur. Another concern Ls that the grooves
be of sufficient width and depth so that
the curing compound coating does not mate-
rially decrease the area of the groove, It
should be noted that this could effectively
reduce the drainage capacity of the groove
and defeat the purpose of the operation
since compound in this area will not be
removed by wear of traflfic.

Another poessible method for preventing
wear ol the surface 1s the use of hardening
agents such as polymers, Thils type of
treatment is in the experimental state (ai).
Because of high cost, laboratory and field
studles are necessary prior to use.

Asphalt Surfaces

As previously sbtated in the section on
Design, there are two major ingredients in
providing skid resistance in asphalt con-
crete mixtures: large-scale texture, and
fine, gritty texture, each is controlled by
the apgregate size gradation and mix design,
Therefore, g proper design involving a
continuous grading, if rigildly followed
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during constructlon, should lead to a
satlsfactory tire-pavement friction.

When special aggregate additions
(sprinkle treatments) are made to the sur-
face during construction, certain diffi-
culties may be encountered. This is
probably caused by the newness of the
system and the need for special eguip-
ment. Such equipment has been designed
and built by the Virginia Department of
Highways and used successfully to apply a
precoated aggregate. Such a system is used
to provide a skid reslstant layer over a
mix containing locally available polish-
susceptible aggregates., This type of
construction requires carefully-controlled
construction practices or seriocus problems
may cceur with hleeding or rapid polish of
the susceptible aggregates, Open graded
friction courses require careful construc-
tion control (11, 23, 14 , 29). Control of
mixing temperatures, limitations during
adverse amblent periods, proper preparation
of existing surface including cleaning and
tack coating are some of the important
variables that should be under strict
control. Many miles of roads and, recently,
alrport runway aress have been successfully
constructed with such porous friction
courses. The state of the art is being
followed with some well-defined methods for
proper construction practices.

Sand asphalt mixes also have well-
defined and recommended construction
practices {(15).

A1l forms of seal coats, sand, slurry
and aggregate require the use of proven
constructlon methods, satisfactory environ-
mental conditions, careful gquality control
of materials and adequate traffic control,
Improper construction has resulted in aggre-
gate loss from seal coats, while the preven-
tion of such losses from roadways 1is
important, it is critical to runways. Con-
struction equipment for seal coat operations
has been developed to a very satisfaectory
state,

pistributors, when kept in proper con-
dition, are capable of spreading an accur-
ate desired amount of binder in a uniform
transverse and longitudinal direction. The
spreading of aggregates (screenings) in a
rapid and uniform manner can now be
accomplished by available equipment. Roll-
ing with both pneumatic and steel-wheeled
rollers is easily accomplished. However,
the state of the art still regulres a great
deal of experience. Weather conditions at
the time of sealing, and trafflec control in
the first hours after constructlon, are very
eritical to the Tuture performance of the
seal coat. References 17, 18, and 29 should
be carefully studied.

In summary, we can now say with assur-
ance that our present construction procedures
can builld surfaces for either roadways or
runways that provide satisfactory skid
resistance. As pointed ouf previously, the
production of a "durable" texture [or port-
land cement conerete pavement is still under
investigation and the necessary machines to
perform what appears to be a satisfactory
solution are still under development.

Even with adeguate design, asphalt sur-
faces may present future problems in main-

taining proper tire-pavement friction wvalues
because of poor construction procedures.
Hankins writes, private communication from
Texas Highway Department) "We feel future
work is needed on the effects of construc-
tion on skid resistance., When we study the
polish rates of different construction jobs
even using exactly the same mix, large
variations 1n skid resistance are noted as
traffic applications cumulate., Some of
this variance is due to 'weathering' or
seasonal effects, but there is alsc
variance resulting from ccnstruction
differences,"

Probably the most seriocus skid proeblem
encountered with asphalt pavements is bleed-
ing or fallure of surface treatments. This
can be prevented by known mix design
procedures and proper construction control.

A very 1lmportant objective for the
future should be the continuing effort to
improve construction procedures so that a
uniform pavement texture is attained that
complies in all respects with the design of
that surface in terms of coriginal and
service life skid resistance regulirements,

Maintenance

The present state of the art of design
and construetion of skid reslistant pave-
ments can provide an anticipated service
life. However, construction problems,
materials variations and increases in
traffic beyond that assumed during deslegn
may cause an accelerated service wear and
poiish to occur, lesding to an unsatisfac-
tory skid resistance short of the calculated
service life of the facility. Therefore,
to be assured that a satisfactory roadway
or runway is maintained throughout the
service 1life, the continued use of the
pavement will require some form of rehabil-
itation in order to insure a reliable skid
resistance, rideability and structural
adequacy. It may even be necessary to
cover the existing surface which will
require a new design and adeguate skid
resistance.

