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. .This leport presents the results of a four-year investigation of
the durability and skid resistance of asphalt pavements in Aikansas.
The study included field and laboratory evaluation of the polish char-
acteristics of the 18 most conrrnonly used mineral aggregates in thestate. Fie'ld tests on 34 different pavements sections, totaling
ZLZ miles in length, were performed with the locked-wheel skid [railer
(sN40) and the Biitish Porlable Tester (Bpr). 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 Bpr sites for polish
and evaluation in the laboratory.

For correlation purposes, the ultimate polish of each study
aggregate was deterrnined 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 poliih 12 Marshall size
specimens at one time, the geometry of the device permitting the in-
pl?9e 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 Depaitment ACHMSC type 2. 0hty tlre
coarse aggregate fraction of the mixtures was varied, the fine ag-
gregate fraction (47%) consisted of limestone screenings and a srnall
amount of river sand. The asphalt mixtures all were evaluated for their
Marshal I stability and inmnersion-compression retained strength (after
vacuum saturation). Each aggregate sample was tested for its resis-
tance to film stripping by the static (1a0F) and dynamic irrnersion 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 irmlersion-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 aspha'lt 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.

ABSTRACT

ii



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 Po'lish Va'lue obtained in the laboratory cna be used to

establish the minimum skid number that will be provided by an asphalt

mixture. In coniunction with the minimum desired skid va1ue, SN46,

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 pol'ishing test specimens to their minimum friction value.

Therefore, the deyice 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 po'lishing 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.
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IMPLEMENTATION STATEMENT

The results of this investigation demonstrate the capability

of evaluating in the laboratory the ultimate polish value of an ag-

gregate or aspha'lt mixture in terms of the locked-wheel skid trailer
SNOO value. The minimum desired pavement frictional resistance in

terms of SN46 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

res i stance.

A11 types and gradations of asphalt mixtures used or to be used

in Arkansas pavements 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 practica'l application of the results of this investigation

wou'ld 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 traffic. 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 Ankansas aggregates and asphalt mixtures by use of an acceler-

ated polishing machine; to determtne the feasibility and economy of

using some local'ly available aggregates with imported aggregates of

high quality to produce hot-mix asphalt concrete mixtures; and to

improve skid resistance by blending high quality, poltsh resistant,

coarse aggregates with local, less polish resistant aggregates to

produce hot-mix asphalt concrete pavements. Further, because obtaining

a good skid resistant aspha'lt pavement has no menit un1ess 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 Iegal duties imposed on public entities by

the judiciary system, highway departments have been subiect to liabili-
ty for accidents that result from what once were considered purely

weather-related causes. Unfortunately, nearly all pavement surfaces

that are economically feasible to construct will lose their initial

high skid resistance with exposure to heavy traffic.
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skidding accidents can be caused by vehicle factors, the driver

variables, or the pavement frictional properties. Though many factors

contribute to skidding accidents, this lnvestigation is concerned

with those primary factors affecting asphalt pavement friction in

Arkansas. Most accidents attrtbuted 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 1ow pavement frlctlon.
The problem of pavement skid reslstance has been unden investi-

gation for several years. Severa'l different devices and technt'ques

for measuring the skid resistance of a pavement under wet conditions

have been established. Two of the machines being used mone wide'ly

each year are the Iocked-wheel trailer and the British Portable

Testen. Various laboratory techniques have been developed to accelerate

and measure the wearing and polishing characteristics of different

pavement material s.

Field and laboratory tests have Ied to a variety of approaches to

the solution of the skid resistance problem. some of the so'lutions

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
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are changed by weather, traffic, or other mixture ingredients must

be determined in order to provide sktd resistant pavements'

A research proiect 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 pavementrs friction, the study is

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 particu1ar gradation is

studied. To make the fine aggregate contribution to the skid resis-

tance minimal and constant fon all mixtures, the screening from a

local limestone quarry along with avai'lable river sand is used' The

asphalt cement used in the laboratony mixtures represents that which

is predominantly used in Arkansas. The same asphalt cement sample

is used in all the Specimen pneparation. 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 po]ish
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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 },lheel. After more

than 12 months of delay due to nonde'livery of the British llhee'l , the

project work plan was revised to permit local design and construction

of the accelerated polishing machine.

A limitation of $2000 was.p'laced in the maximum cost of the

accelerated po'lishing 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

resu'lts 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 L7 aggregate sources were chosed. They are a'|1 approved sources of

aggregate that had been used in aspha'lt pavement construction by the

Arkansas Highway Department. The general classification and number

of each type of aggregate are: Iimestone (7), sandstone (5), gravel

(3), syenite (1) and novacu'lite (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 on'ly 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
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skid resistance surface.

The standard test methods employed were those used by the AHD

Division of Materia'ls and Tests or the standard methods pub'lished 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-

whee'l skid trailer and a British Portab'le 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 Whee'l

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 smal'l-scale circu'lar 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

immersi on-comPressi on 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
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reaction test.

Cores from selected pavement sections wene taken and polished for

correlation with the results of the laboratory polish test on the

Marshall specimens. In the last phase of the proJect, different types

of aggregates were blended together to determine whethen they would

provide a more polish resistant mixture.

The work planned included correlating the test resu'lts from this

investigation with those obtained by the AHD from their Iarge circu-

Iar track testing apparatus (HRP No. 40). No corre'lation was possible

because no test results were avai'lable from HRP N0.40 prior to the

completion of this report.

The results of the'laboratory and field investigation witl be a

va'luable asset for pre-eva'luating the wear and skid resistance proper-

ties of the different types of aggregates and their asphalt mixtures

that ane used in Arkansas. The resu'lts can provlde new insight on the

design of asphalt pavements by allowing the highway engineer to be

aware of the dlfferent aggregate-asphalt mix characteristics in rela-

tion to their skid resistance and durability properties.



CHAPTER II

REVIE!.I OF LITERATURE

In 1853, during the early years of American road-making, Professor

1

Gillespie (1)l presented criteria for the qua'lity of stone to be used

in roads. In Part he said:

F'lint or quartz rocks, and all pure silicious materials are
irnproper ior use, sinie though hard, they are brlttle, and

Oeticient in toughness. Granite is generally bad, being com-

posed of three heterogeneous materials, quartz, Ig1d9Ra1, and

mica; the first of which is brittle, the second'liab'le to
decomposition, and the third laminated. The sienitic gran-

ites, however, which contain hornblende in th9 p'lace of feld-
spar, are good, and bgltgr-in-proportion to their darkness of
cbtoi. eneiss is sti'l'l inferibr 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 limeitones of the carboniferous
and transition formations ane very good; but other limestones,
though they will make a smooth road very quickly, having-a
p.iuiiar riadiness in 'binding', are too weak for heavy loads'
and wear ori u..y rapidly. In wet weather they are also liable
io Ue stippery. it i! geirerally better economy to bring good

miteriati'trilm a distance than to employ inferior ones ob-

tained c'lose at hand.

The maior consideration in road building at that time was to

reduce the rolling friction of the wagon wheels moving over the var-

ious types of surfaces. Gi'ltespie 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 sti'll concerned with the

problem of pavement friction and durability and needs to know which

lThe number in parentheses comesponds to the listing of the

literature cited in the Reference section'

7
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materia'l wiII perform satisfactori1y. 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

Hi storical 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-b'lock and to some extent

stone-block pavements, became slick and dangerous When wet or frosty.

Soon it became obvious that storm Water runoff was a maJor design

pafameter 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 fntersections were de-

signed to combat frictiona'l loss due to the vehicles'forward inertia

whi'le turning (3).

Research began in the mid-1920s to investigate possibilities of

providing a1l-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).
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Five decades have since passed, however, and because of the continuing

evolution and changing maneuverabi'lity of the automobileo 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 as matters of great concenn (4). The highway engineer,

having Iittle or no contnol over driver education or tire manufac-

turers, concentrated his efforts on the measunement of skid resistance

and the development of corrective measures for inadequate pavernent

surfaces (2).

For 10 years between 1948 and 1958 Dil'lard (5), of the virginia

Oepartment 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 comelate the

old data with the new data.

The Michigan State Highway Department (6) started its skid testing

also in L947-48 with a skid trailer pulled behind a dump truck equipped

with water tanks for wetting the pavement. They too found a Iack of

correlation with each new set of new impnoved 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 thlckness on the
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skid numbers measured in the field (2).

The Tappahannock Skid Conrelation study (2) in the fa]l of 1967

also showed that the problem with correlation 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 equipnent and procedures were critically

appraised, evaluated, and standardized as a result of these first

conferences. The so'lution to the problem of skidding accidents was

not found, however, and it remains one of the major goals of the

highway engtneer todaY.

Nature of Skid Resi tanceS

Lack of skid resistance today is due main'ly 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

relative'ly independent of speed except at very high speeds when it

decreases as the tire gains heat. The adhesion component general'ly

is considered to be the product of the interface shear strength and

the actual contact area of the tire',and 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. Nutlen (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 pictorial'ly how these components are deter-

mined in Figure 1.

The effective skid resistance force is the sum of the adhesion

force, F6, and hysteresis force, Fh. 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,

f= -L
L

Fa+F =fa+fh
L

where:

f
F

L

= effective measured friction coefficient

= measured friction force

= sl ider or wheel verti ca] I oad

Fu = friction due to adhesion component

F6 = friction due to hysteresis component

fu = friction coefficient due to adhesion

f5 = 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) list the three primary

parameters as:

(a) those associated with the pavement surface aggregate

characteristics and surface texture,
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(u) the vehicle-rubber properties and tread pattern; and

(c) those caused by the openating 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 l,lar 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 lower

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, especial'ly 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 0 perative Conditions. S peed is the most varia-
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ble parameter under the driverrs contro'|. Now that highway speeds

have been reduced to 55 mph to conserve energy, the number of high-

speed accldents has decreased slightly. lr{et skld accidents are

considerably reduced with a reduction in speed. unfortunate'ly, lack

of adequate detailed information from the authorities investigating

traffic accidents precludes a quantitative expression of this effect.

Aqqregate Characteri stics

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 deveJoping these ro...r, and must maintain the

properties of being textured, angular, hard, and polish-resistant

under wear (g). Research by Burnett et al . (10) has shown that the

type coarse aggregate and gradation in a bituminous mix is most influ-

ential in contnibuting 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 loss 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) conc'luded from insoluble residue

tests of carbonate aggregates (limestones) that the amount of acid-

insoluble mineral grains contained in limestone is primarily responsi-

bIe 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 frictiona'l values obtained with a skid trailer going 40 mph

(SNag) with the percentage of the aggregaters inso'luble residue, ane

shown in Table I. They classlfied SN4g 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 a1. (13)

concluded from laboratory research that relative'ly 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. Qther factors they found to improve skid resistance

within an individual aggregate partic'le are mineral grain shape, size,

and distribution. Beaton (g) 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 considerab'ly 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 be'lieved to be due to the flattening or
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Table I

Rating of Inso'lub'le Residue and

Coefficient of Friction Values (ll).

Good

Fair

Poor

U ble

Rati

Cri ti ca

53

44

41

3B

33

ls*+o - Skid Trai'ler resu'lts at 40 mph.

2 Insol u le Residue Results.

Average SN+01 Average IR2%

37

13

9

8

5
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rounding of coarse grains before finer polish commences.

Surface Texture. Surface texture is beneficial to the generati on

of friction and provides a means by wnich the water can be channeled

off the pavement without a loss of contact between the tire and pave-

ment (hydr"oplaning) (16). The texture of a pavement cannot be des-

cribed by a single charactenistic. A dlstinction must be made between

macrotexture (profile) and microtexture (degree of sharpness ) of the

pavement surface (13).

Macrotexture refers to the pavement surface as a whoJe 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 intenface. 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

rubben and increases the ability of the tire tread to remove water

dynamica'l1y 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

18
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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 cyc1e. The skld numbers measured

between June 15 and November 1.5 are considered to be the nomina] 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 s'lipperiness is after the surface

is wetted. As the vehicle ve'locity increases, if the water 0n a pave-

ment surface does not have time to be sgueezed away, tire hydroplaning

occurs. This hydrop'laning or aquaplaning is caused by the fluid

pressures that develop at the tire-pavement interface' When these

pressures become large and the comp'lete hydrodynamic force on the tire

from these pressures equals the tota'l 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 channe'ls 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 illustrated 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 (Stl) is

discussed in detail elsewhere in this report'
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There are d'ifferences of opinjon in explaining the roles of micro-

texture and macrotexture in the properties of skjd res'istance'

Elsenaar et a].(22) support the belief that the coefficjent of fric-

tion at 1ow speeds depends mainly on the "angularity" of the surface

asperities (microtexture), and that the decrease in the coeffjcient

of friction wjth increase'in speed depends on the "djmensions" of

these asperitjes (macrotexture) and, more generally, on the extent to

whjch 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

1ow 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 (2a) reports that the British Transport and Road Research

Laboratory (fnnl) 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 (Tg) can be found. TRRL recommends that maintenance

intervention should take p'lace when texture is reduced to the point

at whjch a 20 percent drop in skjd resistance occurs when vehicle

speed .is changed from 30 to B0 mph. The effect of macrotexture on the

change in skjdding res'istance with speed in shown in Table II' The
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Tab'le I I

The Effect of Macrotexture on the

Change in Skidding Resistance with Speed (24)

Drop in skidding resistance
with speed change from

50 to ]30 km/h
(:o to 80 mph)

o/
lo

Texture Depth (mm)

Flexible Concrete*

0 2.0 0.8

t0 .l.5
0.7

20 .l.0
0.5

30 0.5 0.4

* when textured predominant'ly transverse'ly
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TRRL conditions require a 2.0 mrn (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 Ga'lloway (25) also sup-

port a minimum macrotexture value of about 1.0 mm (O.O+ in.).

Measurement of surface Texture. several methods have been devised

ln an attempt to evaluate pavement surface macrotexture characteristjcs'

Current'ly in use are the profi'lograph, the texturemeter, the laser'

photogrammetric tests, the tire-no'ise test, regu'lar and modified sand

patch methods, the putty impression method, and the outflow meter test'

The profilograph, developed by the Pennsy]vania 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 magnifjed through a linkage system and a magni-

fled 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 irregularitjes in the surface cause the wire to form

a zlg-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 p'lace in the wire and the h'igher will be the dial
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readi ng.

The laser method utilizes a light beam and a receiver. As

explained by Gee et al. (28):

Light is emitted fnom the laser and is incident on the
pavement surface. The light reflected from the surface
is generally scattered in all directions. The...
I inearly polarized light...will experience "depolariza-
tion", where reflected light is no longer linearly
polarized, but is el I iptical ly polarized. . . The
degree of e'llipticity is a function of pavement sur-
face characteristics and can be determined from the
two perpendicular...axes of the po'larization ellipse.

The photogrammetric method of measuring texture is similar to

aenial 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 L972 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-sca'le, 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 6ta 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 (Tg) by the equation:

.D

where

TD = average texture dePth

V = vol ume 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 p'late with a rectangular hole

of a specified size, or a rectangular hard rubber plate with a circu-

lar hole 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,

V
-RZ
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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 drajn out of the cy'linder 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 proportiona'l 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

wlth an open graded surface course (31).

Asphal t I'l i xture C haracteri sti cs

Surfaces of roadways are des'igned 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 aspha'lt cement is used and a high

void content is Provided.

Asphalt Concrete. Asphalt concrete mixtures can be classified as
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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 Caro'lina Type I-2, which is finer graded. The coarse

aggregate fraction (plus No. L0 material) of the Arkansas, Pennsylvania

and Louisiana mixes constitutes, respectively,57,58, and 56 percent

of the tota'l 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. 0pen 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

attr.ibuted to these mixtures duning wet weather inc'lude: improved

skid resistance at high speeds, minimization of hydroplaning effects,

minimization of splash and spray, and impnoved night visibility (36).

0ther benefits predicted from use of these fniction courses are:

improved road smoothness, minimization of wheel path rutting, and

lower highway noise Ievels. 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 ln 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 4L. Kandhal et al . (34) reported
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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, make it 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 limit their application to light traffic volume roads.

The newly laid chips are vulnerable to damage by heavy traffic, especial-

ly at high-stress points such as bends and intersections. AIso, loose

surplus chlps that are scattered over the roadway during the early

life of the treatment may result in broken windshields or similar

probl ems.

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 Iittle practical use and therefore llttle informa-

tion has been complied on its success.

Several researchers, such as Mullen et al. (14) and Galloway and

on a trial PMS in Pennsy'lvania which had a friction value of 64 after

18 months, whereas the standard dense graded mixture had a skid resis-

tance of 62. They a'lso 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.
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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 (potish 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).

l,lhen 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 favorab'le for blending

than a natural rock with wear-resistant qua'lities.

Effects of Traffi c

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
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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

appl i cati ons .

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 tend'ing to
polish the surface, other factors, usually identified
as complex, physico-chemical phenomena described as

'weathering'', ire acting in the opposite way, restoring
microtextuie of the exposed aggregate. Thus the re-
sultant resistance to skidding represents an equilibrium
between the effects of certa'in naturally occurring
ionditions on the one hand, and those of traffic on the
other.

Sa'lt 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 H'ighway Practice No' 1a (16)

reports that one truck is equivalent to about three passenger cars'

but equivalencies up to 11 to I have been used. In 1976, Dahir and

Meyer (15) reported that on the average, a truck was equivalent to

about 1.8 passenger cars in reducing pavement skid resistance.

These differences il'lustrate the need for more complete and
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controlled traffic studies in relation to change in pave+ent 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 de1 ivery of steel and masonry products?

It is obvious that the most accurate of studies invo'lving truck

traffic undoubtedly are Iocalized to the specific conditions acting

on a pavement.

Measurement of Skid Resistance

To evaluate the resu'lts of improved skid resistant pavements

and the o'lder slick pavements, several methods of measuring skid

resistance have been developed (10): the braking force method,

including the stopping distance method and the method of decelerationi

locked-wheel trailers; the side-force method; and the portable and

Iaboratory instruments, including the widely used British Portable

Tester.

0ther 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 differehtly to

such variables as speed or pavement texture and the tire or rubber

elastic and viscoe'lastic 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 bod'ies. 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 ?74 (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-

cially wetted Pavement

W = dynamic vertical load on test wheel

Fi el d Tests

One of the more detailed reports on experiments wjth 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 f'light

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-
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chines was statistica'l1y slgnificant and that more work was requined

to improve the accuracy and precision of the devices.

Sa]t (24) describes the deve'lopment of an apparatus to measure

skfd resistance re'liably 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 (SCRtm) 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 vehic'le chassis and contains its own water

tank ho'lding 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'load ce'|1 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 vehic'les 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
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variety of tires current'ly 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 jn Standard ASTM Specification E 249 (41)' It is

a bias-p1y 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, jnstrumentation, 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 predetermlned period of time (to permit the temperature

in the contact patch to stabi'lize), 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 frjctional coefficient measured by this test is

reported'as the skid nwnber, at the speed of the towing vehicle'

The Federal Highway Administration (fHWR), Department of Trans-

portation, has estab'lished Field Test and Evaluation Centers (ffC)

in key locations around the United states. The obiective of these

centers is to reduce interstate variations in locked-wheel skid measure-

ments of pavement surfaces. To accompljsh this obiective, the FTC
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and standardizstion services for skid resistance measurement systems.

The AHD skid trailer No. I 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

arrived condition and after calibration completed) by the FTC on the

Arkansas No. 1 skid measurement system. 0n the basis of the results

of this calibration work, the skfd test measurements were related to

a standard which at that time was the Central Interim Reference System.

British Portable Tester. The British Portable Skld Resistance

Tester, better known as the British Portable Tester (BPT)r wds 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 fie'ld. The BPT was designed

to simulate sJiding between a vehicle tire moving at 30 mph and the

road surface. Special attention a'tso 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.

38
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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 length 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 djfferent operators' was 2; 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'

Mostofthevariance,itisbelieved,canbeattributedtoadiusting

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 Iimits 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
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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 lnf'luences

the friction is its hardness; "skid resistance" increases with in-

creastng 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. A1so, though the fniction between

a slider and the surface is substantially reduced by the presence of

even a trace of water, the Iowest results are obtained by wetting the

surfaces thoroughly, using a water layerof at least 0.01 in. (t41.

Roundlng of the slider edge ls another factor that affects the

BPT results. A change in the slider contact length of approximately

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

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 load on the slider. Giles et

aJ. (18) tested about 150 machines in use and showed that, with this

kind of absolute calibration, a'|1 the machines agreed within an

accuracyof+3percent.

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 obtajned 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. Iong and a narrower rubber slider

(lle ln. wide by l-in. long) is used.

several agencies in the united states use the BPT for laboratory

testing and report their test values as "pol'ish values" (Pv)' In

this case the auxi'liary 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 laboratory

sample (3 sq. 'in. ) undoubtedly wi'll give a different value than the

larger area (15 sq. in.) used in field tests. Therefore, the rela-

tjonship 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 et at. (18)

reported the results of correlation studies between the BPT' the

Virginia Test Car, and the British SFC. Dillard and Mahone (a2)

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 1g64, discussed the report by

Dillard and Mahone (42) and presented a summary of test data correla-

tions between the BPT results and all 'locked-wheel skid results
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available at that time. The results of these correlations are shown

ln Figure 6. Test results for a vehicle speed of 30 mph were used in

these correlations. All test data correlations are fnom "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 cornelation comparison with the

locked-wheel trailer tested at 30 mph. For thls reason, the British

Tester appears to be satisfactory for indication of 1ow-speed fric-

tional characteristics but may be unsatisfactory for indication of

hlgh-speed skidding risk (a5). Equal1y, the direct measurement of

friction with a locked-wheel tester, carried out at one relatively

low speed on1y, 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 difficult,

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 (nSrm 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 probab'ly cannot be studied. As a result,
pieclslon and accurlcy of this test in relation to a

true skid resistance measure cannot be evaluated, and

on'ly repeatabi'lity is given for the method'
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Minimum Skid Values. The m'i nimum skid value permissible in pave-

ment design is difficult to predict because of the many possible com-

binations of speed, weather, tires, drtvers, and roadway geometry. The

AASHTg BIue Book (46) for geometric design indicates that the coefft-

cients of friction used for design criteria should represent not only

wet pavements in good condition, but also surfaces throughout their

useful Iife. 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 severa'l state

highway departments, and research agencies. Louislana specifies

mlnimum skid values based on SN49 values' whereas a Texas Transporta-

tion Institute study suggests a minimum skid value based on "polished

stone va1ue". 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.

Gi'les 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, t in 20 or steeper, of length

greater than 100 yd., and 4) approach to traffic'lights on unrestricted

roads. For a'll sites they recommend a minimum BPN value above 45.

