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Quantitative Functional Group Analysis of 
Asphalts Using Differential Infrared 
Spectrometry and Selective Chemical 
Reactions-Theory and Application 

J. CLAINE PETERSEN 

An analytical method is described for the rapid quantitative 
analysis of seven highly polar chemical functional groups pres
ent In asphalt or formed in asphalt during oxidative aging. The 
method employs infrared spectrometry combined with the spe
cialized use of selective chemical reactions and differential 
spectra for quantification of the analytical absorption bands of 
Interest. The naturally occurring functional groups deter
mined are carboxyllc acids and their salts, 2-quinolone types, 
phenollcs, and pyrrollcs; those formed on oxidation are ke
tones, anhydrides, small amounts of acids, and sulfoxldes. Sev
eral selected applications of the functional group analysis as 
applicable to composition-related problems In asphalt technol
ogy are presented. 

The chemical analysis of asphalts continues to challenge 
asphalt chemists because of the wide variety of molecular types 
and structures present and their relatively high molecular 
weight. Molecular types in asphalt range from nonpolar, non
aromatic hydrocarbons to highly aromatic hydrocarbons the 
molecular structures of which contain varying amounts of cer
tain so-called heteroatoms, predominantly oxygen, nitrogen, 
and sulfur, together with parts-per-million amounts of metals 
such as vanadium and nickel (1). These heteroatoms are often 
associated with polar, strongly interacting chemical func
tionality or functional groups that have a disproportionately 
large effect on asphalt properties (1-3). 

Because the number of molecules in asphalt with different 
chemical structures and reactivities is extremely large, deter
mination of asphalt composition by separation of asphalt into 
its molecular components is generally considered impractical if 
not impossible by present-day techniques. However, if the 
different chemical functionalities that compose and dominate 
the properties of the various asphalt molecules are considered, 
the number of types of functionalities that need be considered 
quickly narrows to a manageable number (1). Examples of 
some of the more important chemical functionalities that are an 
integral part of large asphalt molecules are shown in Figure l 
(1). Many asphalt molecules of different composition will have 
similar chemical functionalities, which in turn produce similar 
effects on physical properties. 

The principal cause of age hardening and embrittlement of 
asphalt used in pavements is the atmospheric oxidation of 

Western Research Institute, University of Wyoming Research Cm:po
ration, P.O. Box 3395, University Station, Laramie, Wyo. 82071. 

certain asphalt molecules with the formation of highly polar 
and strongly interacting chemical functional groups containing 
oxygen (1-6). Thus, the ability to identify and quantify asphalt 
chemical functionality provides an important tool for assessing 
the effects of composition on asphalt properties and, thus, the 
performance of the asphalt in service. 

During the past 20 years, the author and co-workers have 
conducted research related to the identification and character
ization of the polar, heteroatom-containing chemical func
tionality in asphalt. Infrared spectrometry has been a rewarding 
technique in this research because it can be applied to complex 
mixtures without prior separation. 

Earlier researchers who explored infrared spectrometry for 
the characterization of asphalts found the technique useful in 
determining the general chemical structural types present 
(7-9); however, the strongly associating polar functionalities 
present were never adequately identified or characterized. The 
inability to adequately characterize these polar functionalities 
resulted from several inherent problems, such as overlapping 
and ill-defined absorption bands, and the shifting and broaden
ing of absorption bands from hydrogen bonding. 
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FIGURE 1 Examples of important 
chemical functionalities present in asphalt 
molecules. 
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These inherent problems have been overcome by the com
bined use of selective chemical reactions and differential spec
trometry. A selective solvent system is also used to break up 
hydrogen bonding, eliminating the complicating effects of 
hydrogen bonding on the spectra. The development and evalua
tion of this technique are described in several papers (10-12). 
The technique has been used extensively in the author's labora
tories for the quantitative characterization of asphalt c;hemical 
functionality. 

In this paper, the current practice of the functional group 
analysis is presented and applications of the technique are 
described. The chemical functionalities quantitatively deter
mined include carboxylic acids (and independently their salts), 
anhydrides, ketones, 2-quinolone types, sulfoxides, pyrrolics, 
and phenolics. Structural formulas for these functional types 
are shown in Figure 1. With the exception of basic nitrogen 
compounds in asphalts (predominantly pyridine types), which 
do not yield readily to infrared analysis, these functionalities 
make up the important polar heteroatom-containing func
tionalities initially present in asphalts or formed during oxida
tive aging (1). 

EXPERIMENTAL METHODOLOGY 

Theory 

As previously mentioned, the most polar and strongly interact
ing functional groups in asphalts occur in relatively small 
amounts and their infrared absorption bands are often compli
cated by hydrogen bonding and overlap with other strong 
absorption bands, making their detection difficult and their 
quantitative assessment virtually impossible without the use of 
special techniques. Phenolic and pyrrolic groups in asphalt are 
hydrogen-bonding functionalities. Thus, in neat asphalts or in 
solutions of asphalts in typical infrared spectral solvents, an 
equilibrium exists between the free absorption bands of these 
functional groups and their hydrogen-bonding bands (the latter 
bands overlap), which is dependent on their concentration, the 
characteristics of the solvent (if used), and the basicity of 
components in the asphalt with which the acidic hydrogen of 
the functionalities interacts (13 ,14 ). 

Two other important, naturally occurring functionalities are 
carboxylic acids and 2-quinolone types. These functionalities 
are extremely strong hydrogen bonders. Not only do they form 
dimers in neat asphalt or nonpolar spectral solvents such as 
carbon tetrachloride, but they interact strongly with each other 
to form a mixed dimer, yielding six absorption bands, of which 
five overlap and become virtually indistinguishable (15 ,16). 

Infrared spectra in the carbonyl region become further com
plicated in oxidized (aged) asphalts because of the intense 
ketone band formed. This band has the same absorption fre
quency as does the acid dimer, making the two indistinguish
able. The free (nonhydrogen-bonded) acid band is also lost in 
the shoulder of the strong ketone band (4,10,11). Determination 
of anhydrides formed on oxidaiive aging is also virtually 
impossible from typical infrared spectra because their absorp
tion bands are also masked by the strong ketone absorption 
ba.'1.d, making t.li.em often undetectable (5,10). 

To overcome the problems just described and to obtain 
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spectra suitable for quantitative analysis, several specialized 
techniques and procedures are employed. Tetrahydrofuran 
(THF) solvent is used to eliminate the interference from hydro
gen bonding on the carbonyl absorption region in the deter
mination of ketones, carboxylic acids, anhydrides, and 
2-quinolones. This solvent is a cyclic ether having a strongly 
electronegative oxygen within the molecule. Because of its 
electron-donating properties, THF associates with the acidic 
hydrogen of carboxylic acids and 2-quinolone types, thus pre
venting dimer and mixed-dimer formation. The unassociated 
carbonyl group is therefore made available for characterization. 

Advantage is taken of the hydrogen bonding of phenolic and 
pyrrolic functionality with THF in the analysis of these func
tional groups. Details of this analysis will be discussed later. 
Because THF has strong absorption bands in the frequency 
ranges used in the determinations, solvent compensation must 
be used. 

With the problems of hydrogen bonding eliminated, the 
problem of overlapping bands in the carbonyl absorption 
region (about 1800-1600 cm-1) is addressed by using selective 
chemical reactions and differential infrared spectrometry. The 
techniques applied are as follows. To reveal the absorption 
band of interest and eliminate from the spectra other bands with 
absorption at the same frequency, the asphalt sample is treated 
with a selective reagent that eliminates, or shifts to another 
frequency, the absorption band of interest. A differential spec
trum is then taken with the treated sample in one beam and the 
untreated sample in the other beam of a double-beam infrared 
spectrophotometer. This procedure reveals the absorption band 
of the functionality of interest in the differential spectrum and 
nulls or cancels out all other absorption bands in the same 
region. Quantitative analysis is then applied, as will be 
described in the paper, to the absorption band of interest. 

Examples of Spectra Used 

Examples of the spectra used in the functional group analysis, 
together with a description of the pertinent selective chemical 
reactions, will be discussed next. 

To provide background for the discussion of the differential 
spectra, the spectra in carbon disulfide (CSi) of 5 percent 
weight by volume solutions of asphalts, before and after oxida
tive aging, are shown in Figure 2. [Spectra in this and other 
examples in this paper were taken in 1.0-mm sealed cells using 
a Perkin-Elmer Model 983G double-beam diffraction-grating 
infrared spectrophotometer. All spectra are compensated (nul
led) for solvent absorption. The instrument was operated in the 
linear absorbance mode to facilitate quantification of the 
absorption bands.] The small absorption bands al about 3610 
cm-• and 3480 cm-1 result from the free (nonhydrogen
bonded) OH and NH absorption of the phenolic and pyrrolic 
functional groups, respectively. The broad absorption between 
about 3100 cm-1 and 3400 cm-1 results from hydrogen bonding 
of additional amounts of these functional groups. Note the 
decrease in intensity of the free absorption bands and the 
increase in the hydrogen-bonding bands in the spectrum of the 
oxidized sample (Spectrum B) compared with the unoxidized 
sample (Spectrum A). 

The carbonyl region between about 1900 cm-1 and 1600 
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compensated). 

cm-1 in Figure 2 is of particular interest because it contains the 
absorption bands for carboxylic acids, 2-quinolone types, ke
tones, and anhydrides. No ketones or anhydrides are present in 
the spectrum of the unoxidized asphalt (Spectrum A). The 
small shoulder at about 1700 cm-1 is from dimerized or hydro
gen-bonded carboxylic acids and the shoulder at about 1640 
cm-1 is from dimerized 2-quinolone types and mixed dimers of 
2-quinolone types and carboxylic acids. Again. it is apparent 
that this carbonyl spectrum has little value for quantitative 
analysis of the functional groups mentioned. 

Spectrwn B needs to be considered for lhe oxidized asphalt 
The strong absorption at aboUL 1700 cm-1 results primarily 
from the development of ketones, the major functional group 
formed from hydrocarbon oxidation in asphalts (1,4 ). The acid 
dimer band, apparent in the unoxidized asphalt, has completely 
merged with the ketone band and is not discernible. Further
more, absorption bands for anhydrides, discussed later, are also 
present but not discernible in the 1700-cm-1 absorption band. 
Although the 1700-cm-1 absorption region in the CS2 spectra 
of the oxidized asphalt is not useful for the quantitative deter
mination of the functional groups of which it is comprised, Lhe 
net change in absorption at 1700 cm-1 can be a useful technique 
for following relative changes in the level of asphalt oxidation, 
and was so used by early investigators (8). 

Finally, the band at 1030 cm-1 in the spectrum of the 
oxidized asphalt is of interest because it results from the oxida
tion of sulfide moieties in asphalt molecules to sulfoxides 
during oxidative aging (6). Because there are no interfering 
bands in this region, and hydrogen bonding is not a complicat
ing factor, the intensity of this band can be used directly for the 
quantit·ative determination of sulfoxides. The spectrum 
between 2700 cm-1 and 1900 cm-1 is not shown in Figure 2 
because there are no significant absorption bands in this region 
in asphalts. Also, the asphalt absorption bands between 1600 

cm-1 and 1400 cm-1 are not shown because strong absorption 
by the solvent, CS2, in this region negates their detection. 

The balance of the spectra discussed were taken as 5 percent 
wt/vol solutions in THF. As previously mentioned, THF elimi
nates hydrogen-bonding complications in the carbonyl region. 
Spectra shown in Figure 3 were taken by using the same 
asphalts as were used for the spectra in Figure 2. Spectra of the 
unoxidized and oxidized asphalts are shown before and after 
selective chemical reactions. 

The spectra of the unoxidized asphalt will be considered 
first. Spectrum C for the untreated asphalt shows the free acid 
carbonyl absorption at about 1730 cm-1

, having shifted from its 
hydrogen-bonded dimer, which was observed at about 1700 
cm- 'I in the CS2 spectrum of Figure 2. The broad hydrogen
bonded band seen at about 1640 cm- 1 in the CS2 spectrum has 
also been resolved by the solvent THF to yield the free car
bonyl absorption of 2-quinolone types at about 1685 cm-1. The 
broad band centering at about 1600 cm-1, missing in Figure 2 
because of strong CS2 absorption, results primarily from aro
matic carbon-carbon double bonds with a minor contribution 
from carbon-nitrogen double bonds. 

Spei;:trum D resulted from treatment of the asphalt with 
triphenyltin hydroxide (TPTH). TPTH, the selective reagent 
used to react with carboxylic acids in their determination, 
complexes with free acids and shifts their carbonyl absorption 
frequency in THF from about 1730 cm-1 to about 1640 cm-1 

(11). Evidence of this can be observed by comparing Spectra C 
andD. 

Spectra E, F, and G in Figure 3 were obtained using the 
oxidized asphalt. The increase in carbonyl absorption in the 
1700-cm-1 region from ketones (4) and anhydrides (5) formed 
on oxidation is apparent. Spectrum E was obtained on the 
untreated asphalt. Spectrwn F was obtained after treatment 
with TPTH and shows the loss of carboxylic acid carbonyl in 
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the 1730-cm-1 region. Spectrum G was obtained on the sample 
after treatment with sodium hydroxide (NaOH), which, in addi
tion to reacting with acids, reacts with the acid anhydrides to 
convert them to their sodium salts. Loss of anhydride carbonyl 
absorption in the 1700- to 1800-cm-1 region is evidenced by 
comparison of Spectra F and G. NaOH treatment shifts the 
carbonyl frequency to 1580 cm-1, characteristic of their acid 
salts. Comparison of Spectra E and G also indicates that N aOH 
eliminated the 2-quinolonc-type absorption at about 1685 cm-1, 
this by forming the sodium salt of the tautomeric hydroxy form 
of the 2-quinolone carbonyl (10J5). After reaction with NaOH, 
the balance of the carbonyl absorption remaining at 1695 cm-1 

in Spectrum G (less background absorption) results from ke
tones formed on oxidation (4). 

Although the spectra in Figure 3 clearly show the effect of 
the selective chemical reactions on the chemical functionality, 
the spectra are not in the most convenient form for quantitative 
analysis. To clearly delineate the absorption band affected by 
the selective chemical reaction and eliminate adjacent inter
fering absorption bands, differential spectra are used. Examples 
of those used in the functional group analysis are shown in 
Figure 4. These will be discussed as the quantification of band 
areas for each functional group is described. 

Quantification of Absorption Band Areas 

The areas under the absorption bands of interest, shown as 
shaded areas in the spectra, are used to evaluate the concentra
tions of functional groups. Guidelines for deterwining the 
boundaries of the band areas for each functional group will be 
detailed next. 

Carboxylic Acids and Their Salts 

Differential Spectrum H, Figure 4, shows the 1730-cm-1 car
boxylic _acid band (shaded area) for asphalts. The spectrum was 
obtained with the TPTH-treated sample in the spectrophotome
ter sample beam and the untreated sample in the reference 
beam. The corresponding TPTH complex band appears at 1640 
cm-1• A baseline is drawn, as indicated in the figure, which 
defines the band area. Should the asphalt contain salts of 
carboxylic acids (whose broad carbonyl absorption bands 
between 1500 cm-1 and 1600 cm-1 are masked by the broad 
1600-cm-1 aromatic absorption band), they can be determined 
by difference as follows. Both carboxylic acids and their salts 
react with silylating reagent to form silyl esters with an absorp
tion frequency at about 1715 cm-1

• Thus, an aliquot of the 
untreated asphalt is routinely silylated by treatment with a 
mixture of hexamethyldisilazane and trimethylchlorosilane 
(JOJJ), and a differential spectrum of the silylated versus the 
TPTH-treated spectra is obtained (Spectrum J). Because the 
acid concentration calculated from the area of the correspond
ing silyl ester band includes both free acids and acid salts, the 
difference between the acid concentrations calculated from 
Spectra J and H corresponds to the amount of acid salts present. 
In the example shown in Figure 4, the difference was zero and 
thus no acid salts were present. 

2-Quinolone Types 

The silylation reaction just described is also used to determine 
the 2-quinolone types (10). The 2-quinolones can undergo tau
tomerization by migration of the hydrogen on the nitrogen 
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atom (see Figure 1) to the carbonyl oxygen with the simul
taneous movement of the carbon-oxygen double bond to the 
bond between the carbon and nitrogen to form a hydroxy
quinoline. This hydrogen is acidic and readily reacts with the 
silylation reagent to form the silyl ether, thus destroying the 
carbonyl group with a corresponding loss of 2-quinolone car
bonyl absorption. The band area of the 2-qu.inolones (band 
peak at about 1680 cm-1) is therefore determined, as shown in 
Spectrum I, from the differential spectrum of the silylated 
versus unsilylated samples. 

Caution should be exercised in drawing the baseline for band 
area quantification because trace amounts of water-if present 
in the hygroscopic solvent, THF-give a strong, broad absorp
tion band at about 1640 cm- 1. Because silylation destroys this 
water band, any water in the untreated sample solution will 
erroneously add to the intensity of the 2-quinolone band in the 
differential spectrum .. Additional details on the effect of water 
on the analysis, and how to cope with the water problem in 
THF, can be found elsewhere (10). 

Anhydrides 

Anhydrides produced on oxidation in asphalts are of a stereo
specific type and form at the 1,8-bridgehead position of a 
naphthalene ring structure in the asphalt molecule (5). They 
yield a doublet infrared band with a major peak at 1725 cm-1 

and a minor peak at 1765 cm-1. The area of the anhydride band 
is determined from the differential spectrum of the NaOH
treated sample versus the TPTH-treated sample (Spectrum K). 
The TPTH-complexed sample is used in the reference beam to 
eliminate carboxylic acid absorption. With the potentially inter-

fering carboxylic acid absorption eliminated from both sam
ples, a clean anhydride band is displayed in the differential 
spectrum. 

Care m'ust be exercised in the preparation of the NaOH
treated s~ple to ensure complete hydrolysis and avoid artifact 
formation. Reference can be made to the description of the 
original method for details and discussion of the NaOH hydro
lysis procedure (10). Several factors must be considered when 
determining the boundary constraints of the anhydride band 
area. If 2-quinolone types are present in the asphalt, a peak may 
appear at about 1680 cm- 1

• The 2-quinolone reaction with 
NaOH is not always quantitative with the hydrolysis conditions 
used, causing the intensity of this band in the differential 
spectrum to vary. The 2-quinolone band also tends to overlap 
with the major anhydride band. 

Further, the strong acid salt band at 1580 cm-1, if sufficiently 
intense, may also tend to pull up the baseline that defines the 
boundaries of the low-frequency side of the 1725-cm-1 band. In 
most cases, this latter effect is not a significant problem but 
should be considered when baseline boundaries are judged In 
most cases, a horizontal baseline drawn from the high-fre
quency side of the 1765-cm- 1 band to a point midway between 
the 1725-cm-1 anhydride band and the 1680-cm-1 2-quinolone
type band, as shown in Spectrum K in Figure 4, adequately 
defines the anhydride band. 

Phenolics and Pyrrolics 

Both the phenolic and pyrrolic functionalities have an acidic 
hydrogen atom (see Figure 1) that hydrogen bonds with the 
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oxygen of lhe THF solvent molecule to form broad, intense 
bands, bolh centering at the same frequency at about 3300 
cm-1, which makes differentiation of the bands impossible. 
However, N aOH reacts with phenolics, but not pyrrolics, to 
form the sodium salt of the phenolic group with the elimination 
of the phe110Iic OH band from the spectrum. Therefore, Spec
trum M of the untreated asphalt contains the absorption of both 
phenolic and pyrrolic functionalities, and Spectrum L of the 
NaOH-treated asphalt reflects absorption of only the pyrrolic 
functionality. Thus, the shaded area in Spectrum L is used to 
calculate pyrrolic NH, and the difference between the amount 
of shaded area in Spectra L and M is used to calculate phenolic 
OH. Traces of water in the samples (which is not present if the 
samples are properly prepared and handled) produce an intense 
interfering doublet band at about 3470 cm-1 and 3550 cm-1

. 

Ke tones 

The shaded area in Spectrum G in Figure 3 is used to calculate 
ketone concentration. Because differential spectra are not used 
for quantification of this functional group, defining the bound
aries of the band is difficult, and changes have been made in the 
procedures initially reported (10). The shaded area is defined by 
two intersecting boundary lines, the first drawn horizontally 
from the high-frequency side of the band shoulder at about 
1830 cm- 1 and the second drawn vertically at 1670 cm- •, as 
shown in Figure 3. The boundary al 1670 cm- 1 was chosen 
after careful analysis of many spectra and differential spectra at 
different levels of ketone content. The area defined by the 
boundaries must be corrected for nonketone background 
absorption. 

The background absorption can be determined from analysis 
of the spectrum of an unoxidized, NaOH-lreated sample, after 
correcting for small amount of ketone artifact that may be 
present. Often, however, an unoxidized sample is not available. 
It has been found that the correction ranges from about 5.0 to 
8.0 J Avdv units (defined later) over the range of less-polar, 
1ow-arom1uicity asphalts to more-polar, high-aromaticity 
asphalts, respectively, with 6.5 J Avdv units being typical (6.5 
units is equivalent to 65 squares on chart paper that is divided 
into 0.01 absorbance units on the ordinate and 10 wave numbers 
on the abscissa). Uncertainti~s in estimating background 
absorption may sometimes cause a small determinant error in 
the calculation of ketone concentration. 

Sulfoxides 

The shaded area of Spectrum B in Figure 2 is used to calculate 
sulfoxide concentration. Estimation of this area is usually 
straightforward; however, finely suspended mineral matter, 
sometimes present in asphalts recovered from asphalt-aggre
gate mixtures, can produce broad absorption centering at about 

_ 1078 cm-1• This absorption can shift the high-frequency shoul
der of the sulfoxide band and increase its apparent intensity (6). 
If contamination is suspected, a solution of the asphalt should 
be centrifuged to remove the mineral matter. 
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Calculations and Sample Handling Routine 

Calculations 

The apparent integrated absorption intensity (B), in units of L 
mol-1cm-2, of an infrared absorption band obtained on a spec
trophotometer having a nonmonochromatic energy source and 
finite slit width is defined as follows (17): 

B = l/cl J ln(T ofnvdv 

where 

c = concentration of functional group type (mol L-1
); 

l = cell path length (cm); 
v = absorption frequency (cm-1); 

T 0 = incident radiation; and 
T = transmitted radiation. 

The area under the absorbance versus absorption-frequency 
curve for the absorption bands of interest is represented by the 
term In (T<lf)ydv. The term In (T<if) is equivalent to the 
commonly used term "absorbance," designated by the notation 
A. 

In the author's work, the band area, J Avdv, was estimated by 
counting squares on the recording chart paper. The concentra
tions of functional group types in the neat asphalt were then 
estimated by using the equation 

c = J dAydv/Bl x 1.05/0.05 

The solutions measured contained 50 mg of asphalt in LOO ml 
of solvent; therefore, assuming the volumes of asphalt and 
solvent to be additive, the term 1.05/0.05 corrects for sample 
dilution by the solvent. 

Values of B used in the calculations are given in Table 1 and 
were obtained by averaging values determined for sets of 
model compounds in THF solutions. Values reported here may 
differ slightly from those reported earlier because a different 

TABLE 1 VALUES OF APPARENT INTEGRATED 
ABSORPTION INTENSITY (B) USED TO ESTIMATE 
COMPOUND-TYPE CONCENTRATIONS IN ASPHALT 

Functional Type B, L mo1-1cm-2 

Carboxylic acids 10 500 

Silyl esters of carboxylic acids 8300 

Anhydri des 26 000 

Ket ones 6000 

Sulfoxi des 4900 

2-Quinolone types 27 000 

Phenolics 13 000 

Pyrrolics 12 000 
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spectrophotometer was used (10). When absorption bands of 
the model compowids were narrow, baseline expansion was 
used to increase the accuracy of the band area determinations. 

Sample Handling Routine 

Time and labor efficiency require a carefully planned sequence 
for handling samples. By using the routine described in the 
following paragraphs, a complete analysis (not including band 
area determinations) can be completed in about 11/2 hr. 

The initial method was developed using 0.250-gm samples 
processed in 25-ml Erlenmeyer flasks (10). The author is cur
rently processing 0.0500-gm samples in 10-ml Erlenmeyer
shaped reaction flasks. These flasks are equipped with a screw 
cap top containing a Teflon®-lined silicon rubber disc, which 
permits accessing the sample flask with a hypodermic syringe 
to add solvent or withdraw sample. The disc seal also prevents 
solvent evaporation and exposure of the THF to water vapor in 
the air. If one intends to conduct the determination, the pub
lished procedures and details of reagent preparations should be 
consulted (10)1). Briefly, the samples are handled as follows. 

Four 0.0500-gm samples are weighed into four flasks to 
which a boiling chip has been added. One flask is capped with 
the Teflon®-faced disc (Teflon® side toward flask) to which 
LOO ml of CS2 is added with a hypodermic syringe while 
venting the flask with an additional hypodermic needle. This 
sample is used to obtain the spectrum in CS2. To the remaining 
three flasks 3 ml of benzene is added, and in addition 0.15 ml of 
0.5 N NaOH is added to one of the flasks. The benzene is then 
boiled off in a hood on a hot plate having a surface temperature 
of about 145°C. 

Immediately after evaporation of the benzene from the two 
untreated asphalts, vacuum is applied momentarily to the flasks 
to remove last traces of benzene and the flasks are capped with 
TeflonQ!l-faced discs. After the condensation of water on the 
sides of the flask containing the NaOH-treated sample, the 
water is washed back into the flask with a syringe charged with 
1 to 2 ml of benzene and the mixture again boiled down, this 
time allowing any remaining water to be expelled. To assure 
complete removal of water from the sample and residual 
NaOH, an additional 3 ml of benzene is boiled from the 
sample, and the flask is capped as previously described. By 
using a hypodermic syringe, exactly LOO ml 0f TPTH reagent 
in THF is added to one of the untreated samples and 1.00 ml 
THF is added to the remaining two flasks to yield sample 
solutions ready for infrared analysis (11) . 

Four 1.00-mm sodiwn-chloride-sealed cells for use in the 
analysis of the samples in THF and two additional cells for 
analysis of the samples in CS2 are recommended. Separate 
cells are recommended for the CS2 spectra (one for the sample 
and one for solvent compensation) because cells used with the 
THF solutions gradually become contaminated and must be 
cleaned when interference becomes significant in the 1500-
cm-1 to 1900-cm-1 region. (Successive treatment of the cell 
with glacial acetic acid followed by pyridine often provides 
effective cleaning.) A variable path-length cell is used in the 
reference beam for THF compensation when needed. 
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All spectra shown in Figure 3 should be run consecutively in 
the same cell to allow spectra comparisons without minor 
baseline shifts caused by variations in cell transmittancy or 
minor differences in peak heights caused by variations in cell 
thickness. Remaining solutions of each sample are used to fill 
an additional cell to be used for differential spectra. The 
remaining portion of the witreated sample, not used to fill the 
cells, is transferred to a small, capped vial and silylated (10). 
The differential spectra needed, as shown in Figure 4, are then 
determined. 

SELECTED APPLICATIONS OF THE METHOD 

The potential applications of the functional group analysis in 
composition-related asphalt technology are numerous and the 
technique is used extensively in the author's laboratory. A few 
examples of its application have been selected to demonstrate 
its utility. 

Kinetics and Chemistry of the Cure of 
Metal-Complex-Modified Asphalt 

A modified asphalt paving composition marketed wider the 
name Chemkrete is being evaluated and used by a number of 
transportation agencies. The modification consists of pretreat
ment of the asphalt with a metal complex, preferably of man
ganese, which induces a rapid reaction of the asphalt with 
atmospheric oxygen after mixture preparation. After rapid cure 
in the field, the mixture exhibits increased compressive 
strength. Functional group analyses were used in an investiga
tion of the metal-induced reaction (18). Results indicated that 
the reaction during the Chemkrete cure produced the same 
oxidation products (ketones and anhydrides) that are formed 
during normal oxidative aging and that the metal complex 
acted as a catalyst to increase the rate of reaction with 
atmospheric oxygen. 

The kinetics of the curing reaction were studied and evi
dence was presented that the manganese catalyst was inacti
vated after completion of the curing period (18). More recent 
chemical studies of the curing reaction have confirmed the 
manganese inactivation and have elucidated the chemical 
mechanism of the inactivation. Summary details are shown in 
Figure 5. These data demonstrate the application of the func
tional group analysis. Complete details of the study will be 
published elsewhere. In this work, the asphalt was cured as a 
thin film of asphalt in Ottawa sand briquets in a 45°C air oven. 
Void space in the briquets·was 30 to 40 percent, which allowed 
ready access of oxygen. 

As can be observed in Figure 5, during the first 24 hr of the 
curing period, the major reaction product formed was ketones 
from the air oxidation of hydrocarbon components of asphalt 
molecules. No measurable changes in the concentrations of 
anhydrides and free or complexed acids were observed. The 
active form of manganese used in the asphalt modification is a 
complex of the manganese ion with high molecular weight 
carboxylic acids. The TPTH reagent used in the functional 
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FIGURE 5 Changes In chemical functionality during cure of metal complex-modified 
asphalt. 

group analysis was able to differentiate between the complexed 
acid and excess free acid present, thus providing a measure of 
the amount of active manganese present. 

By the end of 2 days of cure, significant changes were 
observed in all the functionalities being monitored. 
Anhydrides, the formation of which is always preceded by a 
induction p eriod, were beginning lo form at a ketone content of 
between 0.3 a.nd 0.4 mo! L - 1• Wilh the formation of anhydrides 
there was a simultaneous decrease in the manganese-com
plexed acids together with a corresponding increase in free 
acids. 

Based on additional evidence, too comprehensive to present 
here, liberation of free acids from their manganese complex 
results from complexation of the manganese with a ste
reospecific diketone. This diketone is formed simultaneously 
with the stereospecific anhydrides (previously described) from 
the oxidation of asphalt molecules having alkyl substituents in 
the 1,8-bridgehead position of a naphthalene ring component of 
the molecules (5). The key intermediate, based on earlier evi
dence obtained in the author's laboratory, is believed to be a 
1,8-ketone hydroperoxide, which decomposes on a statistical 
basis to form either the anhydride or the stereospecific 1,8-
diketone. The diketone then forms a strong' complex with 
mangenese, freeing its complexed acids and destroying its 
catalytic activity as an oxidation catalyst in asphalt. 

After 20 days (Figure 5) the catalytic reaction was complete 
and all the manganese was inactivated, as evidenced by the 
abrupt cessation of ketone and anhydride formation. Based on 
the loss of one carboxylic acid molecule from one manganese 
upon the formation of the diketone complex, the amount of 
acids found liberated exactly equaled the amount of manganese 
known to be present. Approximately one mole of acid per mole 
of manganese still remained complexed with the manganese 
following its inactivation. 

The author has proposed that upon complex formation 
between the manganese and the first stereospecific diketone, 
the complex with the remaining acid is occluded within an 
agglomerate or micelle of polar asphalt molecules. The func
tional group analysis technique not only made it possible to 
follow the chemistry of the metal-induced curing reaction as 
changes in physical properties were followed, but also 
provided additional confirmation of the mechanism of 
anhydride formation in asphalt. 

Carboxyllc Acid Salts as a Contributor to 
Pavement Moisture Damage 

Several years ago a state transportation agency experienced a 
sudden onset of moisture damage in a newly constructed pave
ment. The granite aggregate used had produced pavements that 
had performed satisfactorily in the past. The asphalt used in the 
troubled mix was examined by functional group analysis 
together with an asphalt that had performed satisfactorily with 
the granite aggregate. Results are gi_ven in Table 2. 

A high concentration of carboxylic acid salts, indicative of 
caustic treatment during processing of crude stock with a high 
acid content, was found in the asphalt that produced the 
moisture-sensitive pavement. Caustic treatment of the crude 
during processing was found to be the case. Fundamental 
studies of the asphalt aggregate interaction by using the func
tional group analysis together with additional model compound 
studies have indicated that carboxylic acid salts are concen
trated and strongly adsorbed at the asphalt-aggregate interface, 
but are also easily displaced from certain aggregate types by 
water (20) . Thus, a strong indication of the cause of the mois
ture damage problem in the pavement in question was rapidly 
identified by using the functional group analysis. 
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TABLE 2 FUNCTIONAL GROUP ANALYSIS OF ACID 
FUNCTIONALITY OF ASPHALT FROM MOISTURE-SENSITIVE 
AND SATISFACTORY PAVEMENTS 

Asphalt source 

Moisture sensitive pavement 

Satisfactory pavement 

Fundamental Studies of the Chemistry of the 
Asphalt-Aggregate Interaction 

By using the analysis technique described in this paper together 
with techniques for isolating the chemical functional groups 
that form the bond between asphalt molecules and mineral 
aggregate surfaces, those chemical functional groups that form 
the asphalt-aggregate bond have been identified (19). In addi
tion. their relative tendency to be concentrated at the aggregate 
surface and their relative tendency to be displaced by water 
have also been quantitatively assessed (12J9,20). An example 
of some of the data obtained in one of the studies referenced is 
given in Table 3 (12). These data are averages for a number of 
different asphalt-aggregate systems in which the relative con
centrations of the various functional groups were found to vary 
considerably from one system to another. However, the data are 
indicative of general behavior. 

All of the different types of polar functionality present were 

Carboxylic acids Cmol L-1) 

Free Salts Total 

0.013 0.082 0.095 

0.017 None 0.017 

found to be concentrated at the asphalt-aggregate interface, 
with carboxylic acids and anhydrides being concentrated 30-
and 14-fold, respectively. Many of the strongly adsorbed func
tionalities concentrated at the aggregate surfaces were also 
selectively displaced by water. Correlation of these results with 
the performance of corresponding asphalt-aggregate mixtures 
in actual pavements and in laboratory moisture damage testing 
provided a rational explanation for the sensitivity of the pave
ment mixtures to moisture-induced damage (12). 

Analysis of Fractions from Corbett-Type 
Separation 

As the final example of the application of the functional group 
analysis, ~ determination of the chemical functionality of 
fractions from a Corbett-type separation (ASTM Method 
D-4124) is given in Table 4. 

TABLE 3 RELATIVE TENDENCY OF CHEMICAL FUNCTIONALITY IN 
ASPHALTS TO BE CONCENTRATED AT THE AGGREGATE SURFACE AND 
TO BE DISPLACED BY WATER 

Average Average water 

Functional qrouo type concentration ratio a displacement ratiob 

Ketone 1.2 0.65 

Carboxylic acid 30 2.1 

Anhydride 14 3.5 

2:..Qui no 1 one 5.4 3.1 

Sulfoxide 2.6 2.5 

Pyrrolic 0.27 low 

Phenolic 4.1 low 

aconcentrat ion at asphalt-aggregate interface divided by 

concentration in bulk asphalt 

bconcentration in water-displaced fraction divided by concentration at 

asphalt-aggregate interface 
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TABLE 4 DISTRIBUTION OF FUNCTIONAL GROUPS IN FRACTIONS FROM 
CORBETT-TYPE SEPARATION 

Concentration in fraction (mol L-~ 

Whole Naphthene Polar 

asphalt Saturates aromatics aromatics Asphaltenes 

Ket ones 0 0 0 0.11 Trace 

Carboxylic acids 0.027 0 0 0 0.034 

Anhydrides 0 0 0 Trace Trace 

2-Quinolone types 0.021 0 0 0.023 0.046 

Sul foxi rles 0.019 0 Trace 0.12 0.09 

Pyrrol i cs 0.17 0 0 0.21 0.23 

Phenolics 0.035 0 0 0.055 0.075 

Note: Yield of fractions, based on whole asphalt were: saturates, 9.9%; 

naphthene aromatics, 25.3%; polar aromatics, 38.1%; asphaltenes, 21.6f.; 

loss (which should be added to polar aromatics), 5. l'.t. 

Virtually no oxygenated polar functional groups were found 
in the saturates or naphthene aromatics fractions. This was not 
unexpected because asphalt molecules containing polar, hetero
atom-containing functionality would not be expected to be 
displaced from the alumina chromatographic adsorbent with 
the solvents (heptane and benzene) used. A concentration of 
0.11 mol L-1 ketones was found in the polar aromatics fraction. 
Because virtually no ketones were present in the whole asphalt, 
and only a trace of ketones was found in the reactive 
asphaltenes, the ketones found in the polar aromatics were 
probably formed as artifacts by adsorbent-promoted oxidation 
of this fraction during separation. The absence of carboxylic 
acids in the polar aromatics fraction was at first surprising 
because the whole asphalt contained significant acids, and 
significant amounts of acids were found concentrated in the 
asphaltenes that were precipitated from the asphalt before the 
chromatographic separation. However, functional group 
accountability indicated that only 28 percent of the carboxylic 
acids present could be accounted for in the asphaltene fraction. 
It is apparent that most of the carboxylic acids present in the 
original asphalt were lost during analysis by irreversible 
adsorption on the alumina column during fractionation. This 
adsorption probably accounts for most of the weight loss dur
ing fractionation, as noted at the bottom of Table 4. 

The 2-quinolone types in the whole asphalt were accounted 
for by the combined amounts found in the polar aromatic and 
asphaltene fractions. In the analysis of other asphalts not 
reported here that were low in acids, some 2-quinolone types 
were irreversibly adsorbed on the alumina, suggesting competi
tive adsorption between carboxyiic acids and 2-quinolones, 
with the acids being most strongly adsorbed. The combined 
sulfoxides found in the asphaltenes and polar aromatics 
exceeded L1ie concentration found in the initial asphalt, again 
suggesting the formation of oxidation artifacts that are pro-

duced on the chromatographic column. Sulfoxides are the most 
easily formed oxidation product in asphalt (6). Their formation 
during separation is supported by the fact that they occur in 
higher concentration in the polar. aromatic fraction than in the 
asphaltene fraction, the latter never having had contact with the 
adsorbent. Finally, within the limits of accuracy and precision 
of the determinations, the pyrrolics and phenolics present in the 
whole asphalt were accounted for in the combined polar aroma
tic and asphaltene fractions. 

SUMMARY 

The combined use of differential infrared spectrometry and 
selective chemical reactions provided the basis for the develop
ment of an analytical method for the quantitative analysis of 
important chemical functionality naturally present in asphalt or 
formed in asphalt on oxidative aging. The method can be 
applied to the solution of a variety of composition-related 
problems in asphalt technology. 
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Crude Source Effects on the Chemical, 
Morphological, and Viscoelastic 
Properties of Styrene/Butadiene 
Latex Modified Asphalt Cements 

D. L. WOLFE, D. ARMENTROUT, c. B. ARENDS, H. M. BAKER, 

H. PLAN CHER, AND J. CLAINE PETERSEN 

The increasing costs and decreasing availability of good
quality asphalt cements across the United States has war
ranted the use of modifiers. Provided in this paper ls a 
preliminary fundamental analysis of chemical variables (ele
mental analysts, molecular weight, functional group analysis, 
and chromatographic fractionation), microstructural effects as 
measured by scanning electron microscopy, and viscoelastic 
changes imparted by styrene/butadiene latex addition as mea
sured by dynamk, mechanical spectrometry. AC-10 and AC-20 
asphalt cements from five crude sources representing a wide 
range of chemical and physical properties were chosen for this 
study. 

CHEMICAL ANALYSES 

Crude Sources 

Two grades of asphalt cements from five sources were charac
terized in preparation for asphalt modifier studies. The asphalts 
were chosen to provide a wide range of composition for eval
uating interactions between additives and asphalt components. 
Two asphalts originated from California, two from Texas, and 
one from Michigan. The following is a key to the sample 
abbreviations used throughout this paper, including the source 
where the sample was collected. 

• California valley= CV-W, 
• California coastal = CC-C, 
• Texas = T-C, 
• Texas = T-DS, and 
• Michigan = MI-M. 

Elemental Analysis 

Elemental analysis results for the major nonhydrocarbon con
stituents are given in Table 1. Oxygen values have been calcu
lated by differences and are therefore subject to more error than 

D. L. Wolfe, D. Armentrout, C. B. Arends, and H. M. Baker, The Dow 
Chemical Co., 1691 N. Swede Road, Midland, Mich. 48640. H. 
Planchcr iuid J. C. Petersen, Western Research Institute, P.O. Box 
3395, University Station, Laramie, Wyo. 82071. 

the others. There is good agreement between the sulfur and 
nitrogen levels from each source. Sulfur ranges from 0.8 to 6.8 
percent and nitrogen from 0.5 to 1.16 percent by weight. 

Metals Analysis 

Table 2 gives the analytical results for major metals in the 
samples. No metals other than vanadium, nickel, and iron were 
detected at levels approaching 20 µg/g in any of the samples. In 
a few cases, low levels of zinc and copper were observed, but 
the presence of iron interfered with accurate quantitation. The 
asphalt samples were wet digested with nitric and sulfuric acids 
and analyzed by emission spectrometry with an inductively 
coupled plasma source. 

Again, a wide range of vanadfom, nickel, and iron con
centrations are observed for the samples with C-CC AC-20 
possessing the highest vanadium and nickel levels; T-DS 
AC-20 has the highest iron level, and T-DS AC-10 has the 
lowest vanadium and nickel concentrations. Some of the iron 
present in the samples may be attributable to processing during 
refining operations. 

TABLE! ASPHALT CEMENT ELEMENTAL ANALYSIS 
RESULTS (PERCENT BY WEIGHT) 

AC Samole t N % 0 i s 

CV-W AClO 1.16 0. 9 1.56 

CV-W AC20 1.14 1.0 1.47 

CC-C AClO 0.96 0. 4 6.19 

CC-C AC20 0.93 0.1 6.84 

Ml-M P85 0.60 <0.1 4.02 

Ml-M AC20 0.62 0.5 3. 72 

T-C AClO 0.47 0.1 4.02 

T -C .~C20 0. 48 O. l 3.96 

T-DS AClO 0,46 <0.1 0.80 

T-05 AC20 0.48 0. 21 0.87 
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TABLE2 ASPHALT CEMENT METALS ANALYSIS (PARTS 
PER MILLION) 

AC Samele Vanadium Nickel Iron 

CC-C AClO 283 154 34 

CC-C AC20 3S8 194 28 

Ml-M PSS 216 68 17 

Ml-M AC20 213 70 16 

T-C AClO 108 so 98 

T -C AC20 98 so 162 

CV-W AClO S7 112 so 

CV-W AC20 S6 124 89 

T-DS AClO 22 24 285 

T-DS AC20 23 27 440 

Percent Aromatic Content 

To obtain percent aromaticity in each asphalt cement, about 1 g 
was dissolved in 3 cm3 of deuterated chloroform and examined 
by carbon-13 nuclear magnetic resonance using a Bruker WM 
360 instrument. 

Percent aromaticity was calculated by dividing the aromatic 
carbon integrated area by the total carbon integrated area. The 
results in Table 3 indicate that the T-C and CV-W samples have 
significantly higher aromatic contents than do the CC-C or 
T-DS asphalt cements. 

Apparent Molecular Weight Distribution 

To gain an understanding of the· relative molecular weight 
distributions of the asphalt cement samples, they were dis-

TABLE 3 ASPHALT CEMENT CARBON-13 
NUCLEAR MAGNETIC RESONANCE 
RESULTS 

AC Samele :I: Aromaticit;r: 

T-C AC20 34 

T-C AClO 33 

CV-W AClO 31 

CV-W AC20 28 

Ml-M PSS 29 

Ml-M AC2Q 29 

CC-C AClO 27 

CC-C AC20 26 

T-DS AC20 2S 

T -DS AClO 23 

13 

solved in tetrahydrofuran (THF) and separated by size exclu
sion chromatography (SEC) on a series of Varian Micropak, 
TSK columns. Both refractive index and ultraviolet absorption 
detectors at 340 nm were used. A broad molecular weight 
polystyrene standard was used to calibrate the instrument. 

In Table 4, the apparent average (Mz), weight average (Mw), 
and number average (Mn) molecular weights are given. Mz is 
influenced by the higher molecular weight components in the 
distribution, whereas Mn is more affected by the lower molecu
lar weight components in the distribution. 

Again, there is good correlation between results for the two 
grades from each crude source. Except for T-DS, there is not 
much difference in Mn molecular weights among crude 
sources; however, the Mz and Mw data indicate that there are 
significantly more of the larger sized species in the T-DS and 
CC-C asphalts. 

It must be emphasized that the SEC data provide only rela
tive molecular size distributions. The size distributions are not 
absolute for two reasons. First, the size per unit weight of the 
polystyrene calibration standard does not duplicate that of the 
asphalt molecules; and, second, it is well known that the more 
polar asphalt molecules tend to associate in THF and that these 
associations behave as much larger species on the SEC column. 

Infrared Spectroscopy and Functional Group Analysis 

Infrared spectroscopic analyses have been performed on both 
asphalt concrete grades of all five asphalts. Spectra were 
obtained as 5 percent solutions in CS2 to observe fingerprint 
absorption bands and sulfoxide levels. Functional group analy
ses based on selective chemical reactions and differential 
infrared spectroscopy were also performed. Results have been 
tabulated and are given in Table 5. 

Ketones and anhydrides were virtually absent in the asphalt 
cements, which is expected because these functionalities are 
not native to the asphalt but are formed during atmospheric 
oxidative aging. Small amounts of oxidation are apparent in 
some samples as indicated by sulfoxide contents. Sulfoxides 
are oxidation artifacts formed from sulfide oxidation and are 
the most easily formed oxidation functionality in asphalts. 

TABLE 4 ASPHALT CEMENT MOLECULAR WEIGHT 
DISTRIBUTIONS 

Apparent Average Molecular 
Weight Units 

AC Sample Mz Mw Mn 

CV-W AC-10 3,900 2,400 1,400 
CV-W AC-20 4,400 2,700 1,600 
MI-M P85 5,400 2,900 1,500 
Ml-M AC-20 5,600 3,000 1,500 
T-C AC-10 5,200 3,000 1,700 
T-C AC-20 5,300 3,000 1,700 
CC-C AC-10 9,000 3,900 1,600 
CC-C AC-20 8,600 3,400 1,400 
T-DS AC-10 9,100 5,400 2,700 
T-DS AC-20 9,200 5,600 2,900 

- - -
Note: Mz = apparent average, Mw = weight average, and Mn = number 
average. 
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TABLES INFRARED SPECTROSCOPIC ANALYSIS OF UNMODIFIED ASPHALTS• 

Functional Group Concentration (mol/L) 

Carboxylic Acids 2-Quinolone 
Source Grade Ke tones Anhydrides Free Salts Total Types Sulfoxides 

CC-C AC-10 0 0 0.027 0 0.025 0.015 0.019 
AC-20 0 0 0.014 0.002 0.016 0.020 0.015 

CV-W AC-10 0 0 0.002 0.058 0.058 0.008 0.023 
AC-20 0 0 0.005 0.048 0.048 0.009 0.103 

T-C AC-10 0 0 0 0 0 0.008b 0.156 
AC-20 0 0 0 0 0 O.Ollb 0.205 

T-DS AC-10 0 0 0 0 0 0.006 0.008 
AC-20 0 0 0 0 0 0.006 0.053 

MI-M P-85 0 0 Trace 0 0 0.010 0.122 
AC-20 0 0 0 0 0 0.011 0.087 

•Asphalt as 5% solution in CSi. 1 mm cell thickness. 
"Difference in the two values caused by variable intensity of shoulder band at 1650 cm-1

• 

Carboxylic acids were found in significant amounts only in 
California asphalts with the amounts in the CV-W asphalt being 
greater than twice those in the CC-C .asphalt. Further, most of 
the acids in the CV-W asphalt are present as carboxylate salts, 
suggesting caustic treatment of the crude during refining, 
which concentrates acid components in the asphaltic residue. 
The 2-quinolone types are naturally occurring and their relative 
concentration is a characteristic of the crude source. This com
pound type is important because it forms strong hydrogen
bonding dimers with itself and mixed, hydrogen-bonding 
dimers with carboxylic acids. These association reactions are 
important to asphalt physical properties and aging characteris
tics. 

Several characteristic absorption bands are useful for fin
gerprinting asphalt and obtaining information about important 
hydrocarbon characteristics. The peak intensities for the 
absorption bands, together with the functional group analyses, 
confirm that the AC-lOs and AC-20s from each refinery source 
were manufactured from the saµie crude oil source or blend. 

Of particular interest is the high absorptivity of the 1600-
cm-1 band of the CV-W asphalt compared with the other 
asphalts. The 1600-cm-1 band arises in unoxidized asphalts 
primarily from C = C stretching of aromatic ring systems with 
smaller contributions from the C = N of aromatic ring systems, 
which include the pyridine moiety. The apparent aromaticity 
differences may relate to the differences in the phase mor
phologies of the dispersions of styrene/butadiene (SIB) latex 
between the CC-C and CV-W asphalts, as can be observed in 
the photomicrographs shown later in this paper. The more 
aromatic CV-W asphalt probably contains components that are 
better solvents for SIB latex and thus impart the visual 
appearance of partial solubility or compatibility with the 
asphalt to the dispersed latex in the CV-W asphalt. The 
increased interaction between the CV-W asphalt and SIB latex 
probably also accounts for the enhanced response of the CV-W 
asphalt to physical property improvements (temperature and 
shear susceptibility) compared with the CC-C asphalt, as evi
denced by viscoelastic data that will be presented later in this 
paper. 

Asphalt Fractionation 

Asphalt cement samples were fractionated according to ASTM 
method D4124. In this procedure, the asphaltenes are precipi
tated from the asphalt by the nonpolar solvent heptane. The 
heptane solution is then percolated through an alumina column 
and the fractions displaced with increasingly polar solvent 
systems. The most weakly adsorbed saturates fraction is 
removed with heptane, the naphthene aromatics fraction with 
benzene, and the polar aromatics fraction with methanol-ben
zene followed by trichloroethylene. Although the names of the 
fractions were intended to suggest the major compositional 
types present, each fraction is still a highly complex mixture of 
chemical compounds and the same generic fraction from dif
ferent asphalts can vary widely in composition. 

It can be observed from the data in Table 6 that the compo
nent analyses vary considerably from one asphalt to another, 
indicating significant differences in chemical composition or 
polarity of the molecular components. The increased solvent 
power of the CV-W asphalt for the SIB latex is further under
stood from its reduced asphaltene content and increased 
amounts of aromatic fractions compared with the CC-C 
asphalt. T-DS asphalt cement also stands out as one containing 
virtually no asphaltenes and a high concentration of polar 

TABLE6 FRACTIONAL COMPOSITION OF UNMODIFIED 
ASPHALT AS DETERMINED BY ASTM D4124 

As2ha1t Com2osition, Weight Percent 

Naphthene Polar 
Source Grade Saturates Aromatics Aromatics As2haltenes Loss 

CC-C AC-10 9.9 25.3 38 .1 21.6 5.1 

CV-Ii AC-10 9.8 31.6 45.6 7.0 6.0 

1-C AC-10 11. :J 33.6 31. 5 14.9 2.6 

T-DS AC-10 4.0 30. l 60.6 0.2 5.1 

Ml-M AC-10 9.4 33.5 38.9 16. 1 2.1 
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aromatics. In addition to being deficient in material precipitated 
by heptane (the asphaltenes may be highly dispersed in heptane 
and thus pass the filter), T-DS asphalt cement is also deficient 
in nonpolar materials that would be found in the saturated 
fractions. 

As can be observed from the data in Table 6, there is some 
loss during the analysis, primarily from strongly adsorbed 
components that are not desorbed from the alumina column. 
These components are probably most nearly similar to those 
components found in the polar aromatics fraction. 

EFFECT OF CRUDE SOURCE AND GRADE ON 
LATEX PHASE MORPHOLOGY 

Experimental 

The latex-asphalt cement blends were prepared in the follow
ing manner for all of the asphalt crude sources. About 2 gal of 
each asphalt cement were weighed and heated to between 
280°F and 300°F while stirring using a Lightnin mixer with a 
two-blade impeller. Enough SIB latex (DOWNRIGHT 
HM-lOOL from The Dow Chemical Company) was added 
slowly to make a mix of 5 percent in asphalt cement (based on 
asphalt cement). [DOWNRIGHT HM-lOOL latex is a water
based emulsion (70 percent) made up of 24 percent styrene{76 
percent butadiene polymer. DOWNRIGHT is a trademark of 
The Dow Chemical Company.] The mixture was then placed in 
an oven at 280°F until a constant weight was obtained. This 
mixture was then broken down into 1-qt aliquots and allowed to 
cool. 

To prepare asphalt cement samples for microscopic exam
ination, 5-mm3 samples of the latex modified asphalt were put 
into a 25-mL glass-stoppered Erlenmeyer flask and 15 mL of 
methyl ethyl ketone-osmium tetroxide (2 percent fixing solu
tion) was added. The mixture was allowed to stand for a least 
12 hr for complete fixing of the latex and dissolution of the 
asphalt by the methyl ethyl ketone (MEK). Then the dissolved 
asphalt and MEK were pipetted from the flask and the sample 
washed three times with reagent grade MEK. The remaining 
fixed latex structure was cross sectioned with a razor blade and 
vacuum drie<j for 10 min at room temperature. The cross
sectional surfaces of the sample were mounted on scanning 
electron microscope (SEM) slubs with silver conductive painl 

0 

and coated with gold approximately 200 A thick. Examination 
and photomicrography were done with a Hitachi S-520 scan
ning electron microscope. 

Results 

The morphological characteristics of latex in asphalt cements 
were found to vary widely, depending on crude source. Figures 
1-10 show electron micrographs of 5 percent SIB latex in 
AC-10 and AC-20 samples. Five distinctly different structural 
networks are shown in these photographs: fine and coarse 
continuous strings (Figures 1, 2, and 5); open cells (Figures 4 
and 6); closed cells (Figure 7); sheetlike, thin films (Figure 8); 
and thick, discontinuous fibrils (Figures 9 and 10). 
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FIGURE 1 Sample of SA-T-C AC-10. 

FIGURE 2 Sample of SA-T-C AC-20. 

FIGURE 3 Sample of SA-T-S AC-10. 



FIGURE 4 Sample of SA-T-S AC-iO. FIGURE 7 Sample of SA-CV-W AC-10. 

FIGURE S Sample of SA-CC-C AC-10. FIGURE 8 Sample of SA-CV-W AC-20. 

FIGURE 6 FIGURE 9 Sample of SA-MI-M AC-10. 
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FIGURE 10 Sample of SA-MI-M AC-20. 

Several observations can be made from the photographs. 
Prediction of observed microstructure within the same crude 
source cannot always be reliably made based on microstructure 
information from one grade of asphalt cement. With the excep
tion of Figures 1 and 2, there are virtually little or no sim
ilarities between the latex microstructures observed in AC-lOs 
and AC-20s from all crude sources. Also, across the crude 
source range studied, significant differences in latex micro
structure are observed among AC-lOs and among AC-20s. It 
would be expected that this aspect of asphalt modification has a 
significant bearing on the level of property performance 
improvement across crude source types and grades. A funda
mental understanding of the relationship between latex micro
structure in asphalt cements and actual field performance prop
erties may indicate that one type of microstructure is preferred 
over another for optimal results. Methods for custom tailoring 
additive systems that would result in the desired microstructure 
could then be investigated. 

In conclusion, crude source has a definite influence on the 
latex phase morphology, as demonstrated by SEM studies. The 
mode of mixing latex in the asphalt may also influence latex 
microstructure. SEM appears to be a good analytical tool for 
rapidly studying latex modifier distribution and morphology in 
a large number of asphalt crude sources and grades. The ulti
mate long-term impact of these studies may result in custom 
tailoring asphalt additives for specific needs to optimize pave
ment performance. 

VISCOELASTIC EVALUATION OF SIB LATEX 
MODIFIED ASPHALT CEMENTS 

Experimental 

The viscoelastic properties of neat and modified asphalt cement 
were measured using a Rheometrics Model 605 Mechanical 
Spectrometer. Data were taken over a three-decade range (from 
0.1to100 radians per sec) at 10°C intervals from -20 to +60°C. 

Parallel plate geometry was used, employing 8-mm plates 
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from -20°C to +20°C, and 25-mm plates from +30°C to 
+60°C. Sample thickness was typically 1 mm. 

Data Handling 

Primary data in these evaluations are typically G' (storage 
modulus), G" (loss modulus), temperature, and frequency. 
After the mechanical portion of the testing was completed, the 
primary data were transferred to a VAX nnso for further 
manipulation. After transfer, the data were shifted to form a 
single master curve using 0°C as the reference temperature. 
Figure 11 shows one example of the shifted modulus values for 
CC-C asphalt cement. 

After shifting, the dynamic viscosities were calculated 
according to the following equation: 

ETA* = [(G')2 + (G")2]1f2/W 

where ETA* is the dynamic viscosity and W is the shifted 
frequency. Figure 12 shows dynamic viscosity results for neat 
CV-W and CC-C asphalt cements, and Figure 13 shows 
dynamic viscosities for SIB latex modified asphalt cements. 
The interpretation of the results from these graphs is as follows. 

Perhaps the most revealing values from viscoelastic analysis 
are the loss tangents, that is, 

TAN D = (G")/(G') 

where TAN D is the loss tangent. Figure 14 shows shifted 
values for CC-C AC-10 asphalt cement neat and with 5 percent 
latex. The significant increase in elasticity at low frequency 
(equivalent to high temperature) on the addition of modifier is 
apparent. 

TAN D data can also be plotted as a function of temperature. 
Figure 15 shows results analogous to those shown in Figure 14. 
As a result, either method can be used to display viscoelastic 
phenomena because low frequency is equivalent to high tem
perature when viscoelastic effects are being measured. 