Portland Cement Concrete

A method of maintaining skid resistance
of portland cement concrete pavements is
the sawing of grooves in large areas of con-
crete surfaces., This technique 1s outlined
in the chapter on Construction., The present
state of the art ls summarized in reference
26,

Methods for modifying existing concrete
surfaces to increase skid resistance are
acid treatment, different forms of mechani-
cal abrading and sawed grooving (previously
mentioned). References 2 and 27 provides
information on the use of such methods.
According to reference 2 the benefits from
acid etching are rather short lived; usuzally
auch treatment will be effective for less
than a six-month period. There are a number
of different methods for mechanical abrading
of existing concrete surfaces, One method
employs a machine with hardened cutters
rotating on a drum, Another machlne uses
several percussive hammers mounted side by
side, These strike the pavement at a rapid



rate ané each impact removes a small amount
of the existing surface material, These
methods improve the tire pavement friction
and increase drainage; however, the degree
of improvement and the duration of such an
improvement is difficult to assess since
the nature of the existing surface will
govern the amount of change in texture.

Asphalt Concrete

Asphalt concrete pavements and seal
coats may suffer a loss in skid resistance
in & number of ways. The existing surface
may become worn or polished or, because of
an excess of asphalt or loss of surface
aggregates, a "bleeding" condition may
oceur,

In the case of lsolated "bleeding" a
heater planer treatment may be used for
removal of the excess surface asphalt and,
coupled with an immediate appllcation of
screenings or sand, the tire-pavement
friction may be definitely increased.
However, this treatment should, in most
cases, be considered as temporary since
excess asphalt throughout the pavement may
again cause 2 "bleeding'" condition.

Dependlng on the surface conditlon,
grooving may be performed on asphalt con-
crete pavements. Such pavements should be
those with a high aggregate content and of
such age that the asphalt binder is rela-
tlvely hard., At the present time, insuffl-
clent information is avallable on the state
of the surface that will insure the grooving
to be "durable".

Probably the best system for improving
the tire pavement frictlion wvalue is the
application of a new asphalt concrete sur-
face, All of the previously discussed
surfaces (seal coats, blankets, etc.) may
be used for this work. The thickness will
depend on whether such an overlay 1ls to
correct only skid reslistance or 1s also

being used for improving structural adequacy.

In any case, the same care in design and
construction must be used for resurfacing
as used on the original pavement.

A serlous problem encountered on runways
of any material 1s the bulldup of rubber
from tires of aircraft. This markedly
reduces the tire-pavement friction. A
number of methods are agvallable for removing
the rubber, including chemicals, high
pressure water blasting, sand blasting, and
shot peening, to lmprove friction.

The Future

The paving engineer has the responsi-
bility to provide adequate tire-pavement
frictlion for contemplated operating condi-
tions and for a satisfactory period of
service, At the present time he does not
have the required tools to fulfill these
requirements with the necessary degree of
confldence, especially when one considers
the economic aspects of pavement design and
construction, The followlng areas are
recommended for high priority attention by
researchers and paving engineers. A most
important objective for the future 1is the
development of laboratory methods, properly
correlated with field studies, that will
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provide test specimens which represent all
forms of pavement surfaces, a wear and
polish system that simulabtes the actlon of
traffic and, finally, methods of friction
measurement that will recognize micro and
macrotexture effects through the operating
range of vehicle speeds, The accomplishment
of these tasks is far from complete. Their
importance cannot be overstressed since

an increasing amount of effort is being
expended on determining minimum standards
for skid resistance. Once such standards
are adopted, the designer must have the
toocls to design a surface to meet the
standards.

Another immediate need is for intensive
study of construction practices for both
asphalt and portland cement concrete.

Design of squipment to produce an adequate
surface texture for portland cement concrete
pavenent is needed, Such a surface to
provide the desired initlal requlrements

for miecro and macrotexture and prevent such
values from falling below a minimum value
during the assumed service life.

Studies should also be inltiated on
construction contrel parameters that
influence the uniformity of pavement fric—
tion values and surface undulations (this
latter 1s of special importance to runways).
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