Salt (24) reports the TRRL reconrnendations 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 Tab'le V. The British

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

Recommended Minimum Skid or Polish Values

A. Louisiana Department of Highways (47)

ADT er Lane Min'imum SN

ess n

200 - 999
I 000 - 5000
More than 5000

43
45
47

B Texas Transportation Institute (47)

ADT per Lane Median PSV* Range
]00 - 400
400 - I 600
]600 - 6800
6800 - 27,000

28
32
27
42
47

26 5 29.5
33.5
39

More than 27 000

30. 5
35
40
47

-44
- 49+

*PSV = Polished Stone Value

C. NCHRP Report 37 (4)

Mean Traffic
S MPH

3
40
50
60
70
BO

SN+o
Mi nimum

BPN
'i n irnum

55
60
65

33
37
4l
46
5l

D Texas Highway Department (44)

Present ADT
Grou 'in

750 - .1999

2000 - 4999
5000 - over
Interstate Highways

M'in'imum
Pol i sh Val ue

30
33
35
35
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Table V

British (TRRL) Criteria for Aggregate PSV Related to

Sideway*Force Coefftcient and Commerci.a'l Traffi.c

PSV of aggregate necessary

Required mean
surmer SFC

at 50 km/h

Traffic ( in comrnercial
vehicle per lane per day)

250 or
under looo 1'ljo zroo 3z5o \ooo

0.30 30 3' l+0 \S ,0 55

0.35 35 l+0 \, ,0 55 6o

o. !o !o l+f 50 5' 6o 6,

o. !l [, 50 5' 6o 65 70

0. r0 ,o 55 6o 5j 1o 7'

o.5, 55 50 6j 70 75

o.50 6o 5j ?0 t>

u.o> 55 70 75

0.70 70 7'

o.75 75

Chipped
surfacings

not greater
than lL

not greater
tbar 12

not greater
than l0

AAV

I'Iacaclams not greater
than 15

not greater
than 1lr

not greater
than 12
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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 (a8), 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 studi es.

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, Ok1ahoma, 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 nate 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 wi'l1 enhance wear; a1so, "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 Circul r Track . An example of this type of accelerated

po'lishing 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 lbs. 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 adiusted so that the

wheel turns freely except when the thick portion of the tire is down

on the surface. The wheel |s 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 Proiect (50). The apparatus

consists of a vertically 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 approximate'ly 2 seconds,

the test is repeated and the resistance is reported as a relative



50

value. Water is supplied to the specimen surface during testing.

The Purdue University researchers attempted to correlate the Iab-

oratory results with field test results obtained from a stopping-

distance automobile. They concluded that surfaces of medium texture

had good correlation between Iaboratory and fie'ld 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 Po1ishing Machine

deve'lopment 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 e'lectric

motor that drives the central shaft. 0pposite 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 initia'l

skid resistance with a BPT, and then subiected 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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L, 2,4, 6, 8, 10, t2, L4, 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 different'ly 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-di sc muscovi te gnei ss ( 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 SN4O test data are

shown in Figure 8. By regression analysis the best fitted line for

this correlation was:

SN4o =-19'465 + 1'118 BPN

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

Iikewise evaluated and the best fitted line was:

SN = 29.690 + 0.451 BPN
40

with a correlation coefficient of 0.774.
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Tabl e VI

Agqregate Gradation used for Standard Asphalt 14ixtures

on Circu'lar Wear Track at llorth

Caro'l ina State Universi tV (7)

GRADAT I ON

Total % Passing
TYPE OF MIX

Sieve S'ize Dense-Graded
t-2

'l"

3/4"

1/2"

3/8"

No. 4

No. l0

No. 40

No. B0

N0.200

.l00

.l00

'l00

9s

80

55

27

l4

4

0pen-Graded No. 4 Mix

100

.I00

100

95

43

l0

4

3

2

100

93

6B

53

33

28

t5

4

2
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Vertical Circular Track. The Pennsylvania State University has

three polishing devices: a circular track, a reciprocating pavement

po'lisher, 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 in.

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 t/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 ls complete'

A,,drag tester', with a rubber shoe is mounted in such a way

as to penmit 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 results 6f-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 SN4g and BPN for the Pennsylvania ID-zA dense-

graded mixture resembled but differed fr.om Mullen's results for

the North Carolina I-2 dense mixtures.

0f particular interest is the relationship between minimum SNOO

values obtained in the fietd 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 SNOO values and

BPN values for laboratory-polished cores. The correlation between

field data (SN40) 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 D$T)

by Furbush and Styers (54) gives the corre'lation of SN4g 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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SN = 0.0347 + 0.90 BPN40

with a coefficient of correlation (n) 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 considerab'le influence on skid resistance."

The Oklahoma Department of Highways (a9) 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 subiecting the specimens to wearing and polishing

on an accelerated polish machine (which is termed the British tlheel).

The major components of the British Wheel are: 1) road wheel - a

steel wheel 16 in. in diameter, l 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 whee'|, around which they are attached.

(BPN values) were compared with the resu'lts of skid-trailer tests that

were closest to the date of coring. The best fitted line relating the

SNOO and a core BPN value was !
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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 ls sup-

plied (a1so 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 Depantment 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 t hours of whee'l 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.

0n 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.

Durabi I i ty

The durability of asphalt pavement is one of the maior requirements

for a satisfactory asphalt mixture. The other primary requirements

are to provide high stability, adequate skid resistance, an impermeable

waterproof Iayer, 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 trafficn environment of the road, and

maintenance. Distress of the pavement surface leads tO reduced per-

formance. Alt 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

subgraden 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) disintegnation, caused by a lack of asphalt or

hardening of the asphalt or by water action;2) cracklng, 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,

rave'ling, 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

compositlon, and viscosity. Thus, adhesivity of asphalt to aggregate

ls 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-liquid 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 readi'ly than limestone

aggregateswhichhavebeenclassifiedashydrophobic(.|waterhaters',).

Hubbard (56) applied the term hydrqphobic to an aggregate which wi'll

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 unden all conditions of practical use. Further, Mathews states:

For thls 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 (frigh silica content).are vulnerable to strip-
ping-rh..6it-';baiic" 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

limestone 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 inc1uded: 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 lnclude: radfo isotope trace, light reflection, mechanical

integration, tracer sa'lt, and dye adsorption. Despite the large

number of tests devised to study the effect of water on adhesion, an

examination of the technical literature revea'ls 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. 0ther 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 quantitles 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 v'iscosity 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 hlghly hydrophi'lic aggregates, as they may Iose their

adhesion to asphalt films in the Presence of water'

For strlpping 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

aggnegate, 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 mo'lecular orienta-

tion (58).

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

states that the acidic components of the bitumlnous materia'l 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 si'liceous aggregate and some asphalts by Winterkorn et al. (021.

It is genera'lly believed that siliceous aggregates, which are acidic'

tend to strip more readi'ly than basic aggregates, such as limestones

(4, 63).

Mechanical Adhesion. The aggregate properties considered to affect

mechanical adhesion are: surface texture, absorption and ponosity,

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. 0nce 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 aspha'lt, 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 aspha'lt adhere more strongly

and be less readily stripped by water (64). However, Tyler (65) found

no correlation between adsonptive 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. TheIen (60) observed that dust on

aggregate surfaces had a tendency to trap air when treated with road

oils 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. 2OO 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'

astablemixture,withexcessfines,wouldtendtostripbecauseof

the presence of partially uncoated aggregate particles.

Su rface Enerqy. The abi lity 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 its ability to

be covered by the asphalt (56). The wetting power of an asphalt is

large'ly 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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Thfs 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 tenslons of the aspha'lt 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 Table VII. Mcleod

(08) notes that an aggregate tends to become coated by the liquid

present for which it has the greatest adhesion tension. Results of

tests penformed by Mack (69) on energy relations at the interface

between asphalt and minera'l aggregate indicate that the interfacial

tensions vary not only with the type of aggregate but also with the

type of asphalt. 0n the basis of the data presented in Table VII,

Rice observed that in all cases, except fon 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 wil'l tend to displace asphalt at an interface where contact is

made between water-asphal t-aggregate.

Mol ecu'lar 0ri entation . Accordi n g to Hubbard (56), when molecules

of aspha'lt come in contact with the aggregate surface they orient

themse'lves so as to satisfy a1l energy demends of the aggregate to the

best of their ability. This orientation in viscous liquids and semi-

solids 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 charactenistics; thus water
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Table VII

VALUES FOR SURFACE, iNTERFACIAL
AND ADHEST0N TENSI0N (67)

Property
Val ue

( ergs/cm2 )

Surface Tensi on

Water
Aspha'lt
Various marbles of limestone
Di abase
Vari ous grani tes

72
26 to 39
28 to 50
42 to 50
52 to 73

Interfaci al Tensi on

Asphal t-watep
Quartz-waterl
Quartz-asphal t
Gl ass-tar

25 to 35
0

14 to 20
t8

Adhesi on Tensi on

L'imestone-aspha 1 t
S1 ag-asphal t
Sand-asphal t
Sand-tar
Quartz-asphal t
Li rnestone-water
S1 ag-water
S j I 'i ca sand-wa ter

21 to 26
23 to 26
22 to 30

40
75

58 to 64
63 to 68

83

Based on the assuntption that the surface consjsts of a water fjlm.

\

I
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has an advantage over asphalt in rapidly satisfying energy demands of

polar aggregate surfaces. However, aspha'lt dipoles may have a more

powerful energy demand for some aggregates than do water molecules,

and may be able to disp'lace water from the surfaces of these aggre-

gates. Surface conditions at dlfferent spots on the same aggregate

particle may vary appreciably in re1ation 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 aspha'lt 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 externa'l 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 emulslfication (58, 70, 7l).

Detachrnent. 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 1ayer. In this state, the asphalt fi'lm can be

peeled clean'ly away from the aggregate. Hughes et al. (Oa1 suggest

that the crystal 'lattice of the minera'l reacts with water to form a

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

Dis lac ent. 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 d'isplacement 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 The'len (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:

where:

AF

\tZ
\24

Yt+

from data

\lz
\24

AF=\tZ*IZ4'Yl4

= free energy change

= interfacial tension, aggregate-asphalt

= interfacia'l tension, water-aspha'lt

= interfacial tension, aggregate-water

of Table VII,

= 17 ergs/cm2

= 3o ergs/cm2

= o ergs/cm2
'14

then

A F = 17 + 30 - o = 47 ergs/cnZ

which ls the energy potent'ial to cause stripping. The rate at which

the displacement occurs depends on the magnitude of the free energy

evolved, and the v'iscosity of the asphalt. High viscosity binders
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shothigher 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 complete'ly

coated wi th as pha'l t .

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 (SZ1 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.

0nce ruptured, and in the presence of water, the asphalt film would

tend to take up the form of lowest potential energy by retracting

to splherical globules (0S1.

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 wou'ld

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 materia'l whlch 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 comrnercial anti-stripping

additives which were tested; they actually increased the emulsion

formati on .

Sunrnary. 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 Stri ppi nq

Asphalt-aggregate systems are divided into two typeS, two dimen-

sional and three dimensional, by Maiidzadeh 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 aspha'lt 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 mlxture).

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 different 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 eva'luate the water

resistance characteristics of the entire compacted bituminous mixture.

They include: irmersion-compression (I-C), laboratory test tracks,

vertical swell, water susceptibility, abrasion weight 1oss, 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 Immersi on Stripping Test. Nicholson (59) devised a

dynamic immersion stripping (OtS1 test to evaluate the adhesion of

asphalt to various types of fine aggregates. His test mlxtures 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 ml 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 suilnerged

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 visuaily to see if the asphalt had washed off

the aggregate.

Oow (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. t^linterkorn et a1 ' (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 samples were rotated at 44 rpm for two 15-minute periods

at 75 F, and for additiona'l lS-minute periods at 100 F and 120 F. At

the end of each 1S-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 dffferent 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-

phobi c.

Sanderson (75) used the Tyler test in evaluating the stripping

resfstance of seven different aggi"egates. These aggregates were also

treated with methylchlorosilanes to determine whether their stripping



75

Table VIII

Dynam'ic Stripping Test Resul ts (73)

Per Cent Coati ng

Aggregate Penetration Asphalt Cement

85-l 00

Grani te
Quartzi te
Fel dsi te
Traprock
L'imestone
Mi xed Gravel

34
53
65
9t
95
99

lMixed gravel composed of 32% limestone,
39% granite, 27% traprock, l% sandstone, and
1 % quartzi te.

50-60

75

99I
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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 watern it seemed to

him that most of the stripping which occurned was caused by mutual

abrasion of the aggregate particles.

The State of California Highway Department laboratory test manual

describes a dynamlc immersion method of test to evaluate fllm strip-

ping (76). The test is applied to the aggregate fraction passing the

3/8 in. sieve and retained on the No. 8 sieve. After curing, the coated

sample is immersed in water at 77 F and agitated for 15 minutes.

Additional 1S-minute periods of agitation successively at 100 F and

120 F are used in special cases.

Static Immersion. In 1938, Hubbard (S6) suggested a test to

evaluate resistance to film stripping. The procedure tras to prepare

'laboratory samples with the same proportions of asphalt and aggregate

as those intended for the mixtures in the field. After mixing was

completedo 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 lid, and completely covered

with disti'lled 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, little or no trouble was anticipated with

stripping under ordinary field conditions. In, 1936 Lee (O+1 had

reported resu'lts 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 describecl by Stanton and Hveem (77). This test consisted of

mechanically m'ixing 50 ml of a heavy fuel oil heated to 140 F with

10 g of fi'ller dust (passing the No. 200 sieve) for 5 minutes. Then

100 m'l of distil'led water at 140 F was added and the mixture stirred

5 additlonal minutes. The jar was set aside to a'llow 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 fi11er separated

from the oil and collected at the bottom of the iar'

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 Ho'lmes was similar to the

water-asphalt preferential test previously described by Stanton and

Hveem, and the abrasion-displacement test was similar to the dynamic

immersion test where the coated aggregate was shaken in a horizontal

p1ane. Holmes thought both of these tests were of little value in

evaluating aggregate stripping tendency.

The dtsplacement test was classified by Holmes as the one most

frequently used at that time and was essentia'l1y the same test used by

Hubbard and Lee, with slight modificat'ions. 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 distil'led water for 18 to 20 hours at 140 F.

The specimen was cooled to room ternperature 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 irmersion test

previously described by Hubbard was used in the study. The coated

aggregate was cured 48 hour at 110 F and then innersed 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 estimation while

it was still under water. Low pH solutions favored the retention of

asphalt on the hydrophilic aggregate (rhlolite 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 L944-45, 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 ln equilibrium with the C02

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 s'lightly acid.

When mineral grains are crushed and placed in water, the pH obtained

is known as the "abrasion pH". Carro'll reports abrasion pH values for

common minerals as: quartz, pH 6-7; feldbpar, pH 8-9; amphiboles,

pH 10-11i pryoxene, PH 8-10; mica, pH 7-9; calcite and colomite, pH 8-

10; and c'lay minerals, pH 6-7. The test results of Gzemski perhaps
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reflect the tendency of a bjtuminous material to adhere better in the

presence of a water whose pH is compatible with the abrasion pH of the

aggregate to which jt is aPPlied.

A report of ASTM Subcomm'ittee 8-26 on the effect of water on

bitum'inous coated aggregate was published in L952 (81). A survey of

current methods was used as a basjs for proposing a standard method of

perform'ing 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/B in. sieve and retained on

the 1/4 in. sieve) wjth 5.5 percent of liqu'id or sem'i-solid bitumen or

B percent of emulsified asphalt. Temperature of mixing is as requ'ired

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 djstjlled water of 6'0 to 7'0 pH at

room temperature (77 F). By observat'ion through the water, from above'

the percentage of the total v'isible area of the aggregate whjch 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 establ i shed.

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 bitum'inous film

under dry condit'ions. 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.

B i1 n of Chemical Immersion . This type of test was originally

developed by Riedel and Weber (84). The test involved plactng 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 bol'led for 1 minute in sodium carbonate solutions

of increasing concentration. A fresh sample of coated material was

used with each so'lution. The numerical value of adhesiveness (on a

scale of 1 to 10) was defined by the concentration of sodium carbonate

so'lution 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. 0ther researchers have obiected

to the use of the boiling test because subiection of the sample to

such high temperatures and exposure to the action of sodium 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 coo'led under running water and spread on a flat surface.

The amount of coated surface was estimated visual 1y.
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Quantitative Methods to Determi ne Fi lm Stri PP'ing. A probl em

common to the previously enumerated stripping test procedures has been

the visua'l estimation of stripped surface area. Visual estlmation

provides only a qualitative indication of the stripping tendency of an

aspha'lt-aggregate ntixture 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,

mechanica'l integration, and leaching and stripping coefficient for

"quanti ty" 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 iudgment of

the amount of strippjng. Ford et al. (85) reported a better procedure

to provide quantitat'ive 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 subiected to the "stripping"

effects of water. The test procedure is based on the princip'le that

calcareous or siliciferous minerals wil'l react with a suitable reagent

and create a gas as part of the chemical reaction products. h|ithin

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.

tJith proper selection of reagents and reagent concentrations,
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asphal t, being a re'lative'ly inert substance, wiI l not enter into the

reaction and wil'l 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 0k'lahoma sources, included several different types of

carbonate and siliceous materia'ls. 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.

Immers i on-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 compression to determine their initial or dry strength.

Dup'licated 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 aspha'lt cement.

Asphalt coated aggregate samples also were subiected to the dynamic

stri ppi ng , boi I , and swel 'l 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.

Pauls and Rex (87) reported the work undertaken by that agency in
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Table IX

RESULTS OF STATIC AND DYNAMIC

1MMERSION STRIPP;NG TESTS AND SURFACE REACTION TEST (85)

Surface Reaction

Ret. Coating

Aggregate

Coopttrlcln

H.tr tsltorne

Slringtown

Cyril

l(cota

Onapa

Aslter

Brol<en Bow

Gore

Hugt-t

Miami

Variation
l/"\1

t"

+

0

0.5

.5

i0.7

+ 0.7

+

+

+

+

0

0.8

.43

3.6

.22

.0

t

t_0.5

.53+

Dynamic lmmersion

Ret. Coating (%)Rr:t. Coating (%)

Static lmmcrsi

4hr (%\t hr. 2 hr.77F 140 F

B5

15

B5

75

80

B5

BO

70

65

BO

75

90

B5

93

64

56

6B

74

54

65

7B

60

90

90

90

80

90

90

90

90

85

90

B5

95

95

95

90

95

95

95

95

90

95

95

100

100

100

100

100

100

100

100

100

100

100

B5

75

65

60

50

50

90

90

40

95

70

lVariatiorr based on maximum and mirrimum values of duplicate tests.
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developing an immersion-compression te$t. 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 1-minute period.

Specimens from each mix were tested in compression after molding

and after immersion in water for periods of L 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 L03 percent. This method of test

was considered so promising that its use was extended to eva'luation

of other types of aggregates, filler, and asphalts.

Further development of the I-C test were reported by Pau'ls and

Goode (88,89). The sensitivity of the test was to be increased until

the differences in hot mixtures in the Iaboratory agreed with field

observations. They evaluated I-C retained strengths of bituminous

mixtures by using 1) vacuum process to acce'lerate 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 requlred about 20
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m.inutes; then the vacuum was reduced to atmosphepic 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 normal'ly have high res'istance 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 eva'luated the effect of immersion

temperatures of 77, 100,120, and 140 F, along with periods of immersion

of 5 hours and I,4,14, and 35 days. The best correla!'ion 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-

bl e.

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 d.iameter and 4'in. high. The specimens are molded by means of

a double plunger device, the final pressure of 3000 psi being applied

for Z minutes. The specimens are cured 24 hours at 140 F in air after
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which 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 speclmen 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 cool ed in a 77 F water bath at 1 east 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. l^let specimens are irunersed 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 reiected.

Swanberg and Hindermann (92) reported a variation of the ASTM

immersion-compression procedure in which they use<i specimens 4 in.

in diameter and 2 in. in height. The standard testing procedures were

foltrowed 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.

0lsen (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 Stanaards (41) includes a proposed

method of test for effect of water on reslstance 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 (4r1. The specific gravity of the test specimens is

determined by the standard ASTM Method D ?726 (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 than 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 equiprnent." 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 Iimestone mixture. Their test results are shown in Table X. Paul

Thompson, in the discussion to thls 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

irrynersion of the specimens should be ca'lculated from the time the

specimens are entlnely 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, "0h yes,

vle quite frequently get a retained strength greater than L00 percent,

particular'ly with a mixture containing 'limestone aggregate". He

theorized that the small amount of moisture,absorbed by the test

specimen actually creates tensile forces between the coated particles

of limestone aggregate within the specimen which result in a higher
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Tabl e X

STRIPPING RESISTANCE OF BITUMINOUS MIXTURES

INDIANA AH TYPE SURFACE COURSE (93)

Static Irnmersion
(% Coated--140 F)

I.C
(% Ret. Strength)

Son'ic Modul us
(% Ret. Modulus)

I
Days

I trurre r "

00
90
BB

84
82
77

0
I
3
tr
J

7

9

.l00

73
60
5B
55
55

100
77
73
70
70
70

Lafayette Gravel

Greencastl e Li mestone

100
9l
84
77
72
64

Massachusetts RhYol i te
.l00

93
8t
6B
60
2B

100
96
94
94
93
92

0
I
3

5

7

9

0
I
3

5

7

9

100
94
92
9l
90
89

100
.l00

96
9t
80
74
71

17
12
12
12
t0

1

'stutic 'inmersion sample sized to pass 3/8 inclr sjeve and be

retai ned on 1 /4 inch sieve.

I
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compressive strength than would be obtalned with a dry specimen.

t@. Circular test tracks have been developed

to evaluate the durability of bituminous mixtures under the action of

traffic. In 1936, Goldbeck (99) reported the results of investiga-

tions on single and double surface treatments, mixed-in-p1ace con-

struction, premixed cold laid pavements, and asphalt concrete. The

mixtures were compared on the basis of depth of rutting. Test track

results were also related to field observations of similar mixtures.

Temperature and moisture conditions were vanied during the evaluation

of track specimens. Go'ldbeck was of the opinion that stripping was

likely to take p'lace more rapidly in warm weather than in cold weather

because the asphalt is softer and would be stripped more readily in

that condition.

In 1949, Goldbeck (96) neported a comparison of immersion-

compression test results with laboratory traffic test results. Cir-

cular track stability and durability values were obtained by measure-

ment of rut depths. The durability test track pavement was immersed 7

days at room temperature (65 to 75 F), then 20,000 passes of 1000 lb.

wheel load were made with the track immersed. Six different asphalt

concrete mixtures were tested, with immersion-compression retained

strengths ranging from 71 to 105 perceht. AII of the mixes were

judged very durable from the test track 'loading results.

Holmes (78) also gives an account of the use of a circular test

track to evaluate the adhesivity of aspira'lt in bituminous mixtures.