Results 

Viscoelastic analysis can be used in a number of ways to 
interpret the behavior of neat and modified asphalt cements. 

First, the data can be used to provide important information 
on materials. Figures 12 and 13 show that the CC-C asphalt 
cements have viscosities that are much higher than those of 
CV-W asphalts. However, on the addition of a modifier, the two 
sources give viscosity profiles that are nearly the same, indicat
ing that the effect of the additive on viscosity is greater in the 
CV-W asphalt cement than in the CC-C asphalt cement. 

Second, these data can be correlated with other properties. 
For example, the loss tangent master curves at low frequency 
(Figure 16) can be used to differentiate between additives. In 
this case, they correlate well with ductility performance 
because modified asphalt cements with lower values of TAN D 
have better low-temperature ductility. More important than the 
correlation is the existence of an independent parameter from 
which a mechanism of improvement can be inferred, that is, 
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ductility may be the result of elasticity at low frequencies 
(strain rates). 

Third, a viable technique exists for providing insight into the 
effective compatibility of a mixed system. For example, in 
Figure 15 the presence of additive causes a decrease in TAN D; 
however, even with the additive, TAN Dis a smoothly increas
ing function of the temperature. In contrast, Figure 17 shows a 
case in which the additive produces a TAN D curve that has a 
sigoidal character. These rather distinct differences can be 
traced to differences in the interaction between the asphalt 
cement and the additive; there is probably a difference in the 
dispersion or swelling of the additive in the two cements. 

ao 35 llO 85 80 

CONCLUSIONS 

Dynamic mechanical spectroscopy is being used to evaluate 
performance of additives to various asphalt cements. Viscous 
behavior can be evaluated either during application or in use. 
Dynamic data can be used to correlate with other tests and also 
to infer mechanisms by which additives interact with various 
asphalt cements. 

Publicalion of lhis paper sponsored by Committee on Characteristics of 
Bituminous Malerials. 



22 TRANSPORTATION RESEARCH RECORD 1096 

Relationships Between Composition, 
Structure, and Properties of Road 
Asphalts: State of Research at the French 
Public Works Central Laboratory 

BERNARD BR OLE, GUY RA.MONO, AND CHRISTIAN SUCH 

Reviewed ls the past and ongoing research conducted at 
France's Laboratoire Central des Ponts et Chaussees (LCPC) 
(Public Works Central Laboratory) in the area of asphalt 
cements. The investigations cover the development of methods 
for characterizing the physicochemical and rheological proper
ties of such materials, and the establishment of relationships 
between their composition, colloidal structure, and practical 
properties. For physicochemical characterization, the research 
makes use of such techniques'' as \ligh-pressure liquid chro
matography, gel permeation chromatography (GPC), and dif
ferential scanning calorimetry. The rheological behavior of 
materials is studied by the peeling technique, viscoelastisime
try, and viscosimetry on thin films (with specially designed 
apparatus). Theoretical studies have led to the proposal of a 
new rheological behavior model better suited to experimental 
results than conventional models, characterized by Its analogy 
with the laws of chemical kinetics, and allowing the calculation 
of a structural parameter as well as a parameter dependent on 
energy per unit volume dissipated and having activation 
energy characteristics. The foregoing assessment brings out 
the effectiveness of the facilities set up by the LCPC, and it is 
important to note that the new characterization methods indi
cate that asphalt cements with the same specifications have 
substantially different physicochemical compositions and rhe
ological behaviors. Among the most important results, it is 
demonstrated that GPC makes it possible to characterize the 
equilibrium of the colloidal structure of asphalt cement and to 
obtain information on the ability of asphaltenes to Interact to 
form a more or less developed network responsible for the gel 
character of the rheological behavior noted. It is also demon
strated that information obtained by GPC on the interaction of 
asphaltene micelles ls closely correlated with certain observed 
characteristics of rheological behavior. 

The Laboratoire Central des Ponts et Chaussees (LCPC) (Pub
lic Works Central Laboratory) has long been engaged in 
research in the area of hydrocarbon binders. Regarding asphalt 
cements and asphaltic concretes, the observation during the 
past 10 years of a certain number of disorder~ related, undoubt
edly, to the increase in traffic and to its aggressive action (in 
France, axle loads of 13 metric tons are authorized) but not 
entirely explained by these factors, has emphasized the need 
for research on the relationships between composition and 
properties. 

Laboratoire Central des Ponts ct Chaussees, 58 Boulevard Lefebvre, 
75015 Paris, France. 

For asphalt cements, the research has a twofold objective: 

• To acquire knowledge on the chemical composition of 
binders in the generic sense of the term, their microscopic and 
colloidal structure, and their rheological and practical proper
ties, as well as on the evolution of these properties during 
mixing and weathering in situ; and 

• To establish experimental relationships between composi
tion, structure, and properties and to determine the evolution of 
these relationships after mixing and weathering. 

PHYSICOCHEMICAL CHARACTERIZATION OF 
ASPHALT CEMENTS 

The study of the relationships between composition and prop
erties calls for the use of reliable and fast means of character
ization. In this area, the research of the LCPC associated with 
regional research laboratories involves the use of modern 
methods of liquid chromatography [high-pressure liquid chro
matography (HPLC) and gel permeation chromatography 
(GPC)] as well as thermal methods [essentially differential 
scanning calorimetry (DSC)]. 

High-Pressure Liquid Chromatography 

The HPLC technique was used initially for the characterization 
of asphalt cements and of the fractions composing them (I). 
The study of operating parameters led to the choice of the 
following conditions: 

• Packing = grafted silica C-18; 
• Solvent A = chloroform-methanol-water: 50--40-10 (in 

volume); 
• Solvent B = chloroform-methanol: 85-15 (in volume); 

and 
• Programming: 

Initial solvent = 80 percent of Solvent A, 
Final solvent = 100 percent of Solvent B, 
Gradient = No. 4 of Waters M 660 programmer, 
Programming time = 10 min, 
Flow rate = mL/min, and 
Detection = ultraviolet at 280 nm (nanometers). 

Programming is begun 2 min after injection. As a example, 
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the chromatograms for a road asphalt cement obtained from a 
residue of blown and acidified Safaniya crude, its maltenes, and 
its asphaltenes are shown in Figure 1. 

The results of this research show that liquid chromatography 
with reverse phase polarity, on a C-18 grafted silica column, 
can be used for characterizing asphalt cements and their frac
tions through the use of a suitable solvent mixture (chloro
form-methanol-water). Under these conditions, the chromato
grams are clearly differentiated from one fraction to another. 
On the other hand, unlike what is generally observed with this 
type of support, the order of elution is not related directly to 
polarity because the low-polarity fractions are eluted before the 
higher polarity fractions (maltenes, for example, are eluted 
before asphaltenes). It is thus difficult to compare elution 
volume and polarity. The injection of fractions having the same 
polarity but different molecular weights (for example, aromatic 
fractions of maltenes and asphaltenes) and chloroformic 
extracts shows that the separation process is governed essen
tially by the solubility in chloroform. 

During a later phase, the possibilities of applying HPLC to 
the fast determination of the generic composition of road 
asphalt cements was examined [it will be recalled that the 
generic composition is defined by the amount of saturated oils, 
aromatic oils, resins, and asphaltenes (2)]. The technique 
adopted consists of eliminating the asphaltenes with n-heptane 
and then injecting the maltenes on an NH2 grafted microsilica 
column (3). The saturated oils are eluted at the dead volume 
and detected by differential refractometry, whereas the aroma
tic oils, slightly retained, are detected in ultraviolet. Resins, 
highly absorbed, are eluted by solvent backfiushing. Figure 2 
shows the type of chromatogram obtained. In this figure, col
umn: µNH2; solvent: heptane; flow rate: 2 mL/min; quantity 
injected: 160 µg; and BF: solvent backflush. 

A comparison of the results of the fractionation of many 
samples of asphalt cements, conducted by using traditional 
methods, with those obtained by HPLC leads to the following 
conclusions: 

• It is possible to characterize in a few minutes a solution of 
maltenes in heptane. There is a slight correlation between the 
HPLC results and the aromatic oil content, and a strong cor-
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FIGURE 1 HPLC chromatograms. 
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FIGURE 2 HPLC chromatograms of the maltenes of 
a 40-SO asphalt cement. 
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relation between the HPLC data and the resin content. There is 
also a strong correlation between the HPLC results and the sum 
of the aromatic-oil and resin contents. 

• Correlation coefficients are clearly improved if they are 
calculated for a series of samples belonging to the same specifi
cation range. 

• The method is applicable to the fast determination of the 
colloidal instability index (ratio of sum of saturated oils and 
asphaltenes to sum of aromatic oils and resins). 

• Unfortunately, it is difficult to control the reproducibility 
over a relatively long time period. 

Gel Permeation Chromatography 

The research activity of the LCPC within the area of GPC was 
much m~re extensive than in that of HPLC. 

Initially, a simple qualitative characterization of asphaltenes 
(4) and asphalt cements (5) was sought, and the utility of a 
comparison between GPC and HPLC was examined (6,7). 
Then, the desire to use the technique in a more efficient manner 
for the determination of molecular weight distribution curves 
led, to the observation of the colloidal behavior of asphalt 
cement solutions (8). The purely analytical aspect was pursued 
up to the correction of detector response and the experimental 
determination of a calibration curve in specific molecular 
weight the equation of which, in relation to traditional poly
styrene standards, is as follows (9): 

log M (asphalt cement) = 3.21 - 1.04X + 0.331X2 

where Xis log M (polystyrene). However, the use of GPC was 
especially important in the comparison of the colloidal struc
ture of the binder and the colloidal behavior of the solution. 

The most recent work shows that, under well-chosen condi
tions, GPC makes it possible to obtain an image of the com
position of the medium, in the colloidal sense of the term 
(intermicellar phase and dispersed phase distribution), and to 
assess the interaction properties of micelles within the colloidal 
system (10). Conventional GPC (on a set of several columns 
with usual particle size from 37 to 75 µm on very diluted 
solutions) leads to molecular weight distributions that are not 
greatly differentiated. In this case, neither the asphalt cement 
production method (straight-run distillation or semiblowing) 
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FIGURE 3 Chromatograms of asphalt cements and asphaltenes. 

nor the degree of weathering (natural or artificial) has a signifi
cant effect on the shape of the chromatqgrams. This chro
matography operates sufficiently slowly solhat the dissociation 
has time to develop and the chromatograms obtained are close 
to those of ideal solutions. 

A fast method is thus proposed, the conditions of which are 
as follows: 

• Columns: dual columns of µStyragel of H>3 and 104 A, 30 
cm long; 

• Solvent: freshly distilled tetrahydrofuran; 
• Injected quantity: 1 mg (10 µL of 10 percent solution); 
• Flow rate: 3.5 mL/min; and 
• Detection: ultraviolet at 350 nm (nanometers). 

Under these conditions, it was possible to demonstrate that 
straight-run asphalt cements and especially their asphaltenes 
lead to bimodal distributions, whereas blowing always results 

Asorbance (350nm) 

0.5 

~ ! 
~ I 

MO!ecu!ar weight 

in the appearance, more or less accentuated, of a third popula
tion located toward the large molecular sizes. This is shown in 
Figures 3a and 3b, which give the chromatograms of blown and 
unblown road asphalt cements (Figure 3a) and of asphaltenes 
extracted from these asphalt cements (Figure 3b). 

Systematic study of the influence of operating conditions on 
the image of molecular size distribution as obtainable by GPC 
(and comparison between results obtained on ~LStyragel and on 
traditional Styragel) leads to the following conclusion: the 
entitie.;; eluted at the level of the third population (toward 
1000 A) and, to 

0 
a lesser degree, at the level of the second 

population (220 A) correspond to dissociable entities because 
their apparent content decreases with the injected solution 
concentration (8). 

The chromatograms of the asphaltenes of 40-50 asphalt 
cements before and after Rolling Thin Film Oven Test 
(RTFOT) have been reproduced in Figure 4 (under normalized 
conditions at 163°C). The signal height for a mass of about 

A 

Mo!ecu!cr weight 

FIGURE 4 GPC chromatograms of asphaltenes before and after RTFOT. 
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100 000 gives a first idea of the interaction properties of the 
asphaltenes. 

GPC examination of unfractionated asphalt cements indi
cates that it is not essential to isolate the asphaltenes to have 
information on intermicellar interactions, but the evaluation in 
this case is much less precise (Figure 5). It is important to note 
that the information obtained on asphalt cements is not 
rigorously equivalent to that obtained on asphaltenes because 
to isolate the latter it was necessary to destroy the colloidal 
equilibrium of the system. 

Because the entities eluted at the level of a mass of about Hf 
correspond to aggregates in the process of dissociation, it was 
decided to highlight the display of this intermicellar interaction 
property. 

To accomplish this, the authors acted on two parameters: the 
number of columns and the packing porosity. By eliminating 
one of the two columns, the elution time was divided by two, 
thereby limiting the dissociation. Moreover, by deliberately 
reducing the efficiency of the system in the range of large 
masses, the latter were as obliged to group within a narrow 
range of elution volumes (in this instance, ~ractically the exclu
sion volume if only the column of 103 A porosity is main
tained). 

With these new conditions of ultra-fast GPC, which differ 
from usual conditions only by the elimination of the 104 A 
porosity column, the chromatograms shown in Figure 6 are 
obtained. Under these conditions, the display of what shall be 
called the interaction index is obtained on unfractionated 
asphalt cement in a few minutes and in a satisfactory manner. 
For comparison, and arbitrarily, the interaction index will be 
marked as being the height of the signal at the exclusion 
volume for the ultraviolet detector. It is obvious that under 
these conditions the interaction index varies with all the operat
ing parameters so that the comparisons can be only relative on 
a series of samples examined under rigorously identical condi
tions. 

It is thus confinned that ultra-fast GPC is a method of choice 
for the qualitative characterization of the complex equilibrium 
existing within the asphalt cement between 

0,5 

Before RTFOT 

Molecular weight 
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Molecule ~ Micelles ~ Aggregates 

In such a diagram, the molecules (first population) are repre
sentative of the intermicellar phase; the micelles (second popu
lation with a mass of about 10 000 are representative of the sol
type dispersed phase; and the interaction peak (entities with a 
mass exceeding 100 000) is an image of the fraction of the 
dispersed phase giving the binder its gel character. It is essen
tial to note that there is no relationship between the interaction 
index and the consistency of the asphalt cement as it can be 
evaluated by penetrability measurement, for example. (Sim
ilarly, there is no relationship between the interaction index and 
the asphaltene content.) 

Differential Scanning Calorimetry 

Examples of the application of DSC to the characterization of 
road asphalt cements are relatively few, and the research was 
oriented by the desire to use the method to investigate phase 
transformation kinetics and molecular association aptitude (11) . 

In Figure 7, the DSC curves of five 40-50 asphalt cements 
are grouped under helium and oxygen examined between 
-80°C and+80°C. 

Under helium, the existence of exothermic transformations 
(of the crystallization type) are noted between approximately 
- 30°C and 0°C and endothermic ones (of the fusion type) 
between approximately -5°C and +65°C. Their number and 
intensity are different fo~ all the asphalt cements examined. 

To better understand the origin of these transformations, 
Sample A was fractionated into its four generic groups. The 
thermograms of the fractions are shown in Figure 8. 

It can be observed that only the saturated and aromatic 
derivatives exhibit transformation waves. However, in a mix
ture in a ratio equivalent to that existing within the unfrac
tionated asphalt cement, these two derivatives yield a thermo
gram very different from that of the original asphalt cement 
(Figure 9). 

Under oxygen, with the exception of one asphalt cement 
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FIGURE 5 GPC chromatograms of asphalt cements before and after RTFOT. 
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FIGURE 8 Thermogram.s of fractions of asphalt cement A 
under helium (1 = asphaltenes, 2 = resins, 3 = saturated, and 
4 = aromatic). 
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(Sample D) for which the DSC curve is little different from that 
obtained under helium, all of the thermograms are charac
terized by the existence of one or more exothermic waves 
between -30°C and +60°C. 

The exothermic transformation domains at low temperatures 
(between -20°C and +5°C, -25°C and -8°C, and -30°C and 
-8°C, respectively, for asphalt cements A, B, and C) have the 
same range and comparable intensities. Changing the scanning 
gas does not affect the constituents responsible for the crystall
ization delay. 

On the other hand, at positive temperatures, the physiog
nomy of the thermograms is completely different. The oxygen 
of the scanning gas appears to disturb substantially the equi
libria of the phases and their transformation kinetics. 

As in the preceding case, the repeatability of the test can be 
obtained only after the sample is allowed to rest for a few hours 
(24 hr). In addition, a return to helium gas after testing under 
oxygen makes it possible to obtain the same endothermic and 
exothermic waves again, meaning that under the operating 
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FIGURE 9 Thermogram.s of mixture (111) of saturated and 
aromatic derivatives of asphalt cement A (1 = derivative, 2 = 
uncorrected curve, and 3 = corrected curve). 
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conditions adopted there were no irreversible chemical reac
tions (oxidation). 

The movements observed on these asphalt cements in an 
oxygen medium could thus be caused by oxygen interference 
on the aromatic sheets of the products. The aromatic rings are 
electron acceptors, and the greater the delocalization, the sta
bler the compound formed. 

CHARACTERIZATION OF RHEOLOGICAL 
BEHAVIOR 

Research activity in this area is being pursued along two lines: 

• First, the adaptation of existing instrumentation (such as 
the viscoelastisimeter) and the development of new facilities 
(peeling, sliding plate viscosimeter for ultra-thin film investiga
tions or very small deformation cone-plane viscosimeter), 
allowing the experimental characterization of rheological 
behavior; and 

• Second, the adaptation of nonlinear viscoelastic behavior 
models to experimental results. 

Experimental Characterization 

Peeling 

To evaluate the cohesion of asphalt cements, a method fre
quently used in the field of polymers was chosen: peeling, 
which consists of measuring the force required to cause the 
failure of a film of binder under given speed and temperature 
conditions (12). 

In practice, an angle of 90 degrees is most often used, and 
the failure is obtained by imposing a separation speed and 
measuring the force generated. The failure may occur in the 
binder and the cohesion is then measured, or it may occur in the 
interface, making it possible to evaluate the overall adhesion. 

Because peeling resistance depends on the width of the 
peeling front, it has been expressed by a parameter defined by 
the formula y = F/G, F being the measured force and G the 
width of the peeling front. This may be represented as a 
function of speed in the form of isotherms in log-log coordi
nates (Figure 10). In this form, it is possible to plot a master 
curve because of the horizontal shift defined by a translation 
factor, aT, similar to the Williams, Lande!, Ferry (WLF) param
eter (13 ,p.216). 

In a study conducted on 12 binders it was demonstrated that 
(14) 

• On all of the asphalt cements tested, the peeling master 
curves have a parabolic shape in a representation giving a 
correspondence between the logarithm of the peeling force and 
the logarithm of the speed; this curve shape corresponds to the 
data of the literature. At low speed, the peeling force is small, 
increases with the increase in speed, goes through a maximum, 
and then drops. As a rule, when cracking propagates in an 
asphalt cement, the maximum force corresponds approximately 
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force. 

to the beginning of the slip-stick phenomenon (case of brittle 
fracture in which the cracking speed is higher than the advanc
ing speed: the force increases; the system stores energy, which 
is dissipated to cause a sudden advance of the crack; and it is 
necessary to wait for the strip to tension again). 

• The plotting of master curves leads to the adoption of 
different figures for the value of the constants C1 and C2 of the 
WLF law, depending on the asphalt cell}ents. 

• As the peeling fracture energy is related to the complex 
modulus and hence to the relaxation time spectrum, which can 
be assimilated with a log-normal curve, it is not surprising that 
the general shape of the master curves leads to a mathematical 
formula of the log-normal type (15). 

• There is a good correlation between the speed giving the 
maximum force and the Fraass brittleness temperature. 

In a second series of tests, an attempt was made to specify 
the relationship between the peeling resistance and the complex 
module. Figure 11 shows, for two asphalt cements (H and I), the 
variations of the loss modulus E2 as a function of frequency 
(master curve at 10°C) and those of the peeling force as a 
function of traction speed, under the same temperature condi
tions. 

Within the range of temperatures and speeds (or frequencies) 
tested, it is possible to assimilate them as a first approximation 
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FIGURE 11 Comparison of master curves of loss 
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with a log-normal curve arc. This simplification is not abso
lutely rigorous, but allows them to be characterized more 
conveniently by two parameters: the median and the average 
peak width (log fm and CJr for the loss modulus, and log V m and 
av for peeling). 

In Table 1 the calculated values of the medians and the 
average widths of the loss-modulus and peeling curves are 
grouped for the six asphalt cements investigated, along with 
their conventional characteristics. It can be observed imme
diately that the characteristics are related: 

• The parameters av of the peeling curves represent about 
50 percent of those of the complex modulus curves Or, and 

• The smaller the medians of E2, the smaller the medians of 
the peeling curves. 

The application of Grosch's formula (V m = ~ fm) would 
thus give, for the parameter~ (defined as the average distance 
between two consecutive molecules), values on the order of 
10-8 m for the asphalt cements G, H, I, and K, and on the order 
of 10-9 for the less sensitive asphalt cements F and J (16,p. 21). 
The parameter ~ decreases as the penetration index (Pl) 
increases, which was expected because an increase in molecu
lar interlacing is accompanied by a decrease in thermal suscep
tibility. 

Consequently, the peeling test appears to allow, with rela
tively simple equipment and operating precedures, a good 
discrimination of the binders from the viewpoint of cohesion 
and brittleness. Because the peeling force depends on the 
viscoelastic properties and in particular on the complex mod
ulus, it may indirectly provide precious qualitative information 
on the rheological behavior of the products tested. 

This test can provide valuable information on the relation
ship between the energy restitution rate and the cracking speed, 
until a theoretical study permits their direct calculation from 
the complex modulus. Carried out under slightly different con
ditions, this test should be utilizable for testing overall adhesion 
on mineral supports with or without the presence of water. 

Thin-Film Viscosimetry 

Regarding thin-film viscosimetric experiments, the authors 
wished to check whether the rheological behavior of asphalt 
cements between two solid surfaces separated by a few microns 
was the same as in the case of a large thickness. It appeared of 
interest to investigate the creeping of thin films to determine 
the behavior of the binder located at the interface. For this 
purpose it was necessary to design ahd build equipment specifi
cally suited to this problem (17). 

Thus a creep apparatus was designed based on the principle 
of simple shearing between two sliding parallel planes. The 
load is applied and the relative displacement of one of the 
planes as a function of time is measured. This original pro
totype is distinguished by the following: 

• The imposed thickness of the examined film; a gluing 
bench makes it possible 10 obLain a rectangular film with an 
area of 18 cm2 and a few microns Lhick (approximateiy 10 µm); 

• The range of the authorized loads (1 to 10 000 g), which 
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TABLE 1 COMPARISON BE'IWEEN PEELING AND COMPLEX 
MODULUS FOR SIX ASPHALT CEMENTS 

Pen25 R&B P.I log fm 
(0 .1 mm) (oC) (Pen.) (Hz) Of 

F 88 54 1.2 "'7 "'2.5 

G 88 46 -1.1 4.1 

H 82 48 0.1 5.1 

1 82 44 - 1.7 3.0 

J . 38 60 1.1 5.5 

K 54 53 -0.3 4.0 

was obtainable by adequate dimensioning and a sliding system 
design that cancels all of the undesired movements; 

• The loading system, which allows loading and unloading 
without disturbing the asphalt cement film, and tensioning is 
almost instantaneous; 

• Finally, depending on the thickness chosen, the range of 
measurable speeds, which is between 10-4 µm/sec and 10 µml 
sec: the corresponding gradients range from 10-6 sec-1 to 1 
sec-1• 

The first experiments conducted were aimed at verifying and 
specifying the performance of this equipment. It was thus 
possible to obtain homogeneous asphalt cement films with a 
constant thickness to within ±0.5 µm and a minimum value of 
6.5 µm with road asphalt cements of the 60 to 70 class, that is, 
having an average viscosity of 106 to 10 7 Pa · sec (Pascal 
multiplied by second) at 20°C. The deviation sensitivity tests 
under a light load demonstrated that, in the presence of an 
asphalt cement film more than 50 µm thick, the balance of the 
beam should be obtained within less than 500 mg to avoid any 
significant creep in the specimens (a few microns in 2 or 3 hr). 
The dynamic range of the possible loads is thus wide. 

The minimum displacement speed depends on the system for 
regulating the temperature, which causes viscosity fluctuations. 
The tolerable fluctuation has been estimated within the limit of 
1/10 of a degree. The curves determined for the smallest loads 
(between 1 and 5 g) and for the transducer used show that the 
steady flow established as of the first instants remains stable 
throughout the test (about 18 hr). These speeds are on the order 
of 10-4 µm/sec. On the other hand, the highest speeds measure
able are deliberately limited to IO µm/sec for practical record
ing reasons. 

Theoretical Aspect: Adaptation of 
Nonlinear Viscoelastic Behavior 
Models to Experimental Results 

It has been shown, based on cone-plane viscosimetry experi
ments on model asphalt cements (in which the maltenes have 
been replaced by tetraline), that the equations governing the 
kinetics of the process are not linear and can be likened to those 
that govern the advance of chemical reactions (18). It will be 
recalled that in chemical kineti.cs, during a reaction, the varia
tion in the concentration I Al of the reagents follows a law of 
the type 
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log vm a, a.fa, Xm 
(mm/min) (10"9 m) 

"'2 .6 "'1.3 0.52 0.01 

1.3 0.9 0.56 0.26 

1.8 1.25 0.60 0.083 

0.5 0.8 0.53 0.53 

. 1.3 1.3 0.52 0.01 

0.65 1.2 0.63 0.7 

where di Al /dt is the time derivative of A concentration, k is 
related to the activation energy, and n is related to the order of 
the reaction. 

It is thus possible to transpose to rheology the two basic 
notions of activation energy and order. The application of these 
principles makes it possible to differentiate, by their orders, the 
behavior of asphaltenes extracted respectively from a straight
run asphalt and from a blown asphalt. 

The continuation of experimentation by studying the evolu
tion of shearing stress with time at a constant shearing rate 
followed by relaxation tests leads to curves that all have the 
shape shown in Figure 12 (19). 

It is noted that the stress increases regularly with time up to a 
maximum value that corresponds to a steady flow of the mate
rial and that depends on both the shearing rate and temperature. 
The representation in bilogarithmic coordinates of O'max as a 
function of ~ gives a line with an excellent correlation (r2 ~ 
0.999) for the different temperatures. Figure 13 shows the lines 
obtained for 20°C, 40.5°C, and 60°C. Further, it has been noted 
that the experimental relaxation curves all confirm, with a good 
correlation, an equation of the type 

dcr/dt = -kci' 

Several experiments were carried out for different deforma
tion values (after relaxation) and it was observed that the 
results were independent of these values. This led to the adop
tion of rheological model of the Maxwell-Norton type (20). It 
is governed by the differential equation 
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FIGURE 12 Typical curves of 
isothermal evolution of stresses (I = test 
at constant shearing rate, and II = 
relaxation test). 
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FIGURE 13 crmax - £ curves for three 
temperatures(•= 20°c, O = 40.S°C, and•= 
60°C). 

The values of the parameters <X and n were determined from 
the line (log O"max - log ~) and the value of J from the relaxation 
curves. These values are given in Table 2 for the different 
temperatures. The relative errors are estimated at about 5 per
cent for <X and n, and 10 to 15 percent for J, at 20°C. These 
errors are smaller for high temperatures. 

The rheological model is a great interest for two reasons. 
First, it allows, for relaxation investigations, an analogy with 
models that are well known in chemical kinetics (see previous 
discussion). Second, it is easily applicable to the case of multi
axial stresses because of the generalized Norton-Hoff law 
which lends itself readily to numerical calculation (by finit; 
elements, for example) (21). In the model, n is a structural 
coefficient that reveals the importance of the spatial distribu
tion of intermicellar interactions: the higher the value of this 
coefficient, the larger the order because the material then has 
the properties of a gel; on the other hand, the closer the order to 
unity, the more numerous and dispersed will be the asphaltene 
micelles without any strong interactions between them. The 
coefficient ex is a function of the energy per unit volume 
dissipated and has the characteristics of an activation energy. 

TABLE 2 NUMERICAL VALUES OF 
DIFFERENT PARAMETERS AS A 
FUNCTION OF TEMPERATURE 

T°C 20 30 40.5 49 60 

n 2.28 1.47 1.415 1.12 1.05 

J 8.5 9.0 9.5 1.4 1.3 
IM K SI 10·• 10·• 10·3 10· 1 10· 1 

c; 6.56 6.18 4.85 3.92 3.90 
IM KS) 10·13 10·• 10·7 1o·s 10·• 
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FIGURE 14 Section of an asphaltcne 
micclle model according to Yen. 

RELATIONSHIPS BETWEEN COMPOSITION, 
STRUCTURE, AND PROPERTIES 

Review of Colloidal Structure of 
Asphalt Cements 

The comparison of composition criteria, in the chemical sense 
of the term, with rheologienl behavior properties necessarily 
requires a schematic but realistic description of the colloidal 
structure of asphalt cements for proper understanding of the 
relationships. 

In conventional diagrams, it is generally assumed that 
asphalt cements are colloidal systems made up of a suspension 
of asphaltene micelles peptized by resins in an oily medium. 
Concerning the macrostructure of asphaltenes, research con
ducted by Yen has led to the proposal of the model shown in 
Figure 14 for the asphaltene micelle (22). In this model, the 
overall cohesion of the micelle is provided by interactions 
between the 1t electrons of the pericondensed polynuclear aro
matic sheets. 

However, the Yen model is not limited to the formation of 
micelles. It also offers the possibility of creating complex 
edifices formed by the association of several micelles into real 
aggregates, as shown in Figure 15. The formation of these 
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FIGURE 15 Macrostructure of 
asphaltenes according to Yen (A 
= molecule, B = mlcclle, and C = 
aggregate). 
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aggregates is considered to be related to intermolecular interac
tions, the nature of which is not indicated. 

It is easily understood that one of the key parameters govern
ing such a colloidal structure equilibrium is the chemical com
position of its constituents. It is also easily observed that any 
modification in this equilibrium (notably, under the action of a 
temperature variation) leads to a modification in rheological 
behavior. 

Comparl~on of Composition and Structure 

Many authors have attempted to characterize the stability of the 
colloidal state of asphalt cements at ordinary temperature on 
the basis of chemical analysis in generic groups. Gaestel, for 
example, has defined a colloidal instability index as the ratio of 
the sum of the amounts in asphaltenes and flocculants (satu
rated oils) to the sum of the amounts in peptizers (resins) and 
solvents [aromatic oils (23)]: 

Jc = (Asphaltenes + Saturated oils)/(Resins + Aromatic oils) 

The higher the ratio, the more will the asphalt cement be of 
the gel type and the lower will be its colloidal stability. Gaestel 
also notes that all the properties of the binder (softening point, 
ductility, embrittlement temperature, thermal susceptibility, 
elastic recovery, shear~ng susceptibility, etc.) vary significantly 
with the colloidal instability index and hence with composition. 

These different investigations represent a major contribution 
to the understanding of relationships between composition and 
properties. However it may be noted that they take into account 
only the asphaltene concentration parameter, independently of 
any quality criterion for them. A certain number of experiments 
have demonstrated that a distinction should be made between 
asphaltenes coming from straight-run asphalts and those com
ing from blown asphalts. 
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Because of the arbitrary nature of the fractionation into 
generic groups and the lack of methods allowing direct obser
vation of the colloidal structure of asphalt cements, it was 
considered of interest to develop a fast and reproducible ana
lytical technique making it possible to work on the binder as is, 
without prior fractionation. This technique is GPC, discussed 
earlier in the paper. Figure 16 shows the comparison that can be 
made between the structure of the binder characterized by the 
equilibrium 

Oils ~ Micelles ~ Aggregates 

and the GPC chromatogram obtained in a few minutes under 
the previously proposed ultra-fast conditions. (It should be 
noted that, in this specific example, the asphalt cements A and 
B have practically the same asphaltene content, 15 and 15.2 
percent, respectively, showing that the GPC interaction peak is 
independent of this content.) 

The diagram just presented offers two advantages, while 
complying with the models proposed in the past: 

• It accounts for the results obtained with respect to the 
influence of the nature of asphaltenes on the viscosity of model 
asphalt cements and with regard to the application of GPC to 
the characterization of asphalt cements, and 

• It introduces an additional property of the asphaltenes, 
namely, their ability to interact in order to yield a more or less 
complex network, responsible for the gel-type behavior. 

The hypothesis set forth to explain the formation of aggre
gates specific to blowing (or weathering) is that the latter 
creates a certain number of active centers (polar functions) 
responsible for the intermicellar interactions (hydrogen bond
ing). The more severe the blowing, the more numerous these 
interactions would be. It is hence easily observed that a 
straight-run asphalt cement is a colloidal system made up of 
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individual micelles, hence of the sol type, as shown in the right 
part of Figure 16. During blowing, not only does the asphaltene 
content increase but an increasing amount of micelles interacts 
to form aggregates that give the material an intermediate sol
gel structure with a viscoelastic behavior, the elastic compo
nent of which (or the structural viscosity) varies with the 
number of micelles engaged in the form of aggregates, and 
hence with the blowing rate. In the extreme case, for oxydized 
asphalt cements, the perfect gel structure is reached (left part of 
Figure 16) in which the asphaltenes are organized in a three
dimensional network, giving the medium its elasticity. 

This complement to colloidal structural models already 
established makes it possible to state that one of the major 
parameters of the colloidal behavior is the interaction 
capability of the micelles, more than the asphaltene content. It 
thus accounts for the experimental results regarding a modifica
tion of the origin of asphaltenes in the model asphalt cements. 

Discussion of Relationships Between Composition, 
Structure, and Properties 

It was seen previously that GPC makes .it possible to obtain an 
image of the colloidal structure of asphalt cements (ratio of 
intermicellar and dispersed phases and, especially, quantitative 
information on sol ~ gel equilibrium). Because the latter has a 
direct influence on rheological properties, it was logical to 
examine more closely the relationship that could be established 
between the characterization of asphalt cements by GPC and 
their rheological behavior. A first illustration of this relation
ship is shown in Figure 17. 

In Figure 17, the chromatograms of four asphalt cements 
belonging to the same penetrability class (80-100) are com
pared with their parameter '-in as it may be estimated by the 
interpretation of peeling curves. (Am is defined as the average 
distance between two constituent entities of the medium; in the 
case of gel systems, it corresponds to a distance between nodes 
(see the section on Experimental Characterization). 

Regarding the parameter n of the Maxwell-Norton model, it 
is interesting to compare the numerical values at 20°C of the 
interaction parameter evaluated by GPC for the five 40 to 50 
asphalt cements shown in Figure 6. As discussed previously, 
the Maxwell-Norton model is an order parameter defining the 
degree of medium organization (n is little different from unity 
for the sol system and increases with gel properties; see the 
section on Theoretical Aspect). If these asphalt cements are 
classified by increasing order of interaction index, the results 
obtained are those given in the following table (24). 

Sample n 

c 1.8 
D 1.8 
E 2.0 
B 2.2 
A 2.5 

A more systematic study of 22 road asphalt cements of 
different origins (origin of crude and production process), 
including a certain number of naturally and artificially 
weathered samples, indicated that the standard deviation of the 
relaxation spectrum (as it may be estimated by measuring the 
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FIGURE 17 Relationship between A.m and the 
interaction Index. 

compleJC. modulus at variable temperatures and frequencies) 
depends both on the amount of asphaltenes and on the intensity 
of their interactions (25) . A detailed statistical analysis has 
made it possible to determine the coefficients of a multiple 
regression with two variables and to select two models: 

Kcr = 2.08 + (0.899 1/200) + 0.0348 A 

and 

Kcr = 2.305 + 0.0428[1 + (J/200)]A 

where 

K = proportionality constant, 
cr = standard deviation of relaxation spectrum, 
I = GPC interaction index (height in mm of interaction peak 

under given operating conditions), and 
A = asphaltene content. 

With the first model, a correlation coefficient of 0.952 and a 
residual variance of 0.0208 are obtained, and with the second a 
correlation coefficient of 0.944 and a residual variance of 
0.0227 are obtained. 

Figure 18 allows a comparison of the values of Kcr measured 
and estimated on the basis of the first model. The results of this 
comparison, confirming the significance of interactions 
between asphaltenes and showing their assessment by means of 
the interaction index, are already of significant practical value 
because they allow (a) an a priori classification of asphalt 
cements of a given category, and (b) follow-up of natural or 
artificial weathering by two simple tests that are rapid and that 
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do not require much binder. Thus it is possible to limit the 
number of technological (or rheological) tests, which are 
clearly more difficult to carry out. 

Ongoing, as yet unpublished, research in the area of the 
rheological behavior of ultra-thin films appears to be promis
ing. It covers six 40-50 road asphalt cements of different 
origins, for which the viscosimetric behavior of films of dif
ferent thickness ranges (6 to 8 µm, on the order of 25 µm,and 
on the order of 50 µm) has been investigated. 

The results indicate the following: 

• The viscosimetric behavior of the binder varies, for certain 
asphaltic cements, with the film thickness (Newtonian behavior 
for films of 50 and 25 µm becoming non-Newtonian for films 
of 6 to 8 µm); 

• The apparent viscosity, for a given shearing rate, can be 
multiplied by a factor of more than 10 by simply decreasing the 
film thickness; 

• Certain samples exhibit, in small thicknesses, a plastic 
flow threshold; it is to be noted that this flow threshold is 
observed only for asphalts exhibiting, in GPC, a clearly marked 
interaction peak, which is a new means of comparing composi
tion and properties; and 

• Behavior depends on the recent thermal history of the 
sample, and the method permits the study of structural harden
ing. 

SUMMARY 

In this paper the facilities acquired by the LCPC road research 
laboratories in the area of physicochemical characterization 
(HPLC and GPC) and investigations on the rheological 
behavior of materials (peeling, viscoelasticimetry, viscosity of 
ultra-thin films) have been pointed out. It is important to note 
that these new characterization methods show that asphalt 
cements with the same specifications have substantially dif
ferent chemical compositions and rheological behaviors. In the 
authors' view, emphasis should now be placed on the practical 
application of physicochemical methods such as GPC and also 
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on the experimental relationships between the composition, 
structure, and properties of these materials. 

Regarding the first point, it has been demonstrated that GPC 
enables a characterization of the complex colloidal equilibrium 
of asphalt cement: 

Molecules ~ Micelles ~ Aggregates 
(intermicellar phase) 

As the equilibrium is shifted to the right by blowing during 
manufacture and by low-temperature oxidation during in situ 
weathering, GPC can be used beneficially to evaluate the blow
ing rate of new asphalt cements and the degree of evolution of 
in situ weathered asphalt cements. 

Regarding the second point, tests in progress indicate that 
the shifting of colloidal equilibrium to the right (as a result of 
blowing and weathering) is accompanied by an evolution of 
rheological properties from those of a sol system toward those 
of a gel system. 

Research projects are concentrated essentially on the predic
tion of the behavior of materials during mixing and in-place 
weathering (experimental research on composition parameters 
capable of being associated with weathering susceptibility). 
Current investigations cover the relationship between the 
RTFOT and the evolution of properties during mixing for 
different types of asphalt cements, aggregates, and mixing 
plants. For the simulation of in situ weathering, it appears to be 
important to look for an artificial weathering technique 
enabling the oxidation of asphalt cement at a temperature 
substantially lower than 160°C, which is the temperture of the 
RTFOT. 

From the practical viewpoint, there is the problem of the 
calibration of artificial weathering tests; a research program is 
under way for characterizing the evolution of well-selected 
binders on experimental road sections. 
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Relationship Between High-Pressure Gel 
Permeation Chromatography Data and the 
Rheological Properties of Asphalts 

NORMAN W. GARRICK AND LEONARD E. Woon 

Much effort has been expended by researchers in the develop
ment of new procedures for characterizing asphalt cements. 
Such procedures have long been needed to Improve the day-to
day monitoring of asphalt composition. Furthermore, the 
development of these procedures Is crucial to the long-term 
research effort directed at Improving the quality of asphalt 
binders. High-pressure gel permeation chromatography 
(HPGPC) Is one of the procedures currently being evaluated 
tllat has produced encouraging results. Some evidence bas 
been presented to Indicate that this procedure may be useful 
for predicting the performance of asphalts. However, some of 
tile results from HPGPC unalysis are not fully understood; for 
example, the relationship between HPGPC data and viscosity 
ls still obscure. Consequently, the main objective of this project 
was to study tl1e relationship of HPGPC data to viscosity and 
penetration. In this project, the three products of a residuum 
oil supercritical extraction refinery unit were blended to pro
duce asphalts of varying composition. Thus, these asphalts are 
all from the same crude source and refinery process; any 
variation In their rheology Is directly attributable to changes in 
their chemical composition. It was established that there Is a 
quantitative relationship between HPGPC data and t.he rheo
logical properties of the blended asphalts. In addition, It was 
determined that changes In tbe asphalt composition were 
accompanied by corresponding cbange In the HPGPC profile. 
Therefore, it was concluded tltat HPGPC may be useful for 
monitoring changes In asphalt properties that occur during the 
construction process and subsequent exposure to the elements. 

Many users of asphalt believe that changes in the oil refinery 
industry since the 1973 oil embargo have adversely affected the 
properties of asphalt cement. As evidence, they point to such 
problems as premature cracking and tender mixtures that 
appear to have proliferated recently. It is believed that current 
methods of specifying and characterizing asphalts cannot ade
quately control these problems. Consequently, research has 
been directed to the qevelopment of new characterization pro~ 
cedures. 

High-pressure gel permeation chromatography (HPGPC) is 
one such characterization procedure; it is used to determine the 
molecular size distribution of polymers and other macro
molecular substances. Molecular size separation in GPC occurs 
when a sample in solution is forced through a bank of columns; 
each column containing porous, silica-gel packing of a given 
average pore size. The separation mechanism is designed so 
that the largest molecules emerge from the system first and are 
followed by progressively smaller molecules. Thus separation 

N. W. Garrick, Department of Civil Engineering, University of Con
necticut, Storrs, Conn. 06268. L. E. Wood, School of Civil Engineer
ing, Purdue University, West Lafayette, Ind. 47907. 

is based on molecular size and not molecular weight. This 
distinction is important for substances, such as asphalt, that 
consist of molecules of different functional types. 

HPGPC has been used sporadically since the mid-1960s for 
analyzing asphalt (1,2). Bynum and Traxler conducted a feasi
bility study in 1970 to evaluate this use of GPC (3 ). They 
concluded that GPC was a useful method for detennining 
differences in the molecular composition of asphalts. In an 
earlier study, Breen and Stephens found some degree of cor
relation between GPC profiles and glass transition temperature 
for 50 Bureau of Public Roads asphalts (4). 

More recently, Jennings et al. reported the existence of a 
relationship between the GPC profile of asphalts and their 
transverse cracking potential (5). Asphalts with too great a 
proportion of large molecules were found to be more prone to 
cracking. The relationship was affected by factors such as 
atmospheric temperature fluctuations, temperature extremes, 
and traffic levels. Jennings et al. suggested that other potential 
uses of HPGPC may include the following: (a) selecting suit
able recycling agents, (b) evaluating asphalt additives, and (c) 
monitoring asphalts from individual refineries. 

There are some problems associated with the use of HPGPC 
for analyzing asphalt. For example, paraffinic molecules in 
asphalt are larger than aromatic molecules of the same mass; 
consequently, during HPGPC analysis, paraffinic molecules 
emerge before aromatic molecules of the same mass (1). The 
comparison of HPGPC profiles for asphalts from aromatic 
sources with those from paraffinic sources may be complicated 
by this factor. 

Various researchers have demonstrated that some asphalt 
molecules associate in solution to form larger units (6,7). In 
HPGPC analysis, molecules that aggregate in this manner 
emerge before unassociated molecules of the same size or 
larger. Thus, HPGPC profiles reflect the apparent molecular 
size distribution and not the true distribution of sizes in the 
asphalt. The problem is that the degree of association and 
hence the apparent molecular size will vary with the following 
factors: solvent type, solution temperature, asphalt concentra
tion in the solvent, and the original crude source of the asphalt 
(1). 

These factors notwithstanding, many of the studies referred 
to in the preceding paragraphs demonstrated that changes in the 
physical properties of a specific asphalt are associated with 
corresponding changes in its HPGPC profile. These findings 
suggest the existence of some quantitative relationship between 
HPGPC data and the physical properties of an asphalt. The 
purpose of this project was to investigate the nature of such· 
relationships for tru:ee rheological properties. The rheological 
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TABLE 2 ASPHALT BLENDS AND RHEOLOGICAL TEST RESULTS 

Proportions 
Asptlalt No. 

Asohaltene Resin 
13 0.329 0.255 

14 0.201 0.611 

15 0.201 0.611 

16 0.200 0.400 

21 0.223 0.679 

22 0.290 0.410 

23 0.200 0.450 
24 0.360 0.140 

25 0.201 0.611 

26 0.200 0.530 

27 0.300 0.450 

31 0.100 0.900 

32 0.360 0.000 

41 0.060 0.905 

42 0.240 0.460 

43 0.200 0.555 

44 ll.425 0.000 

45 0.100 0.610 

46 0.198 0.550 

Xia• Xir, X1d = proportions in Section i for the 
asphaltene, resin, and DAO fractions, 
respectively. 

DAO 

0.416 

0.188 

0.188 

0.400 

0.0')11 

0.300 

0.350 

0.500 

0.188 

0.270 

0.250 

0.000 

0.620 

0.035 

0.300 

0.245 

0.575 

0.090 

0.252 

A comparison of the actual and hypothetical HPGPC data 
indicates a systematic pattern of variation (see Table 7). In all 
cases, the proportion of area in Sections 2 and 3 are greater for 
the actual data than for the hypothetical data. Conversely, in 
most cases, the proportions of area in the other six sections are 
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viscosity VlSCOSlty Penetration 
poises est 0.1 11111 

(60o C) (135° C) (25° C) 

1257 285 70 

1510 309 61 

1366 311 56 

343 188 161 

~ 470 31 

1655 349 52 

451 196 130 
870 254 75 

1360 326 56 

749 250 69 

2642 413 38 

1879 327 49 

531 189 108 

975 265 67 

883 258 71 

769 250 83 

1257 265 70 

640 244 62 
694 229 87 

less for !he actual data than for the hypothetical data. A few 
asphalts showed a slight variation in this pattern. 

It is believed that this systematic difference between the 
actual and theoretical HPGPC data results from heating the 
ROSE products during blending. This application of heat 
appears to cause an increase in the amount of large molecules 
or of associated molecules in the asphalt. The existence of such 
a relationship suggests that HPGPC may be useful for monitor
ing a specific asphalt as it undergoes processing. 
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TABLE3 PENETRATION-VISCOSI'IY NUMBER OF 
ASPHALTS 

Asphalt ProEorlions 

No. Asphaltene Resin DAO 

13 0.329 0.255 0.416 
14 0.201 0.611 0.188 
15 0.201 0.611 0.188 
16 0.200 0.400 0.400 
21 0.223 0.679 0.098 
22 0.290 Q.410 0.300 
23 0.200 0.450 0.350 
24 0.360 0.140 0.500 
25 0.201 0.611 0.188 
26 0.200 0.530 0.270 
27 0.300 0.450 0.250 
31 0.100 0.900 0.000 
32 0.380 0.000 0.620 
41 0.060 0.905 0.035 
42 0.240 0.460 0.300 
43 0.200 0.555 0.245 
44 0.425 0.000 0.575 
45 0.100 0.810 0.090 
46 0.198 0.550 0.252 

Note: From Anderson and Dukatz (10); 

penetration-viscosity nwnber = -1.S (A - log10 N27S)/(A - B) 

where 

A = 4.258 - 0.79674 log10 (pen 25°C) 
N275 = the kinematic viscosity at 135°C (275°F) (est), and 

B = 3.46289 - 0.61094 log10 (pen 25°C). 

Regression Analysis of HPGPC Data 

(P-VN) 

-1.10 
-1.12 
-1.19 
--0.88 
-1.15 
-1.10 
-1.05 
-1.21 
-1.12 
-1.06 
-1.15 
-1.24 
-1.30 
-1.25 
-1.23 
-1.13 
-1.12 
-1.18 
-1.22 

Based on the results reported in Table 6, a regression function 
was developed relating absolute viscosity and HPGPC param
eters. The results of this analysis are given in Table 8. The 
coefficient of determination (?-value) for this model is 0.95; 
thus, there is a significant degree of correlation between vis-
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cosily and the HPGPC parameters. Similar results were 
obtained for regression analyses relating HPGPC data to (a) 
penetration and (b) kinematic viscosity. 

Therefore, the values of all three rheological properties are 
directly related to the composition of the asphalt. This relation
ship is not apparent from simply studying the data; there is no 
obvious correspondence between viscosity and the amount of 
large or small molecules. Apparently, viscosity is not deter
mined by the preponderance of one molecular size in the 
asphalt, but is dependent on the overall interaction of mole
cules of different functional types. This observation correlates 
with the results reported by Altgelt and Harle in 1975 (7). They 
found that the viscosity of an asphalt is largely determined by 
the following factors: (a) the relative proportions of generic 
fractions, (b) the molecular weight of the asphaltene fraction, 
( c) the viscosity of the maltene fraction, and ( d) the solvent 

TABLE 4 ASPHALTS MEETING VISCOSITY SPECIFICATIONS FOR AC-10 AND 
AC-20 GRADE 

Asphalt No. ~rt ions Viscosity Grade 

ASJtialtene Resin DAO paises(6o0 C) 

45 0.10 0.81 0.09 840 AC-10 
42 0.24 0.46 0.30 883 AC-10 
24 0.36 0.14 0.50 870 AC-10 

31 0.10 0.90 0.00 1879 AC-20 
22 0.29 0.41 0.30 1655 AC-20 

TABLE 5 HPGPC RESULTS FOR ROSE PRODUCTS 

ROSE Proruct Proport1oo of Area 1n Each Sectioo 
1 2 3 4 5 6 7 8 

l\spl'ial tene 15.0 13.2 16.8 9.8 10.1 17 .8 11.1 6.2 
Resin 2.2 8.6 20.5 14.1 14.3 22.6 12.1 5.6 
DAO 0.4 4.0 17.7 16.0 17.1 26.3 13.0 5.5 
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TABLE 6 HPGPC RESULTS FOR 14 ASPHALTS 

Asphalt Proportion Of Area in Eacti sect1on Viscosity 

No_ I 1 2 3 4 5 6 7 8 poise3(6a° C) 

13 5 __ 2 9_9 19.1 13_3 13.6 21.7 11-7 5-5 1257 

15 4.4 10.2 20.1 13.5 13.6 21.4 11.4 5_3 1366 

16 3_9 9_3 19.8 . 13_9 14 .1 21-9 11-5 5_5 3113 

22 4_7 9_9 19.5 13.3 13 .6 21-6 11-7 5.8 1655 

23 3_3 9_0 19.8 14_0 14 .3 22 .4 11-9 5_4 451 

24 4.2 9.0 18 .4 13.0 13 .9 22 .7 12 .4 6.4 870 

25 3.9 9.6 20.0 13.6 13 .9 21.8 11.4 5.8 1360 

27 5 .7 10.3 19.5 13.0 13 .2 21.0 11.4 5_9 2642 

31 3.5 10.1 21-0 13.7 13-7 21-4 11-3 5.2 1879 

32 5.9 9_1 17_7 13_1 13 _9 22.3 12.2 5.8 531 

41 2.4 9.0 20.6 13.9 14.2 22.6 11.8 5_4 975 

42 4.7 10_0 19.7 13.3 13.5 21.2 11.5 6.1 883 

44 6.6 10.1 18_9 13.2 13.5 21.2 11.4 5.2 1257 

46 3.0 8_7 19.6 13.8 U.3 22.8 12.2 5.6 694 
i 

power of the maltene fraction. Many of these factors are also 
significant in determining the HPGPC profile of an asphalt. 

terms of their source and method of processing. Consequently, 
a distinct relationship can be drawn between their physical 
properties and their chemical composition. In light of this, the 
following observations can be made concerning the results of 
this project: SUMMARY OF RESULTS 

The asphalts used in this study were produced by blending the 
products of a ROSE plant; thus, these asphalts are identical in 

• Temperature susceptibility: In the temperature range of 
25°C to 135°C, there is little variation in temperature suscep-

TABLE 7 ACTUAL VERSUS HYPOTHETICAL HPGPC DATA 

Asphalt Difference Bet1P,en ActU<3l aid Hypothetical Results by Secti~a 

rt>. 1 2 3 4 5 6 7 8 

13 -0.5 +1.7 +1.0 -0.3 -0.5 -0.8 -0.5 -0.3 

15 •0.0 •1.6 +0.9 -0.1 -0.4 -1.0 -0.7 -0.4 

16 -0.l +1.6 +1.2 -0 . l -0.5 -1.3 -0.8 -0.2 

22 -0.7 •1.4 .. 0.9 -0 .2 -0.4 -0.7 -0.4 .. o.o 
23 -0.8 +1.1 +1.0 +0 .1 -0.2 -0.6 -0.3 -0.3 

24 -1.6 +1.1 .. 0.6 -0.5 -0.3 +0.0 •0.2 +0.7 

25 -0.5 +1.0 +0.8 0.0 -0.1 -0.6 -0.7 .. 0.1 

27 .. 0.1 +1.5 .. 0.8 -0 .3 -0.6 -1.l -0.7 .. 0.1 

31 +0.0 +1.0 +0.9 o.o -0.2 -0.7 -0.7 -0.5 

32 +0.0 +1.6 •0.3 -0 .5 -0.5 -0.8 -0.1 .. o.o 
41 -0.5 +0.4 +0.A 0.0 0.0 -0.1 -0.3 -0.1 

42 +0.0 •1.7 .. 0.9 -0.A -0.7 -1.4 -0.7 •0.4 

44 •0.0 •2.2 .. 1.6 -0.2 -0.7 -1.5 -0.8 -0.6 

46 -1.3 •0.4 •0.5 •0.1 +0.1 +0 .2 +0. 1 -0 .1 

Avg -0.4 +1. 3 •0.8 -0 .2 -0.4 -0.7 -0.4 -0.1 

Note: Numbers In rows do not add to zero because of rounding errors. 
aA positive difference means that the actual HPGPC parameter is greater than the hypothetical 

value. 
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TADLE 8 RESULTS OF REGRESSION 
ANALYSIS OF HPGPC DATA 

Independent 
Variable 

xl 
x2 
x3 
x4 
x5 
x6 
x7 
x8 

Regression 
Coefficient 

1.01 
1.06 
1.31 
0.21 
0.29 
1.67 
0.53 
0.82 

Note: Independent variables xl to x8 are the proportion of 
area in Sections 1 to 8, respectively. Dependent variable: 
log10 of absolute viscosity (poises). Coc:fficicnt of 
dctemiination: r2 = 0.95. Constant= -91.23. 

tibility for the asphalts tested. Thus, temperature susceptibility 
appears to be relatively insensitive to changes in the chemical 
composition of the asphalt. However, in this project the range 
of composition examined was relatively small; consequently, 
no general conclusion should be drawn from this observation. 

• Results of HPGPC analysis: Viscosity (60°C and 135°C) 
and penetration (25°C) were found to be directly related to the 
HPGPC parameters of these asphalts. However, the nature of 
these relationships is complex. Viscosity and penetration are 
apparently determined by the overall interaction between mole
cules of different functional types. It is not known whether the 
relationships developed in this project can be applied to asphalt 
from other sources. 

• Effect of heat on HPGPC profiles: Hypothetical HPGPC 
parameters were calculated from the HPGPC results of the 
ROSE products and the proportion of these products in the 
asphalt. In general, the actual HPGPC parameters for the 
asphalts contained more large molecules than expected. It is 
believed that this discrepancy is due to the effect of the heat 
applied during blending; thus, heating appears to cause an 
increase in the amount of large molecules in the asphalt. 

The scope of this project is limited by the lack of data on 
asphalts from different sources. Consequently, the study will be 
expanded to incorporate asphalts of various origins. One goal 
of the expanded project is to investigate the existence of a 
general relationship between viscosity and HPGPC data. In 
addition, the effect of aging on HPGPC profiles will be evalu
ated by analyzing the thin-film oven test residues of asphalts. 

In 1960 Simple et al. showed that the properties of asphalts 
could be varied in a systematic manner by adjusting their 
chemical composition (12). They concluded that blending pro
cesses could be used to improve the quality of asphalts. The 
results of the current project indicate that HPGPC is a feasible 
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procedure for characterizing the composition of asphaltic mate
rials. Consequently, it is believed that HPGPC is a suitable 
analytical tool for use in any such process that is designed to 
improve the quality of asphalts. Another suggested use of 
HPGPC is for monitoring the changes in an asphalt that result 
from the effects of heat and weathering [Jennings et al. (5)]. 
The trends observed in this project support this view. 
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Asphalt Aggregate Mixtures 

J. BONNOT 

In France, mechanical tests are used essentially for charac
terizing the performance of bituminous concretes for mix 
design purposes, production control requiring retroaction 
times that are much too short. Compacting characteristics are 
studied with an imposed angle gyratory shear compacting 
press; an indication of the results obtained on the job site is 
obtained by correlation with a pilot compactor. A number of 
plate samples are prepared with a laboratory-tired compactor. 
Resources of increasing complexity are used for the study of 
permanent deformation characteristics. The repeated com
pression test with a lateral load is used for research purposes, 
and the wheel-tracking rutting test is used for mix design 
studies. Because the concern here was fatigue .performance, the 
bending test was used to study the influence of composition 
factors. More recently, a shear fatigue test, which is more 
representative of the loads to which the thin surface courses 
are subjected, has been employed. However, fatigue tests are 
too costly and time consuming to be used for mix design 
studies, so a new test has been developed to measure stiffness 
moduli and to estimate fatigue properties. Secant moduli at 
different temperatures, linearity loss, and strength at 0°C are 
determined by a full tensile test on each sample. An estimate of 
the bending fatigue curve at 10°C is obtained by two regres
sions. For the mix design, the diversity of functions to be 
provided and the cost of testing make it necessary to rank the 
problems according to importance and to define a methodol
ogy that can be adapted to different cases. 

