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ABSTRACT

samples of pavlng-grade asphalts from ereven different paving

proJects in the state of Arkansas were sr:bJected to physical and

chemical investigations to determine the stress relaxatlon moduli,

chemlcal compositlon, and the molecular welght of the chemical frac-
tions. The stress relaxation moduli were determined by means of a

rotational conJ-cylindrical viscometer, the chemical compositions

were determined by neans of a chromatographlc separation technique,

and the molecular welghts of the fractlons were detennined by means of
the melting point depression of a pure solvent method. A step-wiee

regressJ.on anal.ysis was performed to correlate physical p:roperties such

as viscosity, ductility, and penetration with the chemical properties

such as composition and morecurar weight. An attempt was made to

determine how the f,oregoing chemical properties varied with sample ageo

The regression analysis yielded 206 linear equatJ.ons of which

114 or 55.3t had a multiple correlation coefficient of O.75or higher.

The aging studies lndicated that the chemical properties generally

changed as the sampres aged to the detriment of desirable physical

properties.

HRc #21 was a companion project to HRC #rz, "changes in physrcal

Propertles of Asphalt Ceurent under Service Condltionsn. Sanples selected

for HRC *17 were divlded and also used in HnC fzl.
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CORREIATTON OF PHYSICAIJ PROPERTIES
!{TTH CHEMICAL COII{POSTTIoN oF PAVING GRADE ASPHALTS

TNTRODUCTION

"We are all familiar with the many prcducts derived from petroleum

which contrLbute so much to our modern econorny and way of 11f,9, but

few nay realize that bltumen (asphalt) was the first petroleum product

used by man. Archeologists have determlned that asphalt was used ae

an adhesive and lraterproofing materlal by the civilizations along

the Euphrates Rl\rer as early as 38oo B.c. Bitumen was also used in
Eqypt in approrimately 2500 B.c. The asphalts used by these clvi-
lizatLons came from deposlts in Asia MLnor located in the generar

region of the oiI f,ields ttrat are now a large factor in the worrd

production of petroleum.,, (20).

A search through the riterature of highway history faired to
record the use of asphart for paving purposes between the ancient

days and the nineteenth century. The earry turnpikes of the eigh-

teenth and nlneteenth centurd.is were the foref,unners of the rater

Good Roads movement in 1880-rgoor.and have been described in many

pubrications. The roads of this period were malnJ.y constructed of

stone or gravel, or of materLalg which wourd compact and suptrrort the

loads transported.

The use of asphart-based road oir for the surface dressing of

hJ.ghways, as a dust palllatlve wag on the increaee Ln this century

across the countryr but Ln urany cases Lt was not an unqualLfied
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success. This wae due in part to the poor malntenance of the high-

rrays, and Ln part to a lack of knowledge of the asphaltLc materl.al

itserf, as well as how to obtain the beet resurts by lts use (1r).

rn asphaltic concrete, the asphart binds the aggregate partlclee

together, transmits stresses, and is srrbJected to fracture, Bhear,

weatherlng, microbial attack, etc. For these reasona, Lt was neces-

sary to be able to predict how a given asphalt would perform under

road servl'ce condLtions go that lts se:$ice lIfe could be estLmated.

llhere waa aome evLdence that relationships existed between certaLn

physical propeftles such' as absolute viscosity, penetration,

ductlx.ity, etc., long used by asphalt technoJ.ogLsts ae performance

crLteria, and the chemLcal composition of asphalt (201.

A need exlsts fbr obtainlng and correrating the prevloully

rentLoned properties to determLne mathematical relationehlps so that

the serivice life and durability of the pavement nay be predicted.

This lnformation would lead to the design of, aephalt hlghwaye whtch

r,rculd give a longer sernrLce .Iife.
Eleven Arkansas paving-grade aspharts were used Ln the present

reeearch. The obJectlves. of this LnvestLgation were:

1. To obtain stress relaxation moduri, chemical composition data,

and the molecurar weights of the various chemical fractions.

2. To correrate the emplrLcal physlcal propertLee such ae abgorute

vrscosLty, penetration, and ductiltty wtttr the chenLcar com-

positlon analysLs.
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I

3. To determlne if relatLonahlps between change: ln the physlcal

properties and chemlcar conposltLon,aE a function of agtng

exist.

Absolute viscosl.ty, ductj.llty, and penetration dat4 Used in the

regression analysis were Provided by Mr. rf.R. BLseett of the Department

of civil Engineering. The erastlcity, chemLcar corposltionr and

nplecular weight dqta wege obtained frour prevlous uork ln'the Depagtment

of C}tenical Engineering by Mr. L.If. shtpley and Mr. p,D. DugEar, under

the supervLslon of thr 4[thor.
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LITERATURE guRvEY

A review of the literature concerning the relationship of physical

properties to chemical properties showed that Gotol.ski, et.al., (10)

investLgated the changes in asphalt properties with "a vielr, to gaining

an understanding of the factors affecting the durability of asphalt

pavements." They used the Rostler Precipitation Method (17) for the

chemical analyses. This method defined asphalt as consisting of flve

groups of components which could be isolated and the anounts of each

detezmined gravimetrically. These five groupa yrere defined as asphal-

tenes, nitrogen bases, first acidaffins, second acidaffLns, and saturated

hydrocarbons. These values were determined by differential weighing

and reported as percentages of the total sample weight.

C,otolski, et.al., (10) recognized that the chemical analyses indicated

a change in consistencl, of the asphalt pavement. The asphaltene content

appeared to predict the age-hardening of the asphalt. They showed

that the maximurn asphaltene content was found in the most deteriorated

pavement, and it was noted that trends were established to indicate

a maximum limit of asphaltenes that a pavement could tolerate and still

be serviceable.

The Corbett-Swarbrick separation technigue has proven useful in

studtes concerning the aging and durability of asphalts. (5) However,

as far as can be ascertained, no studies have been reported where the

technique has been used to relate conposition to empirical physical and

rheological properties.



Jones (12) found in composition studies using the rnethod devaloped

by Tucker and schweyer (22) that the lower molectrlar weight compounds

tere converted into asphal.tenes and heavy aromatic compounds. The

cuttposition was found to change more significantly during fleld processing

than during the first six months of road service.

Lamb (ls1 pstformed a regression analysis on rheological properties

which he had determined by sliding-plate microviscometer and not the

empirical properties used in this study. HLs results yielded significant
relationships, but the composition data alone were not sufficient to
describe the flow behavior at temperatures below r2oor. rt was concruded

that the flow behavior of aspharts at Lower temperatures was more

dependent on factors such as association and colloidal state than on

the relative content of specific types of compounds.

5
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1

SURVEY OF ANAIYTICAL PROCEDURES

Chemical Composition:

one of the most important l-ndicators of the performance of

a paving asphalt is its chemicaL conposition. Recent studies (10)

show a reratlonship between chemical conposition and pavement

durability.

rn the Rostler Preclpitation Methodl asphalt is divided into

fl-ve groups of components which can be isorated and quantitativery

determined. This method makes a sharp division between resins and

oily fractions, and then further subdivides the resinous fractions.

The principal feature of this method is that the fractions determined

are welr-defined groups of tike chemicar activity. The use of this

division process reveals not only the differences between fractions

but also what changes occur during aging and in-serrrice exposure.

The changes are given in terms of percent change in composition,

particurarly in percent change of asphaltene content as it relates

to durability; i.e., embrittlement or hardening.

A later work of Rostler and Vttrite (17) presents an analysis

of asphalt as consisting of five basic constituents; namery,

asphartenes, nitrogen bases, first acidaffins, second acidaffins,

and saturated hydrocarbons. By precipitation, this method isolates

these five constituents, the values of which are determined by

differential weighing and then reported as percentages of the total
sample weight. The samples of original and recovered asphalt cements

were analyzed by Gotolski using this method (I0).
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chemical analyses appear to be good indicators of change in
consistency of the asphalt components in the pavenent. The aephaltene

content, which is usually the first fraction in the test, appears to
be an adequate indicator of the age-hardening of the asphalt, rncreases

in asphaltene content are genera!.ly manifested by decreases in penetrations,

decreases in ductility, and increases in absolute viscosity.
In addition to asphaltene content, the combination of components

may be a determining factor. Gotolski (IO) states that some inves-

tigators have shown that a preponderance of nitrogen based (N) compounds

wirl resurt in an asphalt exhibiting very rapid embrittlement. A high

concentration of flrst acidaffins (Ar) will result in an asphalt that

will undergo the greatest change in conposition with time. An asphalt

containing a high concentration of second, acidaffins (Ar) appears to

be least affected. saturated hydrocarbons (Hs) in sma1l to moderately

large amounts are beneficial. However, saturated hydrocarbons in excee-

sine amounts resuLt' in a product which laciks cohesion and ceases to

be an asphalt. (10)

The ratio (N + Ar)/(A2 + Hs) should be considered only a first
approximation for an e)ipression relating composition to durability. (17)

The corbett-swarbrick separation technique has proven usefur in
studies concerning the aglng and durability of aspharts. (5) However,

as far as can be ascertained, no studies have been reported where the

technique has been used to relate composition to empirical rheo1ogJ.cal

propertLes. unforttmateLy, there ls no way to determLne a priori
whether a partl"cular composltLon tectrnique will prove useful in such

studies.
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PreviouE work hae shoern that viscosity should be a function of,

the ratio of resins to saturates. In terms of the fractions obtained

from,the modified Corbett-swarbrick technique, the ratio would be

HA,/PN. The dispersion coefficient as defined by Traxler (21) was

approximately equivalent to the ratio (r,a + HA)/ (ttX + PN) . Ehis

coefficient was used to correlate composition with durability of

asphalt,

Exact comparison of the fractions obtained by various separatLon

methods ls not possible because of the different techniques used,

For example, the HA fraction obtained by the Corbett-swarbrick

method and the resins fraction obtained by the Traxler-Schweyer

method (21) are both considered to be highly aronatic materials

which tend to peptize the asphaltenes. However, it is highly probable

that if the two fractions were obtained from the same asphalt

they would not be identical in either quantity or chemical nature. (13).

Solvent Extraction and Chromatography:

Solvent extraction methods enploy the principle that part of

the maltenes are soluble in a solvent at a particular temperature

and insoluble in a different solvent or in the same solvent at a

dLfferent temperature.

The method used in this investigation was a modification of one

first used by Tucker and Schweyer (221. They had changed the

original Corbett and Swarbrick method. (5) The orLginal asphalt

sanple was extracted with n-hexane to separate the maltenes from

the asphaltenes. Asphaltenes were the hard materials whi.ch were
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insolubre in n-hexane, and since they were separated by n-hexane they

were called hexa-asphartenes. These conpounds are believed to

be nulti-ring aromatLcs with very short aliphatic side chains and were

characterized by a high molecular weight lapproxirnately 3OO0). They

were considered to be oxidatlon products since the HX fractlon has

been found to increase with air-blowing and with weathering Ln road

service.

Martenes are composed of soft resins, oils, hard resins, and waxes.