After compaction and curing of the bituminous mixture, the track

specimen was submerged in water at 90 F and the asphalt-aggregate

mixture broken down by running the test wheels over the pavement

surface. The number of revolutions of the machine required to Joosen
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10 percent of the total mixture was chosen as the breakdown point'

It was noted that duplicate test track results agreed within + 15

percent. Test track results were correlated with static immersion

stripping test results and the adhesivity of various bituminous

mixtures was determined. Different additives were used in the asphalt

to increase adhesivity. Holmes found the maximum improvement

obtained With additives corresponded to a relative track life of

3.88 times that of untreated asphalt. He also observed that incor-

poration of lime into the bituminous mixture did not appear to alter

the true adhesivity properties of the asphalt'

This work of Holmes was continued and enlarged by Klinger and

Roediger (100). They attempted to establish whether a correlation

existed among the SIS test, circular test track, and field perfor-

mance results. They concluded that relative service life of the

pavement was not predicted by the static immersion stripping test

results or the circular track test results. Additives increased

the stripping resistance of the mixtures tested by SIS test and circu-

lar test track methods, but no effect was evident in the pavements

exposed to traffic.

An immersion wheel-tracking test developed to evaluate the sig-

nificance of the traffic stresses in stripping of binder from aggre-

gate was reported by Mathews and colwill (101). The bituminous sam-

ple was immersed in water and subiected to the action of a rec'ipro-

cating wheel running over its surface. The length of time for which

the sample withstood this treatment without collapse was taken as the

index of performance. The failure time for the 12 aggregates tested

ranged from 1 minute to more than 48 hours. Mathews et al. (93)
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'later published the results of research work in which bituminous

mixtures, using 16 different aggregates, were eva'luated by the static,

dynamic, boiI, immersion-compression strength (Uy tfre Marshall Testing

Head), and immerslon whee'l-tracking tests. These test results were

compared with the road performance of the aggregates. An index of

stripping was used by Mathews (102) to determine road performance,

coupled with a 6-year field observation to determine when an aggregate

exhibited appreciable stripping. He concluded that the best correla-

tion with road performance of the aggregate in bituminous-macadam was

given by the immersion wheel-tracking test.

0ther Test Methods. Several othen procedures have been used to

evaluate stripping resistance of a bituminous mixture. In 1934,

stanton and Hveem (77) reported a swell test made on a compacted

specimen of oil mixed with aggregate which represented the grading

.used in actual construction. The compacted mixture (4 in. in diameter

by 2 in. high) was submerged in its mold for 24 hours and the amount

of vertical swell was determined. The permissible amount of swell

was a function of the surface area of the aggregate in the mixture.

They considered the swell test to be the most reliab'le method of

determining the probable effect of moisture on the road surface.

skog and Zube (103) report deve'lopment of a water susceptibility

test for studying the resistance of a bituminous mixture to moisture.

A sample of the design mix was compacted with a kneading compactor,.

cured 75 hours at 140 F, subjected to moisture vapor passing up into

the specimen, and then tested for its Hveem stability and cohesion.

The specimen resembled a standard Hveem specimen except for a 0.5 in.

hole through its center. A minimum Hveem stability va]ue for the
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mixture was sPecified.

An abrasion test to evaluate probable field performance of a

bituminous mixture was reported by Swanberg and Hindermann (92) '

The compacted mixture,2 in. in diameter and 2 in. high, was cured

24 hours at 140 F for 4 days. specimens were cooled and their satu-

rated surface dry weight determined, then cooled to 35 F in a water

bath. The specimens were placed in a Deval abrasion machine filled

with water at 35 F, and the machine was rotated for 33 minutes

(about 1000 revolutions). The specimens then were weighed in a sur-

face-dny condition and the percentage weight loss determined' Test

results were compared with field performance results of similar bitu-

minous mixtures. The researchers concluded that the abrasion test

gave satisfactory correlation with field performance and reasonable

agreementwithimmersion.compressiontestresults.

Anotherabrasiontestdevelopedtosubjectthesurfaceofa

compacted bituminous mixture to dynamic water action along with

simulated tire action was reported by Skog and Zube (103)' A 4 in'

diamter specimen, held in 'its mold and after pre-conditioning' was

clampedinaspecialshakingunit.Waterand4solidrubberbal]s

wereplacedonthemo]dandsubjectedtoshakingfora].5.minute

period. water temperature was maintained at 100 F during the test'

The weight loss of the specimen and visual estimate of the amount of

strippingwerethendetermined.Testresultswerecorrelatedwith

resu]tsfordifferentsourcesandgradesofasphaltanddifferent

aggregateSources.Theabrasionlossvariedwithdifferentasphalt

sourceswhentheaggregatetypeandsourcewereheldconstant.

Anon-destructivemethodoftestforeva]uatingstripping
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resistance in compacted bituminous mixtures lvas reported by Andersland

and Goetz (97). A sonic test method was employed with a beam specimen

12 in. long by 2.5 in. thick. The test specimens were molded and

cured, and their initial sonic modulus of elasticity was determined at

40 F in a saturated dry condition. Specimens then were immersed in

tap water at 140 F. At intervals of 1, 3, 5,7, and 9 days the sonic

modu'lus of elasticity of each specimen was determined. The percentage

retained sonic modulus of elasticity then was calculated. Comparable

results from the SIS test at 140 F and the I-C test as well as the

sonic test results are shown in Table X. The nesearchers concluded

that the sonic test might produce laboratory results that would

correlate well with field performance results. However, no field

evaluation of the mixtures studied in the laboratory were reported.

Another non-destructive method of test of compacted asphalt mix-

tures to evaluate stripping resistance was reported by Schmidt and

Graf (104). They used the change in resilient modulus of mixes that

were subjected to the effects of water to indicate the amount of

stripping that occurred. The resilient modulus was determined by a

dynamic testing method on spectmens molded in the Hveem kneading

compactor by the Standard ASTM Method.

A Iight pu'lsating load was applied thnough a load cell across

the vertical diameter of the specimen, which caused a corresponding

elastic deformation across its horizontal thickness. The dynamic

deformation was measured with sensitive transducers requiring only a

fdw grams of activating force. From these measurements the resilient

modulus was ca'lcu'lated. It was noted that the same specimen can be

used first to determine the resilient modulus and subsequent'ly to
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determine other properties such as the Marshall or Hveem stability

or Hveem cohesion.

The resilient modulus of the asphalt mixtures was evaluated for

the effects of: 1) type of aggregate, 2) various water exposure

conditions, 3) type of aspha'lt cement, and 4) influence of additives.

The retained resilient modulus decreased for mixtures that had been

exposed to the effects of water as the exposure temperature increased.

The rate and extent of the retained resilient modulus were proportional

to the concentration of water present in the specimens' Likewise'

with a higher aspha'lt content the specimens indicated a higher re-

tained resil ient modu'lus.



CHAPTER III

MATERIALS AND PAVEMENTS INVESTIGATED

The aspha'lt used in this research is representative of that used

in construction of Arkansas asphalt pavements. Standard test proce-

dures used to determine its physical properties include: penetration,

ductility, absolute viscosity, thin film oven, and specific gravity.

The aggregates selected for this research were sampled at 18

sources located throughout Arkansas. 0f the 18 different aggregates

sampled, T were'limestone,5 were sandstoner 3 gravel, l was nova-

culite, 1 was syenite, and L was synthetic aggregate. The phys'ical

properties evaluated from the aggregate include: specific Aravity and

absorption, Los Angeles abrasion, soundness, and acid insoluble resi-

due. The stripping properties of the aggregate also were tested to

evaluate the tendency of the asphalt to adhere to the aggregate in the

presence of water.

The pavements selected as test sections for this study contain

aggregates from L0 quarries or pits in central and western Arkansas.

0f the 10 quarries represented,2 produce limestone (ls),3 sandstone

(ss),2 gravel (gvl), L novaculite (nov),1 syenite (ns), and 1. an

expanded clay synthetic aggregate (syn).

Asphal t Cement

The sample of asphalt cement used for this research was obtained

from Lion 0i1 Company at EI Dorado, Arkansas. The 25 gallons of

96
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asphalt used in this work was obtained from one storage tank in 5

gal1on buckets. The material was class'ified as AC-20 viscos'ity graded

pav'ing grade asPhalt cement.

The average physical properties of the asphalt cement are shown

.in Table XI. The material was tested for uniformity as each bucket

was used.

Aggregates

The aggregates sampled represent the major sources of material

available for asphalt pavement construction in Arkansas' The aggre-

gates were obtained by visitjng each quarry or the pit where stock-

p.i1es of each material were stored. Approximately 200-300 lbs' of

mater.ial of each aggregate type was obtained, ranging 'in gradation

from the 3/4 in. to the No. 10 sieve'

The aggregates are identified'in Table XII as to location and

genera'l classification and Figure 10 shows where each aggregate 'is

located in terms of county and state. The aggregates are identified

by the town adjacent to their location. They are divided into six

groups: limestone, sandstone, gravel, novaculiteo syen'ite, and syn-

thet.ic aggregate. The phys'ica1 propert'ies of the aggregates are shown

in Table XIiI.

Limestone

Limestone js a bedded sed'imentary deposit consisting chiefly of

calcium carbonate (CaC03) which y'ie1ds lime when burned' Limestone

.is the most.important and widely distributed of the carbonate rocks

and is the conso'lidated equivalent of 'limy mud, a calcareous sand' or

shell fragments (105).
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Tab'l e X I

Physical Properties of Asphalt Cement

Characteri st i cs

Viscosity, 'l40 F, poises

Penetration, 77 F, 100 g, 5 sec

Ductility, 77 F, cm

Tests on Residue from Thin-Fi]m Oven Test
Vi scosi ty, '140 F, poi ses
Penetration, 77 F, 100 g, 5 sec
Ducti'lity, 77 F, cm
Average Weight Loss, % original

Specific Gravity, 77/77 F

'l

Test
Value

1720

7B

'150+

321 0
57

I 50+
+0.052

'l .021

.l973 
Annual Book of ASTM Standards, part II

ASTM.I

Method

D2171

D5

D1 13

D'1754
02171
D5
Dl 13

D70
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Figure 10. Location of the Study Aggregates

(For Aggregate Number Reference See Tab'le XII)
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Arkansas has abundant I imestone sources across the northern one

third of the state. Seven limestones, Twin Lakes, Valley Springs,

Kentucky, Rocky Point, Black Rock, Johnson, and West Fork were tested.

The Kentucky limestone sample was from a quarry at Gilbertsville,

Kentucky. The sample was obtained from the Warren Brothers Hot-Mix

plant at tdest Memphis, Arkansas.

Sands tone

Sandstone is a sedimentary rock composed of noncarbonate grains

0.06 to 2.0 nrn in diametero which are cemented together in some fash-

ion. The cementing material may be quartz, opal, calcite, dolomite,

clay, or oxides of iron, either reddish (hematite) or yellowish

(limonite). The colors are variable; white to gray, buff to dark ye1-

low, and red to reddish brown are corrunon (106). These colors depend

Iargely on the nature of the cement.

According to McBride (1OZ) many different c'lassification systems

for sandstone have been proposed, but none has been deyised which

adequately treats all of the important sandstone attributes. The

sedimentary structure, texture, and composition of the sandstone are

the three main characteristics used in his study. Composition is

generally the most important feature for evaluation as a highway

material.

Five sandstones, Van Buren, Cabot, Russe'llville, Jenny Lind, and

Bald Knob, were studied. These sandstones are from the Hartshorne

and Atoka formations. which cover a large part of central Arkansas.

GraveI

GraveJ is a loose or uncolsolidated coarse granular material,



105

larger than sand grains. When such material is transported by running

water, it is sorted accordjng to the strength of the current. In

some cases, beds are formed which'consjst of approximately equal

sized particles. The particles which compose grave'l are rock frag-

ments and individual minerals.

The form and appearance of these pebbles depend on the conditions

of erosion, transportation, and deposition. Those which have under-

gone considerable transportation are likely to have a very smooth

surface with a characteristic faintly dimpled, slightly dented ap-

pearance caused by the'ir repeated collis'ions during movement. If the

pebble is composite, it conmonly is pitted by weathering and removal

of softer or more easi]y altered minerals (tO0).

Three graVe'ls, Hampton, Texarkana, and MUrfreesboro Were tested.

All three gravels are from the Quarternary temace or Alluvium forma-

tion which covers a large part of the southern and eastern sections

of the state.

Syeni te

syenite is a piuton'ic'ingeous rock consisting principally of

alkalic feldspar usually w'ith one or more mafic minerals such as

hornblende or biotite. The fetdspar may be orthoclase, microcline, or

perthite. A small amount of plagioclase may be present. A small

amount of quartz is usual'ly present but in some examples nepheline

may take its place. Accessory minerals are sphene, apatitie, and

opaque oxide (105).

The samp'le tested was from the Big Rock quarry in Pulaski County'

The material was crushed blue nepheline syenite, with 60 percent
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orthoclase feldspar, 10 percent nepheline, 10 percent hornblende, 5

percent diopside, and 15 percent titanite, apatite, magnetite, or

bi oti te.

Novacul i te

Novaculite is a dense, hard, homogeneous, fine-grained sedimen-

tary rock composed of pure silica. Minor impurities may be iron oxide,

alumina, ca'lcium carbonate, and clay minerals. It is translucent on

the edges and has a marked conchoidal fracture.

Novaculite is very like chert, both in composition and its be-

havior as a road-making materia'l. Originally, the term "novaculite"

was app'lied to rocks found in the lower Paleozoic section of the

0uachita Mountains of Arkansas (105).

Synthetic

Arklite synthetic aggregate is expanded clay aggregate manufac-

tured by rotary kiln process at 2000 F. It consists of angular frag-

ments, reasonably uniform in density and r"elatively free from flat
or elongate particles or other deleterious substances.

The aggregate is manufactured to have a Los Angleles abrasion of

not more than 40, and when subjected to five cycles of the soundness

test it sha'l'l have a loss not to exceed 30 percent (sodium sulfate).

The Arkansas Lightweight Aggregate Corporation near England, Arkansas,

in Lonoke County manufactures the aggregate.

Pavements Investigated

The highway pavements selected for field skid testing were chosen

to represent each type of aggregate used in Arkansas pavements. A
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list of road paving projects completed in the iast few years w'ith the

study aggregates was obtained from the Marshall Mix Design file of the

Arkansas Highway Departmentrs iob file records. The pavements that

Were constructed from each Source were identified on a county map.

The help of district engineers, resident engineers, and materials

engineers was used to locate the pavement surfaces that would provide

a representative sample of the aggregate under investigation.

The highways chosen for skid testing evaluation included 10 of

the study aggregates. Proiects of at least two different ages con-

structed from each of the 10 sources were selected. The pavements

tested were general'ly in the western part of the state, and ranged

from the Missouri line on the north to the Louisiana-Texas line on

the south.

The England synthetic aggregate skid test work was limited to

on'ly one road section, which was a surface treatment iob. This

synthetic aggregate does not meet the AHD specification (32) for use

in the Arkansas Asphalt Concrete Hot-Mix Surface Course (ACHMSC)

mi xtures .

All of the pavements selected were constructed to meet the

Arkansas specification for ACHMSC Type 2 mix. The gradation curve

of this mix indicates that it is well-graded, with a top size of 3/4

in. material and with 4 to 10 percent material passing the No. 200

sieve. During the initial stages of field skid testirg, d few pave-

ments conforming to the AHD ACHMSC Type 3 mix (top size 7/2 in.)

were added to the list of study pavements for comparison.

The pavements tested are all two lane roads with a range in
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daily traffic of 400 to 11,600 vehicles. The pavements for study were

initial]y selected in 1975, and partially evaluated in June with the

AHD skid trafler before it broke down. At that time, most of the

pavements appeared to be in good condition and were satisfactory for

i nves ti gati on .

Test Pavement Locations

A total of 34 different pavement jobs were selected for field
testing. The test sections are listed in Table XIV. Each section is

identified by the name of the aggregate with which it was constructed,

the route section and lane tested, and the AHD job number under which

it was constructed. The listing also indicates the date of completion

of the surfacing, which was taken from the asphalt inspector daily

report.

The oldest pavenent was constructed in May 1968 and the newest

pavement was completed in September 1975. The field study aggregates

and the number of pavement test sections, respectively, are: Johnson

ls (4), Valley Springs 1s (5), Cabot ss (3), Van Buren ss (2), Jenny

Lind ss (6), Texarkana gvl (3), Murfreesboro gvl (4), Big Rock ns

(4), Malvern nov (2), and England artificial (1).

A'lso shown in Table XIV are the begr'nning and ending road log

mile between which skid tests were conducted, and the road log mile

where BPT tests were performed. Each BPT site was numbered, and a

total of 60 pavement sites were tested.

The breakdown of total miles tested with the skid trailer, by

type of aggregate, is: limestone, 53.6 miles; sandstone, 63.4 miles;

gravel , 42,6 miles; novacglite, 24.1. miles; syeniten 23.9 miles; and
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synthetic,4.5 miles. A total of 212 miles of pavement was skidded

during the course of this investigation.

Pavement Mix Desiqn and Traffic

The pavements were all constructed to meet the AHD specification

for ACHMSC mixtures. Each mixture was designed in the Materials and

Test Laboratory at the.Central Headquarters in Little Rock.

One set of core samp'les were obtained from 32 pavement iobs for

Iaboratory evaluation. The selection of the core site location was

derived from BPT test sites which previously had been skidded with

the AHD Skid Trailer, Arkansas No. 1, in June 1'976.

The study pavements from which cores were obtained are shown

in Table XV. The core sites are numbered in accordance with the BPT

site number and are identified by road 1og mile. Study pavements

which were not cored (listed respectively by aggregate name, iob

number, and route section) are: Val'ley Springs ls, Job 9'6L7,62-7i

Valley Springs ls, iob 9-545, 65-4; and Jenny Lind ss, iob 4-681,96-3.

A total of 32 sites were selected for coring, but one pavement section

(job number 9-580) was cored at both of its BPT test sites.

Tab'le XV also contains the Marshall mix design data for each iob

cored along with the actual percentage of asphalt cement in the pave-

ment mixture as reported on the "final" datly report of inspection at

the asphalt plant. The January 1977 Average Annual Daily Traffic

(AAOT1 for each core site was obtained from the AHD 1976 Traffic

Volumes Map and is shown in Table XV. The estimated total number of

wheel passes over each core site, which is discussed in another section

of the report, tis also indicated in Table XV.
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CHAPTER IV

TEST METHODS AND EQUIPMENT

The prtmary pieces of equipment used for skid resistance evalua-

tion in the fie'ld and laboratory testing were a locked-wheel skid

trailer supplied by the Arkansas Highway Department, a British Port-

able Tester and an Accelerated Polishing Device (ApO). In addition,

a texturemeter and the regu'lar sand patch test were used in the field

to evaluate the pavement surface texture. The regular sand patch

test with an extremely limited volume of sand was used for the tex-

ture depth measurements on the laboratory core specimens.

The durabi'lity test equipment employed in this study included the

Marshall Testing Apparatusn the Dynamic Irnmersion Stripping Device,

and the Surface Reaction Test Device. The study aggregates were

tested both for their film stripping characteristics, i.e., ds sepa-

rate indivr'dual particlesn and for their behavior when incorporated

into compacted asphalt mixtures.

All laboratory and field test procedures were performed in accord-

ance with applicable standard ASTM methods if possible. 0therwise,

the test procedures and the equipment utilized are reported herein.

Field Tests

The pavements under investigation were evaluated by skid trailer

tests. Two "Arkansas Skid Measurement Systems" (ASttlS) or locked-wheel

skid trailers were used during the field testing of the research

116
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program. During the summers of 1975 and 1976, a Soil Test skid trailer

model number ML 350 HX, Serial No. B 2733L' was used with a 3/4 ton

Chevrolet truck as the towing vehicle. This skid unit is shown in

Figure 11. The system named ASMS No. L was calibrated by the Texas

Transportation Institute (TTI), in April 1973 (43) '

in the third series of skid tests performed in May and June 1977

the second AHD unit, ident'ified as ASMS N0.2, was used. This skid

trailer is shown in Figure 12. The new system was designed and bujlt

by the Mechanical Engineering Department, College of Engineering' at

the university of Arkansas. ASMS No. 2 was calibrated by TTI in

0ctober Lg76 { 108). This unit was towed by a 1 ton 1975 Dodge truck'

Detaijs of these skid units are given in the Texas Transportation

Inst'itute RePorts (43, 108) .

Skidnumbers,forthisresearchwork,obtainedfromthesetwo

different skid trailers were corrected by use of the Texas Transpor-

tation Institute calibration equations:

For Field Tests Before Apri'l 1973 for ARMS No' 1

sN4s (ARSMS) = -4.88 + 0.94 SN40 (ARMS No' 1)

For Field Tests After April 1973 for ARMS No' 1

SN4g (ARSMS) = 1.85 + 0.90 SN4g (ARMS No' 1)

ForFieldTestsBeforeOctoberlgT6forARMSNo.2

sN40 (ARSMS) = -1.69 + 0.85 SN40 (ARMS No' 2)

ForFjeldTestsAfter0ctobertgT6forARMSNo.2

SN40 (ARSMS) = -0'10 + 0'82 SN40 (ARMS No' 2)

where:

ARSMS = Skid Number Based on Area Reference Skid Measurement

System

SN+o
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Figure 11. Arkansas Highway Department ASMS Number One

Figure '12. Arkansas Highway Department ASMS Number Two
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SN40 ARMS (_) = Skid Number Measured with Arkansas Trailer

All field skid test readings were adiusted by means of the equations

to relate them to the standard system.

Pavement Ski d Testinq

To find the range in skid numbers, the selected pavement first

was tested about every 0.2 to 0.3 mile by the Arkansas Skid Trailer

at 40 mph and the skid number (SN+O) and location by road log mile

(L.M.) were recorded. The skid sites tested were in general on

straight, 1eve1 sections of the open highway. Brief'ly the test pro-

cedure is as follows: 1) the driver attains the test speed of 40 mph

and ho'lds this speed during the entire test sequence, 2) the operator

presses the test button each time to initiate a test sequence,3)

the skid cycle of watering, locking wheel, and unlocking wheel is

automatic and requires about 6 seconds,4) the skid data are printed

on tape.

In the initial test series, the wetted skid sites were marked

with a numbered bag containing steel shot placed from a chase car.

After completion of skidding a'long the test pavement, two BPT test

sites were selected at points of high or low SN4g values. In all

skid tests the inner wheel patn (tWp) (left wheel path) was skidded'

Test Site Evaluation

The site chosen for testing with the BPT had been marked pre-

viously with a bag to help locate the skid tire mark. The sites

were selected where ample sight distance was available because of

the danger involyed in stopping traffic, espec'ia'lly when testing the

inner wheel path with the BPT.
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Two flagmen were used to control traffic flow. The road log

mile was recorded and "squares" were painted on the road surface at

each BPT test point. The pavement was tested in the skid trailer

tire mark at about 20 foot intervals with the BPT. The pavement was

also tested in the outer wheel path (0}'IP) and between the wheel paths

(BI^IP) adjacent to the II,IP test sites.

A typical test site is shown in Figure 13. The operator has

tested in the O}rlP and BtrlP and is in the process of testing in the IlllP

with the BPT. A close-up view of the skid trailer tire mark and the

BPT tester is shown in Figure 14.

The h'lgh and low BPT site locations were selected during the

surmers of 1975 and 1976. The skid trailer was used over the entire

section of pavement each year. The BPT test sites were the same from

year to year for comparisons to show whether the sites retained the

high and low SN.