The various mechanical tests used in France for the practical 
mix design of bituminous materials may be classified according 
to the type of property concerned and the quality of evaluation 
of this property. The focus of this paper is the essential ele
ments defining current French mix design technology: 

• Production of samples: mixing, preparation of plates with 
the laboratory-tired compactor, and sampling; 

• Study of compacting characteristics with the gyratory 
shear compacting press (PCG); 

• Study of resistance to permanent deformation by the rut
ting test; 

• Study of rigidity and fatigue resistance; and 
• Definition of mix design methodology. 

PRODUCTION OF MECHANICAL TEST SAMPLES 

Conventional tests, such as the Marshall test and the Labora
toire Central des Ponts et Chaussees (LCPC) unconfined com
pression test, which use small cylindrical samples, have been 
replaced by tests better adapted to the new requirements that 

Laboratoire Central des Ponts et Chaussees, 58 Boulevard Lefebvre, 
75732 Paris, Cedex 15, France. 

must be met by bituminous mixes (rutting, compactibility, and 
direct tensile strength). Samples are taken from laboratory
prepared bituminous mix plates of homogeneous density, 
which are more representative of conditions at the job site 
(identical void content and comparable mechanical characteris
tics). The Laboratoires des Ponts et Chaussees (LPC) labora
tory-tired compactor is preferable to the smooth roller compac
tor or a static system insofar as it gives homogeneous samples 
in which the element arrangement pattern and level of void 
content come close to those obtained on the job site. 

Preparation of Asphalt Concretes 

Of the various laboratory mixers, all based on the same princi
ple (epicycloidal movement of the tool in a heated or nonheated 
vessel, incorporating a lateral scraper), the following types are 
used: vertical blade mixer with rotating 25-kg capacity vessel 
and epicycloidal helix-type mixer with 80-kg capacity vessel. 
The bituminous concrete is manufactured according to the 
following rules: aggregates are taken from homogeneous dry 
batches; materials are prepared at appropriate temperatures; the 
binder is treated in two phases to reduce binder evolution to a 
minimum and the final temperature is defined by binder hard
ness; and the mixing time is between 1 and 3 min. 

Preparation of Plates 

The LPC laboratory-tired compactor is used to produce plates 
of different dimensions by placing spacers in the bottom of the 
molds (J, 2) (Figure 1). The tired wheels are moved in three 
directions: vertically to load them, longitudinally to displace 

FIGURE 1 Laboratory-tired compactor. 
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them and obtain compacting action; and transversely to ensure 
that the total surface of the plate is worked. 

A compacting program comprises a set of sequences in 
which the following test parameters are defined: tire pressure, 
load, compacting path, and number of passes to give a choice 
of two compacting intensities (I = high, II = low). The void 
content is tested by using a gamma densimeter. Adequate 
homogeneity is sampled 50 mm (width) and 100 mm (length) 
from the edges of a plate measuring 400 x 600 mm. It may be 
noted that the two compacting intensities bracket the degree of 
void content obtained on the job site for normal bituminous 
concretes: the void content at a high compacting intensity is 
less than that on the site, which is less than that at the low 
compacting intensity. The voids percentage difference 6. V 
between the two processes varies with the type of bituminous 
mix: 

Mix Type .1.V(%) 

Sand bitumen 2 
Bituminous for resurfacing 4 
Bituminous, initial application 5 
Bituminous road base 5 

Preparation of Samples 

The following may be prepared from plates 600 mm long, 400 
mm wide, and 120 or 150 mm deep: cylindrical samples for 
tensile testing following a given coring plan; trapezoidal sam
ples for fatigue testing following a given cutting plan; and any 
other samples as required at the time, provided that they are 
taken from a zone with the correct density. Sample quality is 
characterized by the void content scatter: the greatest dif
ference between samples taken from the same plate is 1.3 
points for a bituminous concrete with a high compaction factor 
and a void content of 5 percent. 

EVALUATION OF COMPACTING 
CHARACTERISTICS 

PCG Test 

The PCG test was devised to study the compacting perfor
mance of bituminous mixes (3, 4). The press applies a com
pacting pressure close to that applied by tired compactors with 
a simultaneous kneading action obtained by gyratory shearing 
of the bitwninous mix in its mold; this simulates the effect of 
the job site compactor. Not ali conventional compacting tests 
give a good idea of the void content values observed on the job 
site. For example, the Marshall or LCPC void content is 
obtained relatively easily where the layer is thick (7- to 8-cm 
wearing course), but it is extremely difficult or even impossible 
to obtain in the case of a thin layer (3- to 4-cm wearing course). 
The PCG test, however, makes it possible to evaluate compact
ing performance and also to estimate the void content that 
would be obtained in situ, according to layer thickness. This is 
the test most widely used in France for optimizing the composi
tion of hot-laid bituminous concretes. It is used to make a 
preliminary selection before the mechanical tests, which are 
more costly, are performed. 
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FIGURE 2 Prlnclple of compacting with the gyratory shear 
compacting press. 

Test and Operating Conditions 
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The bituminous mix is enclosed in a cylindrical mold, the axis 
of which describes a cone during the test. As shown. in Figure 
2, the form of the sample is an oblique cylinder with parallel 
ends, one of which is fixed, whereas the other describes a 
circle. The values of two principal parameters for the test are as 
follows: (a) the vertical compressive load gives a mean applied 
vertical pressure of 0.6 MP a and (b) the angle of inclination qi is 
1 degree (constant during compacting). In addition, temperature 
is regulated during the test, and rotational speed is set at 6 rpm. 
Mold diameter is 160 mm, and final sample height is approx
imately 150 mm. The following values are measured during the 
test: 

• Reduction in sample height, giving void percentage V 
versus number of revolutions n (Figure 3), and 

• Evolution of inclination force F, which is the load required 
to maintain angle G> constant at 1 degree. 

The test is stopped automatically after 200 revolutions. A half 
day is required to execute four test sequences. 

Relation Between PCG Test Curves and Pilot Compactor 
Curves 

Correlation studies between the void content given by the 
gyratory shear compacting and that produced by a tired pilot 
compactor operating under normal conditions have been run on 
a real-size basis (5, 6). For the bituminous concrete class and 

V0/o 
V%=V1 %-K In n 

20 200 In n 

FIGURE 3 Variation In void 
content versus number of 
revolutions. 
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thicknesses between 3 and 12 cm, the number of revolutions 
corresponding to the number of passes executed by the tired 
compactor is given reasonably accurately by the formula 

Ng = 0.0625 e · NP 

where 

Ng = number of PCG press revolutions, 
e = thickness (mm), and 

NP = number of compactor passes. 

When the thickness of the layer is known, this expression 
makes it possible to calculate the number of revolutions for 
which the void content obtained in the laboratory will be equal 
to the void content obtained on the job site for a given number 
of passes of the compactor. Thus, if the intended job site 
thickness is 100 mm and the number of passes is 16, the 
reference number of revolutions is 100. Therefore, it is possible 
to verify whether the predicted void content in situ is correct 
and to adjust the mix composition if necessary. If it is assumed 
that the mean number of compactor passes is 16, the expression 
may be reduced to the following, which has been largely 
confirmed by experience: 

It should be noted that vibrocompactors are more efficient 
than tired compactors. Thus, for a given number of revolutions, 
the expression Ng= 0.0625 e ·NP frequently gives a pessimis
tic estimate of void content. Nevertheless, the correlation 
appears to take the following form for these materials: 

where k is a factor depending essentially on the nature of the 
compactor and increasing with compactor efficiency. Globally, 
a vibrating drum with a linear static load of 3.5 N/mm sub
jected to the action of a cam wheel of about 10 tonnes and a 
frequency of 25 to 30 Hz gives a k-factor value of about 0.25. 
The expression then becomes 

Repeatability and Reproducibility 

A study of the repeatability and reproducibility of the PCG test 
involving 19 laboratories and 3 different materials led to the 
following repeatability and reproducibility variances for the 
test for the measurement of void content at a given number of 
revolutions, Ng (40, 80, and 120): 

• Repeatability variance: 0.24, and 
• Reproducibility variance: 0.49. 

Repeatability variance is obtained by repetitions executed in 
the same laboratory. Reproducibility variance is the sum of 
repeatability variance and interlaboratory variance. 

For this test, the laboratory for which repeatability is 
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assumed correct obtains four sets of results for the same mate
rial; the arithmetic mean is x. The true interlaboratory value, 
m, for this material falls within the following confidence inter
val with a probability of 95 percent: x = ± 1.09 percent. 
Comparison of the two means, ml and m2, from two different 
laboratories is as follows: 

ml = m2 if 0 < Xl - X2 < 1.54 

Utilization of PCG Test 

The thickness of the bituminous concrete course is a parameter 
known to the mix designer, who sets an initial in situ void 
content target according to the type of bituminous concrete, 
traffic, and climate. Thus a void content of approximately 3 to 4 
percent is sought for a bituminous concrete subjected to severe 
winter constraints (e.g., a mountain road). The target differs 
slightly for a bituminous concrete used in a hot region, where a 
stiffer mixture is needed, one with a void content of approx
imately 6 to 7 percent. 

For easier comprehension of the procedure adopted, an 
example will be used (Figure 4). Assume that a wearing course 
6 cm thick with an in situ void content target of 5 percent is to 
be applied The PCG compacting curve for the formula to be 
selected should give a PCG void content of approximately 5 
percent at 60 revolutions. Formula 1 (Figure 4) gives a void 
content exceeding 5 percent at 60 revolutions, and it is there
fore considered insufficiently workable. It must therefore be 
modified to improve its compacting characteristics. The 
methods most frequently used include 

• Increase bitumen content, 
• Increase filler content, 
• Use rounded river sand, or 
• Decrease percentage of medium-sized aggregate fractions 

or even gap grading. 

On the other hand, if the formula appears too easily workable 
(as in the case of Formula 2), reverse formulation factors are 
then applied to obtain a compacting curve like that for Formula 
3. 

void content 

10 60 
number of gyrations 

FIGURE 4 Compacting curves showing 
different workability for three bituminous 
mixes. 
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RESISTANCE TO PERMANENT DEFORMATION 

LPC Wheel-Tracking Rutting Test 

A repeated triaxial compression test and a uniaxial creep test 
are used for research purposes (7, 8). For practical mix design 
studies, a wheel-tracking rutting test is used, which measures 
the rut created by the repeated passage of a wheel over a 
prismatic bituminous concrete sample. The laboratory simula
tion of the rutting phenomenon must approach actual pavement 
stress conditions so that the result obtained can provide one of 
the selection criteria for a mix design. The test is associated 
with the LPC rutting-test machine (Figure 5), which can test 
two samples simultaneously at a fixed temperature. 

Presentation of the Rutting Test 

Sample 

The sample is a plate measuring 500 x 180 mm with a thickness 
of 100 mm. It is placed in a metal frame and rests on a steel 
base plate. The assembly is placed in the rutting-test machine. 
The test may be carried out on a sample taken from an actual 
pavement; however, the test plate is generally prepared in the 
laboratory and compacted in its frame by using the LPC labora
tory-tired compactor and the high- and low-intensity standard 
compaction procedures. 

FIGURE S LPC wheel-tracking rutting-test machine. 
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Three samples are compacted and tested for each compac
tion level. Plate thickness should be between 95 and 105 mm. 
Density is measured before the test by using the LPC gamma 
densimeter 25, 50, and 75 mm from the bottom of the plate; 
three different points are measured for each depth. The mean 
void content of the plate and the void content value for the 
three repetitions are indicated in the results. 

Wheels 

The wheels are fitted with smooth tires (400 x 8) inflated to a 
pressure of 6.105 Pa and loaded at 5000 N. The wheels pass 
over the center of the sample twice per second, executing an 
alternating movement with an amplitude of 205 mm. The cycle 
period is 1 sec. Load time at the center of the plate is approx
imately 0.1 sec, comparable with roadway loading conditions. 
Tire pressure is checked at the beginning and end of the test at 
test temperature. Pressure readings should not deviate from 
specified pressure by more than 5 percent. 

Temperature 

Temperature is regulated by circulating hot air with a probe 
placed in the sample. It has not been possible to be sure that 
temperature scatter in the sample plate does not exceed ±1.5°C 
for bituminous concrete. Temperature stabilization time is 12 
hr. The test temperature selected is 60°C for wearing-course 
bituminous concrete and 50°C for base courses. These tem
peratures are chosen to be relatively high to reproduce the most 
unfavorable pavement conditions. 

Rut 

A rut is defined by the relative percentage of reduction in the 
thickness of the plate on the wheel path. Measurements are 
taken by using a depth gauge with a resolution of 0.1 mm; the 
gauge reference point is linked to the sample-holder frame. 
Measurements are taken for five transverse profiles spaced at 
75-mm intervals, each characterized by three points in the rut 
25 mm apart. For the test sample, the rut is represented by the 
mean of 15 measurements. The initial profiles are obtained after 
1,000 cycles cold, giving good contact between sample, frame, 
and base plate. The test is terminated after 1<>5 cycles, unless rut 
depth exceeds 15 percent. To measure the rut, the test is stopped 
after 30, 100, 300, 1,000, 3,000, and 100,000 cycles. 

Results 

An example is shown in Figure 6. Test repeatability is about 10 
percent of the rut obtained (standard deviation). The result may 
be obtained 2 weeks after procurement of the materials. To 
evaluate rutting sensitivity, the mix designer takes into account 
not only the rut depth occurring after a certain number of cycles 
at a specified job site void content, but also the form of the 
rutting curve and the sensitivity of this curve to a variation in 
void content. 
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FIGURE 6 Effect or the addition of 
dune sand or river sand on rut depth. 

FATIGUE RESISTANCE OF BITUMINOUS 
CONCRETES 

Because fatigue tests are costly and time consuming, they are 
carried out only for research purposes; therefore only a brief 
description is given. 

The first type of fatigue test used at LCPC is an imposed 
displacement alternating bend test (Figure 7). Four test samples 
may be tested simultaneously. This test consists of maintaining 
constant displacement amplitude and frequency for the free end 
of the test sample. During the test, continuous reduction of the 
stiffness modulus from accumulated fatigue damage is 
recorded This is reflected by a reduction in the force required 
to maintain constant displacement amplitude. The test is con
tinued until the initial force required to impose displacement is 
reduced by one-half. Test conditions are as follows: 

• Frequency: 25 Hz; 
• Temperature: 10°C; 
• Strain level: 1.5 x 10-4, 2 x 10-4, or 3 x 10-4; and 
• Repetitions per level: 12. 

Fatigue phenomena are represented by straight lines in 
bilogarithmic coordinates. The fatigue law is therefore 
expressed in the form 

where N is lifetime at imposed strain £, and a and K are 
constants characterizing the fatigue performance of the mate
rial. 

Among the characteristics that may be defined by conven-

5 
IEST SAMPLE 

0

FIGURE 7 Bending fatigue test machine and fatigue test 
principle. 
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tional fatigue tests, the most useful for pavement calculations is 
admissible strain at 106

, noted £6 . The composition of 
bituminous mixes according to their function in the pavement 
structure clearly separates the fields of variation for £6-values: 

• For bituminous road bases and sand-bitumen sub bases, the 
range of £6 is 0.7 to 1.3 x 10-4; 

• For bituminous concrete wearing courses with pure bitu
men, the range of £6 is 1.3 to 1.5 x 10-4

; and 
• For bituminous concrete wearing courses with polymer

modified binders, the range of £6 is 1.5 to 2.0 x 10-4 (bituminous 
mixes showing e6 > 2.0 x 10-4 are exceptional). 

There is currently a trend toward shear fatigue testing at 
LCPC. This test is also run at imposed strain amplitudes (Fig
ure 8). The shear fatigue test provides results showing less 
scatter than the bending fatigue test. It also takes more effective 
account of the types of load to which thin surface courses and 
interlayers are subjected. In connection with current research 
activities, this test is being used at LCPC to study the capacity 
of bituminous concretes for self-repair during periods at rest 
and the laws of damage accumulation. 

DIRECT TENSILE LOAD TEST 

A single-axle tensile load test has been developed for com
parison of bituminous concretes from the point of view of 
fatigue r~sistance thickness design, where the critical stress in 
the pavement layer concerned may be assimilated to a tensile 
load. Strain, the form of which is parabolic in time, is applied. 
It is first applied in a minor strain field to define the moduli 
dependent on time and temperature and then in a major strain 
field to the point of rupture for the purpose of deducing a 
linearity loss. The significance of this loss with respect to 
fatigue properties will be seen later in the paper. Definition of a 
simplified test procedure incorporating several tests and carried 
out on a single sample substantially reduces cost and makes it 
possible to use the test in routine mix design. 

Definition of Imposed Strain £ = at" and Moduli 

The strain law adopted, £ = at0 , may be assimilated with the 
variations in time of elongation at the bottom of a pavement 
layer under a mobile load, considering the rise part of the strain 

FIGURE 8 Principle of shear fatigue test machine. 
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FIGURE 9 Principle of determination for secant modulus. 

pulse only. When n is constant for all tests, it is possible to 
define secant modulus class Sn (Figure 9) for any test index i 
corresponding to various strain rates, vi. The secant modulus is 
defined by 

It is only dependent on time for a given exponent n. When the 
bituminous concrete may be assumed linear viscoelastic, there 
follows: 

where r(t) is the relaxation modulus. Master curve Sn(t) is 
determined at 0°C with the -10°C, 0°C, 10°C, and 20°C iso
therms (Figure 10) by using an iterative translation factor 
optimization process, which eliminates manual determination. 

Nonlinearity Analysis 

It is known that in the field of very small strains (E < 10-4), 

bituminous concretes may be considered to have linear vis-

S (MPa) 
10•~-n-~--------------~ 

1~ ~--~--~--~--~-~----"c-~~. 
10'2 10·1 10 1c2 1a3 104 

FIGURE 10 Construction of master curves for 
bituminous concrete modulus using Isotherms. 
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coelastic characteristics. This behavior constitutes a first 
approximation of the nonlinear viscoelastic behavior during 
single-axis tensile load or compression tests (9, 10). The fol
lowing law of imposed strain behavior has been demonstrated: 

cr(t) = 1 - g0(e) · J: r(t - 't) · E('t) · d't 

-J: r(t - 't) · E('t) · d't J: k(t - 't) · yE('t) · d't 

In particular, where strain steps Eo are imposed, 

cr(t) = Eo · r(t) · 1 - g0(e) - ''fo(E) · k(t) 

Using the following empirical expressions: 

k(t) = /gt for t > 1 sec (experimental field) 

Given the relations just mentioned, the expression of cr(t) for 
type E = atn tests, with n > 0, integer or not, is 

r n is the nonlinearity factor, and 1 - r n is linearity loss. 
Determination of the law of behavior thus requires two non
linearity tests. To make it possible to execute the process on a 
single sample, one test only is run (a second test on the same 
sample would be penurbed by the first, because Er is too close 
to 5 x 10-4, constituting the upper bound of the strain interval 
under examination). An estimate of the nonlinearity factor is 
obtained using the hypothesis that the system of curves of equal 
strain in the plane (/gcr, /gt) is parallel. The error resulting from 
this approximation is small. The system of equal strain curves 
at the levels Ej = 10-4, 2x10-4, 3x10-4,4x10-4, and 5 x 10-4 is 
traced (Figure 11). The curve S(E) for a fixed time of 300 sec is 
then determined using a second-degree regression (Figure 12). 
S(O) is obtained by extrapolation. This gives the nonlinearity 
factor: 

r(E) = S(e)/S(O) 

To characterize the nonlinearity of a material, E = 5 x 10-4 is 
used so that 

Test Equipment and Simplified Test Procedure 

The test uses core samples 80 mm in diameter and 200 mm 
high taken from laboratory plates and 250-mm-diameter cores 
cut in the pavement, recored horizontally, and sawed to the 
same dimensions. Steel caps are glued to the ends of the test 
sample; the strain is measured directly on the test sample by a 
strain sensor using three linear variable differential transformer 
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FIGURE 11 System of curves of equal strain in the 
plane (lgcr, /gt) used to determine the effect of strain on 
the secant modulus at 300 sec. 
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FIGURE 12 Secant modulus at 300 
sec versus strain. 
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(LVDT) transducers. A servo-controlled testing machine, 
devised by LCPC, may be used to carry out tests where n = 1. 
With the simplified test procedure, all tests are first carried out 
that do not damage the sample at the different temperatures, 
following the order given in Table 1 and observing the max
imum strain indicated. A sufficiently long recovery period is 
allowed between the tests and checks are made to ensure that 
the alignment conditions for the sample swivel attachment 
system are satisfied. The 26 consecutive tests on the same 
sample are carried out automatically by the testing machine 
without any operator intervention. The break test is left to last 
(11, 12). 

A varied range of bituminous concretes has been tested using 
both the direct tensile load test and the bending fatigue test 
(with imposed strain amplitude at 25 Hz and 10°C). The best 
regression on the admissible strain at 106 load cycles, E6, was 
found with explanatory variables 1 - r and modulus S as 
follows: 

E6 T designates the tensile load test estimate for admissible 
strain under bending fatigue at 10°C and 25 Hz. Measured at 
0°C and 300 sec, 1 - rands (expressed in pascals) represent 
the linearity loss between E = 0 and 5 x 10-4 and the modulus 
measured at around E = 10-4, respectively. This regression gives 
correlation factor R = 0.973, and the confidence intervals calcu
lated on the three factors at the 5 percent probability threshold 
are as follows: 

Bo = 2.40 ± 0.24, 

TABLE 1 DEFINITION OF TEST CONDITIONS FOR SIMPLIFIED 
PROCEDURE 

c~[; 
STRAIN 

ORDER (:) STRAIN RATE MAGNITUDE 
( 0 C) (10- 6 . s-1) (10- 6) 

1. 1, .. ,5 - 10 I 16.66 5. 1.666 .5 .05 50 

2. 1, .. ,6 10 100. 33.3 10 . 3,33 1. .333 100 

3. 1, .. ,6 20 200. 66.6 20. 6.66 2. .666 200 

4. 1, . .,6 0 100 . 33.3 10 . 3,33 1 . ,333 100 

5.1 E. 50 

1L 5.2 0 100 

5,3 t 500 BREAK 
300 
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a1 = 4.45 ± 0.63, 

~ = (1.24 ± 0.19) . 10-10
• 

E6T ± 0.30 · 10-4 for the field 1 - r ~ 0.2, and 

S ~ 1010 Pa. 

Furthermore, there is no significant link between coefficients a1 
and ~. for which the correlation factor takes a value of 0.1. 
This regression presents a good forecasting capability. In Fig
ure 13 the E6T estimated from the tensile load test is compared 
with the E6F obtained directly from fatigue tests. 

o~~~~~~~~-~~~-,,__. 

f5~ x 10' 

FIGURE 13 Comparison of estimiitcd 
fatigue admissible slraln (for 106 cycles) 
from direct tensile load tests and 
fatigue admissible strain from fatigue 
bending tests. 

Forecasting of the fatigue straight-line slope is much more 
hazardous, essentially because of the inaccuracy of this slope, 
which is itself linked to the wide lifetime value scatter, as 
follows: 

where PT designates the estimated value of P, using the tensile 
load test, and Ey is ultimate strain under the tensile load at 0°C 
and the lowest speed. The correlation factor is only 0.754. 
Nevertheless, it is more realistic to use this regression rather 
than the hypothesis p = constant = 0.185. The regression high
lights the preponderant role of linearity loss 1 - r measured 
during a test with a single load resulting in a relatively high 
strain. Damage equivalent to that caused by the accumulated 
damage created by a large number of low-amplitude loads may 
be represented by 1- r. The origin of this nonlinearity is to be 
found in the macroscopically heterogeneous character of the 
bituminous concrete and the existence of mechanical phe
nomena of the coherent film into granular contact type. It 
should also be pointed out that the correlation factors between 
~ and ultimate strain or stress or the modulus are low, irrespec-
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tive of the tensile load test conditions. These quantities have a 
low potential for forecasting fatigue resistance, according to all 
these tests. 

Utilization of Results 

Definition of the elastic quality indicator (IQE) using the mod
ulus and bending fatigue characteristics makes it possible to 
compare different bituminous concretes. This indicator is 
adapted for materials whose function is to reduce deflection 
and vertical strain of the sub grade, which should therefore have 
good fatigue resistance characteristics. This is the case when 
the modulus of the bituminous concrete is sufficiently high in 
relation to that of the subgrade and layer thickness is adequate. 
By definition, IQE is the thickness of bituminous concrete, 
which gives a theoretical lifetime of 106 130-kN axle passes 
when the modulus of the subgrade E2 is 100 MPa. The IQE
value decreases as the quality of the bituminous concrete 
increases. The first IQE is obtained by entering E6 T at 0.02 sec 
and 10°C in a linear elastic calculation of a two-layer pavement 
structure. This calculation assumes that the equivalent tempera
ture of all bituminous concretes is close to 10°C, which checks 
out for the qualities normally used in France. The choice of E2 
= 100 MPa is not critical for comparison of bituminous con
cretes because the IQE (Ez) curves are almost parallel when E2 
varies between 30 and 300 MPa. To extend the quality indicator 
concept, a second IQE is defined using annual temperature 
spectra. For this, the hypothesis of the invariability of the 
product E6 • (S)l/2 temperature is adopted. Fatigue and tensile 
load tests, in insufficient numbers so far, nevertheless give rise 
to the hope that linearity loss measured at different tempera
tures will be usable at a later date. The estimation of the fatigue 
straight-line slope mentioned previously is used. 

It should also be noted that the admissible vertical strain 
criterion on the subgrade is generally met when the thickness of 
the layer is at least equal to the IQE-value, except in the case of 
very high /erformance bituminous concretes (in which E6T > 
200 x 10- and S > 20 000 MPa simultaneously). 

A NEW METHOD FOR THE DESIGN OF 
BITUMINOUS MIXES 

To obtain an optimum appreciation of the properties of 
bituminous mixes and their aptitude to provide a given func
tion, the tests described provide suitable study tools. These 
tests are carried out following earlier identification of aggre
gates and binder. The procedure consequently involves two 
stages, (a) identification of ingredients, and (b) mix design 
study. 

Identification of Ingredients 

Aggregates: Coarse Aggregates and Sands 

Coarse aggregates and sands must meet various specifications: 
hardness in the case of coarse aggregates (Los Angeles Wet 
Microdeval-Polished Stone Value for wearing courses), grad-
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ing shape (angularity and flakiness), and cleanliness (sand 
equivalent-methylene blue test) for all aggregates. 

Natural Fines and Filler 

Apart from requirements concerning the grading of filler (100 
percent elements below 2 mm and 80 percent below 80 
microns), a fuller characterization of elements below 80 
microns, whether natural or additional, has been found essen
tial given the function provided by the mastic in a bituminous 
concrete. Thus six tests were selected following a general study 
covering a population of 45 samples that included natural fines 
obtained from ground or crushed sands and filler. These tests 
are given in Table 2, which also gives recommended threshold 
values for each test. These values make it possible to direct 
formulation, particularly for rigidifying capacity and water 
resistance, leading to improved adaptation of binder content. If 
a number of characteristics deviate from the values mentioned 
in Table 2, utilization of the filler .concerned may lead to a 
major problem, which may be solved in some cases by the 
adoption of a suitable mix composition and in other cases by 
rejection of the material studied. 

Bituminous Binder 

This is generally a pure bitumen for which the following 
characteristics are to be determined: (a) penetration at 25°C and 
(b) ring and ball softening point. These are the main charac
teristics currently included in French bitumen specifications. 
Work is in progress aimed at completing these specifications 
with determination of the characteristics of the bitumen after 
RTFOT (rolling thin-film oven test) aging. 

Mix Design 

For obvious reasons of time and cost, it is not feasible to use 
the complete set of tests described here on a systematic basis. 
Therefore it has been necessary to define strategies for applica
tion of the tests to achieve an acceptable compromise between 
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the volume of laboratory work and the quality and number of 
items of information sought. These different strategies have led 
to a new design methodology for bituminous mixes (13, 14) 
that is based on the search for a mix composition leading to a 
given level of job site void content. Once a particular mix has 
been selected, it must be verified that its mechanical properties 
are compatible with the technique in question; that is, that the 
compromise among resistance to permanent deformation, 
fatigue life, and water resistance of the selected composition is 
satisfactory in terms of the context (traffic density and climatic 
conditions). The new tests now available, more closely linked 
to the fundamental laws of material behavior, make it possible 
to select rationally from the various possibilities offered by the 
application of strategies adapted to the particular problem to be 
solved. The intended field of utilization determines the strategy 
to be applied, in accord with the spirit of the general methodol
ogy described. 

Bituminous Concretes for Wearing Courses 

Three examples corresponding to the cases most commonly 
encountered in France are described in Table 3, which gives the 
steps in the mix design methodology. 

Road Base Bituminous Mixes 

The choice of grading and binder content is made with the PCG 
test. The main objective is therefore to obtain a job site void 
content as low as possible. However, because a road base 
material that has a structural role in the pavement is concerned, 
compatibility between the performance achieved by the mate
rial (modulus and admissible fatigue strain) and the thickness 
of the layer as it is provided in the LCPC Catalog of Pavement 
Structures must be ensured. In the IQE sense, as defined in the 
section "Utilization of Results," two families of bituminous 
road base mixtures are found for the French context: those 
intended for laying in thicknesses between 15 and 20 cm have 
an IQE value below 20, and those intended for reduced layer 
thicknesses should have an IQE value below 16. 

Given the diversity of factors involved in designing a pave-

TABLE 2 RECOMMENDED VALUES FOR FILLER CHARACTERISTICS 

Material 

Filler 

Mastic 

Mortar 
(0--2 mm) 

Test 

Specific surface (Blaine method) 
Rigden voids index (IVR) 
Methylene blue test (quantity of blue absorbed per 100 g filler) 
Rigidifying capacity (TBA) (difference between ring and ball test 

softening temperature for a 60--70 penetration bitumen and for a mastic 
composed of 60 percent filler and 40 percent of the same 60--70 penetration 
bitumen) 

Thin-film water resistance test (simple compression test executed 
on a mixture composed of 85 percent 0--2-mm washed sand and 15 percent 
of the filler under examination with the addition of 5 percent 60--70 
penetration bitumen) 

Absorbing power (quantity of fines required to absorb 15 g of 
60--70 penetration bitumen) 

Recommended Value 

Between 3000 am! 7000 cm2/g 
32 percent S IVR < 40 percent 
s 0.8 g 
10°C to 20°C 

r/R ~ 0.50 

~ 40 g 
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TABLE 3 GENERAL DIAGRAM OF THE NEW MIX DESIGN METHODOLOGY APPLIED TO THREE EXAMPLES 

Example 

Step Criteria Laboratory Test 1 2 3 

1. Preliminary selection of 
a first group of compo
sitions 

Predicted job site Gyratory compacting Mandatory Mandatory Mandatory 
void content press 
(workability) 

2. Selection of a particular 
composition among the 
first group of compo
sitions 

Resistance to Wheel-tracking rutting Mandatory 
permanent test 
deformation 

Predicted fatigue Direct tensile load test Mandatory 
life 

Resistance to Unconfined compression Mandatory 
immersion test (with/without 
in water immersion) 

3. Verification of other 
properties of the selected 
composition 

Resistance to Wheel-tracking rutting Mandatory Mandatory 
permanent test 
deformation 

Predicted fatigue Direct tensile load test Mandatory As appropriate 
life 

Resistance to Unconfined compression As appropriate As appropriate 
immersion test (with/without 
in water immersion) 

Note: Example 1-high resistance to permanent deformation; Example 2-high fatigue life; Example 3-high resistance to immersion in water. 

ment layer, the IQE value is only used as an element for 
checking the quality of the material. 
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Development of a Second Generation of 
Plasticized Sulfur (Sulphlex) Binder 
DALLAS N. LITTLE 

Plasticized sulfur binders are an alternative to asphalt con
crete. Researchers at Texas A&M University and Matrecon, 
Inc., have studied plasticized sulfur binders for S years from 
both a chemical and an engineering viewpoint. Part of their 
research has been aimed at the development of a second gener
ation of binders with Improved low-temperature properties. 
Two second-generation plasticized sulfur formulations were 
identified as possessing low-temperature engineering proper
ties that are much improved over the first-generation formula
tions. The J-integral, a measure of the energy required to 
Induce crack growth, was found to be an excellent and sensi
tive parameter by which to evaluate the low-temperature 
fracture susceptibility of the plasticized sulfur binders. A 
strong relationship was found between the critical energy 
required to Indicate crack growth, J1c, and the glass transition 
temperature of the plasticized sulfur binders. The second
generation binders presented are evaluated based on creep 
compliance, controlled stress and controlled displacement 
fatigue, glass transition temperature, and the J 1c· 

First-generation Sulphlexes have shown promise as successful 
binders for mixtures used in pavement structures. The develop
mental work of Southwest Research Institute under the direc
tion of the FHWA, U.S. Department of Transportation, was the 
foundation on which this research effort was built (J). 

Although first-generation Sulphlexes showed substantial 
promise for use in paving mixtures, a previous study by Texas 
A&M and Matrecon, Inc. (under contract to the FHWA), iden
tified two potentially serious deficiencies of these binders: (a) 
susceptibility to fracture at low temperatures and/or under rapid 
changes in temperature, and (b) a susceptibility to a rapid 
increase in compliance at combinations of high temperature 
and long durations of load (2, 3). 

The low-temperature fracture susceptibility was considered 
to be by far the more serious problem. This was substantiated 
by field trials of Sulphlex 233A pavements in which unaccept
able cracking occurred in low-temperature environments. On 
the other hand, in warmer climates (such as San Antonio, 
Texas) the Sulphlex 233A sections performed relatively well, 
although not as well as did the asphalt concrete control pave
ments. 

In this paper, the development of a second generation of 
plasticized sulfur binders with improved engineering properties 
is discussed. 

Texas Transportation Institute, Texas A&M University, College Sta
tion, Tex. 77843. 

OBJECTIVES 

The specific objectives of this research were to develop a 
second generation of plasticized sulfur binders that when used 
in mixtures will provide 

• Substantially improved resistance to low-temperature 
cracking or thermally induced fatigue cracking. 

• A lower apparent glass transition temperature and a con
comitantly improved stiffness response over the region of low 
temperatures and rapid rates of loading. 

RESEARCH APPROACH 

Chemical and Physical Property Considerations 

In developing second-generation plasticized sulfur binders for 
pavements, it was recognized that such a material would be 
used in millions of tons and would need to be a manufactured 
chemical product that must be prepared in a highly controlled 
manner. The work to date on plasticized sulfur as well as in 
many other areas (e.g., rubber technology) has indicated that 
the reaction of sulfur with unsaturated hydrocarbons is highly 
sensitive to (a) specific hydrocarbons, (b) preparation condi
tions, and (c) the purity of the reaction materials. Overall, 
plasticized sulfur binders must be considered as completely 
new materials requiring a major technical commitment to make 
them technologically adequate materials for road building. As 
in any commercial product that must be used in large quan
tities, Sulphlex binders must be uniform from lot to lot in a 
given grade and stable within a use process. 

In formulating a new material, full recognition must be given 
to the deficiencies that exist in the present material, as typified 
by the Sulphlex 233 binders, which appear to be the most 
satisfactory of the first-generation: materials. Some of the basic 
factors that were considered to achieve a technically sound 
material were as follows. 

• Reactants of highly controlled composition or purity 
should be used. 

• All molecules of the reactants should be active, that is, 
each should react with sulfur and each should contain one or 
more double bonds. However, the reactivity of the double 
bonds in olefins, diolefins, and triolefins with sulfur can vary 
considerably. 

• Reacta,.-rits that contain no volatile constituents that would 
volatilize during mixing or paving operations should be used. 

• The reaction product of sulfur and the hydrocarbon should 
contain as much bound sulfur as possible to act as a plasticizer 
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or solvent for free sulfur, which is more soluble in materials 
with a high sulfur content. 

• The free sulfur content of a plasticized sulfur should be as 
low as possible because of the tendency of sulfur to crystallize. 
Also, in the molten form, sulfur has a very low viscosity that, if 
its content is not controlled, can drastically affect the viscosity 
of the plasticized sulfur at 275°F. 

• The preparation must be performed under highly con
trolled conditions of temperature, time, and possibly pressure 
because these conditions can greatly affect many properties of 
the final product. 

• The ratio of reactants must be maintained within small 
limits because variations in reactant ratios can significantly 
affect the properties of the reaction product. 

• It would be desirable to introduce as many aliphatic 
groups of hydrocarbons as possible into the plasticized sulfur 
composition to achieve better low-temperature properties. Aro
matic and cyclic groupings, such as in vinyl toluene, tend to 
adversely affect low-temperature properties; however, the aro
matics are better solvents for sulfur. 

• The level of odor of plasticized sulfurs varies considerably 
from type to type. The odors of plasticized sulfurs are generally 
unpleasant and should be reduced to a minimum. 

• Low-viscosity versions of plasticized sulfur need to be 
developed for mixing with the high-viscosity products in order 
to control viscosity. 

• Cost reductions through use 0f less-pure reactants and 
various low-cost additives should await the production of a 
technically sound plasticized sulfur. 

To achieve the objectives previously mentioned, the follow
ing chemical and physical tests were used as screening tests to 
select the most satisfactory binders. 

• Penetration at 77°F; 
• Viscosity at 140°F; 
• Viscosity at 275°F; 
• Total sulfur content by chemical analysis; 
• Free sulfur analysis by gel permeation chromatography 

(GPC); 
• Molecular weight by GPC; 
• Volatiles under heating in rolling thin-film oven test; 
• Glass transition and crystallization by differential scan

ning calorimetry (DSC) of aged plasticized sulfur samples to 
determine rates of crystallization and glass transition tempera
ture, T

8
; 

• Storage stability by measuring the change in penetration 
of samples of plasticized sulfur stored at room temperature and 
at 100°C; 

• Rate of crystallization of thin films of plasticized sulfur by 
visual estimation of the crystallized surface area of the plas
ticized sulfur placed between microscope slides; 

• Specific gravity; and 
• Solubility in chloroform. 

Engineering Considerations 

Sixty-two second-generation binder formulations were 
screened by using the physical and chemical testing previously 
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discussed. From these, only two second-generation formula
tions were selected for full-scale engineering mixture testing. 

The binders selected for mixture testing were fabricated in a 
pilot plant with a production capacity of 25 gal. Figure 1 is a 
schematic of the vessel used to produce the full-scale batches. 
The elemental sulfur was first melted in the vessel. Next, the 
hydrocarbon additives were added at a predetermined rate 
necessary to maintain a constant processing temperature 
(±2°F). Careful addition rate control is critical because of the 
exotherm produced by the reaction between the sulfur and the 
plasticizer. Temperature control was maintained by the helical 
water cooling coil, the rate of plasticizer addition, and the oil
jacketed vessel. 

The two formulations selected for mixture testing will be 
referred to as formulations 195 and 198 because these were the 
serial numbers used by Matrecon, Inc., to identify these for
mulations. The compositions of the formulations are compared 
with that of the first-generation 233 formulation as presented in 
Table 1. 

The reaction products of hexadiene and the internal olefins 
were expected to yield improved low-temperature properties. 
The hexadiene provides short chain reactants that contain dou
ble bonds in a nonconjugated form. The use of a shorter chain 
diolefin was intended to increase the ratio of double bonds to 
hydrocarbons, which increased the potential sulfur ratio to the 
carbon and hydrogen. The internal olefins are aliphatic olefins 
in which double bonds are randomly distributed along the 
aliphatic chain. The polysulfides produced by the reaction of 
sulfur and the internal olefins were expected to have less 
potential to interact among themselves, especially at low tem
peratures. 

Each formulation was produced in the large reaction vessel 
(Figure 1) at three temperatues (302°F, 320°F, and 338°F). 
Binders 195 and 198 were determined to be too soft to produce 
acceptable paving mixtures at higher temperatures. Thus, for 
mixture testing, Binders 195 and 198 were combined with 
Sulphlex 233 in various proportions. 

The diametrial resilient modulus test (MR)• indirect tensile 
test (IDT), and critical fracture energy CJ1c) were used to 
determine the optimum production temperature of each binder 
and the optimum ratio of the second-generation Sulphlex and 
233 (see Figure 2, Phase I). Based on the screening, a 320°F 
production temperature and a binder combination ratio of 50:50 
were selected in each case. 

The Phase TI testing (see Figure 2) of the selected second
generation binders will be discussed in the following para
graphs. 

ENGINEERING PROPERTIES OF SECOND
GENERATION PLASTICIZED SULFUR PAVING 
MIXTURE 

Fatigue Testing 

As shown in Figure 2, fatigue testing of plasticized sulfur 
mixtures consisted of controlled stress beam fatigue as well as 
controlled displacement fatigue. Controlled stress beam fatigue 
testing was performed on beams 3 x 3 x 15 in. loaded at two 
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FIGURE 1 Final design of 25-gal Sulphlex pilot plant. 

cycles per second with a load duration of 0.1 sec. Nine beams 
(three at each of three stress levels) comprised a test. Control
led displacement testing using the overlay tester was also 
performed on beams 3 x 3 x 15 in. The oscillating horizontal 
movement was designed to simulate the opening and closing of 
cracks produced by thermal contraction and expansion of pave
ments. A constant opening of 0.02 in. was applied over a 
complete cycle time of 10 sec. Two replicate beams were tested 
for each condition. 

Figures 3 and 4 show the controlled stress fatigue results of 
50:50 blends of 195/233 and 198/233 binders mixed with a 
crushed limestone aggregate. The fatigue response of both 
Sulphlex mixtures was comparable to the AC-10 crushed lime
stone control at the test temperatures of 68°F and 100°F. At 
40°F, the 198/233 blend responded significantly better than the 
control (ex.= 0.05), whereas the 195/233 blend was significantly 
inferior to the control (ex. = 0.05) at the low test temperature. 

The most accurate measure of the ability of second-genera
tion Sulphlex to resist the type of fatigue caused by thermally 
induced cyclic loads was achieved by subjecting the material to 
controlled displacement and then measuring the rate of crack 
growth per load cycle. The energy required to achieve the 
constant displacement per load cycle was in tum measured and 
is shown schematically in Figures 5 and 6. The change in 
energy based on load displacement data (Figure 6) per cycle 
was related to the amount of crack growth per cycle to establish 
crack growth rate as a function of level of energy input. 

The parameter used to quantify the energy is the J-integral, 
the term that characterizes the stress-strain field at the crack tip 
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in an elastic-plastic domain. Although the line integral, J, is 
defined by Rice (2), it may be defined from a physical view
point as the potential energy difference between two identically 
loaded bodies having incrementally different crack sizes or 

J = l/B(du/dc) 

TABLE 1 COMPOSITIONS OF FORMULATIONS 195 AND 
198 COMPARED WITH THAT OF FIRST-GENERATION 
FORMULATION 233 

Serial No. 

195 

198 

Composition 

70% sulfur 
12% 1,4 hexadiene 
10% dipentene 
8%· vlnyl toluene 

70% sulfur 
12% dicyclopentadiene 
18% internal olefins 
70% sulfur 
12% dicyclopentadiene 
10% dipentene 
8% vinyl toluene 

70% sulfur 
10% dipentene 
12% dicyclopentadiene oligomer 
8% vinyl toluene 

"Not a serial number, but a Southwest Research Institute designation. 
b A first-generation Sulphlex, which showed promising low-temperature 
properties. 
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FIGURE 2 Full-scale engineering mixture testing sequence. 

where B is specimen thickness, u is potential energy, and c is 
crack length. In other words, J is a generalized relation for the 
energy release due to crack propagation, which is valid even if 
there is appreciable crack tip plasticity. Little, Haxo, and 
Saylak explain the justification for the J-integral approach in 
this research (3). 

The Paris equation was selected as the regression model to 
evaluate controlled displacement fatigue data. Because the J* 
parameter was introduced by Balbissi to account for the cyclic 

type of loading in these controlled displacement applications 
( 4), the Paris equation is defined as 

dc/<il"ir = A.*(J*)n* 

where N is the number of cycles and A.* and n* are regression 
constants. 

Figure 7 shows the typical form of dc/dN versus J* log
linear regression plot. A.n upward shift in the line represents a 

--AC-10 

SulphlH 
---- 195/233 

Load Repetitions 

FIGURE 3 Test results for controlled stress beam fatigue for AC-10 and Sulphlex 195/233 mixtures with a 
crushed limestone-field sand aggregate. 
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FIGURE 4 Test results for controlled stres.s beam fatigue for AC-10 and Sulphlex 198/233 mixtures with a 
crushed limestone-field sand aggregate. 

material possessing more brittle behavior, and a more ductile 
material will plot below the control curve in Figure 7. In the 
displacement control mode, which was used in this study, the 
slope of the log-linear regression line indicates how sensitive 
the material is to crack growth. A steep slope is an indication of 
a rapid reduction in crack growth rate, dc/dN, as the test 
continues. This may be due to several effects: 

• A brittle material exhibits rapid crack growth in the early 
cycles, leaving a small uncracked ligament behind. In the 

displacement control mode, the smaller the size of the 
uncracked ligament, the slower the crack growth rate. 

• A ductile material may exhibit some crack growth in early 
cycling due to low stiffness and the presence of voids. 
However, because of the ductile nature of the material, signifi
cant crack blunting occurs, which inhibits the crack growth 
rate. Generally, ductile materials exhibit relatively small n* 
values compared with those of brittle materials, which means 
that the crack growth is insensitive to fatigue and slow 
throughout the test. 

Asphalt Concrete °' 
SulphlH Beam Epo•led to 
Moveablt Metal Plares 

Propagation of 
Crock - --- ..,..,-

Metal Plates Which Move in 
Responce to Controlled Displacement 
Command b_y Servo - Hydraulic 
Actuator 

FIGURE S Schematic of overlay tester. 

Controlled Gyciic 
Displacement 



LrI'TLE 
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FIGURE 6 Displacement response In overlay tester recorded 
on X-Y plotter. 

10° END START 

I 
I 
I 
I 

10-1 I 
I 

de 

dN 10- 2 • n 

A' ·· ··· ··· I··· 

10- 3 

10· 1 10° 10• 1 10+2 

J' 
FIGURE 7 dddN versus P, general trend for 
a controlled displacement test. 

Failure ot c = 3 in . 

Log c 

_7 _____ ---- -------
~~ ,~~ 

qj~ Q~' 

Log N 

FIGURE 8 Crack length, C, versus 
displacement cycle number, N, for brittle 
and ductile mixtures. 
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Figure 8 shows the distinctively different behavior typical of 
brittle and ductile materials. In this figure, crack length is 
plotted as a function of load cycle. 

As a result, in the application of the J* parameter, the 
interpretation of the fatigue-fracture behavior cannot be made 
solely on the basis of either the intercept, A*, or the slope, n*, 
of the Paris equation: 

log dc/dN =log A* + n* log J* 

A combined form of parameters A* and n*, in Paris's law, 
suggested by Picket and Lytton, accounts for the effects of both 
parameters in fatigue-fracture behavior (5). In this approach, 
the term (n* + log A*) is defined to be a measure of resistance 
to crack growth. The term (n* + log A*) is the logarithmic 
value of crack speed (log dc/dN) when the numerical value of 
J* is equal to 10. This term will be referred to as the crack 
speed index, a parameter that will always be negative. The 
more negative it is, the more crack resistant the material is. 

Table 2 gives a summary of the results of the controlled 
displacement fatigue testing. Three parameters are presented in 
this table: A*, n*, and the crack speed index (n* +log A*). The 
results are presented for three temperatures: 77°F, 65°F, and 
58°F. 

Figure 9 graphically shows the dc/dN versus J* relationship 
for tests performed at 77°F. Clearly, first-generation Sulphlex 
233 (produced at 302°F and 320°F) is more brittle and thus 
more susceptible to controlled displacement fatigue than either 
Sulphlex 344, a first-generation binder that showed promising 
low-temperature performance, or either of the second-genera
tion Sulphlex blends, 195/233 or 198/233. The crack speed 
indexes (Table 2) are more negative for the second-generation 
(195 or 198) combination mixtures with Binder 233, indicating 
superior performance. 

Figure 10 shows the fatigue response for Sulphlex mixtures 
and asphalt concrete control mixtures at 65°F. Again, the 
AC-10, 344, and 195/233 and 198/233 combination mixtures 
are closely grouped. These mixtures show a noticeable but 
similar response to the temperature drop of l2°F. However, the 
233 binders, especially 233 produced at 320°F, show a drastic 
change in fatigue response-a much more brittle nature--with 
the temperature drop of 12°F. Again, the crack speed index 
values (Table 2) reflect the obviously inferior response of the 
233 binders and the similarity of response of the other binders. 

Figure 11 shows the controlled displacement fatigue 
responses at 58°F. At this temperature, Sulphlex 344 possesses 
a substantially higher crack propagation rate, dc/dN, over the 
range of J* values used in testing than do the AC-10 or 195/233 
or 198/233 binders. Binder 195/233 is also substantially more 
brittle in response than AC-10 or 198/233. A similarity between 
195/233 and AC-40 mixtures is also apparent. 

The substantially more negative crack speed index values for 
AC-10 and 198/233 are indicative of the behavior pattern just 
discussed. Based on the crack speed index, the binders are 
ranked in terms of superior resistance to fatigue crack growth 
as follows: AC-10, 198/233, 195/233, AC-40, 344, and 233 
(320°F). This ranking is based on the results of testing at 58°F. 

Finally, Figure 12 shows the results of controlled displace
ment fatigue testing at 58°F. In this case, the relationship is 
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TABLE2 SUMMARY OF CONTROLLED DISPLACEMENT FATIGUE 
TEST PARAMETERS 

Test Binder 
Temperature, Identification 

OF (Specimen 
ID) 

77 AC-10 (1) 

AC-10 (2) 

233 (320°F) ( 1) 

233 (320°F) (2) 

233 (302°F) (1) 

233 (302°F) (2)' 

344 ( 1) 

344 (2) 

195/233 (1) 

195/233 (2) 

198/233 ( 1) 

198/233 (2) 

65 AC-10 (1) 

AC-10 (2) 

AC-40 (1) 

AC-40 (2) 

233 (320°F) (1) 

233 (320°F) (2) 

233 (302°F) ( 1) 

233 (302°F) (2) 

344 (1) 

344 (2) 

195/233 (1) 

195/233 (2) 

198/233 (1) 

198/233 (2) 

58 AC-10 (1) 

AC-10 (2) 

AC-40 (1) 

AC-40 (2) 

233 (320°F) ( 1) 

233 (320°F) (2) 

344 (1) 

344 (2) 

195/233 (1) 

195/233 (2) 

198/233 (1) 

198/233 (2) 

Note: Dash(-) indicates tests not run. 

presented in the form of crack length, C, versus displacement 
cycle, N. In Figure 12, the superior response of the 198/233 
binder combination compared with all other Sulphlex binders 
at this lowest test temperature is identified. 

Low-Temperature Fracture 

The potential to fracture at low temperatures was evaluated by 
(a) indirect tensile. testing, (b) determining the critical J integral 
(fracture toughness), and (c) determining the glass transition 
temperature. 

The fracture toughness, J1c, is a measure of the energy 
required to initiate crack growth. These tests were performed at 
low temperatures and in as close conformance with ASTM 

A* n* n* + log A* 

1.23 x 10- 1.10 -1.81 

1.00 x 10-3 1.15 -1.85 

5.00 x 10-3 1.16 -1.14 
1 

4.30 x 10-2 1.10 -0.27 

4.00 x 10-2 1.30 -0.20 

1. so x 10-3 1.20 -1.62 

8.00 x 10-4 1.10 -2.00 

9 . 50 x 10- 4 0.80 -2.22 

8.68 x 10- 4 0 . 90 -2.16 

8.00 x 10-4 0.86 -2.24 

1.05 x 10-3 0.92 -2.06 

1.87 x 10-3 1.20 -1.53 

1. 72 x 10-3 1.11 -1.65 

5. 20 x 10-3 0 . 96 -1.38 

4.ls x 10-2 0.80 -0.58 

1. 20 x 10-2 1.66 -0.26 

4. 00 x 10- 2 1.35 -0.05 

3 . 25 x 10-3 0.81 -1.68 

1.22 x 10- 3 1.08 -1.83 

3.62 x 10-3 0.90 -1.54 

4.00 x 10-3 1.00 -1.40 

1.50 x 10-3 0.90 -1.92 

2 . 96 x 10-3 1.10 -1.43 

1.84 x 10-3 0.88 -1.86 
1.12 x 10-3 0.77 -2.18 

7.20 x 10-3 0.90 -1.24 

2.90 x 10-2 1.30 -0.24 

1.70 x io- 1 1.35 +0 . 58 

8.40 x 10-3 1.16 -0.92 

2.40 x 10-2 0.95 -0.67 
5.62 x 10-3 0.98 -1.27 
6.10 x 10-3 1.05 -1.16 
1.67 x 10-3 0.95 -1.82 

9.6o x lo-4 1.20 -2.12 

E813-81 as possible. Little, Haxo, and Saylak provide a detailed 
description of the J1c test procedure (3). 

The glass transition temperature, T 
8

, for first-generation Sul
phlex (233) is about 30°F higher than that of AC-10. Below its 
T 

8
, a material has less capacity to absorb energy by viscous 

flow. Hence, energy is stored elastically and can be used to 
drive a crack. Thus, a primary effort of this research was to 
develop second-generation Sulphlex binders with T 

8 
's at or 

below that of asphalt cement. 
Table 3 gives a summary of the results of T 

8 
testing using a 

dilatometric device (3) and of fracture toughness (J1c) testing. 
In the table, data are given for six first-generation Sulphlex 
binders (126, 230, 233, 233A, 233X2, and 344), six second
generation blends, and three asphalt cements. 

The glass transition temperatures as measured by the 



LnTLE 

233(320°F) 

/ J 10- 11------+-__,,:.---- H'-'------J 

/ / , 

de 
dN, 
..l!h. 
cycle , 

/ 
/ 

/ 

.· 

3 44 

/;/ AC - 10 

198/288 

10·21------+-'------~~~~-t------l 

.. 
. · 

J", lb./in. 

FIGURE 9 Relationship of dddN versus J* for 77°F. 

dilatometer are substantially lower for the second-generation 
blends than for all first-generation Sulphlexes except 344. In 
addition, the J1c values are superior for the second-generation 
binders (more energy required to initiate crack growth). The 
middle column represents the test temperature of the J1c test. 

A relationship between T 8 and J1c was established and is 
shown in Figure 13. Notice the grouping of first- and second
generation binders. 

Deformation Properties 

Table 4 presents the parameters D0, D1, and m, which are used 
to represent the creep compliance response, D(t)' of the binders 
tested in the form of a power law: 

Dct> = Do + Dim 

Tempera1ure = 6 5 ° F 
10° ~-----~------~-----~ .. / 

233{302)0 F,· / 

'v' 
.· 233(320)0 f 
-~ .· 

/ ... 195!233 
344 
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cycle 
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FIGURE 10 Relationship of dddN versus J* for 6S°F. 
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FIGURE 11 Relationship of dddN versus J* for 58°F. 

TABLE 3 VALUES FOR ALL SULPIIl.EX BINDERS 
TESTED 

Binder 

126" 
230" 
233" 

233A" 
233x2" 
344• 

233c 
(produced at 338°F) 
233c 
(produced at 302°F) 
233c 
(produced at 320°F) 
195/233(50/SO)d 

l 95/233(33/67)d 

l 95(233(25/75)d 

l 98(50/50)d 

198(25/75)d 

198 

AC-Jr/ 

AC-2rf 

AC-4rf 

T, from 
D1latorneter 
(oF) 

7 
4 
3 

5 
0 

-25 

5 

2 

-3 

-24 

-20· 

-10· 

-35 

-20· 

-52 

-14 

-2 

"Produced in Texas A&M Univcrsil)I pilot plant. 

"Too soft to test. 

Test 
Temperature 
(oF) 

0 
0 
0 

-5 
0 
0 
0 

-25 
-35 
-40 

5 
-5 

5 
0 
7 

-14 
-30 
-35 

0 
-30 

0 
-20 
-30 
-40 
-15 
-20 
-35 
-40 
-15 
-25 
-30 
-15 
-25 

0 
-15 

°Clll-Resiru series produced in laboralory ba1ehcs. 

dR&lio ()f binder to 233. 
0 ApproximBled value. 
1Produced by Exxon. 

1,c 
(lb/in.) 

0.08 
0.10 
0.15 
0.10 
0.15 
0.12 
_ b 

0.50 
0.40 
0.40 
0.10 
0.15 
0.08 
0.06 
0.24 
0.20 
0.48 
0.51 
0.48 
0.30 
0.31 
0.25 
0.45 
0.50 
0.30 
0.40 
0.55 
0.55 
0.50 
0.50 
0.45 
0.45 
0.43 
0.40 
0.30 
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Load Cycles, N 

FIGURE 12 Crack length versus number of cycles (controlled displacement) at 58°F. 

where D0 is the compliance at 0.01 sec, D1 is the compliance at 
1 sec, and m is the slope of the linear portion of the compliance 
curve. 