They contain paraffin and naphthene hydrocarbons with arkyl side

chains, aromatic compounds with aliphatic side chains, and simple

multi-ring compounds (IZ1 .

Most chromatographic separations are basically the same. The

asphaltenes are precipitated with a right weight hydrocarbon such as

pentane or hexane. The maltenes are then added to a chromatographic

column packed with an adsorbent sorid. The heavier components are

serectivery drawn to the surface of the adsorbent. By succesgive

erutions with selective s6lvents at controlred temperatures, the

maltenes are seParated into fractions of different molecular weights.

Corbett and Swarbrick (6) developed a short-cut method which

separated asphalt into three components. The anarysis could be

performed in an eight-hour day. The asphartenes t ere aeparated from

the rnaltenes by refluxing with n-hexane. The maLtanes were fractionated

further Lnto paraffins plus naphthenes

and anomatic olls in a chromatographic column packed with an activated

alumina called porocel. The martenes were added to the coh:mn, which
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was controlled at IsOtsoF and then the eaturated hydrocarbons were

eluted with iso-octane. Pyridine was used to wash the aromatic oils

from the column. One of the main advantages of this method was that

it yielded very clean-cut fractions.

In a later investigationr Corbett and Swarbrick (7) npdified their

technique to get five fractions. The asphaltenes and maltenes were

separated as previouSly nentioned. The paraffin plus naphthcne (PN)

fraction was eLuted with n-heptane. Then the single-ring aromatic

compounds (SRA) vrere removed with a mixture of heptane and benzene.

Benzene was used next to extract the Low molecular weight multi-ring

cornpounds (Ll,tA). Heavy multi-ring compounds (HMA) were washed from

the colrmrn with pyridine. Corbett and Swarbrick used various analyt,ical

tools such as infrared and ultra-violet spectrometry, electron and

nuclear magnetic resonance, molecular weight, and mass spectroscopy to

help idlentify general characteristics of the compounds common to each

fraction.

A brief suunary of the characteristics of the fractions follows t (71

PN fraction - a mixture of paraffins plus naphthene hydro-

carbons with alkyl side chains with an average

MW of 6OO.

SR,A fractLon - single ring aromatic compounds with several

long aliphatic side chains having an average l,IW of 674.

LlrlA fraction - a mixttrre of multi-ring aromatics with much

shorter aliphatic slde chains than abone having an

a\rerage MW of 708.
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HMA fraction - a mixtr.re of multi-ring compounds similar to
LMA, but having an average MW of 956.

HX fraction - murti-ring aromatics ldith \rery short aliphatic

side chains having an average MW of 3OOO.

Tucker and Schweyer (22) usecl a modified version of COrbett and

Swarbrick's method. The asphaltenes were precipitated with n-hexane.

The maltenea vrere subJected to liquid chromatography using heptane

as the first solvent at a coltmrn temperature of 45tIoC. A paraffin-
naphthene (PN) fraction was obtained. rhe first aromatic fraction
was eluted with benzene and was called the Light aromatic fraction
(LA). The corumn temperature next was increased to Gstloc. before

the remaining anomatic fractione were removed. The first healry

aromatic fraction (HAl) was eluted with l-butanol.. Benzene was

used to wash the final hearryr aromatic fraction (HA^) from the column

(12).

!'!ajors and couper (L4) eluted the column residue with methyl

lso-butyl ketone to complete the maltene recovery.

Molecular [,Ieight.

MaJors and couper (r4) stated that a need has arisen to

characterize the asphalt fractions or identify the groups of chemical

compounds separated. bertain characterization techniques have been

used such as X-ray diffraction, electron spin res6nance spectrometry,

nucrear magnetic resonance spectrometry, mass spectrometry, elemental

chemical analysJ.s, and molecurar weight determinattons (r4). rt

was decided that the latter two techniques produced useful resuLts
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at a relatively low cost.

llo1ecular weight determination is a more direct characterization

technique, since the asphalt fractions obtained by various methods

are mixtures of compounds, many of which contain long-chain pollmeric

species. These polymeric materials cause molecular weights determined

by various methods to have different values (see page 1"6 ). It is
absolutely necessary thet the technlque selected for molecular welght

determination must be appl-icable to all fractions of the asphalt with

a reasonable degree of accuracy.

Glasstone (9) detailed Rastrs Micro-Method for detezmining organic

moLecular weights, selecting camphor as the pure solvent. Camphor

was used since the moLar depression constant was unusually high, viz.

40. The use of this substance as a solvent for cryoscopic work was

proposed by A. ilouniaux (1912); subsequently K. Rast (L922) described

a method for the determination of molecular weights using small amounts

only of sr:bstances soluble in molten camphor. A few milligrams of the

ercperimental material were mixed with about ten times their weight of

camphor and the whole mass melted; after re-solidification, the mixture

waS finely ground and a quantity transferred to a capillary tube such

as lras commonly used for the determination of melting points. The tr:be

was then attached to an ordinary thermometer and the temperature raised

in the usual mannerr €.9., in a small sulfuric acid or paraffin bath,

The point at which the last traces of camphoi were completeLy melted

was recorded as the meltLng temperature of the solution, for this was
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the point at which the liquid eolution lraa ln equillbrlun wlth a emal1

amount of solid solvent.

The depression of the melting point from that of pure camphor,

measured in the same manner, rrras of the order of Loo or more, and so

could be read with suffLcient accuracy on a thermometer graduated

in units of one degree

This was the method picked to be the nrost convenient and to have

the least number of limitations for this proJect. It was adopted with

slight modifications, (p, 16 ) and used for aII rnolecular welght

determinatione.
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ElastJ.city:

Lamb (13) and Miller (15) used a rotational coniqylLndrical

viscometer to measure stress reLaxation at a constant etraLn for
paving-grade asphalts. The equipment was desigmed and built by

Buechley (3).

Lamb (13) stated that the essential feature of the conic!,lin-

drical viscometer was that the conical ends were designed such that

the mean stress and shear rate in the conrlcar sectlons vrere equal

to those in the cyJ.indricar section. The eff,estive mean radius of

the cylindrical section is defined:

- lza2uzl tzr.=l 2 2l- (r)
\a-+b- /

r = mean radius of annulus (crn)
m

a = radius of stator (cm)

b = radius of rotor (qn)

when the radii of the rotor and stator are specified and the half-

angle of the rotor cone is fixed at 9oo, the angurar separation of

the stator and rotor may be determined by trial-and-error from the

relationship:

6 = f cos 6/2 + t3 cos 6,/2 (3rl8 cos2 6/2 - \)
6 = angrular separation (radians)

f = (a2-a2l/(a2+a2)

The half-angle of the stator cone is:

12)

0 =r/2-6 (3)



i

15

0 - angle of gtator cone (radiang)

n = pi (3.14159)

The strain imparted to the sample by rotatlon of the rotor ie:

Eo - \/f

eo= sampJ.e straLn (radians)

Y = angular displacement of notor (radians)

ttre mean strees ts:

Fl= (s)
2nt

m
It + zr^l/(3hocos 6,/2)

T'= torgue (dlzne-crrr)

ho = h, + 2 
[. 

.". g- r. cor te + OZzf]

h, = length of inner cylinder (crn)

Ttre stress relaxatLon modulus is obtained by divlding Equation (5)

by Equation (4)

Gr
FI
e
o It + zr^l/(3ho cos 6/2)

g.

Y
(6)

2rr
m

G" - stress relaxation modulus (dynesrZcnr2)

G, La a function of time when T is used as a function of time.

l

(4)
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DTSCUSSION OF ANALYTICAT THEORY

Molecular lfelght

Three methods of molecular weight determlnation were Lnvestigated

before a suitable method was selected.

The first method was the ebullioscopic or botltng point elevation

method (9). The prLnciple behind this procedure was that a def,inite

welght, w2, of soLute, whose molecular weight lras to be found, wae

dissolved in a known weight, wrr of sornent and the erevation of
boiling poJ.nt, AT"r was measured; since the molecurar elevation

constant, Ke, could be obtalned frmr proper standard tabres, M2,

the rnolecular weight of the sorute courd be carculated by:

M2=K.#} (z:

" 
*1 (7)

It was found that this method was very sensLtirre to the amount

of solute. The technique required a rerativery large sample of
sorute to produce an appreciabre boiring point elevation. Ttre

small amounts of the asphalt fractions available were not rarge

enough to use ln the determination.

The second method considered involved an ultracentrifuge

technLquer based upon the sedimentation equilibrirm principre (23).

The method made use of the following equation:

2RT

(1-;p )rd2

fr
w

/dlnc \
l, ""f/

where i.- - weight arrerage nplecular weight of solute forw

(8)
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polydisperse solute.

R = gas constant (8.313 x IO7 etga/degtee mole)

T = absolute temperature, oK

fr = partial specific volume, ssrlg-mole

0 - density of solutionrgrams/cc

o = angular velocityrradians,/sec

c = concentration, grlcc

x = distance fron a:cis of rotation, crn

Equation 8 is the kinetLc description of sedimentation equilibrium

and treats equilibriur as a state in which transport in a centrifugal

direction is cornpretery counterbalanced by transport in a centri-
petal dLrection (21.

Thls technique was investigated using the Beckmann Mode1 E

urtracentrifuge located in the virology Laboratory of the college

of Agriculture, and Home Economics at the university of Arkansaa. rt
was found to be rmst appricabre to high rprecular weight materials

in the range of 201000 and above. Since the heaviest asphalt

fraction, HX, was only in the 2rOOO-3r000 range, the technique was

not applicable.

The third method, and the method subsequently used, was the melting

or freezing point depression method.

Since a non-vo1atile solute lowers the vapor pressure of a

solution, it foLlowed that the freezing point of the sorution was

lower than that of the pure solvent. The fact that a dissolved

substance depressed the freezing point of water had been known for
many years, and in 1771 R. watson observed that the time taken for



a salt sorution to freeze, and hence presumably the lonering of the

freezing point, was proportionar to its concentratLon. The sane

general conclusion was reached by C. Blagden (17gg) and hence the

proportional-ity between the Lonering of the freezlng point and the

concentration of the solution has been carled Blagdenrs Law (9).

The equation used to determine weight-average molecular weight is
as follows:

18

(e)Mz =l(
1000 w,

f Ar, ,r.

Thls is identicaL to the boiling point elevation equation (g)

with the exception of K, instead of K.. Kf can also be found in
standard tables and freezing points can be determined with great

accuracy. Arsor this method is not as sensitive to the amount of
solute as is the ebullioscopic method.

It has been noted by MaJors and Couper (14) that the value

of the molecular weight of a fraction determined by a given molecular

weight technique cannot be compared absolutely with the numerical

varue obtained by another moLecular weight technique (see page

1r) .

The moLecular weights for:nd by the various methods nay be either
weight-average or nunber-average .