British Portable Tester. The BPT used in this work was obtained

from Soiltest, Inc., tlS their model No. HT-120. The tester was made

by Wessex Engineering and Metalcraft Co. Ltd., Frome, Somerset,

England, with pendulum Serial No. 7398. The BPT calibration was

checked at the TRRL in December 1973. The rubber sliders used in

the field work (1 X 3 in. size) were delivered with the tester. The

laboratory rubber sliders (1 X lk in. size) were obtained from Troxler,

Inc.

The field tests with the BPT were carried out in accordance with

Standard ASTI1 Method E 303 (41). The BPT was also calibrated before

field tests were initiated. The BPN value of a rrstandard" brick was
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measured before and after the pavement's BPN value was obtained, to

ensure that the BPT was functioning properly. The standard bricks

BPN value had been determined at 77 F in the laboratory and was con-

sidered to be a reference surface that changed very little in the

field. All BPN values were adiusted as required, based on the brick

BPN value before and after pavement tests at the site.

The temperature of the pavement and the air was recorded at

each test site. Care was taken to get a layer of water at least

0.02 in. on the pavement by flushing it thoroughly with a squirt

bottle before each strike of the BPT. The test site was struck with

the BPT 3 in. rubber slider a minimum of five times or until a con-

stant BPN value was obtained.

Nine different setups of the BPT were performed at each BPT

test site. The surface of the pavement was spray painted (Figure 13)

at each of the test points. These painted squares were used to lo-

cate the exact pavement site for subsequent testing in 1976 and 1,977.

The Il,lP point was i'flagged" to ensure that the skid trailer operator

skidded the identical pavement area during the repeat tests.

Texture Depth Measurements. Two methods were used to determine

the average texture of the pavement: the texturemeter developed by

Scrivner (27) and the regular sand patch test. The regular sand

patch method was run at six locations for each site, halfway between

each BPT test location, i.e., two tests for each wheel path and two

between the whee'l paths. The sand patch tests are shown in Figure L3.

The yolume of sand for the sand patch method was measured by

the 1"550 in.3 (25.+ cm3) field cup shown in Figure 15. The sand was
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sized so that'it would pass a No. 50 sieve and be retained on a No.

1.00 sieve. A straight knife-edge was used to strike-off the sand

flush with the top of the cup, and a hard rubber disk attached to

a wooden handle (ftgure 15) was used to spread the sand over the

pavement surface. Diameter measurements were read to the nearest

quarter inch and average texture depth was computed in millimeters.

The texture evaluations were performed on'ly during the 1977 testing

peri od .

The texturemeter then was used at each BPT test site. Twenty-

seven readings were taken at the test section 'locations. For each

of the nine BPT test sites, the texturemeter was used three times:

once irnnediately before the site, once just next to the site, and

once irnrnediately past the site.

Laboratory Tests

Laboratory tests were conducted on asphalt cement, mineral

aggregate, and asphalt mixtures. In general, the coflmon laboratory

test procedures and specimen preparation techniques used by the

Arkansas Highway Department (109) were employed in this research.

The physical properties of the aspha'lt cement were determined

by using standard ASTM methods. These values are shown in Table XI

with the relevant ASTM method of test.

The phystcal properties of the aggregates are shown in TabIe

XIII. All of these test values are based on results from duplicate

test sampies. The applicable standard ASTM methods were followed

except for the insoluble residue (IR) test. Details of the IR test
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and the partic'le shape test are reported in another section of the

report. Each aggregate sample also was evaluated for its film

stripping characteristics by the static immersion stripping test

(SIS), the dynamic irnmersion stripping test (DIS), and by the quanti-

tative surface react'ion test (SRT).

The polishing characteristics of each aggregate sample were

evaluated by the British Wheel Test (by the Texas Highway Department)

and the acce'lerated Pof ishing Device that was constructed for this

investigation. The aggregates also were incorporated in asphalt

mixtures and polished on the APD for their friction values. All

friction measurements were made with the British Portable Tester

previously described and their Arkansas Polish Value or their Polish

Value was determined.

The relative stripping resistance of each aggregate sample was

evaluated in asphalt mixtures by the innnersion-compression (I-C)

.test. For this test the Marshall Apparatus and a vacuum saturation

technique were used. Inrnersion-compression specimens were tested in

a 50 blow compaction mix and also were remolded at 35 blow compactions

and retested.

All asphalt mixtures were molded at optimum asphalt content as

determined by the Marshall Mix Design Method. The theoretical maxi-

mum specific aravity of each sample mixture was measured. Approxi-

mately 550 asphalt specimens were molded, compacted, and tested for

this investigation.

Aggreg,ate Tests

Each samp'le of aggregate was sieved into four different sizes



on a Gilson Testing Screen. These U.S. Sieve Sizes were: 3/4 to

L/2 in.,7/2 to 3/8 in., 3/8 in. to No. 4 sieve, and No. 4 to No. 10

sieve. Specific test samples then were obtained from these grada-

tions by quartering.

The amount of hydrochloric acid insoluble residue for each

aggregate sample was determined in accordance with the Oklahoma

Highway Department Method 0HD-L-25. This test procedure is repro-

duced in Appendix A.

The aggregate particle shape was determined by the British Stan-

dard 812 Method. The f'lakiness index of an aggregate particle is

found by separating the flaky partic'les, i.e., partic'les that have a

thickness (smallest dimension) of less than 0.6 their nominal size,

and expressing their mass as a percentage of the mass of the sample

tested. The elongation index of an aggregate sample is found by

separating the elongate particles, i.€., particles that have a length

(greatest dimension) of more than L.B their nominal size. The test

procedure used was as detailed in the Asphalt Institute publication

MS-13, Aspha'lt Surface Treatments (110).

Asphalt Mix Design

The asphalt mixture was designed to conform to the specifica-

tions for a AHD ACHMSC Type 2 mix. The specification mix Iimits are

shown in Figure 16. The laboratory grading is shown in Table III.
The mixture gradation was controlled by sieving the aggregates into

eight different sizes on a Gilson sieve and then recombining to obtain

the desired gradation. In all the mixtures the fine aggregate (minus

No. 10 sieve size) was kept constant and only the coarse aggregate

726
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under study (size 3/4 in. to the No. 10 sieve) was changed. The

fine aggregate was al'l West Fork limestone except for the sieve size

No. B0 to 200 which was sand obtained from the Arkhola Hot-Mix Plant

at Fort Gibson, 0klahoma. Each mixture was identified by the name

of the coarse aggregate used in the mix. The mixture was coarser

than the midpoint gradation because the preliminary tria'l mixtures

gave air void contents below the specification limit when the mid-

point gradation was used.

Molding and Testin g Asphalt Samples. A decision was made to use

an asphalt cement content by weight of the mix between 4 and 6 per-

cent and to determine the optimum asphalt content by the Marshall

Method. For testing, the blended aggregate and asphalt cement were

heated to 275 F and mixed in a Hobart mixer until thoroughly coated,

and finally placed in a holding oven at 255 F until molding. Four

specimens were molded at each asphalt content.

The specimens were molded at 50 blows per side in accordance

with Standard ASTM Method D 1559 (41) and allowed to cool. Next,

their heights were measured to the nearest 0.001 in.; then their bulk

specific gravity was determined , in conformance with the Tentatiye

Standard ASTM Method D 2726 (41), by use of a Mettler P3N Balance.

Each group of specimens was tested in a Marshall testing apparatus,

after the specimens had been soaked in a 140 F water bath for 30-40

minutes, to determine their stability and flow.

Remolding Marshall Specimens. The bursted Marshall specimens

were reheated to 255 F, 'loosened by hand with a trowel, and remolded

at 35 blows per side for the inrnersion-compression test. This lower



129

compactive effort was used to obtain greater air voids. Again,

after remolding, the specimen heights, bulk specific gravity, and

air voids were determined.

Voids Analysis. The theoretical maximum s peci fi c grav'ity (0r)

of each asphalt mixture was determined by testing specimens, of two

different asphalt contents mixed, as described heretofore by the

Standard ASTM Method D 2041 (41). From these data the effective

aggregate specific gravity was calculated:

Gage =
Irg

I00-----Fac
Gr -ffi

where:

Gage = effective specific aravity of aggregate

Gr = maximum specific gravity of asphalt mixture

Gac = specific Aravity of asphalt

Pag = aggregateo percent by tota'l weight of mixture

Pac = asphalt, percent by total weight of mixture

0nce the effective specific gravity of the blended aggregate was

determined, the maximum theoretical specific gravity (Gmt) for each

specimen asphalt content was calculated.

Gmt values obtained by this method were also compared with

theoretical maximum specific gravities calculated by using the ag-

gregates, bulk specific gravity (Gba) and apparent specific gravity

(Gag). This procedure was used to determine whether discrepancies

occurred in any of the specific Aravity tests. It is also noted

that the asphalt absorbed by the aggregates and the effective as-

phalt content of the aspha'lt mixture can be estimated from the fore-
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going procedures.

For each specimen molded, the percent air voids (AV), voids in

the mineral aggregate (VMA), and percent voids filled with asphalt

(VF) were determined. The optimum asphalt cement content was se-

lected in accordance with the procedure given by Wallace and Martin

(11i).

Accelerated Polish Aspha'lt Mixtures. The asphalt mix specimens

prepared for the APD were all molded at 50 blows per side at their

optimum asphalt contents. A total of 12 specimens were molded to

represent each aggregate sampler 6 specimens were used for the polish-

ing test,3 specimens were tested "dry" for their Marshall stability

and flow in the normal manner described previously, and 3 specimens

were tested "wet" after vacuum saturation for their l,larshall stabil-

ity and flow. These 6 Marshall stability specimens were also re-

molded at 35 blows per side and again subiected to the I-C test.

The asphalt mixtures prepared with two study aggregates were called

"blends". They were batched, mixed, molded, and tested as described

heretofore.

The blended asphalt mixtures, optimum asphalt content was esti-

mated from the previously performed mix designs. However, only 7

specimens were prepared for each blend;3 specimens were polished and

4 were tested for their Marshall stability and flow values. The

blended asphalt mixtures' coarse aggregate consisted of equal parts,

by weight, of each study aggregate; the fine aggregate fraction re-

mained the same for all mixtures" However, when the England syn-

thetic aggregate was blended, the proportiontng of coarse aggregate

I
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was by volumeo on the basis of their aggregate bulk specific

gravi ti es .

The comb'ined study aggregate bulk specific gravity and water

absorption, i.e., for the 3/4 fn. to No. 10 materia'|, is shown in

Table XIII.

Accel erated Pol i sh'in u'l nt

The two primary pieces of equipment used for the laboratory in-

vestigation were the British Portable Tester and an Accelerated

Polishing Device. The BPT used in this work has been described'

The initial proiect proposal for this investigation indicated

that an accelerated polishing device would be designed and built to

evaluate the polishing characteristics of aggregates and asphalt

mixtures. However, this plan of study was not approved by the

Federal Highway Administration (FHtrlA) and the proposal was rewritten

to accomplish the polishing tests by use of the British Wheel' The

investigators planned to modify the asphalt mixture specimens by

using a curved molding device to accorrnodate testing on the British

Wheel . HoweVer, after L2 months of unsuccessful effort to procure

a British lrJhee], approval was obtained to design and construct the

Accelerated Polishing Device as initially proposed'

British Wheel Tests. As a condition of the approval to con-

struct the APD, the po'lishing values with the Arkansas APD were re-

quired to be correlated with the results from the British hlheel test.

For this correlation work, dup'licate aggregate samples from all 18

Soufces were prepared for testing. Coarse aggregate used for accel-

erated polish testing was 3/B in. to the t/4 in. size which had been
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carefuliy selected to be representative of each quarry.

The aggregate samples were quartered, harf being retained for

APD evaluations and the duplicate sample of each aggregate shipped

to the Materials and Test Divisionn Texas Highway Department (THD),

Austin, Texas. Personnel of the THD prepared and polished the 1g

samples on a British Polishing wheel in accordance with the Texas

test method (112). The samp'les were tested before and after polish-

ing with a BPT and the aggregates, "polish values" were recorded.

seven duplicate samples of each aggregate were prepared and tested.

Details of the British wheel test equipment are reported in chapter

II. Test va'lues used in this work from the Texas British Wheel data

are reported as Texas Polish Value (TpV)

l.lhen the polished aggregate samples were returned from the

Texas Highway Department, they were tested with the Arkansas Bpr in

accordance with the Standard ASTM Method E 303 (41), and in general

the final "polish values" obtained with the respective Bprs were the

same. The Texas Polish Values are compared with the Arkansas Polish

values (npv) in another section of the report. The Texas polishing

method utilizes curved 1.75 by 3 in. specimens and the Arkansas

method requrires flat, circularo 4 in. diameter specimens. Correla-

tions between the two different methods of accelerated polishing

and BPT test procedures are neported tn Chapter V.

Arkansas Accelerated P ol ishins Dev ice. The Accelerated Polish*

ing Device is a small-scale circular test track modeled after the

test device reported by Mullen (7). The apparatus was designed by

the Principal Investigator and was constructed in the Engineertng
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Experiment Station Machjne Shop for this investigation. The device

was desjgned to induce an accelerated wearing of the pavement surface

aggregates due to simulated traffic so that ultimate polish could be

reached in a few hours. Figure 17 is a photograph of the APD device'

The mach'ine itself consists of a circular track over which two

two tires can rotate. The wheels on which these tires are mounted

are at the opposite ends of a weighted axle, the revolution of which

is contro'l'led by the vertical shaft of an electric motor. There are

12 equal'ly spaced 4 in. diameter specimen holders around the 28 in'

diameter (centerline of specimen to centerline) track. The polish-

ing tires were nylon 11 X 6.00 - 5, Go-Cart "super slickS",2'p1y

rating, obtained from Sears Roebuck and Company.

Each t.ire was inflated to 20 psi 9d9€, for a 15 psi average

contact pressure with a wheel loading of 100 1bs. One wheel was

adjusted forward at approximately 1 degree from the radial axle cen-

ter to toe-out, and the other wheel was adiusted back from the radial

center to toe-in, to produce an accelerated polishing action. The

axle is driven by a 3/4 horsepower electrical motor by the vertical

shaft from under the track. Attached to the motor is a "Zero-Max"

variable speed drive by which the speed can be varied from 0 to 400

rpm. The operating speed used in the study was set at 30 rpm or

3600 wheel passes per hour, which totals to 86,400 wheel passes per

24 hours. This speed was chosen because lower speeds were found to

induce more wear of the specimens than did higher speeds. The

poiishing table is equipped with a resettable automatic counter that

records the total whee'l revolutions.
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Figure 'l 
7 . The Arkansas Acce'lerated po'l i shi ng Device

-;
..u.

kw

7
',*

I]
&

a

T!

}I



135

The specimen holders are steel cy]inders attached to the track

table. The holders have three leveling screws in the base to allow

the specimen's height and leveling to be adiusted before and at

intervals during testing. Before testing, the APD specimens are

bonded to steel base plates so that they can be fastened securely

and leveled or raised in height frorn beneath the table' The details

of the apparatus are shown in Appendix B. The APD geometry and

major parts are shown in Figure 81, the APD plan view iS shown in

Figure 82, and the APD specimen holder plan and elevation views are

shown in Figure 83.

Arkans as Polishinq Methods

The polishing tests performed in the laboratory for this inves-

tigation included both aggregate specimens (duplicate samples of

the Texas British Wheel test specimens) and asphalt mixture specimens'

The accelerated polishing test specimens were all 4 in''in diameter

but of different height or thickness'

The asphalt mjxture specimens were prepared as previously de-

tailed. The aggregate sample spec'imens were cast in polyester resin

in a mold, then bonded to a base plate that was secured to the speci-

men holder of the APD.

The British Portable Tester was used to measure the friction

value of the 4 in. diameter specimen and this va'lue is reported as

the Arkansas Polish value. A 1 by 1',4 jn.rubber slider was used with

a 3 in. strike path for all laboratory tests on the flat specimen'

However,forthestandardbrickcalibrationtestoftheBPT,a5in.

strike Path was used.
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The BPT back support leg was modified for use in testing the

specimens in place on the APD. This configuration of the APD was

used for all laboratory tests including the correlation work on the

British Wheel specimens.

Aqqreqate Specimen Moldinq. For the laboratory investigation

of the polish'ing characteristics of aggregate, a minimum of six

specimens, composed of the 3/8 to U4 in. size aggregate, were made

by casting the aggregate in polyester resin. The specimens, after

proper curing, were cleaned and inspected, and the polyester bottom

was ground flat. The flat samples were then ready to be tested.

A method of aggregate sample molding with a polyester compound

was developed by Gunn (113). The specimens made by the Arkansas

method were flat, circular, and 4 in. in diameter to adapt to the

APD. The method developed for casting aggregates into polyester

specimens is out'lined in detai'l in Appendix C. A view of the APD

molded aggregates on the storage shelf, pending the polish test, is

shown in Figure 18.

British Por table Tester Methodoloq.v. The method of test with

the BPT in the laboratory conformed in general to the Standard ASTM

Method E 303. One of the first steps undertaken, prior to the use of

the Arkansas BPT for Iaboratory investjgation, was the calibration

of the apparatus. The ASTM method of calibration was attempted;

however, difficulties were encountered because of the lack of certain

required pieces of equtpment such as a pendulum holder. The pendulum

holder restrains the pendulum from moving and facilitates the proper

testing of the spring loading, I,,lithout it, the pendulum tends to
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Figure 18. Arkansas Aggregates Molded for
the Acce'lerated Polish Test
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slip when loaded and proper calibration is hindered.

To acconrnodate for the lack of this piece of equipment, the

spring loading was calibrated on a Mettler P3ll Automatic Balance.

The Mettler balance is a direct load read-out system and is accurate

to the nearest 0.1 gram. The spring load of the Arkansas BPT

measured with the Mettler was 2413 grams. This value was within the

2500 t 100 grams limit set by ASTM.

All British Portab'le Testers, when used for Iaboratory testing,

are equipped with a base plate designed to support the test specimen

securely. This plate has a mount especial'ly designed for holding

curved British l,lheel specimens. A modif ication of this base plate

was made by attaching a circular holder which would support the

Arkansas specimens securely when being tested for initia'l APVs.

This modification of the base plate along with the BPT and Arkansas

test specimens are shown in Figure 19. The apparatus was designed

also to faciljtate the testing of asphalt concrete specimens.

The BPT apparatus was modified by the use of an alternate back

leg assembly. The back leg assembly that was made for the BPT was

too long to permit its use for testing specimens on the Accelerated

Polishing Device. Therefore, another leg which was shorter but

functioned approximately the same as the original was made and used.

This alternate backleg is shown attached to the BPT in Figure 20.

Also illustrated in this photograph are the comparative size and

shape of the curved British Wheel specimen on the left and the flat
Arkansas aggregate specimen mounted in the base plate holder.

The BPT can be equipped with two types of rubber sliders. One
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Figure 19. Arkansas BPT Base Plate Circu'lar Specimen

Holder and Arkansas Test SPecimen
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Figure 20. Arkansas Modified Back Leg Assembly on

BPT with Arkansas Test Specimen Compared

to Texas Curved Specimen
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is a 3 by 1 in. sl'ider for field testing and the other is a I by

1r.o in. slider for laboratory testing. To allow correlation of

laboratory results with field results, the difference in slider

sizes and strike paths, with respect to skid numbers had to be

determined. The 3 in. wide and |'a in. w'ide sliders were used to

test several different specimens. The tests indicated that the

different sliders yielded the same results when the slider lengths

were the same; therefore, the slider w'idth had no effect on the

test results as long as the surfaces tested were uniform across the

sl'ide path .

The different slider strike paths of 3 and 5 in. were also of

concern. Several flat surfaces were tested at both the 3 and 5 in.

strike paths. The resulting values were direct proportion to the

slider strike paths because the spring loading was constant. Values

obtained with the 3 in. strike path could be multiplied by 5/3, and

the value obtained over a 5 in. strjke path on the same surface

could be reporduced. The reverse also proved to be true. Therefore'

laboratory vaiues obtained with a 3 in. strike path theoretically

could be adjusted by a factor of 513 and the field values could be

predicted. However, testing conditions must be identical in order

to maintain a level of adequate accuracy.

The Standard ASTM Method E 303 is specifically designed for the

laboratory testing of curved British tlheel specimens over a 3 in.

strike path. The method of testing developed for Arkansas does not,

howeVer, inVolVe curved specimens. The Arkansas specimens are flat,

circular, and 4'in. in diameter. The only similarity is the length
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of strike path which is also 3 in. The ASTM test procedure thus

was modified in this area to accotrunodate the testing of the Arkansas

specimens. Test results on flat, circular, 4 in. diameter samples

with the lk in. rubber slider on a 3 in. strike path are reported as

Arkansas Polish Values.

One foreseen problem with the use of the British Portable Tester

was how to determine when the apparatus was yielding correct friction

values. Even if the BPT was calibrated correctly, various factors

such as temperature, slider wear, type of rubber, and improper

adjustments could influence the results. A brick was chosen for

convenience to be the controlling standard. The "standard brick"

was struck several times over a 5 in. strike path and an average

polish value of 40 was set as the standard value at77 F. Any

variation from this number would involve an adjustment to the BPT

test values.

Before and after each set of specimens was tested ' the BPT

operation was checked by hitting the standard brick. The values

obtained from the brick indicated whether or not the BPT was operat-

ing correct'ly. Because the laboratory temperature during testing

was held relatively constant, the brick values reflected such in-

fluencing factors as rubber slider wear and aging. All the 1k in'

rubber sliders supplied with the BPT apparatus were tested on the

brick and different polish values were obtained. Some of the sliders'

which had identical initial brick values, had different values after

they had been used for various testing periods. The brick, there-

fOre, proved that as a rubber s'lider wore down, the measured pofish
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value was reduced, and thus incorrect values would be obtained.

Another factor of cons'iderable interest was that when new,

unworn rubber sliders were tested on the brick, their po'lish values

were not the same. This finding indicated that some of the sliders

had aged and become harder and thus yielded different values. A

review of the literature indicated that the rubber properties should

be monitored carefully to obtain correct results. A11 the sliders

were tested with a durometer, in accordance with Standard ASTM

Method D 2240-68. A durometer is a penetration type of device which

measures resilience and hardness in various types of rubber. How-

ever, no significant differences between the rubber sliders could

be found. The brick was the only indicator of "false" values which

would be obtained if all the rubber sliders were assumed to be the

same.

During the course of the investigation, the standard brick was

observed to "polish" as a result of repeated check tests with the

BPT sliders. By comparative testing of polished aggregate specimens

of known polish value, the change in the standard brick value was

determined and the laboratory and field test values were adjusted

accordingly. The initial, or pre-po1ish, Arkansas Polish Value of

each specimen was measured with the BPT on the bench test base p1ate.

Once this value was obtained, a reference mark was placed on the

specimen so that it would be properly oriented for future tests when

placed on the Accelerated Polishing Device.