These parameters suggest that the second-generation binders 
in combination with 233 produce compliances that are similar 
to those of the asphalt concrete control. This is particularly 
important at the low temperature (40°F) because it indicates the 
more compliant nature of these second-generation binders at 
lower temperatures. All creep compliance testing was per
formed in accordance with the procedure explained in the 
VESYS IIM Users Manual (6). 

0.6 

ci 

~' 0 .4 
u , 

.;- ~AC-40 

0 .2 

+10 0 -10 -20 

CONCLUSIONS 

A second generation of plasticized sulfur (Sulphlex) binders 
was developed. These binders can be produced in massive 
amounts as a manufactured chemical product. The second
generation Sulphlex binders discussed in this paper have low
temperature properties that are much improved over the 233 
first-generation Sulphlex formulation. Specifically, the 195 for
mulation (containing 1,4 hexadiene in lieu of dicyclopenta
diene) and the 198 formulations (containing internal olefins in 
lieu of vinyl toluene and dipentene) have much lower T g's than 

198 

-30 -40 -so -60 

Tg' °F 

FIGURE 13 Regression relationship between the critical J-integral and the glass transition 
temperature. 
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TABLE4 TABULATED VALUES OF D0, Dv AND m 
(CONSTANTS OF POWER LAW REPRESENTATION 
OF CREEP COMPLIANCE DATA) FOR SECOND-
GENERATION SULPIIl..EX BINDERS 

Binder 
(xl0-6) -1 

Do ( psi ) 
(xl0-6) -1 

o1 (psi ) m 

40°F 
AC-10 0.23 0.29 0.58 

AC-40 0.21 0.20 0.53 

233 0.14 0.04 0.52 

344 0. 19 0.23 0 .59 

344/233 0.17 0.13 0. 51 

195/233 0.29 0.17 0.62 

198/233 0.24 0.39 0.60 

70°F 

AC-10 1.40 5.48 0.50 

233 0.28 0.43 0. 79 

344 1.20 3.23 0.56 

344/233 0. 73 1.11 0.58 

195/233 0. 77 2.45 0 .61 

198/233 1.56 6.04 0 .47 

l00°F 

AC-10 20.00 33.30 0.47 

233 4.00 8.90 0.56 

344 8.00 10.90 0.56 

344/233 5.60 8.30 0.54 

195/233 7.60 14.40 0.49 

198/233 22.50 38.90 0.48 

do first-generation Sulphlexes, substantially higher fracture 
toughness at low temperatures, and improved controlled dis
placement fatigue performance than does the first-generation 
233 formulation. 

Blending of second-generation Binders 195 or 198 with 233 
proved to be a successful way to improve the stability of 
mixtures at higher temperatures. These blends retained a com
pliance response and fatigue and fracture properties similar to 
the AC-10 control mixture. Perhaps blending a Sulphlex for
mulation such as 233 and 195 or 198 may be a means of 

61 

tailoring binders to withstand certain climatic or traffic condi
tions. 

A more detailed exploration of the effects of moisture and 
aging on the second-generation Sulphlexes containing internal 
olefins and 1,4 hexadiene is required. However, the indications 
are strong that an array of successfully Sulphlex binders can be 
produced to perform well in a variety of climatic and traffic 
conditions. 
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Fifteen-Year Pavement Condition History of 
Asphalt-Rubber Membranes in Phoenix, 
Arizona 
RUSSELL HOWARD SCHNORMEIER 

Phoenix began its placement of asphalt rubber in 1967, and 
since that time has applied more than 600 lane miles (970 km). 
Based on this experience with asphalt rubber, it is believed that 
this material provides an economically competitive alternative 
to conventional asphalt pavement with superior engineering 
properties, such as a remarkable retention of viscosity, as 
emphasized in the paper. Reduction of the volume changes in 
the subgrade due to moisture changes. The reduction of main
tenance that results with the use of asphalt rubber is observed 
in the survey of streets and roads treated 15 years ago. The 
survey in this paper follows similar papers by the author in 
1975, 1979, and 1981, and should provide insight into the type of 
performance that might be expected from asphalt rubber 
under various conditions of usage. 

In the past 15 years, tremendous advances have been made in 
the use of asphalt rubber. With the introduction of asphalt 
rubber in the late 1960s came a new terminology, new equip
ment, and the challenge of a new product for asphalt producers. 
Since that time, application equipment has been refined, new 
compositions have been developed and introduced, specifica
tions for product quality control and construction control have 
been established and improved, and-perhaps most impor
tant-new concepts for the use of asphalt rubber have come 
into being. 

Phoenix has used asphalt rubber in a variety of ways since its 
introduction-for pavement seal coats, stress absorbing mem
branes (SAM), stress absorbing membrane interlayers (SAMI), 
subgrade seals, lake liners, joint and crack fillers, roofing, and 
airport runway surface covers. Since 1974 the city has placed 
approximately 117 mi (188 km) of asphalt rubber on its major 
streets, which is 15.6 percent of the Phoenix major street 
system. 

In this paper observations are made of asphalt rubber placed 
between 1969 and 1974 in Phoenix. Similar papers were pre
sented by the author in 1975, 1979, and 1981 (J-3). It is hoped 
that the author's numerous experiences in the use of asphalt 
rubber under a variety of conditions will be helpful in develop
ing future applications of this versatile material. 

DEFINITIONS 

• Asphalt rubber: Two concepts have been and still are 
being used: (a) the McDonald Process-hot ac;phalt cement 
mixed with '.25 percent ground tire rubber to establish a reaction 

Engineering Department, Field Engineering Division, City of Phoenix, 
1034 East Madison, Phoenix, Ariz. 85034-2292. 

and diluted with kerosene for easy application (beginning in 
1968); and (b) the Arizona Refinery Process-hot asphalt 
cement mixed with 18 to 22 percent ground rubber to establish 
a reaction and diluted with an oil extender for ease of applica
tion (beginning in 1975). 

• Asphalt-rubber chip seal: Application of hot asphalt rub
ber followed by an application of hot precoated 1/4-in. (6.3-mm) 
nominal, or 3f8-in. (9.5-mm) nominal, aggregate. 

• Standard or conventional chip seal: Application of hot 
asphalt cement (AC-20 or AC-40) followed by an application 
of hot precoated 1/4- or 3/s-in. nominal aggregate. 

• Flush seal: Application of emulsified asphalt mixed 50-50 
with water and applied at 0.1 to 0.2 gal/yd2 (0.45 to 0.91 L/m2). 

• Specification: A statement of particulars; available on 
request. 

• SAM: The application of hot asphalt-rubber chip seal to a 
stressed surface. 

• SAMI: The application of a hot asphalt-rubber chip seal to 
a stressed ·surface followed by an asphaltic concrete overlay. 

• Mini SAMI: The application of a hot asphalt-rubber chip 
seal to a surface followed by the application of a conventional 
chip seal. 

• Texture: The exposure of the aggregate to develop skid 
resistance. 

• Reflective crack: Any crack that has developed in the 
pavement or subgrade, and has passed through the asphalt
rubber seal. 

APPLICATION BACKGROUND AND COMMENTS 

The detailed data on the four inspections over the 15-yr period, 
which covered the work street by street and project by project, 
are far too voluminous for this paper. However, they are avail
able from the author on request. For brevity, only the applica
tion background and comments on the survey are included 
here. 

It should be emphasized that the initial use of asphalt rubber 
was for severe pavement conditions with high or potentially 
high maintenance. The pavements were in the last stages of 
disrepair. Generally, the asphalt rubber was used where recon
struction was indicated, but funds were not available. 

In 1972, asphalt rubber was used on new construction for 
inexpensive residential streets, as discussed in this paper. Also, 
at this time asphalt rubber was used on new and old asphaltic 
concrete at Sky Harbor International Airport. 

The largest category of treatment in this study is where 
asphalt-rubber chip seals were placed on existing high mainte
nance pavements, referred to previously. One of the earliest 
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FIGURE 1 A 20-year-old pavement (In foreground) that was 
treated with an asphalt-rubber chip seal 7 years ago. 

such applications was placed on the 1-17 frontage road and exit 
at Van Buren Street in December 1968. This pavement has held 
well for 17 years; however, it is now due for reconstruction. 
The application method is known as SAM. Since 1970, this 
treatment has been applied to more than 360 lane miles (579 
km) in Phoenix, in addition to the main runway at Sky Harbor 
International Airport. 

The principal problem encountered· early in the asphalt
rubber construction using a SAM was the chip loss in low or 
nontraffic areas. This was followed by some initial bleeding, or 
loss of the asphalt rubber, or both. This problem has been 
solved by increasing the asphalt-rubber application and by 
applying a flush coat to the seal in a timely manner. A flush 
coat is recommended when 3f8-in. chip seals are used 

The main advantage of the asphalt rubber in the early treat
ments (SAM) has been virtually complete cessation of surface 
maintenance (this cessation does not include utility cuts). The 
prime reason for the application of the SAM was the high 
maintenance. These streets were due for reconstruction. They 
were in such poor condition that maintenance could not be 
afforded until reconstruction. Often, cracks had not reflected 

FIGURE 2 View of 34th Street between Shangri La Road and 
Desert Cove (from survey); right side was chip sealed with asphalt 
rubber in 1973, and left side with conventional seal. 
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FIGURE 3 A closeup of 34th Street showing the resistance of 
asphalt rubber to potholing. 

through the seal for 8 years, and in some cases for as many as 
12 years. Reflection of alligator cracking on treated areas is 
only occasional, and when such cracking does occur, there is no 
spalling and deterioration into potholes (see Figures 1-4). It 
should be noted that asphalt-rubber seals will not bridge cracks 
in excess of approximately 1/4 in. (0.64 cm) in the original 
pavement. In several cases in the survey, SAM seals were 
removed for reconstruction. Although reconstruction was 
needed (as pointed out here) the reconstruction was delayed 
due to the SAM. In all .of the instances, no maintenance was 
required on the streets until the time of reconstruction. 

Where chip loss occurred after placement, for various rea
sons, the early SAM seals were resealed with the standard 
asphalt cement chip seal-a process that has been designated as 
mini SAMI. This process has extended the pavement life, as 
demonstrated in the survey. A regular SAMI consists of an 

FIGURE 4 Pothole on 34th Street ending 
at asphalt rubber. 
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asphaltic concrete overlay on an asphalt-rubber seal. One com
mon reason for applying an asphaltic concrete overlay was to 
improve ride quality. The SAMI has also proven successful in 
the past 5 years. 

A second use of asphalt rubber is in inexpensive residential 
street design (2). One method involved the placement of an 
asphalt-rubber seal directly on a primed soil cement. Although 
this method was effective in stopping soil cement shrinkage 
crack reflection, the asphalt-rubber seal did not bond well to the 
soil cement. The design lasted 9 years before reconstruction 
(refer to Survey on Double Tree Ranch Road, available from 
the author). 

Another residential design was tried in 1972, 1973, and 1974, 
using 41/2 in. (11.4 cm) of soil cement under l1/2 in. (3.8 cm) of 
asphaltic concrete followed by a SAM. In early use the pave
ment developed slippage of the asphaltic concrete on the soil 
cement. By 1979 the areas of slippage were either removed or 
healed by use. The major problems, as reported in the survey, 
are the low tensile strength that exits in ll/2-in. (3.8-cm) asphal
tic concrete and the poor bond between the asphalt and the soil 
cement. Slippage problems proved to be troublesome where a 
loose layer existed between the soil cement and the asphaltic 
concrete. These problems were not the result of any faults in 
the asphalt rubber. This 5-year design has lasted 15 years. 

As reported in the 11-year study for this design, "after seven 
years no reflected cracks have been shown through the asphalt
rubber seal" (2). The 1985 survey indicates that reflective 
cracks have shown largely in nontraffic areas and that the 
asphalt rubber did not retard the crack reflection after 8 to 10 
years. Some of the residential streets have received reseals 
(mini SAMD, as indicated in the survey, and are in good 
condition. 

At the time of the 11-year study, it was believed that if the 
asphalt rubber had been placed on the soil cement followed by 
2 in. (5.1 cm) of asphaltic concrete, much of the slippage could 
have been avoided. This has now been tried in the 1985 con
struction work as a SAMI and will be evaluated. 

A third use of asphalt rubber, as reported in the 1975 TRB 
special report on low-volume roads, is application on an un
treated soil (1). In 1970, asphalt rubber was applied to a com
pacted native soil for a temporary widening of the street (on 
55th Avenue). The 1985 survey indicates alligator cracking on 
the south end. After 15 years of use, and some additions for 
new development, the pavement is beginning to fail because of 
the lack of subgrade support. The surface received a chip seal 
in 1976 (mini SAMD. Sidewalks, driveways, and utility cuts 
have altered the pavement condition over the years; however, 
the rubber has molded to the changes and has stood without 
maintenance for several years. This procedure definitely holds 
promise for low-volume streets and roads. Reference to the 
survey and original 1975 report indicates that there is only 1/2 in. 
(1.3 cm) of asphalt and asphalt rubber with chips on a loam soil 
(performance index = 18; 80 percent passing No. 200 sieve). 

In 1974, the Deer Valley Airport was designed and con
structed by the city. The soil condition indicated a swelling 
material in the subgrade with volume changes of 8 percent 
occurring with moisture variations. Two designs were used for 
the two parallel runways; each design was intended to control 
volume changes by retaining a constant moisture value in the 
sub grade. 
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The first design consisted of full-depth asphaltic concrete on 
native soil. The second design employed an asphalt-rubber 
membrane between the aggregate base and the subgrade, fol
lowed by asphaltic concrete over the aggregate base. Both 
designs have been checked periodically for moisture conditions 
in the subgrade. For each design, the moisture has remained 3 
to 4 percent below optimum for 11 years, yet the design incor
porating asphalt rubber has saved about 10 percent on con
struction costs for materials. Before these applications, volume 
changes in the subgrade created high maintenance costs. Since 
the application of these methods, maintenance has been 
reduced by 90 percent. 

Over the past 15 years of evaluating asphalt rubber, perhaps 
the most significant and surprising property noted is its ability 
to seal the pavement surface. In the evaluation study of the 
main runway of the Sky Harbor International Airport there was 
an opportunity to observe the aging of asphaltic cement in 
asphaltic concrete. The project built in 1972-which was 
observed in the survey in 1972, 1976, 1979, 1981, and 1985-
has asphaltic concrete placed on the main runway and the 
adjacent taxiway. Both asphalt concretes were identical except 
that the main runway received the asphalt-rubber seal (SAM) 
with 1/4-in. chips and the taxiway went untreated. This surface 
was placed in June 1972. Since that time, neither the runway 
nor the taxiway has had maintenance repairs. The runway has 
had the rubber tire skid buildup removed 10 times by high
pressure water. 

In 1972 the city used an 85-100 penetration asphalt cement 
on this project with a known absolute viscosity of 1000 ± 200 
poises at 140°F (60°C). Since 1972 cores of asphaltic concrete 
have been periodically extracted from the main runway and the 
taxiway within 500 ft of one another. The absolute viscosities 
at 140°F (60°C) of the asphalt cement were measured by using 
the abson recovery procedure Arizona Method 511 to extract 
the asphalt. Refer to Table 1 for the viscosity data. 

The tests show a viscosity more than 20 times higher in the 
nonsealed taxiway than in the main runway. This indicates that 
the asphalt-rubber seal preserved the asphalt cement in the 
underlying mix in its nearly pristine condition, while the 
unprotected mix from the untreated area suffered more than 20 
times as much hardening and embrittlement from oxidation and 
weathering. This discovery alone justified the original place-

TABLE 1 ABSOLUTE VISCOSIT,IES FOR ASPHALT 
CEMENT AT SKY HARBOR AIRPORT 

Year 

1972 (initial) 
1975 
1977 
1981 
19853 

1985b 

Absolute Viscosity 
(poises) at 140°F 

With 
Rubber 

Without 
Rubber 

1000 ± 200 
1 620 17 800 

1 980 18 430 
1 411 200 000+ 
1 125 92 500 

No. of Samples 

With Without 
Rubber Rubber 

Not applicable 
Unknown 
3 4 
1 1 
3 2 

14 7 

Note: For 1975-1985 measurements ASTM 02171-81 was used. 

"Only top lift used. 

b Average of all lifts. 
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FIGURE S Absolute viscosity versus time for asphalts at Phoenix Sky Harbor Airport. 

ment of the asphalt-rubber seal; moreover, crack reflection was 
prevented and suface maintenance was eliminated for 13 years. 

VISCOSITY-TIME RELATIONSHIP COMMENTS 

Because of the limited data taken, a conclusive relationship 
between asphalt viscosity (both rubberized and nonrubberized) 
and time cannot be determined. The asphalt viscosity graph 
(Figure 5) shows the apparent trend for the two asphalts based 
on the averages of five samplings made over the 13-yr study 
period. The literature indicates that a logarithmic relationship 
exists between viscosity and time for nonrubberized asphalt 
( 4). The viscosity should approach an upper limit as oxidation 
progresses and its volatiles are removed. Such a trend is 
observed in the data before 1985, followed by a large increase 
in the 1985 viscosity value. In explaining this discrepancy, the 
number of samples used before 1985 must be considered. 
Further sampling might fill in a smooth curve to the 1985 value. 
A second possibility is that some type of sealant was applied 

around 1974. Although no record of this exists, it could explain 
the observed behavior if additional data had agreed with those 
already taken. 

Although the hardening of regular asphalt with time is well 
documented, the hardening, or rather lack thereof, of asphalt
rubber sealed asphalt is the important result of this study. The 
asphalt-rubber sealed asphalt has shown no appreciable 
increase in viscosity after 13 years. During the same period, the 
nonrubberized asphalt has increased in viscosity more than 20-
fold. With such well-maintained viscosity, the durability of the 
surface is no doubt greatly increased. An extended study into 
how asphalt rubber ages past 13 years should be of interest for 
two reasons: 

• It would indicate whether a significant increase in vis
cosity does actually occur at a later time, as well as the rate of 
this increase; and 

• It might point to weaknesses in the association between 
viscosity and surface durability, for example, a low-viscosity 
rubberized sample at 15 years might be in worse condition than 
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TABLE 2 VARIATION OF VISCOSITY WITH SAMPLE 
DEPTH FOR ASPHALT CEMENT AT SKY HARBOR 
AIRPORT 

Top Lift 
Second from top 
Third from top 
Fourth from top 

1985 Lifts 
Absolute Viscosity 
(poises) at 140°F 

With 
Rubber 

1 411 
975 
964 

1184 

Without 
Rubber 

200000+ 
57 090 
44470 

a 5-yr-old nonrubberized sample with a much higher viscosity. 
This could give insight into the chemical and physical nature of 
the hardening process in asphalt. 

Of secondary interest is the relationship between viscosity and 
sample depth. Data are presented in Table 2 for the 1985 test 
(the only one in which deeper cores were taken and divided). 
Each lift was approximately 3 in. (7.6 cm) deep. The data in 
Table 2 agree with the general relationship expected from the 
literature (4); viscosity decreases as the distance from the 
surface increases. 

ECONOMICS OF ASPHALT RUBBER 

In 1971, 3 miles of conventional chip seals could be placed for 
every mile of asphalt rubber based on initial cost. Today only 2 
miles of conventional chip seals can be placed for every mile of 
asphalt rubber. Cost comparisons were made in Phoenix, but 
these may not be applicable in other parts of the world. 

Since 1971 the costs of asphalt rubber (SAM) have increased 
2 percent annually. The cost of the conventional chip seal coat 
has increased 3 percent annually. The cost of the primary 
ingredient other than the aggregate, asphalt cement, has fluctu
ated over the past 15 years. This fluctuation has caused asphalt
rubber costs to change as well (3). 

After installing and observing asphalt-rubber applications 
for the past 15 years, it is the author's conclusion that 10 to 12 
years of maintenance-free life can be expected from an asphalt
rubber seal. Normal life expectancy using a conventional chip 
seal is 6 to 8 years with some maintenance. Therefore, by 
doubling the life and reducing the maintenance, the asphalt
mbber costs will equal the conventional chip costs over a 12-yr 
period. The survey has indicated pavement life expectancy 
beyond 12 years by timely applications of standard chip seals 
or, better, a resealing of the pavement with asphalt rubber. 

CONCLUSIONS 

Asphalt-Rubber over ll/2 in. (3.8 cm) of Asphaltic 
Concrete over 41/2 in. (11.4 cm) of Soil Cement 

Where traffic was light, the soil cement shrinkage cracks did 
reflect through after 8 to 10 years. The umelated problem of 
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slippage of the asphaltic concrete over the soil cement could 
probably have been prevented by placing the asphalt rubber as 
the intervening layer (SAMI). This might also have been more 
effective in preventing crack reflection, provided that the soil 
cement cracking was not more than 1/4 in. Where cracks have 
refl~ted in this construction method there has been no raveling 
at the crack edges, which has stopped spalling and secondary 
cracking that lead to potholes. 

Chip Loss 

The most common defect noted early in the survey was a loss 
of cover aggregate generally in the nontraffic areas such as the 
center and shoulder portion of the pavement. It is important to 
use proper applications of asphalt rubber just as it is for con
ventional asphalt. The application rate should fit the condition. 
The loss of aggregates can be stopped at the onset by a timely 
flush coat of approximately 0.1 or 0.2 gal/yd2 (0.45 to 0.91 
L/m2) of diluted emulsified asphalt. It is critical that a 3f8 in. 
(9.5-mm) aggregate be 50 percent embedded via one or all 
methods available. Some variables that can be used to control 
embedment are application rate, viscosity, rolling, timing, and 
flush coat. 

Crack Reflection Caused by Fatigue 

Cracking caused by fatigue-type failure, characterized by 
alligator pattern cracking followed by potholing in the original 
pavement, has not generally reflected through the asphalt rub
ber except in areas in which there is little or no traffic. Asphalt 
rubber performs optimally with large volumes of traffic. The 
surface needs to be kneaded to retain its best qualities. The 
important result here is that mainltmam;e costs attributable to 
fatigue-type failures have been completely eliminated. 

Asphalt rubber cannot bridge wide cracks that move later
ally, and cannot prevent their reflection through the asphalt 
rubber, but it will reduce their width and prevent spalling at the 
edges (see Figures 3 and 4). When wide cracks exist before the 
seal coat or the pavement has failed as evidenced by potholes, 
the pavement should be pre-prepared. Asphalt rubber can be 
used in filling cracks over 1/4 in. and potholes. Slurry seal has 
been used to fill cracks where it becomes impractical to use 
asphalt rubber. 

Mini SAMI and Double Application 

The mini SAMI is formed when an asphalt-rubber seal is 
covered with a conventional chip seal. This type of treatment 
was applied after 8 to 10 years to the asphalt-rubber seal and 
was used on a number of the early projects that suffered early 
chip losses for reasons previously given. It has proven to be an 
excellent rehabilitative measure. 

The most effective treatment on an 8- to 10-year-old asphalt
rubber seal is another asphalt-rubber seal, as indicated in the 
survey on 52nd Street from Van Buren to McDowell Road. As 
a method of eliminating intervening surface maintenance costs, 
this double application has proven to be impressive. 
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Effect of Asphalt-Rubber Seal on the Aging Phenomenon 

From the evaluation of the two pavement types placed in 1972 
on Sky Harbor International Airport, the effects of the asphalt
rubber seal on the aging phenomenon became apparent. The 
asphalt-rubber layer acted as a sealant, preventing the loss and 
reaction of the more volatile components of the asphalt. This 
sealing action preserved the viscosity of the pavement and 
maintained much of the flexibility of the young surface. The 
pavement that did not include asphalt rubber has suffered the 
normal large loss in viscosity over time. With its flexibility 
intact, the asphalt-rubber treated surface has avoided cracking. 
On the other hand, the nontreated area has become brittle and 
cracked. 

Asphalt rubber has given the engineer property values that 
can be shown to be economically advantageous: 

1. Stops reflective cracking in paving materials with less 
than 0.25-in. (0.64-cm) cracks for 8 to 12 years. 

2. Stops spalling of asphaltic concrete around potholes and 
larger cracks. 

3. Waterproofs the structure to obtain maximum stability. 
4. Preserves the original quality of the asphalt cement and 

seals the asphaltic concrete into the pavement. 
5. Eliminates maintenance because of all of the preceding 

points. 
6. Seals the subgrade to minimize the volume changes that 

take place because of moisture changes. 
7. Serves as a stress-absorbing interlayer to reduce future 

maintenance. 
8. Offers a flexible property to be considered for use on low

volume streets and roads. 
9. Is an excellent crack-filling material and joint sealer. 

SUMMARY 

After 15 years, Phoenix is still using asphalt rubber as SAM 
and SAMI applications at the rate of 15 to 25 mi (24 to 40 km) 
per year. The costs over the 15-yr period have been competitive 
and the product has greatly reduced the maintenance problem. 

Asphalt rubber must be used with careful consideration of 
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the pavement structural condition, its absorption properties, the 
size of cracks, and its intended use. Although asphalt rubber 
absorbs pavement stresses and seals, it does not stop cracking 
or failures in the existing pavement or subgrade. However, 
although the cracks are still present, they do not come to the 
surface to cause problems. 

The engineer must consider the economics when deciding on 
whether to apply asphalt rubber. The cost of asphalt rubber in 
1971 was three times that of a conventional chip seal. Today, 
the initial cost is approximately two times that of a conven
tional chip seal. Asphalt-rubber chip seals have performed well 
in Phoenix for 15 years over severely cracked pavements, 
whereas the conventional chip seal usually lasts about 1 to 2 yr 
over such pavements and 6 to 8 yr over reasonably sound 
pavements. Asphalt rubber has virtually stopped maintenance 
costs, whereas the conventional chip seal has only reduced 
them. Thus a real value of the asphalt-rubber application is that 
it can eliminate maintenance costs while providing the travel
ing public with a reasonably good road surface at reduced costs 
until a major construction program can be developed. 

The use of asphalt rubber will continue because of sound 
engineering properties, economic advantages, and its success 
as a surface for streets, highways, and airports. 
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Effect of Mix Ingredients on the Behavior of 
Rubber-Modified Asphalt Mixtures 
H. B. TAKALLOU, R. G. HICKS, AND D. c. ESCH 

Presented are the results of a laboratory study to evaluate the 
effect of rubber gradation and content, air voids, aggregate 
gradation, mix, temperature, and curing conditions on the 
properties of rubber-modified asphalt mixtures. Twenty dif
ferent mix combinations were evaluated for diametral mod
ulus and fatigue at two different temperatures [-6°C (21.2°F) 
and +10°C (50°F)]. Only the results of the tests at +I0°C (S0°F) 
are presented. The findings of thiS study indicate that rubber 
gradation and content, aggregate gradation, and use of sur
charge during sample preparation have considerable effect on 
the design asphalt content and on the modulus and fatigue life 
of. th~ mix. The laboratory data were used to develop 
guidelines for use of rubber asphalt mixes in Alaska. 

Rubber-modified asphalt mixtures are prepared by a process 
that typically uses 3 percent by weight of granulated coarse and 
fine rubber particles to replace some of the aggregate in the 
mixture. The concept was originated in the late 1960s by the 
Swedish companies Skega AB and AB Vaegfoerbaettringar 
(ABV), and was patented under the trade name Rubit (1). The 
product has been patented in the United States under the trade 
name Plusride; Plusride is a trademark for a rubber-modified 
asphalt mix that is marketed by All Seasons Surfacing Corpora
tion of Bellevue, Washington (2). 

Currently, many state highway agencies are evaluating the 
use of rubber-modified asphalt pavements in field trials (3-6). 
The potential advantages of using these mixtures include 
improved ice control and increased pavement life. The study 
discussed in this paper involved an evaluation of mix ingre
dients (rubber, asphalt, and aggregate) with the intent of 
optimizing mix properties and increasing pavement life for the 
least cost. 

OBJECTIVES 

The purpose of this paper is to evaluate the effect of mix 
ingredients on the performance of rubber-modified asphalt 
mixtures. To accomplish this, a laboratory study was initiated 
to evaluate the effect on mix properties and pavement life of 

• Amount and gradation of rubber; 
• Aggregate gradation; 
• Void content; and 
• Mix temperature, cure time, and surcharge. 

H. B. Takallou and R. G. Hicks, Transportation Research Institute, 
Oregon State University, Corvallis, Oreg. 97331-2302. D. C. Esch, 
Alaska Department of Transportation and Public Facilities Research 
Section, 2301 Peger Road, Fairbanks, Alaska 99708. ' 

LABORATORY PROGRAM 

Variables Considered 

To evaluate the effect of mix variations on the behavior of 
rubber-asphalt mixture, it was necessary to first establish a list 
of variables to be considered. The test variables considered for 
this study are given in Table 1. 

Variations in void content were selected to determine if 
acceptable mixes could be produced at higher void contents. 
Two percent (usually recommended) and 4 percent (usually 
obtained in the field) were selected for study. Rubber contents 
of 2 and 3 percent by weight of aggregate were also selected to 
determine their effects on optimum asphalt content, resilient 
modulus, and fatigue life. The existing rubber gradation 
employed is a mixture of 20 percent fine (- #40) and 80 percent 
coarse rubber (#40 x 1/4 in.). Increasing the amount of fine 
rubber to 40 and 100 percent of total rubber may increase the 
potential for improving some of the mix properties, such as 
fatigue. 

Mix temperatures of 190°C (375°F) and 218°C (425°F) were 
considered. Increasing the mix temperature increases the 
potential for dissolving some of the finer rubber into the 
asphalt. This interaction may improve resilient modulus or 
fatigue life. One compaction temperature, 129°C (265°F), was 
selected. However, to obtain 4 percent void content in the mix, 
the compaction temperature and compaction effort (usually 50 
blows) were lowered to 99°C (210°F) and 10 blows, respec
tively. The high mixing temperature and lower compaction 
temperature simulate the effects of cooling during a long haul 
and placement. 

Two mix curing periods (0 and 2 hr) were also selected for 
study to determine whether increased curing or reaction time 
can impart any beneficial effects. Two aggregate gradations 
were used to perform the tests: (a) the recommended aggregate 
gradation by Plusride (gap graded), and (b) the mid-band gra
dation used for conventional asphalt mixes (see Table 2). 
Finally, two levels of surcharge were evaluated, 0 and 5 lb. 

Materials Used 

Aggregate 

The aggregates were obtained from the actual source used for 
the rubber-modified pavement at the Lemon Road project in 
Juneau, Alaska. Tables 2 and 3 give the gradations and proper
ties of aggregates that were used in making the laboratory 
samples of rubber-asphalt mixtures. 
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TABLE 1 VARIABLES AND LEVELS OF TREATMENT CONSIDERED FOR 
LABORATORY EXPERIMENT 

Variables Level of Treatment 

Air Voids, % 2, 4, 

Rubber Content, k 2. 3 

Rubber Gradation (Coarse/Fine) Coarse (80/20), Medium (60/40), Fine (0/100) 

Hix/Compaction Treatment, °F 375/265, 425/265 

Hix Curing at 375°F and 425'F 0, 2 hrs 

Aggregate Gradation gap-graded, dense-graded 

Surcharge 0, 5 lb 

TABLE2 AGGREGATE GRADATION USED AND CORRESPONDING 
SPECIFICATION FOR PLUSRIDE™ U 

Percent 

Sieve Size Gap-Graded 

3/4 inch 

5/8 inch 100 

3/8 inc1; 70 

1/ 4 inch 37 

No. 4 

No. 10 26 

No. 30 18 

No. 40 

No. 200 10 

Asphalt 

The paving grade asphalt generally used in the project area was 
selected. For this study, an AC-5 was used. Its physical proper
ties are given in Table 4. 

Rostler-Stemberg composition data for this asphalt were 
determined by using the former ASTM procedure D2006 
described by Anderson and Dukatz (7) and Rostler et al. (8). 
The procedure entails the removal of asphaltenes with reagent 
grade n-pentane and stepwise precipitation of the components 
(nitrogen bases, first and second acidiffins, and paraffins) from 
the maltenes with sulfuric acid. The test results for the Rost
ler-Stemberg analyses are presented in Table 5. 

Rubber 

Recycled rubber was obtained from Rubber Granulators in 
Everett, Washington, for use in the study. The samples were 
sieved using 1 to 2 percent talcum powder to increase 

Passing Specification 
for 

Dense-Graded PlusrideM 12 

100 

100 

76 60-80 

30-42 

55 

36 19-32 

13-25 

22 

8-12 

sievability on the following sizes: 1/4 in. x 4, 4 x 10, 10 x 20, 20 
x 40, 40 x 50, and -50. The talcum powder was removed by 
sieving the fine rubber (-50) through a No. 200 sieve. The 
different size fractions of the rubbers were stored in separate 
containers. The rubber properties and gradations are given in 
Tables 6 and 7. 

TABLE 3 AGGREGATE PROPERTIES FOR LEMON 
CREEK PROJECT 

Property 

Specific gravity (apparent) (T-85) 
Liquid limit (T-83) 
Plastic limit (T-89) 
Los Angeles abrasion, % (T-35) 
Sodium sulfate soundness,% (T-104) 
AASIITO classification 

Test Value 

2.76 
Not apparent (25 max) 
Nonplastic (6 max) 
33 
I 
A-1-a 

Note: The Lemon Creek project was performed by the Alaska Department of 
Transportation and Public Facilities. 
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TABLE 4 ASPHALT CEMENT (AC-5) CHARACTERISTICS-ANCHORAGE, ALASKA 

Viacoaity, l40°F, Poiaes 

Viscosity, 275°F, CS (Minimum) 

Penetration, 77°F, LOO g, 5 eec (Minimum) 

Flush Point, COC, °F (Minimum) 

Solubility in trichloroethylene, % (Minimum) 

Tests on Residue From Thi.n-Film Oven Test: 

Viscosity, l40°F, Poises (Maximum) 

Ductility, 77°F, 5 cm/min, m (Minimum) 

Spot Test (When and As Specified) With: 

Standard Naptha Solvent 

Naptha-Xylene-Solvent, % Xylene 

Heptane-Xylene-Solvent, % Xylene 

•AASHTO M 266, Table 1. 
CS = Centlstake; COC = Cleveland Open Cup. 

Tests and Test Methods 

The two general types of tests used in this study were mix 
design tests and mix properties tests. The mix properties of 
these different types of tests are summarized in the following 
table. 

Type of Test Mix Properties 

Mix design Stability 
Flow 
Voids• 

Mix property Diamelral modulus 
Diametral fatigue 

"Based on Rice's theoretical maximum specific gravily (AASHTO 
T-209). 

fu the following sections, the procedures and equipment used 
in performing each of the tests are described. 

TABLE S CHEMICAL ANALYSIS BY ROSTLER
STERNBERG METHOD8 

Composition 

Asphaltenes 
Nitrogen bases (N) 
First acidaffins (Al) 
Second acidaffins (A2) 
Paraffins (P) 
Refractive index 9,f paraffins (Nis) 
Rostler parameter 

"Tested by Matrecon, Inc., Oakland, California: 

~ostler parameter = (N + Al}/(A2 + P). 

Percentages 

14.8 
31.6 
10.1 
29.4 
14.1 

1.4825 
0.96 

Actual Values Specifications a 

509 500 t 100 

l42 l LO 

137 120 

547 350 

99.84 99 

1055 2000 

100 

Negative 

Negative 

Negative 

Mix Design Tests 

The Marshall mix design procedure was used as part of this 
study. The samples were prepared by using the standard Alaska 
Department of Transportation and Public Facilities procedure 
(T-17). This method is the 50-blow Marshall procedure. 

A total of 66 samples were prepared for this part of the study. 
All of these samples were tested for flow, stability, void con
tent, and diametral modulus. The tests for fl.ow and stability 
were conducted by using an MTS testing machine with a rate of 
loading of 2 in./min. The tests for diametral modulus were 
conducted by using a load duration of 0.1 sec and a load 
frequenty of 1 Hz, at a temperature of 22°C ±2°C (71.6°F). 

The major mix material variables used in the mix design 
study were as follows: 

• Rubber content-2 and 3 percent; 
• Rubber gradation~oarse, medium, and fine; and 
• Aggregate gradation-gap and dense graded. 

The 2 percent void content was used as the selecting criterion 
for the optimum asphalt content for each combination. 

Mix Property Tests 

After the optimum asphalt contents were determined for the 
different mix combinations, other tests were used to evaluate 
tl1eir mix properties. For all dymunic tests, samples were sub
jected to a constant load, applied at 60 cycles per minute with a 
load duration of 0.1 sec, and tested at temperatures of +10°C 
(50°F) and -6°C (21.2°F) in the as-compacted condition as 
follows: 
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TABLE 6 RUBBER PROPERTIES-GRADATION 

a) Gradation 

Sieve 
Size Coarse Fine 80/20 

I/ 4 inch 100 100 

No. 4 97 97.6 

No. 10 15 100 32 

No. 20 4 86 20 .4 

No. 40 3 30 8.4 

No. 50 2 .9 20 6.3 

Resilient Modulus Test Method The diametral modulus test 
(ASTM D-4123) was used to evaluate the effects of mix vari
ables at the different temperatures and strain levels. Horizontal 
deformation was measured with two horizontal transducers 
attached to the specimen. Repeated loads were measured with a 
load cell under the specimen. Load and deformation were 
recorded with a two-channel oscillographic recorder. The dura
tion of pulse loading was 0.1 sec, which corresponds to a 30-
mph actual tire speed (9). The load was applied at a frequency 
of 60 cycles per minute. A seating load of about 10 percent of 
the required dynamic load at the specified strain level was used 
to hold the specimen in place. The modulus was calculated by 
using the following equation (JO): 

MR = f(µ + 0.2734)/t(Afl.) (1) 

where 

MR = resilient modulus (psi), 
f = dynamic load (lb), 
µ = Poisson's ratio (µ is assumed equal to 0.40), 
t = thickness of specimen (in.), and 

AfJ. = total elastic horizontal deformation (in.). 

All tests were performed in a controlled temperature environ
ment. 

TABLE 7 OTHER PHYSICAL PROPERTIES OF RUBE.ER 

Property 

Natural or synthetic rubber 
Natural rubber 
Synthetic rubber 

Mixture 
Carbon black 
Acetone 
Hydrocarbon 
Fiber 

Note: Specific gravity is 1.28. 

Percent 

20 
80 

30 
15 
45 
10 

Rubber data source: Conversation with M. Cryst, General Manager, Rubber 
Granulators, Everett, Washington, November 1984. 

All Seasons 
80/ 20 Rubber 

60/40 0/100 Specifications (~) 

100 100 

98.2 76-100 

49 100 28-36 

36.8 86 16 - 24 

13 .8 30 

9. 7 20 

The test system shown in Figure 1 allows the operator to 
control both static and dynamic load magnitudes. Load dura
tion and frequency can also be controlled. A Shel-Lab low
temperature incubator was also used to control testing tempera
ture. To sense the temperature at the geometrical center of the 
specimen, three thermistors were used. 

Horizontal deformations were measured by a horizontal 
transducer attached to a yoke, which was attached to the speci
mens. A two-channel oscillographic recorder was used to mea
sure loads and deformations. Modulus was measured after 
approximately 150 lqad applications, the point at which 
resilient deformation begins to stabilize. 

Fatigue Life Method and Procedure The diametral test was 
also used to predict fatigue life for different material combina
tions. Tests were conducted at 10°C (50°F) for 20 different 
material combinations by using at least three different tensile 
strain levels. Between 4 and 10 specimens were tested for each 
material combination at each temperature and strain level. 

After the resilient modulus was determined for each com
bination at the desired strain level (after 150 repetitions), the 

FIGURE 1 Testing apparatus and Shel-Low temperature 
Incubator. 
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FIGURE 2 Failed specimen with broken foll tape. 

specimen was prepared for fatigue testing by attaching foil 
tape, which serves as the shut-off mechanism upon specimen 
failure. The specimen was placed between two 1/2-in.-wide 
loading strips. A seating load was applied (usually less than 10 
percent of dynamic load) to hold the specimen in place and 
fatigue testing was then started. When the specimen failed, the 
foil tape was broken, causing the machine to switch off (Figure 
2) and the counter on the control panel to stop. 

Fabrication of Samples 

The following steps were used to prepare the rubber-asphalt 
specimen mixtures: 

1. The aggregate fractions for the selected gradation and 
desired quantity were combined to produce 1100 g. To ensure 
hot and dry mix, the aggregates were placed in an oven at the 
selected temperature [190°C (375°F) or 218°C (425°F)] for at 
least 12 hr. The asphalt was heated to 135°C (275°F) before 
mixing. Overheated asphalts were avoided. 

2. The rubber fractions were combined to desired gradation 
and weight (i.e., 33 g for a 1100-g specimen). 

3. The heated aggregate was mixed with the rubber granules 
and placed in an oven at 190°C (375°F) or 218°C (425°F) for 
approximately 3 min. 

4. The asphalt required was added to the mixture of aggre
gate and rubber and mixed for about 3 min to yield a mixture 
having a uniform distribution of asphalt throughout. 

5. Standard Marshall molds, 4 in. in diameter and 21/2 in. 
high, were heated in an oven to 135°C (275°F). The forming 
mold part of the compaction mold was lubricated with silicone 
grease for ease of removing the specimen from the mold. The 
standard filter papers were not used because of the tendency of 
rubber-modified asphalt to stick to the paper. Alternatives to 
filter paper were release paper or a greased composition paper, 
both of which were used. The entire batch was placed in the 
mold. Before compaction, some of the samples were cured in 
the open molds at 190°C (375°F) or 218°C (425°F) for 2 hr to 
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evaluate the effect of cure time on mix properties of the 
samples. 

6_ The rrrix was cooled at room temperature until it reached 
the desired compaction temperature [i.e., 129°C (265°F)]. Fifty 
blows were applied to each side with a Marshall hammer 
assembly. For the 4 percent void content in the samples, the 
compaction temperature and compaction effort were lowered to 
99°C (210°F) and 10 blows, respectively. 

7. The specimens were removed from the mold at room 
temperature by means of an extrusion jack and then placed on a 
smooth, level surface until ready for testing. In some cases, a 
5-lb surcharge was applied immediately after compaction to 
evaluate the effect of surcharge on the mix property. The 
surcharge was removed after a 24-hr period, and the specimen 
was then extruded from the mold. The purpose of the s_urcharge 
was to restrain the compacted samples from rebounding before 
cooling. 

8. The bulk specific gravity and height of each compacted 
test specimen were measured immediately after extrusion from 
the mold (AASHTO T-166). 

TEST RESULTS 

Mix Design 

The standard Marshall samples were tested for flow, stability, 
void content, and diametral modulus. However, the stability, 
unit weight, and flow factors were not used as criteria for mix 
design. Air voids (2 percent) were used as the sole criterion for 
mix design. Recommended asphalt contents and mix properties 
for each mix design combination are given in Table 8. 

Mix Properties at +10°C 

Twenty different mix combinations were tested at 100 micro
strain in a +10°C (50°F) environmental chamber for resilient 
modulus and fatigue (Table 9). For all dynamic tests, samples 
were subjected to a constant load, applied at 60 cycles per 
minute, with a load duration of 0.1 sec. A 28-lb seating load 
was applied to all samples. At least three samples for each 
combination were tested. The results of resilient modulus and 
fatigue for 20 different mixes are summarized in Table 10. 

Discussion of Results 

The effects of aggregate gradation, rubber gradation, rubber 
content, mixing temperature, cure time, surcharge, and air 
voids are discussed in the following sections. 

Effect of Aggregate Gradation 

The effects of aggregate gradation on resilient modulus and 
fatigue life for three different mixing conditions are shown in 
Figures 3 and 4. These figures show that the mixtures with gap
graded aggregate in all three mixing conditions have lower 
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TABLE 8 RECOMMENDED ASPHALT CONTENT AND MIX PROPERTIES AT 2 PERCENT AIR VOIDS 

Aggregate Rubber Rubber Gradation 
Gradation Content (% Coarse/%Fine) 

Gap-Graded 2 0/100 

60/40 

80/20 

3 0/100 

60/40 

80/20 

Dense-Graded 0 No Rubber 

3 80/20 

resilient modulus and higher fatigue life than the mixtures with 
dense-graded aggregate. 

Effect of Rubber Gradations (fine, medium, and coarse) 

The resilient modulus and fatigue life for three different rubber 
gradations (fine, medium, and coarse) are compared in Figures 

TABLE 9 SPECIMEN IDENTIFICATION 

Design 
Asphalt Content Marshall Stability Flow 

% lbs (.01 in) 

7.0 920 IS 

7.2 690 21 

8.0 665 23 

7.5 600 19 

7.5 650 22 

9.3 436 33 

s.s 1500 8 

7.5 550 22 

5 and 6. The mixture with fine rubber has the highest modulus 
and lowest fatigue life, and the mixture with coarse rubber has 
the lowest modulus and highest fatigue life. 

Effect of Rubber Content (2 versus 3 percent) 

The effect of rubber content on resilient modulus and fatigue is 
shown. in Figures 7 and 8. The samples with 3 percent rubber 

Rubber Rubber Mixing/Compaction A1phalt Cure 
Spaci.man Content Blend Temperature Content Aggregate Time Surcharge 

Identifi.cuion (%) (% Fine/% Coaru) C0 r) (%) Gradation (hro) (lb1) 

Aa 3 80/20 375/265 9.3 Cap 0 0 

II 3 80/20 375/265 9.3 Cap 2 0 

ca l 80/20 375/265 9.3 Gap 0 5 

D 3 80/20 425/265 9.3 Cdp 0 0 
g 3 80/20 425/265 9.3 Cap 2 0 , 3 80/20 425/265 9.3 Cap 0 5 

G 3 80/20 375/210 9.3 Cap 0 0 

H 3 60/40 375/265 7.5 Cap 0 0 

I 3 0/100 37 5/265 7.5 Cap 0 0 

J 3 80/20 425/210 9.3 Cap 0 0 
la 2 80/20 375/265 8.0 Cap 0 0 

L 2 60/40 375/265 7.2 Cap 0 0 
Ka 2 0/100 375/265 7.0 Cap 0 0 
Na l 80/20 375/265 7.5 Den1e 0 0 

0 3 80/20 375/265 7.5 Denae 2 0 
p 3 80/20 375/265 7.5 Dense 0 5 

Q 3 80/20 425/265 7.5 Dense 0 0 

R 3 80/20 425/265 7.5 Dense 0 0 

s 3 80/20 375/210 7.5 Dense 0 0 
ra 0 0 375/265 5.5 Dense 0 0 

aMix combinations used to establish fatigue curves. 



TABLE 10 SUMMARY OF RESILffiNT MODULUS AND FATIGUE LIFE 

Number of 
Samples Air Voids (%) HR (ksi) Nf 

Mix Used in 
ID Calculations x a x a x a 

A 4 1.99 0.11 411 22 27. 993 3,728 

B 4 2.09 0.03 414 46 23,800 3,558 

c 4 2.07 0.12 360 19 48,240 4,627 

D 4 2.00 0.05 405 31 40,117 11 ,026 

E 3 2.02 0.03 438 43 26, 199 4,096 

F 5 1.96 0.24 393 103 82,360 7,235 

G 3 4.34 0.34 375 17 42,710 4, 131 

H 5 2.20 0 .17 614 73 13' 155 4,203 

1 4 2.44 0.26 528 87 16 ,663 2,004 

J 4, 4 .16 0.31 374 14 22,200 5,406 

K 3 2.26 0.17 471 22 28 ,858 4,683 

L 3 2 .19 0.30 720 38 13. 197 5,474 

M 3 2.69 O. ll 814 114 9,536 4,316 

N 5 2.94 0.20 674 55 16,506 6,730 

0 4 2.28 0.13 858 68 ll ,620 6,268 

p 4 2.01 0.06 649 60 18,311 7,065 

Q 4 2.01 0.09 803 105 7,500 1,942 

R 3 2.03 0 .21 702 20 17 ,296 3,945 

s 3 4.58 0.89 352 23 13,113 3,725 

T 5 2.13 0.25 1,105 67 9,323 2,758 

Note: Test temperature= +10°C and strain level= 100 mlcrostrain. N1 =number of repetitious 
to failure. 
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FIGURE 3 Effect of aggregate gradation, cure time, and surcharge on resilient modulus 
at +10°C (3 percent rubber, 80/20 blend). 
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FIGURE 4 Effect of aggregate gradation, cure time, and surcharge on fatigue life at +10°C 
(3 percent rubber, 80/20 blend). 

content generally have lower resilient modulus than the sam
ples with 2 percent rubber content (Figure 7). The rubber 
content variations did not show any · significant impact on 
fatigue life (Figure 8), with the exception of the fine rubber 
(0/100) samples. 

Effect of Mixing Temperature [190°C (375°F) versus 218°C 
(425°F)] 

The effect of mixing temperature on resilient modulus and 
fatigue life is shown in Figures 9 and 10. There were no 
significant differences in resilient modulus for the two tempera
tures, but in some cases, the fatigue lives for samples with 

800 

700 

600 

~ 500 

!9 i 400 

~~ 
200 

tOD 

218°C (425°F) mixing temperature were higher than for the 
samples with 190°C (375°F) mixing temperature. This may be 
due to the type of fatigue failure. The gap- and dense-graded 
materials, which had no cure or surcharge application, failed by 
fracturing the sample. The gap-graded materials, which had a 
surcharge application or were cured, failed by plastic deforma
tion. 

Effect of Cure Time (0 versus 2 hr) 

To evaluate the effect of cure time, samples were cured in the 
mold open to air at 190°C (375°F) and 218°C (425°F) for 2 hr 
before compaction. The cure time did not have an effect on the 

0 ..._~ ........ _..... ....... ..._...._..._~~~~~'--"--~-----..._~~~~~~--..._~~~ 
FIGURES Effect of rubber gradations on resilient modulus at +10°C (gap-graded 
aggregate). 
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FIGURE 6 Effect or rubber gradations on fatigue life at +10°C (gap-graded aggregate). 

modulus, but did have an effect on fatigue life. For example, 
the fatigue life for samples cured at 218°C (425°F) decreased 
by 35 percent, whereas the fatigue life for samples cured at 
190°C (375°F) decreased by 15 percent; this could be due to 
oxidation of the binder. Curing in absence of air would proba
bly have produced a different result. 

Effect of Surcharge (0 versus 5 lb) 

The 5-lb surcharge had little effect on modulus, but a signifi
cant effect on fatigue life with gap-graded aggregate, and a 

slight effect on the fatigue life for dense-graded aggregate. For 
the gap-graded mixtures, the voids were about the same; 
however, for the dense-graded mixtures, the voids with the 
surcharge were less (3 versus 2 percent). 

Effect of Air Voids (2 versus 4 percent) 

The resilient modulus slightly decreased when the air void 
content increased from 2 to 4 percent for the gap-graded mix. 
However, the modulus of the dense-graded mix was reduced by 
50 percent when the air void content was increased. The dif-

F'ine 
2% 

Medium 
2% 

FIGURE 7 Effect of rubber content on resilient modulus at +10°C (gap-graded aggregate). 
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FIGURE 8 Effect or rubber content on ratlgue lire at +l0°C (gap-graded aggregate). 

ference in sensitivity to air voids between gap-graded and 
dense-graded mixes can be attributed to asphalt content (9.3 
versus 7.5 percent). The increase in asphalt content for a gap
graded mix reduces the modulus even at a low air void content. 
Therefore, the modulus is showing a dependency on asphalt 
content and its interaction in the abnormal aggregate gaps. 

The fatigue life of the dense-graded rubber mix reduced with 
an increase in air voids. This behavior is similar to that of 
conventional dense-graded mixes. However, the fatigue life for 
the gap-graded rubber mix increased with an increase in air 
voids. This is contrary to the conventional relationship between 
air voids and fatigue life. Therefore, selection of the optimum 

MIX TEJF 
375f 

17771 IOO 

MIX TEJF 
425f 8888888 700 

liOO 

500 Gap 
Gap 

(2 Hrs Cure) 
(No Cure) 

400 

300 

200 

100 

0 

asphalt content by using air voids as the sole criterion may not 
produce optimum mix properties in rubber mixes. The mode of 
failure may be another reason for these contrary results. The 
mode of failure for all of the gap-graded specimens at 2 percent 
air void was brittle fracture. The specimens at 4 percent air 
void failed by plastic deformation. 

Comparison of Rubber-Modified versus Conventional 
Mix at +10°C 

The resilient modulus of conventional asphalt mix was approx
imately twice the value obtained for dense-graded rubber mix 

Dense 
(No cu,e) 

Dense 
(2 Hrs Cure) 

FIGURE 9 Effect of mixing temperature on resilient modulus at +10°C (3 percent rubber, 
80/20 blend). 
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FIGURE 10 Effect of mixing temperature on fatigue life at +10°C (3 percent rubber, 80/20 
blend). 

and almost three times the value for gap-graded rubber mix 
(Figure 11). This relates directly to the 9.3 percent asphalt used 
in gap-graded rubber mix versus 7.5 percent in dense-graded 
rubber and 5.5 percent in conventional mix. 

The fatigue life for each mix type corresponds with the 
modulus values (Figure 12). The higher the modulus, the lower 
the fatigue life. 

RESILIENT lllllll.US ll<SII 

UDO 

1200 

tODD 

IOO 

Fatigue Curves at +10°C 

Fatigue curves were prepared for five different mix combina
tions-samples with identification symbols A, C, M, N, and T. 
The fatigue life for each combination was evaluated at three 
different strain levels. At least three specimens were tested at 
each level of tensile strain. 

Dense 

Conventional Asphalt 
(No Rubber) 

(3% Rubber 80/20 Blend) 

&DO 

200 

OL----1~~~.c..l.~:..1-~~--Ju..t:~.l.L..;~~u...~~~~~~~~~~~ 

FIGURE 11 Effect of rubber content and aggregate gradation on resilient modulus at 
+10°c. 
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FIGURE 12 Effect of rubber content and aggregate gradation on fatigue life at +10°C. 

A linear relationship exists between the logarithm of the 
applied tensile strain and the logarithm of fatigue life, which 
can be expressed in the form (10): 

where 

Nr = number of repetitions to failure, 
a = antilog of the intercept of the logarithmic 

relationship, 
Et = initial tensile strain (in.fin.), and 
b = slope of the logarithmic relationship between 

fatigue life and initial strain. 

(2) 

Values of a and b are affected by mix type, asphalt content, 
rubber gradation, rubber content, and aggregate gradation. A 
low value of a usually indicates a low fatigue life, assuming the 
fatigue curves are parallel to one another. 

The results of the fatigue tests are shown in Figure 13. As 
indicated, the conventional mix has the lowest a-value, whereas 
the rubberized asphalt with surcharge bas the highest a-value. 
The fatigue life equations aie shown in Figure 13 together with 
R2

, or coefficient of determination. R2-values tend to be greater 
than 0.95. If the performance of the pavement is based on 
fatigue, Figure 13 shows the rubber-modified mixes to be supe
rior to conventional asphalt mixes. 

CONCLUSIONS 

The aim of the study was to test laboratory-prepared specimens 
to evaluate the effect of mix ingredients on the performance of 
rubber-modified asphalt mixtures. Based on the results of this 
study, the following conclusions appear warranted: 

1. The laboratory mix design results indicate that the 
asphalt content required to reach a certain minimum voids level 
for rubber-modified mixes depends on rubber and aggregate 
gradation, and rubber content. For example, the mixture with 
gap-graded aggregate and 3 percent coarse rubber (based on 
dry aggregate weights) required the highest design asphalt 
content (9.3 percent). Reducing the rubber content to 2 percent 
resulted in a reduction in asphalt content to 8.0 percent. The 
mixture with 3 percent coarse rubber and dense aggregate 
grading required 7.5 percent, and the conventional asphalt mix 
(no rubber) had the lowest design asphalt content (5.5 percent). 
The asphalt contents reported were for 2 percent air voids. 

2. Resilient modulus values for rubber mixes were gener
ally higher for dense-graded aggregates than for gap-graded 
aggregates. 

3. The gap-graded mix had a higher (by 40 percent) fatigue 
life at +10°C (50°F) than the dense-graded mix. 

4. The resilient modulus values for gap-graded and dense
graded aggregates increased at +10°C (50°F) as the rubber 
gradation became finer. The fatigue lives were reduced by 
about 20 percent as the rubber gradation became finer. 

5. As the percent rubber by dry weight of aggregate 
increased from 2 to 3 percent, the modulus values generally 
decreased at +10°C (50°F) for gap-graded mixes. The fatigue 
life of gap-graded mixes was not significantly affected at 
+10°C (50°F) by increasing the rubber content from 2 to 3 
percent. 

6. Gap-graded aggregate mixtures with a blend of 80 per
cent coarse and 20 percent fine rubber had the lowest modulus 
and highest fatigue life at both testing temperatures. 

7. A high mixing temperature [218°C (425°F)) slightly 
increased the modulus and the fatigue life for gap-graded mixes 
tested at +10°C (50°F). Dense-graded mixes tested at +10°C 
(50°F) showed an increase in modulus, but a decrease in 
fatigue life with higher mixing temperatures. 
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FIGURE 13 Laboratory fatigue curves at +l0°C. 

8. The effect of cure time after mixing, on both resilient 
modulus and fatigue life at both curing temperatures [190°C 
(375°F) and 218°C (425°F)], was not significant. 