The\weight-average nplecular weight is defined:
n

fr
w

Mro = weLght-average molecular weight

I ,,.r.'
l-11-
i=1

n. M.
I1

n

:
i=I

(10)
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n. = nlmber of molecules of molecular weLghtl-

The number-average nolecular weight is defined:

Ml

n

r,.r.I-.LL
i=1

n (11)

i=1

\ = number-average molecular weight

Other terms are the s€rme as for Equation IO.

fr, ana 4o ., differ by severar orders of magnitude depending

upon the relative nr.mbers and sizes of the individual chemical

species involved in the polydisperse (non-uniform particle size)

system (23).

Elasticity:

Lamb (r3) states that numerous techniques and mathematical

relationships have been deveroped to measure or characterize the

rheological behavior of materials which exhibit both elasticity and

fLow. These materials are said to be viscoelastic since they can be

regarded neither as idear elastic solids nor as viscous liquids,
but instead partake somewhat the character of both.

rn the section of his dissertation entitled ,,General visco-

eLastic Theoryr,, Lamlf, (13) states that two tlpes of viscoe}astic

testing are encountered, static and dynamic. The former consists

of a test inrrolvlng the transient response to stress or strain;
the ratter is a sinusoidar or vibrational tlpe of test. specific

\
n,

1:

2
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test applications determing which ls preferable. Materials which have

a high resistance to flow are especlally amenable to the static test

known as stress relaxation (24).

rn this technique, the samp].e is instantaneousry deformed to a

certain strain, and the decrease, or relaxation of the stress with

time is observed. The curve of stress as a function of time constitutes

the stress relaxation.

The ratio of time dependent stress to strain is denoted by G.(t)

for shear. This ratio for elastic solids is known as young's Modulus.

A convenient method of presenting stress relaxation data is to prot

the logarithm of the relaxation modulus (Gr) as a function of the logarithm

of tlme r:ntil relaxation approaches an as]'mptote (1S).
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THEORETICAL DISCUSSION

A regression anaLysis technique was used to relate the various

physical properties to the chemical composition of the asphalt samples.

curve fitting is another n.rme for regressLon. rt ls a technique

for deriving a formula or equation baEed on a rarge arnount of data

for severaJ. variables. rt glves a simple equation for one of the

quantities in terms of the others. The final equation brLngs out

relationships, summarLzes the data, and nay be used to predLct new or
future situations.

The variabtlity in data is generarly accounted for by errors in
measuring instruments, inherent randomness of human action, oversimple

formuLas that leave out many smaller interacting variables, and gross

mistakes. Regression accounts for the variation in the derrelopment

of the regression equatJ.on.

The regression analysis used to relate the physicaL properties of
the asphalts to the chemical propertLes involves the method of "least
squaresr" which resembles polynomiar interpolation. The Least

square or regression curve approximates a given set of data points so

that the sum of the squares of the distances from the individual data

points along the ordinate to the curve is a minimum (Ig).

For example:

To find the least sguares approxirnation for the function,

F(x) 'o + Bx, it ie required to determine the values of aand B which

minimi:e the sum of the squared ordLnate-devlations between observed and
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estimated values. To do this, the sum of the squared differences

between observed and theoretical values is,

I

n l

l

s(o,B) =
2 (12)

i=1

s(a,B) is a function of a and B; consequently, if it is to be minimized,

it is required that,

,Es (13)=Q
AB

The required estimates for the constants will be for:nd by equating,

L=1

and

AB : x. (v. -a-Bx.]. -L a
Es -2

i=l

to zero.

Simplification of Equation L5 gives,

sr
L (Y, -cr - Bxi)

0s
Ea

=-2 : (vi - o- Bri)

:

Es
ao

n

(14)

(rs)

(16)

n

n

:
i=1

:

n

v =na+b x.
1I

i=1

:

nn

x. v.
t-- t-

2x.
I

n

:
i=I

x, +b
1

I

I

i=1 i=1

(17)
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These equations give a line f(x) = a + bx which is the 1eaet

squares estimate for the original F(x) = a + Bx. (19)

ThLs same technique can be used with quadratic and higher-degree

equations, but involves more complexity in the regression analysi.s.

Due to this complexity, a Linear fit was attempted in this determination.

The regression analysis used in this study was in the form of a com-

puter program available from rBM. A step-wise regression anarysis of
9999 sets of observations of, one dependent variable and of 57 explana-

tory (independent) variables gave an output of means, standard

deviations, simpre correLation coefficients, and step-wise results.

step-wise results consisted of the standard error of estimate,

the multiple correration coefficient, F, constant tem, and regression

coefficients.

The program offered the following advantages:

1. The step-wise method of computation was employed, which was

more Powerful than standard computational methods as a means

of unmasking underlying relationships between variabres.

2. original data couLd be transformed in nine different ways.

Algebraic transformations of original data hive sometimes been

found usefur in cases where non-linear reLationships exist.
3. simple correration coefficients were printed for every pair

of variables.

4. Residuals (difference between actual value of dependent variabLe

and its regression equation estl.nate) cruld be printed for
each observation.
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The following are explanations of the quantities provided by the

regression analysis.

A. Standard Deviation, s:

The degree to which numerical data tend to spread about

an average value is called the variation or disperson of the

data.

The standard deviation of a set of N numbers xI, x2,

. \ i" denoted by s and is defined by

(xj
2ir

n

:
-1

N

B

I = mean of x, rs
J

Thus s is the root mean square of the deviations from the mean

or, as it is sometimes caIled, the root mean square deviation (19).

The square of the standard deviation is called the variance

and is denoted by 
=2

Simple Correlation Coefficients :

The quantity p____ is a rneasure of the association between'xy

the random variables x and y. It can be shown that -1 . Or.y. 1.

Eor example, if o*, =r, x and y are"perfectly"positively

correlated and the possible values of x and y all lie on a

straight line with positive slope in the (x,y) p1ane. If

I = O, the variables are said to be uncorrelated, that is,
:(y

unassociated with each other. This does not mean that x and y

are statistically independent, aB most elementary textbooks
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emphasize. If p*y = -1, x and y are perfectly necatively

correlated and the possibre values of x and y again arl lie
on a straight line, with negative slope, in the (xry) plane

(8),

covariance (xry)
0*y {v (x) v (v) } t (1e)

where if f(xry) is the continuous Jolnt probability distributLon

of x and y,

covar (x,y) =

and
a

v(y) =

where
@

ty-n (y) )2 t (x,y) dydx

[-_ [_

@ 

{y-r(y)}{x-n(x)} f(x,y) dxdy (20)

@@

E(y) = yf (x, y) dydx (22)

Standard Error of Estimate, S:

The residual mean sqrare , 52, is an estimate of €.y2,
the variance about the regression. Before and after adding a

variable to the model, we can check

residual mean square (23)

Examination of this statistic indicates that the smaller

it is, the better, i.e., the npre precise will be the predictions.

since s can be made zeno by incruding enough parameters in the

model -- just as R2 can be made unity -- this criterion must

aLso be used cautiously. Reduction of S is desirable where

@@

c

(2r)

I

Y
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D

tr ossible (8) .

l{ultip1e Correlation Coefficient, R :

n

: [i*,
1=I

[;,.,-0,] [;'lv,-i,

2_ --l- x) tv, - v]l
2

R t24t

E

*i,yi = quantities related by regression

;,I = average of xr,Yi

*2 i" a measure of the goodness-of-fit in regression work.

,f *2 = 0.78, then 78t of the variation of y about its average

is e><plained or determined by the regression in terms of xr,

x2'x3 *2 i" also calIed the coefficient of determination.

The square root, R, is known as the multlple correlation

coefficient (4).

Goodness-of-Fit, F:

To find the distribution of the ratio of the variances

of two independent random samples, the F-test is used. This

test determines whether two saurples c.ome fron populations having

eqgal variances. If they do, the two sanple variances should be

nearly the sane; that is, their ratLo ehould be close to I.0.

To determine the F distrlbutLon, the followlng formula is used:

I

I

I

I

f-i

2
s_Ir=t (2s)
,2

= rrariances of independent random samples of sizesI ,s 2
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nl and n2, reapectlnely, taken fron tno normal

lrcpuLations having the eame variance

The F distribution has two parametera, ,I/ the degrees of
freedom for the sample variance in the numeratorr and vr, the

degrees of freedom for the sarnple variance in the denominator

(17) .

n -1 (26'.)I

As reported ln the regression analysis, the Goodness-of-

Fit term is given as the F value of the ratio of mean square

attributable to independent variables over residual mean square.

The output from the program gines an equation of the form:

Y = a * bI*l + b2x2+ . . . * b.*r, (281

where y is the dependent variable such as absorute viscosity,
penetration, ductility, etc. r a is the regression constant term,

b. the regression coefficients, and x' the independent variables

which are conpositions or mol-ecurar weights. (see Appendix

rrr. )

Therefore, the chemicar properties of asphalt wourd have

an effect on the empiricar physical and rheological properties

of asphalt. The technique of regreasion analysis was found to be

a convenient method of correlating the ctremlcal variabres with

the physical properties.

v I

'2=t2-1
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The two primary chemicaL characterizations employed were

the composition of the samples and the molecular weight of the

component chemical fractions. An attempt was made to use

regression analysis to determine what effect the relative

amounts of the chemical composition fractions had on the pro-

perties such as absolute viscosity, ductilLty, and penetration.

Likewise, the regression analysis was used to determine the

effect of the molecular weight of the cmrposition fractions on

the physical properties mentioned above.
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pEscRrPTrON OF EQUTPMENT

The equipment used in this study for the fractLonation of asphalt
samples was identical to that used by MaJors (I4). The method involved
three maJor steps: sorid-riquid extraction, chromatographic separation,
and evaporation,

Extraction of the asphalt samples was carried out using a 250_m1

Errenmeyer frask with a 24/40 ground grass fittlng, a 4o-mnr x 300_mm

sohxret extractor with ground grass fittinge, and a 7oo-mr Liebig
condenser, (Fig. 1 ). Heating of the flask was accomplished by means

of a 140-watt Glas-cor heating mantle with polrer being srqpried by a
Staco lo-ampere variable autotransformer, tlpe 2pr IOlo. cooling !f,ater

for the condenser was obtained from the city tilatef- supply.

The chromatographic separation of the maltenes, yras accomprished

in three water-jacketed glass colunns. The columns were 4g inches

long fitted with a jacket length of 49 inches. The Lnnerr packed

tubes were of 15-nun oD glass tubing with a t 24/40 female Joint at the
top, and drawn to a 5-nun rD tip at the bottom. Rubber stoppers were

used at top and bottom to seParate the tr:bes and maintain concentricity.
Temperature control of the columns was maintained at 45 t 1.ooc

and at 65 t l.ooc uy circurating water from a lOoo-watt precision

Scientific constant temperature bath, #1,_5, capable of maintaining
ternperature of r00 + loc, by means of a L/3-horsepower centrifugar p,mp.

solvent was adnltted to the colurn frqr a 2so-nl separatory fgnnel
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fitted into the top at the column by a C 24/40 male ground glass

fitting. Fractions were coLlected in 400 mI beakers or 250 mI Erlenmeyer

fl-asks, depending upon the preference of, the operator, (fig. 2\

The fractions were evaporated to drlmess in lOO-mI porcelain

evaporating dishes on a steam table located inside a fume hood. In

some cases, it rdas necessary to employ an oven to completely dry the

fractions.