To allow the BPT to be placed on the APD to test the specimens

in place, a portable aluminum platform was designed and built. This
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apparatus, shown in Figure 21, easily attaches to the axle of the

polishing wheel and is supported on ball rollers so that it can

rotate into position for the testing of each individual specimen.

Once into position for testing, the platform is pinned into place

(Appendix B, Figure 82) to ensure that it remains stationary during

testing and also that the BPT is always in the same location in

relation to the specimen. The BPT is then mounted on the plate,

as shown in Figure 22, and the specimens are tested in place on the

Accelerated Polishing Device. The initial Apv was determined for

each specimen after it was mounted into the Accelerated polishing

Devi ce.

Core Description and Preparati on . Cores were secured from the

32 BPT pavement test sites at locations shown in Tabre XV. Only

jobs 9-617,9-545, ard 4-681 were not cored. Before dril'ling of the

core, a wax pencil was used to mark the direction of traffic on the

pavement surface in the area that would be included on the core

surface. The cores were approximately 4 in. in diameter and were

drilled with round, diamond-studded saw blades attached to a vertical-
shaft, water-cooled coring machine. The core samples were taken by

personnel of the Materials and Test Division of the Arkansas Highway

Department in February and March lg7l.

six specimens were removed from the area of the Bpr test points:

two from the outer wheel path, two from the inner wheel path, and

two from between the wheel paths. Each core was labe]ed as to site

location, core number, and date removed, and inrmediately sealed in

a plastic bag for protection. After the cores were received in the
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Figure 21. Table Platform for British Portable Tester
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Figure 22. Position of BPT when Testing Samples on the

Arkansas Acce'lerated Po1 i shi ng Tabl e

I

m
#w

W
e r

V
j

ru



r47

laboratory, it was noticed that the plastic bags had prevented the

cores from drying after the wetting during sawing. Therefore, the

cores were removed from the bags and placed with the surface side

down on a flat tab'le top for storage. This method of storage was

believed to protect the surface of the sample and allow it to main-

tain its individual ProPerties.

After each core's initial approximate he'ight was recorded,

a Target Masonry Saw with a 14 in. diamond-studded blade was used

to remove any extra length of core material. Just enough material

was removed to furnish a "squared-up" surface on the bottom of the

spec'imen parallel with the pavement surface. The desired height

of the core after trinrming was 2'z in-

The bu'lk density of each core was measured, and the average

thickness of the surface course layer was estimated. The AHD Mar-

shall Mix Design information was used to estimate the Gmt of the

mixture; the actual asphalt cement and aggregate gradation from the

final daily report of inspection at the asphatt plant were used in

this calculation. A voids analysis calculation was made on each

core to determine the AV, VMA, and VF. 0f course, thjs was iust

an estimation of these Values as the bottom layer of some of the cgres

l^,as a "binder" type Of m'ix, and some were old surface treatments'

However, these voids analyses may be of interest in comparing other

test data from the IWP, BWP, and 0l'JP test sites, i.e., texture depth

measurenents.

The diameter of most cores slightly exceeded the 4'05 jn' al-

lowable dimension for mounting 'in the Accelerated Polishing Device,
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so that the sides of the specimens were sanded with a Rockwell Disk

Sander and 40 to 60 grit, a'luminum-oxide, L2 in. diameter sandpaper.

Again, care was taken not to affect the surface properties of the

cores in any way.

The initiaj texture depth of each core surface was found by

the reguiar sand patch method but with a much smaller volume of

sand than is used in field testing. As Figure 15 illustrates, the

Iaboratory cups used to measure the volume of sand were of two sizes.

The maJority of textures allowed the'larger O,7Bl in.3 (Z.OO cm3)

cup end to be used, but in some instances the dr'ameter of the sand

patch exceeded the 4 in. core and the 0.394 tn.3 (t.OO cm3) cup was

empl oyed.

The outer dtmensions of the laboratory cup are approximately

equal to the outer dimensions of the field cup, as this size is

convenient in handling" The inside dimensions of the larger (2.00

cm3) laboratory cup are in the same length-to-diameter ratio as

those of the field cup, but the length dimension in the smaller

(t.OO cm3) laboratory cup is simply half of the larger laboratory

cup's length. A straight knife*edge was used in striking off the

excess sand, and the identical spreader was used as in the fie'ld

tests. Patch diameters were measured in tenths of inches and the

average texture depths v{ere recorded in millimeters.

tion of S imens for Polishi . The aggregate specimens

to be polished were bonded onto a steel base plate with contact ce-

ment. The detailed method of bonding and removing specimens from

the base is reported by Gunn (113). The prepolish APV was then
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determi ned.

The asphal t mixture specimens were al so tested on the bench

test plate for their initial APV. A reference mark was placed on

each specimen to ensure proper orientatjon when mounted on the APD'

The procedure for the bonding of these specimens was similar to that

detailed in Appendix D for aggregate specimens except that "Z-Ton"

epoxy super glue was used rather than contact cement. A curing

time of L2 hours was used to ensure a good bond between the asphalt

specimen and the base P1ate.

The asphalt pavement core samples used for the investigation

consisted of two specimens from each wheel path and two from be-

tween the wheel paths. Visual inspection was used to select the test

specimens for accelerated polishing that maintained the best general

condition both of the surface and the overall specimen' Qne specimen

was sel ected from each wheel path and one from between the wheel

paths for iaboratory polishing. The remaining three cores were held

in reserve for possible extraction and gradatjon analysis'

Allsixcorespecimens,fromeachstudypavement,weretested

with the BPT on the bench test plate to determine the initial APV'

Each specimen was positioned in such a manner that the BPT measure-

ment was made in the direction of traffic, as in the pavement' The

cores then were mounted on steel base plates by applying epoxy glue

to the core bottom and the plate and joining as previously described

for asphalt mixtures.

Pol'ishi ng and Tes tinq Spec'imens. Twelve specimens were tested

during each polishing test cycle. The specimen wejght and height
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(with base plate) were measured before polish, and after polish the

fina] weight and height were recorded to permit calculation of wear-

ing rates. The specimens were secured on the tab'le, with the plane

of the reference mark at 90 degrees to the pl ane of the wheel path,

and adiusted to a height of L/L6 in. above the plane of the track

surface to ensure adequate exposure of each specimen to the polish-

ing action. The height was checked during polishing and readjusted

if necessary to ensure adequate exposure.

The operational cycle time with the Accelerated Polish Device

to achieve "ultimate" aggregate polish (a minimum of friction resis-

tance) was estimated to be 20 to 30 hours. A review of the litera-
ture (13,49) indicated that the initial polishing rate of aggregate

specimens is fairly rapid, then decreases and approaches a constant

level with continued polish time. The polishing curve for a circular

track, shown in Figure 7, resembtrds a parabolic or exponential curve

with the BPN values becoming asymptotic with increasing polish time.

Most of the polishting action on asphalt mixtures (flgure 7) was

achieved wtthin 3 to 6 hours by Mu'llen (7).

Trial openations of the APD indicated that a test speed of 30

rpm of the wheels gave a faster polish rate than a speed of 60 rpm.

These preliminary test cycles were for 25 hours total polish time,

the APV being determined at l.-hour intervals up to 10 hours, then

at L2, 15, 20, and 25 hours. To determine the initial polishing

trends of the specrlmens, the first three hours of polishing and

testing were divided into 30 mtnute periods. This initial work

indicated that most of the polish had occurred by the end of zo
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hours of operat'ion, and this maxtmum time was used for all rout'ine

po'lish testing in the'investigat'ion'

The operation of the BPT in the laboratory followed the same

technique as previously described for fie'ld pavement test'ing' The

BPT strike path was adjusted to 3 in. of slide distance with the

l by 7% 'in. rubber slider. The specimen was then wetted (and re-

wetted between strikes) and struck with the rubber slider a minimunt

of five times or until a constant reading on the BPT scale was ob-

tained. This value was recorded as the Arkansas Polish value'

The Accelerated Polishing Device was operated at 30 rpm and

the speciments polish va]ue was measured at interVals of.30 minutes'

1, 1.5, 2, 2.5, 3, 4,5, 10, 15, and 20 hours' At the end of the

2Q-hour polish cycie, the po]'ished specimens were remoVed from the

table and a new set of specimens were prepared for testing' The

polish and test cycles were then repeated'

A pol ishjng cyc'le thus consists of : preparation of specimens;

determination of pre-pofish APV on the bench test stand; mount'ing

specimens on the Accelerated Polishing Device and determining jnit'ial

APV in place; polish'ing and testing the specimens at various time

intervals until they are considered to be at their minimum polish

value; removal of the sampies, measurement of final heights and

weights, and separation of the samples from the base plates.

In testing and polishing pavement core specimens, a time equals

zero polish value was taken on each specimen after 50 revolutions

of the poiishing wheels to test the specimens after dust and road

oil had been removed. The regular sand patch method then was used
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to evaluate the final texture depth of the specimen surface.

ilm S i 1n Tests

The static t'nrnersion stripping test procedure conformed to the

ASTM standard procedure, with a water irmnersion temperature of 77 F,

A modified SIS test also was used in which the irrunersion water tem-

perature was increased to 140 F. The same sample preparation and

coating technique was employed in both the static and the dynamic

imrnersion stripping tests. The DIS test procedure and evaluation

method were designed to obtain a relative stripping factor for each

aggregate tested.

The surface reaction test was used to give a quantitative meas-

ure of stripping. The stripped specimen to be evaluated was obtained

from the SIS and the DIS tests. A duplicate, uncoated specimen was

used to estimate the original total surface area of the aggregate.

Sample Preparation. The material from each of the respective

sources was sieved to obtain approximately 2000 g of aggregate passing

the 3/8 in. sieve and retained on the U4 in. sieve. The aggregate

then was washed, oven-dried, and quartered to obtain representative

samples of approximately 100 g each. The dry aggregate was weighed

(100.0 t 0.2 Sl and placed in sealed plastic bags for storage until

required in the testing work. Ten samples of each of the various

aggregates were prepared in this manner. Six of these samples, i.e.,
dup'l i cate sampl es , were used i n perfonni ng the s tati c irnrnersi on

stripping test, the dynamic immersion stripping test, and the surface

reaction test. The remainrlng samples were used for specifr'c gravity

and absorption tests and for checks on resu'lts of the other stripping
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tests.

Samp'les for the static irrmersion and dynamic innnersion tests were

coated in the following manner. The aggregate and asphalt cement were

heated to 275 F prior to the coating operation. To each of the 100 g

samples of aggregate, 6 g of asphalt was added. The mixture was

stjrred and manipulated with a spatula until each rock was coated

with aspha'lt. A hot p'late was used to heat that mixture, as requ'ired

to achieve 100 percent coating.. About 3 minutes of hand mixing time

was ordinarily required. The individual particles of aspha'lt-coated

rock were placed in a pan of cold distilled water after mixing. Cold

water was necessary to prevent the coated rocks from sticking together.

Static Immersion Stripp'ing Test. The sample preparation and

coating procedure descirbed follows the standard method of test for

coating and stirpping of bitumen-aggregate mixtures, Standard ASTM

Method D 1664 (41). After cooling in the chilled water, the coated

sample was placed in a glass iar and covered with 600 ml of distilled

water. The jar was capped and p'laced, partially submerged, in a 77 C

water bath, and left undisturbed for 18 hours.

The amount of stripping then was visual'ly estimated by using the

ASTM standard procedure. To facilitate this evaluation, a comparison

chart was prepared by tracing the outline of typical aggregate particles

'inside a circle the same diameter as the glass iar in which the samples

were inmersed. A series of these tracings Were made and the cross-

sectional areas of the aggregate particles in each were darkened to

represent different amounts of coated surface. The SIS iars with

specimens and the visual comparison charts are shown in Ftigure 23.
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Figure 23. Static Irunersion Stripping Test Jars

and Visua'l Comparison Charts
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No stripping of any of the various aggregates v{as observed when

they were coated with asphalt cement and subJected to the static

irmersion stripping test at 77 F. l'lith a longer period of irmersion

or higher irmersion temperatures' some stripping of the aggregates

was anticipated to occur. Therefore, the SIS (77 F) samples were

placed in a 140 F water bath and left undisturbed for 18 hours' The

amount of stripping (which was considerable) then was visually esti-

mated by using the comparison chart as before. This test method was

designated the static irmersion stripping test at 140 F.

Dynam i c Irmers ion Strippinq Test. To accelerate the stripping

action of water on coated aggregate, a dynamic stripping device was

purchased. The literature review showed many investigators had used

a dynamic irmersion stripping test to evaluate the effects of water on

asphalt coated aggregate. The method originalty used by Nicholson (59)

was followed in this study. A DIS apparatus was purchased form So'iltest'

Inc. which holds four g'lass iars of approximately 8 ounce capacity'

The device was rotated about a horizontal axis at about 40 rpm' This

action caused the coated aggregate sample to fall from one end of the

Jar through the water to the other end during each revolution' The

DIS apparatus is shown in Figure 24.

Preliminary tests with the DIS device revealed that the non-

stripping aggregate (valley springs limestone) would paritally strip

when the sample was tumbled continuously for 4 hours' The siliceous

aggregate particles usually retained more than 50 percent of their

coating at the end of 4 hours of tumbling. Thereforen a 4-hour DIS

test period was chosen, with the temperature maintained at about 77 F'



.l56

I

Figure 24. Dynamic Irunersion Stripping Apparatus
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which was the normal laboratory temperature.

The dynamic inmersion stripping test procedure involved coat'ing

the aggregate with asphalt cement as was done for the static immersion

test, then subiecting the coated aggregate particles to 4 hours of

water agitation. A visual estimate of the amount of stripping was

made at the end of 4 hours. The evaluation method was similar to that

used in the static immersion test, i.e., the comparison chart.

The intended purpose of the DIS test was to induce stripping

by subJecting each aggregate samp'le to the same amount of agitation

in a water medium, and then to compare the visually estimated retained

coating with a measured amount as determined by the surface reaction

tes t.
Surface React'ion Test. This method of testing requires the

measurement of the gas pressure generated during a chemica'l reaction'

Because the temperature of the reaction affects the volume of the gas,

it was necessary to measure and record simultaneously the pressure and

temperature generated durirrg the reaction. The apparatus developed to

contain the reaction and measure the reaction products was essentia'l1y

a modified 4 quart stainless steel pressure cooker, equipped with

suitable instrumentation to monitor and record the desired quantities

evol ved .

A Sargent dual *arm recorder was used to record both temperature

and pressure in the pressure container. A Stratham Model PA707 TC-5-

350 pressure transducer with a range of 0 to 5 psig and a thermistor

(linked to a YSI Model 47 Scanning Tele-Thermometer) were mount'ed on

the lid of the container and connected to the recorder. Illith :-his
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equipment, pressure in the container could be determined to the nearest

0.025 psig and temperature to the nearest 1.0 F. An overall view of

the SRT equipment is shown in Figure 25.

Two types of acid solutions were used in this investigation.

For limestone aggregate, which is predominantly calcium carbonate

(CaC03), about 1.0 normal hydrochloric acid (HCl) was used. A 100 g

sample of aggregate, when reacted with 200 ml of 1.0 normal HCI acid

solution, would create between L and 5 psi of gas pressure in 3 minutes.

Carbon djoxide (C02) is the gas generated in this reaction. For ag-

gregate composed mainly of silicon dioxide (Si02), the reagent required

to obtain a measurable gas pressure lvas concentrated hydroflouric acid

(HF). The reaction creates noxious silicatetraf'louride gas (SiF4).

This acid and gas are highly toxic to humans and must be handled very

carefully. All work with hydroflouric acid was carried out in a

well-ventilated fume hood, with appropriate safety equipment. Although

the SiF4 pressure was small, it was of sufficient magnitude to be

measured. All work with the acid solutions containing HF was carried

out in polyethylene or polystyrene containers.

The detailed test procedure for the surface reaction test and

method of ca'lculating the percentage retained coating of asphalt are

given in Appendix D. This test method and apparatus were patented

as United States Patent No. 3,915,636 of 0ctober 28, 1975, by the

Principal Investigator, and the patent rights were assigned to Oklahoma

State University.

Immersi on-Compressi on Tes t
The irnmersion-compression test procedure adopted was patterned
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Figure 25. Surface Reaction Test Equipment
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after the standard ASTM Method D 1075 (41). The specific test method

followed was the proposed method of test for "Effect of Water on

Resistance to Plastic Flow of Bituminous Mixtures using the Marshall

Apparatus" reported tn the 1973 Annual Book of ASTM Standards (41).

This procedure was modified, by vacuum saturation of wet specimens,

to take advantage of avai'lable molding and testing equipment.

As menti.oned in the literature review, the I-C test was developed

to be used as an indicator of the stripping effects of water on asphalt

mixtures. The problems experienced by other investigators were related

to preparing duplicate specimens and then saturating them with water

so that there was an opportunity for the water to act inside the

compacted asphalt mixture.

As this investigation is concerned with durability of asphalt

pavements, it was decided that therntvett'specimens would be yacuum

saturated to ensure that water had an opportunity to cause stripping.

The "wet" specimen stability was then compared with the "dry" specimen

stability to obtain the percentage retained strength.

Preparation of Specimens. The specimens used in this test were

prepared as described tn the asphalt mix design method. 0rdinarily

a tota'l of 1,2 specimens were molded at optimum asphalt content for

each aggregate sample. A voids analysis was perforrned for each

specimen, Six of these Marshall specimens were used for the accelerated

polish test and the reamining stx were subjected to the I-C test.

After the compacted bulk density of each specimen was determined, they

were divided into two groups, one for APV tests and the other for the

I-C testn by a random selection process.
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The I-C specimens were then split into a'rwet" subgroup and a

"dry" subgroup so that the average bulk specific Aravity of each sub-

group was appl"oximately equal. Because of the limitation of using

civil engineering student labor, no time limit control was possible

to ensure that al'l asphalt mixtures had the same time span of testing;

i.e., some I-C mixtures were tested within one week from initial
mixing and molding, whereas other mixtures required up to three or

four weeks for the test to be completed.

Curing and Vacuum Saturation. The wet s pecimens were vacuum

saturated prior to being soaked for 24 hours in a 140 F water bath.

The dry specimens remained at room temperature during this time.

A vacuum desiccator was used to contain the specimen and the vacuum

was obtained with a water aspirator. The apparatus for this test is

shown in Figure 26.

The wet specimens were placed in a vacuum desiccator and the air

evacuated for 10 minutes under a vacuum of approximate'ly 25 of Hg"

The specimens next were flooded with deaired, distilled water and the

vacuum process was continued an additrlonal 30 minutes. The vacuum

then was released and the system opened to atmospher"ic pressure which

forced water into the void spaces of the specimens.

The wet specimens were p'laced in a 140 F water bath for 24 hours.

At the end of 23 hours in the water bath the specimens were removedn

and their saturated surface dry weight was determined. The specimens

were kept in an auxiliary 140 F bath, on a'laboratory cart, for this

operation. The specimens then were returned to the 140 F water bath

for subsequent testing at the end of 24 hours of curing.
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Figure 26. Vacuum Saturation Apparatus for the

Immersion-Compression Test
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Marshall Stabilitv and Flow. The wet specimens were tested in

the Marshall breaking head in accordance with the Standard ASTM

Method D 1559 (41). Immediate'ly after completjon of the tests on

the wet specimens, the dry specimens were placed in the 140 F water

bath for testing. After a minimum of 30 minutes, at a bath temperature

of I40 F, the dry specimens' Marshall stabi'lity and flow were determined.

Retai ned Strenqth. The percent retained strength of each group

of specimens was determined by dividing the average strength of the

"wet" specimens by the average strength of the "dry" specimens and

multiplying by 100. The water absorption of each wet specimen also

was ca'lculated. In every I-C test, the Marshall flow values were

higher for the wet specimen than for the dry specimen.

Economy of Blending Ag reqates

The economy of blending two types of coarse aggregate to improve

skid resistance of asphalt pavements depends on several factors. The

factors to be evaluated include: gradation of the m'ixture, i.e.,

amount of coarse aggregate in mix (plus No. 10 s'ieve material); the

cost of the "imported" aggregate; the cost of the "local" aggregate;

the cost to haul the imported aggregate to the iob site; the percentage

of the 'imported aggregate required to provide the minimum pavement

skid resistance for the proJect; and the benefits derived by reducing

the number of accidents caused by slick pavements.

A benefit-cost analysis is needed to iustify the expense of

hauling a spec'ial aggregate for pavement construction. The obvious

benefit from imporved pavement skid resistance ls tne reduction 'in

accident cost to the highway user. Specific highway accident cost
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information lras not available from the Arkansas Highway Department

for use in this study. However, because pavement skid resistance is

closely allied with accidents, the approach suggested herein is to
calculate benefit-cost factors on the basis of the increase in skid

resistance obtained by blending aggregates. This increased skid value

is related to the effect of increasing the life of a pavement. The

increased service life, then, is the benefit obtained from blending

aggregates.

Based on the foregoing information, a procedure that can be used

in the economic analysis for blending of aggregates to improve skid

resistance was developed by Parker (114). The variables can be re-

lated by the following equation:

Cj Li = Aj Ca (Pa Pca + Pfa) + Aj (Ca + Cb) (Pb Pca) - Cj

where:

Cj = original total cost of the aggregate fn the Job for 100

percent po1 ish susceptib'le aggregate

Li = increase in life of the unblended pavement to the life of

the improved pavement, expressed as a decimal

Pa = percent of parent polfsh susceptible coarse aggregate

expressed as a dectmal

Pb = percent imported coarse aggregate expressed as a decimal

Pca = percent coarse aggregate in mix expressed as a decimal

Pfa = percent ftne aggregate in mix expressed as a decimal

Ai = total weight of aggregate for the job in tons

Ca = unit cost of parent polish susceptible coarse aggregate

in $/ton
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Cb = unit cost of the blending aggregate in $/ton

The Various cost factors used in the economic caluclations

should be obta'ined for each specjfic situation. The current unit

pr.ices used .in Arkansas pavement construction are availabje from the

AHD gffice Engineer's "weighted Average unit Prices for the calendar

Year". The current cost of coarse aggregate similar to that to be

used in a proposed pavement would be available from local contractors'

41so, the cost to haul this materiai would be available from local

contractors for a specific project. The percentage of polish resist-

ant aggregate required to prov'ide a minimum leve'l of skid resistance

can be obtained from the results of this investigation. The unknown

for. which the equation should be solved is the maximum iustifiable

cost (Ca). It is the amount that can be spent for purchasing and

hauling the blended aggregate to the hot-mix plant of the parent

polish susceptible aggregate to maintain the minimum level of skid

resistant Pavement.

Because the un'it cost of aggregates fluctuates with supply and

demand, no cost data are deemed appropriate for th'is report. Moreover,

as no accjdent data are available on the specific test sections under

investigat'ion, the determination of benefits from improving skid

resistance cannot be determined at this time'



CHAPTER V

TEST RESULTS AND DISCUSSION

The purpose of this study was to investigate the durability and

skid resistance of Arkansas aggregates and asphalt pavement mixtures.