9. The 5-lb surcharge weight, which was applied after 
compaction, increased the fatigue life and decreased the 
resilient modulus at +10°C (50°F). 

10. The fatigue life increased with increasing voids (2 to 4 
percent). Although this is contrary to the conventional relation
ship between air voids and fatigue life, it is based on a consid
erable number of tests, indicating additional work is needed to 
document the effects of voids for rubber-asphalt mixes. The 
resilient modulus values at both temperatures decreased as air 
voids increased, as would be expected. 
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Utilization of Texas Boiling Test to Evaluate 
Effectiveness of Antistripping Additives in 
Saudi Arabia 
KANG w. LEE AND M. I. AL-JARALLAH 

Bonding failures of asphalt concrete mixtures occur because of 
stripping of asphalt cement films from the aggregate surface, 
raveling, and softening of the asphalt cement matrix. Of pri
mary concern is stripping, which has been shown to be a major 
cause of distress for asphalt mixtures in Saudi Arabia as well 
as in other parts of the world. Many contractors have been 
using liquid antistrlpping agents, which are costly. In addition, 
field engineers have believed that stripping agents might create 
adverse effects In a Saudi environment. In response to this 
problem, a comparative study was performed to evaluate anti
stripping additives using Saudi asphalt cements and local 
aggregates. The effectiveness was examined along with dif
ferent types of additives and sulfur-extended asphalt by using 
the Texas boiling test. Test results indicate that treatment with 
a lime slurry is the most effective method on all materials 
except two types of natural sands. It is also observed that the 
chemical reaction or physical adsorption appears to occur 
immediately after adding lime slurry to aggregates. 

Bonding failures of asphalt concrete mixtures have been one of 
the annoying problems to highway engineers. Failures occur 
because of stripping of asphalt cement from aggregate surface, 
raveling, and softening of asphalt cement matrix. 

In Saudi Arabia, stripping has been observed as a prime 
suspect of pavement distress in the western and eastern 
provinces, for example, Abu Hadriyya, Hayel-Alula, and 
Mayeh-Semura, especially where granite or soft limestone 
aggregate is used (M. Dahlaan and I. Nuesa, discussion about 
the bonding failures of asphalt mixtures between the Saudi 
Arabian Ministry of Communications and King Saud Univer
sity, October 23, 1983). Recently, stripping problems also 
occurred in the central region, for example, the dual highway 
between Riyadh and Dammam. This 380-km-long highway 
consists of eight sections, each approximately 50 km long. 
Rutting and raveling appeared on the pavement surface in 
Sections 4, 6, and 8 within several months after construction. 
Field engineers tried to examine mixtures by using the ASTM 
Immersion and Compression Test (ASTM Standards, Part 15, 
"Road, Paving, Bituminous Materials, Skid Resistance," 
1980); however, the mixture was so loose after immersion that 
the test could not be performed. It was also observed that the 
asphalt cements were totally separated from the surface of the 
aggregate. Additional raveling has occurred in the eastern 
province and on the Muzahimiyyah-Halabin Expressway. 

Various practices have been introduced to alleviate or elimi
nate bonding failures in asphalt mixtures in Saudi Arabia. Most 

K. W. Lee, Department of Civil Engineering, University of Rhode 
Island, Kingston, R.I. 02881. M. I. AI-Jarallah, King Saud University, 
P.O. Box 2454, Riyadh 11451, Saudi Arabia. 

contractors used liquid antistripping agents; however, they are 
costly, that is, $77 /kg. For an average road, the cost of the 
additive would be $18,750/lane-km: lane width= 3.8 m, thick
ness = 0.15 m, asphalt content = 5 percent by weight of mix, 
and additive content = 0.5 percent by weight of asphalt. More
over, field engineers believed that these additives might have 
adverse effects on pavement performance. 

In response to this problem, the Texas boiling test was 
introduced to evaluate the effectiveness of antistripping addi
tives. The testing technique developed in Texas is simple and 
rapid in evaluating the effectiveness of adding antistripping 
additives to the stripping materials, and in detecting any 
adverse effect of antistripping additives in the nonstripping 
materials (1). The objective of the project was threefold: 

1. To evaluate the stripping susceptibility of Saudi asphalt
aggregate mixtures, 

2. To comparatively evaluate the effectiveness of antistrip
ping additives, and 

3. To study the stockpiling period effects after applying 
hydrated lime by using the Texas boiling test. 

MINERAL AGGREGATES 

Aggregates used in this study were obtained from four different 
projects. 

The first material was obtained from the reconstruction proj
ect of Al-Ahsa Street in the northeastern part of Riyadh. This 
street had experienced cracking, corrugation, and minor ravel
ing (2). Mineral aggregates for bituminous surface course con
sisted of three components: coarse crushed sandstone (17 per
cent), fine crushed sandstone (37 percent), and natural sand (46 
percent). These components and mixture were designated as 
Al, A2, A3, and AM. The gradation of aggregate mix is given 
in Table 1. 

The second material was obtained from the construction 
project of Abdullah Bin Parhan Street, in the north part of 
Riyadh. Raveling had been observed in the pavement of this 
street. Mineral aggregates for this asphalt wearing course con
sisted of four components, as presented in Table 2. 

The third material was obtained from Al Ula-Hail Road 
Section 3, and was designated by Hl in this study. This material 
was a component of a base course mixture and a weathered 
granite, and was rejected because it caused high loss of stability 
when tested after submergence. 

The fourth material was obtained from the construction site 
of Dhahran-Abqaiq Road and designated as BM (see Table 3). 
It had been observed that severe rutting had appeared on 



TABLE 1 PERCENT GRADATION OF MATERIAL OF AL-AHSA 
STREET 

Aggregate Components 

Coarse Fine Natural 

Crushed Crushed Sand 

Gradation Sandstone Sandstone 

Sieve Size (A1) (A2) (A3) 

-1/2 + 3/8 1.1 

-3/8 + 14 9,3 27.9 

- #4 + #10 9 .1 1.1 

- 110 + #20 13. 5 

- 120 + 140 8.4 

- f40 t 1200 13.9 

- 1200 2.5 

Total 17. 0 37.0 46.0 

TABLE 2 PERCENT GRADATION OF MATERIAL OF 
ABDULLAH BIN FARHAN STREET 

Aggregate Components 

Mixture 

(AM) 

1.1 

37.2 

16. 8 

13. 5 

8.4 

13 .9 

2.5 

100.0 

Coarse Medium Crushed Natural Mixture 

Crushed Crushed Sand Sand 

Gradation stone stone 

Sieve Size ( F1) (F2) (F3) (F4) 

-)/4 + 1/2 7 .1 0.) 7.4 

-1/2 + 114 10. 5 8.7 2.5 2.2 23,9 

- #4 + #10 0 .1 0.4 9.2 14. 5 24.2 

- 110 + #40 0.1 0.2 8.0 15.0 23.3 

- #40 + #80 0.2 0, 1 2.0 5 .1 7.4 

- 180 + 1200 0, 1 1 . 5 5 .1 6.7 

- #200 0.2 1. 8 5.1 7.1 

Total 18.0 10.0 25.0 100.0 
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TABLE 3 PERCENT GRADATION OF MATERIALS OF 
DHAHRAN-ABQAIQ ROAD 

Aggregate Components 

Coarse Medium Coarse ~ine 

Gradation Limestone Limestone Sand Sand 

Sieve Size (81) (B2) (B3) (84) 

-3/4 + 1 /2 13. 0 

-1/2 + #4 12. 7 21 • 4 

- #4 + #10 0.3 11. 9 

- #10 + #40 0.7 15. 7 

- #40 + 180 14. 3 0.2 

- #80 + 1200 3.7 1. 6 

- #200 0.3 4.2 

Total 26.0 34.0 34.0 6.0 
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Mixture 

(BM) 

13.0 

34.1 

12. 2 

1 6. 4 

14. 5 

5.3 

4.5 

100.0 

shoulder lanes of this expressway several months after con
struction, although the contractor laid down asphalt mixtures of 
high Marshall stability. 

cation) (4). The test results are given in Table 4 with the Saudi 
Specification. Because only one type of asphalt cement is being 
produced, the same asphalt was used for all mixtures. 

ASPHALT CEMENT 

The asphalt cement used in this testing program was a 60-70 
penetration grade. The properties were examined at the King 
Saud University (KSU) laboratory according to ASTM/ 
AASHTO designations (3) and compared with the General 
Specification for Road and Bridge Construction (Saudi Specifi-

ASPHALT CONTENT 

To evaluate the total asphalt mixture, the aggregates were 
blended according to the project gradation specified, and the 
asphalt content that was added was the same as the one that had 
been used for the field mixture. For example, the mixture from 
the Al-Ahsa Street project (AM) was prepared with 4.9 percent 

TABLE 4 PROPERTIES OF ASHALT CEMENT USED 

Test Test Saudi 
Characteristic Method Results Specification 

Asphalt type NA Grade 60-70 Grade 60-70 
Producer NA ARAMCO 
Penetration at 25°C, 100 g, 5 sec (0.1 mm) T49/D5 54 Grade 60-70 
Kinematic viscosity at 135°C (Cs) T20l/D2170 598 Min. 200 
Softening point (0 C) T53/D36 48 
Ductility at 25°C (cm) T51/Dll3 113 Min. 100 
Flash point (Cleveland open c~) (0 C) T48/D92 315 Min. 232.2 
Specific gravity at 25°C (g/cm ) T228/D76 1.0347 
Tests on residues from thin film oven test T179/D1754 NA 
Penetration at 25°C, 100 g, 5 sec (0.1 mm) T49/D5 36 Min. 52 
Kinematic viscosity at 135°C (Cs) T201/D3170 881 
Ductility (cm) T51/Dl13 103 Min. 100 

Note: - means that the Saudi Specification does not specify, and NA means not applicable. 
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asphalt content, according to its construction record. However, 
4.1 percent of asphalt content was used for BM based on the 
optimum content from the laboratory-prepared spe.cimeri.s. It 
has been believed that the design asphalt content varies with 
the size, shape angularity, absorption, and surface area of the 
aggregate being tested (1). Therefore, different asphalt content 
was visually determined for different aggregates to have uni
form and optimwn film thickness, when the individual compo
nent of the mix was evaluated. To produce an asphalt film 
thickness for an individual aggregate that approximates the film 
thickness for the total mixture, the asphalt content should be 
increased or decreased until the proper film thickness, as deter
mined visually, is secured. This can be done by visually ensur
ing that all particles are coated and that excess asphalt is not 
left in the mixing pan. 

TEXAS BOILING TEST PROCEDURE 

The asphalt cement was heated at l63°C ±2.8°C (325°F ±5°F) 
for 24 to 26 hr. For the evaluation of the total aggregate 
mixture, 300 g of aggregate with all gradations was used. When 
an individual aggregate component was examined, 100 g of 
aggregate was utilized. The dry aggregate was heated at 163°C 
±2.8°C (325°F ±5°F) for 1 to l1/2 hr. At the appropriate time, the 
asphalt cement was added to the aggregate and mixed manually 
on a hot table. The mixture was allowed to cool at room 
temperature for at least 2 hr before testing. 

A beaker of approximately 1000 mL was filled with distilled 
water and heated to boiling (1). The prepared aggregate-asphalt 
mixture was added to boiling water, which temporarily lowered 
the temperature below the boiling point. The heat was 
increased so that the water reboiled in approximately 2 to 3 
min. The water was maintained at a medium boil for 10 min, 
stirred with a gas rod three times during boiling. During and 
after boiling, the stripped asphalt was skimmed away from the 
surface of the water with a paper towel to prevent recoating of 
aggregate. The mixture was then allowed to cool to room 
temperature while still in the beaker. After cooling, the water 
was drained from the beaker and the wet mixture was emptied 
on a paper towel and allowed to dry. 

Three panel members visually estimated the percentage of 
cement retained after boiling. The mixtures were also exam
ined on the following day after they had been allowed to dry 
because the stripping of the fines is not as apparent when the 
mixture is still wet. The three gradings were averaged, and the 
averaged grading was n:porleu as Lhe Lesl resulL. 

HYDRATED LIME 

Hydrated lime (CaOH:z) was obtained from a Saudi lime com
pany. All particles passed the No. 200 sieve. Generally, three 
treatment methods have been practiced in the laboratory and in 
the field: 

• Mixing hydrated lime with asphalt cement, 
• Adding hydrated lime as a mineral filler to aggregate, and 
• Adding hydrated lime slurry to aggregate. 
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In this study, all three of these treatment methods were evalu
ated by using the Texas boiling test. 

In the first treatment method, the preweighed hydrated lime 
was mixed into the asphalt cement. This admixture was pre
pared to have 1 percent of hydrated lime by weight of aggregate 
in the asphalt mixture. One percent of lime content was 
selected because it is the most common practice, and it was 
considered to be the optimum content. The sample calculation 
for the 3 percent asphalt content mixture will now be given. 

The amount of asphalt cement for 100 g aggregate is 

x/100 + x = 3/100 

x = 3.1 g 

Therefore, Lhe admixture should have a 3.1:1 ratio of asphalt 
cement and hydrated lime. To· have binder for heating, typically 
123 g of admixture was prepared by mixing 93 g of asphalt 
cement and 30 g of hydrated lime. The admixture was pre
heated at 163°C (325°F) for 24 to 26 hr, and only 4.1 g of 
admixture was used when mixing with 100 g of preheated 
aggregate. This admixture was designated as the lime admix
ture. 

In the second treatment method, the dry hydrated lime was 
mixed with aggregates, and preheated at 163°C (325°F) for 1 to 
P/z hr before mixing with the preheated asphalt cement. The 
amount of hydrated lime was again 1 percent by weight of 
aggregate. This method was designated as the dry lime. 

Finally, the lime slurry was prepared by using 30 percent of 
hydrated lime and 70 percent of distilled water. The pre
weighed aggregate was mixed thoroughly with the amount of 
slurry to leave 1 percent dehydrated lime relative to the aggre
gate, and cured at room temperature for various periods. The 
lime-treated aggregate was then preheated at 163°C (325°F) for 
P/2 hr before mixing with preheated asphalt cement. This 
treatment method was designated as the lime slurry. 

LIQUID ANTISTRIPPING AGENTS 

Three antistripping agents marketed in Saudi Arabia were used 
for this study. These were designated as Ql, Q2, and Q3. Ql 
was a product based on arnidoarnines, and Q2 and Q3 were 
mixtures of alkyl and alkylene amines. 

The amount of antistripping agent used was 0.3 percent by 
weight of asphalt cement, which is common practice in Saudi 
Arabia. After mixing the agent into asphalt cement, the admix
ture was heated at 163°C (325°F) for 24 to 26 hr before mixing 
with preheated aggregate. The remaining procedure was the 
same as the standard one. 

SULFUR-EXTENDED ASPHALT (SEA) 

At standard conditions of temperature and pressure, ordinary 
sulfur is an odorless and tasteless yellow solid. Its specific 
gravity is 2.07 and its melting point is 114°C (238°F) (5). The 
SEA composition was established at 30 percent sulfur and 70 
percent asphalt by weight. This sulfur-to-asphalt ratio was 
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chosen because it is the most common, and the sulfur replaces a 
proper amount of the asphalt while still working as a binder 
that behaves similar to asphalt. 

The KSU procedure for the actual batching of all SEA 
mixtures was a modification of existing procedures (5-7). 
Because the working range for molten sulfur corresponds well 
with the working range for paving grade asphalt, that is, 124°C 
to 149°C (255°F to 300°F), the sulfur and asphalt were heated 
separately to about 132°C (270°F). The solid sulfur was 
weighed into a stainless steel beaker, and the beaker was heated 
in the hot oil bath. The calculated amount of asphalt cement 
was poured into the steel beaker in which the sulfur had been 
melted. The beaker was kept in the hot oil bath to maintain the 
constant mixing temperature 132°C ±2.8°C (270°F ±5°F). The 
SEA binder was continuously stirred with a propeller until the 
aggregate was mixed with the binder. 

SEA MIXTURE 

The mix design for SEA mixtures involves substituting an 
equal volume of SEA binder for the asphalt binder in the 
conventional mixture. The following sample calculation is for 
an equal volume substitution of 30/70 SEA binder for a pure 
mixture of 3 percent asphalt content to compute the amount of 
SEA binder for 100 g aggregate: 

1. The amount of asphalt cement: 

x/100 + x = 3/100 x = 3.1 g 

2. The volume of asphalt cement: 

3.1/1.0347 = 3.0 cm3 

3. The amount of 30/70 SEA binder equivalent to the 
amount of asphalt cement: 

0.30y/2.07 + 0.70y/l.0347 = 3.0 y = 3.7 g 

where 2.07 and 1.0347 are specific gravity of sulfur and 
asphalt, respectively. 

The calculated amount of SEA was mixed with aggregate by 
the same procedure as that for asphalt mixtures. To examine the 
effect of 24 hr of heating of the SEA binder, two batches were 
prepared: (a) after preparation of the SEA binder, the preheated 
aggregate was mixed with the binder immediately; and (b) the 
leftover binder was heated for 24 hr (the same as the standard 
procedure for asphalt mixture) and mixed with the preheated 
aggregate. No significant difference was found between the 
two batches. Therefore, all specimens in this study were pre
pared after 24 hr of heating of the SEA binder. 

After test specimens were prepared, some were allowed to 
cool at room temperature for 2 hr and others were allowed to 
cool 2 weeks before boiling. The latter curing period was 
chosen to consider the maturing effect on sulfur-asphalt con
crete (7). It was believed that the sulfur-asphalt mixes with 30 
percent sulfur required a maturing period of at least 14 days 
before mixture properties began to stabilize. A preliminary 
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study indicated that there was no significant difference in test 
results between specimens cured for 2 hr and those cured for 14 
days. However, a 2-week curing period was used in this study 
because the previous finding was based on a limited study. 
Furthermore, the authors strongly believed that the maturing 
effect should be considered for any SEA mixture. 

In summary, all SEA mixtures in this study were prepared 
after 24 hr of heating of the SEA binder, and were cured for 2 
weeks before testing. 

LIME-TREATED AGGREGATES FOR STOCKPILING 
PERIOD STUDY 

The application of hydrated lime on the stockpile has been 
practiced in several places. To study the effect of the stockpil
ing period after adding lime, the prepared lime slurry was 
applied to aggregates and cured for different periods. After 
curing for the specified period, the rest of the procedure was the 
same as that in the standard boiling test. Five individual aggre
gates and one mix were used for this study: A2, A3, F2, F3, Hl, 
and AM. 

EVALUATION OF PURE ASPHALT MIXTURES 

Two mixtures, AM and BM, were evaluated to examine their 
susceptibility to bonding failure. The AM had retained only 25 
percent asphalt cement after boiling, as shown in Figure 1, 
which indicates that AM is a highly stripping-prone mixture. 
On the other hand, the BM retained 87 percent of asphalt 
cement, which indicates that the mixture is not stripping sus
ceptible. Therefore, the materials from Dhahran-Abqaiq Road 
were not evaluated further. 

To find which component(s) of AM contributed to stripping, 
individual aggregates were subjected to further testing. 
Because both Al and A2 are the same materials but have 
different sizes, of the three components only A2 and A3 were 
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FIGURE 1 Percent of asphalt retained after 
boiling for asphalt mixtures. 
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INDIVIDUAL AGGREGATES 

FIGURE 2 Comparison of test results for Individual 
aggregates after boiling without antlstrlpping additives. 

evaluated. Results for both aggregates are shown in Figure 2. It 
was observed that all components have contributed to the 
stripping of mixture AM. Even though ihe BM was not cate
gorized into stripping-prone mixtures, all components were 
also tested for comparison. It can be observed from Figure 2 
that all of them retained more than 80 percent of their asphalt. 

More individual aggregates from the other two sources, that 
is, Abdullah Bin Parhan Street and Al Ula-Hail Street, were 
also tested, and results are shown in Figure 2. Based on criteria 
given by Kennedy et al., that is, 70 percent for mixture and 50 
percent for individual aggregate, all materials were classified as 
highly stripping-prone aggregates (1). 

EVALUATION OF THE EFFECTIVENESS OF 
ANTISTRIPPING ADDITIVES 

In general, the antistripping additives used in this study 
reduced the stripping of the asphalt, but they did so at different 
rates. The evaluation of the effectiveness of each additive on 
different aggregates is discussed in this section. 

Materials of Al-Ahsa Street 

.From the test results on A2 (.Figure 3 ), it was observed that 
lime slurry reduced the stripping of asphalt film from the 
aggregate surface significantly more than did the other addi
tives. The asphalt retained was 97 percent. Other additives have 
retained some 80 percent asphalt as well. 

Both lime slurry and Ql gave satisfactory results when they 
were treated with the individual aggregate A3; the asphalt 
retained was 95 and 90 percent for lime slurry and Ql, respec
tively, as shown in Figure 4. Other additives were not effective 
with this aggregate. 

Because the lime slurry reduced the rate of asphalt stripping 
on A2 and A3, the slurry was selected again for treatment of 
AM. It also reduced the stripping of asphalt from the surface of 

TRANSPORTATION RESEARCH RECORD 1096 

ffi ' cc 
z :c 
1-w 
a: 
1-
...J 
< :c 
IL 

"' < 
u.. 
0 
w 
Cl 
< 
1-z 
w 
0 
a: 
w 
IL 

50 

23 

ANTISTRIPPING ADDITIVES 

FIGURE 3 Results of Texas boiling test on the individual 
aggregate A2 with various antistripping additives. 

the aggregate. The asphalt retained in this case was about 96 
percent, as shown in Figure 5. 

Materials of Abdullah Uln Farhan Street 

It was observed that lime slurry achieved the best result when 
added to F2 compared with other additives. The asphalt film 
retained was 96 percent. The addition of Ql essentially did not 
reduce the stripping amount; the asphalt retained was only 
about 30 percent. Other additives moderately increased the 
amount of asphalt retained, as shown in Figure 6. 

The test results on the individual aggregate F3, which are 
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FIGURE S Results of Texas bolling test on the asphalt mixture 
AM with various aotlstrlppiog additives. 

shown in Figure 7, provide the opposite result. The lime slurry 
did not increase the asphalt amount retained after boiling. 
However, the liquid antistripping agents Ql, Q2, and Q3 sub
stantially increased the asphalt retained, and Ql appears to be 
the most effective one, that is, 93 percent asphalt retained. 

Because of insufficient F4 material, only three additives 
were evaluated It can be observed from Figure 8 that Ql 
increased the percentage of asphalt retained, whereas hydrated 
lime did not significantly increase the asphalt retained after 
boiling. Therefore, test results on F3 and F4 indicate that the 
hydrated lime is not always the best additive. Also, it should be 
noted that both F3 and F4 were natural sands. Admittedly, the 
effectiveness of different antistripping additives should be 
evaluated for each combination of asphalt mixture and addi
tives, especially for natural sand, before using it in the field. 
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FIGURE 6 Results of Texas bolling test on the Individual 
aggregate F2 with various antlstripplng additives. 
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FIGURE 7 Results of Texas bolling test on the Individual 
aggregate F3 with various aotlstrlpplng additives. 

Materials of Al Ula-Hail Road 

Test results again indicated that the lime slurry was the most 
effective agent on Hl compared with other additives. It signifi
cantly increased the asphalt retained, that is, about 96 percent. 
Simultaneously, it was found that the dry lime and lime admix
ture were not highly ~ffective, which may indicate that the 
hydrated lime is not effective without the presence of moisture. 
It appears that the chemical reaction or physical coating occurs 
effectively on the surface of the aggregate when the lime slurry 
is added. Other additives moderately increased the asphalt 
retained after boiling, as shown in Figure 9. 

Finally, the evaluation of the effectiveness of various addi
tives on the materials used in this study is given in the summary 
in Table 5. 

AmldoAmlne 

ANTISTfflf'P..a ADDITIVES 

FIGURE 8 Results of Texas bolling test on the 
Individual aggregate F4 with various 
antistripplng additives. 
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STUDY OF STOCKPILING PERIOD AFTER 
TREATMENT WITH LIME SLURRY 
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Because the lime slurry reduced the extent of stripping better 
than any other additives, an additional study was performed to 
examine the stockpiling period after treatment with lime slurry 
in the field. The test results for five individual aggregates and 
one mixture are given in the summary in Table 6. As shown in 
Figure 10 for the aggregate Hl, there was no significant dif
ference between the percentages of asphalt retained after boil
ing for different curing periods. This indicates that the chemi
cal reaction or physical adsorption occurs immediately after 
adding lime slurry to aggregate. Therefore, it can be suggested 
that there is no need to stockpile the lime-treated aggregate in 
the field longer than 1 day. 
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FIGURE 10 Results or Texas bolling test for different 
curing periods after adding lime slurry to the Individual 
aggregate HL 

CONCLUSIONS 

Based on the findings of this limited study, the following 
conclusions are drawn. 

1. All materials except the Dhahran-Abqaiq Road mixture 
were identified as stripping-prone aggregates when tested with 
the Texas boiling test. The laboratpry test results presented in 
this paper were almost identical to the results of the field 
performance. 

2. Test results indicate that the lime slurry helps to reduce 
bonding failure with all aggregates used except F3 and F4, 
which were natural sands. 

TABLES RESULTS OF TEXAS BOILING TEST TO EVALUATE THE EFFECTIVENESS 
OF ANTISTRIPPING ADDITIVES (percent of asphalt retalned8

) 

Addit i ves or Binders 
Pure Lime 

Assre- Asphalt Admix- Dry Lime Best 
sate Cemellt tu re Lime Slurry Q1 Q2 Q3 SEA Additive 

AH 25 95 42 96 62 B2 30 43 Lime 
Slurry 

A2 23 Bo B3 97 B3 B3 75 50 Lime 
Slurry 

A3 25 B2 5B 95 90 4B 4B IB Lime 
Slurry 

A4 22 17 Bo 96 30 75 26 20 Lime 
Slurry 

F3 30 40 2B 93 B5 65 20 Q1 

F4 13 50 23 6B Q1 

H1 21 2B 36 B9 59 71 61 1 B Lime 
Slurry 

BH B7 

Note: - Means no evaluation 
•Averages of three evaluations. 
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TABLE 6 SUMMARY OF STUDY OF STOCKPILING PERIOD 
Materials 

A-2 A-3 AM F2 F3 Hl 

Curing Period 

Immediately 97 95 96 96 28 89 

1 day 93 96 92 96 94 65 

1 wee k 88 92 92 95 94 62 

1 month 78 43 78 98 80 82 

3 months 100 82 92 95 85 

6 months 99 66 

Note: (Agg + Lime----+AC~Boiling). The values indicate the percentage of asphalt 
retained after the Texas Boiling TesL Dash (-) indicates no evaluation. 

3. The liquid antistripping agent, Ql, was the best additive 
to use for F3 and F4. Therefore, it is desirable to evaluate each 
candidate combination of asphalt, aggregate, and additive 
before laying down the pavement in the field. 

4. There was no significant difference in the percentage of 
asphalt retained after boiling the asphalt mixtures treated with 
lime slurry for different curing periods. This effect may indi
cate that the chemical reaction or physical coating occurs 
immediately after adding lime slurry to the aggregates. 

5. Hydrated lime, when used as a mineral filler and lime 
admixture, was not effective compared with the lime slurry, 
based on results of the Texas boiling test. 

~- It is not evident that the SEA mixtures provide any 
beneficial or adverse effects. 

7. Based on this limited study in Saudi Arabia, the Texas 
boiling test appears to be a useful tool for evaluating the 
effectiveness of antistripping additives in the laboratory. 

8. Additional study with more local materials may be 
needed (a) to establish an accurate system for choosing proper 
additives, depending on aggregate types, and (b) to determine 
Saudi criteria for differentiating between stripping and non
stripping mixtures. 
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Evaluation of Boiling and Stress Pedestal 
Tests for Assessing Stripping Potential of 
Alabama Asphalt Concrete Mixtures 
FRAZIER PARKER, JR., AND MICHAELS. WILSON 

Moisture produces serious distress, reduces performance, and 
increases the need for maintenance of asphalt concrete pave
ments. Although moisture Is but one of many distress mecha
nisms contributing to pavement deterioration, It is often a 
major factor. Moisture damage is attributable to stripping 
where stripping Is the loss of adhesion between aggregate and 
asphalt cement, or possibly loss of cohesion in the asphalt 
cement. Boiling tests and stress pedestal tests were performed 
on asphalt concrete mixes composed of materials common in 
Alabama. The purposes of these tests were to evaluate the 
laboratory procedures for (a) a!!Sesslng the potential of asphalt 
concrete mixture stripping and effectiveness of antistripping 
additives and for (b) identifying mix components responsible 
for stripping. Results from the boll tests Indicated that aggre
gate, asphalt cement, and additive properties affect coating 
retention. Implications are that each combination must be 
tested to assess stripping potential and that geµeralizations are 
not possible. Reasonable correlations with field performance 
were obtained with results from entire mixes. Results indicate 
that boil tests may provide valuable predictions of antistrip
ping agent effectiveness, but that they will not identify aggre
gate components causing stripping. Results from the stress 
pedestal tests did not correlate well with field performance. In 
addition, there were no correlations between mix performance 
and the performance of individual aggregate components. 
Implications are that the stress pedestal test has little potential 
for predicting mix performance or for Identifying aggregate 
components causing stripping for typical Alabama materials. 

Moisture produces serious distress, reduces performance, and 
increases the need for maintenance of asphalt concrete pave
ments. In the past 10 years, the incidence of moisture-induced 
damage appears to have increased significantly, causing con
cern in the highway engineering community. Although mois
ture is but one of the many factors that may cause deterioration 
of asphalt concrete pavements, it is often a major contributor. 

Typically, this moisture-induced damage is attributable to 
stripping, where stripping is the "separation of the asphalt 
coating from the surface of the aggregate in a flexible pave
ment" (J). The most serious consequence of stripping is the 
loss of adhesion between the aggregate and asphalt cement, 
resulting in a substantial reduction in tensile strength of the 
asphalt concrete pavement. In some cases, damage occurs 
because of softening of the asphalt cement matrix, where soft
ening is a loss of cohesion in the asphalt binder (2). 

The study of asphalt concrete stripping is complicated by the 
many parameters that influence stripping. Some of these 

F. Parker, Civil Engineering Department, Auburn University, Auburn, 
Ala. 36849-5501. M. S. Wilson, Soil & Material Engineers, 3300 
Marjan Drive, N.E., Atlanta, Ga. 30340: 

parameters are asphalt and aggregate properties, mixture 
design, construction procedures, environmental conditions, and 
traffic; each may contribute in some part to the initiation and 
severity of stripping (3). 

The objective of the research reported in this paper was to 
evaluate laboratory procedures for assessing the stripping 
potential of asphalt-aggregate mixtures comprised of typical 
Alabama materials and the effectiveness of antistripping addi
tives. A secondary desirable feature of evaluating the pro
cedures was the ability to individually test aggregate compo
nents to determine the component(s) for which stripping is 
most severe. This is particularly important for fine components 
in which stripping action is difficult to detect. 

LABORATORY TESTS FOR ASSESSING STRIPPING 

Many tests have been developed to determine the susceptibility 
of asphalt concrete to moisture. To date, none has received 
wide acceptance because of often highly variable results and 
lack of correlation with field performance. In evaluating test 
procedures, the following parameters were considered: 

1. Correlation with field performance; 
2. Test simplicity; 
3. Ability to evaluate mixes and aggregate components, 

including fines; and 
4. Ability to evaluate antistripping additives. 

Types of Tests 

There are two basic types of tests to determine the suscep
tibility of an asphalt concrete to stripping: a test run on a loose 
mixture or a test mn on compaclt:d samplt:s. Smnt: of Lht:st: 
tests are described and commented on by Majidzadeh and 
Brovald (4) and by Taylor and Khosla (5). 

Tests on Loose Mixtures 

Tests run on loose mixtures subject the coated sample to mois
ture conditioning and evaluate the percent coating retained. 
Quantitative or qualitative means are used to determine the 
percent coating retained. Some of the subcategories of this type 
of test are static immersion, dynamic immersion, chemical 
immersion, and boiling (6). The most widely used test on loose 
mixtures is the boil test. 
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Tests on Compacted Samples 

Tests on compacted samples are usually run to compare an 
engineering property such as strength before and after moisture 
conditioning. In the past, the immersion compression test was 
widely used to assess the loss of cohesion due to the action of 
water. Currently, the most widely used of this type test is the 
indirect tensile test. The indirect tensile test, as reported by 
Lottman (3) or Tunnicliff and Root (7), may provide predictive 
information on moisture damage in asphalt concrete. The Texas 
freeze-thaw pedestal test is a test on compacted samples that 
has shown good correlation with field performance (8). In 
addition, the test permits evaluation of individual aggregate 
components, including fines, and does not require loading. A 
possible disadvantage is that it does not permit testing of actual 
mixes, but requires samples with smaller size particles. 

Selected Laboratory Tests 

The boiling test and the freeze-thaw pedestal test, as proposed 
by the Texas Center for Transportation Research, were selected 
for evaluation (8). These tests are relatively simple and good 
correlations with field performance has been reported. They 
may be used to quantify the stripping potential of an asphalt 
concrete mixture or the effectiveness of antistrip additives. 
They permit testing of aggregate components, including fines. 

MATERIALS 

Two asphalt cement sources, three aggregate mixes, and three 
antistrip additives were obtained for testing. These were 
selected to represent typical materials used for asphalt concrete 
mixtures in Alabama. 

Asphalt Cement 

The asphalt cements were labeled ACl and AC2. Both were 
grade AC-20, meeting specifications of the State of Alabama 
Highway Department. Each came from different manufac
turers. Both manufacturers mix crude oil from various sources, 
but at the time of sampling, the majority of their crude oils 
came from the Gulf of Mexico. 

Aggregate Mixes 

Three aggregate mixtures meeting Alabama Highway Depart
ment specifications for surface courses were obtained Each 
mix was arbitrarily assigned a label A, B, or C. Each mix was 
made up of three components; each component was arbitrarily 
numbered 1, 2, or 3 (e.g., the second of the three components of 
Mix A was designated A2). Physical properties of the mixes 
and their components are given in Figures 1-3. 

Each of the three mixes is distinctly different in the nature of 
the materials; however, all are graded as AHD 416 wearing 
surface mixes. All of the mixes have known performance 
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histories, and results of a limited survey of state highway 
personnel are included in the following descriptions and assess
ments of performance. 

Mix A 

This mix contains 85 percent crushed dolomite and 15 percent 
natural coarse sand It is used for shoulder paving and leveling. 
The reported performance of the mix is good, and it has shown 
few signs of stripping. 

MixB 

Mix B contains 70 percent crushed gravel, 20 percent natural 
coarse sand, and 10 percent crushed limestone screenings. The 
gravel and sand come from the same source; both are described 
as cherty materials and have high absorptions. The reported 
performance of this mix is varied. Before the use of antistrip 
additives was required in mixes containing siliceous materials, 
stripping damage was severe. With the use of antistrip addi
tives, performance has improved; however, some stripping 
problems are still reported 

MixC 

This mix contains 60 percent crushed gravel, 25 percent natural 
coarse sand, and 15 percent fine sand. All of the aggregates are 
quartzite and quartz materials. The reported performance of 
this material is good. Even before the use of antistrip additives 
was required with siliceous aggregates, only minor stripping 
problems were reported 

Texas Limestone 

A limestone used in the development of the Texas testing 
procedures was obtained from the Texas Center for Transporta
tion Research and coded TX. Its performance in the field was 
described as nonstripping. Results from the Texas boiling test 
were published as 75 to 85 percent retained after boiling (2). 
The Texas freeze-thaw pedestal test results showed more than 
25 cycles to cracking (8). 

Ottawa Sand 

An Ottawa sand was used in preliminary testing. The sand was 
uniformly graded medium to fine clean quartz sand. 

Antlstrlp Additives 

The three antistrip additives used were hydrated lime and two 
proprietary liquid chemical agents. The proprietary agents were 
from different manufacturers and composed of different chemi
cal groups; they were labeled BA and KB. 
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Material Description, Mineralogy - Location 

I I Screenings, Dolomite - Tarrant 

percent mix 

65 

2) Course Sand, Quartz - Hunter 15 

3) I /2" Stone, Dolomite - Tarrant 20 
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Sieve Size 

Material Properties• 

Material Mix I 2 3 

Apparent S.G. 2 . 7 9 2.6 I 2.65 2.61 

Effect Ive S.G. 2.72 2.73 2.63 2.73 

Bulk S.G . 2.69 2.69 2.62 2.69 

Absorption -- 1.55 0.43 1.55 

FIGURE 1 Material characterization for Mix A. 

Hydrated Lime 

This material was a high calcium hydrated lime. The rate of 
application used was 1 percent by weight of aggregate. 

BA 

This proprietary agent is characterized as a metalo-arnine (or 
polyamine). The manufacturer recommends application at a 
rate of 0.5 percent by weight of asphalt cement. 

KB 

This proprietary agent is characterized as an amino-amine. The 
manufacturer recommends application at a rate of 0.5 to 1 
percent by weight of asphalt cement. 

SAMPLE PREPARATION AND TESTING 

The procedures used for sample preparation and testing have 
been published in several articles. A brief description of the 
procedures and some minor changes are covered in the follow
ing sections. 

Texas Boiling Test 

The Texas boiling test was reported in 1983 (2). It is a com
posite of several procedures, many of which originate from 
ASTM D-3625. Several changes were made due to variations 
in testing equipment. However, changes were minor and 
remain within the spirit of the test. 

The standard procedure calls for heating the asphalt cement 
for 24 to 26 hr at 325°F (2). However, extended heating was 
not reported as a test variable having significant effects on 
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Material Description, Mineralogy - Location percent mix 

I J Screenings, Limestone - Guntersville 10 

2) Course Sand, Quarh & Chert - New Hope 

31 Crushed Gravel, Chert - New Hope 
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Material Properties• 

Material Mix I 2 3 

Apparent S.G. 2 .69 2.74 2.66 2.63 

Effective S.G . 2 .50 2.70 2.60 2 .50 

Bulk S.G. 2.49 2.69 2 . 56 2 .43 

Absorpt I on -- 0 . 70 1.4 2 3 .06 

FIGURE 2 Material characterization for Mix B. 

results, nor was heat stability of antistrip additives a study 
consideration. Therefore, the asphalt cement was not heated for 
the extended time. The required amount of asphalt cement was 
poured into a bowl and heated to the mixing temperature (30 
min) before adding heated aggregate. The percent asphalt coat
ing retained was determined by careful visual observations by a 
panel of observers. A rating board was progressively developed 
and initial ratings based on visual observations were adjusted to 
match the final rating board. 

Three test variables were considered in evaluating the testing 
procedure and determining test sensitivity: boiling time, agita
tion (stirring) during boiling, and drainage before cooling. Each 
parameter was varied in a factorial experiment based on the 
standard procedure. 

Boiling times of 10 and 13 min were used. The standard 
procedure called for a boiling time of 10 min, but stipulated that 
on addition of the asphalt mixture, the water boiling should 
cease. The water should be heated such that boiling continues 

in 2 to 3 min. Typically, on addition of the asphalt mixture, the 
water never completely stopped boiling, and the boiling time 
considered was the total time the asphalt mixture was in the 
water on the hot plate. 

Agitation is provided by stirring in the standard test pro
cedure. Samples were stirred on three occasions for 10 sec at 
3-min intervals during boiling. Identical samples were prepared 
without stirring. 

Samples were cooled while remaining in the water and with 
the water poured off. Samples cooled in water were left in the 
boiled water until both reached ambient room temperature. 
After the materials cooled, the water was poured off and the 
mixture placed on a paper towel. The drained materials that 
were cooled had the water poured off immediately after boiling 
was complete. 

In addition to test procedure variations, sample preparation 
was also varied with respect to mixing and reheating the 
asphalt-aggregate mixtures. In a series of tests, reheating and 



94 TRANSPORTATION RESEARCH RECORD 1096 

Materlal Description, Mineralogy - Location 
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Bulk S.G. 2.58 -- 2.62 2.55 

Absorption -- -- 0.46 1.44 

FIGURE 3 Material characterization for Mix C. 

remixing were varied in an attempt to separate the stripping and 
the nonstripping aggregates. After initial mixing, a sample was 
placed in the oven for 15 min, removed, and stirred two addi
tional times. Kennedy reported that this significantly affected 
coating retention for Texas aggregates (2). 

Texas Freeze-Thaw Pedestal Test 

The Texas freeze-thaw pedestal test was reported in 1982 (6). 
The procedure is an adaptation of a test proposed by the 
Laramie Energy Technology Center (9). The test was per
formed as published, but with certain minor deviations. 

A fine fraction of aggregate (usually -#20 to +#35) and 
asphalt are mixed, reheated, and remixed three times at 300°F. 
The mix is cooled to room temperature, reheated to 302°F, and 
compacted with a load of 6,200 lb for 15 min in a mold 1.63 in. 
in diameter to form a briquet 0.75 in. high. The briquet is cured 
for three days at room temperature (75°F), placed on a pedestal 
in a covered jar of distilled water. It is then subjected to thermal 

cycling of 15 hr at 10°F, followed by 9 hr at 120°F. After each 
cycle, the briquet surface is checked for cracks. The number of 
cycles required to induce cracking is a measure of water sus
ceptibility. The only deviation from the published procedure 
was that all specimens compacted were tested regardless of 
their height. No specimens were discarded because they did not 
meet the rather severe tolerance on height. 

BOILING TEST RESULTS 

Results from boiling tests are presented and analyzed in this 
section. 

Effects of Test Variables 

Two aggregates, Al and B3, were submitted to a factorial 
testing program to study the effects of (a) boiling time, (b) 
agitation during boiling, and (c) cooling conditions. Aggregate 
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TABLE 1 EFFECTS OF TEST VARIABLES ON RETENTION OF 
ASPHALT COATING (%) 

Boiling Time 
(10 min/13 min) 10 min 

Agitation 
( Sti r-S/None-N) s 

Cooling (Immersed-
l/Drained-0) I 0 

Al 45 75 

83 45 90 

CJ 40 --
Note: -· Indicates no data available. 

C3 was also submitted to several of these tests, which were 
performed on the 3/s in. to #4 size aggregate fraction with 2 
percent ACI. Data from the tests are presented in Table 1. 

Boiling time and agitation had only minor effects on the 
percent of asphalt cement retained after boiling. On average, 
the extra 3 min of boiling time stripped away only an additional 
6 percent of the initial asphalt coating. Stirring also had a minor 
effect on the asphalt coating retained Stirring increased the 
amount stripped by an average of only 6 percent of the initial 
asphalt coating. 

13 min 

N s N 

I 0 I 0 I 0 

50 80 45 65 50 60 

70 90 45 85 60 85 

-- -- 30 85 -- --

the effects of mixing and heating. Mixes were heated and 
mixed three times each, for comparison with mixes that were 
heated and mixed once. These tests were performed using the 
3/g in. to #4 size aggregate fraction and AC2. Reheating and 
remixing the asphalt aggregate mixture yielded the results 
given in Table 2. The reheating and remixing caused a 15 to 20 
percent increase in percent coating retained on all aggregates 
tested, which is consistent with the results reported by Kennedy 
(2). 

None of the test variations appeared to be aggregate sensi
tive. The same trends were observed for all three aggregates. It 
is unlikely that the test variables would change the relative 
ranking of aggregates that strip and those that do not. However, 
drainage conditions and reheating and remixing would affect 
limiting percentages retained, established to separate stripping 
from nonstripping mixtures. 

Effects of Material Variables 

Stripping is affected by (a) the properties of the asphalt cement 
and asphalt cement content, (b) aggregate mineralogy and 
aggregate size and gradation, and (c) antistrip additives. 

Of the test variables considered, cooling conditions had the 
most dramatic effect on the percent asphalt coating retained. 
Figure 4 shows the effect of cooling conditions, immersed and 
drained; hatched bars represent immersed cooling conditions. 
When the water was poured off immediately after boiling, the 
percentage asphalt retained was 22 percent higher for aggregate 
Al and 28 percent higher for aggregate B3. Those samples that 
were cooled after the water was drained typically appeared to 
have about 50 percent coating retained before the water was 
poured off. After the water was poured off, the aggregate and 
asphalt were still hot (+200°F). This enabled the asphalt to 
recoat the stripped aggregate surfaces, resulting in an 
appearance of 75 to 80 percent coating retained. Although the 
asphalt had been stripped away during boiling, a thinner film of 
asphalt recoated the aggregate and gave the appearance of a 
smaller coating loss. Asphalt Cement and Asphalt Cement Content 

Tests were performed on aggregates Al, B3, and C3 to study 
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FIGURE 4 Effects pf cooling conditions. 

The asphalt cement content was varied with an Ottawa sand. 
The data, plotted in Figure 5, show the effects of asphalt 

TABLE 2 EFFECTS OF REHEATING AND 
REMIXING ON ASPHALT COATING RETENTION 
(%) 

Aggregate Times Mixed 

3/8" #4 1 3 

Al 35 55 

83 55 75 

C3 25 40 
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content on the percent of coating retained. By using a pro
cedure based on the surface area of equivalent spheres, an 
asphalt content of approximately 2.5 percent would be required 
to produce an asphalt cement coating thickness on the Ottawa 
sand equivalent to the asphalt cement coating thickness in the 
mixes. However, in Figure 5, the curve appears to break at 
about 3 percent with a relatively constant percent coating 
retained at higher asphalt contents. Indications are that asphalt 
content has little effect on percent coating retained when suffi
cient asphalt cement is available to provide complete aggregate 
coating. 

This is reinforced by the results shown in Figure 6. There 
was only a small difference in the percent coating retained 
when asphalt contents of 2 and 5.5 percent were used. Using 
5.5 percent asphalt only increased the percent retained an 
average of 6 percent. Based on surface area, less than 1 percent 
asphalt cement would be required to coat the surfaces of the 3/a 
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FIGURE 6 Effects of asphalt content and 
aggregate type. 

in. to #4 material used in these tests. However, visual observa
tions indicated that about 2 percent was required to achieve 
complete coating. This is caused by difficulty in uniformly 
coating the basically one-size material during niixing. The 
procedure followed for selecting asphalt content was to com
pute the required asphalt content for uniform coating of equiv
alent spheres, but to adjust this upward based on visual obser
vation of the mixture during mixing. 

Different asphalt cements have been shown to have different 
stripping resistance. The two asphalts used were similar 
because they were both AC-20 and were produced from 
sources of crude from the Gulf of Mexico. Table 3 gives the 
entire matrix of tests. Within this matrix of data there are 
indications that asphalt cements have an effect on boiling test 
results for certain aggregates. The most significant differences 
in coating retention were for the limestone aggregates. Aggre
gates Al, Bl, and TX were all limestones, and for all gradations 

TABLE 3 SUMMARY OF BOIL TEST RESULTS (%) 

Fraction Total Sample 3/8" #4 A Fine Fraction 
( typ. #40-#80) 

Asphalt 

"' Sample t\ ACl AC2 ACl AC2 A Cl AC2 
(S of Mix ) 

Mix A 70 70 50 40 20 15 

Al (65) 85 50 45 25 45 25 

A2 ( 15) 15 15 -- -- 20 20 

AJ (20) 40 J5 40 JS -- --
Mix B 55 60 40 40 JO 40 

Bl (10) 75 40 50 35 40 30 

82 (20) 80 80 55 55 80 80 

BJ (70) 75 60 45 40 30 JO 

Mix C 95 75 35 40 95 95 

Cl (15) 95 95 -- -- 95 95 

C2 (25) 75 80 -- -- 80 80 

CJ (60) 75 40 25 30 25 25 

TX ·- -- 85 70 75 65 

Note: •• Indicates no data available. 
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the differences in percent coating retained for the two asphalt 
cements were 10 percent or greater. Percent differences equal to 
or greater than 10 percent were also obtained for selected 
gradations from Mix A, Mix B, and Mix C, and for aggregates 
B3 and C3. In all cases ACl had the larger percent coating 
retained 

Aggregate Properties 

In addition to the mineralogy and particle surface properties, 
aggregate size and gradation can influence boiling test results. 
Aggregate Al was tested by using four uniform sizes, the 
+#200 material, and the total gradation. These tests yielded the 
results shown in Figure 7. The percent coating retained varied 
from about 50 percent for the total gradation to about 25 
percent for the four uniform-size materials. 

Additional evidence illustrating the effects of gradation can 
be obtained by examining the data for total samples, 3/8 in. to #4 
fractions, and #40 to #80 fractions in Table 3. Results for total 
samples, which have a wide range of particle sizes present 
(well graded), are consistently higher than those with a narrow 
range of particle sizes present (uniform gradation). 

The difference in pore sizes provides a possible explanation 
for this difference in behavior. In a well-graded mixture, the 
sizes of the voids are likely to be much smaller than in a 
uniform mixture (even for comparable void ratios). Smaller 
voids will result in larger capillary tension in asphalt films, 
making their removal more difficult. In addition, the smaller 
voids may prevent pieces of asphalt cement that are stripped 
from aggregate surfaces from escaping and floating to the 
surface during boiling. If these loose pieces are retained in the 
mix, they will possibly recoat aggregate particles when boiling 
ceases, thus indicating a higher coating retention. 

This behavior is consistent with performance observed 
where open graded mixes have shown considerable stripping. 
Kennedy has also noted that fines have a significant effect on 
stripping (6). 

On inspection of the data in Table 3, it was observed that the 
field performance of aggregate mixtures only correlated with 
boiling test results for the total sample. In Figure 8, test results 
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for the three mixes are compared with criteria recommended by 
Kennedy (2). 

Mix A, which has good reported performance, retained 70 
percent coating for both asphalts. This is on the boundary of 
stripping and questionable (stripping or nonstripping) mate
rials. The performance reported is consistent with the perfor
mance expected of mixes containing carbonate materials, 
although stripping of limestone has been reported (5). The low 
coating retention is unusual, but may be related to the dense 
dolomitic limestone, which comprises 85 percent of the mix. 
Most of the carbonate stone used in the Texas studies were 
high-calcium limestones. Differences in coating retention 
characteristics of the two materials are given in Table 3, where 
the Texas limestone has about twice the coating retention for 
the 3/e in. to #4 and #40 to #80 fractions. 

Mix B, which has poor performance reported, retained 55 
and 60 percent coating. This is in the range of stripping mate
rials that would require antistrip additives. The performance 
reported and boil test results are consistent with that suspected 
for siliceous, cherty, and porous aggregate. However, based on 
the poor field performance reported, a smaller coating retention 
was expected. Likewise, for Mix A, a larger coating retention 
was expected because of the good field performance reported. 

Mix C, which has good performance reported, retained 95 
and 75 percent coating, respectively, for ACl and AC2. These 
are in the nonstripping and questionable range even though all 
ingredients are siliceous. The good field and boil test perfor
mance may be attributable to the clean, hard, low-porosity 
aggregate. 

Antistrip Additives 

Three antistrip additives were used on each of three aggregate 
mixtures. Boiling test results, with and without additives, are 
presented in Table 4. Mix A responded well to all treatments. 
With additive KB at the 0.5 percent level, Mix B showed only 
slight improvement for ACl, and there was a decrease in 
coating retention indicated for AC2. At the 1 percent level, 
additive KB improved test response for Mix B. Mix C showed 
no improvement with hydrated lime and AC2. With ACl and 
lime, the percent retained for Mix C decreased, which may be 
due to the inert nature of the quartz particles. There may have 
been no chemical interaction and the lime may have acted as a 
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TABLE 4 EFJ.<'~CTS OF Ai'll"TISTRIP ADDITrVES ON ASPHALT 
COATING RETENTION (%) 

ACl AC2 

Antistri p Anti strip 

None HLa BAb KBb KBC None HLa BAb KBb KBC 

Mix A 70 80 95 95 -- 70 90 85 80 --
Mix B 55 70 90 60 85 60 75 90 50 80 

Mix C 95 80 95 95 -- 75 75 95 95 --
Note: a = 1 percent hydrated lime (based on aggregate weight), b = 0.5 percent 
antistrip agent (based on asphalt cement weight), and c = 1 percent antistrip 
agent (based on asphalt cement weight); •• indicates no data available. 

fine coating to reduce the bond between the asphalt cement and 
particle surfaces. 

Summary of Effects of Material Variables 

Jn general, the tests with the two asphalt.cements, three aggre
gate combinations, and three antistripping agents reinforce the 
opinion that the interaction between asphalt, aggregate, and 
additive is material specific and that a change in any one 
component may affect test results. Implications are that mix 
designs must be based on tests of specific materials proposed. 

STRESS PEDESTAL TEST 

The Texas stress pedestal test was performed on aggregate 
mixtures and individual aggregate components by using #20 to 
#35 size material. Those components that had a significant 
amount of material finer than the #35 sieve were also tested by 
using #40 to #60 size material. Both ACl and AC2 were used 
in testing aggregate mixtures, and AC2 was used in testillg 
individual aggregate components. Samples were prepared and 
tested with three antistrip additives. 

Tests on Aggregate Mixtures 

Results of tests on the three aggregate mixtures are presented in 
Table 5. Mix A performed best with ACl, whereas Mixes B and 

TABLE 5 RESULTS OF STRESS PEDESTAL TESTS ON 
MIXES (NO. OF FREEZE-THAW CYCLES TO 
CRACKING) 

Asp ha 1t Field 
Performance 

ACl AC2 

Mix A 15 13 Good 

Mix B 16 17 Poor 

Mix C 15 18 Good 

C performed best with AC2. There is no correlation between 
field performance reported and cycles to cracking. Mix B, 
which has poor field performance reported, required essentially 
the same number of cycles to cracking as Mixes A and C, 
which have good field performance reported. 

Tests on lndlvldual Aggregate Components 

Components of the aggregate mixtures were tested and the 
results are presented in Table 6. All components of Mix A 
required fewer cycles to cracking than the entire mix and are in 
the range of stripping aggregates (less than 10 cycles to crack
ing). Only Bl of Mix B is in the stripping range. Components 
B2 and B3 exceed the nonstripping boundary of 20 cycles and 
are greater than the entire mix. Components C2 and C3 would 
be classified as strippers, but Cl exceeds the 20-cycle bound
ary. 

Considering the proportions of each component in ihc mix-

TABLE 6 RESULTS OF STRESS PEDESTAL TESTS 
ON AGGREGATES (NO. OF FREEZE-THAW CYCLES 
TO CRACKING) 

No. of 
Aggregate Cycles to 

(S Mix) Cracking 

Al (65) 9 

A2 (15) 9 

A3 (20) 9 

Bl (10) 6 

82 (20) >50 

BJ (70) 40 

Cl (15) >50 

C2 (25) 10 

CJ (60) 4 

TX >50 
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TABLE 7 EFFECTS OF ANTISTRIP ADDITIVES ON FREEZE
mAW CYCLES TO CRACKING 

ACl AC2 

Ant1stri p Anti strip 
AGG , 

None HLa BAb KBb KBC None HLa BAb Kbb KBC 

Mix A 15 -- - -- -- 13 >25 >25 11 --

Mix B 16 >25 13 9 9 17 >25 17 6 7 

Mix C 15 -- -- -- -- 18 >25 13 14 --
Note: a = 1 percent hydrated lime (based on aggregate weight), b = 0.5 percent 
antlstrlp agent (based on asphalt cement weight), and c = 1 percent antistrlp 
agent (based on asphalt cement weight); - Indicates no data available. 

ture, there is no apparent correlation between field performance 
of the mixtures and test performance of the individual compo
nents. The results for the individual components provide no 
clue about the relative effect on mix performance. The test 
would not appear to be useful as an indicator of the component 
responsible for stripping. 

Tests with Antistrip Additives 

Three antistrip additives were used on ·each of the three aggre
gate mixtures. Freeze-thaw pedestal tests were performed with 
both asphalts for Mix B, but only AC2 was used for Mixes A 
and C. Test results are presented in Table 7. 

Mix A responded well to treatment with hydrated lime and 
additive BA. With additive KB, Mix A cracked at fewer cycles 
than it did without an antistrip additive. 

Mix B showed improvement over untreated mixtures only 
with hydrated lime. Additive BA had essentially no effect and 
additive KB decreased the number of cycles to failure. 

Mix C also showed improvement over untreated mixtures 
only with hydrated lime. Additives BA and KB decreased 
cycles to failure by about one-fourth. 

CONCLUSIONS 

Conclusions drawn from the results of boil tests and stress 
pedestal tests are as follows. 

Boll Tests 

Nine conclusions can be drawn from the results of the boil 
tests. 

1. Boiling time and agitation have only minimal effect on 
the percent coating retained. 

2. Cooling conditions had a major effect, yielding a much 
higher percent coating retained when the mix was drained 
while hot. This appeared to be due to recoating after drainage. 

3. Asphalt content was found to have only a small effect 
when it was above the minimum required for complete particle 
coating. 

4. The two asphalts tested showed some difference in strip
ping resistance for specific aggregate. This was particularly 
true for limestone aggregate. 

5. Reheating and remixing increased the percent coating 
retained 

6. Aggregate size and gradation proved to significantly 
affect the boiling test results. Tests performed on aggregates of 
uniform size yielded a lower percent coating retained than did 
tests on well-graded aggregates containing fines. 

7. The tests on aggregate mixes with all gradations present 
correlated well with field performance reported. 

8. The antistrip additives tested gave varied levels of 
increased resistance ti:> stripping. Consistent trends in the 
results wer(f noted between mixes, antistripping agents, and 
asphalt cements. This is a positive indicator that the test has 
potential for testing the effectiveness of antistrip agents. 