Two ovens were used. One, a lilcdel B electrically-heated oven

from W.H. Cr:rtin and Company at 27O ! IOoF was used to melt samples,

dry some fractions, and to activate the Porocel adsorbent. The other,

a BIue M Electric Company l,todel M 15A electrically-heated oven with

integral thermocouple capable of maintaining a temperature frqn 66-

l09Oor was used for activating the Porocel at 7OOof.

Weights of sanples and fractions were determined by using a

Sartorius Balance, with a range of 0.0000 to 199.9999 grams.

Other miscellaneous pieces of equipment which were employed were:

two 75-mm glass funnels fitted with male S 24/40 ground glass joints

for packing the colunns, funnels, several IOO-mm watch glasses for

beaker and evaporating dish Lidsr 6nd 2-dram bottles with screw closure

lids for storing the fractions.

The extraction and chromatographic equipment along with the

water manifolds and transformers \rere mounted on an aluminum rod frane-

work attached to the laboratory wall for conrrcnLence and ease of operatlon.
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The equiprnent employed for molecular weight determinatlon consisted

of a 3-liter glass vessel containing approxLmately 2.5 llters of mlneral

oil, stirred by an air-operated Precision Scientific Aero-Mix agitator

to maintain uniform temperature, and heated by a 335-watt Glass-col

heating mantle controlled by the same transformer as listed above. The

vessel contained a sheet metal rack fabricated to hold six glass capillary
sample tubes. A piece of flat glass rilas mounted in the vessel waLl in
front of the sample tubes to minimize optical dletortion when visually
determining the sample melting points (Figr:re 6).

other miscellaneous equipment used was a 400or thermometer for
measuring the temperature of the mineral oil, a ring stand and clamps to
support the apparatus, and melting bottles to dissolve the fractions

in the camphor. The apparatus was nounted in the fune hood for convenience

of operation and safety.

Erasticity measurement equipment was identLcal to that used by

Lamb (13) and Miller (15) and consisted of four maJor parts: A coni-

cyrindrical viscometer (Figure 'l), a constant temperature bath (Figure

8), a torque sensing device, and a recorder. The viscometer was attached

to the bath at the bottom and to a torgue-senslng strain gauge at the top.

The temperature control system, shown in Figure g, was visually
monotored continuously by means of a Hewlett-packard !{odel #2gooA

digital readout quartz thermometer.
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ASPHALTS USED IN THTS STUDY

The asphalt samples which were investigated ln this study were

provided by the Arkansas Highway Department. The sampres were taken

from eleven paving projects located in nine Arkansas counties on five

state and five federal highways, Fi9. 3. The sample numberis were

assigned by the Arkansas Highway Department and are designations for

single construction contracts for the different paving proJects.

The Filow Diagram of Sanrpllng Operationsl FIg. 4, shows the

aequence followed for each sample taken on each Job.

Samples were as follows:

Sarple A - sample was removed from the asphalt storage tank

at the plant.

Sanple B - sample was taken from the truch bed at the hot-mix

p1ant.

Sarple C - sample lras removed from the pavement three to six

months after placement.

sartple DL- sample was part of B sample which was pJ.aced in a

plastic bag and stored under water in the laboratory.

Sanple DM- sample was part of B sanrpLe whlch was prepared for

l{arshall testingr (1), and stored under the same

conditions as DL

Sample E - sample was remo\fied frmr pavernent 21 to 42 rronths after

placement

Sanqrle F - sanrple rernoved .fron paveneat appro:timately 55-6O monthe

' after Placenent.
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sampre G - sample removed from pavement approxJ.mately 72-7g months

after placement.

Details of these samples and similar procedures are to be found ln a

report prepared by iI.R. Bissett (2).

I
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SAI4PLE A (taken fron storage tanks at plant)

MIXING

(sarnple divided)
(taken from trlck bed at plant)

PLACING, ROLIJNG TAI\ID CURTNG

35

(cut from pavement
3 to 6 months after
placement)

E
(cut from pavement
2l-42 months after

STORAGE IN
I,ABORATORY

SAMPLE D
(removed from storage in
Iaboratory at the same time that
the E samples are taken)

SAMPLE F
(cut from pavement
55-60 months after
placement)

SAII,IPLE G
I

- (cut from pavement
72-78 months after
placement)

l

I

FIGURE 4. FIOVT DIAGRJAI{ OF SAIIIPLING OPERATIONS
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OPERATING PROCEDURE

Solvent Extraction and Chromatography:

Extraction of the asphalt to separate the soluble maltenes from the

insoluble asphaltenes \.ras carried out in essentially the sarne manner as

that used by Corbett and Swarbrick (G) which was modified by Tucker

and Schweyer (23) and subsequently used by Jones (lZy.

The procedure is as follows:

1. weigh 1.0o t 0.059 of the asphalt to be anaryzed into the

refrux frask, add 75 ml of n-hexane per gram of asphart, and

reflux for one hour. (Figure l. )

2. Filter the contents of the refrux flask through a whatman

No. 42 filter paper. Collect filtrate in a 4OO-ml beaker. !{ash

precipitate with 100 t 25 mI of n-hexane.

3. Return the precipitate to reflux flask, add 5o mr of n-hexane,

and refrux for 30 minutes. Again filter hexane solution, and

combine the two filtrates.

4. Extract the hexane insolubles from the filter paper with benzene

until the filter paper is cIean. Evaporate the benzene, weigh

the residue and report the weight as asphaltenes. (HX)

5- Prepare the chromatographic column by packing the inner tube

to a height of 36 inches with 20-60 mesh Porocel which has been

previously dried in an oven at 700 t 5 of for three hours.

(rigtrre 2). Packing is accompLished by tapping the column with

a rubber hansner until no furtber settlenpnt occurs. Care must

be talcen to avoid exposure of adsorbent to moisture.



AsphaltExtraction with n,

2OO mI n-heptane

3OO mI benzene

200 ml n-butanol

200 mI benzene

2OO mI MIBK

maI s
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Hexa-Asphaltenes ,

ParaffLns+Naphthene, PN

tight Aromatics, IA

lst hearryr aromatics, HAl

2 nd heatry aromatics, W 
2

Residue, MIBK

Unrecovered
portions
of the
sample

FIGURE 5 . STAIiIDARD ASPH.AIT FRAqTIONATION SCHEX'{E

Porocel
45oc

Poroce
4soc

Porocel
65oc

Porocel
65oc

PoroceL
65oc
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TUBE RACK

HEATING MANTLE

T.IGURE 6. MOLECUIAR !{EIGHT APPARATUS
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6. The hexane solution is evaporated to dryneas. The residue is

then redissolved in 25 ml of n-heptane and added to the column.

The temperature of the column is controlled at.450 t I oC by annular

water flow., The first fraction is. eluted from the column with four 50-mI

portions of n-heptane. The effluent is collected in 4OO-m1

beakers. Solvent is evaporated from the solution, and the sohrent-

free residue is designated the paraffLns plus naphthene

(rtl1 fraction.

7. The coLr.unn is then eluted with six 50-mI portLons of benzene.

AII benzene elutions are combined and then evaporated and dried

to give a solvent-free fraction which ls desigmated the light

aromatic (tA) fraction.

8. Next the column is heated to 65t1oC wlth the circulating water,

and eluted with four SO-nrI portions of n-butanol, The solvent

is then evaporated, and the residual material ls designated

the first heavl aromatic (HAI) fraction.

9. The second hearry aromatic (HA2) fraction is eluted frqn the

column by four So-:nl portions of benzene.

10. FLnally, the remaining residue Ls washdd from the column with

four 5O-m1 portions of methyl-isobutyl ketone and is designated

the MIBK fraction.

lloIecular Weight:

The procedure for determining the molecular relghts of the asphalt

fractions lras essential.ly Rastrs Micro Method. (9)

The procedure is as follows:
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1l weigh sample bottre and lid separatery and record. Add r-3
gr.rms asphalt fraction and record weJ.ght. Add 2-3 times this
weight of USp Grade camphor.

2. Place lid on'bottre and heat bottle in heating mantle to
riquify contents. During heating some camphor vaporizes and

crystallizes on lid, but asphalt fractLon does not vaporize appreciably.
3. coor bottre in air stream. This perrnlts rapld cooring but

prevents bottle from cracking.

4. Remove tid, weigh; determine weight of recrystallized camphor,

subtract from camphor weight in solution. Determine new

camphor-asphart ratio from new weight of camphor in solution,
5. Remove solid sorution from weighing bottle, grind in a porcelain

rnortar sufficientJ-y fine to prace in capilrary tubes. Tap

crystars loosely into tube, and, heat seal ends of t,be.
6. Heat oil bath to approximateJ.y 20oor. Merting points shourd

be in the range of 250-35Oor.

7- FoLlow solution preparation procedurer.steps l-6, for each of the

six asphalt fractions, place the sealed capillary tubes in
holder and place holder in oil bath.

8. Regulate transformer to give about one to tr.lo degrees rise in oil
temperature per minute. observe capilrary tubes through

magnifying glass and note temperature at which each set of
crystars begins to deform. This temperature rilas recorded

as the melting (or freezing) point of, the solution.
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To determine the accuracy of Equation 9, it was declded to test

three substances of known molecular weight. The rnaterials selected

were of high molecular weight, corresponding to the expected molecular

weight range of the asphalt fractions. The comPounds were!

Name Formula Molecu1ar Weight

Benzil (Dibenzoyl) (c6H5.co)2 210.22

Diphenyl Mercury (c6H5)21i, 354.81

Glyceryl Tristearate (C,Z"gSCOZ)SCSHS 89I.45
(Tristearin)

Three determinations for each compound were made and the results

obtained for each were within 4t of the tabulated molecular weight.

(See Table 7)

Erom the above results, it was e:<pected that the procedure would

give consistent results within the same range of accuracy for the

asphalt fractions.

Elasticity:

Elasticity determinations were made in the same apparatus developed

by Buechley (3) and subsequently used by Miller (15) and Lamb (I3).

The procedure was as follows:

1. Preparation of the samples consisted of, heating the large

storage can, in which the samples lrere received, in a 25Oor

oven until they became fluid. The samples were then stirred

to insure uniformity of material and poured into 3-oz. cans for

Iater use. Small cans wetre stored at room temperature for several

days to minimize the eff,ects of treatlng before further testing.

(NOfe: The samptes were not stored wrder a helium or nitrogen
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environment, since this procedure would complicate the testing and any

errors induced are believed to be w:i.thln the range of experl.mental error.)
2. A 3-oz. sample was heated 45 minutes in the 2zooP oven so that

it was fluid enough for pouring.

3. The rotor and stator (Figrure 7) were placed in the alignment

fixture and heated with the sampre for the rast 15 minutes.