The blending of high quality aggregate with polish prone aggregate to

improve skid resistance was studied. The aggregate investigated con-

sisted only of the coarse aggregate portion of an Arkansas Highway

Department ACHMSC lype 2 mixture. The fine aggregate portion of the

mixtures was a constant and consisted of West Fork screenings and

Oklahoma fine sand. The asphalt used lvas a high quality AC-20 paving

grade asphalt cement.

The fie'ld tests included friction measurements with the AHD skid

trailer and the British Portable Tester, and pavement texture depth

measurement by the sand patch method. The laboratory work inc1uded:

aggregate po'lishing tests with the Texas British Wheel and Arkansas

Accelerated Polishing Device and the British Portable Tester to evalu-

ate friction; polishing tests of Marshall specimens mo1ded with each

study aggregate and blends of these aggregates; polishing tests of

cores from the pavements investigated; and film stripping and

immersion-compression tests on each aggregate and asphalt mixture.

The test procedures described in Chapter IV were followed, except

where noted, in the testing of aggregates, asphalt mixtures, and pave-

ments. The results of the test procedures employed are presented in

tabular and graphic form.

The test data were analyzed by regression analysis with a standard

166
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computer program. Best fitted equations were determined, along with

their coefficient of correlation (R), to indicate the relationship be-

tween variables.

Field Test Results

The field test results include pavement friction values from the

AHD skid trailers, BPN values from a British Portable Tester, and pave-

ment texture depths from the sand patch test. The field tests were

performed in the month of June in ]975,1976, and 1977. The results

of the .1977 tests are shown in Table XVI. A total of 60 BPT sites were

evaluated from the 34 pavement test sections. Pavement cores were tak-

en from 32 sites along these pavements.

Skid Trailer Test Results

The 1975 and 
.|976 skid tests were performed with the AHD Arkansas

No. I trailer. The 
.l975 tests were terminated after about one third

of the pavements had been skidded because the towing truck broke down.

very few useful field data were obtained this first year.

The 1976 skid tests were completed on all roads, although numer-

ous problems arose with the skid trailer water system and computer

malfunctions were common. No continuing problems occurred with the use

of the BpT in the field. The BPT tests were performed with a different

operator each Year.

The 
.1977 skid tests were performed with the new AHD skid trailer'

Arkansas No. 2. The AHD skid truck operators were the same for the 1976

and I977 tests. The Arkansas No. 2 skid trailer operated satisfactorily

Despite considerable difference in the SN4g values between the .1976 
and

and 1977 tests, there was a good comelation between the 1976 and 1977
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skid trailer SNOO values.

The SNOO data from each year's skid test were plotted for each

pavement test section. To illustrate this yearlV SNOO variatfon, a

graph of each type of aggregate pavement surface is presented.

Johnson Limestone. The SN46 test values plotted against road 1og

mile for route 71-16 and 7l-17 (Fayettevi'l1e Bypass) are shown in

Figure 27. The break in the graph is where section 16 ends at the U.S.

62 overpass. The 1977 averaOe SNOO for the entire iob was 3l; the

average of the June 2,1976, tests gave a SNOO of 47; reskid tests of

June 23,1976, gave an average SNOO of 63. An exceptionally heavy rain

occurred on June 22,1976, over the northwest corner of Arkansas which

included all of the study pavements from the Johnson Ifmestone quamy.

The June 22,1976, average skid values increased 33 percent over the

June 2,1976, skid values. This limestone pavement test section had

an average daily traffic of between 7,000 and 
.l1,000 

vehicleso and the

estimated total number of wheel passes was between 9 and'16 million.

Figure 28 shows the same test data plotted as reported above,

except they are for route 45-5 between Goshen and the Madison County

line. The 
.1977 job average SN46 was 42; the June 2,1976, average

SN4g was 60, and the reskid tests of June 23, 1976, had an SN46 of 62.

The 1976 reskid test values increased only 3 percent. The daily traf-
fic on this relatively new overlay job was between 

.|,000 
and 

.l,400

vehicles per day. The estimated total number of wheel passes over this
job was between 200,000 and 300,000.

Jenny Lind Sandstone. The variations between the I 976 and 1977

skid trailer SN4g values on this type aggregate are shown in Figure 29.

These test values are for route 7l-13 north of Mansfield. The job
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average 
.1977 

SN40 was 44, and the .1976 
SN40 was 59.

Texarkana Gravel. The skid number variations for grave'l mi xtures

are illustrated in Figure 30. This study pavement is route 7l-l from

the Sulfur River north to the junction of highway 134. The job average

1977 SN40 was 46, and a 55 SN4g value was obtained in 1976. Routine

inventory skid test was performed December I , 1976, by the AHD skid

trailer Arkansas No. 2. These SNOO values are also plotted in Figure

30 for comparison. No particular correlation of SN46 test values is

noted, except the June 1977 test results are less than but parallel

with the inventory skid test results for most of the road section.

Big Rock Syenite. The skid trailer SNOO test values typical of

this aggregate are shown in Figure 31. This study pavement was route

8B-9 from Altheimer to Cornerstone. The graph contains the results of

skid tests for 1975,1976, and 
.1977 

from this study and also the routine

AHD inventory test data of March 17,1977. The 1977 SN40 iob average

value was 33, and an average of 4l was obtained in 1976.

Malvern Novaculite. The field fnvesti gation of this material in-

cluded only two pavement jobs. The variation in skid trailer results

for route 70-'10, from the Garland County line to I-30, is shown in

Figure 32. The 
.1977 skid trailer test job average value was 47, and

the 1976 skid value average was 66. The 1975 test results along with

the AHD inventory test data of 0ctober 26,1976, are also included in

Figure 32. The inventory tests were performed with the AHD Arkansas

No. 2 rig.

Eng'land Syntheti c. As discussed in Chapter III, only one pavement

section of this material was selected for field testing. The pavement

is a surface treatment job on route 294-2, and was skid tested in the
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westbound lane from Furlow toward the Pulaski County line. Job average

SNOO va'lues obtained in 1977 and 1976, respectively, were 35 and 60.

The variations in skid numbers for these years are shown in Figure 33.

However, these average SNO, values are misleading because the'1977 test

included the pavement between road 1og miles 1.5 and 6, whereas the .l976

tests were only performed between road log miles 4.5 and 6. The routine

AHD inventory skid tests shown in Figure 33 were performed on December

l, 1976, and covered the total length of the test section. These Decem-

ber SN4g test values are in close agreement with the results of the 1977

tests performed as a part of this investigation.

Summa of Skid Trailer Test Results. In general, the skid trailer
SN4g values obtained at the BPT test sites varied widely between the

June 
.l976 

and June'1977 tests. These differnences in yearly SNO, values

are shown for each type of aggregate studied in Figures 27-33. For the

test sections illustrated, the 1977 average SN4O value is about 40,

which is about 14 "points" below the average 1976 SN40 values. The rea-

son for this large difference in the yearly SNOO va'lues is unknown.

The 1977 SN40 data are summarized for each BPT test site as shown in

Table XVI, and are used in this analysis. The equation relating the

1976 and 
.l977 

SN40 values is presented in another section of this report.

0n the basis of the job average SNOO for these test sections, the

pavements would be ranked from high to low as: l) Malvern novaculite,

route 70-10; 2) Texarkana gravel, route 71-1;3) Jenny Lind sandstonen

route 7l-,l3;4) Johnson limestone, route 45-5;5) Big Rock syenite,

route 88-9; and 6) Johnson limestone, route 7l-13 and 7l-14. This list
is only the SNOO ranking of the pavement test sections that were used

to illustrate the variability of the skid trailer test results, and is
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not necessarily representative of each type of aggl"egate investigated.

An attempt was made to correlate skid trailer test results with

traffic. The relationship between the 1977 SN40 values and the esti-

mated total wheel passes is shown in Figure 34. No data points are

shown because of the low coefficient of corre'lation (R = 0.32) obtained.

The relationship between SNOO and the average annua'l daily traffic gave

an R value of only 0.2.l.

British Portable Tester Results

The BPT field test results of the average of the nine tests at

each site are shown in Table XVI. The BPN values are reported for the

IWP, BWP, and OhlP tests along with the average BPN for the site. A

fairly good relationshfp between the SN46 test site value and the aver-

age BPN value was obtained. Figure 35 is a graph of test results grouped

by type of aggregate. The best fitted equation (Log BPN = 1.27 + 0.313

Log SN4g) was obtained by regressing the BPN values for IWP and OWP

against the SN4g value for each test site. However, the BWP test value

(shown darkened) is a'tso plotted in Figure 35 to show the variation in

BPN values across the pavement surface. At most test sites, the BPN

test value was highest for the between the whee'l paths test and lowest

for the outer wheel path test.

A plot of BPN number versus coefficient of friction at 30 mph is

presented in Figure 6 for several different research projects. Com-

parison of the two graphs indicates a similar trend, and the BPN

correlation with SN46 of Figure 35 approximates the slope of that

shown for the I962 Tappahannock study of Figure 6.

The test results from the different types of study aggregates used

in pavements were grouped together for the plotting of Figure 35, which
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relates BPN values to SNOO values. Examination of the types of aggre-

gate in this figure as they are plotted along the Sll4O axis indicates

the following rank from high skid number to low skid number for the l0

aggregates studied in the field: l) sandstone,2) novaculite,3) sand-

stone, 4) gravel, 5) sandstone, 6) gravel, 7) synthetic, 8) syenite,

9) limestone, and l0) limestone.

Texture Depth Measurement Results

The sand patch test results of pavement texture depths measured

during the .I977 field tests are shown in Table XVI. The regular sand

patch test for average texture depth resulted in comparative values

with a high percentage of repeatability. The measurements were be-

lieved to be closely representative of the actual texture properties.

Problems arose only when a bleeding or somewhat textureless pavement

resulted in a circular patch that was too large to be of uniform

consistency and shape.

The texturemeter readings of pavement surface texture gave com-

pletely unsatisfactory results. The values obtained proved to have

no repeatability and were discarded entirely.

The average Td values ranged from 0.2 to l.l mm, with an average

depth of 0.5 mm and a standard deviation of 0.17 nm. No good direct

correlations were indicated between the Td test results and SN46

values or BPN values. The more significant texture depth correlations

are reported hereafter.

Laboratory Test Results

The laboratory tests performed were the polishing tests on the

different aggregates and asphalt mixtures and the stripping or

1
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durability test performed on the same materia'ls. The laboratory tests

were carried out during the 4-year period from March 1, 1974, to March

l, 1978. Most of the testing work was done by civil engineering gradu-

ate and undergraduate students at the University of Arkansas.

Pol i shinq Tests

Accelerated polishing tests were performed on each aggregate sample,

asphalt mixtures of these aggregate sampleso asphalt mixtures blended

with two study aggregates, and pavement cores. The aggregate samples

were tested both by the British Wheel method of polish and by the

Arkansas Accelerated Polishing Device. All of the asphalt mixtures were

polished on the APD.

Aqqreqate Polish Results. The results of the correlation work

between the Arkansas Accelerated Polishing Device and the Texas British

Wheel are shown in Figure 36. The l8 study aggregates are identified

on the graph with their ultimate polish test values. The best fitted

equation relating the two different methods of polish is: TPV = 1l.l

+ 0.806 APV, with an R value of 0.87. This equation permits the cal-

culation of APV in terms of the TPV and vice versa.

For example, for the minimum aggregate polish values proposed by

the Texas Highway Department as shown in Table IV, the Arkansas Polish

Value equivalents are, respectively: TPV = 30, APV = 24; TPV = 33,

APV = 27; and TPV = 35, APV = 30. The initial and final aggregate

polish values obtained by the Texas British Wheel and the Arkansas

Accelerated Po'lishing Device are shown in Table XVII. These test re-

sults are used to compare the APV results obtained from testing Marshal'l

specimens molded with the same aggregate.

A polishing curve for each aggregate sample was determined in the
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Tab'le XVI I

Laboratory Polish Test Resu'lts - Aggregate and

Marshal'l Arkansas Po'l ish Va'lues

No

I

2

3

4

5

6

7

B

9

IO

ll
12

I3

14

t5

'16

17

I8

Marshal'l Sampl e

Arkansas
Pol ish Val e

fi nal

23

2L

32

32

25

28

28

28

28

25

24

26

26

28

2t

30

30

27

Aggregate Samp'le

Arkansas
Po] i sh Val ue

Texas
Pol ish Value

i n
,l t i a I f i na'l n t I'l i i a fi nal initia'l

Aggregate
Used

36

37

36

36

37

40

39

40

38

3B

3B

3B

40

40

36

38

38

38

36

32

4'l

42

42

35

37

32

40

46

37

32

33

38

34

4'l

39

33

24

20

32

34

34

26

30

26

27

43

23

2L

22

25

19

34

32

29

32

27

40

38

37

28

34

30

34

5'l

33

3'l

30

29

28

34

37

30

45

48

49

50

47

41

46

44

50

52

47

45

45

46

44

49

39

4'l

Johnson 'ls

Valley Springs Is

Cabot ss

Van Buren ss

Jenny Lind ss

Texarkana gvl

Murfreesboro gvl

Big Rock ns

Ma]vern now

Eng'land syn

Twin Lakes ls

Kentucky ls

Rocky Point 'ls

Black Rock ls

West Fork Is

Russel'lvi'lle ss

Ba'ld Knob ss

Hampton gv]
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laboratory. The Arkansas Polish Value varied as a function of the

logarithm of po]ishing hours with the Accelerated Pol ish'ing Device'

Typjcal polishing curves for each aggregate type are Shown in Figure 37'

The aggregate's initial APV ranged from 32 to 46, and that their fric-

tional resistance was reduced greatly during the first hour or two of

polishing time. The APV continued to decline with continued polish and

the final polish value ranged from 20 to 43'

The Eng'land synthetic was the most polish resistant of the aggre-

gates tested, fo]lowed by sandstone, novaculite, gravel, syenite, and

limestone. Examination of these typical curves in Figure 37 indicates

that the range in APV from limestone to sandstone is 35 to 20, or 15

points. The po'l'ishing curves are not Smooth curves, but fluctuate up

and down with polishing time indicating an overall decrease of friction

with the decrease in microtexture of the aggregate surface and macro-

texture of the aggregate particles.

The relationship between the APV and polish time (in hours) with

the APD for each aggregate sample was determined and is shown in Table

xvIII. The form of the polishing curve equation is: APV = A + B Log

Time, where A is the intercept and B'is the slope of the ljne' When

the polishing time is equal to .|.0 hour, the APV is equal to the inter-

cept value (A) shown in Table XVIII, as the logarithm of l'0 is zero'

The slope of the line may be associated with the rate of polish of

the particular sample, i.e., the most polish resistant aggregate was the

Eng'land synthetic which has a slope of -0.95, and the least polish resis-

tant aggregate (based on data of Table XVII) was the West Fork limestone

with a -3.48 s'lope. These polish curve data and equations are based on

a 20-hour test cycle of the APD; if this test cycle were changed' a dif-
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No

Table XVIII

Laboratory Polish Test Results - Aggregate and Marsha'll

Specimens, Arkansas Polish Value vs Hours Polished

Marshal'l

Coefficients Bes t
IFi tted ti on

lFo.* of Equation: APV = A + B 1og T'ime (hours)

2coefficient of Correlation

C.C.
(R)

I

2

3

4

5

6

7

8

I
l0

il
12

l3

14

l5

'16

17

18

0.9.l

a.92

0.83

0.79

0.96

0.87

0 .85

0.99

0.97

0.98

0.95

0.94

0. 96

0.96

0.9.l

0.83

0.88

0.93

te

uati
Coefficients Best

sl ope
(B)

2
C.

)R

C.
(

constant
(A)

sl ope
(B)

onstant
(A)

g

U

teAg rega
sed

-2.57

-3..l8

-'l.5.|

-l .54

-2.62

-2.32

-2.09

-3.07

-2.73

-2.94

-3.08

-3.01

-3 .37

-2.95

-3.12

-1 .92

-1 .97

-2.65

28.3

29.0

32.2

32.1

30.0

33.5

33.4

30.4

30.0

30.2

30. o

29.6

3'l .3

3't .7

27.1

33.6

33.4

31 .0

0.94

0.95

0.96

0. 93

0. 93

0.92

0.92

0 .89

0.95

0.62

0. 99

0. 98

0.98

0.98

0.97

0.95

0. 94

0.88

-3 .'10

-3.1e

-2.14

-2.'10

-2.21

-r .94

-l .87

-1.75

-3.04

-t.4'l

-3 .32

-2.78

-2.89

-3.21

-3 .48

-'l .73

-'t .69

-0. 95

26.2

23.2

35.2

35. 3

36.0

29.9

32.4

27 .4

3'l .6

41 .6

27 .7

23.4

24.2

29.1

22.6

35.5

34.9

29.7

Johnson 'ls

Va'l .Spr. 1s

Cabot ss

Van Buren ss

Jen . Li nd ss

Tex. gv1

Mur. gvl

Big Rock ns

Malvern nov

Eng'land syn

Tw'i n La kes I s

Kentucky 1 s

Rocky bint ls
Black Rock ls

West Fork ls

R'ville ss

Bald Knob ss

Hampton gv1
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ferent po'lish curve would be obtained. The polish curve for each aggre-

gate sample is presented subsequent'ly and discussed with the asphalt mix-

ture polish curve of the same aggregates.

Asphalt Mixtures Polish ResuIts. Several different mixtures were

tested for their polishing tendencies with the APD: Marshall specimens

molded for each study aggregate, Marshall specimens molded with blends of

two study aggregates, and pavement cores taken from the study roads.

These combined mixtures totaled to about 65 polishing curves, repre-

senting the '18 aggregates being studied. The best fitted equation repre-

senting each Marshall mixture is shown in Table XVIII, with the aggregate

polish equations previously discussed. The coefficient of corre'lation of

the Marshall specimen curves ranged from 0.79 for the Van Buren sandstone

to 0.99 for the Big Rock syenite. The Marshall specimen's initial and

final APV's obtained are shown with the aggregate values in Table XVII;

thus the end test points of each type of test specimen can be compared.

Typica'l Marshall specimen polishing curves for each type of aggre-

gate are shown in Figure 38. These curves were drawn on a four-cyc1e

semilogarithm graph paper. The initial polish value is assumed to occur

at 0.00.l hours of polishing time. The assumption is necessary because

the logarithm of zero is infinity.
The curves shown in Figure 38 are for the best fitted equations as

determined by regression analysis. The more polish resistant Marshall

mixtures for these typical curves, ranked from high to low at the end

of the 20-hour polishing cycle, are gravel, sandstone, novaculiteo Syh-

thetic, syenite, and limestone.

Marshal'l specimens were prepared from blends of the study aggre-

gate samples. The b'lends were mixed together mostly in equal proportions
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by weight, and molded for accelerated polish testing. Al'l of the aggre-

gates which were selected for field testing were used in the blending

work. The l5 aggregate blends and their best fitted polishing equations

are shown in Table XIX. The aggregate used and the number of blends

incorporated into a mix are, respectively: Johnson 'ls (3), Valley Springs

ls (6), Cabot ss (2), Van Buren ss (2), Jenny Lind (1), Texarkana gv1 (l),
Murfreesboro gv1 (3), Big Rock ns (3) Malvern nov (4), and England syn (4).

The R values for the best fitted lines range from 0.83 to 0.99, and indi-

cate a fairly good fit for the test points for these blends.

The results of the laboratory po'lishing and texture measurements

on the pavement core samples are shown in Table XX. This table contains

the initial (as received from the field) APV and Td values and also the

final APV and Td values after 20 hours of po'lishing on the APD. Each

core sample consisted of 2 II^IP specimens, 2 BlllP specimens, and 2 Ol^lP

specimens, for which the initial APV and Td values were obtained. 0n1y

3 of these 6 specimens were po'lished, one each from the IWP, BWP, and

OWP locations. Thus, the final APV and Td values reported in Table XX

are only for tests on three specimens for each core sample.

0n the basis of the data reported in Table XX for the initial core

APV and the data shown in Table XVI for the fie'ld BPN values from the

same point, a relationship between APV and BPN was established. The best

fitted equation obtained by the regression analysis is APV = 7.02 + 0.467

BPN. The coefficient of correlation for this relationship is 0.87.

Thirty-two of the 60 BPT test sites are included in this correlation work.

The relationship established between field BPT test results and lab-

oratory BPT test results is shown in Figure 39. With the relationship

established, it is possible to relate APV values in the laboratory to BPN
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Table XIX

Laboratory Polish Test Results - Blended Aggregate Marshall Spec'imens,

Arkansas Pol i sh Va]ue vs Hours Pol i shed

Corr.^-.)LOer . -

(R)

0. 98

0.99

0. 90

0. 89

0.97

0.92

0. B5

0.88

0 .89

0.83

0. 98

0.97

0.93

0.95

0.9.l

lForm of Equation: APV = A + B log Time (hours)

2Coeff i ci ent of Corre'lation

I

2

3

+

5

6

7

o(J

9

l0

il
12

l3

14

l5

Coefficients Best
F'itted Equationi

Form:APV=A+BiogTime
cons tant

(A)
slope

(B)

Aggregate
(SO% ot each unless noted)

-2.67

-3.20

-2.42

-1 .97

-?.77

-'l .56

-t .19

-.l.37

-1 .42

-l .79

-2.37

-2.79

-3. l6

-3.33

-2.27

30.3

30.6

31 .7

31 .0

30.3

27 .8

28.4

27.8

28.3

3'l .9

30.9

3t.4

3'l .2

3l .l

3l .4

Johnson I s + Van Buren ss 
I

Johnson ls + Malvern nov

Johnson ls + England syn

Va11ey Spgs. ls + Cabot ss

Va11ey Spgs. ls + Murf. gvl

Va11ey Spgs. l5 + 30% Malvern

Va1ley Spgs. ls + 60% Malvern

Va11ey Spgs. ls + 30% Eng'land

Va1'ley Spgs. ls + 60% England

Cabot 55 + Big Rock ns

Van Buren ss * Texarkana gv1

Jenny L'ind ss + Murfreesboro

Texarkana gv1 + England sYn

Murfreesboro gv1 + Big Rock sYn

Big Rock ns + Malvern nov
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values in the field. Because the field BPN values have been related to

SN4g values, as shown in Figure 35, the intemelationship between ApV

values and SN4g values can be established. The best fitted equations

to be used are:

a) BPN vs SN40 (R = 0.75)

Log BPN = 1.27 + 0.313 LoS SN4O

b) APV vs BPN (R = 0.87)

APV = 7.02 + 0.467 BPN

Thus, if an SNoo value of 35 is desired, the laboratory ACHMSC sample

would require an APV of 33 to provide the desired level of pavement

fri cti on .

An examination of the data points plotted in Figure 39 indicates

that all of the pavements evaluated (based on the core tests) would have

an SNO, of 35 or greater except the syenite test section. The foregoing

relationships for APV, BPN, and SN4, are based only on the 1977 test

resul ts.

The core Td test results shown in Table XX are for initial polish and

after accelerated polishing. 0f interest is the change in Td resulting

from the action of the APD. The average initial Td was 0.56 mm with a

standard deviation of 0.20 mm; after accelerated polishing, the average

Td was 0.49 mm with a standard deviation of 0.13 mm.