9. The test results reinforced the belief that the interaction 
between asphalt, aggregate, and additive is material specific 
and that a change in any one component may affect the mixes' 
stripping resistance. Implications are that each combination 
must be tested to assess its stripping potential and that general
izations cannot be made about the stripping potential of par
ticular aggregate or asphalt cement or the effectiveness of 
particular antistrip additives. 

Stress Pedestal Tests 

Three conclusions can be drawn from the results of the stress 
pedestal test. 

1. The laboratory performance of the mixes showed no cor
relation with field performance reported. The stripping aggre
gate mix (Mix B) performed essentially the same as the non
stripping mixes (Mixes A and C). 

2. There was no correlation between the results for individ
ual aggregate components and results for aggregate mixtures. 

3. The antistrip additives gave varied levels of resistance to 
stripping as measured by the stress pedestal test. Hydrated lime 
increased the number of cycles to cracking for all mixes. The 
performance of additives BA and KB was erratic. This indi
cates either that the test is insensitive to the effects of the 
additives or that the interaction of the additives, aggregate, and 
asphalt cement is complex and specific. 
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Review of the Application of High-Pressure 
Liquid Chromatography to Pavements 
A. F. STOCK 

High-pressure liquid chromatography has been promoted as a 
technique for determining the molecular size distribution and 
suggested as a method for determining the composition of 
asphalt cement. However, some authorities have expressed 
reservations about the Interpretation of data obtained with this 
technique. The purpose of this paper is to review the data 
available in the literature to determine the significance of the 
conclusions that can be drawn from it. The literature indicates 
that there are several test parameters that must be carefully 
controlled to ensure lnterlaboratory comparison of results. 
The technique does produce consistent and repeatable results, 
differentiating clearly between asphalt cements from a variety 
of sources. However, correlation between chromatographs, 

Department of Civil Engineering, University of Dundee, Dundee DDl 
4HN, Scotland. 

physical properties, and pavement performance Is currently 
not usable. 

Traditional approaches to the design of pavements have sepa
rated consideration of the asphalt surfacing mix from the 
design of the pavement structure. Modern developments in 
pavement design technology and, in particular, the implementa
tion of mechanistic methodology have highlighted the inade
quacy of this traditional separation and have demonstrated the 
need for a greater understanding of the behavior of asphalt 
mixes. This need has been reinforced by the development of 
new paving technology, such as recycling processes, and by the 
introduction of new products, including specialized additives, 
into the asphalt industry. 
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Recycling and the use of additives in mixes have highlighted 
the lack of knowledge about the bituminous binder. Little 
information exists on how it will respond in both the short and 
the long term to chemical changes induced by the presence of 
additives and the effect that they will have on the performance 
of the asphalt mix in a pavement structure. It is appropriate to 
note at this point that considerable effort has been, and con
tinues to be, directed toward analysis of the chemical structure 
of bitumen. Much of this work has been summarized by 
Pfeiffer (J) and Barth (2), but it would appear that it is consid
ered impractical. It is not used in the regular practice of asphalt 
technology and rarely appears in the technical literature. It is 
probably a measure of the true complexity of the material and 
of the associated complexity of the structure in which it is used 
that the connection between the chemical structure of bitumen 
and the performance of pavements has not yet been made. 

Recognition of the gap in the technology just discussed has 
provided new impetus for studies of the nature of bitumen and 
relating it to the performance of pavements. A relatively new 
technique known as high-pressure liquid chromatography 
(HPLC), originally developed to study polymers, has been used 
to study bitumen. This technique, after installation, is quick and 
inexpensive to operate. The Texas State Department of High
ways and Public Transportation (SDHPT) is currently inves
tigating the use of the technique as an aid to producing better 
highways. The work in progress is able to take advantage of the 
program of test pavements constructed by the SDHPT in col
laboration with research workers at Lbe Texas Transportation 
Institute at Texas A&M University to collect data on field 
performance for comparison with both physical and chemical 
data collected in the laboratory. 

The purpose of this paper is to contribute to the discussion of 
the fundamental composition of asphalt and its relation to field 
performance by presenting the results obtained to date from the 
study in Texas. 

REVIEW OF HPLC STUDIES 

Description and Discussion of the Technique 

HPLC was developed to study the molecular weight distribu
tion of polymeric species, which is achieved by dissolving a 
sample of the material to be studied in a suitable solvent and 
passing the solution through a column of porous gel beads. (In 
the context of this discussion, a suitable solvent is one that 
releases individual molecules into solution as they pass through 
the column.) Characteristically, the largest molecules exit from 
the system first and the smallest exit last. Figure 1 shows the 
process schematically. 

Detection is achieved by determining the difference between 
the refractive index of the solution, which at this stage carries 
molecules arranged in order from the largest to the smallest, 
and a stream of clear solvent, which is used as a reference. It is 
conventionally assumed that the difference between the refrac
tive index of the solution and the solvent is the same regardless 
of molecular weight of the solute molecules, and so the 
response of the refractometer is related directly to the number 
of molecules being detected. Thus, if the instrument is cali-
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FIGURE 1 Schematic representation or a 
liquid chromatogram. 

101 

brated it is possible to obtain a molecular-weight distribution 
for the material under test. This would appear as a relationship 
between relative concentration and molecular size at the re
cording device. 

Several points relating to the use of HPLC made by Petersen 
are of considerable importance when interpreting HPLC data 
(3); they will be summarized in the following paragraphs. 

The technique, as previously described, separates the mole
cules on the basis of size and shape. When applied to polymers 
(for which the technique was developed), there is a close 
relationship between molecular size and molecular weight 
because polymers are composed of repeating units of mono
meric building blocks. Asphalt is not a classical polymer 
because the molecular types and size vary widely in both chain 
and ring shapes; thus there is no consistent relationship 
between size and weight. 

The differential refractometer used in the detection system 
gives a response that is related to the amount of sample present 
and to the difference in refractive index between the solvent 
and the molecules being detected. The molecules of the classi

·cal polymer have similar chemical composition, and hence 
their refractive index is essentially the same regardless of 
molecular weight. The refractive indices of the chemically 
different molecules in asphalt vary widely, and thus the detec
tor will have varying sensitivity toward different molecules. 

A further point made by Petersen relates to the presence of 
molecular aggregations in the solution (3). That is, the solvent 
may not separate some of the aggregations of molecules, and 
thus something that may be detected as a large molecule could 
be a group of small molecules. 

Petersen's comments lead to the conclusion that the tech
nique does not give an accurate indication of either relative 
numbers or molecular weights for bitumens. This conclusion is 
supported by information reported by Barth, who reminds his 
reader that molecular weight can only be determined for pure 
chemical substances (2). Barth also reminds his reader that 
before chemical properties can be determined, narrow fractions 
have to be obtained, based on selection of a molecular size 
within a selected group of the hydrocarbon series. 
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EARLY ELUTION TIME LATE 

FIGURE 2 Interpretation or a chromatogram. 

HPLC Studies to Date 

The literature reporting the results of HPLC studies on asphalt 
is not voluminous. However, a number of studies have been 
reported. Before discussing these studies, two important points 
must be clarified 

First, in view of the reservations reviewed previously about 
the interpretation of chromatograms, it is considered to be 
inappropriate to refer to large, medium, and small molecular 
sizes. It is more correct to refer to molecules that elute early 
(referred to by some authors as large) and late (referred to by 

(LATE) (EARLY) 

32 28 24 20 
ELUTION VOLUME IN GPC COUNTS 

(a) Convention used In References 6, 7, 8 

(EARLY) 
(LATE) 

1.5 4.5 7.5 10.5 
ELUTION TIME (MINUTES) 

(b) Convention used In References JO, 11, 14 

FIGURE 3 Comparison or conventions 
used In the presentation or 
chromatograms. 

some authors as small), with the time period in the middle 
being referred to as intermediate (referred to as mid-size by 
some authors) (see Figure 2). 

Second, it should be noted that different conventions have 
been adopted when plotting the chromatograms, as shown in 
Figures 3 and 4. Richman (4), Breen and Stephens (5), Bynum 
and Traxler (6), Dougan (7), and Hattingh (8) plot their chro
matograms with the fractions that are eluted from the columns 
earliest appearing on the right side of the plot. Jennings (9-11), 
Button et al. (12), and Jennings and Pribanic (13) plot their 
chromatograms with the fractions eluted earliest appearing on 

ELUTION VOLUME 

(a) Alter Bynum and Traxler (6) 

TIME 

(b) Attar Jennings at al.(11) 

FIGURE 4 Comparison of 
chromatograms after Bynum and Traxler 
(6) and after Jennings et al. ()1). 
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the left side of the plot. Because most chromatograms are 
interpreted on the basis of a visual inspection, it is important to 
be aware of this difference. 

Consistency of the Technique 

One of the principal objectives of Dougan 's study was to check 
the consistency of the GPC technique (7). The conclusion 
drawn from replicate tests on a single 85-100 penetration grade 
asphalt was that the test is accurately reproducible. One condi
tion for reproducibility was recommended; that is, the solution 
should be injected into the instrument as soon as possible after 
preparation to avoid molecular swelling, a phenomenon also 
observed by Barth (2). It is not likely that the molecules 
increase in size with the time of exposure to the solvent. In 
general, the molecular agglomerations are reduced in size as 
individual molecules are stripped off by the solvent. Thus it is 
more logical to extend the time during which the bitumen is 
exposed to the solvent to ensure that an equilibrium solution 
has been obtained. 

To secure comparability between chromatograms produced 
by different laboratories, the column system used in the instru
ment and the solvent used as the mobile phase should be the 
same. Jennings indicates that difficulties can occur in obtaining 
adequate separation between an internal standard and the test 
material if columns with inappropriate pore sizes are used (JO). 
Dougan also mentions the importance or" selecting appropriate 
columns (7). 

It has been demonstrated that the solvent used for the mobile 
phase can have a significant effect on the chromatogram (11). 
Four solvents and two combinations of solvents were used in 
the comparative tests. A combination of 15 percent pyridine in 
tetrahydrofuran (THF) produced a trace containing sharper 
peaks than did the other solvents, indicating that it is probably 
more efficient at breaking up the molecular aggregations th.an 
are the other solvents. The traces produced by some solvents 
have the appearance of being smoothed to a significant degree. 
It should be noted that THF is the solvent most commonly used 
and produces a trace that is nearly as sharp as the pyridine!IHF 
combination. 

The last item that has been discussed concerns the detection 
of the molecules. Jennings et al. have compared an ultraviolet 
(UV) detector with the conventional differential refractometer 
(11). Jennings stresses that the study was not exhaustive, but 
indicates that the conventional refractometer appears to be 
more sensitive to components in the early and intermediate 
fractions, and the UV detector more sensitive to the late frac
tions (11). 

To summarize, it is clear that to achieve consistent results 
that can be compared in a laboratory, and particularly between 
laboratories, it is essential to standardize at least column con
figuration, the solvent, and the detector system, and is probably 
desirable to control the time between sample preparation and 
performance of the test. 

Comparison of Asphalts from Different Sources 

There is ample evidence in the literature (6, 8-13) that the 
HPLC technique is sensitive to the difference between asphalts 
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from different sources. Visual inspection of the chromatograms 
indicates clear differences between the asphalts. One interest
ing comparison has been noted from the literature. The chro
matographs plotted by Bynum and Traxler generally show a 
small peak or a plateau in the early fraction (6). Many of the 
chromatographs published by Jennings and his co-workers 
show a similar shape but with the peak plateau in the late 
fractions (9-11, 13) (see Figure 4). This is likely to be due to 
differences in the source of the asphalt cement. Bynum and 
Traxler's asphalt cement (6) probably originated in Texas and 
Jennings and co-workers' asphalt cement in Montana (9-11). 
Button et al. show both types of chromatograms in their study 
of asphalt cements from several different sources (12). Data on 
the difference between different grades of asphalt from the 
same source have been presented by Breen and Stephens (5). 
These results are for asphalts of different grades from the same 
source. 

Determination of the Effects of Mixing and Aging 

Both mixing and aging affect the physical properties of asphalt. 
For example, the viscosity of any given asphalt cement will 
increase when it is mixed. Aging while in service in a given 
pavement will also cause viscosity to increase, the rate of 
change being dependent on many factors. 

Bynum and Traxler have presented data obtained from 
asphalts used on several sites in Texas (6). The data cover tests 
on original material and asphalt cement recovered after 4 and 
24 months of service. For all asphalts tested, the refractometer 
readings indicate an increase in the quantity of material in the 
early section of the curve and a decrease in the quantity eluted 
in the last section of the curve. This trend is supported by 
Jennings, who also studied the effect of holding the asphalt
aggregate mixture at an elevated temperature for up to 1 hr 
(10, 11). 

While the two studies just reported do indicate that changes 
through mixing and aging can be detected by comparing chro
matograms, it must be pointed out that these changes are of an 
order of magnitude similar to that of the changes shown 
between asphalts of different grade from the same source. They 
are also small compared with the relative changes observed in 
physical measurements such as viscosity. 

Dougan conducted some artificial aging tests and calculated 
three parameters from this chromatogram: the weight average 
molecular size (AW), the number average molecular size (AN), 
and the polydispersity-index (Pl) (7). Each of these parameters 
increases as the sample ages (as shown in Figure 5), which 
suggests that there could be a relationship between these 
molecular parameters and time. However, as noted previously, 
the difficulties experienced in producing proper calibrations for 
the chromatograms suggest that the molecular parameters, 
while being arithmetically correct in relation to the chromato
gram, may not be molecular parameters. 

Data Relating HPLC to Mechanical Properties of Asphalt 
Cement and Mixes 

To relate mechanical properties to the chromatograms, it is 
necessary to quantify the plot in some relevant manner. Dougan 
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used the three parameters described in the preceding section in 
his artificial aging test (7). The three parameters calculated 
from the chromatograms have been plotted as a function of 
penetration. Because few data are available, no conclusions can 
be drawn concerning the relationship between these param
eters. However, it is possible to draw a reasonable curve 
through the data points, which is encouraging. 

Chollar et al. attempted to find a relationship between an 
early fraction [referred to by Chollar et al. as large molecular 
size (LMS)] and a combination of ductility, specific gravity, 
and asphaltene content (14). The attempt was not successful, 
the authors concluding that " ... effects not identified play an 
important role in the variation of LMS among asphalts." 

Correlation with Pavement Performance 

The literature contains opinions but few data that relate chro
matograms with performance. None of the data reported 
exceed 9 yr of service life and the majority is limited to 
between 2 and 3 yr (6, 8, 9, 14). Also, the performance evalua
tions used in these studies are limited. Bynum and Traxler limit 
the assessment to the categories excellent, very good, good, 
fair, and inadequate, without defining the categories (6). Jen
nings and Pribanic assess severity of cracking in their study, but 
it should be noted that there are many potential causes for 
cracking in asphalt other than a deficiency in the asphalt 
cement (13). The only comment with respect to performance by 
Hattingh concerns excessive bleeding of some asphalts (8). It is 
therefore impossible to correlate the studies in the literature 
with each other and to draw any fundamental conclusions 
relating HPLC data to pavement performance. 

Both Jennings and Pribanic (13) and Hattingh (8) concur that 
there is a desirable asphaltene content in an asphalt cement. 
Jennings and Pribanic (13) tentatively suggest that this content 
is between 12.5 and 16.5 percent. It must be noted that this 
asphaltene content cannot be determined from the HPLC chro
matograms; it is the heptane-insoluble fraction in the asphalt 
cement. However, Hattingh also concludes that the asphaltene 
content alone is not sufficient for the evaluation of the quality 
of an asphalt (8). 

CONCLUSIONS 

There are a number of conclusions that can be drawn about the 
application of HPLC techniques to pavements. 

• Consistent technique regarding column configuration, sol
vent detectors, and sample preparation is important for consis
tent results and for interlaboratory comparisons. 

• The technique is repeatable and produces notably different 
traces for asphalts from different sources. It therefore can be 
valuable with regard to fingerprinting asphalts. 

• There is significant doubt about the precision of the cal
ibration of the traces produced for asphalt using the HPLC 
technique. This indicates that fundamental parameters, such as 
molecular size and molecular weight determined from HPLC, 
must be treated as suspect. 

• The data obtained by HPLC from an asphalt cement from 
a particular source are insensitive to the grade of that cement 
and to changes due to aging. 

• The data relating perfonnance to HPLC data are too lim
ited for any conclusions to be drawn. 
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Chemistry, Rheology, and Engineering 
Properties of Manganese-Treated Asphalts 
and Asphalt Mixtures 

JON EPPS, J. CLAINE PETERSEN, THOMAS W. KENNEDY, DAVID ANDERSON, AND 

RALPH HAAS 

Summarized are the results of an experimental program to 
evaluate the chemistry, rheology, and engineering properties of 
manganese-treated asphalts and asphalt mixtures. The study 
was conducted by five universities. The experimental program 
involved two asphalt sources, three grades of asphalt cement, 
three levels of manganese treatment, four aggregates, and two 
air void contents. Static and repeated-load indirect tensile, 
Marshall stability, Hveem stability, and direct tension tests 
were performed on mixtures cured for 28 days at 140°F. 
Resilient moduli were measured at various times during the 
curing period. Tests were conducted on the asphalt before and 
after curing on Ottawa sand and in the California tilt-oven 
durability apparatus. Tests included both chemical and physi
cal tests, including penetration, viscosity, and creep. Based on 
the findings of the study, it would appear that the modifier is 
capable of improving the high-temperature stiffness and 
strength of asphalt concrete. Principal application areas 
include thick sections of asphalt concrete in new construction 
and thick overlays. Treated mixtures should not be expected to 
prevent reflection cracking or to perform in thin lifts over high 
deflection bases. Laboratory testing programs should be per
formed to evaluate the effect of crude source, asphalt-concrete 
grade, and aggregate. Desired mixture properties and hence 
treatment levels should consider the end use of the asphalt
concrete mixture. 

Two major problems affecting the performance of asphalt
concrete pavements are thermal cracking associated with low
temperature service and rutting or other types of permanent 
deformation associated with high-temperature service. An 
asphalt additive manufactured and marketed by Chemkrete 
Technologies, Inc., offers promise for reducing the temperature 
susceptibility of asphalt cement binders and thereby reducing 
these distresses. The product is an oil-based, manganese mate
rial that, when mixed with asphalt cement and allowed to cure 
in thin films in the presence of oxygen, modifies the asphalt
cement properties. In most cases, viscosity is increased and the 

temperature susceptibility is reduced. By using a softer grade 
of asphalt cement. it is therefore possible LO produce. a mix tu.re 
with equal or improved strength and stability at high tempera
ture, and equal or more flexible and less stiff mixtures at low 

J. Epps, Department of Civil Engineering, University of Nevada, 
Reno, Nev. 89557. J. C. Petersen, Western Research Institute, P.O. 
Box 3395, University Station, Laramie, Wyo. 82071. T. W. Kennedy, 
The University of Texas at Austin, Austin, Tex. 78712. D. Anderson, 
Pennsylvania State University, Resea.""Ch Building B, University Park, 
Pa 16802. R. Haas, Department of Civil Engineering, University of 
Waterloo, Waterloo, Ontario N2D 3Gl, Canada. 

temperatures, compared with the same -properties of mixtures 
containing an untreated harder grade of asphalt cement. 

In mid-1982, the Lubrizol Corporation purchased the U.S. 
patent rights to produce and market the modifier, and Chem
krete Technologies, Inc., was formed as a wholly owned sub
sidiary of Lubrizol. The history of the field tests before and 
after July 1982 has been summarized by Moulthrop and Hig
gins (J). 

Lubrizol and Chemkrete Technologies immediately began an 
evaluation of the product because it was apparent that there was 
little if any information pertaining to the asphalts, additive, and 
mixtures used in the previous field projects. In addition, 
although laboratory information related to engineering proper
ties was available, few if any records of the actual formulation 
of the additive or the procedure used in conducting the tests 
were available. Thus in August 1983 a formal university-based 
research effort was initiated to evaluate the chemistry, rheol
ogy, and engineering properties of treated asphalts and treated
asphalt mixtures. 

Summarized in this paper are the results of the University 
Research Program, which are contained in five reports (2-6) 
and a summary report (7). 

UNIVERSITY RESEARCH PROGRAM 

The university-based research program was formulated to 
address six questions: 

1. What chemical reactions occur when manganese is added 
to the asphalt? 

2. Does the reaction stop after a given period of time? 
3. What are the rheological characteristics of the treated 

asphalts? 
4. What are the thermal cracking characteristics of man

ganese-treated asphalt mixtures? 
5. What are the engineering characteristics of manganese

treated asphalt mixtures? 
6. What are the moisture susceptibility characteristics of 

manganese-treated mixtures? 

Objectives 

The objectives of the individual research programs conducted 
by the five research groups are summarized in the following 
paragraphs. 
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The objectives of the investigation conducted at Western 
Research Institute were to (a) evaluate the kinetics of the cure 
of manganese-treated asphalt, (b) evaluate the effect of man
ganese concentration on the properties of the cured treated 
asphalts, and (c) follow the chemical changes that occur during 
the curing reaction. 

The objective of the study at Pennsylvania State University 
was to evaluate the consistency, or viscosity, of manganese
treated asphalts that were aged in the laboratory to simulate 
field conditions, including the effect of treatment level. 

The objectives of the study conducted by the University of 
Waterloo, Canada, were to (a) measure the low-temperature 
stiffness response of manganese-treated asphalt mixtures and 
(b) evaluate potential cold-weather cracking performance. 

The engineering properties of manganese-treated asphalt 
mixtures and the effect of curing time on these properties were 
evaluated at the University of Nevada-Reno and the University 
of Texas at Austin. In addition, the moisture susceptibility 
characteristics of manganese-treated asphalt paving mixtures 
were evaluated at the University of Texas. 

Materials 

Asphalt Cements 

Asphalt cements, representing a range of reactivity with the 
modifier as well as different refining techniques, were obtained 
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from the American Petrofina (Cosden) refinery at Big Spring, 
Texas, and from the Shell Oil refinery located at Wood River, 
Illinois. 

The Cosden asphalt cement is produced from a local domes
tic crude by a solvent refining process. A hard product is 
produced, which is blended to paving grade by the use of low
viscosity hydrocarbon refinery products. This asphalt has a 
history of temperature susceptibility and relatively rapid age 
hardening in service. 

The Shell Wood River asphalt is produced in a distillation 
process to a soft or hard paving grade. These materials are then 
blended to produce the intermediate grades. Both foreign and 
domestic crudes are utilized in the refinery. 

The three grades of asphalt cements obtained from these 
sources were AC-2.5, AC-5, and AC-20. Penetration and vis
cosity data obtained on the original asphalts are given in Table 
1. The Cosden AC-2.5 asphalt cement was supplied as an AC-3 
to meet Texas specifications. 

Modifier 

The asphalt modifier was utilized as supplied by the producer 
from production sources. The physical and chemical properties 
of this material, which contains soluble manganese, are 
described by Kennedy and Epps (7). The modifier catalyzes a 
chemical reaction between the asphalt cement and atmospheric 
oxygen. 

TADLEl PHYSICAL PROPERTIES OF TREATED AND UNTREATED ASPHALT CEMENTS 

Penetration, 100 ';1·' 5 s ec, 0 .1 mm Viscosit l• ~ises 

Asphalt Asphalt % 39.2 50 77 77a 140 140a 275a 
source grade Manganese op op op Op op •p •p 

Cosden AC-2.5 o.oo 12 27 200 167 318 375 1.65 
0.08 22 54 >330 277 178 178 1.27 
0.125 30 76 >330 363 130 132 1.26 
0.20 48 138 >330 >400 78 88 0.91 

AC-5 o.oo 9 19 128 130 545 451 1.85 
0.08 16 36 25 2 220 303 259 1.36 
0.125 22 51 >330 289 225 192 1.26 
0.20 37 95 >330 >400 120 120 1.19 

AC-20 0.00 5 11 50 37 2090 2592 3.58 
0.08 9 19 98 71 932 1025 2.80 
0.1 2 5 12 23 135 93 575 809 2.30 
0.20 20 44 243 175 305 391 1. 74 

Shell AC-2.5 o.oo 195 300 1.83 
0.08 331 189 1.37 
0.125 >400 182 1.32 
0.20 >400 155 1.05 

AC'-5 0.00 13 22 144 110 553 553 2.24 
0 . 08 20 44 262 174 308 318 1. 71 
0.125 28 60 >330 228 214 229 1.47 
0.20 45 99 >330 360 208 147 1.18 

AC-20 0.00 8 13 66 50 2040 1858 4.02 
0.08 12 21 113 84 1030 952 2.74 
0.125 16 31 153 114 703 630 2.51 
0 . 20 27 55 272 180 327 366 1.90 

a Data obtained by Chemkrete Technologies, Inc., on one-year-old stored samples. 
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TABLE2 TREATMENT LEVELS 

Cosden Biq serinsi 

' ?-ha cP .08 0.125 

\ Modifiera ob 4 6.25 

AC-2.5 x x x 

AC-5 x x x 

AC-20 x x x 

a By weight of asphalt cement 
b Untreated asphalt cement (control) 

A control and three modifier treatment levels were utilized in 
the studies (Table 2). Treatment levels of 4.0, 6.25, and 10.0 
percent modifier by weight of asphalt cement represented 0.08, 
0.125, and 0.20 percent manganese by weight of asphalt 
cement, respectively. Properties of the modified asphalt 
cements at various treatment levels are also given in Table 1. 

Aggregates 

Aggregates from four sources were utilized in the asphalt 
mixture studies. The aggregates were dense graded; actual 
gradations are given by Kennedy and Epps (7). 

The Eagle Lake aggregate was a silfoeous river gravel and 
sand from a river deposit near the Texas gulf coast. This 
aggregate is highly water susceptible and has been utilized 
extensively at the University of Texas. 

The Watsonville granite aggregate is 100 percent crushed 
material from a quarry located on the central California coast. 
This aggregate is moderately water susceptible and is utilized 
as a standard laboratory aggregate at the University of Nevada 
and the University of California. 

The Helms aggregate is a partially crushed subrounded river 
gravel available near Reno, Nevada. This aggregate is highly 
water susceptible with a high absorption capacity and is uti
lized as a laboratory standard aggregate at the University of 
Nevada. 

The Canadian limestone is a crushed material from Ontario, 
Canada, which was blended with a natural sand. This mixture 
has been utilized on several other Canadian research studies 
related to cold temperature characteristics and performance. 

Mixture Design 

The Hveem mixture design method with Texas gyratory com
paction was utilized to establish the asphalt-cement content for 
the Eagle Lake aggregate. The 50-blow Marshall method was 
utilized to establish the asphalt-cement content for the other 
mixes. The resulting asphalt contents were 4.6, 6.3, 7.5, and 6.4 
percent by weight of dry aggregates for the Eagle Lake, Wat
sonville granite, Helm, and Canadian limestone mixtures, 
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0.2 ob .08 0.125 0.2 

10 Ob 4 6.25 10 

x 

x x x x x 

x x x x x 

respectively. These values were used for all mixtures and 
defined the binder content (asphalt cement plus modifier). 

Specimens were compacted to produce approximately 3 and 
7 percent air voids to study curing effects. Samples were 
compacted by using gyratory compaction, Marshall compac
tion, and kneading compaction, at Texas, Nevada, and Water
loo, respectively. 

TEST RESULTS AND ANALYSIS 

Chemistry and Rheology of Binders 

Western Research Institute 

Previous work at the Western Research Institute indicated that 
the manganese-containing modifier produced a rapid stiffening 
of asphalt from the rapid reaction with atmospheric oxygen 
when a thin film of treated asphalt was exposed to the 
atmosphere (8). Results also suggested that the manganese
induced reaction ceased at the end of the cure by chemical 
inactivation of the manganese. Research by Petersen et al. in 
the current study addressed the question of modifier inactiva
tion together with the evaluation of the kinetics of the cure, the 
effect of manganese concentration on the level of cure, and the 
chemical changes that occur during the curing reaction (2). The 
chemical and physical tests used are described by Petersen et 
al. (2, 8). 

Figures 1 and 2 show the relationships between cure time at 
113°F and the reaction with atmospheric oxygen to form ke
tones and anhydrides in the Cosden and Shell asphalts during 
exposure of thin asphalt films aged on Ottawa sand. Treated 
asphalts showed a rapid increase in ketone and anhydride 
content during the first 8 days of curing, followed by an abrupt 
cessation of the manganese-induced reaction after about 8 
days. Ketone and anhydride formation after the 8-day curing 
period were typical of the normal aging of untreated asphalts. 
Shown in Figure 3 is the rapid increase in viscosity correspond
ing to the rapid increase in ketones and anhydrides during the 
curing period followed by the cessation of the modifier-induced 
viscosity increase after cure. 

Comparison of data obtained from tests performed on the 
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FIGURE 1 Ketone and anhydride formation during curing of treated and untreated Cosden 
asphalt. 

Cosden and Shell asphalts indicated that the manganese
induced reaction and the corresponding viscosity increase were 
dependent not only on the manganese concentration, but also 
on the source of the asphalt. This dependency is related to 
differences in composition between sources, the level of oxida
tion products produced during cure, the sensitivity of viscosity 
to the oxidation products formed during the manganese
induced reaction, and possibly some cross-linking associated 
with the presence of manganese. 

The mechanism of action of the manganese modifier, 
together with the proposed mechanism for manganese inactiva
tion after curing, is summarized as follows. The manganese 
catalyzes the reaction of asphalt hydrocarbon components with 
atmospheric oxygen, primarily at the alpha carbon of hydrocar
bon side chains attached to aromatic rings, to form ketones by 
means of a hydroperoxide intermediate. This ketone formation 
was previously shown in Figures 1 and 2. 

According to the mechanism, the manganese is inactivated 
after curing by formation of a coordinate complex with ster
eospecific diketones formed by oxidation of adjacent side 

chains at the bridgehead positions of aromatic ring systems in 
the asphalt, that is, the 1,8-positions of the naphthalene ring 
moiety. The proposed transitory precursor of the diketone is a 
bifunctional oxidation product containing ketone and hydro
peroxide functionality, which randomly decomposes to form 
either a diketone or an anhydride. Because it takes time during 
random free radical hydrocarbon oxidation to form a significant 
concentration of the precursor oxidation product, significant 
concentrations of nonstereospecific ketones, which cannot be 
differentiated from stereospecific diketones in the functional 
group analysis, build up before formation of measurable 
amounts of stereospecific diketones and anhydrides. This 
induction period is shown in Figure 4, which shows the rela
tionship between ketone and anhydride formation at different 
levels of oxidation. At the end of the induction period, and the 
onset of significant stereospecific diketone formation as 
monitored by anhydride formation, the manganese is inacti
vated by coordinate complex formation with the diketone. The 
reaction during the induction period is accompanied by the 
rapid increase in viscosity of the asphalt cement (Figure 3). 
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FIGURE 2 Ketone and anhydride formation during curing of treated and untreated Shell 
asphalt. 

Confirming evidence for the mechanism is shown in Figures 
4-6. If the stereospecific diketones-which are formed simul
taneously with anhydrides-inactivate the manganese, then the 
amount of anhydrides formed at the end of the manganese
induced cure should be proportional to the amount of man
ganese present; the relationship should pass through zero, 
exactly as can be observed in Figure 4. Further, the level of 
viscosity increase and level of ketone formation at the end of 
the cure should show a regular dependence on manganese 
concentration, as shown in Figure 5. 

A related and important conclusion can be drawn from 
Figure 5. If the slope of the relationship between viscosity and 
manganese content is extended linearly to zero concentration, 
an estimation of the practical lower limit of viscosity increase 
that can be obtained for a treated Cosden asphalt is indicated. 

Figure 6 shows the most direct evidence for inactivation of 
the manganese by the stereospecific diketone. During the initial 
part of the cure (induction period), ketones are formed with no 
other changes in the monitored chemical functionality. After 24 
hr, anhydrides and the proposed diketones begin to form, 

together with an increase in free carboxylie acids and a 
decrease in carboxylic acids that were complexed with man
ganese in the initial modifier formulation. 

It is proposed that the carboxylic acids are displaced from 
the active form of manganese during formation of the coordi
nate complex of the manganese with the diketone, thus leading 
to inactivation of the manganese. It is known that significant 
amounts of carboxylic acids are never formed during low
temperature air oxidation of asphalts. The free acids formed 
during inactivation of the manganese can be accounted for by 
the acids liberated from the manganese during diketone com
plex formation. In the Cosden asphalt, approximately one mole 
of carboxylic acid per mole of manganese remains associated 
with the manganese in its inactivated form. 

Pennsylvania State University 

Anderson evaluated the consistency of asphalt cements aged in 
the laboratory to simulate approximately 32 months of in-
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service hardening as experienced in a very hot, low-elevation, 
desert climate (3). Two asphalt cements with different levels of 
modifier were aged in the California tilt-oven durability test 
and tested to define penetration, viscosity, creep, and tensile 
properties. 

Penetration and viscosity measurements were made accord
ing to existing ASTM standard test methods. Creep tests were 
performed in a parallel-plate (three plates) fixture. Test data 
were utilized to calculate creep compliance, stiffness, and vis
cosity. Tensile properties were measured by utilizing a modi
fied ductility device. A load cell was installed to measure the 
load on the sample as the sample of binder was subjected to a 
constant rate of extension . 

Penetration and Viscosity Standard penetration and vis
cosity test data on treated and untreated asphalt cements before 
and after aging are given in Tables 1 and 3, respectively. A 
decrease in viscosity and an increase in penetration associated 
with increased treatment levels on unaged binders occurred 
over the range of 39.2°F to 275°F, which is attributed to the 
relatively low viscosity of the modifier. 

Penetration of aged binders over the temperature range of 
50°F to 100°F showed little effect of treatment level except for 
the 0.20 percent treatment, which had a slightly lower penetra
tion at 100°F. Differences between asphalt grades upon aging 
are evident, and a decrease in penetration occurred with an 
increase in grade (AC-2.5 to AC-20), as indicated by the data in 
Table 3. 

Capillary viscosity measurements at 140°F and 180°F were 
made after oven aging. Considerable difficulty was encoun
tered in performing the viscosity measurements at 140°F 
because of the high viscosity of the aged binders containing the 
higher treatment level of 0.20 percent. The viscosity values at 
this high treatment level after aging were two to four times as 
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FIGURE 4 Relationships between anhydrides formed in treated Cosden AC-5 asphalt and both 
manganese content and ketones formed. 
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high as the viscosities of the untreated samples, depending on 
the asphalt source and grade. Viscosity increases at lower 
levels of treatment occurred for certain combinations of asphalt 
source and grade. 

In the case of the Shell material, the treated asphalt exhibited 
improved temperature susceptibility. 

.. • !: q/" 
.... • • 0 o.oe 
E 
.; 
w 
Q 

i 

I 
r/ 
I 

I 
Q 0.04 >- 0 
:z: z 
< 
Q 
z 0 .02 < ., 
Q 

0 
< 

10 
hour• 

, 

Creep Sliding plate creep tests were performed at 39.2°F, 
50°F, 77°F, and 100°F. The effect of treatment level was signifi
cant at the longer loading times, with the 0.2 percent treatment 
producing the stiffest asphalt. In many instances, the stiffness 
increased as the treatment levels ranged from 0.125 to 0.00 and 
0.08 to 0.20 percent. This trend occurred in too many instances 
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TABLE3 ORIGINAL PHYSICAL PROPERTIES OF AGED ASPHALT CEMENTS 

Penetration, 

Asphalt Asphalt % 50 
source grade Manganese OF 

Cosden AC-2.5 0.00 8 
0.08 8 
0.125 8 
0.20 7 

AC-5 0.00 7 
0.08 6 
0.125 7 
0.20 6 

AC-20 0.00 5 
0 . 08 5 
0.125 5 
0.20 5 

Shell AC-5 0.00 8 
0.08 8 
0.125 9 
0.200 8 

AC-20 0.00 7 
0.08 9 
0.125 7 
0.200 7 

100 g.' 5 sec, 0.1 mm 

77 100°F 
OF OF 

19 40 
19 39 
20 42 
17 33 

15 33 
16 34 
16 34 
17 31 

12 32 
13 26 
13 30 
13 26 

17 38 
20 40 
18 40 
20 38 

15 34 
16 35 
17 35 
17 32 

Viscosity, poises x 10 3 

140& 
OF 

207 
250 
199 

1,550 

3.50 
3.60 
3.00 

11.00 

5.48 
4.30 
5.12 

12.76 

126 2. 77 
404 5.90 
228 3.95 
894 10.86 

15.35 
8.23 
9.86 

30.80 

12. 24 
12.60 
19.23 
47.30 

a Aged in extended rolling thin film oven test after reference(~) . 

and with too many other test procedures (including viscosity) 
to be attributable to experimental error. 

Tension The elongation at failure, maximum load, and the 
energy to failure were determined from direct tension tests 
performed at 60°F (Table 4). fu general, increased treatment 
levels reduced the elongation at failure. The most noticeable 
reduction in elongation occurred when the treatment level was 
increased above 0.125 percent manganese. 

The load at failure increased with asphalt grade, but no trend 
was evident with respect to treatment level. The energy to 
failure had a behavior pattern similar to the maximum failure 
load. 

Engineering Properties 

The engineering properties were evaluated at the University of 
Texas (Eagle Lake mixture), University of Nevada (Watson
ville and Helms mixtures), and the University of Waterloo 
(limestone mixture). A summary of the work conducted by 
Kennedy and Epps can be found elsewhere (9), and is therefore 
only briefly included for completeness. 

Specimen Preparation 

The asphalt cement and Eagle Lake aggregate were mixed at 
275°F and the asphalt compacted at 250°F by using the Texas 

gyratory shear compactor. All specimens were nominally 2 in. 
high and 4 in. in diameter. Two gyratory shear compaction 
procedures were utilized to obtain approximately 3 and 7 per
cent air voids. 

The Watsonville and Helms aggregates and asphalt cements 
were mixed at 300°F and compacted at 280°F. All samples 
were nominally 2.5 in. high and 4 in. in diameter. The two 
compaction procedures involved a Marshall compaction ham
mer using a variable number of blows. 

The crushed limestone aggregate and asphalt cements were 
mixed, then compacted at 230°F into beams using a California 
kneading compactor (ASTM D 1561-81). The specimens were 
sawed into beams (1.5 x 1.5 x 4.0 in.) for testing in a constant
rate-of-extension apparatus. Different compactive efforts were 
utilized to produce 3 and 7 percent air voids for each mixture 
combination. 

Curing and Testing 

After compaction, all samples were oven cured at 140°F for 28 
days. Air was circulated in the oven throughout the curing 
period. After 28 days the samples were allowed to cool to room 
temperature and were then placed in chambers at the appropri
ate testing temperature for a period of 24 hr. 

Specimens were tested by using the static and repeated-load 
indirect tensile tests, Marshall stability test, and Hveem sta
bility test. Properties measured were tensile strength, resilient 
modulus, Marshall stability and flow, and Hveem stability. fu 
addition, constant rate of extension (0.00016 in./mm) direct 
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TADLE4 TENSILE TEST RESULTS AT 60°F 

Asphalt Asphalt "' source grade Manganese 

Cosden AC-3 o.oo 
0.08 
0.125 
0.20 

AC-5 0.00 
0.08 
0.125 
0.20 

AC-20 0.00 
0.08 
0.125 
0.20 

Shell AC-5 o.oo 
0.08 
0.125 
0.20 

AC-20 0.00 
0.08 
0.125 
0.20 

tension tests were conducted at 0°F to measure the maximum 
stress, or strength, and the stiffness modulus at failure. 

Tensile Strengths and Resilient Moduli 

Elongation Energy to 
at failure Peak load failure, 

cm grams grams-cm 

1.4 3000 32 
1.9 4130 59 
2.0 3980 58 
1.0 2330 15 

1. 7 4650 54 
1.8 4880 60 
1. 7 4500 53 
1.3 4880 38 

2.0 6980 78 
1.2 6000 41 
1.6 9000 78 
1.2 8250 54 

1.8 3980 53 
2.5 3750 63 
1.9 3750 48 
1.5 3750 33 

2.8 5630 99 
2.6 4880 75 
2.0 4880 63 
1.3 4350 33 

ally indicating that the treated-asphalt mixtures were less tem
perature susceptible (Figures 7 and 8). 

Effect of Temperature and Manganese Content Both ten
sile strength and resilient modulus decreased with increased 
temperature and the slope of these relationships varied, gener-

In general, there was a crossover in tensile strength-tem
perature relationships for the treated and untreated (control) 
asphalt mixtures. The strength and resilient modulus of the 
mixtures containing the treated asphalt were greater than the 
strength and modulus of the mixtures containing the untreated 
asphalt cement at 104°F, whereas the reverse was true at 32°F. 

There also appeared to be an optimum manganese or addi-
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FIGURE 7 Relationships between tensile strength and test temperature for Eagle 
Lake mixtures with untreated and treated Shell asphalts. 
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manganese content for Eagle Lake mixtures. 

tive content for maximum tensile strength and resilient mod
ulus, which was well defined at 75°F (Figures 9 and 10). At 
104°F the trend was not as evident, and at 32°F the relation
ships varied with the suggested possibility that strength 
decreased with increased manganese or additive content; 
however, there was no indication that stiffness decreased with 
increased manganese content. 

For the Watsonville and Helms mixtures at 8 percent air 
voids, the treated-asphalt mixtures had higher strengths than 
the untreated mixtures at the higher temperatures. At the colder 
temperatures, the strengths were more nearly equal, indicating 
a reduced temperature susceptibility. The treated AC-5 mix
tures had tensile strengths equal to or greater than the untreated 
AC-20 at higher temperatures. 

Effects of Curing Time and Air Voids At 77°F the treated 
mixtures initially had lower resilient moduli (stiffness) than the 
untreated mixtures (Figure 11). After curing, however, the stiff
ness of the treated mixtures exceeded the stiffness of the 
untreated mixtures. Although the stiffness of both mixtures 
continued to increase after 28 days, the rate of increase was 
relatively small. 

Mixtures containing the treated AC-5 asphalts had lower 
initial resilient moduli than the untreated AC-20 at 77°F (Fig
ure 12). Within 28 days the resilient moduli of the mixtures 
containing the treated AC-5 asphalts approached or exceeded 
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the moduli value of mixtures containing the untreated AC-20 
asphalt cements (Figure 12). 

Treated samples with higher void contents exhibited a higher 
rate of stiffness increase. For Watsonville mixtures, the 
crossover between treated and untreated asphalt occurred after 
approximately 5 to 8 days of curing, whereas for the Helms 
mixtures, which had approximately 2 percent more voids, the 
crossover occurred after approximately 3 days (7). 

Marshall Stability and Flow 

Marshall stabilities increased with increased manganese or 
additive content. In addition, the stabilities of treated asphalt 
mixtures were equal to or greater than the control (no man
ganese) asphalt mixtures containing the next grade of asphalt. 
Flow values did not exhibit consistent relationships, although 
flow values appeared to increase slightly with increased man
ganese contents (7). 

Hveem Stability 

For the high void mixtures, Hveem stability increased with 
increased manganese, or additive, content. Also, the stabilities 
of the treated asphalt cement mixtures generally were equal to 
or greater than the stability of the control with no manganese 
(7). 

i ., 
0 ... 

0 
en 
:I 
:; 

i 
c 
:! 
Ui 
Cll 
a: 

10 
9.0 
8.0 
7.0 

6.0 

5.0 

4.0 

3.0 

2.0 

1.0 
0.9 
0.8 
0.7 

0.6 

0.5 

0.4 

0.3 

5 

TRANSPORTATION RESEARCH RECORD 1096 

Marshall Compaction Test 
Cosden Big Spring AC-5 and AC-20 

Helms Aggregate 
Temperature = 77" F 

10 15 25 30 

Curing Time, Days 

FIGURE 12 Relationships between resilient modulus and 
curing time for Helms mixtures with untreated AC-5 and 
untreated AC-20 Cosden asphalts. 

Moisture Susceptibility 

The tensile strength ratios and resilient modulus ratios for 
treated asphalt mixtures with various manganese contents indi
cated a substantial loss in strength and modulus with exposure 
to water (5). However, increases in the absolute values of 
strength and modulus were noted in several cases and the 
results for the Watsonville mixture, while not acceptable, were 
significantly improved 

Low-Temperature Stiffness and Failure Stress 

For the Canadian limestone mixtures, low-temperature stiff
ness tended to decrease with increased additive level; however, 
there was a significant amount of scatter in the data. Thus, it is 
difficult to draw conclusions as to specific effects of the various 
variables. However, it was concluded that addition of the modi
fier did not increase low-temperature stiffness and that paving 
mixtures utilizing treated asphalt cements offer adequate field 
performance (Tables 5 and 6). 

As with stiffness, the maximum failure stress decreased with 
increased amounts of additive. Increasing the additive level 
from 0 to 0.125 percent resulted in approximately a 40 percent 
de{;rease in the maximum stress. 



EPPS EI' AL. 117 

TABLES CRITERIA FOR ESTIMATING THE LOW-TEMPERATURE 
CRACKING PERFORMANCE OF AN ASPHALT MIX (4) 

Measured stiffness modulus of 
the mix at 0°F. (psi) 

< 250,000 

250,000 to 290,000 

290,000 to 470,000 

> 470,000 

SUMMARY AND SIGNIFICANCE OF RESULTS 

Original Properties of Modified Asphalt Cements 

A reduction in viscosity and an increase in penetration occurred 
with the addition of the modifier (see Table 2). These trends 
observed in asphalt cement properties were confirmed by 
resilient modulus test results (see Figure 11). 

Aged Properties of Modified Asphalt Cements 

High Temperature 

Viscosity at 140°F or 180°F increased with increased man
ganese content at the higher treatment levels (see Table 3). A 
relationship between treatment level and viscosity increase at 

Expected performance 

Excellent 

Good 

Moderate 

Poor 

140°F and 180°F was not evident in the Anderson study (see 
Table 3); however, the relationship anticipated was obtained by 
Petersen (see Figure 5). It should be noted that different curing 
techniques were used in the Anderson and Petersen studies. 
The Petersen study was conducted on stationary thin films on 
Ottawa sand simulating thin films in pavement mixtures. 

Penetration data at 100°F show the general trend of a 
decrease in penetration with increased treatment levels (see 
Table 3). 

Marshall stabilities performed at 140°F generally increased 
with treatment level. Similar behavior patterns occurred for 
Hveem stabilities obtained at 140°F. However, the magnitude 
of the change was small in comparison with that of the Mar
shall stabilities. 

Both resilient moduli and tensile strengths at 104°F generally 
increased with treatment level (see Figures 9 and 10); however, 
the rate of increase decreased with increased concentrations. 

TABLE 6 APPLICATION OF CRITERIA TO EVALUATING STIFFNESS MODULUS 
RESULTS (4) 

Asphalt Asphalt Stiffness Expected 
source grade % Mn modulus, psi performance a 

Cosden AC-3 0.08 460,000 Moderate 

0.12:; 340,000 Moderate 

0.20 240,000 Good 

AC-5 0.00 400,000 Moderate 

0.08 260,000 Good 

0.125 380,000 Moderate 

0.20 250,000 Excellent 

AC-20 0.00 360,000 Moderate 

Shell All 0.00 540,000 Poor 
Grades 

0.08 420,000 Moderate 

0.125 280,000 Good 

0.20 470,000 Moderate 

a See Table 5. 
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Internu!diate Temperatures 

Penetration data obtained by Anderson showed little difference 
at 50°F and 77°F with the addition of the modifier (see Table 
3). 

Both resilient moduli and tensile strengths at 77°F substan
tially increased with the addition of the modifier (see Figures 9 
and 10). As the treatment level increased, the moduli and 
strengths decreased slightly. A similar trend occurred in data 
developed by Haas. 

Low Temperature 

Both resilient modulus and tensile strength results performed 
on mixtures at 32°F decreased with the addition of the modifier 
(see Figures 9 and 10). A similar trend for stiffness moduli of 
0°F and maximum failure stress (strength) was observed by 
Haas. 

Aged, modified asphalt cements, and mixtures tended to be 
stiffer at high temperatures and less stiff at low temperatures. 
These observed trends are apparent in studies performed by 
Kennedy and Epps (see Figures 7 and 8). 

Reaction Kinetics 

The rat~ of the modifier-induced reaction in asphalt is con
trolled primarily by modifier concentration, availability of oxy
gen (film thickness), and temperature, and to a lesser degree by 
asphalt source and grade. The data developed by Petersen and 
Epps indicate that rapid initial reaction occurs, as shown by an 
increase in viscosity at 140°F (see Figures 3 and 5) and an 
increase in resilient modulus at 77°F (see Figures 11 and 12). 

Reaction rate was tied to the formation of ketones by 
Petersen. Analytical data showed rapid formation of ketones 
and rapid increases in viscosity during the first few days of 
curing at 113°F (see Figure 5). Cessation of the manganese
induced reaction from inactivation of the manganese is evi
denced by a reduction in the rate of ketone and anhydride 
formation to a very low level. 

Results of resilient modulus testing indicated differing reac
tion rates, depending on air void content of the mixtures. Other 
data also suggested that asphalt source may be important. 

Load Distribution Capability 

Asphalt-concrete mixtures contammg modified asphalt 
cements generally had higher stiffness (resilient modulus) than 
mixtures containing untreated asphalt cements of the same 
source and grade. This observation is more pronounced at the 
higher temperatures when load distributing capability is most 
important. Low-temperature stiffness values generally were 
lower for the treated softer-graded asphalt mixtures than for the 
untreated harder-graded asphalt (see Figure 8). 

Fatigue 

Controlled stress fatigue test results are appiicabie in design 
and performance considerations of thick asphalt-concrete pave-
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ments (greater than 4 to 6 in. of asphalt concrete). In general, 
mixtures with high stiffness values show improved fatigue 
performance. As discussed previously, mix.turns containing 
modified asphalt cements have higher stiffness values at the 
high temperatures at which the fatigue performance of thick 
sections of pavements is important. Thus it is anticipated, and 
shown by Kennedy et al. (JO), that improved fatigue perfor
mance can be obtained with the modified mixtures. 

I 

In contrast, controlled strain fatigue tests are most applicable 
to design and performance of thin asphalt-concrete pavements 
(less than 2 in.). Stiff mixtures are usually associated with poor 
fatigue life and performance. Thus, the use of modified mix
tures for thin pavement or pavements without adequate sup
porting layers should be approached with caution and/or low 
treatment levels should be utilized. 

Rutting and Permanent Deformation 

The high stiffness reported for the treated materials, par
ticularly at high temperatures, suggests improved resistance to 
rutting and shoving (see Figure 8). High-temperature stiffness 
was found to be dependent on treatment level and curing. High 
treatment levels and high temperatures during curing promote 
very high stiffness. Early cure stiffness values for treated mate
rials are usually lower than untreated materials (see Figures 11 
and 12). Thus, caution must be exercised to prevent premature 
rutting and shoving in mixtures that do not contain good aggre
gate sy~tems. 

Marshall and Hveem stability data also indicated that 
improved resistance to rutting and shoving can be expected. 

Cold-Temperature Cracking 

High stiffness values at cold temperatures imply that high 
stresses will occur in a pavement with the lowering of tempera
ture. In addition, it is possible that mixtures with high stiffness 
have low flexibility and are more likely to crack. Haas indi
cated that treated mixtures had equivalent low-temperature 
cracking resistance compared with those of untreated mixtures 
(see Tables 5 and 6). Kennedy and Epps found equal or lower 
values of resilient modulus and tensile strength for treated 
asphalt mixtures compared with those of untreated mixtures, 
indicating that cold temperature performance may be equal or 
better. 

Resistance to Moisturl! Damage 

Resistance to moisture damage of treated and untreated mix
tures was evaluated by Kennedy (5). Indirect tensile strength 
and resilient modulus were obtained before and after exposure 
to water. Absolute values of tensile strength and modulus were 
higher after exposure to water for treated material compared 
with those of the untreated material. However, in terms of 
retained tensile strength, the treated mixtures did not attain 
acceptable levels. 
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Construction Implications 

Reduced viscosity of treated asphalt cements (see Table 2) 
during construction can result in (a) a tender mixture, which is 
difficult to compact and will exhibit early rutting, or (b) high
density and low air-void content mixes, which can also lead to 
early rutting problems. Consideration should be given to reduc
ing mixture temperature at time of placement and to reducing 
compaction effort if necessary to control air voids. Aggregate 
characteristics are critical if tenderness is to be minimized. 

SUMMARY 

Based on the findings of this study, it would appear that the 
modifier is capable of improving the high-temperature stiffness 
and strength of asphalt concrete. Principal application areas 
include thick sections of asphalt concrete in new construction 
and thick overlays. Treated mixtures should not be expected to 
prevent reflection cracking or to perform in thin lifts over high 
deflection bases. A detailed mixture design should be per
formed for each construction project to adequately consider the 
effects of asphalt crude source, asphalt chemical and physical 
properties, and aggregate characteristics. Desired mixture prop
erties and hence treatment levels should consider the end use of 
the asphalt concrete mixture. 
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Qualitative Assessment of the Sioux 
Quartzite in Asphalt Hot Mixes 
A. A. SELIM 

Quartzite is known to be a more expensive material than 
natural aggregate (natural gravel and sand) to use in asphalt 
hot mixes. Therefore many engineers are reluctant to use it in 
order to keep construction costs down, particularly during 
periods of difficult economic times. This point of view did no 
justice to quartzite, particularly when the engineering proper
ties of quartzite are recognized by many professionals as being 
superior to natural aggregate. A study was conducted to deter
mine the feasibility of using quartzite in hot mixes in lieu of 
natural aggregate in areas near the quartzite outcrops. Labo
ratory tests Indicated that mixes made with quartzite yielded 
better air voids, flow, density, and voids in mineral aggregates 
(VMA). Field performances proved that quartzite surfaces 
possess higher Dynaflect values as well as higher skid resis
tance numbers. Economic analysis revealed that during a rea
sonable lifespan of a pavement, the total expenses incurred 
(initial investment, maintenance, etc.) are less for quartzite 
surfaces than for natural aggregate surfaces. At the break
even point between quartzite and natural aggregate, the dif
ference in costs can be used to transport quartzite greater 
distances. Computer programs were developed to determine 
the distance quartzite can justifiably be used without adding 
any more expenses to the pavement. 

The Sioux quartzite exists in large deposits in the southeastern 
part of South Dakota and the southwestern part of Minnesota. 
The approximate extent of the exposure is 70 mi long in an 
east-west direction, and 30 mi wide in a north-south direction. 
Most of the exposures in South Dakota are in Minnehaha 
County, with the largest outcrop in Dell Rapids and second 
largcst"in Sioux Falls (see Figure 1). A sizable exposure termed 
"natural aggregate" will be used throughout the text to 
describe gravel and sand found in natural deposits, which 
might require some crushing to improve surface textures. 

The unit price of quartzite is commonly higher than that of 
natural aggregate because of (a) its limited exposure, which 
increases transportation costs to the various job sites, and (b) 
the way it is mined, which includes blasting, crushing, and 
screening. Highway engineers and contractors who have used 
quartzite consider it to be an excellent material for pavement 
construction, and their reluctance to use it is due primarily to 
budget constraints. A questionnaire was mailed to several mid
western state highway departments to examine the extent of 
quartzite usage (J). 

The general belief expressed by a number of these agencies 
that used quartzite in their asphalt mixes and overlays was 
favorable, and if financial constraints were not considered a 
limiting factor, quartzite would have been used in more high
way construction projects. Sizable amounts of the Sioux 
quartzite had been used in Iowa, primarily imported from either 

South Dakota State University, Brookings, S.D. 57007-0495. 

Dell Rapids or Sioux Falls, South Dakota. This quartzite, 
which amounted to several thousand tons over the years, had 
been used in several road projects in Iowa. Some of the 
quartzite was hauled on unit trains to locations as far as 200 mi 
from Dell Rapids. Quartzite used by the state of Iowa cost as 
much as $22.00 per ton delivered (J). 

QUANTITATIVE AND QUALITATIVE ASSESSMENT 
OF HOT MIXES MADE WITH QUARTZITE VERSUS 
THOSE MADE WITH NATURAL AGGREGATES 

The integrity of hot mixes relies on several factors. Some are 
related to the proper design of the mix as well as proper 
identification of the characteristics of the main components in 
the mix. Others deal with environmental, traffic, construction, 
and maintenance factors. To conduct a comparative study 
between two different types of aggregates, it is essential that all 
parameters remain unchanged except the aggregate itself. 

At this stage of the research, the standard Marshall mix 
design method was employed to examine the quality of the 
mixes made with the two different types of aggregates (2). 
Preliminary investigations revealed that quartzite taken from 
various outcrops throughout the Sioux formation might vary 
slightly in color and specific gravity, but generally has the same 
basic chemical and engineering properties. Therefore, quartzite 
samples from the Spencer Quarry were employed in this 
research to be compared with the natural aggregate from 
Brookings. The gradation used was that of South Dakota 
Department of Transportation Class G-Type 2 (1/2 in.). An AC 
85-100 was used in preparing the test specimen. 

Several standard ASTM tests were conducted to identify the 
properties of both aggregates and asphalt. The results were 
documented and used in subsequent work. Computer programs 
were developed to perform the tedious calculations involved 
(1). Tables 1 and 2 and Figures 2-6 show the final outcome of 
the density voids and stability-flow analysis for both aggre
tates. 

The Marshall mix design method was employed to examine 
the effect of asphalt content on the mix characteristics. Final 
interpretation of data indicated that the optimum asphalt con
tent when natural aggregate is used in the hot mix was 6.55 
percent, whereas the percentage of asphalt required when 
quartzite is used was only 5.70. This preliminary finding 
becomes significant during the economic analysis presented 
later in this paper. 