4. viscometer and sample rdere remoned from the oven and the

morten asphart was poured into the annurus. The stator waa

rotated slightry to insure complete filring. The rid was

pressed into place and secured with machine screws and the

apparatus was set aside to cool.

5. The amplifier and recorder were turned on at reast one hour

before a test to alrow the circuit to stabirize prior to
calibration.

6. Thirty minutes after the initrar viscometer filring, the

apparatus was positioned on Lts stand in the bath and thirty
minutes more was arrowed to reach thermar equitibriun wlth
the bath. (Figure g)

7. The stator shaft was rigidry attached to the torque-sensor

by means of the metar sree,e. slack was removed from the

system by lightly puLring the bath handle until movement was

observed on the amplifier needl,e.

8. The initial bath displacement scale readLng was noted and a

strain was imparted to the sanple by quickly rotating the

bath and latching the handle in place at a predeternrined

position. The exact strain rotatLon was determined as the

difference between the flnal and inltiar readLngs on the
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arbitrary scale on the outside of the bath.

9, As the stress relaxed during a determination, the amplifier

range-selector switch was successi.vely changed to xI.0,

X0.5, and X0.1 to increase the sensitivity of the recorded

curve. Also, as the rate of relaxation decreased, chart speed

was reduced from 25mm,/sec to Snun/sec and ultimately to

Irmr/sec. fhis was due to the fact that the recorder needle

dlsplacement became smaller with time and by changing the

chart speed, less chart paPer was consumed.

10. The stress relaxation determination was terminated when the

amplitude of the recorder trace became so small that the

effects of noise and observation errors were sigmificant. The

time required was on the order of 45 minutes.

In al1 determinations except elasticity, three replicate samples

were used. The three individual results hrere comPared to determine

if there were significant variations needing further trials for

explanation.
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PRESENTATTON OF RESULTS

The final, calculated results only are presented in this report.

The intermediate calculations, plots, and the original e:<perimental data

are recorded in bound Laboratory notebooks and loose leaf binders in
the chemical Engineering Department of the university of Arkansas.

A generalized representation of G, as a function of time is shown

(Figure I0) since thirty-three separate plots were prepared during the

course of this work and would be too cumbersome to include in the body

of this report For the same reason, the plots of Absolute Viscosity

as a function of sample Age, Ductirity as a function of sample Age, and

Penetration as a function of Sample Age are only shown in generalized

form (Figures 11, L2, 13).

The equations resulting from the regression analysis are presented

in Tabres l, 2, 3, 4, 5, and 6 atong with standard deviations, standard

errors of estimate, and multiple corre}ation coefficients. Since 1L4

equations were derived with rnultiple correlation coefficients (MCC)

ofo.75 or higher, it was necessary to reduce this nr:mber somewhat so that
the tables would not be cumbersome. For this reason, only those equations

having a O.9oor higher MCC are presented.

The results obtained Ln the determination of accuracy of the freezing-
point depression method of molecular welght determination are presented

in Table 7.

The distributions of composition fractions and their molecuLar weights

as functions of sample age are shown in Figrures 14 through 33.
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TABLE T

REGRESSION EQUATIONS

VISCOSITY AS A FUNCTION OF COII{POSITION

(COMPOSITION EXPRESSED IN PERCEMAGE)

C Samples, 27Oo?

U =-3.61 + 4L2.9L PN - 95I.78 LA + 2048.20 HAI

s: VARl=0.0L1

S: 2779.3

MCC: 0.955

VAR2=0.001 VAR3=O.OOI

C Samples, TOOoF

| = 7223 - 521.1 PN + L7L2.7 *t - 59906 HA2

s: VAR I = 0.001 VAR 3 = 0.001 VAR 4 = 0.00I

S: 1679.1

MCC: 0.984

DM Samples, ZTOoS

y =-7867L + 487.5 PN + 1899.6 LA + 9404.1 *Z

s: VAR 1 = 0.00I VAR 2 = 0.001 VAR 4 = 0.001

S: 3276.L

MCC: 0.986

DM Samples, TOOoF

u = 158146 - 7705.8 PN + 2490.4 LA - 4459.6 IIX

s: \IAR I = 0.001 VAR 2 = 0.001 VAR 5 = 0.011

S:4394.2

MCC: O.976

I

I

I

I

I

I

I

I

I

)
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TABLE I (Cont.d)

E Samples, 27OoF

u = 983'5 - 609.4 PN - 13.19 ra - 890.7 *t - 1617.0 Bz + 2647.0 Hx

s: vAR I = 0-0ol vAR 2 = 0.00r vAR 3 = 0.00r vAR4 = o.oOt

VAR 5 = 0.001

S: 5097.3

MCC: 0.961

E Samples, TOOor

u = 488699 - 3344.8 PN - 6893.2 LA - 5113.0 - 4917.5 - 2522.8 IIXBt Bz

s: VARI=0.00I

vAR 5 = 0.011

S:' 5876.5

MCC: O.947

VAR 2 = 0.001 VAR 3 = O.O0l vAR 4 = 0.OOI
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TABLE 2

REGRESSTON E9UATTONS

VISCOSITY AS A FT'NCTION OF

MOLECUI.AR WEIGHT FRACTIONS

(COMPOSITION TERUS EXPRESSED IN MOI,ECT'IAR VTEIGTIT OF EACH FRACTION)

C Samples, 3OOoF

p = +51061 + 69.0 LA - 69.5 HAI - 10.1 HX

s: VAR2=0.08I

S: 1199.0

VAR 3 = 0.101 \IAR 5 = 0.511

MCC: O.992

C Samples, TOOoF

lr =:15529 + 224.0 PN - 26.5 LA - 7.8 HX

s: \lAR I = 0.021 VAR 2 = 0.081 VAR 5 = 0.481

S: 1893.3

MCC: O.979

l
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TABLE 3

REGRESSTON EQUATIONS

DUCTILITY AS A FUNCTION OF COMPOSITION

(COMPOSITION EXPRESSED IN PERCENTAGES)

B samples, 27OoE, 3g.2/l

Ducr = 4O.7 - 0.36 PN - 0.52 LA - O.37 BAI + O.l7 HAZ - O.22 HX

s: VAR 1 = 0.061 VAR 2 = 0.041 VAR 3 = 0.021 VAR 4 = 0.011

S: 0.493

MCC: 0.928

VAR 5 - 0.031

l

DL Samples, z7}ot, 45/L

Duct = -16.0 + 0.2pN + o.3r,A + 0.1HA1 + o.3HA2 + 0.2H(

s! vAR 1 = 3.211 vAR 2 = 3.401 vAR 3 = 3.951 vAR 4 = I.451 vAR 5 = 3.161

S: O .233

MCC: 0.980

DL Samples, 7OOoF, 45,/1

Drct = 1.8 - 0.2pN + o.ILA + 0.I B2 * 0.1p(

s: VAR I - 3.111 VAR 2 = 2.2OL VAR 4 = 1.291

S: O.273

MCC: 0.973

VAR 5 = 4.64L
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TABLE 3 (Cont,d)

DM samples, 270or,45/5

Duct = -22.5 + 0.5PN + 0.4HA1 + O.4f,IX

s: VAR 1 = 1.801 \IAR 3 = 4.47L VAR 5 = 3.571

S: 0.409

MCC: 0.948

DM Sample s, 2'7}ot, 451L

Duct = 2.4 - O.2PN + 0.2LA - 0.1HA2

si VAR I = 1.80I VAR 2 = 2.86L VAR 4 = 1.58I

S: 0.251

MCC: 0.957

DM Samples, 7OOof, 6075

Duct = 5.6 + 0.5PN - 0.LHA1 - 0.2Hx

s: \IAR I = 3.47L VAR 3 = 4.67L

S: 0.195

l{CC: 0.999

DM Samples, 7OOor, 4515

Duct = -6.8 + 0.2PN + 0.28A1 + O.IHX

s: \rARL=3.471

S: - .246

MCC: O.982

\IAR 3 = 4.67L VAR 5 = 5.081

VAR 5 = 5.081

i

I

-i
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TABLE 3 (Contrd)

E Samplee , 2?OoF, 77/5

4HA1 +2.LHA2-2.4HX

s: VAR 1 = 3.29L \rAR 2 = 3.74I

S: 7.468

MCC: 0.945

VAR 3 = 3.011 VAR 4 = 1,091 VAR 5 = 3.73L

E Samples , 7OOot, 7715

Drct = 491.5 + 4.7pN + 7.1LA + 5.gHA1 + 5.5HA2 + 2.9HX

s: \aR I = 3.281 vAR 2 = 3.171 vAR 3 = 4.16r vAR 4 = 2.091 vAR 5 = 6.rg1

S: 7 .544

MCC: O.944

Duct = 5O.L + O.3pN - 0.3LA + 1.

E samples, 7OOor, AS/s

Drct = L.2 - 0.1pN + 0.2LA - 0.4HA2

s: \rAR 1 = 3.541 VAR 2 - 2.841

S: 0.543

MCC: 0.956

VAR 4 = 1.781

VAR 3 = 3.991 VAR 4 = 1.971 VAR S = 5.781

E samples, 7OOor, AS/L

Duct = I0.O - 0.2PN - 0.1I"A - 0.LHAI - O.3HA2 - O.IHX

s: VAR 1 = 3.571 VAR 2 = 3.01I

S: 0.313

MCC: 0.978
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TABLE 4

REGRESSTON E9UATTONS

DUCTILITY AS A PT'NCTION OF MOI,ECUI,AR VIEIGHT FRACTION

(CO!,IPOSITION TERMSI EXPRESSED IN II{OI.ECUf,AR VIEIGHT OF EACH FRACTION)

A Samples, 3OOoE, 60/5

Duct= 15.7I + O.OSPN -O.O3LA+O.O3EA. - O.O2HA^ + O.OO3HXL2
s! VAR I = 67.62L VAR 2 - 105.781 VAR 3 = 90.341 \IAR 4 = 138.881

vAR 5 = L172.841

S: 6.472

MCC: 0.902

DM Samples, 3OOoF, 77/5

Duct = 648.6 + O.spN + 0.4HA1 + 0.4HA2

s: VAR I = 58.?7L \rAR 3 - 91.87L VAR 4 = 95.331

S: 26.70s

MCC: 0.902

DM Samples, 3OOoF, 60/5

Duct = -52.5 + O.05PN + O.04HA2 + 0.003HX

s: VAR 1 = 58.77L VAR 4 = 95.331 VAR 5 = 945.26L

S: 1.306

tlCC: O.922

DM Samples, 3OOoF, 45/5

Duct = 358.2 + 0.7LA + 0.7HAl - 1.4HA2

ss VAR2=80.441

S: 10"681

MCC: 0.985

VAR 3 = 54.24L \rAR 4 = 43.501



TABLE 4 (Cont'd)