The Td val ues of the sandstone and gravel cores were not affected

very much by the APD action; in fact, some of them increased. This in-

crease in Td possibly resulted from a "pop out" of one of the larger

aggregate particles from the surface of the core.

Compari son of Polish Test Results

The separate results of the polishing tests performed in the labora-
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tory on aggregates, Marshall m'ixtureso Marshall blends, and pavement cores

have been presented. These pof ish test results from the different mix-

tures can be compared most easily by a graphic presentation'

Therefore,thepol.ishtestcurvesrelatingAPVandhoursofpolish

for cores and parent aggregate follow. The polishing curves for the l0

aggregates which were evaluated in the field, as test study pavements

are discussed briefly. The polishing curves for the other eight aggre-

gates (Twin Lakes ls, Kentucky ls, Rocky Point ls, Black Rock ls, West

Fork ls, Russel'lville ss, Bald Knob sso and Hampton gvl) are in Appendix

E.

The polish test curves relating APV and hours of polish for blends

of the various aggregates tested are in Appendix F. The polish curves

are arranged in Appendix F in the same order that they are shown in Table

XIX

Johnson Li mestone Ag qreqa tes and M'ixtures. The Johnson limestone

aggregate,s polishing curves shown in Figure 40 are for the pure aggregate

specimenso Marshall specimens, and a typical core specimen' The best fjt-

ted equations for the three curves are shown in the figure' as well as the

R value obtained. 0n1y the test data points for the aggregate and Mar-

shall polish curves are indicated. The Marshall mix has a higher polish

resistance than the pure aggregate specimen' However' the typica'l core

test results indicated that the core was more polish resistant than the

Marshal I mix.

Figure F1 shows the polish values curve results for an equal blend

of Johnson limestone and van Buren sandstone. In this figure' the test

data points are plotted for the blend and the pure Marshall mixtures'

curves are drawn with no data points. The Johnson Marshall polish curve
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is also p'lotted on Figure 40, Where the laboratory specimens'polish

curves are compared with the field core polish curve' (For all of the

samples reported on, the Marshall specimen polish data of the parent

material and the aggregate specimen polish data are p'lotted on the figure

that compares laboratory specimens with field core specimens')

In Figure Fl, the po'lish curve for the blend of Johnson and Van

Buren aggregates in a Marshall specimen lies approximately midway between

the two polish curves for the separate Marshall mixes' These results

appear to agree with those of Mullen et al, (14) shown in Figure 5'

An equal blend of Johnson ljmestone and Malvern novaculite was used

for the Marshall polish curve shown in Figure F2. The blended mixture

had a higher ApV than either parent material until after l5 hours of po1-

ishing. The plotted points representing the blended mixture are somewhat

typical of a maiority of the polishing curves, as the specimen would

polish, then after continued wheel passes the specimen would "roughen

up,', giving a higher polish value, but with continued polishing, the

specimen would again polish and indicate a lower APV'

Figure F3 presents the results of the po'lishing test for a blend

(equal volumes) of Johnson limestone and Eng'land synthetic in a Marshall

mixture. The blend indicated a higher skid resistance than either of

the parent materials when they were tested separately in the aspha'lt

mixture. Examination of the data of Tab'le XVIII indicates that the

England synthetic aggregate specimen was much more resistant to polish

than was its Marshall sPecimen.

Va1 1ey S prings Aggre qates and-f4i xtures. The Va11eY SPrings lime-

stone typ'ica1 core specimen po'lishing curve is shown in Figure 4l ' As

was observed for the Johnson limestone, the typical core Specimen iS more
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pol.ish resistant than the Marshall specimen, which is more polish resis-

tant than the pure aggregate specimen'

Because this aggregate seemed to be more polish suscept'ible than

any of the other field pavement test samples, a total of s'ix different

blends were prepared and polished to evaluate their effects on this lime-

stone.

The polish'ing characteristics of an equal parts blend of valley

Springs and cabot sandstone are shown in Figure F4' This blend indicates

an jncrease in APV over that of the pure valley springs specimen' The

final polish value is about m'idway between the values of the two parent

mater.ials. The polish results of the blend of valley springs and

Murfreesboro gravel are shown in Figure F5. The APV of this blend is

less than the average of the values of the two parent materials' which

would indicate that Murfreeboro grave'l is not as effect'ive in increasing

the polish res'istance of valley Springs as was the cabot sandstone'

Some of the initial blending work was performed on the Malvern nova-

culite and valley Springs f imestone mixture' The first trial mix con-

s.isted of 70 percent limestone and 30 percent novaculite, and this polish-

ing curve is shown in Figure F6. At 20 hours of polishing time' the

specimen had about the average APV of the two parent materials'

Figure F7 shows the po]ishing curve for a 60 percent Malvern nova-

culite and 40 percent val1ey Springs limestone blend' The data pojnts

are observed to fluctuate more than those for the prev'ious blendo aS

reflectedbytheRva]ueof0.85forthisbestfittedcurve.Attheend

of the 20 hour test, the b'lended mixture's end test point is about mid-

way between those of the parent materials. However, the best fitted

curve ind.icates the Apv of the blend is greater than that of either parent
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material after about l4 hours of the APD operation.

The second series of the Valley Springs blends were made with the

England synthetic aggregate. Polish test results of 70-30 percent (by

volume) blends of Valley Springs and England are shown in Figure FB. The

polish rate of this blend is less than that of either parent material

and its ultimate APV is just less than the va'lue obtained for a pure

England Marshall specimen.

Figure F9 shows the results of a 40-60 percent (by volume) blend

of Valley Springs and England. This polish curve indicates the ultimate

APV of the blend is equal to that of the parent England material when

tested as a Marshal I specimen.

Cabot Sandstone. The po'lish curve for a typical core from a Cabot

sandstone pavement is shown in Figune 42. The upper curve is for the

Cabot sandstone aggregate polish test, and the lower curve is for the

Marshall specimen molded with Cabot sandstone. The core's ultimate APV

was between the values obtained by the aggregate po]ish test and the

Marshall polish test. These curves indicate that the in-place mixture

(core) was actually better than the Marshall specimen, but not as good

as the aggregate specimen.

The results of blending Cabot sandstone with Valley Springs lime-

stone are shown in Figure F4. The Cabot sandstone was also blended in

equal proportion with the Big Rock syenite aggregate. This polishing

curve is shown in Ffgure F10. The ultimate polish of the blend is

better than that of the syenite, but does not equal that of the sand-

stone. The APV of this blend is superior to the value of either parent

material up to about three hours of polishing time.

Van Buren Sandstone. The polishing curves for this material tested
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as an aggregate, Marshall specimenn and a typica'l pavement core are shown

in Figure 43. This core was taken from an ACHMSC Type 3 mix and'indicates

a higher polish resistance than the parent aggregate. The Marshall spec-

imen indicates a lower polish resistance than the parent aggregate.

The polish curve obtained from a blend of Van Buren sandstone and

Texarkana gravel is shown in Figure F11. The blend of these two materi-

als indicates a lower polish value than either one of the parent materi-

als. The po'lish curve (Figure Fll) for the Texarkana gravel Marshall

spec'imen indicates a better resistance to polish than that of the Van

Buren sandstone Marshall specimen, although it polishes at a faster

rate.

Jenn.y Lind Sandstone. The results of the polishing test on a

typical core Specimen of this aggregate are shown in Figure 44. The

polish curve for the core is parallel to, but slightly lower than, the

pure aggregate polish curve. The Marshall specimen polish curve js

considerably lower than the aggregate curve.

A blend of Jenny Lind sandstone and Murfreesboro gravel indicates

a polish curve approximately midway between the curves of the two par-

ent materials. This graph is shown in Figure F12. 0f interest is the

fact that the Murfreesboro gravel Marshall specimen has a higher polish

resistance than is indicated for the Jenny Lind sandstone Marshall

specimen.

Texarkana Gravel. The polish curve relationships between the

typical core, aggregate specimen, and Marshall specimen are shown in

Figure 45. The Marshall specimen test data are fairly scattered, with

an R va'lue of 0.87, but indicate a higher resistance to polish than that

of the pure aggregate specimen. However, the typical core polish curve
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shows rapid polish and is 5 or more APV numbers below the aggregate spec-

imen curve at the end of the 20 hours of polish.

A blend of equal parts by volume of the Texarkana gravel and England

synthetic was prepared and the polish curve for this mixture is shown in

Figure F13. The ultimate APV of the blend is far below that of the

Texarkana gravel and approaches the polish va'lue of the England synthetic

Marshal 1 specimen.

Murfreesboro Gravel. The polish curves for the typical core, aggre-

gate, and Marshall specimen are shown in Figure 46. The Marshall speci-

men indicates a greater resistance to polish than does the aggregate

specimen. However, the typical core specimen was more resistant to pol-

ish than the Marshal'l specimen until the end of the 20-hour test, when

they were equal.

The Big Rock syenite was blended with the Murfreesboro gravel on an

equal weight basis. The polish curve for this b'lend is shown in Figure

FI4, with the Marshall specimen curves of the parent materials. The

po'lishing resistance characteristics of this b'lend are between those of

the parent materials.

Big__BqqL-_!yg!_te. The comparative po'lish curves for the aggregate'

Marshall specimen, and typical core of this material are shown in Fig-

ure 47. As was true for the limestone aggregates tested, the Marshall

specimen indicated a better resistance to polishing than did the aggre-

gate specimen. The typical core polish test curve is about midway

between the two laboratory specimens' polish curves.

The polishing characteristics of Big Rock syenite and Malvern nova-

culite in a blend were determined by using equal parts of each material.

The results of the polish test of this blend are shown in Figure Fl5,
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with the Marshall polish curves of the parent materials. The Malvern

novaculite has a lower rate of polish than the Big Rock syenite, but they

are equa'l in po]ish value at the end of the 20-hour polish cycle- Their

blend,s best fitted curve indicates a slightly higher polish value than

that of either Parent material.

Malvern Novaculite. The typical core, aggregate, and Marshall spec-

imen polish curves are shown in Figure 48. The polish curves show that

the aggregate specimen is more polish resistant than the Marshall speci-

men, as was usually the case for the sandstone aggregates.

The typical core specimen indicates a lower rate of polish and is

in fact superior to the aggregate specimen. Similar trends are shown

for the cores from Murfreesboro gravel, Van Buren sandstone, Valley

Springs limestone, and Johnson limestone.

Eng I and s.ynthet'i c. The pol i sh curves for thi s arti f i c'i al aggregate

are shown in Figure 49. The aggregate specimen is more resistant to

polish than the pavement core specimen. The Marshall specimen of this

material indicates a substantially lower polish value than does the core

or the aggregate sPecimen.

Some problems were encountered in performing the APD polish test

on the pure synthetic aggregate specimen. The polishing and scrubbing

actjon of the APD rubber tires caused degradation and pop-outs of the

aggregate particles. The difficulty is reflected by the low R value of

0.62 for this best fitted equation. The polish values measured with the

BPT on the aggregate specimen are believed to be higher than they should

have been because of the uneven surface condition of the specimen'

Ul timate Pol i sh and Weather Effects

One cycle of APD testing of particular jnterest was the determjna-
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tion of the absolute maximum polish that could take place in an asphalt

mixture. After the specimens from the Valley Springs limestone and

Twin Lakes limestone were po'lished for the regular 20-hour test cyc'le,

they were removed from the device and the top 'l /4 in. was sawed off

with the diamond-studded blade of the masonry saw. The specimens, with

the sawed surface on top, were then reinstalled on the APD. The "initial"

ApV with the BPT averaged about 32 and 30, respectively' for the Valley

Springs and Twin Lakes specimens. After 30 minutes of APD time, their

ApV,s were equal at l7; after 20 hours of polish the Valley Springs APV

was 14 and the Twin Lakes APV was 
.16. This polish cycle was then con-

tinued for a total of 40 hours at which time the specimens had each

roughened 2 points for an APV of t6 and'18, respectively. This experi-

ment showed the minimum APV of these Marshal'l mixtures to be around'15.

All of the APD Marshall specimens, after polishing, were placed

outdoors in open boxes to observe the effect of weathering on their

polish value. After remaining outdoors from April 1977 to January 
.l978

(approximately 9 months), the APD specimens were brought indoors and their

Apv determined. The sawed specimen of valley springs had an APV of 21

and the Twin Lakes specimen had an APV of 24. This phenomenon of speci-

mens increasing in polish value after weathering was observed in all

cases. As a matter of fact, the polish values of the Marshall specimens

were equal to or greater than the initial APV before their APD po'lish

test.

Durab ilitv Tests

The tests performed to examine the durability of the aggregate's

and asphalt mixtures were: Los Angeles abrasion, sodium sulfate sound-

ness, particle shape, APD wear rate, film stripping, and immersion-
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compression. The results of these tests and the voids analysis of the

core specimens are presented hereafter'

Core S peci men Physical Tests. The cores from the pavements were

evaluated for their compacted bulk specific gravity, total thickness

after trimming, and the thickness of the surface course' The average

values for each core sample are shown in Table XXI' In addition' the

amount of material that was abraided off of the top 1/16 in' of the po1-

.ished core specimen was evaluated by weighing each specimen and measuring

its height before and after the polishing test was performed'

The information'in Table XXI on core air voids and voids filled with

aspha]t was estimated from the AHD Marshall mix design report for each

test pavement section. The information can be used on'ly to compare

values among the wheel path (tlJP) and the between wheel paths specimens

of each core site.

Usually the core air void content was less for the trJP specimens than

for the B|l|P spec'imens. In general, the amount of material worn off the

top of the specimens was less for the lr{P specimens than for the BlllP

specimens. This differential wear characteristic is attributed to the

fact that most loose material on the pavement surface has been removed

from the wheel Paths bY traffic.

It may be possible to obtain some index of the potential wearability

of the different aggregate mixtures from this type of analysis, i'e',

the samples that had more material abraided away are not as durable as

(but possible are more skid resistant than) samples that retained most

of their height and weight.

The average weight loss for the Blr'lP specimens was about 13 percent'

whereas the WP specimens only lost 7 percent; the height loss was 2l per-
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cent and 15 percent, respectively. No valid comparison of wear among

the different types of aggregates is possible because of their different

ages, weather cond'itions, asphalt content and composition, and fine

aggregate variations.

Fi lm Stri in Test Results. All of the aggregate samples were

tested for film stripping by the SIS and DiS methods of test' The re-

sults of the tests are shown in Table XXII. No stripping was observed

for the static immers'ion stripping test at 77 F. When the test tempera-

ture was raised to .I40 F for lB hours, extensive stripping was evident on

some aggregates. By visual observat'ion, the retained coatings ranged

from 90 percent for the va1ley Springs and Rocky Point limestones to 20

percent for the Russellville and Bald Knob sandstones.

A lesser amount of stripping was observed from the dynamic immersion

test at 77 F. The values of retained coatings ranged from 60 percent for

the Texarkana gravel and Jenny Lind sandstone, to 90 percent for the

Rocky Point and West Fork limestones, Murfreesboro and Hampton gravels'

and the Bald Knob sandstone.

The amount of stripping as measured by the surface reaction test is

also shown in Table XXII. The stripped samples from the SIS (.l40 F) and

DIS tests were measured quantitatively for the amount of surface area

exposed from these stripping tests by the SRT'

The surface reation test average value from the SIS (]40 F) test

was 56 percent retained coating, whereas the DIS tests gave a 70 percent

retained cost'ing. These test results reflect the different test methods

used to induce the stripping effects of water. In the DIS test' the

coated aggregate particles are abraided aga'inst one another and the test

jar as they revolve back and forth in the water. This action is supposed
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to s1mulate the effects of traffic on the wet pavement surface. The SIS

(.140 F) test is supposed to simulate the effects of water being heated

on the pavement surface during the summer months. As shown in the

literature review, there is no agreement among researchers about which

method is more accurate.

0n the basis of the surface reaction test data from the SIS (]40 F)

film stripping tests, the aggregates ranked from good to poor are:

limestone, gravel, syenite, novaculite, synthetic, and sandstone' 0n

the basis of the DIS film stripping test, the aggregates ranked from good

to poor are: limestone, synthetic, novaculite, gravel, syeniten and

sandstone. An average of the results of the two stripping tests would

rank the aggregates, with the average percentage retained coatings, as:

limestone (85), novaculite (66), synthetic (65), syenite (64), gravel

(64) , and sandstone (34).

The Bald Knob sandstone indicated an average retained coating of 16

percent, the lowest value, and the Black Rock Iimestone had only a 50

percent retained coating; the highest retained coating was for the

Va]ley Springs Iimestone, 98 percent.

These results are in general agreement with the information report-

ed in the literature review, as shown in Table IX. In that report, the

lowest retained coating values are for the Broken Bow (gravel) at 54

percent and the Keota (sandstone) at 56 percent, and the highest retain-

ed coating value is for the Stringtown (limestone) at 93 percent.

gne of the more significant correlations was established between

film stripping and insoluble residue of the aggregate. The curve relating

insoluble residue and SRT (average) retained coating in percent is shown

in Figure 50. The equation of the best fitted line is: ln insoluble
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residue = 6.58 - 0.0503 retained coating; with an R value of 0'75' The

type of aggregate sample was coded in the plotting of the data for

Figure 50 to indicate the relatjve position of each type of aggregate

in relation to its stripping tendency'

The aggregate particle shape test results are also reported jn

Table XXII. No particular relationship between either the flakjness

index or the elongation index and film stripping tendencies is noted'

Marshall Stabili tv and Immersion ression Tests. The test

results for all of the polished specimens are shown in Table XXIII'

Twelve Marshall specimens were prepared for each polishing test' 6 were

polished, 3 were tested for Marshall stability and flow' and 3 were vacuum

saturated and cured at 140 F and tested wet for their Marshall stability

and flow. Table xxIII also presents the test results for compacted bulk

specific gravity, air voids, voids in the minera'l aggregate, voids fil-

led with asphalt, and the amount of water absorbed by the wet stability

specimens.

The six specimens from which the Marshall stability was obtained

were then remolded at 35 blows per side and subjected to the immers'ion-

compression test. The Marshall stability and flow test values for the

l8 aggregates ranged from 
.|800 to 2800 lbs. stability and from 0'0.|0 to

0.0.|g in. of flow. The average stability values in pounds by type of

aggregate are: limestone, 2180; sandstone, 2550; gravel, 1900; syenite'

2065; novaculite, 2005; and synthetic, 2255'

The inrmersion-compression test results for the various blended

aggregate mixtures are a'lso given in Table XXIII' The I-C test results

for the eight blended mixtures which included limestone aggregate show

an average retained strength of 9l percent. The average I-C results for
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the two blended mixtures of sandstone aggregate ind'icate a retained

strength of 95 percent; the one mixture of gravel aggregate has an aver-

age of 112 percent retained strenght. The syenite and novaculite blend

has an I-C retained strength.of 89 percent'

When the results of the I-C test were correlated with the several

other variables the most significant relationshjp obtained was with the

air voids in the mixture. The relationsh'ip between air voids and retain-

ed strength for the 35 blow specimens is shown in Figure 51. The equa-

tion of the best fitted line is: 1og air voids = 5.7 - 2.65 log retained

strength; the coefficient of correlation is 0.72.

At this point, it should be emphasized that the fine aggregate frac-

t'ion of all of the asphalt mixtures,4T percent of the total aggregate,

consisted of limestone screening and some fine river sand. The differen-

tial effect of this calcium carbonate fine aggregate on the dry stabil'ity

and wet stability of each of the individual mixtures was not evaluated in

this investigation. The literature revjew (98) jndicated that immersion-

compression retained strength of limestone mixtures often 'is greater than

]00 percent, 'i.e., the wet stability of the spec'imen is higher than the

dry stability of the specimen.

The average I-C retained strength for the 50 blow Marshall mixtures,

by type of aggregate is: limestone, 98; sandstone,92; grave'|,90; sye-

nite, 83; novaculite, 92; and synthet'ic, 85.

The relative stripping resistance of the various aggregates as

determined from the immersion-compression tests, with their average

retained strengths, are: limestone, 98 percent; novacuiite, 92 percentl

standstone, 92 percent; gravel, 90 percent; synthetic, 86 percent; and

syenite, S2 percent.
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Summary

To evaluate the relationshiPS, if any, among the results of the

various fie'ld and laboratory tests, the data obtained from all the tests

were analyzed statistically by a computerized curvilinear regression

program utilizing the 'least squares method. The results of this type

of study yietd the "best fit" curve relation between two variables.

The regression analysis program used compares the data by four

curve fitting methods: direct or indirect linear' logarithm versus

linear, logarithm versus Iogarithm, and natural logarithm versus

linear. The results from the best fit curve evaluation are reported

in the form of an equation and a coefficient of correlation detailing

the accuracy of the test. The correlation coefficient is a measure of

how close the resulting curve is to a perfect relationship' i.e., the

data points all being directly on the regressed curve. A perfect

relationship would result in a correlation coefficient of onel there-

fore, the closer to one, the higher the accuracy of the relationship.

Si oni ficant Correl atio ns of Test Data

Justifiab'le correlations usua'lly are associated with coefficients

of the magnitude of 0.65 and 0.70 or greater. AIso, in a regression

analysis, the number of data values entered into the variable break-

down is proportional to the accuracy of the final solution. In general,

10 points is considered the minimum number of values that will iustify

a representative sample of a variable.

Some individual types of aggregate were believed to have unique

properties that might cause them to correlate differently from aggre-

gates as a whole; they were analyzed separately and compared with the

other types of aggregates. Because of the Iimited data associated with
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syenite and novaculite, the two were sometimes combined in the analysis'

The individua'l significant correlations and the best fitted equation

relating each variable are shown in Table XXIV'

fic correlations. For the purpose of computing the amount ofTraf

polishing the pavements had already achieved, and in attempt to corre-

late the APD and actua'l traffic polishing, traffic data were accumulated

for each of the study roads.

Average annual 24 hour traffic volume (AADT) for each year the

pavement was in use was taken from yearly traffic volume maps prepared

by the Arkansas Highway Department Division of P'lanning and Research'

Total traffic volume was computed from the day the study sections were

opened until Apri'l 1,7977, which is approximately the date of the core

removals (February and March), and the date of the final 1977 field

testing (May and June).

The daily traffic data from the traffic volume maps contained

two-direction total vehicle loading for each road. The assumption was

made that half the traffic flowed in each direction, and that each

vehicle (on the AADT maps) consisted of two axles' Therefore' the

values selected from the traffic volume maps were read as "wheel

passes.r' The resulting data are shown in Table XV'

The total estimated number of wheel passes was correlated with

SN4g values, BPN values, and pavement texture depths. The results of

these correlations are shown in Table XXIV as number 1 through number

L4. The highest correlation value obtained with the sN49 data was

R = 0.61 for the 15 BPT sites on gravel pavements. The relationship

between 1977 SN40 and total estimated wheel passes had an R = 0'32;

this best fitted line is shown in Figure 34. When the average BPN
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test results were correlated with whee'l passes, the best fitted line

indicated an R = 0.33 value as shown for correlation number 12. The

outer wheel path texture depth correlation with the traffic showed an

R = 0.29 value, and is correlation number 14.