SKID RESISTANCE, DYNAFLECT, AND FIELD 
PERFORMANCE OF ASPHALT SURFACES 

One of the main critical elements in pavement management is 
to evaluate the skid resistance periodically and monitor its level 
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FIGURE 1 An outcrop map of Sioux quartzite in South Dakota. 

of performance to ensure an adequate and safe driving surface. 
Several unfavorable consequences can result from the loss of 
proper skid resistance, ranging from higher maintenance cost to 
fatal accidents. It is no coincidence that accident rates have 
been shown to increase when pavements skid number (S.N.) 
drops below 40 (3). 

Several hot-mix pavement surfaces containing quartzite 
were examined and compared with other hot-mix pavement 
surfaces containing natural aggregate having the same age. The 

quartzite surfaces were consistently higher in skid number as 
well as the Dynafiect value. 

Table 3 gives results typical of those collected on skid 
resistance and Dynafiect from many pairs of pavement sec
tions. The data were gathered from 1-90 in South Dakota where 
two sizable sections were overlaid with a 2-in. hot mix. One 
section employed natural aggregate and the other contained 
quartzite. Data on skid resistance and Dynaflect were collected 
after approximately 18 months of service. Statistical analysis 

TABLE 1 SUMMARY OF DATA-BROOKINGS NATURAL AGGREGATE 

Percent Mix Bulk Volumes(%) Effective Unit Corrected 
Asphalt Specific Free Total Air Percent Asphalt Weight Stability Specific 
Content Gravity Asphalt Aggregate Voids VMA Content (pct) (lb) Flow 

3.00 2.241 2.81 80.93 16.26 19.07 1.35 139.85 1,935.4 10.00 
4.00 2.309 5.07 82.53 12.40 17.47 2.37 144.10 2,300.9 10.33 
6.00 2.355 9.61 82.39 8.00 17.61 4.40 146.92 2,019.6 14.00 
7.00 2.353 11.82 81.46 6.72 18.54 5.42 146.82 1,513.5 19.17 
8.00 2.336 13.93 80.01 6.06 19.99 6.44 145.77 1,065.2 29.17 

Note: VMA = voids in mineral aggregates. Coarse aggregate: specific gravity = 2.68, absorption = 1.56 percent. Fine aggregate: specific 
gravity = 2.69, absorption = 1.83 percent. Mineral filler: specific gravity = 2.70. Asphalt (85-100 penetration): specific gravity = 1.079. 

TABLE2 SUMMARY OF DATA-SPENCER QUARTZITE 

Percent Mix Bulk Volumes(%) Effective Unit Corrected 
Asphalt Specific Free Total Air Percent Asphalt Weight Stability Specific 
Content Gravity Asphalt Aggregate Voids VMA Content (pct) (lb) Flow 

3.00 2.253 5.22 82.05 12.73 17.95 2.50 140.57 1,962.6 9.67 
5.50 2.368 11.00 84.02 4.98 15.98 5.02 147.75 2,061.9 11.83 
6.00 2.385 12.19 84.19 3.62 15.81 5.52 148.84 1,913.0 13.67 
6.50 2.386 13.23 83.22 3.55 16.78 6.02 148.92 1,723.2 15.50 
7.50 2.356 15.34 81.84 2.82 18.16 7.03 147.03 1,250.0 23.33 

Note: VMA =voids in mineral aggregates. Coarse aggregate: specific gravity = 2.64, absorption= 0.41 percent. Fine aggregate: specific 
gravity = 2.68, absorption= 0.61 percent. Mineral filler: specific gravity = 2.70. Asphalt (85-100 penetration): specific gravity = 1.079. 



122 

18 

17 

~ 

~ 16 

15 

14 

• 

• 

• • 

0 Natural Aggregate 

• C4lrtzite 

3 4 5 6 7 B 
PER'.l:Nl' ASPHALT <rmmr ('™8) 

TRANSPORTATION RESEARCH RECORD 1096 

on data in Table 3 revealed that there is difference between th.e 
means of the two different treatments. The difference was 
significant in both skid numbers and Dynafiect values at the 5 
percent level. Data provided by the Minnesota Department of 
Transportation on skid resistance and Dynafiect supported the 
same findings as did the data provided by South Dakota high
ways . 

ECONOMIC ANALYSIS 

When different items in a typical highway construction project 
are ranked by cost, frequently pavement appears at the top. A 
poor pavement can be a curse to the users as well as the 
owners. Maintenance costs over the life span of the pavement 
can be many times greater than the original cost of the pave
ment. Pavement maintenance is not only an expensive 
endeavor but also causes substantial inconvenience to the road 
users because of frequent closings to make the necessary 
repairs. When designing a hot mix, special attention should be 
given to the aggregate because it constitutes approximately 92 
to 95 percent of the mix by weight and 80 to 85 percent by 
volume. It also provides the structural integrity of the pave
ment. 

FIGURE 2 Asphalt content versus voids In mineral aggregates. 

The biggest competitor of quartzite in the study area is 
natural aggregate. The unit price of natural aggregate is lower 
than that of quartzite, which makes it more attractive to use 
because of the lower initial investment. However, during the 
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FIGURE 3 Asphalt content versus stability. 
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FIGURE 6 Asphalt content versus How. 

life span of the pavement, the average annual cost might be 
much higher when using natural aggregate instead of quartzite 
because of the higher maintenance cost associated with natural 
aggregate surfaces. In this part of the paper, the last statement 
will be closely examined and some light will be shed on the 
notion that expensive aggregate does not necessarily produce 
an expensive pavement. 

The actual cost involved in constructing and maintaining any 
section of a flexible pavement during its life span depends on 
several items; some are associated with making the mix and 
others with maintaining the pavement during its life span. To 
conduct a nonbiased study between two alternatives, several 
parameters usually remain unchanged and only a few are 
allowed to change. In this economic study, parameters such as 
grading, drainage structures, base, and subbase will be consid
ered the same for the two alternatives under study. Only the 
asphalt mat and the maintenance necessary during a specified 
period will change in the two alternatives. The following vari
ables were considered most critical in affecting the outcome of 
the economic analysis. 

= rate of inflation (%/yr); 
= interest rate (%/yr); 
= sealing cost of natural aggregate pavement 

and quartzite pavement, respectively ($/ 
lane-mi); 
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TABLE 3 SKID AND DYNAFLECT DATA ON 1-90 IN SOUTH DAKOTA 

OIAMBERlAIN SECTION (QUARI'ZITE) DRAPER-VIVIAN SEr!'IOO 
(NA'IUAAL NT,. ) 

MILE MARKER D.F. S.N . MILE MARKER D.F. S.N. 

264. 39 1.20 54 200.00 1.06 47 

263.53 1.19 52 201.13 1.09 48 

262.29 1.21 55 202.00 1.04 42 

261.10 1.18 54 205.00 1.05 49 

259. 52 1.17 55 206.00 1.01 46 

257.00 1. 21 54 207.36 1.03 51 

256.00 1.18 54 208.11 1.05 51 

255.00 1.20 53 209.00 1.05 50 

254.00 1. 22 55 210.14 1.02 49 

252.99 1.18 54 211. 00 1.04 49 

251. 01 1.19 55 212.81 1. 03 45 

--- --- -- ---
Average 1.19 54.2 1.045 47.8 
corrected 
values 

Note: D. F. = Dynaflect, S. N. = serial number . 

Xs = average distance natural aggregate is 
usually transported to job sites within study 
area (mi); 

X6, X1 = price of natural aggregate and quartzite, 
respectively ($/ton-mi); 

X8, X9 = transportation cost of natural aggregate and 
quartzite, respectively ($/ton-mi); 

X10• Xn = average annual maintenance cost (crack 
seal, potholes, etc.) of natural aggregate and 
quartzite surfaces, respectively ($/lane-mi/ 
yr); 

X12• X13 = asphalt content (total weight base) in 
natural aggregate and quartzite hot mixes, 
respectively (%); 

X14 = price of asphalt cement ($/ton); 

Xis = fuel cost for heating the aggregate in the 
drum dryer ($/ton); and 

y = maximum distance that quartzite can be 
transported from the source to the job site 
(mi). 

These variables were used to conduct a present-value analy
sis of two sections of roads that were identical as far as the 
dimensions are concerned, but yet different in the type of 
aggregate and the amount of asphalt. Each section is a hot-mix 
mat l mi long, 12 ft wide, and 3 in. thick; the first section is 

made out of natural aggregate and the other is made using 
quartzite. 

These variables can be related mathematically by equating 
the present value of the natural aggregate pavement with that of 
quartzite pavement for a constant life span of 18 years. 

PVNA = A(X14) + B(X6 + 1.9X15 + Xs * X8) 

17 
+L C (1 + X1)°/(l + X:z)n (1) 

n=l 
where 

PVNA = present value of 1 lane-mi of asphalt mat 
made with natural aggregate; 

A = number of tons of asphalt required; 
B = number of tons of natural aggregate required; 
c = X3 for n = 3, 6, 9, 12, and 15; 

= X10 for other values of n; 
n = period (yr); and 

17 
+ L CC (1 + X1)°/(1 + X:z)n (2) 

n=l 
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where 

PVQZ 

AA 
BB 
cc 

n 

= 

= 
= 
= 
= 
= 

present value of 1 lane-mi of asphalt mat 
made with quartzite; 
number of tons of asphalt required; 
number of tons of quartzite required; 
X4 for n = 6 and 12; 
X11 for other values of n; and 
period (yr). 

It should also be noted that a ton of quartzite needs 1.1 gal of 
heating fuel, whereas natural aggregate required about 1.9 gal 
to be dried in the drum dryer. 

Preliminary calculations indicated that any reasonable set of 
data will yield higher values for PVNA than for PVQZ, which 
means that pavement employing natural aggregate is more 
expensive to construct and maintain during 18 years of its life 
than pavement constructed with quartzite. Therefore, quartzite 
pavement is obviously more economical to use. However, to 
expand the use of quartzite at locations distant from the quar
ries, the amount of savings between PVNA and PVQZ can be 
utilized to transport quartzite to various job sites. The distance 
(Y) to where quartzite can be transported is the maximum 
allowed at the break-even point, and it can be calculated by 
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equating PVNA and PVQZ and solving for the dependent 
variable (Y). 

Table 4 gives a summary of the variables used in the model 
and their values between 1979 and 1983. It should be noted that 
the variables X3 and X4 occur at different intervals. A general 
consensus among contractors and maintenance engineers con
firmed that pavements with natural aggregates require seal 
coating on the average every 3 years, whereas quartzite pave
ments need it about every 6 years. 

The model can be manipulated many different ways, and a 
sensitivity analysis reveals how the dependent variable Y is 
affected by the changes in any of the independent variables. To 
overcome the tedious calculations involved in determining Y, a 
computer program was developed to perform this task (J). 
Table 5 gives the values of the dependent variable Y as two 
independent variables X6 and X7 vary within a practical range. 

EXAMPLE: 

To explain the data in Table 5, suppose the following set of 
data are given: 

7.5 percent, 
10.0 percent, 

TABLE 4 VARIABLES APPEARING IN THE MODEL AND THEIR 
VALUES 

VARIABLE !lESCRIPI'ION YFAR NATURAL QUARl'ZITE 
~ 

Xl Inflation Rate in % 1983 7.50 

x2 Interest Rate in % 1983 10.00 

X3 Cost of Seal Coat 1983 $3500.00 
in cX>llars/lane-mile 

X4 1983 $3500.00 

X5 distance in miles 10.0 y 

x6 ln1it prioe of N.A. 1979 $1.20 
ck>llars/ton 1981 $1.40 ---

1983 $1. 50 

X7 l.D1it prioe Quartzite 1979 $1.90 
ck>llars/ton 1981 --- $2.35 

1983 $2.50 

X8,X9 transportation cost 1979 $0.065 
ck>llars per ton-mile 1981 $0.075 

1983 $0.080 

XlO rraintenanoe rost in 1983 $500 
cX>llars/lane-mile 

Xll $300 

x12 Asphalt content 6.55 

~3 ('IWB) in % 5.70 

xl4 Prioe of Asphalt 1979 $125.0 
oerrent in cX>llars/ton 1981 $218.0 

1983 $185.0 

xl5 Fuel needed to dry 1983 1.9 Gal/ton 1.1 Gal/ton 
agg. at ($0.70/gal) 

Note: N.A. =natural aggregate, THB = total weight base. 
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TABLE S CRITICAL DISTANCE (Y) AS THE PRICE PER TON 
VARIES FOR BOTH TYPES OF AGGREGATES 

UNIT PRICE OF NAT. NJ/2,. (IDLUIRS/roN) = x6 
2.25 2.5 2.75 3.00 2.35 2.50 3.75 

UNIT PRICE OF <;UARI'ZITE (COLLARS PER 
'IDN) = X

7 

3.400 138.1 141.2 144. 3 

3.800 133.1 136.2 139.3 

4.200 128.1 131.2 134.3 

4.600 123.1 126.1 129.3 

5.000 118.1 121.2 124.3 

5.400 113.1 116.2 119. 3 

5.800 108.1 111.2 114. 3 

6.200 103.1 106.2 109.3 

6.600 98.l 101.2 104.3 

7.000 '93.1 96.l 99.3 

X3 = X4 = $3,500/lane-mi, 
Xs = lOmi, 
x6 = $3.50/ton, 
X1 = $6.20/ton, 
Xs = X9 = $0.08/ton-mi, 

X10 = $500/lane-mi/year, 
Xu = $300/lane-mi/year, 
X12 = 6.55 percent, 
X13 = 5. 7 percent, 
X14 = $200/ton, 
Xis = $0.7/gal. 

Bulk specific gravity for both mixes was determined by labora
tory tests and found to be close; therefore a value of 2.353, 
which yields 146.8 pounds per cubic foot, was used in the 
analysis. 

An asphalt mat 3 in. thick, 12 ft wide, and 1 mi long needs 

5,280 * (3/12) * 146.8/2,000 = 1,162.7 tons of hot mix 

Case 1: Using natural aggregate 

A = weight of asphalt required 

= 0.655 * 1,162.7 = 76.16 tons 

B = weight of natural aggregate required 

= 0.9345 * 1,162.7 = 1,086.54 tons 

Case 2: Using quartzite 

AA = weight of asphalt required 

= 0.057 * 1,162.7 = 66.27 tons 

147.4 150.5 153.6 156.7 

142.4 145. 5 148.6 151. 7 

137.4 140.5 143.6 146.7 

132.4 135.5 138.6 141. 7 

127.4 130.5 133.6 136.7 

122.4 125.5 128.6 131. 7 

117.4 120.5 123.6 126.7 

112.4 115. 5 118.6 121. 7 

107.4 110. 5 113.6 116.7 

102.4 105.5 108.6 111.7 

BB = weight of quartzite required 

+ 0.9345 * 1,162.7 = 1,096.43 tons 

PVNA = 76.16 * 200.0 

+ 1,086.54 (3.50 + 1.9 * 0.7 + 0.08 * 10) 

+ 3,500 c1 + o.015n(l + o.10t 

(n = 3, 6, 9, 12, and 15) 

+ 500 (1 + 0.075t/(1 + 0.10)" 

(n = 1, 2, 4, 5, 7, 8, 10, 11, 13, 14, 16, and 17) 

If the PVNA is equated with the PVQZ, the value of the 
independent variable (Y) can be determined as follows: 

40,889.57 = 66.27 * 200 

+ 1,096.43 (6.2 + 1.1 * 0.7 + 0.08Y) 

+ 3,500 (1 + 0.075)"/(l + 0.10)" 

(n = 6, 12) 

+ 300 (1 + 0.075)"/(l + 0.10)" 

(n = 1, 2, 3, 4, 5, 7, 8, 9, 10, 11, 13, 14, 15, 16, 

and 17) 

= 13,254.00 + 7,642.12 + 87.71Y 

+ 5,705.22 + 3,882.47 

Y = 10,405.76/87.7144 = 118.6 mi 

This number is given in Table 5, and means that quartzite can 
be used in hot mixes on jobs 118.6 mi from the source and yet 
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yield a break-even cost with natural aggregate. Obviously if the 
job site is less than 118.6 mi away, a definite saving will result; 
the closer the job to the quartzite quarry, the more the saving 
will be. For the example just given, if both quartzite and natural 
aggregate sources were 100 mi from the mixing plant, a net 
savings of 

10,405.76 - 87.7144(10) = $9,528.62 

will result during the 18-yr life span of the pavement for each 
lane-mi. Several other tables can be developed to examine the 
influence of other independent variables on the value of Y. 

CONCLUSIONS 

Sioux quartzite is available in massive quantities in eastern 
South Dakota. It is regarded by the majority of engineers as an 
excellent construction material. Its applications include build
ing stones, paving blocks, crushed rocks, gannister, ballast, 
riprap, and aggregate in both portland cement and asphalt 
concrete mixes. 

Despite several outstanding engineering properties that 
quartzite possesses, engineers are reluctant to use it because of 
its high initial cost (unit price) when compared with that of 
natural aggregate. Laboratory and field performances of hot 
asphalt mixes made with quartzite or natural aggregate were 
examined in this investigation. Also, economic studies were 
performed on the different hot mixes and the following findings 
were observed. 

1. Asphalt mixes using quartzite aggregates required about 
13 percent less asphalt than mixes employing natural 
aggregate because of lower absorption values. This lower 
absorption value also resulted in using 42 percent less fuel 
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to dry any amount of quartzite in the drum dryer than that 
needed to dry the same amount of natural aggregate. 

2. Field performance of a hot-mix surface course using 
quartzite is superior to that of a surface course using 
natural aggregate. The former exhibits higher skid resis
tance and Dynaflect over the latter, and shows fewer 
surface cracks and less disintegration. 

3. The economic analysis revealed several interesting facts 
often overlooked by many individuals. 
a. Considering all expenses incurred during the life span 

of the pavement-such as initial cost, regular annual 
maintenance cost, and cost of overlays-it appears 
that under any reasonable set of assumptions, hot 
mixes with quartzite yield costs lower than those with 
natural aggregate. 

b. The amount of saving resulting when using quartzite 
instead of natural aggregate can be used to justify 
hauling quartzite to distant places. 

c. If the natural aggregate and quartzite are both avail
able at the same distance from the job site, a definite 
saving will result by using quartzite. 
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Ruad Rel1abilitatiu11 i11 !"~ova Scotia 

F. A. GERVAIS, P. J. ARSENAULT, AND G. J. LEE 

Various rehabilitation methods have been experimented with 
in Nova Scotia over the years to adapt maintenance processes 
to climatic conditions. Three specific maintenance methods 
will be discussed: sand sealing, crack sealing, and seal coating. 
For each method, material acceptance, placement, and evalua
tion of the end result will be examined. Special emphasis will 
be placed on Nova Scotia's experience and modifications that 
have made an efficient rehabilitation program. 

Nova Scotia is fortunate to have an abundance of good sources 
of aggregate as a result of tectonic activities and glaciation. It is 
a logical consequence that the Nova Scotia Department of 
Transportation (DOT) would take advantage of these natural 
resources and establish a large portion of their maintenance and 
rehabilitation around, and specific to, these resources. 

The majority of the DOT's maintenance work is performed 
through its Maintenance Division, although some of the main
tenance work is contracted to private companies. The Mainte
nance Division has established the following task-orientated 
outfits: sand sealing, crack sealing, seal coating, seeding, 
bridge repairing, centerline painting, and hot mix paving. The 
work of the first three of these outfits will be discussed in this 
paper. 

Product and materials acceptance and pavement evaluation 
are performed entirely in-house through the Materials Labora
tory. DOT has divided the province into a series of regions, 
which are further subdivided into divisions, each division being 
controlled by a division engineer who submits requests for 
maintenance funding. The final allotment is allocated through a 
zero-base budgeting system of DOT. 

SAND SEALING 

Program 

A sand sealing program was implemented in 1967 as a means to 
rehabilitate and upgrade low-volume roadways. The treatment 
not only acts as an immediate dust palliative, but, through 
successive treatments, gradually provides an adequate riding 
surface. Only low-volume roads can be treated because pot
holes can develop relatively quickly as traffic volume 
increases. 

Over the past 18 years, this activity has proven to be success
ful, and approximately 100 km of roadway are treated annually. 
Table 1 gives data on the past 5 years of the program. DOT also 
contracted out a.ri additional 100 km of sand sealing. Each year, 
the superintendent in charge of sand sealing conducts a survey 
with each division engineer. 

Nova Scoria Depanmem of Transponaiion, Windsor Juncrion, Nova 
Scotia BON ZVO, Canada. 

TABLE 1 SAND SEAL PROGRAM BY 
DEPARTMENT FORCES 

Year Length - km Cost 
($ Canadian) 

1984 100 329,064 

1983 92 323 ,173 

1982 90 243,879 

1981 125 309,454-

1980 104 222,758 

Materials 

The superintendent must select and test the aggregate pits in 
each division. The approval for each pit is made after the 
recommendation from the Materials Laboratory. The aggregate 
from each pit is tested for its silt and clay content, moisture 
content, and gradation. An outline of the sieve analysis specifi
cation is given in the following table. 

Sieve 
Designation 
(µm) 

20 000 
5 000 

315 
80 

Cumulative 
Percent Passing 

100 
65-95 
20-70 

2-12 

The purpose of the specification is to provide a relatively clean 
sand that limits the amount of material passing the No. 80 
sieve. The sand is processed at each pit by using a power 
screen. 

Figure 1 shows the power screen with a special feature added 
by DOT. This screen is equipped with a hydraulically operated 

FIGURE 1 Power screen with scalper screen. 
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TABLE2 CUTBACK ASPHALT, PRIMER 

Requirements Minimum Maximum ASTM 

Kinematic Viscosity 20 35 D2170 

@ 60°c, mm 2 /sec 

Distillate (% of total distillate t o 360°cJ D402 

to 190°c 20 

to 225°c 40 

·to 260°c 70 

to 315°c 85 

Residue to 360°c 

( % ' total volume) 50 

Residue 

Penetration @ 25°c 80 

Ductility @ 25°c 100 

Solubility(%) 99.5 

scalping device, or Grizzley, which allows the removal of 
oversize aggregate and deleterious material by the truck driver 
or front-end loader operator, thus eliminating the necessity of a 
person to operate the Grizzley. 

An RC 70 cutback asphalt, colloquially called the primer, is 
used as the binding agent. The primer is manufactured by Esso 
Petroleum Canada from its Eastern Passage oil refinery. The 
cost of primer is 2.1 cents/L and adheres to the specification 
given in Table 2. (Dollar amounts given in this paper are in 
Canadian dollars.) 

The annual usage of materials over the past 5 years is 
presented in Table 3. 

Construction 

Sixteen pieces of equipment and a 16-person crew are utilized 
by the Sand Seal Outfit of the DOT. Before the actual sand 
sealing, two steps are taken: 

1. All potholes or significant surface distortions are repaired 

TABLE3 SAND SEAL QUANTITIES 

Year Sand-t(Mg) Primer-kL 

1984 11 194 747 

1983 11 602 668 

1982 9 251 594 

1981 9 781 891 

1980 13 319 891 

Note: t = tonne, Mg = megagram, and 
KL = kiloliter. 

80 

200 D5 

Dl13 

D2042 

by using the DOT's standard Gravel Class A (12 mm maximum 
size). Some roadways may not have to be graded. 

2. Excess dust is removed with a power broom. The primer 
is applied with a standard pressure distributor at a rate of 1.6 to 
2.3 L/m2, depending on the condition of the roadway. Water 
may be added to the surface to slow the evaporation rate and 
allow greater penetration. 

Sand is applied with a gravel spreader at a rate of 18 kg/m2• 

Figure 2 shows the construction train in operation. Usually, the 
surface is swept with a power broom and a second apf lication 
is applied. The primer is spread at a rate of 1.35 L/m and the 
sand at a rate of 18 kg/m2

• 

A third application may be applied the next year. Any pot
holes that appear between treatments are repaired with asphalt 
concrete. The division engineer will evaluate the pavement 
surface condition after the third application, and further treat
ment may be necessary if major hairline cracks appear. 

FIGURE 2 Construction train of the sand sealing outftt. 
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Evaluation 

Sa.ml st:aling has bt:t:n ust:<l fur 18 yt:ars a.ml sumt: roadways 
may have received as many as 15 single applications. The 
average cost for the 1984 season was approximately 55 cents/ 
m2• The abundance of aggregate sources and rigid control of 
materials, in combination with a well-equipped crew, has made 
sand sealing cost-effective. Normal maintenance operations 
would include grading the road four times during the year with 
three applications of calcium chloride to control dust. Such a 
program costs approximately 75 cents/m2

, which is 20 cents/ 
m2 more than the sand seal operation. 

CRACK SEALING 

Program 

The successful use of crack sealing by other agencies in Can
ada prompted DOT to implement a crack sealing program. A 
crack sealing crew was formed having a modified router, a 
supply truck, a trailer mounted boilef> unit, an air blower, 
pouring cones, and other necessary equipment. 

A portion of the crack sealing program is also contracted to 
private companies. It is contracted on a bid price per meter 
length of crack. Crack sealing is almost exclusively done on 
roadways that are to be seal coated 

Sealant 

An important factor in crack sealing is the quality of the 
sealant. The sealant now being used is a rubberized hot poured 
joint sealant. A tender is called by DOT at the beginning of the 
construction season for the sealant. The successful bidder must 
submit representative samples to the Materials Laboratory for 
product acceptance. The sample is tested according to the latest 
edition of ASTM D3407. The award of the tender is condi
tional on the sample's passing specifications. 

The sealant is supplied in 200-L containers, which hold six 
30-kg cakes per container. Random samples are taken from the 
shipment of the tendered sealant to ensure conformity to speci
fications. 

Construction 

Crack sealing involves routing out a crack, blowing any debris 
from the crack, filling the routed crack with sealant, and dust
ing the surface with lime as a bond breaker. Figures 3 and 4 
show the various pieces of equipment at work. 

Each crack is routed to a width of 13 mm and a depth of 20 
mm. The router has six carbide tipped cutting wheels, which 
must be replaced each day at an approximate total cost of 
$300.00. 

The routed cracks are cleaned with a jet of air from a John 
Deere backpack blower, which delivers an air velocity of 320 
km/hr. DOT has found that this aspect requires the most care 
because the success of the crack seaiing, in iarge pan, is totaiiy 
dependent on the evacuation of all moisture and dust from the 
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FIGURE 3 Construction train of the crack filling outfit. 

routed crack. This requirement can slow the operation consid
erably. 

The cakes of sealant are placed in a hot oil jacked double 
boiler unit and heated to 190°C for a minimum of 30 min. The 
hot sealant is transferred into hand-operated pouring cones, 
which are used to pour the sealant into the clean routed crack. 
The cone has a 25-mm diameter nozzle. 

The cracks are filled level to the pavement surface and then 
receive a dusting of lime. The lime has proven to be an ideal 
bond breaker between the sealant and vehicle tires. Approx
imately 6 km of cracks can be sealed per day. 

Evaluation 

Crack sealing has proven to be effective in improving the 
riding comfort of the roadway. The average cost of crack 
sealing is $1.25 per meter for an annual program of 600 to 700 
km/yr. 

Table 4 gives the cost breakdown for a 5-yr term. The rate of 
success of the crack sealing has increased substantially with the 
advent of rubberized joint sealants and a more thorough testing 
program of the joint sealants. 

Roads are examined by the superintendent of field outfits to 
determine the amount of sealant loss. If a large percentage of 
loss has occurred, the road is resealed. Experience has shown 

FIGURE 4 Close up of some aspects of crack filling. 
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TABLE4 CRACK SEALING ESTIMATES 

Year Sealant Lime 

t (Mg) t (Mg) 

1980 119 97 

1981 107 114 

1982 80 89 

1983 108 112 

1984 135 123 

that a low percentage of roads is resealed because the controls 
previously mentioned ensure good performance. 

SEAL COATING 

Program 

Seal coating is essentially a three-phase operation consisting of 

1. Production testing and stockpiling of aggregate, 
2. Production and testing of emulsion, and 
3. Seal coating. 

The program is implemented by using two outfits that begin 
operation in June and cease operation in September, and uti
lizes approximately 100 pieces of equipment and 100 people. 

In the preceding fall, a road survey is conducted by the 
superintendent of field outfits, who rates a series of roadways 
submitted by the division engineer. Usually, any wooden bridge 
deck in the construction area is automatically included in the 
program. 

Seal coating was initiated in the 1930s and has gradually 
been improved to an extent that DOT is confident to use seal 
coating on its 100 Series (Trans Canada Standard) highways 
because it imparts an excellent macrotexture and a high skid 
resistance. 

Length Cost per metre 
($ Canadian) 

-km 

264 1. 04 

252 1. 40 

270 1. 23 

333 1. 24 

299 1.16 

DOT uses the design strategy suggested by MacLeod for 
one-size aggregate treatment and a rapid-setting emulsion, tak
ing full advantage of the experience factor K suggested by 
MacLeod (1). 

In the early years of the program, larger maximum-size 
aggregates (19 and 12 mm) were used, but because there was an 
increase in damage to headlights and windshields of vehicles, 
DOT opted for a smaller maximum-size (10 mm) aggregate. 

DOT found that the crack sealing and seal coating had 
improved the riding quality to such a degree that high traffic 
speeds did not generate vehicle damage by flying particles. 

Materials 

The aggregate is manufactured from quarried rock from two 
distinct deposits. The two rock types from the Paleozoic Era 
are a quartzite from the Goldenville epoch of the Lower 
Ordovician Period and a granite from the Devonian Period 
Table 5 gives the physical properties of the two rock types. 

The production of quality aggregate is controlled at the 
quarry by technicians from the Materials Laboratory. Figure 5 
shows the location of the mobile laboratory at the aggregate 
manufacture site. Random samples are taken, and testing par
ticularly for gradation and flakiness index is performed to 
ensure conformity to specifications. 

TABLE S PHYSICAL PROPERTIES OF AGGREGATE 

Source Quartzite Granite 

Petrographic Number 115 122 

Loose Unit Mass - kg/m3 1 354 1 339 

Rodded Unit Mass - kg/m3 1 512 1 477 

Flakiness Index - % 19.9 15.1 

Average Least Dimension - mm 5.6 5. 3 

Los Angeles Abrasion - % 16.0 16.0 

Soundness Loss - % 1. 0 0. 4 
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FIGURE S Seal coat aggregate quarry and quality control 
laboratory. 

The specification for the seal coat aggregate is given in the 
following table. 

Sieve Size 

1/l in. 
3/s in. 
1/4 in. 
No. 4 
No. 16 

Cumulative 
Percem Passing 

100 
95-100 
0-43 
0-5 
0-0.5 

By visual assessment, not more than 10 deleterious particles per 
2 min nor any elongated or soft particles are permitted. 

Acceptable aggregate is properly stockpiled at the quarry 
and hauled to the various construction depots as required dur
ing the construction season. These depots are located 8 km 
apart to reduce travel time. Local trucks are used for the 
hauling. The spread of the aggregate is determined by using the 
following formula: 

C = 0.001(1 - 0.4 V)HGE 

where 

c 
0.001 

v 
H 
G 

= spread of aggregate (kg/m2
), 

= constant, 
= void fraction in aggregate, 
= average least dimension (mm), 
= bulk specific gravity (kg/m3

), and 

(1) 

E = allowance for whipoff (%). 

Example 1 

A quartzitic aggregrate has an average least dimension of 5.6 
mm, a void fraction of 0.448, and a specific gravity of 2710 kg/ 
m3

, and 4 percent (1.04) has been allowed for whipoff and the 
distortions in the surface (1) . A spread of 13.0 kg/m2 is there
fore recommended. 

The cationic type of emulsion was found to be more condu
cive to the local rock types and climatic conditions. The pro
duction of the cationic emulsion, RS-2k, is inspected at the 
manufacturer's site. The emulsion must adhere to the specifica
tions as given in Table 6. 

The spread of the emulsion is determined by using the 
following formula: 

B = (K!R)(0.454HTV + S + A) 

where 

B = spread of emulsion (L/m2
) 

K = experience factor (0.9 to 1.3), 
R = residual asphalt cement factor, 
T = traffic factor, 
V = void fraction in aggregate (0.448), 
S = hunger factor (L/m2), and 
A = aggregate absorption factor (L/m2). 

Example 2 

(2) 

Using the same roadway as in Example 1, which experience has 
shown requires about 10 percent more emulsion (K = 1.1), the 
spread of the emulsion is designed. The emulsion has 69 
percent residual asphalt cement. The high traffic volume 
requires a traffic factor of 0.6. The surface is badly oxidized 
and has a degree of hunger requiring 0.407 L/m2. The quartz.i tic 
aggregate has a low absorption and 0.010 L/m2 is used. A 
spread of 1.59 L/m2 of RS-2k emulsion will be required. 

Construction 

A tender is awarded to local firms to haul the emulsion from the 
manufacturer to storage depots near the construction site. 

TABLE 6 SPECIFICATION FOR SEAL COAT EMULSION 

Test Specification 

Saybolt Furol Viscosity @ 50°C,seconds 150-400 

Residue by evaporation (minimum),% 68 

Settlement in 5 days (maximum),% 5 

Sieve test by mass (maximum),% 0.1 

Particle charge Positive 

Penetration of residue @ 25°C 100-250 
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FIGURE 6 Seal coat compaction train. 

These 73-kL depots are Porta-Tanks, which can maintain a 
uniform temperature of 80°C by using a hot oil system with 
circulating pumps. Standard asphalt distributors are filled at the 
depot and haul the emulsion to the construction site. 

The emulsion is applied from a spray bar, which can spray 
widths varying from 300 mm to 4 m. The spread rate can vary 
from 1.0 to 1.6 L/m2. 

Immediately after the emulsion is sprayed, the aggregate is 
applied from a power chip spreader supplied by trucks from the 
depots. The aggregate is spread at a rate of 13 to 15 kg/m2. 

The aggregate immediately receives two passes from a 6-Mg 
rubber-coated drum vibratory roller and two passes from a 
7-Mg pneumatic-tired roller. Figure 6 shows the compaction 
train. 

The rubber-coated drum vibratory, as shown in Figure 7, is a 
recent innovation and follows a practice used in Sweden for 
several years; it was implemented by Dynapac Limited. The 
incorporation of the rubber-coated drum vibratory roller has 
resulted in several major advantages over a conventional roll
ing train: 

• An immediate cost saving of $35,000.00 because two 
rollers and two operators with corresponding costs were 
deleted, 

FIGURE 7 A close up of the rubber coated drum vibratory 
rolling. 

CAUTION 
REDUCE SPEED 
rLYI NG STONES 

NEXT ~. 

FIGURE 8 Traffic warning signs (danger of flying stones). 
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• A substantial reduction in the number of crushed particles, 
• A better alignment of individual aggregate particles, and 
• A substantial improvement in the overall time to complete 

one kilometer of roadway. 

The conventional rolling train consisted of four rollers; a 
5-Mg pneumatic-tired roller; a 5-Mg three-wheel steel roller; a 
7-Mg pneumatic-tired roller; and a 7-Mg three-wheel steel 
roller. 

Over the past several years, substantial improvement has 
been made in traffic control and safety for the traveling public. 
Flag persons and patrol vehicles are used to safely lead the 
traveling public past the construction site. Warning signs such 
as those shown in Figure 8 are left up several days after 
construction to warn of the danger of flying stones. 

Evaluation 

At the end of each season, the seal coat project is evaluated, 
which enables DOT staff to further modify the design formula, 
particularly the K or experience factor. 

Table 7 gives the various aspects of the seal coat operation. 
In 1984, the costs were held at the 1983 level because of the use 
of a rubber-coated drum vibratory roller. The average cost per 
lane kilometer was $3,251; a lane kilometer equates to a section 
3 m wide and 1000 m long. 

FRICTION VALUES AND REHABILITATION 

Newly constructed surfaces or newly overlaid surfaces have 
high friction (skid number = 60 when tested in accordance with 
ASTM E274). A decrease in friction values occurs because of 
many reasons, such as contamination, excess asphalt cement, 
polished stone, or low air voids. In many cases, the skid 
numbers have decreased to the vicinity of 30 and values as low 
as 18 have been recorded. 

When the roadway surfaces are rehabilitated, these low skid 
numbers significantly improved, depending on the methods of 
resurfacing. Tests have indicated that normal seal coating or 
seal coat with special additives such as Ultra-Pave yields skid 
numbers in the range of 60. Sand seal produces skid numbers in 
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TABLE 7 SUMMARY OF SEAL COAT OPERATION 

Year Emulsion Aggregate Length Average Cost 
($ Canadian) 

- ML -Gg -km - per lane km 

1980 4.7 44.4 1 074 2 169 

1981 4.3 40.4 1 038 2 654 

1982 3. 3 32.1 792 2 795 

1983 3.9 36.7 897 3 270 

1984 4.0 37.7 895 3 251 

Note: ML = megaliler and 0 8 = gigagram. 

the range of 45, whereas slurry seal has a friction value of 40. 
The current guidelines in Nova Scotia relegate the use of sand 
seal to low-speed secondary roadways. The following table 
gives a summary of the relative skid numbers for various 
surface treatments. 

Type 

Chip seal 
lntra-Pave 
Slurry seal 
Sand seal 

CONCLUSIONS 

Skid Number 
(ASTM E274) 

60 
60 
45 
40 

The proper maintenance of any highway system depends on the 
methods that the agency uses to meet the climatic conditions in 
their jurisdiction. The three methods discussed in this paper 
have proven to be effective in Nova Scotia, and the following 
conclusions can be made: 

• Sand seal is a cost-effective method of sealing low-vol
ume roads as well as providing an adequate wearing surface. 

• Rubberized crack fillers provide an acceptable sealant if 
proper quality control methods are used. 

• Seal coating provides an exceptional skid resistance sur
face and increases pavement life. 

• Rubber-coated drum vibratory rollers increase the effi
ciency of seal coating and reduce operating costs. 
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Seal Coats in Manitoba 

F. YOUNG, A. ROBINSON, AND B. ROWLEY 

Pavement seal coats of asphalt and aggregate have been used 
in Manitoba Canada, for many years. They are employed as 
both a dust-free surface on low-volume roads and a wearing 
surface on pavement. In the latter application, the subject of 
this paper seal coats are applied to seal out moisture, provide a 
lighter coiored surface for nighttime visibility, improve skid 
resistance, and reduce pavement oxidation. A side benefit is the 
bnprovement in appearance by covering sealed and unsealed 
cracks and any patching that had been required. More than 
300 miles of seal coats are placed annually by two permanent 
summer crews. Application and cost data relative to Man
itoba's program are presented. 

Asphalt aggregate seals have been used in Manitoba since 
petroleum and natural asphalts became available. Until .the 
1950s, a common usage was in the form of a double-prlIDe 
surface on low-volume roads. These early treatments usually 
consisted of an application of MC-30 (MC-0) on the traffic 
gravel surface, with excess asphalt blotted by an application.of 
sand. This was followed by an MC-500 (MC-3) spray with 
either sand or chips for final cover aggregate. 

As traffic volumes increased in the post World War II period, 
it became apparent that the existing double-prime surface 
lacked the structural integrity required to provide satisfactory 
surface for an acceptable period of time. Investigation revealed 
that this type of construction could provide a suitable surface if 
properly supported by an adequate base. Such surfaces are 
termed asphalt surface treatment. 

In 1959 an alternate surface to provide an all-weather surface 
on light traffic roads, at a cost lower than that of hot or cold 
mixed pavement, was introduced. Some of these structures 
have provided good service for more than 20 years and are 
routinely included as part of Manitoba's seal coat program. 

This paper therefore includes such surface treatments as part 
of the overall maintenance works performed by the two perma
nent summer crews. The experience gained during the days of 
double-prime, the long experience with asphalt surface treat
ment, as well as the continual work with sealing pavement have 
resulted in the successful maintenance program described in 
this paper. The two maintenance crews, when available, apply 
the final chip or sand seal on newly laid base courses as part of 
the construction program; this topic is also included in this 
paper. 

PROGRAM DESCRIPTION 

Most of the seal coat work is planned well before the summer 
season. which usually provides only 4 to 5 months of suitable 
weather. Stockpiles of chips, sand, or both are prepared by the 

F. Young and A. Robinson, 1181 Portage Ave. Annex, W~n~peg, 
Manitoba R3G OT3, Canada. B. Rowley, 215 Garry St., Wmmpeg, 
Manitoba R3C Ult, Canada. 

TABLE I SIX-YEAR SEAL COAT PROGRAM 

Total 
Lane Expenditure 

Year Lane Miles Kilometers ($ Canadian) 

1980--1981 599.4 964.4 1,709,708 
1981-1982 686.4 1,104.6 2,365,759 
1982-1983 759.4 1,222.4 2,897,010 
1983-1984 735.4 l, 183.5 2,766,136 
1984-1985 692.0 1,113.7 2,935,457 
1985-1986 652.6 1,050.0 2,868,445 

Avg 687.6 1,106.4 2,590,419 

Manitoba Department of Highways and Transportation forces 
or by contract, sometimes more than a year in advance. The 
asphalt is also ordered during the winter and early spring. 

Warrants for inclusion in the sealing program include input 
from department district personnel, the maintenance director's 
office, and the maintenance management group. Special cases 
may occur that require or result from input by others in the 
Department, including safety considerations, special material 
problems causing surface distress, and so forth. . . 

The work is put in priority order from these mputs with 
attention to budget constraints, previous years' maintenance 
costs, capacity of the application crews, availability of aggre
gate, and level of service that has to be maintained. 

Table 1 presents the length of roads on which seal coats were 
applied for the past 6 years and associated gross expenditures. 

Table 2 presents the seal coat program carried out, by the 
same crew, on capital works. Increased emphasis on the seal 
program in 1985-1986 resulted in a major expansion. 

The expenditures given in Table 2 are estimated from aver
age costs of seal coat application. This was necessary for the 
preparation of this paper because aggregate production and 
application did not always occur during the same construction 
year. Additional funds provided for patching and crack sealing 
before the sealing under this program are not included. 

MATERIALS 

Although occasionally there are a few miles of seal placed by 
using sand cover and some incorporate cut back asphalt 

TABLE 2 SEAL COATS OTHER THAN MAINTENANCE 

Total 
Lane Expenditure 

Year Lane Miles Kilometers ($ Canadian) 

1984-1985 169 272 395,511 
1985-1986 368 593 862,273 
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TABLE 3 SPECIFICATIONS FOR COVER AGGREGATE 

Passrnq ~1eve Class A ChiDS Class 8 Chips 

16 mm (5/8") 100 

12.5 mm (1/2") 100 80 - l 00 

4.75 mm (No. 4) 0 - 60 0 - 65 

425 mm (No. 40) 0 - 15 0 - 15 

7 5 mm (No . 200) 0 - 4 0 - 5 

% Crushed Particles 30 Min 30 Min 

L.A. Soundness 
(%Loss) 35 Max 35 Max 

Shale (%) 3 Max 4 Max 

Ironstone (%) 5 Max 5 Max 

(MC-500), these are now uncommon and are usually done by 
local district forces. 

Most of the seal coat program makes use of crushed aggre
gate (chips) and a high float emulsified asphalt. The specifica
tions for the materials are given in Tables 3 and 4. 

AGGREGATE 

The cover aggregate is produced mainly from local gravel 
deposits. The material is a combination of limestone and gra
nite in most sources, with the ratio of the two depending on 
location in the province. Cover aggregate produced from a 
limestone quarry is currently being experimented with and 
early trials indicate satisfactory results. 

In general, the Class A chip is used for cover. Care must be 
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exercised to ensure meeting of specifications, particularly with 
respect to the #200 sieve fines. Sometimes chips require wash
ing to reduce adhered fines but this is uncommon. The use of 
fans and proper screening during the crushing operation can 
largely eliminate the problem. On a few occasions, water has 
been sprayed on loads in the tilted truck box to remove fines 
but this has not been necessary lately. One must also be aware 
that snow melt and rain on a stockpile will concentrate fines 
toward the lower portions of the pile. Excess fines and chips 
coated with fines can absorb the asphalt and reduce the bond to 
the chip. 

The spreader applies an average of 140 tons/lane-mi (127 
tonnes/lane-km) of chips immediately behind the asphalt dis
tributor. (This represents about 75 yd3 of 140 lb/ft3 aggregate/ 
lane-mi.) 

ASPHALT 

An average of 1,750 gal/lane-mi (4944 L/km) of asphalt is 
applied by pressure distributor immediately before the chip 
spreader. The experienced operators may vary the rate slightly, 
depending on the condition of the surface, size, and gradation 
of the chip and the results of previous applications. 

The asphalt type is chosen on the basis of traffic volume on 
the roadway. Because of excellent performance in the past few 
years, it is the authors' practice to use high float emulsions, 
HF-150 for high-volume roads and HF-250 for moderate- to 
low-volume roads. High volume of traffic for Manitoba's con
ditions would include annual average daily traffic of more than 
2,000 total vehicles per day in each direction. 

This rule of thumb is a general guide. Conditions of high 
temperature and/or greater than normal traffic volume (because 
of vacation traffic, etc.) can dictate that a harder base asphalt is 

TABLE 4 ASPHALT EMULSION SPECIFICATIONS 

Emulsified Asphalt Product 

Test ASTM HF-100 HF-150 HF-250 

Flash point (°C) D 1310 
Consistency test at 50°C (saybolt furol seconds) D 88 35-150 35-150 35-150 
Residue by distillation (%) D 244 62 min 62 min 62 min 
Oil distillate by volume (%) D 244 0.5-4 0.5-4 0.5-4 
Storage stability 

24 hr(%) D 244 1.5 max 1.5 max 1.5 max 
5 days (%) D 244 

Sieve test (%) D 244 0.1 max 0.1 max 0.1 max 
Coating test D 244 
Tests on residue by distillation to 260°C 

Penetration at 25°C (mm) 05 100--1758 150--2508 250--5008 

Solubility (%) D 2042 97.5 min 97.5 min 97.5 min 
Ductility at 25°C (mm) D 113 
Float test at 60°C (sec) D 139b 1,200 min 1,200 min 1,200 min 

"The pencll'ation at 25°C, 100 gm, 5 sec shall be csLimalOd by pcr(onning the test using 50 gm and multiplying the average of three 
values by 21/2. nnd reporting lhe value as the estimated pcnctralion at 25°C, 100 gm, 5 sec. 

bASTM D 139 except the residue at 260°C directly into the float collar and not through a No. 50 sieve, and after the regular cooling 
procedures is placed in a float balh at 60°C rather than 50°C. 
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required. Therefore, the time of year and day of the week have 
an influence on binder selection. 

APPLICATION PROCEDURE 

One of the most important features of these operations is the 
significant amount of attention paid to traffic control. In addi
tion to signs, barricades, and flagpersons, one or more pilot 
vehicles are used to convey traffic through the project. In the 
authors' experience, speed must not exceed 30 mph (45 km/hr) 
or there is a risk of losing cover aggregate, at least during the 
initial 6 to 8 hr of life. 

Warm, dry days are essential to the success of the operation, 
which restricts Manitoba to a season generally from May 24 to 
September 15. A temperature of higher than 4°C (39°F) is 
required, with moderate winds and low risk of rain within 24 
hr. 

The two crews are supplied with aggregate by trucks of the 
Manitoba Department of Highways and Transportation or 
rental trucks. The number of trucks depends on the length of 
the haul and the rate of progress. 

Asphalt is picked up from nearby suppliers, department 
storage yards, or portable storage tanks accompanying the 
crew. Living accommodations in the form of trailers are 
employed in remote areas. 

It should be noted that both applications, asphalt and chips, 
are carefully calibrated and controlled to ensure uniformity. 
Careful nozzle placement, both vertically and horizontally, as 
well as attention to pressure, temperature, and speed, are essen
tial. Paper is placed at the start and end of each run to ensure a 
neat, square finish. Material application rates are as noted 
previously in the section on Materials. 

A pressure distributor applies the asphalt at a temperature of 
70°C (160°F). A self-propelled aggregate spreader applies the 
chips to the fresh asphalt immediately behind the distributor. 
The spreader is continually supplied with material during the 
application. 

The chips are rolled almost immediately by a steel-wheeled 
roller, which is followed closely by four self-propelled rubber
tired rollers. On high-volume roads, an additional steel- and 
rubber-tired roller is employed. 

After the asphalt has set, one or more drag brooms remove 

TABLES MATERIAL QUANTITIES 

No. of No. of 
Year Gallons Used Litres Used 

1980-1981 1,048,950 4 768 527 
1981-1982 1,201,200 5 460 655 
1982-1983 1,329,300 6 042 998 
1983-1984 1,286,950 5 850 475 
1984-1985 1,211,000 5 505 206 
1985-1986 1,142,050 5 191 759 

Avg 1,203,242 5 469 936 
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most of the loose chips before traffic is permitted on the new 
seal. 

The application has a success rate of higher than 95 percent 
on an average year. There is seldom a complete loss of chips, 
but partial loss has been experienced in cases in which high 
volumes of fast traffic accompanied by fairly heavy rains have 
stripped the chips in the wheelpaths as many as 3 days after 
placement. 

The 6-yr average of aggregate and asphalt consumption is 
given in Table 5. Overall costs for the seal coat program are 
given in Table 6. 

PERFORMANCE 

Both the Class A (maximum size of 1/2 in. or 12.5 mm) and the 
Class B (maximum size of 5/e in. or 16 mm) chips provide 
increased night visibility. The higher limestone content chips 
have the higher reflectivity. 

Because of the coarse texture, tire noise increases but this 
seldom results in motorist complaints. Noise levels have not 
been measured. 

Because of stringent traffic control measures, use of suffi
cient rolling equipment, removal of excess chips by brooming, 
and, perhaps most important, the fairly low traffic volumes in 
Manitoba, there are few claims for vehicle damage by flying 
stones. This is also true on low-volume roads where it is 
deemed unnecessary to perform the brooming. 

Skid resistance is not routinely measured in Manitoba. 
Because accidents attributable to lack of surface friction are 
rare, it has not been considered essential-and might be a 
disadvantage-to collect such data. 

A combination of low traffic volumes, moderate speeds, 
generally good geometrics, and low rainfall all contribute to 
fewer skid accidents. Daily routine patrol by maintenance and 
other personnel provides input on surface condition that is 
influential in determining priorities for seal coat. Minor flushed 
or rutted sections are usually corrected within a few days by 
local crews. The development of longer sections of potentially 
low friction provides strong influence in the larger surface 
treatment program, but reaction time is longer. In the authors' 
opinion, routine surface inspection as part of the overall main
tenance activity provides input adequate to ensure motorist 

No. of Tons No. of Tonnes 
of Chips Used of Chips Used 

84,969 77 058 
97,308 88 236 

107,676 97 659 
104,247 94 554 
98,091 88 965 
92,506 83 903 

97,466 88 396 
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TABLE6 UNIT COSTS FOR SEAL COAT APPLICATION 

No. of 
Year Lane-Mi 

1980-1981 599.4 
1981-1982 686.4 
1982-1983 759.6 
1983-1984 735.4 
1984-1985 692.0 
1985-1986 652.6 

6-yr avg 687.6 

safety. It is also noted that many agencies have used accident 
statistics to help formulate corrective action programs (I). 

For special study purposes, som(( skid testing has been 
undertaken. The skid numbers indicate a slight decrease in wet 
friction as a result of seal coat application. On average, the 
ASTM E-274 friction number was 49 for chip-sealed surface 
and 54 for unsealed pavement. These friction levels would 
generally be considered satisfactory (2). 

DISCUSSION OF RESULTS 

Thirty years ago, seal coating was planned for new pavements 
from 2 to 5 years after initial paving and thereafter at 5-yr 
intervals. With current equipment and materials, it is common 
for a reseal on an asphalt surface treatment to last 7 years, 
while chip seals on hot mix asphalt last from 10 to 12 years. 

The longer life is attributable in part to the possibility of 
applying high float emulsions more heavily because they do not 
flow as readily as cut backs or regular emulsion grades. 
Increased care in production of good-quality chips is also 
important. 

Another major factor in achieving success with seal coat is a 
competent, closely supervised crew that has been provided 
with all the necessary equipment. The freedom to vary applica
tion rates, within reason, and to use judgment about existing 
and forecast weather suitability is also important. Systems are 
available to predict or design for rates of asphalt and chip 
application, but in the lung run experience is essential (3 ,4 ). 
Seal coating, perhaps unfortunately, requires the constant atten
tion of the applicators and is as much an art as it is a science. 

Traffic control cannot be overemphasized. The higher the 
vehicle speed permitted, the greater is the damage to fresh seal 
coat. Pilot vehicles are a necessity on most projects to protect 
the public, the crew, and the road surface. 

A final note is necessary about aggregate and climate. Most 
chips in Manitoba are produced from gravel and generally are 
more than 70 percent carbonate (limestone). The climate is 
fairly arid because of average precipitation of about 20 in./yr. 
The high float emulsions suit these conditions. Other agencies 
located in areas of heavier rainfall and/or where different chip 

Cost ($ Canadian) 

Labor Equipment 

No. of per per per per 
Lane-Km Lane-Mi Lane-Km Lane-Mi Lane-Km 

964.4 325 202 543 337 
1,106.4 305 189 587 365 
1,222.4 355 221 679 422 
1,183.5 365 227 668 415 
1,113.7 365 227 711 442 
1,050.0 388 241 743 462 

1,106.4 351 218 655 407 

sources are used should consider the use of cationic emulsions 
for faster setting times and adequate bond to roadway and chip 
surfaces. 

Cutback asphalts can also be used successfully, but they 
appear to be more sensitive to weather. They are also losing 
favor because of concerns of air pollution and this type of use 
of potential fuel products. 

Warrants for seal coating may be 

• To reduce pavement oxidation, 
• To improve appearance, 
• To improve nighttime visibility, and 
• To improve skid resistance. 

It should be noted that, in Manitoba's experience, skid resis
tance of a flushed or bleeding pavement can be improved by 
use of a surface chip seal. However, severely overasphalted 
pavements are only improved for 2 or 3 yr, after which time the 
bleeding generally begins to reach the surface again. Also, in 
such cases it is difficult to determine asphalt application rates, 
sometimes resulting in early flushing. 

Whether skid testing, accident records, or appearance 
provides the warrant for some action, considerable lead time is 
required before the work can be accomplished. This poses a 
serious problem in case of litigation because many roads can
not be closed, and signing (Slippery When Wet, etc.) is not 
always considered to cover the agency's responsibility. Perhaps 
steps should be taken to increase public awareness that 
remedial action takes time and money. 

CONCLUSIONS 

Several conclusions can be made about seal coats. 

1. Seal coat application does extend pavement life. 
2. Satisfactory performance of seal coats depends on several 

factors: 
a. Good-quality material, 
b. Adequate labor and equipment, 
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Oil Chips Overhead Expenses Total 

per per per per per 
Lane-Mi Lane-Km Lane-Mi Lane-Km Lane-Mi 

1,221 
1,702 
1,680 
1,621 
1,887 
2,100 

1,702 

759 583 362 179 
1,057 692 430 162 
1,044 885 550 215 
1,007 880 545 227 
1,172 985 612 294 
1,305 907 564 257 

1,057 822 511 222 

c. Careful design of material quantities and/or thorough 
exploitation of experience, 

d. Strict control of application quantities and operational 
methods, 

e. Sufficient traffic control to ensure minimum loss of 
aggregate, and 

f. Suitable weather. 
3. In areas of high-volume traffic, high speeds, and heavy 

rainfall, attention to aggregate polishing is necessary because 
chip seals do not necessarily provide high skid resistance. 

4. Of all factors influencing seal coat application, inclement 
weather (cold, wet), particularly in combination with high
volume traffic, can be the most damaging. 
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Seal Coating Practice in Saskatchewan 

JoHN L. M. Scorr 

Surface treatments utilizing seal coats ls a relatively Inexpen
sive method of maintaining a highway pavement surface. 
Saskatchewan policy requires that seal coats be applied to all 
pavement surfaces at Intervals to delay the need for structural 
rehabilitation. Seals are used to prevent moisture penetration, 
arrest fatigue block deterioration, restore friction resistance, 
and stop ravel. The primary sealing materials used are graded 
aggregates and high Ooat emulsified asphalts. Some chip seal
ing with rapid-setting catlonk or rubber-modified asphalts 
have also been used. Performance and defect levels of seals are 
mainly related to construction quality and are a function of 
distributor condition, type of asphalt and aggregate, applica
tion rates, surface preparation, and construction of joints and 
the climatic conditions In which they are applied. Seal coats 
have served Saskatchewan well by deferring the need for more 
costly rehabilitation by Increasing the life of pavement surfaces 
maintained and easing demands on cash flow. 

Saskatchewan has approximately 23 400 km of highway in the 
provincial highway system, 10 000 km of which consist of cold 
mixes on subgrade and 4600 km of which are graveled. The 
remainder, which carries 70 percent of the traffic, consists of 
varying depths of pavement structure the depth of which 
increases with average daily traffic. The structure types used, 
the highway department designation, and their typical con
struction and maintenance costs are shown in Figure 1. 

The highway system is administered by six districts of the 
highways and transportation department in Saskatchewan. The 
current department policy is to seal all surface types at intervals 
in order to extend pavement life, defer structural strengthening, 
and reduce routine maintenance. Each district is allocated, on 
an annual basis, sufficient funds to construct seals. The annual 
allocation is determined by a formula that depends on the 
length of each surface type in the district. 