DM Samp1es, 3OOoF, 45/l

Duct = -0.04 + 0.003pN + O.OO3LA + O.OOIIIA'

s: VAR I = 58.77I VAR 2 = 95.54I VAR 3 = 9I.8ZI

S: O.254

MCC: 0.956

DM samples, 7OOor, 77/5

Duct = 358.2 + 0.7LA + 0.7HAI - 1.4HA2

s: VAR 2 = 80.441 \nR 3 = 54.24L VAR 4 = 43.501

S: 10.581

MCC: 0.985

DM Samples, ZOOoF, AS/s

D.rct = 9.7 - 0.02pN - O.OIHA' + O.OO9HA2

s: VAR 1 = 36.871 r{AR 3 - S4.Z4t VAR 4 - 43.50I

S: 0.133

MCC: 0.995

E samples, 3OooF, ?7/s

Drct = -8.8 - O.3pN + O.LLA + O. o3HAl

59

- o.o2t1A2 + 0.o3HX

VAR 3 - 104.651 VAR 4 = 90.611ss VAR I = 47.051 VAR 2 - gl.g71

\rAR 5 = 579.161

S: L0.138

MCC: 0.918
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TABLE 4 (Cont'd)

E Samples , 7OOoF, 45/5

Duct = 5.0 - O.02HA1 + 0.01 *2 * o.oolHx

s: VAR 3 = 77.19I VAR 4 = 47.29L VAR 5 611.581

S: O.602

MCC: O.946
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TABLE 5

REGRESSTON EQUATTONS

PENETRATTON AS A FUNCTTON O.T COMPOSITION

(COI{POSTTION EXPRESSED IN PERCENTAGE)

A samples , 2'lOoF, 77/2OO

pEN = 91.5 + 2.3pN + 2.4r.A + 2.7wAt _ 6.5HA2 + 1.5HX

s: vAR L = 7-78L vAR 2 = 5.06r vAR 3 = 3.101 vAR 4 = 0.84r

VAR 5 = 3.60I

S: 2.911

MCC: O.9O2

A samples , 27Oo?, 6O/Loo

PEN = L6.l. + O.6pN + O.5LA + O.7HA

s: VAR 1= 7.78L VAR 2 = 5.05I

\lAR 5 = 3.501

S: 0.823

MCC: 0.933

L-2.0*z+0.3H.X
VAR3=3.L01 VAR4=0.841

A samptes, 7ooor, 77/loo

PEN = 128.8 - 1.2pN - 1.OLA - O.6HA, - O.OO5HA2

s: vAR 1= 2-95r vAR 2 = 4.87L vAR 3 = 4.011 vAR 4 r.941

s : 1.052

MCC: O.946

B. samples, 27OoE, gg.2/l:}O

PEN = 22.9 + 0.t5pN - O.23LA - O.34HA1 - O.52HA2 _ O.I6HX

s3 VAR 1= 5.59L VAR 2 = 3.591 VAR 3 = 1.921 \IAR 4 = 0.71I



VAR 5 = 3.141

S: 1.003

MCC: 0.932

B samples, 7oooF, 6o/Loo

PEN=50.5+O.3PN-0.

s: VARl=15.521

VAR 5 = 18.591

S: 1.187

llCC: 0.904

DL samples, 27OoF, 45

PEN=11.6+0.15PN-0.

s: VAR 1 = 3.211 VAR

VAR 5 = 3.161

S: 1.557

MCC: 0.913

E samples , 27oo?, 60/200

PEN=28.7-0.2PN-0,

s: vAR I = 3.29L VAR

VAR 5 = 3.281

S: L.22O

MCC: 0.997

TABLE 5 (Cont'd)

- o.6HA1

VAR 2 = 29.98L

- o.sHA^ - O.lP*z

vAR 3 = 26.69L

62

\lAR 4 = 6.74L

0r.A - 0.15HA1 + O.15HA2 + 0.35t*

= 3.401 VAR 3 = 3.751 VAR 4 1.45I

- 0.1HAI 1.0HA2 - 0.5HX

= 4.031 VAR 3 = 2.94L VAR 4 = 1.081

I

1

I
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j

TABLE 5 (Cont'd)

E samples, 7oOoF, 6O/LOO

PEN = IO.4 - 0.4pN + O.3LA - O. 04HA1 - O.2HA2 + O.O2HX

s: VAR 1 = 3.141 VAR 2 = 3.131

VAR 5 = 4.99t

S: L-457

MCC: 0.918

VAR3=3.571 vAR4=2.11I

E samples, 7OOoF, 60/200

PEN= 601.6 - 8.03pN- 5.83LA- 6.B5HA' - 9.65HA2 - 3.GIHX

s: vAR 1 = 3.141 vAR 2 = 3.131 vAR 3 =.3.57r vAR 4 2.11r

VAR 5 = 4.991

S: 5.24L

MCC: 0.950

i
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TABLE 6

REGRESSTON EgUATTONS

PENETR,ATION AS A FT'NCTION OF MOI,ECI'IIAR VIEIGHT FRACTION

(COMPOSITION TERM EXPRESSED IN MOIJECT'I'AR TIEIGHT OF EACH FRACTION)

B samples, 7oooF, 77/2oo

pEN = 145.4 - 0.20pN - 0.01LA + 0.01HA1 - 0.01HA2 - 0.005Hx

\ilAR 3 = 55.101 \rAR 4 = 97.081s: VAR I = 47.381 VAR 2 = 85.44I

vAR 5 = 1053.171

S: 4.82O

tlCC: 0.905

B samples, 7OOoF, 6O/Loo

PEN = -2.9 - 0.0I2PN + 0.006r,A + 0.0

s: VAR I = 47.381 VAR 2 = 85.441

VAR 5 = 1053.171

S: 0.713

MCC: 0.966

B samples, 7oOoF, 60/200

PEN = 5.4 - 0.01PN + 0.O1I"A + 0. 03HA1

3HAI + O.O06HA2 - 0.OO02HX

VAR 3 = 55.101 VAR 4 = 97.081

+ 0.0007HA2 - o.o0004Hx

VAR 3 - 55.101 \rAR 4 = 97.081s: \IAR 1 = 47.38I VAR 2 = 85.441

VAR 5 = I053.I7I

S: I.349

MCC: O.926

E Samples, 3OOoF, 5o/2o}

PEN -36.4 + O.O5PN + 0.O5LA - 0.0LHA1 + 0.002HA2 + 0.015HX
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TABLE 5 (Cont'd)

s: vAR 1= 5o'921 vAR 2 = 95.39r vAR 3 = r0s.5r1 \rAR 4 = 97.64L
VAR 5 = 464.011

S: 5. I41

MCC: 0.952

E. samples, 7OOoE,, 7?/LOO

PEN = 26.4 - 0.02pN + 0.06I"A - O. 04HA1 + 0.0028A2+ O.OO4HX

s: VAR I = 54.70I VAR 2 = 64.931

\IAR 5 = 639.44I

S: 2.972

MCC: O.942

E samples, 7ooor, 7Z/2OO

PEN = 45.2 - 0.03pN + O.O8I"A - O.

s: VAR I = 54.701 VAR 2 = 64.93I

VAR 5 = 639.441

S: 5.088

MCC: 0.909

VAR 3 = 86.911 VAR 4 = 72.76L

06HAI + 0.005HA2 + 0.o04HX

VAR 3 = 85.911 VAR 4 = -t2.76L
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Sample

Benzil (1)

Benzll Ql

Benzil (3)

Diphenyl-Hg (1)

Diphenyl-Hg l2l

Diphenyl-Hg (3)

Glycerly Tristearate (1)

GlyceryI Tristearate (21

Glyceryl Tristearate (3)

TABLE 7

MOLECUI,AR VIEIGHT DETERMINATTON

ACCURACY TEST OF APPARAT{'S

Actual
Molecul.ar
Weight

zLO.22

2LO.22

2to.22

354.81

s54.81

354.81

89I .45

891.45

891.45

Experinental
MoLecular
Weight

211.00

2L7.9L

2LO.44

364.65

365.7s

355.53

858. 07

923.15

922.75

t - Error

o. 37

3.65

0.10

2.77

3 .08

o.20

3.74

3.56

3 .51

I

t

I

1

).
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The purpose of this investigatJ.on was to correlate physical properties

with chemical composition of paving grade asphalts. Chemical composition

and fraction molecular weight data were used as independent variables

in a regression analysis to correlate theee properties with atress

relaxation moduli, absoLute viscosity, penetration and ductllity. Another

asPect of this study was to note how the independent variables varied with

sample age.

To indlcate the magnltude of the correlation work, 206 separate

rinear equations were involved in the regression analysis. of these,

114, or 55t yieJ.ded a multiple correlation coefficient (!{cC) of 0.75 or

better. Thls figure is considered good in most statistical correlation

work.

There were 75 equations, or 36t of the totar, $rith a Mcc of o.g5 or
better and 46 or 221 of the totar, with a MCC of 0.9oor better. The

46 expressions are reported in Tables L through 5. It was decided that

only those equations with a O.SOMCC or better would be reported because

of the large total number of equations, some of which had such low MCCrs

that they would have little value ln predicting the dependent variable.

Regression analysis equations are only as good as the data used in
arriving at the constants. AIso, the data for the independent variableE

must be obtained using the proceduree outrined in this report.

fhe authors are fully cognizant of the fact that nore experimentaL

data would be deslrable toiraprove tle regressLon analysis equatLons f,ron

the standpoint of MCC and standard €rror of estLnate. For exa^ugrre, on

DISCUSSION OF RESULTS

.t
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page 53 E sample, 7Oo 
or,607200 PEN, the regreEEion equatLon Ls suspect.

A rerun on existing data produced the same results.

Any of the0.75MCC or better equations would ba adequate for predlctlng

viscosity (u) ductility (DUCT), or penetration (PEN) for the given sample

parameterg.

A generalized representation of G, as a function of, time is presented

in Figure 10. llhe results indicate that the lnltlal stress imparted to

the asphalt samples drops off rapidly in a short perlod of time (apProx-

imately 100 seconds) and then relaxes much rrpre slowly aE a greater time

interval elapses. It is not possible to relate thLs relaxatlon phenomenon

to the chemical properties through regression analysis wlth the computer

progran as used. Since the stress relaxation ls a time-dependent quantLty,

lt could not ba used as t-he dependent variable of a regression equation.

Figure I0 depicts the generalized shape of, the stress relaxatLon

curves. Detailed data have been presented J.n reports by Lamb (f3) and

l{iller (15).

Prom Figures 111 12, and 13, it can be seen that absoLute viscosity

increases with sample age while ductility and penetration decrease with

sample age. Etreee trends are to be a:<pected sincE asphalt tends to oxidize

and form more asphaltenes wlth age as shown for example, J.n Flgures 18

and 28. Flgures Il, 12, and 13, are generaliaed deplctLone of actual data

presented Ln prevLous reports by Blsaett (2) tn Ific #I?r e cmpanlon Project

to HRC *21.
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Figures 14 through 33 depict the eff,ect of aglng upon the chemical

groupconstLtuentsand the molecular weight of the fractLong. An enveXope

was drawn on each Plot to indicate the upper and lowEr boundE of composition

for each fraction. As the sample ages, there is an Lncraage ln asphalteneB

content at the expense of the PN, IJI and IIA f,ractLons which show a slow

declLne. The greatest conposition change took place ln the pug mill.