The AADT counts for 1977 were used in correlations 15 through 31

as shown in Table XXIV. These daily traffic numbers were negnessed

against SN46 values, BPN values, pavement texture depths, and again

with SN4g values divided for pavements having a Td less than 0.51 mm

and for those with a Td greater than 0.51 mm. The best single corre-

lation, number 18, related AADT values to SN4O on sandstone pavements

with an R = 0.36 value. In the trial correlations 26 through 31, the

AADT values were regressed against the SNOO va'lues for'low Td's and

high Td's. The correlations are low, but the R values for pavements

having a Td greater than 0.51 nrm indicate a much better correlation

(R = 0.25 to 0.40) than do those for pavements with a Td less than

0.51 rnm (R = 0.07 to 0.15).

Skid Trailer and British Portabl e Tester Corre 1 ati ons. The

corre'tations between SN4g values and BPN vatues ranged from an R = 0.31

to an R.0.89. The best fitted equations were established for the

various types of aggregates, and related both the IWP-BPN and 0l^,P-BPN

values versus SN4g data. The combination of IlllP and OtlIP British

Pendulum Number versus SN4g values was used to obtain the best fitted

equation curve shown in Figure 35.

Two correlations of particular interest are those relating 1977

SN4g values and 1976 SN40 values (number 32) and relating 1977 BPN

values and 1976 BPN values (number 47). The correlation between the

two different years' SN40 tests is 1976 SN40 = 17.0 + 0.903 1976 SN40'
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with an R = 0.78 value. However the 1977 BPN and the 1976 BPN test

values (number 45) for the inner wheel path tests only indicated a

correlatlon of R = 0.63 value. This BPN correlation is lower than

expected; these yearly BPN correlations would be expected to be in-

creased by using the additional 60 test values for the outer wheel

path values in the regression analysis.

Stri pp ing correlations. The correlations between stripping test

results are also shown in Table XXIV, numbers 48 through 56' The best

corre'lation for the film stripping tests was between the sRT percent

retained coating and insoluble residue content of the aggregate' The

graph of this relationship is Figure 50.

The correlations between the SRT test results and the I-C test

results (numbers 48 and 49) indicate a better correlation with the 50

blow Marshall specimen than with the 35 blow Marshal'l specimens. This

best value, R = 0.52, has very little significance, however' Lower

correlations were obtained between the SRT test data and the aggregate

flakiness index or the elongation index test results.

The regression analysis for the I-C test results versus aggregate

shape, as measured from the flakiness index and the elongation index'

is low and is only presented for information. The correlation between

I-C retained strengths and percent air voids indicated an R = 0'72

value for the 35 blow Marshall specimen. This relationship is reported

in Figure 51.

F ld Tests

The results of the field tests are shown in Table xvl and discus-

sed wlth Figures 27 through 35. The data include SNOO values, BPN

va]ues,andpavementtexturedepthsattheBPTsites.Agoodrelation-
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ship between the 1977 SNOO va'lues and BPN values was established.

borator Tes

The corre'lation between the Texas Polish Value and the Arkansas

Polish Value for mineral aggregate was established. The polishing

test results are reported for the 51 aggregate and asphalt mixtures

evaluated. The polishing curves for each sample are presented in

Figures 36 through 49; in Appendix E, Figures El through E8; and

in Appendix F, Figures F1 through F15.

The relative polishing characteristics of each aggregate, asphalt

mixture, and core specimen were determined. A good re]ationship be-

tween BPN values and APV was established.

Each aggregate was evaluated as to its film stripping characteris-

tics and physical properties. The relative stripping tendency of each

asphalt mixture was determined from the immersion-compression test. A

fair'ly good relationship is reported between the amount of insoluble

residue in the aggregate and the amount of film stripping that was

measured. A definite relationship was observed between the air void

content and the immersion-compression retained strengths of I'larshall

specimens.



ChaPter VI

CONCLUSIONS AND RECOMMENDATIONS

tlJithln the limitations of the test procedures and for the range

of materials and conditions utilized in this investigation, the fol-

lowing conclusions are made.

1. The Arkansas Accelerated Polishing Device is an excellent

apparatus for polishing test specimens to their minimum friction

values. Therefore, the devlce and associated test procedures are a

valuab'le aid in predicting the wearing properties of aggregates and

aspha'lt mixtures for use in highway pavements.

2. The fricitonal resistance of the pavement sections tested,

as measured by the Arkansas Highway Department skid traiJers, showed

a considerable difference'in SNOO values between the June 1976 tests

and the June 1977 tests. The British Portable Tester results d'id not

lndicate such a wide difference. The true frictional resistance of the

pavements studied therefore was not determined.

3. The data obtained from this investigation provide sufficient

information to study and evaluate adequately the polishing characteris-

tics of aggregates, asphalt mixtures, and pavement cores. The Arkan-

sas po1ish Value obtained in the laboratory can be used to establish

the minimum skid number that will be provided by an asphalt mixture.

once the minimum desired skid value has been determined, specifications

can be established for the polish values of aspha'lt mixtures or mineral

aggregates for use in Arkansas pavements'

4. A good relationship is indicated between the polish value of

the aggregate as measured by the Texas Highway Department' after polish

243
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with the British Wheel, and the Arkansas Polish Va]ue as measured by

the BPT after polishing on the Arkansas Accelerated Polishing Device.

S. A good correlation was obtained between the skid trailer test

values (SN40) and the British Pendulum Number as measured with the

British Portable Tester. Also, a good correlation was obtained between

the BPN values (field) and Arkansas Polish Value (laboratory).

6. No significant relationship was observed between the skid

trai'ler test results and the estimated total number of wheel passes

oyer the pavement. A'lso, there was no significant correlation between

SI{4O values and average annual daily traffic.

7. The polish tests indicated that when sandstone, novaculite,

or synthetic aggregate are used in asphalt mixtunes, their APV after

polishing is less than the APV obtained for the pure aggregate. 0n

the contrary, when limestone, gravel, or syenite aggregate are placed

in an asphalt mixture, the resulting APV value is higher than that

obtained for the pure aggregate. The polish values obtained from tests

on aggregate specimens do not indicate the actual polish resistance

that is obtained when the materials are placed into a pavement.

8. Laboratory polish tests on pavement cores indicated a higher

resistance to polish for most cores than was indicated from their

Marshall polish test. The difference in these polish values is attri-

buted to the fine aggregate used in the actual paving mixture and the

different surface texture obtained from the core specimen and a MarshalI

specimen.

g. The overal'l test results indicated that sandstone and gravel

mixtures are more po'lish resistant than syenite and Iimestone mixtures,

whereas the novaculite and synthetic aggregates are of intermediate
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res i stance .

10. The film stripping tests, as evaluated by the surface reaction

test, yield quantitative values that when correlated with field obser-

vations will be a valuable means of pre-evaluation of aggregates pro-

posed for use in surface treatments.

11. The air void content of the compacted asphalt mixture greatly

influences the results of the immersion-compression test. Specimens

with greater than 5 percent air voids would have a retained strength of

about 75 percent or less.

LZ. The strippjng tests indicated that the Bald Knob sandstone is

most susceptible to stripping. The Black Rock limestone indicated a

tendency to strip in the sIS and DIS tests; however' in the Marshall

mixture a satisfactory retained strength was obtained in the immersion-

compression test.

0n the basis of the results of this investigation, the following

recommendations are Presented.

1. The Bald Knob sandstone and Black Rock limestone aggregates

should be investigated further in regard to their stripping tendencies.

2. Before the results of this investigation can be put into

practical use, the relationship between traffic (total number of wheel

passes or AADT) and the number of revolutions of the Arkansas Accelerated

polishing Device must be evaluated. The relationship between the hours

of polish in the laboratory and traffic would enable the des'ign engineer

to select the pavement materials necessary to provide the skid resistance

for that particular highway traffic. The Arkansas Accelerated Polishing

Device and test procedure then could be used to pre-evaluate the asphalt

mixture to ascertain that the desired long-term skid resistance was
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prov i ded .

3. The results of this investigation have demonstrated the capa-

bility of evaluating in the Iaboratory the ultimate polish (minimum

friction) of an aggregate or asphalt mixture. Therefore, the minimum

desired pavement frictiona'l resistance in terms of SNOO for Arkansas

pavements and traffic conditions should be determined and the results

of this investigation implemented by specifying the asphalt mixture

components to attain the required skid resistance.

4. It is also recommended that all types and gradations of as-

phalt mixtures used or to be used in Arkansas pavements be eva'luated

by the Arkansas Accelerated Polishing Device test procedure. The

implementation of this recommendation will ensure that the asphalt

mixtures used wil'l be satisfactory for the purpose for which they were

intended.
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RESIDUE IN COARSE AGGREGATE
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intended for the determination of
1 in aggregates used in asphaltic

is
'ia

Scope: I

Apparatus: 2

Procedure: 3

Thi s method of test
acid insoluble mater
concrete.

(d)

The apparatus for this test wi'l'l consist of the
fo1 1 owi ng :

(a ) Ha1 f -ga1 'l on iars

(b) Hydroch'loric Acid Technical Grade

(c) Evaporating Dishes (Vycor 350 m1)

(a) Crush sample so that all material is less than one-
half inch.

(b) Split the sample to approximately 200 grams, weigh
accurately, and place in clean, labeled half-
gallon iar.

(c) Add 400 ml of water and sl ight excess of concen-
trated hydrochloric acid (approximately one ml per
gram of rock) over amount needed to react with
availab'le carbonate. Stir mixture over a period
of days unti I al'l reaction ceases.

t,Jash the 'insolubles free of excess ions by fi1'ling
jar with tap water, allowing all of the material to
settle (about 48 hours) and pour off the clear
solution. Procedure is repeated three t'imes.

(e) After the third wash cyc1e, wash the insolubles into
an evaporating dish, dry at '100-.l05 C and we'igh.

Report insolub'le residues as retained on the #200 sieve
as percent of total samPle used.

Report: 4.
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APPENDIX B

Detai'ls of Arkansas Acce'lerated Polishing Device

Figures BI - 83
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Figure 82. Arkansas Acce'rerated po]ishing Device plan view
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Plan View

Specimen Holder

Cyl i nder

4 " Inside Dia.

k " Thick Walls

Track Top

BPT Pin Hole

Adjustment

Screw, l-. r' Di a .

Seati ng

Screw, N " Dia.

3/8 " Aluminunr

Base Plate

Side View

ll
3.5

!

Figure 83. Arkansas Acce'lerated Polishing Device Specimen Holder
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APPENDIX C

Procedure for Casting Polyester Specimens

for Acce'lerated Po'l ishing

Figures C'l - C4
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PROCEDURE FOR CASTING POLYESTER SPECIMENS

FOR ACCELERATED POLISHING

I. Placi Aqqregate in Mold

A To prepare mold for casting, clean thoroughly with Acetone to

remove any polyester which might be on the mold from previous

castings. Next wax the mold with two or three coats of wax.

This will help prevent polyester from sticking to the sides of

the mold and will aid in removing the sample when it has hardened.

After cleaning and waxing, place the mold together, being sure

that the ring slides easily onto the base. If the ring and base

are in a bind, separation will be difficult after casting.

Measure out approximately 100 grams of the aggregate sample to

be encased in polyester. It is recommended that a Sample splitter

be used to obtain a representative sample.

Placement of the aggregate in the mold is a slow and tedious

operation. spread the aggregate over a smooth surface to

clearly identify each stone individually. Placement of the

aggregate in the mold is done much the Same way as one would put

a jigsaw puzzle together. Begin by placing individual stones in

the mold, being sure to place the flattest surface of that stone

face down on the steel base plate of the mold. The order in

which the stones go into the mold is not as important as fitting

the stones together as compactly as possible. 0ne suggested

method for placing the aggregate is to start around the exterior

of the mold w'ith the larger stones, then work inward using pro-

gressivelY smaller stones.

B

c

;
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0nce the aggregate is in the mord, it is necessary to fill the

openings between the stones to prevent the polyester from pushing

through, thus affecting the skid test. 0ttawa sand placed care-

fully between the stones works very effectively for this purpose.

However, if too much sand is used, proper bonding between the

polyester and the aggregate will be prevented.

II. Placing Polyester in Mold

A. Measure out approximately 1o0 grams of polyester for each sample

to be molded. Do this in a paper cup as disposal is much easier

than cleaning. Also, disposable wooden stir sticks are advisable.

(Note: The following mixing and casting should be done in a

vented laboratory hood and rubber gloves should be worn at all
times.) Hardener is added to the polyester. The proper pro-

portlon of hardener to polyester is 17 drops of hardener per

100 grams of polyester. It is advisabre to add the drops in

stages with vigorous stirring between additions of drops. The

hardener must be well mixed with the polyester resin to ensure

a good specimen.

B. P'lacement of the polyester in the mord on top of the aggregate

requires patience. Again, beginning around the outside, using

the wooden stir stick place a smail arpunt of polyester in the

mold next to the edge, Then carefully draw the stick away using

the edge of the npld to pull off the poryester. This procedure

is illustrated in Figure C1. As the stick is pulled out, the

polyester should be gently pushed down to prevent the polyester

from pulling the aggregate out of position. This will also aid

in pushing the polyester down between the stones to provide

better contact.

D
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Push down

Polyester

Aggregate

Ri ng

Base

Figure Cl.

continue to work around the inside ring edge until the

outer portion of the specimen is covered with polyester. Then

fill in the center as shown in Figure C2.

Aggregate

Polyester placed

around exterior
of specimen

I

Polyester completely
covering aggregate

Pul I out
--r>

Pol ter

Metal

Ri ngs

Figure C2

Once the aggregate is completely covered, draw a straight

edge across the top of the ring to smooth the top surface and

remove any excess polyester.

III. Preparing Specimen for Hardening of the Polyester Resin

A. The specimen should now set for at least two days before being

removed from the mold. However, if the specimen is not weighted

$
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properly it will shrink and curl while hardening. curved, or

bowed, specimens should be rejected.

B. with the remainder of the polyester build up a sma]l mound

around the now smooth surface approximately one-half inch

inside the ring's inner edge as shown in Figure C3.

PIan View

Smooth surface

Build up

Side View
Build up approx-
imately 1/8 inch
high

Figure C3

c. Now place an oiled flat board or piece of metal on the specimen

and place approximately 5 to 10 lbs. on top of the board. This

will keep the specimen flat while hardening and is illustrated in

Figure C4.

D. The specimen should stay in the mord for at least two days. At

the end of this two day curing period, carefully separate the

specinen from the mold and try to avoid breaking the specimen or

pulling any aggregate out. The specimen should then cure for

@@G8@(€qaoao
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another two days outside the mold under a weight of 2 to 5 lbs.

tJei ght

Board or plate

Figure C4

The bottom of the specimens should be sanded smooth with a

table sander to remove any rough edges. If this is not done,

improper bonding to base plates will resurt. The specimens are

now ready to be tested.



APPENDIX D

Surface Reaction Test Procedure

Figures D'l and D2
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SURFACE REACTiON TEST PROCEDURE

Sampte Preparation

The samp'le to be evaluated was prepared and coated with asphalt

cement and then subjected to the effect of water by the sIS or DIS

procedure previously described. Thus the aggregate samples used in this

test had previously heen coated with asphalt cement and partial'ly strip-
ped in the SRT and DIS tests. An uncoated dup'licate sample of the aggre-

gate was immersed in distilled water at the same tinte as the SIS and DIS

specimen was immersed. At the end of the SIS and DIS test, the partially

stripped and uncoated samples were dried by blotting with paper towels

and spread in pans to air dry. The samp'les were air dried approximate'ly

24 hours before the surface reaction test

It is desirable to perform this test on oven-dry materials; however,

when the partially stripped aggregate samples were oven dried at 212 F,

the remaining aspha'lt cement diffused and comp'letely recoated the stripped

aggregate surfaces. Because of this recoating tendency, oven drying was

eliminated and the samples were simply air dried before testing.

Reagent Preparation

Each test required 200 m'l of acid solution. Because duplicate samples

i.e.,two uncoated and four partially coated samples,of each of the various

aggregates were tested, d liter of acid solution was prepared for each

series of aggregate samples. The acid test solutions were prepared with

reagent grade acids and deaired distilled water. All proport'ions of these

acid solutions were calculated on a weight basis.

The 200 m] of acid so'lution to be used in each test was measured with
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a graduated cylinder and placed in a 250 m'l na'lgene jar. The weight of

acid solution in each jar was determined and its density, in g/ml, was

calculated. This density and weight determination was used as a check

for obtaining equal strengths of solution for each test. The ba'lance of

the 'liter of solution original'ly prepared was retained for titrations.

The actual norma'lity of the acid was determined by titration against a

known weight of sodium carbonate using methy'l orange as an indicator.

Ca'l'ibration of Equipment

Prior to beginning a series of tests, the strip chart recorder was

checked to ascertain proper operation. The pressure was checked with a

King Manometer Pressure Regulator, while the thermistor and Te'le-Ther-

mometer temperatures were checked with a precise thermometer.

Pressure Vessel

The pressure vessel was to be operated as a c'losed system. Therefore,

it was necessary to provide a means of adding the acid to the aggregate

without changing the ambient pressure. A 250 m] stainless steel beaker

was attached using a threaded joint, to a rod extending through the body

of the pressure vesse'|. The rod opening was sea'led by using neoprene o-

rings both inside and outside the wa]l of the pressure vesse'l . A hand'le

was attached to the exterior end of the shaft. To inundate the test speci-

men, the beaker was positioned upright and fi'lled with 200 ml of the acid

solution, then the hand'le was turned until the contents of the beaker were

poured into the p'lastic container ho'lding the aggregate sample. Detai'ls

of the pressure container device are shown in Figure D'|.

The pressure container was connected to the recorder and Tele-Thermo-

meter by about l5 feet of electrica'l wiring. Fume hood temperature was

maintained about 68 F. Before initiating a testn samples to be tested,
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a graduated cylinder and placed in a 250 ml nalgene iar. The weight of

acid solution in each jar was determlned and its density, in g/ml, was

calculated. This density and weight determlnation was used as a check

for obtaining equal strengths of solution for each test. The balance

of the liter of solution originally prepared was retained for titra-

tions. The actua'l normality of the acid was determined by titration

against a known weight of sodium carbonate with methyl orange as an

i ndi cator.

Calibration of EquiPment

Prior to beginning a series of tests, the strip chart recorder

was checked to ascertain proper operation. The pressure was checked

with a King Manometer Pressure Regu'lator, and the thermistor and Tele-

Thermometer temperatures were checked with a precise thermometer.

Pressu VesseI

The pressure vessel was to be operated as a closed system. There-

fore, it was necessary to provide a means of adding the acid to the ag-

gregate without changing the ambient pressure. A 250 m'l stainless steel

beaker was attached by means of a threaded ioint to a rod extending

through the body of the pressure vessel. The rod opening vlas sea'led by

using neoprene o-rings both inside and outside the wall of the pressure

vessel. A handle was attached to the exterior end of the shaft. To

inundate the test specimen, the beaker was positioned upright and filled

with 200 ml of the acid solution, then the handle was turned until the

contents of the beaker were poured into the plastic container holding

the aggregate sample. Details of the pressure container device are

shown in Figure D1.

The pressure container was connected to the recorder and Tele-Thermo-

meter by about 15 feet of electrical wiring. Fume hood temperature was

maintained about 68 F. Before a test, samples to be tested, acid
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Figure D'I. Details of Pressure Container Device

U.S. Patent No. 3,9.l5,636 of October 28, 1975
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solutions, and the pressure container were all placed in the fume

hood and brought to a constant temperature. The recorder and Tele-

Thermometer were p'laced adjacent to the fume hood.

Test Procedure

The test procedure was as fo'llows:

1. The pressure release va'lve was opened and the lid of the pres-

sure vessel removed.

2. The samp'le to be tested was p'laced in the plastic container

and the container was posit'ioned inside the pressure vessel.

3. The beaker was installed in the pressure vessel, leveled, and

the 200 ml of acid solution was poured into the beaker

4, The lid was placed on the pressure vessel, the pressure recording

pen was set to zero,and the chart drive of the recorder was started.

5. The pressure release va1ve was closed and the exterior handle

turned to pour the acid from the beaker. A stopwatch was started at

the instant the acid was poured onto the aggregate sample.

6. The reaction was monitored by observing the pressure and tempera-

ture traces on the recorder.

7. At the completion of the test, which ordinari)y lasted 5 minutes,

the pressure release va'lve was opened and the recorder chart drive

stopped.

8. After the pressure was released, the top of the pressure vessel

was removed and the acid beaker taken out. The samp'le was removed

and the reaction of the acid solution and sample was terminated.

a. For samples tested with HCL this was accomplished by flooding

the mixture with tap water

b. For samp'les tested with HF the reaction was stopped by slow1y
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adding a sufficient amount of ca)cium oxide slurry to deplete

the HF in the mixture. Methy'l orange indicator was used to

determine when the solution was neutra'l ized.

9. The acid beaker and plastic sample container v,,ere then washed

and dried before another test was begunr

Stripping Calculation

The pressure-temperature curves plotted on the recorder chart were

then analyzed. A horizontal'line was drawn on the chart paper for each

l5 seconds of elapsed reaction time. The pressure and temperature readings

were sca'led from the chart paper and tabulated. Pressures were adiusted

to 68 F for comparative stripping ca1culations. This adiustment of pres-

sures was necessary because of the slight'ly different operating tempera-

tures and the higher temperatures created by some of the reactions.

The surface area exposed was considered proportional to the change

in pressure over a certain time interval. For 'limestone aggregates and

aggregates of mixed composition, the change in pressure from 0.25 to .I.5

minutes of reaction time was used. The reaction between the siliceous

aggregates and the HF solution was slower or less violent and required a

longer reaction time (0.25 to 5.0 minutes) to obtain a significant pres-

sure difference. The effect of inertia on the pressure transducer opera-

tion and the recorder chart pen response was the primary reason for

using the initia'l gas pressure value at 0.25 minutes of reaction time. The

reaction time used for the fina'l pressure value was the time required to

obtain a measurab)e pressure without deep etching of the exposed aggregate

su rface.

A drawing typica'l of the strip-chart recorder trace of the pressures

obtained for an uncoated'limestone aggregate samp'le and a partially coated
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limestone aggregate sample is shown in Figure D2. The initial pressure

reading, taken at 15 seconds of reaction time, is shown as P.,, and the

final pressure reading, taken at 90 seconds of reaction time, is shown as

PZ. The retained coating of asphalt was calculated as:

RC = loo -(&) lo0

where, 
oo'

p6 = percent retained coating of stripped sample

APs = PZ - Pts = change in pressure for stripped sample.

APu = Pzu - Plu = change in pressure for uncoated sample.
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APPENDIX E

Accelerated Po'lish Curves for
Aggregate and Marshal'l Specimens

Figures EI - EB
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Accelerated Po]ish Curves for
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