In the opinion of the authors, these changes probably occur due

to the oxidation of the asphalt f,ractions slnc€ the eLemente for oxidation

are prasent, namely heat, light, preesurel and the presence of atmospherLc

oxygen. Whether polymerizatlon ocours or not could not be determined in

this study. Perhaps research ought to be conduoted on what mechantsm(s)",

do take pIace.

Figures 24 through 28 include F and G samples which were taken approx-

imately five and six yaara, respectivelyl after ttre pavements were orlginall.y

laid.

Jones (12) indicated that he obtained a contamination of the PN

fractions by low molecuLar weight aromatLc compoundsl IA2 in his investigation.

He made several suggestions such as precipttAting tha aromatics w{th l-butanol

or precipitating the saturated hydrocarbong wlth chilled acetone. These

modifLcations were tried several timeE. Although the precipitation methods

wera satisfactory they ware time-consuming. It lras f,ound that by activating

the PoroceL adsorbent at 7OO 
or rather than at Z7O or, essentLally the

sane J.mprovement in reproducibility could be achleved in the chrornatographic

separations.

It wae found that actlvatlng the Porocel at 27O 
oE, ttre reproduciblltty

or results varied on the average t 7t based on the total composltLonal
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analysis. By activatlng the adsorbEnt at 700 ot,, th" reproduclbiX.ity

on all sanrples was improved to on the average t s.Ot baeed on the total

compoeitLonal analysis.

The scatter of data outside the envelopes oould be attrlbuted to

where the sample vras obtalned, how the sample was extracted arrd subse-

ErentJ.y handled in the chemical analysLs. These are Eome of ttre varLableg

which can occur in the procedures used.

Liquid chromatographic technJ.quee genarally produce less accuratB

results than precipitation methodsr €.9. Rostlerrs method. However, the

time saved ln using a chromatographic method off,sets the addttional

accuracy gained by long precipitatlon mothods. fn precLpltatlon nethods,

losses do occur due to solubility of a fraction ln the solvent.

rf one vrants greater accuracy then the aEsocLated cost In equipment

and time wourd have to be accepted. Hor'r6ver, Lt Ls a moot point at thls
perlod in time whether more accurate methods are warrantEd ln the development

of specifLcation mEthods from chamical composLtional analyses.

The molecular weighte could be determined on the average with a

reproducibility of t Z.Ot.

No visual J.nspections lrere reported concerning the conditLon of, the

pavements from which the various samples were obtaLncd. Theref,ore, it

was not possible to asBeas qualltatlvely ttre effeots on oomposltLon on

pavement durabiltty.
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CONCIJUSIONS

The results of this study indlcate that the regression analyaLe

technique can be used to correlate the empLrlcat phyelcal properties

of paving-grade asphaLts with the shamical propertr.eE. The reEults

also show that there is a definite influence on the physical. properties

of asphalt by the chemical properties and that these chemical properties

change with age.

The nost notable chemical change is that the asphaltene content

increases with age whire the other fractions decrease with age.

rt is possibre to take a sampre of asphart of a given age and

predict the empirical physicar properties based on a knowledge of thE

chemical properties. The equatLonE developed with a multiple correlatLon

coefflclent of 75t or hlgher wourd give the mogt accurate tresurts.



that:

92

RECOMMENDATIONS

Based upon the conclusions of this study, it Ls recommended

r. Further regression work should be performed. A non-rinear

approach would probabry fit more of the data and result in more

equations with a more fawrable multlple corelation coefficient.

.2. The same non-linear approach could be used to fit the modulus

of elasticity (Gr) data to an equation. Future work should be

concerned with determining a relationshlp between G, and the

empirical physical properties.

3. More pnoJect samples should be obtained since the statistical

evaluations would be more accurate due to the fact that the

caLculations are based on a J-arger nunber of samples.

4. A11 future chromatographic separations should be caried out

on Porocel activated at 7oooF, since this temperature seemed

to give more consistent results.

5. visual inspections of the pavement should be carried out to

determine the effects of composition change with age on the

pavement condition

6. A modified RostLer-trce parameter should be developed (Ig)

on the basis of the chemical properties of thls study. This

parameter wourd be used to relate composLtion to durabirity

of asphalt pa.vement.
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The State Highway Department should contLnue to obtain

core samples eaoh yaer throughout the llfe of the pavement

in order to determlne the ultimate composition of the binder.

Since the greatest composltion change took place in the pug

nill, a study should be inltlated to determine what occurg

in this operation.

A long range study of whatnechanism(s) occur(s) to cause ttre

chemical composition change ln the asphalt binder.
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IMPI,EME\ITAT I ON STATEI{ENT

Throughout this research proJect, any method proposed or deveroped

was with the idea of ultimate implementation by State Hlghway Department

laboratory personnel. Therefore, extremely sophlsticated technLques and

expensive equipment was avoided since both would be costly with regard

to time, and the marginaL gain in accuracy might not offset any accrued

benefits.

The laboratory procedures presented in ttrls retrnrt are such that a

laboratory technician could perform the tests and present the results

with a minimum amount of training.

The authors recommended that implementatlon of the chenj-ca1 compo-

sition analyses be started as soon as possible at the concluslon of the

major part of the project.

In the summer of 1970 the authors visited the State Highway Department

Laboratory to instruct their personnel ln the operation of the chemical

analysis equipment. During that summer, a laboratory technician perfornred

the chemical composition anarysis on the F samples using the 700 or

technique. At the University laboratory the same analyses were conducted.

once a week, the results were checked and assistance was given by the

University personnel when proceduraL questLons arose. During the following

summer an additionaL set of samples vrere analyzed and these data were

plotted as the G samples.

1. rt is further recompnded that core samples be obtained

each year from those highways stirr Ln service and that the

data be plotted on ttre chenicar comp,ositLon graphs using
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7oo or technique,

2. Hiqhway Department personner inspect the condLtion of the

pavement when samples are taken to note any deterioration,

especialJ.y as a result of binder failure, atrd

3. Highway personnel keep a log on each of the Jobs in thls

project to record the perfonrnnce of the pavenent.

If the above impJ.ementatLon steps are Lncorporated, then a better

understanding of the requirements for future pave[Ent speclfications may

be obtained.

Since physical properties are very dependent upon the chemical com-

position of any material, it ls absol.utely essential to know within what

ranges of composition the materials used give satisfactory service.

Before any specifications are modified, Lt is reconmrended that the

chemicaL composition analyses be performed on every new asphalt highway.

o1d specifications should not be totally abandoned until more experience

with the chenical composition analyses is obtained, Confidence in the

new method will develop wlth experLence.

rn the long range, specifications may be deveroped rimiting the

r.rnges of chemical constituents which will produce a durable asphaltic

binder. The tightening of aephalt speclfications will result in a

higher asphalt binder cost but the potentlar savings in highway maLn-

tenance and longevlty ahould offset th€ lnltlal cost.
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Stress-Relaxation Modulus-

A typicar experimental stress-relaxation currre is shown in

Figure 9 for Asphart.266L. The magnitude of the stress-relaxation

modulus for this asphalt sample is carculated by the same method as

used by Lamb (14) and Mil1er (16):

The conicylindrical viscometer had the forLowing dimensions:

a = I.27O cm

b = 1.905 cm

h-= I.588 cm
1

From Equation (1):

r = rrJ* I \-m L"'*o' l

r
m

2
2 L.270 1.905

2(t.270) +(I.905)

2

2

l
l

and

= 1.494 cm

1.905 2 .270 2
fa

(1.90s) + (r.279')

= 0.3846

By trial-and-error from Equation (21

6 = 0.3704 radians (2L.Z2o)

2
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tlri

I

il

I

0 =r/2-6

0 =r/2 -0.3704

= 1.2004 radians (6g.7go)

ho = 1.588 + 2 [(I.27q cot (68.780)

- (1.4e4) cot (7e.3eo)]

I

I

I

i

i

I

h = 2.014 smo

Substituting the above quantities into Equation (6)

c(t)=r
rtrt) /z.o y

22n (1.494) (2.o1-4) fr + z O.4s4)/3 (2.0I4) cos (Io.610)]

-4 -3 {ttl= (9.046 x I0 cm
Y

using the reaction torque sensor calibration of 20 in-oz/mv and noting
from Figure (9) that after two seconds, the chart reading is r.97 cm:

112l = (1.97 cm) (Smv/cm) (2,5 x 20 Ln-oz/nv) (2.5 cnr,/in)

x lLb/L6 ozl (4.44a x 105 dynes,/Ib)

= 3.48 x 107 dyne - cm

)il
i- i

Finalry cr(2) = (9.04G x l-o-4 cm -3) (3.48 x 107 dvne _ cm)
0.075 radians

G* l2l = 4.19 x 1016 ayne s / ctr,2

From Equation (3)

Therefore

A computer progran for carcurating G, is presented Ln Appendix rrr.

)
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Molecular Weight Determination:

Benzil (1) weight: O.OG17 grams, hr2

Camphor weight: O.9920 gramsr w,

Solution Freezing point: 3l7of

Pure Camphor Freezing point: 337of

Kf, 67.85

AT- = 2ooFt 
rooo w^

From Equation (9): M_ = K- 

-

): t!, = Kf fff
Mz (67.8s) (1ooo) (o. 0617)

(20) (0.e920)

M2 = 21l'oo

A cotnPuter program for calculating molecul.ar weighte ie presented

in Appendix III.

I
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APPENDIX II

NOMENCI,ATURE



At

Symbol

a

A
2

b

c

DUCT

K
e

105

NO[I{ENCI"ATURE

Definitlon

radius of stator of conicylindricar visconeter annulus (crn)

first acidaffins fraction

second acidaffins fraction

radius of rotor of conLcyrindricat viscorneter annulus (crn)

concentration lgrams/on3)

ductility (srn)

mean stress (aynes/cm2)

Goodness of Fit

stress relaxation modulus (dynesr/cnr2;

effective stator length (cm)

length of inner cylinder: of viscometer (crn)

first heavy arqratic fraction

second hearryr arqnatic fraction

heavy molecular weight multl.-ring compounds

saturated hydrocarbon fractLon

asphaltene fraction

boiling point elevation constant

freezing point depression constant

light aromatic fraction

Low molecular weight multi-ring comrpounds

multiple correlation coeffielent, R2

nunber average molecular welght

molecular weight

h
o

hr-

Fr

F

Gr

HA

,o2

HMA

H
S

H(

I

Kf
I,A

LI\,IA

MCC

M
n

Mz
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hreight average molecular weight

nitrogen base fraction

number of molecules of molecular welght M,

penetration .(tenths of millirneter)

paraffin-naphthene fraction

gas constant (8.313 x tO7 ergs/degree !ple)

mean radius of conicylindrlcal vLacoo€ter annulu; (cm)

standard error of eetlmate

standard deviation

least squares srmunation

Arkansas State Highway

absolute temperature (of)

time (sec)

temperature elevation (or)

temperature depression (or)

United States Highway

partial specific volume {or3Tgraln)

weight of solvent (grams)

weight of solute (grams)

distance from axis of rotation (cnr)

angular separation of corEs

sample strain (radiane)

angular displacement of rotor (radlana)

density lgranrsT<nr3)

n.
I

PEN

s (q,8)

PN

R

r
m

s

g

SH

T

t

T
e

f
US

;
*1

,2

T

x

GREEK

o

6

e

Y

p

M
w

N

I

I

I

t.

I

I

I

l

,L
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xy sjmple correlation coeffLcl.ent

half angle of stator cone of conlcyHndrr.cal viscometer

(radians)

viscosity (poises)

angular velocity (radl.ans/sec)

u

a)

p

e



108

COMPUTER NOMENCI,ATURE

Bissettrg Viscosity - f (compositlon) A samples 2ZOF

This is J'R. Bissettrs (7) absolute viscoslty for the A saryles

used as the dependent variable in the regreesion equation vergus the

conpositions of the A samples which rrere separated on Porocel activated

at 270of and used as the independent varLablea.

Bissettrs Viscosity = f (mol.wt.) A saqrles 30OF

This is J.R. Bissettrs absolute viscosity used as above trith the

exception that the independent variabLes are now the molecular weighte

of the asphalt fractions used above, porocel activated at 3OOof.

Ductility = 6 (composition) A 270 45/L

Thls is ,f.R. Bissett's ductility as dependent nariable with

conpositions aa independent variab}es for A samples, Porocel activated

at 27Oor, ductility measurements carried out at 45or and I.0 cmrlsec.

Ductility = f(no}.rdt.) A 300 77/5

This is iI.R. Bissettrs ductility as abo\re with the exception that

the independent variables are now the molecular weights of the asphalt

fractione used above, Porccel activated at 3OOoF, ductllity measurementg

carried out at 77or and 5.0 cur/sec.

Penetration - f (composition) A 27O 77/LOO

This is J.R. Bissettrs penetration as dependent variable with

cottpositions as independent variables for A saqrlesr Porocel activated

at 270or, and penetration measurements carrLed out at 77or with a IoO
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gram $reight.

Penetration = f (mol.wt.) A 3OO 77/2OO

This is ,r.R. Bissett's penetration as above with the exception

that the independent variables are now the molecular weights of the

asphart fractions used above. porocel activated at 3oooF, a 2oo grram

weight.

Regression Equation format:

Y = a + baxr+ bZ*2 * b3*3 * b4*4 * bS*S

bl =

bz=

b3=

b4=

!-=
5

constant term, final step

VAR 1, coefficient of x,

VAR 2, coefficient of x,

VAR 3, coefficient of xa

VAR 4, coefficient of xn

VAR 5, coefficient of xU

x, = PN (composition or molecular weight)

x, = LA (composition or molecular weight)

*3 = 81(composition or molecular weight)

x, = HA, (composition or molecular weight)

*5 = S (composition or molecular weight)

Example:

Ductility = p (composition) A ZOO 60/5

Duct = 104.955010 - o.B99459B7PN - 1.65165913ra + o.3r5rr42zHAI

+ 0.8O946999HA2 - I.14568651ril



110

APPENDIX III

COMPUTER PROGRAMS
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COI{PUTER PROGRAMS

The program used to calculate G, as a function of tLme frqn the

recorder chart readings is as fol_Iows:

DTMENSTON RANGE (600), gy (600), T (600), cR (600), s

READ (5,5) (s(J), J = 1, L4)

READ (5,6) (N(J), J=I, 14)

cl = 2o .r,254/L6.r,4.448*I. **5*5.

952 N 22J = lt 14

M = N(J) + M

M=0

22 CONTINT'E

READ (5,5) (RANGE (J) , CM(J), J = 1, M)

KL=0

L=1

200 DO34I=1,M

Ir (r.EQ.L) cO rO 160

co ro 14

160 WIuITE (6,99)

KL=KL+1

C4 = 6.00914/s(KL)

L = N(KL) + L

L4 T (I) + CI*RANGE (I) * Cxl{ (I)

GR(I)=C4*T(I)

wRrTE (6,18) RiANGE (r), CXr{ (I), T (I), GR (r)

34 CONTINUE

(14) , N (14)
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ee FoRMAT (/ / / /l
18 FORMAT (IX, F10.2, 5X, F10.2, 5X, FLs.O, 5X, FL5.O,1)

5 FORMAT (8FIO.3)

6 FORMAT (8110)

1234 STOP

END

The input data are stress, S(J), and time, N(J), and printout is

the range of the recorder, Range (r), the distance along the time axis,

CI,l (I), torque, T (I) and Gr, GR(I). Each set of these numbers is
printed according to the elapsed time of the stress relaxation, arrowing

G-- to be plotted as a function of time (Figure l0).

rt was not possibre to obtain a copy of the computer program used

for the multipre stepwise regression analysis. This situation was

due to the fact that the program was purchased from IBM on tape with

instructions for entering and transforming data. It was not possible to

instruct the computer to print out the program. Ho\^,ever, the program

embraced the concepts presented in the Theoretical Discussion, (pp.2L-271

Tlzpicar results from the computer print out of one regression

analysis of viscosity as a function of the nrolecular weights of the

fractions for E sanples which lrere separated on Porocel activated at

Tooor follow.



vIsCoSITy = F( Mot. vrr.) n SA}iPLES 7OO F

STANDARD DEVTATIONS

vAR (1) = 54.151 VAR (2) = 77.37L vAR (3) = B5.4Gr vAR (4) = 68.201

vAR (5) = 685.481 vAR (6) = L22L9.86

SIMPLE CORRELA?ION COEFFICIENTS
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= 0.381 VARS(1,3) = -Q.324 \IARS(I,4) = -0.299

= 0.039

= O.229 \IARS(2,4) = 0.210 \IARS(2,5) = O.IB3

VARS

VARS

VARS

VARS

VARS

VARS

\IARS

(1,1-)

(1,5)

(2 ,21

12 ,e)

(3,3)

(4 ,4)

(5,5)

(1,2 )

(1r6)

(2,3)

(3,4)

(4,5)

(5,6)

= 1.00 VARS

=-0.267VARS

= I.000VARS

= -0.116

= I.000VARS

= 1.O0OVARS

= 1.OOOVARS

= 0.793 VARS(3r5) = 0.555 VARS(3,6)

= O.24O VARS(4,61 = 0.384

= -0.462

o.22

STEP NUMBER 1 . ENTER VARIABLE 5

STANDARD ERROR oF ESTIMATE = I15B7.Z2L

MULTIPLE CORRELATION COEFFICIENT = 0.462

@ODNESS OF FfT, F' ( 1, 7) = 1.897

CoNSTANT TERM = r***********

VAR COEFF STD DEI/ COEFT

s -8.232 5.976

STEP NUMBER 2 ENTER VARTABLE 3

STANDARD ERROR OF ESTIMATE = 9426.234

MULTIPLE CORRELATION COEFFICIENT = O.744

GOODNESS OF FIT, F ( 2, 6) = 3.722

CONSTANT TERM = 3305.927490
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STEP NUMBER 3 ENTER VARTABLE 2

STANDARD ERROR OF ESTII,IATE = 10144.478

MULTIPLE CORRELATION COEFFICIENT = O.754

GOODNESS Of fIT, F ( 3, 5) = 2.202

CONSTANT TERII = 7806.076

VAR COETF STD DEV COEFF

2 -20.278 45.020

3 103.675 35.802

s -14.988 6.305

STEP NUMBER 4 ENTER VARIABLE 1

VAR

3

5

STANDARD

MULTIPLE

@ODNESS

CONSTAI{T

\IAR

I

2

3

5

COEFF

100. 296

-L5.t72

111.024

STD DEV COEFF

32.436

5.844

STD DEV COEFF

59.O22

57.361

42.240

7.O27

ERROR OF ESTII{ATE = 11147.645

CORRELATION COEFFfCIENT - O.764

oF FIT F ( 4, 4l - 1.403233

TERM = -L488.722

COEFF

33.66I

-31.820

i

-I4. s48
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STEP NUMBER 5 ENTER VARTABLE 4

STANDABD ERROR OF ESTIII{ATE * L2799.445

MULTIPLE CORRELATION COEFFICIEMT = O.767

@ODNESS OE' FIT, F( 5, 3) = 0"858

CONSTANT TERM = -8133.536

VAR COEFT STD DEV COEFF

t 34.016 67.7ss

2 -32.853 66.094

3 94.473 L01.867

4 22.034 36.952

5 -13.899 8.798

oBs

I

2

3

4

5

ACTUAL

45115.00

35388.00

44t29.OO

24968.OO

11969. O0

ESTIMATE

34975.02

33128.55

42358.74

22905.4L

266L8.45

RESTDUAL

10139.98

2259.35

L770.26

2062.59

-L4649.45

ERROR

22.48

6. 38

4 .01

8.26

-L22.39

-33.83

-8.57

-6.55

31 .34

6 18130.00 24262.57 -6L32.87

7 31806.00 34532.13 -2726.L3

8 46871.00 49942.67 -3071.67

9 33016.00 22668.04 10347.96

END-OT-DATA ENCOUNTERED ON SYSTEM I![PT}T FTLE.
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MOLECUI,AR WEIGHT PROGR,AITI

DTMENSION WTASP (IOO), WTCAM (IOO), TMELT (1OO)

WRrTE 42, ttWI (100) , AIvtWT (100)

READ 4,N

READ 5, (WIASP (I), WTCAM (I), TMELT (I), I = I,N)

I'ITASP TS THE WEIGHT OT ASPHALT IN GRAMS

WTCAI'{ IS THE WEIGHT OF CAIr{PHOR IN GRAMS

T}4ELT TS THE MELTTNG TEMPERATURE OT SA!,TPLE

MWT IS MOLECUI,AR WEIGHT

AMWT IS AVERAGE MOL WT OT' SA!{PLES

coNsT + 57.85

CONST IS FREEZING POINT DEPRESSION CONSTANT

TREF * 353.1

TREF IS THE MELTTNG POINT OF PURE CAMPHOR

DO14f=l,N

DELTAT = TREF - II{ELT (I)

MWr (r) = coNST * (wrasp (I)^mcAr.{ (I))*(1.0 DELTAT)

CONTINUE

K = 1.

CONTINT'E

M = K * I.

AMWT (K) = (MwT (K) + MwT (Ml ) /2.

WRITE 40, AI'{W:[

IF (K. GT. N) GO TO 54

l

c

c

c

c

C

c

c

11

14

L7

I
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GO TO 17

54 sToP

END

The input data are the sampre weight of asphalt fraction, weight

of camphor, and melting temperature of mixture. The resu1ts printed out

are the individual sample molecurar weighte and average morecuLar

weight for the trial.

l
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