The formula consists of adding 5 percent of A surfaces, 8 
percent of staged A surfaces, 11 percent of staged B pavements, 
and 15 percent of 40-mm thick cold mixes. Typically, the length 
of sealing arrived at for these surfaces is 830 km annually. For 
20-mm thick cold mixes that comprise 8800 km, the allocation 
is approximately 18 percent annually or 1580 km of sealing. 

Oil treatment sealing is administered directly by the districts. 
Seals on the higher type surfaces are administered jointly by 
the head office and the districts as part of an overall pavement 
management system. 

REASONS FOR SEALING 

Cold mixes are relatively porous and allow surface moisture to 
penetrate to the clay subgrade. Moisture softens and lowers 
subgrade support, causing premature failure of the surface. 

Saskatchewan Highways and Transportation, Technical Research 
Branch, 1610 Park St., Regina S4P 3V7, Saskatchewan, Canada. 

Sealing the surface keeps the subgrade drier. Compaction by 
traffic ensures that the subgrade below the cold mix remains 
strong enough to carry the volumes of traffic to which it is 
subject. Cold mixes also show reflective fatigue blocking in the 
spring as the hard subgrade crust fatigues when surface deflec
tions are high. If the mix is not bonded well to the subgrade, the 
mix fatigue blocks will kick out under traffic. A seal coat will 
help arrest this problem by tying the blocks together. 

On higher quality surfaces, seal coats are applied to arrest 
fatigue blocking deterioration. They are required on occasion 
to prevent pavement ravel and restore skid resistance of pave
ments the skid number of which falls below 40. Most graded 
aggregate seals have been tested to give skid numbers of 
between 55 and 65, based on ASTM standards E249 and E274. 

AGGREGATES USED 

Most aggregates in Saskatchewan come from post-glacial 
gravel deposits. Aggregate gradations used in hot mixes and 
base courses closely follow the natural gradations. Experience 
with seal coats using similar gradations on low-volume roads 
has led to chip aggregate seals' being displaced by graded 
aggregate for seals on most highways of the provincial system. 
However, one-sized aggregate seals were still required for use 
with rubber asphalt. 

The success of a graded aggregate seal depends on stone 
content (i.e., plus 5 mm), percentage clay, and moisture con
tent. Sufficient stone content is required to provide a wearing 
course after the seal coat is swept. If the clay content is too 
high, asphalt is prevented from adhering to the stone. The high 
surface area of the clay particles reduces the asphalt film 
thickness available to coat the stone. A certain amount of 
moisture is desirable to act as a carrier of the asphalt through 
the aggregate matrix and onto the stone particles. Too much 
moisture is undersirable because it robs heat from the asphalt, 
acts as a mechanical barrier to adhesion of the asphalt, and 
inhibits curing of emulsified asphalts. 

Table 1 gives the current seal coat aggregate gradations. 
Types 94 and 95 are further processed by washing before use as 
chips. Types 117 and 119 are typically used with high float 
asphalts, and Type 118 can be used with rubber asphalt. 

ASPHALTS USED 

For graded aggregates, primarily high float emulsified asphalts 
are used Saskatchewan's experience has indicated that these 
asphalts do an excellent job of coping with the clay content in 
the aggregate and wetting the stone. High float asphalts contain 
large solvent quantities, which are needed to soak into the clay 
particles, but iheir high float property reduces the risk of 
bleeding. Although the emulsifying agent is supposed to impart 



SCOTT 141 

ASPHALT CONCRETE 

WIDTH TYPICAL ESTIMATED AVERAGE 
LANE THICKNESS 1985 AVERAGE COST ANNUAL 

AVERAGE SURFACE 
DEPARTMENT DAILY GRADE SURFACE TOTAL MAINT'CE. 

DESIGNATION 
TRAFFIC DR.L. SH . A.C. B.C. SB.C. STRUCT. STRUCT. COST COST 

(A OT) m m mm mm mm SI km $/km $/km $/km 

PAVEMENT 'A' 1800+ 7.4 3 80 130 180 155,000 195,000 350,000 1,020 

STAGED 
750-1800 7.4 2 o"'* 130 200 113,000 97,000 210,000 1,140 PAVEMENT 'A' 

STAGED 400- 750 7.4 2 o"* 100 130 105,000 75,000 180,000 1,630 PAVEMENT 'e' 
STAGED 150- 400 8.0 1. 5 4'1J'll 0 0 79,000 38,000 117,000 2,030 PAVEMENT 'c' 
STAGED * 111111 
PAVEMENT 'D' 

50- 250 7.0 2 20 0 0 79,000 16,000 95,000 3,450 

NON-DESIGNATED < 50 8.6 0 0 0 0 45,000 2,650 47 ,000 2,040 (GRAVEL) 

* NO LONGER CONSTRUCTED DR.L. -DRIVING LANE B.C.-BASE COURSE 

** SEALED SURFACE SH.-SHOULDER SB.C.-SUBBASE COURSE 
*-COLD MIX A. C.-ASPHALT CONCRETE STRUC~-STRUCTURE 

FIGURE 1 Pavement standards used In Saskatchewan. 

antistripping properties, high float asphalts occasionally strip 
off the aggregate if heavy rain occurs shortly after placement. 

(1). The rubberized asphalt used was produced by heating 
ground tire crumb rubber and Saskatchewan 300-400 penetra
tion asphalt cement at about 175°C for 80 min before spraying 
(2). Rubber asphalt seals were found to be four times as 
expensive as high float seals (3). They were introduced to 
determine whether they were cost-effective by sufficiently 

From 1978 to 1982, rubberized asphalt constructed by gov
ernment crews was used for seal coats because experience 
locally and elsewhere indicated that it could keep fatigue 
blocking and severe map cracking well sealed for several years 

TABLE 1 SEAL COAT AGGREGATE GRADATIONS USED IN 
SASKATCHEWAN 

Percent by Weight Passing 
Nominal Canadian Metric Sieve Series 
Sieve 
Opening 

Type 

94 95 117 118 

16. 0 mm 

12.5 mm 100 100 100 

9.0 mm 100 

5.0 mm 0-40 0-40 45-70 45-65 

2.0 mm 0-25 0-25 25-55 25-45 

71 )lm 0-5 0-5 0-10 0-6 

Minimum 
Sand 45 45 
Equivalent 
(Test 9010) 

119 

100 

45-70 

25-55 

0-10 

45 
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TABLE2 RECOMMENDED APPLICATION RATE RANGES FOR ASPHALT AND AGGREGATE USED IN SEAL COATS 

Traffic 
Volume 
(avg daily Asphalt 

Surface Type traffic) Type• 

Earth subgrade <400 RAb,c 

HF350Sd 
All HF250Se 

Cold mix on subgrade <600 HF250S 

Granular pavements A and B 600--1,500 HF150Sr 

RAg 

Asphalt concrete surfaces 1,500+ HFlOOS 

RAh 

2,000+ RS2Ki 

Shoulders All HF250S 

•choice of asphalt type will be detennined by economics and policy. 
bRA = rubberized asphelt. 
•usually in lieu of cold mix on subgrade. 
"usually in lieu of cold mix on sub grade. 
"Temporary construction dust treatment. 
f Double seal on primed base. 
'Sillgle seal on primed base; can be used wilh graded or one-sized aggregate. 
~Can be used wilh graded or one-sized aggregalC. 
1 Use wilh one-sized aggregate. 

delaying the need for major rehabilitation. Some of them 
exhibited continued stone loss, resulting in numerous damage 
claims. The use of rubber asphalt was discontinued in 1983. 

The high float emulsified asphalt used meets Canadian Gen
eral Standards Board CAN2-16.5-M84. Softer grades are used 
on low-traffic cold mixes, and the harder grades on higher 
traffic main pavements. 

For chip seals that do not use rubberized asphalts, RS2K, a 
cationic emulsified asphalt meeting Canadian General Stan
dards Board CAN 2-16.4-M77, is used. The stone chips form a 
layer of uniform stones and do not have the same stability of 
interlock that occurs in graded aggregate; they are therefore 
susceptible to displacement and overturning by u·affic. Thus, ru1 
asphalt should be used that sets rapidly in order to lock the 
aggregate in place. High float emulsified asphalts are much 
slower to set than cationic ones, and therefore require longer 
rolling and traffic control periods. 

APPLICATION RATES 

Application rates are most critical for RS2K and stone chips. In 
this case a near single layer of stone is applied, and no excess 
surface area is required to be coated with asphalt. Existing 
surface condition plays a large factor in the asphalt application 
rate, depending on whether it is flushing or dry and porous. To 

Minimum Aggregate Asphalt Rate Aggregate 
Air Top Size at 15°C Rate 
Temperature (mm) (L/m2) (kg/m2) 

15°C 16 2.50--2.77 24-27 
12.5 2.34-2.50 20--23 

5°C 16 2.17-2.45 27-33 
5°C 16 1.36-1.63 16-22 
5°C 16 1.36-1.63 16-22 

12.5 1.20--1.41 14-19 
9 1.08-1.20 11-16 

5°C 16 1.58-1.79 16-22 
12.5 1.36-1.58 14-19 

15°C 16 2.88-3.00 20--24 
12.5 2.50--2.61 16-20 

5°C 16 1.58-1.79 16-22 
12.5 1.36-1.58 14-19 

15°C 16 2.88-3.00 20--24 
12.5 2.50--2.61 16-20 

15°C 12.5 1.63-1.90 14-19 

5°C 16 1.63-2.17 16-22 
12.5 1.41-1.96 14-19 

remove the judgment factor required by surface condition, it is 
advisable to apply an initial fog coat to the dry surfaces and not 
attempt to adjust the designed rate except in response to a 
check of the embedment of stones after rolling. 

Stone application rates should be adjusted to the point at 
which there is no free asphalt pumping through to the surface 
under the spreader wheels. 

Within a range, rubber asphalt is relatively insensitive to its 
application rate. The membrane is usually much thicker than 
that required to fill the voids between the stones that will float 
in the viscous material. The stone application rate is critical 
because an application that is too heavy will impede the rollers' 
ability Lo press the stones into the surface while the rubber 
asphalt is still fluid, and will make it more difficult to disperse 
moisture from the lower stone layer. Minimum rates are gov
erned by the amount of asphalt pickup on the tires of the rollers 
and spreaders. 

Rates for high float emulsified asphalts are not as critical for 
RS2K and chip aggregates because a matrix of aggregate and 
asphalt is built up in the seal because of the finer sizes' being 
completely embedded. Rates are best adjusted by observation 
of the roll of asphalt, which occurs ahead of the aggregate 
application. The roll should not exceed 25 mm in width 
because the aggregate will tend to overrun it and create a fat 
spot. If this occurs at regular intervals, a washboard-type pat
tern will be created. Table 2 gives typical recommended 
application rates. 
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COMMON DEFECTS IN SEAL COAT APPLICATION 

Construction of good seal coats is affected by several factors, 
including the following: 

• Aggregate, 
• Asphalt, 
• Condition of surface, 
• Atmospheric conditions, 
• Construction method, and 
• Equipment used. 

Insufficient attention to the requirements of any one of these 
factors can create defects in the sealed surface; problems can 
range from comparatively minor unsightly ones to a complete 
loss of seal. 

Typical defects that occur in seal coats are as follows: 

• Streaked appearance, 
• Bleeding and flushing, 
• Loss of aggregate, 
• Surface breaks and poor adhesion to road surface, 
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• Washboarding, and 
• Transverse and longitudinal joint defects. 

Each of these defects will be discussed further. 

Streaked Appearance 

The condition of the distributor and the adjustment of its 
nozzles is the main factor in causing a streaked appearance. If 
the spray fan from each nozzle does not overlap adjacent fans 
by a uniform amount across the bar, a varying asphalt film 
thickness will occur. There are several reasons why the asphalt 
film thickness will vary, the most common reasons being (a) 
clogged or partially clogged nozzles, (b) misalignment of 
nozzles, and (c) incorrect spray bar height. 

Nozzles are usually set at an angle to the spray bar to prevent 
the fans from interfering with each other. However, if the 
nozzle angles vary, the width of road affected by each nozzle 
will vary, and it will be impossible to make each fan width 
overlap adjacent fan widths by an equal amount. Figure 2 

LATERAL VARIATION IN APPLICATION RATE DUE TO IRREGULAR 
NOZZLE ALIGNMENT . NOZZLE SLOT UNDER ARROWS ARE 
IM PROPERLY ALIGNED. NOTE THE EFFECT ON THE LATERAL DISTRIBUTION. 

INDIVIDUAL NOZZLE ROTATION . NUMERALS IN BLOCKS SHOW 
THE VARIATION IN APPLICATION f\ATES IN litres/m2 FOR THE 
THREE DIFFERENT SLOT ANGLE . ALL NOZZLES ARE DIS
CHARGING AT THE SAME RATE. 

FIGURE 2 Effects of varying nozzle angle. 
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zvvvvvvwwvwz. 
INCORRECT SPRAY BAR HEIGHT 

CORRECT SPRAY BAR HEIGHT-DOUBLE COVERAGE 

CORRECT SPRAY BAR HEIGHT -TRIPLE COVERAGE 

FIGURE 3 Influence of spray bar height. 

shows the effect of nozzles set at different angles and the 
varying rate of application per unit area with each angle setting. 

Figure 3 shows the influence of bar height on the overlap of 
fan widths. If the bar is set too low, the fans will not fully 
overlap. This will result in under-asphalting where the overlap 
does not occur as well as stone loss. If the bar is too high, there 
will be partial triple lap leading to over-asphalting and bleed-

in~ . 
Although triple coverage should lead to a more uruform 

spread rate, windy conditions will affect the spray. Tilting the 
bar to direct the spray away from the distributor will also 
contribute to unequal spread rates across the bar. 

Streaked appearance can also be caused by asphalt viscosity. 
The viscosity of emulsified asphalts is usually low enough not 
to be a problem for distributor pumps. However, asphalt 
cement and rubber asphalt can be too viscous for the distributor 
pumps unless the temperature is raised sufficiently. The vis
cosities of rubber asphalts can be 150 times as viscous as 
emulsions, even at 175°C. 

High viscosities require large increases in pumping pressures 
to enable sufficient spray rates at the end of the bars. A 
viscosity that is too high or a pumping pressure that is too low 
will lead to a pressure drop at the bar ends. This will reduce the 
fan widths and create gaps between fan applications. 

Aggregate spread rate can contribute to a streaked 
appearance. If the rate is too low, the wheel under the aggregate 
dump truck can displace material sufficient to expose the 
asphalt. Blockages in the aggregate spreader hopper due to 
oversize or other foreign matter will leave streaks of exposed 
asphalt. Dirty aggregate increases the tendency to streak 
because it more readily strips or loses stones, particularly in the 
under-asphalted areas. 

Bleeding and Flushing 

An asphalt application rate that is too high, or an asphalt grade 
that is too soft for the level of traffic, will create a bleeding 
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condition by asphalt squeezing to the surface under traffic 
compaction. Alternatively, an asphalt rate that is too low will 
result in excessive aggregate loss, leading to a black or appar
ently bleeding surface. Insufficient aggregate applied will also 
lead to a black-looking surface because of free asphalt left 
uncovered or not being absorbed by the stone cover. 

Fresh maintenance patches are a potential source of rich 
spots in a new seal. Seal or cold mix patches should not be 
placed less than 4 months ahead of the main seal. Fatty spots 
should be burned off and asphalt application rates reduced 
slightly over asphalt-rich surfaces. In reducing application 
rates, care must be taken to ensure minimum embedment of 
stones. 

For very viscous asphalt such as rubber asphalts, it is pos
sible to use higher rates of application without risk of bleeding. 
It is necessary to use the higher rate to improve stone retention 
because it is difficult to pump up sufficient asphalt around the 
stone during construction. 

Loss of Aggregate 

Insufficient asphalt application rate, or insufficient compaction, 
is a main cause of stone loss. Compaction should occur as close 
as possible to the aggregate spreader while the asphalt is in its 
most fluid state. This is particularly important for rubber 
asphalts the viscosity of which increases rapidly as it co.ols. 

Emulsified asphalt seals require three 12-tonne rubber-tired 
rollers. Rubber asphalt seals require four to six of them, or two 
vibratory rubber-covered steel drum rollers. Steel-wheel rollers 
without rubber covering cannot be used due to uneven contact 
with rutted and uneven surfaces. 'They also break the aggregate 
because of high-pressure contact. 

Rolling speed should not exceed 5 km/hr to ensure that 
stones are forced through the matrix of sand and asphalt. 
Aggregate application rate should be slow enough to enable at 
least three full coverages for emulsified asphalts and four for 
rubber asphalts. 

Traffic will aid compaction, provided that it is controlled to 
maintain a uniform speed without sudden turns. A pilot vehicle 
is required to achieve this for higher traffic volumes. Gravel 
trucks can also aid in the compaction process and should be 
directed to traverse the seal in a random manner. Truck drivers 
should be cautioned against turning on a new seal or making 
sudden starts and stops. Graded aggregate is more stable than 
one-sized chips, which turn over easily until the asphalt sets. 
Therefore, it is more important to control traffic on chip seals. 

If graded aggregate is applied too heavily, it will impede 
stone penetration during compaction. Moreover, the emulsified 
asphalt may not set due to lack of water evaporation, and traffic 
will rapidly abraid the surface. Damp, cool weather or rain on 
fresh seal will compound the problem and can lead to total loss 
of cover. In the event that the emulsion is slow to break, the 
rolling should be prolonged and traffic controlled until it has 
set. 

Dirty aggregates with clay coatings will not adhere to the 
asphalt even when well embedded. High float emulsions will 
cope with this problem to some extent because the moisture 
and solvent will lower the surface tension sufficiently to allow 
the asphalt to work through the coating onto the stone. Rubber 
asphalts will lose considerable stone if it is clay contaminated. 
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Brooming should be delayed as much as possible to allow 
the asphalt to harden and reduce the risk of sweeping out 
embedded stones. Controlled traffic will gradually kick aside 
loose aggregate while compacting the lower embedded layer. 
Graded aggregate on low-volume roads need not be broomed 
the day the seal is applied because there is some benefit in 
traffic compaction. On higher volume roads, flying stones 
cause too much damage to vehicles, and light brooming should 
be started as soon as possible. Usually this can be done within 4 
hr, depending on temperature and humidity. This is particularly 
true for chip seals, which are more open than graded aggregate 
seals and allow faster evaporation of moisture. Chip seals with 
rubber asphalt can usually be broomed in 4 hr with no danger 
of stone loss. 

Surface Breaks and Poor Adhesion to 
Road Surface 

Surface breaks can be minor, such as broom scars or aggregate 
deficiencies from blocked spreader openings, or they can be 
major, such as joints that do not abut or subsurface problems. 
Both types of surface breaks can cause potholes. 

Loose aggregate at poorly swept longitudinal joints prevents 
newly sprayed asphalt from bonding to the underlying surface, 
and the seal above breaks out. If this occurs on primed base or 
subgrade, potholes can develop at these spots. 

In poorly graded primed base courses, potholes will tend to 
occur because of instability in the aggregate. Potholes will also 
occur in sealed subgrade surfaces if they are constructed with 
shallow compaction planes, which develop alligator blocking. 

Washboard Ing 

Washboarding in seals is mainly a construction problem caused 
by an asphalt emulsion application rate that is too high. A large 
wave builds up in front of the aggregate application and over
rides the wave at regular intervals, as the wave increases in size 
and slows in forward movement. 

Transverse and Longitudinal Joint Defects 

Despite adequate documentation for transverse joint con
struction techniques, these joints tend to be poorly constructed 
due to double asphalt or seal application or lack of compaction 
(4). 

Double asphalt and seal application occurs as a result of not 
using tar paper for squaring off the seal and for starting off the 
next spray. Lack of compaction occurs while the spreader sits 
over freshly applied aggregate while there is a delay in asphalt 
supply. This is most critical should RS2K or rubber asphalt be 
used due to their rapid increase in viscosity. 

Longitudinal joints should be constructed by lightly broom
ing the centerline edge of the previously laid seal to remove all 
loose stones and sand. The distributor bar is then set to overlap 
the joint by approximately one-half the outside nozzle fan. Any 
aggregate sticking to the asphalt on top of the existing seal will 
tend to break away under traffic because its asphalt rate will be 
too low for proper adherence. 
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Before applying the asphalt, the longitudinal joint should be 
inspected to ensure that all loose aggregate is broomed away. 
Occasionally, if the aggregate is high in moisture, it will cake to 
the surface without there being any asphalt below. A seal 
applied over the caked material will break away because of 
lack of bond 

SEAL COAT PERFORMANCE 

Properly constructed seals on asphalt concrete wear well and 
last as long as the structure below it, or until a second seal is 
placed. Preventing moisture intrusion and keying fatigue 
blocks together ensures that the existing pavement maintains its 
structural support. 

Seals on granular bases will also perform well and last the 
life of the structure, provided that there is good initial bond to 
and stability in the material below. Where this does not occur, 
potholing will occur both in granular bases and subgrades. 
Double seals applied to primed granular bases are effective in 
minimizing the occurrence of potholes. The time interval 
between the first and second seal is used for making repairs to 
the surface and restoring rideability. 

Frost action in subgrades causes high deflections and will 
affect seal performance by causing fatigue blocking and shear
ing in sealed cold mix surfaces and sealed base courses. Timely 
maintenance with seal patches on sealed cold mixes will usu
ally contain the spread of fatigue blocking sufficiently to last a 
season after pavement surface deflections are reduced. Shear 
failures on granular bases are repaired and seal patched unless 
the condition is extensive and persistent, in which case the 
structure is strengthened by scarifying, adding additional base, 
and resealing. 

CONCLUSIONS 

The seal coat policy of Saskatchewan Highways and Transpor
tation has served well to defer the need for more costly 
rehabilitation by increasing the life of the various pavement 
surfaces maintained and thereby easing demands on cash flow. 

The use of high float emulsified asphalts in particular has 
allowed successful use of marginal and moist aggregates that 
have lower processing costs. The combination of graded aggre
gates and emulsified asphalts has allowed considerable varia
tion in spread rates and has resulted in acceptable seal coats 
with minimum design and supervision. 

Sufficient grades of high float emulsified asphalts has 
allowed their use over large traffic ranges. They are also less 
susceptible to bleeding than cutback asphalts. Their low vis
cosity and compatibility with moisture has resulted in more 
successful sealing in the cool fall weather. 

On higher class roads, rubber asphalt was found to be more 
beneficial than high float emulsified asphalts in keeping fatigue 
cracking sealed and in providing a higher quality surface by the 
use of one-sized aggregate. However, other economic and 
technical problems have curtailed its continued use in 
Saskatchewan. 

Stone loss from newly constructed seals is still a concern on 
higher class roads. In response to this concern, alternatives to 
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seal are actively being investigated by Saskatchewan Highways 
and Transportation. 
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Asphalt Composition Tests: Their 
Application and Relation to Field 
Performance 
J. L. GOODRICH, J.E. GOODRICH, AND w. J. KARI 

The application of chemical analysis to specific questions about 
asphalt and other tests to determine asphalt quality are dis
cussed. Asphalt chemistry is complex; even with the analytical 
tools available, it would be almost impossible to identify and 
quantify all the components of even a single asphalt. Asphalt 
has commonly been analyzed by separating it into fractions on 
the basis of solubility, absorption, or molecular size. The frac
tions obtained are operationally or procedurally defined. The 
chemistry of the fractions has been only broadly defined. These 
fractional separation tests may be useful In fingerprinting an 
asphalt or in following changes that may occur during the 
manufacture, hot-mix processing, or In-use life cycle of a single 
asphalt. They do not, however, unravel the chemical composi
tion of asphalt. Compositional tests based on fractional separa
tion have not correlated reliably with field performance, nor 
have ratios based on the fractions. Physical and rheological 
tests have been shown to correlate with road performance on 
numerous test roads. These performance-related tests remain 
the most reliable guide to asphalt quality. Construction prac
tices play a significant role In asphalt durability. High air void 
content has been shown to override any differences between 
asphalts. Asphalts from many sources perform well in roads. 
With this In mind, it appears unlikely that functional specifica
tions based on composition could be devised. The perfor-
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mance-related thin film ovens and viscometers, and possibly 
new performance-related physical tests, will continue to 
provide a reasonable way of describing asphalt quality without 
directly confronting the almost impossible task of describing a 
most complex chemical material. 

Crude oils are the remains of organisms that once inhabited the 
inland seas and coastal basins. They were buried in sediments 
before they were consumed by microorganisms and were trans
formed into crude oil by a process not yet understood (1). 
Because crude oil is derived from living organisms, the com
position of oil is complex. If the number of isomers of the 
noncyclic alkanes is calculated, for instance, the number of 
possible compounds is enormous (Table 1). 

The molecular weight range of asphalt is about 300 to 2,000; 
that would include molecules with about 24 to 150 carbons. 
Asphalt, of course, contains many classes of compounds, not 
just noncyclic alkanes. Each class of compound exists in 
asphalt in an immense number of possible isomers. Still, some 
useful asphalt chemistry is known, as shown by the following 
details: 

• Asphalt has a significant heteroatom content. This 
includes nitrogen, oxygen, sulfur, vanadium, nickel, and iron. 

• Heteroatoms play an important role in the physical proper
ties of an asphalt. The polar heteroatom-containing compounds 
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TABLE 1 NUMBER OF POSSIBLE ISOMERS OF 
NONCYCLIC ALKANES 

Carbon Molecular No. of Possible 
Number Weight Isomers 

Cl 16 1 
C4 58 2 
cs 72 5 
C7 100 9 
ClO 142 75 
C12 170 355 
C18 254 60,523 
C20 282 366,319 
C24-C150 

(asphalt) -300-2,000 > 10,000,000,000,000,000 

are capable of intermolecular associations affecting such physi
cal properties as boiling point, solubility, and viscosity. These 
polar compounds tend to be concentrated in the asphalt fraction 
of a crude oil. 

• The molecular weight of asphalt compounds ranges from 
about 300 to 2,000. Yet, as a result of molecular associations, 
asphalt behaves as if it had a much higher molecular weight. 

• Aging of an asphalt is associated with oxidation; an 
increase in the polar fractions on aging results, among other 
things, in increased asphalt viscosity. 

• The composition, rheology, and durability of an asphalt 
are unique to the crude blend from which the asphalt is refined. 
Yet asphalts from many sources have performed well in roads. 

Traditional asphalt compositional testing as well as recent 
significant studies of asphalt chemistry are reviewed. It is 
difficult to condense in a short discussion the numerous studies 
that have been conducted; undoubtedly many studies have been 
inadvertently overlooked. Still, it is the hope of the authors that 
this paper will be helpful in indicating those applications of 
chemistry in the study of asphalt that have made valuable 
contributions to the understanding of asphalt and those that 
have not. 

WHAT IS MEANT BY ASPHALT COMPOSITION? 

The quest for understanding the composition of asphalt extends 
back as far as available records allow. 

In California in the late 1800s, waxy cutbacks were sold in 
competition with asphalt for road oil. Composition then meant 
characterizing wax-the ductility on the residue of the 100 
penetration test (ASTM D 243) was used to separate waxy 
from nonwaxy cutbacks (2). 

In the 1800s there were those who were convinced that 
Trinidad (a "natural" asphalt) was the only good asphalt. 
California-refined asphalt was promoted as 100 percent bitu
men, whereas Trinidad was 35 to 50 percent filler and only 50 
to 65 percent bitumen. In 1900, composition meant ash content 
(3). 

For the past 30 years an asphalt-related study would not be 
complete without measuring the asphalt's composition, which 
meant separating asphalt into fractions and looking for correla-
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tions between the weight percent yields of those fractions and 
performance properties. This has allowed conceptualization 
and rationalization of 

• Refinery processes, 
• Differences between asphalts from different sources, 
• Oxidative hardening, 
• Temperature susceptibility, and 
• Asphalt recycling. 

Fractional separation, as discussed later in this paper, has not 
correlated consistently with field performance, and this may be 
the source of current frustration. Some believe that today's 
sophisticated analytical tools, computer-controlled instruments 
that work with milligrams of asphalt, should make the connec
tion between asphalt composition and performance properties. 
These instruments are being applied to asphalt research and 
well-defined field problems. Fundamental chemical explana
tions of asphalt aging, adhesion, structure, and rheology have 
been proposed. Yet the complex chemical mix of even a single 
asphalt may never be adequately described. 

With the knowledge that asphalts blended from hundreds of 
crude sources have been successfully used in pavement con
struction, it appears unlikely that functional specifications 
based on composition could be devised (4, 5). Thin-film ovens 
(TFOs) and viscometers and additional performance-related 
physical tests should continue to provide a reasonable way of 
describing asphalt quality without confronting directly the 
almost impossible task: of describing a most complex chemical 
material. 

WHAT TESTS HAVE BEEN USED TO ANALYZE 
ASPHALT COMPOSITION? 

Most of the analytical procedures used to study asphalt today 
are listed in detail in the Appendix. The tests may be arranged 
in six categories: 

1. Fractionation by precipitation: solvent precipitation, 
chemical precipitation. 

2. Fractionation by distillation: vacuum distillation, ther
mogravimetric analysis. 

3. Chromatographic separation: gas chromatography, 
inverse gas-liquid chromatography, liquid chromatography 
(adsorption, ion exchange, coordination, thin layer, size exclu
sion). 

4. Chemical analysis: spectrophotometric techniques 
(infrared, ultraviolet, nuclear magnetic resource, X-ray fluores
cence, emission, neutron activation), titrimetric and gravimet
ric techniques, elemental analysis. 

5. Molecular weight analysis by mass spectrometry, vapor 
pressure osmometry, and size exclusion chromatography. 

6. Indirect compositional analysis by internal dispersion sta
bility tests. 

Any of these methods may be in use in major asphalt research 
laboratories. However, for the past 30 years fractional separa
tion has been the basis for most asphalt composition analysis. 
The separation methods that have been used divide asphalt into 
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FIGURE 1 Chemical precipitation, ASTM D 2006: 
Rostler and Sternberg. 
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FIGURE 2 Solvent fractionation: 'Iraxler and Scbweyer. 

operationally defined fractions. Four types of asphalt separa
tion procedures are now in use: 

1. Chemical precipitation, developed by Rostler and 
Sternberg: n-Pentane separation of asphaltenes followed 
by chemical precipitation of other fractions with sulfuric 
acid of increasing concentration (ASTM D 2006) (6, 7). 
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2. Solvent fractionation, developed by Traxler and Sch
weyer (8): n-butanol separation of asphaltenes followed 
by dissolution of the n-butanol solubles in acetone. The 
acetone solution is chilled. forcing the precipitation of 
paraffinics from the cold acetone-soluble cyclics. 

3. Adsorption chromatography: 
a. Clay-gel procedure: n-Pentane separation of 

asphaltenes followed by selective adsorption and 
desorption on attapulgus clay and silica gel (ASTM D 
2007). 

b. Corbett procedure (9): n-Heptane separation of 
asphaltenes followed by adsorption on alumina and 
subsequent desorption with solvents of increasing 
polarity (ASTM D 4124). 

4. Size exclusion chromatography, applied by Altgelt (JO): 
Gel permeation chromatographic (GPC) separation of 
asphalt constituents based on their associated sizes in 
dilute solutions. Smaller molecular aggregations diffuse 
into and out of the porous media in the column. The 
smaller molecules thus move slowly __ through the column. 
Large structures cannot enter the pores and pass quickly 
through the column (ASTM D 359"3). 

The schemes and the names given to the separated fractions 
obtained from the four types of procedures are described in 
Figures 1-4. The first three separation methods involve pre
cipitating an asphaltene fraction by mixing a whole asphalt in a 
specific solvent. The solubles are theri separated on a least
polar to most-polar basis-through increasing reactivity with 
sulfuric acid (Rostler), solubility in specific solvents, or 
increasing absorption (Corbett, clay-gel) on specific media. 

The fractions obtained in these schemes are operationally or 
procedurally defined with only their deduced relationship to 
asphalt. The amount and type of asphaltenes in an asphalt are, 
for instance, defined by the solvent used for precipitating them. 
Fractional separation of asphalt does not provide well-defined 
chemical components. The materials separated can only be 
defined in terms of the particular test procedure. The chemistry 
of the fractions has been only broadly defined (6, 11, 12). 

The weight percents of D 2006, D 2007, and D 4124 frac-
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FIGURE 3 Adsorption/desorption chromatography. 
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FIGURE 4 Size-exclusion chromatography: gel 
permeation chromatography. 

Packed 

tions measured for two asphalts are compared in Figures 5 and 
6. The asphaltene fractions are procedurally defined: the D 
4124 procedure defines the asphaltenes as n-heptane isolubles, 
whereas the other two procedures define them as n-pentane 
insolubles. The fraction sizes of the saturates and paraffins are 
similar. The saturates neither react with sulfuric acid nor adsorb 
on either the clay-silica gel or alumina columns. The middle 
fractions are unique to each method, as are the names given to 
each fraction. It might be implied that a named fraction, such as 
the "2nd acidaffin," is a uniform material. Yet by another 
method the same fraction is shown to contain aromatics and 
polars, still other procedurally defined terms. Some have 
attempted to correlate the fractions of one method with those of 
another (13). This may be a statistical possibility but it is not a 
chemical reality. Although the saturates and asphaltenes from 
D 2006 and D 2007 should correlate, the middle fractions are 
unique. The authors find that even the statistical correlation of 
the middle fractions is highly dependent on the set of asphalts. 
[The same asphalt-dependent correlation is found between D 
2007 fractions and high-pressure gel permeation chromatogra-

Froct1onot1on Procedure 
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phy (HP-GPC) parameters.] This is simply a misuse of statisti
cal mathematics. 

In size exclusion chromatography (GPC, HP-GPC) asphalt is 
separated on the basis of the apparent size (hydrodynamic 
volume) of molecules and molecular aggregations and associa
tions in dilute solutions (14). Interpretation of a GPC chromato
gram is tricky. The chromatogram defines the molecular size 
profile of an asphalt, but what the profile represents is influ
enced by several factors: 

1. The extent to which molecular associations form depends 
on several variables, including the solvent and solution con
centration (15, 16), the solution temperature (17), the age of the 
solution--(18), and the unique molecular mix originating from 
the crude. The influence of the history of the sample on 
molecular associations is shown in Figure 7, in which the 
chromatogram of the original asphalt as well as the chromato
grams of D 2007 fractions obtained from the original asphalt 
are compared. It may be noted that the short-retention-time 
(larger-molecular-size) material apparent in the D 2007 frac-

- lions is not seen in the original asphalt. Apparently the D 2007 
procedure forces molecular associations that are not dissociated 
by the tetrahydrofuran (THF) solvent used in the HP-GPC. The 
reconstructed chromatogram (based on the sum of the D 2007 
fraction chromatograms) is decidedly different from the origi
nal asphalt chromatogram. 

2. Condensed aromatic or polar molecules may have a 
smaller hydrodynamic volume than saturated hydrocarbons of 
equivalent molecular mass (19). Thus high-molecular-weight 
polar compounds may elute at the same time as low-molecular
weight saturates. 

3. The response of the detector to the compounds being 
eluted from the column depends on the detector type [refractive 
index (RI) detectors are biased in favor of compounds with Ris 
quite different from the solvent]. Thus condensed, polar mole
cules with Rls of 1.65 or more are detected in THF (RI of 1.4) 
more easily than paraffinic molecules with Ris of 1.5 or less 
(19). 
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4. Adsorption of certain compounds on the column may 
influence the order in which they are eluted from the column. 

5. The selection of GPC columns (or sieve sizes) may have 
a large effect on the apparent separation. 

VALUE OF ASPHALT COMPOSITIONAL ANALYSIS 
BY FRACTIONAL SEPARATION TECHNIQUES 

As stated earlier, commonly used methods for fractional sepa
ration of asphalt do not provide well-defined chemical separa
tions. The materials separated can only be defined in terms of 
the particular test procedure. This does not mean that the 
separations are of little value. A discussion of the utility of the 
separations in understanding asphalt processing and rheology 
and durability follows. It will also be shown that the separa
tions have not proved to be reliable predictors of asphalt perfor
mance on test roads. 

Attempts to define asphalt GPC fractions as large, medium, or 
small molecular size (15, 20) (LMS, MMS, and SMS, respec
tively) based on calibration with polystyrene standards are 
dependent on the particular GPC columns (17) and may be 
technically misleading. The GPC measures the size of molecu
lar associations of asphalt components, not the true molecular 
size. 
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FIGURE 8 Two-stage crude unit. 

The Value of Fractional Separation Tests In Asphalt 
Refining 

Fractional separation analysis allows conceptualization of 
changes occurring when a crude is refined into asphalt. Corbett 
has written several papers (21-23) in which he describes refin
ery processes in tenilS of changes in crude and asphalt com
position. 

Asphalt refining is based on another type of fractional sepa
ration: distillation. The conventional vacuum distillation pro
cess for the manufacture of asphalt is shown in Figure 8. 
Distillation separates petroleum components on the basis of 
vapor pressure, which in turn is related to chemistry. Saturates, 
monoaromatics, and diaromatics predominate in lower boiling 
fractions, and polycyclic aromatics and more polar compounds 
are concentrated in the higher boiling fractions and asphaltic 
residues. Asphalt yield is dependent on the crude source (Table 
2). Figure 9 shows that an Alaskan North Slope gas oil (boiling 
range 850 to l,000°F) contains saturates and aromatics pre
dominantly, whereas the North Slope residue (boiling range 
l,000+0 F) is largely composed of polar and asphaltene compo-

TABLE 2 ASPHALT YIELD 

Crude 

Nigerian Light 
Arabian Light 
North Slope 
Arabian Heavy 
L.A. Basin 
California Valley 
California Coastal 
Bos can 

Approximate Yield of 
100 Penetration 
Asphalt(%) 

7 
14 
21 
31 
44 
55 
65 
79 

151 

100 

80 
;!' 

i 
c 60 
.2 
u 
~ ... ... 40 

0 
0 
N 

c 
20 

Asphallenes 
0 

Gas Oil 
Dlslillale 

Bolling Point Range, "F 

Vicoslly al 212"F, cSI 

Component Analysis 
(ASTM D 2007), WI % 

Saturates 
Aromatics 
Polars 
Asphallenes 
Recovery 

Vacuum 
Resid 

Gas Oil 
Distillate 

850-1000 

14 

41 .9 
45.8 
12.2 

0 
99.9 

Vacuum 
Resld 

1000• 

1320 

13.2 
28.5 
44.8 
13.3 
99.8 

FIGURE 9 Distillation fraction versus composition: D 2007 
analysis of North Slope fractions. 

nents. It should be noted that Boduszynski (24) reported that 
the composition of individual fractions (e.g., polars or satu
rates) changes with boiling point. Thus the vacuum gas oil 
aromatics, for example, contain different chemical compounds 
from those obtained from aromatics separated from the same 
crude's asphaltic residue. 

The fractional composition data allow graphic presentation 
of asphalt manufacture. Consider a high-asphaltene crude 
(Boscan) versus a low-asphaltene crude (California Valley). 
The triangular plot in Figure 10 indicates that 

• The compositions of the two crudes are quite different; 
• It takes less distillation to bring the Boscan crude into an 

AC-20 specification than it does to distill the California Valley 
crude to the same AC-20 specification; and 

• Saturates, aromatics, and some polars are removed in the 
process of distillation. 

The Boscan type of crude yields asphalts with paving-grade 
viscosities at a moderately low true boiling point (TBP) with 
some processing methods. As a result, they may contain higher 
concentrations of more volatile components. This may result in 
high TFO weight loss and makes it desirable to blend them 
with the California Valley type of crude to meet asphalt weight 
loss specifications. In spite of the differences, durable roads 
have been constructed with both California Valley and Boscan 
asphalts. 

Composition (fractional separation) tests may be used to 
assist asphalt research and process design. However, day-to
day refinery decisions to assure asphalt quality are based on 
blending and processing models, which in turn are based on 
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Saturates + Polars 
Aromatics --------------------------

'Composition by Clay Gel D 2007 

FIGURE 10 Compositional changes {determined by clay-gel D 2007) In asphalts 
due to distillation. 

extensive physical and rheological data on asphalts manufac
tured from individual crudes. 

The asphalts plotted in the upper left have a desirable combina
tion of properties: fiat viscosity-temperature slopes and low 
RTFC viscosity ratios. It is apparent that many crudes make 
asphalts that have the desirable combination of fiat viscosity
temperature slope and low age hardening. Blending crudes to 
make asphalts that have better properties than could be 
obtained from a single crude is routine refinery management 
practice. Temperature susceptibility and viscosity ratio are but 
a few of the rheological properties considered when asphalts 
are processed from a crude. Feed stocks are selected so that the 
best quality asphalt is produced from the available crudes. 

Age hardening and temperature susceptibility, two perfor
mance-related properties, are plotted for AC-20s made from 
single crudes in Figure 11. The 80 crudes shown in the plot are 
representative of the world's asphaltic crude resources. The 
crudes plotted at the lower left exhibit low hardening as deter
mined by the low-rolling thin-fihn (circulating) (RTFC) oven 
test (ASTM D 2872), but have steep viscosity-temperature 
slopes. Those asphalts plotted at the upper right have fiat 
viscosity-temperature slopes but high RTFC viscosity ratios. 
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FIGURE 11 Asphalt properties from single crudes (original viscosities at 
140°F = 2000 poise). 
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Asphaltenes 

"Core'" = Composition ol Asphalt 
Extracted lrom Hot Mix 

"Oven'" = Composition ol Aaphalt 
Extracted lrom Core Atter 
120 Days at 140'F 

AC-20 
Asphalt 

'"b'" 

AC-20 
Asphalt 

Saturates + Polars 
Aromatics ---------------------------

'Composition by ASTM D 2007 

FIGURE 12 Compositional changes (determined by ASTM D 2007) in asphalts 
due to distillation and aging. 

The Value of Fractional Separation Tests in Studying 
Asphalt Rheology and Aging 

Each crude or crude blend has a unique composition. The 
physicochemical associations of asphalt manufactured from a 
crude result in characteristic rheology not predictable by com
position alone (25-28). Note that in Figure 12 points a and b 
are of similar composition. Point a represents unaged Venezue
lan (Boscan) asphalt; point b is a California Valley asphalt 
extracted from a laboratory-aged core. Figure 13 shows that 
although these asphalts have a similar composition, their physi
cal properties are very different. 

Comparing aged and unaged asphalts may not be valid. 
Nevertheless, examples are available in the test road literature 

D Boscan AC-20 

of asphalts with similar compositions and histories but different 
performance characteristics. This will be discussed later in this 
paper. 

The authors have looked for compositional parameters that 
would explain asphalt rheology (temperature susceptibility) 
and aging. Tables 3, 4, and 5 represent data on 15 asphalts 
manufactured from single crudes (domestic and foreign). The 
physical properties of the asphalts are given in Table 3, the HP
GPC data are shown in Table 4, and the elemental analyses of 
the asphalts are given in Table 5. In addition, 

• The profile of temperature susceptibility [penetration vis
cosity number (PVN)] versus viscosity ratio of the 15 asphalts 

1ZJ Calllornl11 Valley AC-20 
Extracted from Core Alter 120 Days at 140'F 
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FIGURE 13 Asphalts with similar compositions but different properties. 
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TABLE3 PHYSICAL PROPERTIES OF IS ASPHALTS MANUFACTURED FROM SINGLE CRUDES 

Orisinal As11halt Proe:rties RTFC-Ai;ed Pro11erties Temperature Susceetibili~ Parameters 

Penetration VIxcolit,r Penetration Viscosi!l'. Weight Penetra- PVN by Temperalllre 

39.2°F 77°F 140"F 275°F 39.2°F 77°F 140"F 
Asphalt (dmm) (dmm) (poise) (cSt) (dmm) (dmm) (poise) 

I 30 78 2001 22 48 5794 
2 29 82 2107 465 23 55 3840 
3 59 4992 9093 
4 32 84 2451 496 50 7151 
5 10 32 3268 308 6000 
6 11 54 1846 51 3969 
7 92 1658 NA 7642 
8 13 54 2011 383 10 41 3121 
9 61 3292 8145 

10 42 3690 9900 
11 105 777 1712 
12 4 31 2858 253 3 24 4562 
13 13 43 2110 267 13 43 3320 
14 31 86 2074 412 21 48 9642 
15 31 91 2000 468 3819 

Note; PVN = penetration viscosity number. Dashes indicate no data. 

is plotted in Figure 14; note that the 15 asphalts were selected to 
represent the spectrum of available asphalts (see Figure 11). 

• Correlations between the asphalt elemental content and 
temperature susceptibility versus viscosity ratio were studied 
[Figure 15 (vanadium) and Figure 16 (sulfur) are examples in 
which the elemental data given in Table 5 are superimposed on 
the plot of temperature susceptibility versus viscosity ratio.] It 
may be seen, for instance, that asphalts with higher sulfur 
content tend to be less temperature-susceptible. The influence 
of each of the many elements found in asphalt on asphalt 
rheology and aging has not been defined. Some of the elements 
may have a causative effect on an asphalt's properties and 

275°F Viscosity Loss ti on Ran11e 

(cSt) Ratio (%) Index 77°-140°F 77°-275°F 

2.90 5.09 --0.43 
60H 1.82 0.34 4.52 --0.30 0.17 

1.82 0.06 
840 2.92 0.34 5.02 --0.10 0.68 

1.84 3.62 -1.22 
2.15 1.34 -1.06 
4.61 --0.36 

459 1.55 --0.11 2.15 --0.98 --0.69 
2.47 --0.31 
2.68 --0.74 
2.20 --0.96 

320 1.60 --0.02 --0.38 -1.38 -1.64 
340 1.57 --0.07 3.29 -1.24 -1.29 
745 4.65 o.oi 4.71 --0.24 0.53 
603 1.91 4.19 --0.18 0.29 

performance, whereas other elements may be merely associa
tive factors. 

• Figure 17 gives the HP-GPC profiles of the 15 asphalts. No 
single chromatogram distribution corresponds to a particular 
profile of temperature susceptibility versus viscosity ratio. 
Multiple regression analysis of the HP-GPC data (Table 6) 
indicates a weak correlation (? = 0.80) of HP-GPC parameters 
(LMS, SMS, weight average molecular weight, and dispersity) 
with temperature susceptibility. The RTFC viscosity ratio was 
more weakly correlated (r2 = 0.64) with HP-GPC parameters 
(weight average molecular weight and dispersity). 

The physical measurements of the performance-correlated 

TABLE 4 HIGH-PRESSURE GEL PREPARATION CHROMATOGRAPHIC ANALYSIS OF 15 ASPHALTS MANUFACTURED 
FROM SINGLE CRUDES 

Retention Slice Area Number Weight Viscosity Chromatogram Area Within 

Time at at Peak Average Average Average Specific Retention Times (%) 

Asphalt Peak (min) (OOOs) MW• MW" MW" Dispersityb LMSC MMSC SMSC 

1 29.8 94.0 589 1871 1870 3.175 16.86 54.88 28.26 
2 29.8 101.7 545 1253 1252 2.300 10.38 59.54 30.08 
3 29.8 94.8 547 1393 1393 2.548 12.77 57.37 29.87 
4 30.3 74.5 476 1475 1475 3.099 15.27 48.86 35.87 
5 30.5 95.8 422 935 935 2.215 5.88 50.80 43.32 
6 30.8 94.6 431 920 919 2.132 6.01 49.85 44.14 
7 31.0 75.5 396 1214 1213 3.064 11.42 44.15 44.43 
8 29.5 123.9 583 1067 1067 1.830 5.35 67.44 27.21 
9 29.8 93.6 55~ 1401 1400 2.526 13.22 57.38 29.40 

10 30.0 84.1 518 1600 1600 3.092 15.66 51.60 32.73 
11 29.8 102.7 494 1070 1070 2.168 7.30 58.51 34.19 
12 31.3 91.7 359 770 770 2.146 4.11 42.89 53.00 
13 31.0 96.3 406 820 820 2.018 4.09 47.70 48.21 
14 30.5 88.7 434 1082 1082 2.495 8.77 50.84 40.39 
15 29.5 99.2 553 1363 1363 2.464 11.93 59.67 28.40 

11n1esc are calibrated polystyrene equivalent molecular weights, not true molecular wcighls. 
bDispersion is the weight average MW dividl:d by lhe number average MW and is related to the breadth of the HP-GPC chromatogram. A low dispersion indicates 
lhat lhe asphalt's cluomatogram has a narrow range of polystyrene equivalen weight. 
"Th~se parameters arc computed from the .f:IP·GPC chromnlogrnm [rcu:nlion time versus dctc.etor response). The area under the chrematognun between 24.04 and 
34.29 min retention Lime I~ defined AS 100 ~r<:c.nt. LMS (lnrge mnl=ilar ~ i7-") I~ lhe f'C'Cl".nl of the nrcn uncleT lhcl HP-<1PC c:hrnm~lr i:rnm wi1hin 24,04 
27.29 min retention time. MMS {medium molecular size) is the percent of the area under the HP-GPC chromatogram within 27.54 and 30.79 min retention time. 
SMS (small molecular size) is the percent of the area under the HP-GPC chromatogram within 31.04 and 34.29 min retention time. 
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TABLES ELEMENTAL ANALYSIS OF 15 ASPHALTS MANUFACnJRED FROM SINGLE CRUDES 

Ni v Fe Mn Ca Mg Na 0 N s c H Atomic 
Asphalt (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (wt%) (wt%) (wt%) (wt%) (wt%) H/C 

1 21 63 39 0.2 7 6 25 0.73 0.20 3.4 81.23 9.78 1.43 
2 55 102 22 0.3 39 34 159 0.37 0.38 5.3 82.21 10.16 1.47 
3 42 154 141 1.5 5 7 69 0.54 0.39 5.4 82.63 10.Dl 1.44 
4 133 1590 56 1.3 311 5 42 0.75 0.72 5.9 80.70 9.99 1.47 
5 130 104 84 0.8 335 4 14 0.94 1.22 1.6 84.27 10.41 1.47 
6 123 97 147 1.2 106 19 75 0.93 0.93 1.5 83.17 9.93 1.42 
7 139 284 52 1.0 230 26 67 1.01 0.93 5.2 80.18 10.10 1.50 
8 10 7 100 3.2 13 8 78 0.64 0.44 0.9 85.98 10.85 1.50 
9 39 118 5 0.1 171 2 10 0.61 0.36 5.9 82.22 9.88 1.43 

10 138 369 7 0.1 28 11 118 0.67 1.04 6.6 80.46 10.11 1.50 
11 87 281 15 0.2 1 1 6 0.52 0.62 3.5 83.61 10.44 1.49 
12 113 151 113 3.7 190 113 108 1.03 1.21 1.5 84.08 10.37 1.47 
13 112 19 146 1.9 129 134 97 0.94 0.98 0.9 85.17 10.81 1.51 
14 91 463 24 0.3 9 6 30 0.48 0.55 4.5 82.43 10.12 1.46 
15 13 15 49 0.4 189 10 40 0.44 0.20 4.2 82.94 10.13 1.45 

Note: Metals by inductively coupled plasma atomic absorption; C, H, N by Carlo Erbe; S by Leco; and 0 by neutron activation. 

parameters (temperature susceptibility and viscosity ratio) of 
asphalt are not easily explained by data on fractional composi
tion. elemental content, or HP-GPC measurements. 

The Value of Fractional Separatlon·Tests in Predicting 
Field Performance 

Since the 1950s many studies have been conducted on the 
correlation between asphalt composition and laboratory 
durability tests, as well as on the correlation between composi
tion and field performance data. 

Rostler developed his durability ratio based on extensive 
pellet abrasion testing (6, 7, 29). He found that the abrasion of 
aged asphalts was related to the ratio of the most reactive D 
2006 fractions to the least reactive fractions: 

0.4 

---------; - ------! 

"\+-- ----- Asph all ldenlilicalion Numbe•----t 
(See Tables 2, 3, and 4) 

-1.6 ,__ ___ --!------+---------------; 

-2.01 
3 

Viscosily Ralio (RTFC, Vis. at 140°F) 

FIGURE 14 Asphalt properties from single crudes: PVN 
versus viscosity ratio for asphalt crude source. 

5 

Rostler durability ratio = (nitrogen bases + 1st acidaffins)/ 
(paraffins + 2nd acidaffins) 

Failure to consider the asphaltene fraction in the ratio limited 
the correlation of the ratio with field data. Gotolski proposed an 
alternative ratio that included the asphaltenes: 

Gotolski ratio = (nitrogen bases + 1st acidaffins 
+ 2nd acidaffins)/(paraffins + asphaltenes) 

The physi~al properties of three asphalts, their D 2006 frac
tional composition, as well as the calculated Rostler and 
Gotolski ratios are given in Figure 18. In this example the 
Gotolski ratio correlated well with changes in asphalt proper
ties after either RTFC or field aging (31); the Rostler ratio did 
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FIGURE 16 Asphalt properties from single crudes: PVN and 
viscosity ratio versus sulfur concentration In weight percent. 

not. In other studies neither the Gotolski nor the Rostler ratio 
correlated with performance. 

The authors have attempted to evaluate the value of asphalt 
compositional data as predictors of road performance by 
reviewing test road studies that included asphalt composition 
analysis along with rheology, durability, and road performance 
data. Various fractional separation procedures were used in the 
12 studies reviewed (Table 7). A summary of the authors' 

TRANSPORTATION RESEARCH RECORD 1096 

Asphalt 1 Asphalt 2 Asphalt 3 

000 f Asphalt 4 Asphalt 5 Asphalt 6 

lG USJ L6J 
Qi Asphalt 7 Asphalt 8 Asphalt 9 

H~0W 
cc Asphalt 1 O Asphalt 11 Asphalt 12 

0GLEJ 
Asphalt 13 Asphalt 14 Asphalt 15 

Retention Time -

•Reier to Data in Table 3 

FIGURE 17 HP-GPC chromatograms or 15 asphalts 
manufactured from single crudes (Table 4). 

TABLE6 MULTIPLE REGRESSION ANALYSIS: STATISTICAL CORRELATIONS BE1WEEN HP-GPC PARAMETERS AND 
PHYSICAL PROPERTIES 

Dependent Regression Coefficient 

Variable Independent Variable Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 

Correlations Between HP-GPC Parameters and Ln (RTFC Viscosity Ratio)" 

Ln (RTFC LMS 0.0017 --0.0227 0.0687 0.0200 0.0658 
viscosity Weight average MW -0.0003 --0.0003 -0.0007 0.0002 
ratio) Dispersity 0.4144 0.4085 0.4638 0.2602 

Retention time at peak 0.2747 
Intercept -0.3302 --0.3119 --0.5606 -0.2809 0.5767 0.1705 0.2940 0.0893 
Correlation, r 0.802 0.802 0.792 0.745 0.674 0.565 0.462 0.451 
r2 0.644 0.644 0.627 0.555 0.454 0.319 0.213 0.203 

Correlations Between HP-GPC Parameters and PVN (25-60°C) 

PVN of LMS 0.2187 0.2875 0.1247 0.1208 0.0723 0.0757 0.0846 
original SMS -0.0464 -0.001 -0.0116 
asphalt Weight average MW -0.0032 --0.0019 0.0009 
(25-60°C) Dispersity 0.3129 --0.8034 --0.4356 --0.4052 0.1725 

Retention time at peak --0.1269 
Intercept 2.0114 0.8744 --0.7811 -0.7796 -0.9164 2.4531 -1.4678 -2.1542 
Correlation, r 0.895 0.863 0.813 0.813 0.810 0.805 0.795 0.727 
r2 0.800 0.745 0.661 0.661 0.655 0.648 0.631 0.529 

Note: LMS = large moleculw size; SMS = small molecular size; and MW = molecular weigh!. 

"ASTM D 2873. 
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FIGURE 18 Composition of California asphalts: fractional· 
analysis by D 2006 (Rostler). 

interpretation of the data from these test roads is given in 
Figure 19. 

There are cases in which similarly performing asphalts 
(based on road rating and rheology changes) have different 
compositions. For example, in the 1976 Pennsylvania test road 
study (32, 33) performance rating (10 = bad; 40 = perfect) and 
composition were as follows: 

Asphalt 

T-2 T-6 

Perfonnance rating 29.4 31.7 
D 2006 composition (wt %) 
Asphaltenes 22.4 10.4 
Nitrogen bases 17.4 25.8 
First acidaffins 24.4 19.1 
Second acidaffins 24.4 25.3 
Paraffins 11.3 19.3 

In the 1954-1959 Texas test road study (34, 35), roads with 
similar performance rating (1 = good; 4 = bad, replaced) had 
different compositions: 

Performance rating 
Traxler composition (wt%) 
Asphaltenes 
Cyclics 
Paraffinics 

Asphalt 

B-343 

37 
18 
45 

B-344 

51 
11 
38 

And in the 1963-1966 Texas road study (19), although Asphalts 
8-3 and 6-14 were rated excellent, the gas chromatograms of 
these asphalts are distinctly different (See Figure 20A). 

TABLE 7 TEST ROAD STUDIES 

Asphalt Study 

Michigan test roads (1954) (108-112) 
Texas test roads (1954-1959) (34, 35) 
Zaca-Wigmore test road (1954-1955) (4, 49, 

50, 54, 113-119) 
Pennsylvania test roads (1961-1976) (32, 33, 

120) 
European test roads (1963-1966) (121, 122) 
Texas test roads (1963-1966) (19) 
California test roads (1964-1973) (37-39) 
Australian test roads (1966-1976) (90, 123, 

124) 
California asphalt durability study (1974-

1980) (31, JOO, 125) 
Hot-mix recycling agent study (1976-1980) 
(12, 41-44, 68) 

Montana asphalt study (1977) (15, 36, 126, 
127) 

South African study (1984) (1 J) 

Separation 
Procedure 

Corbett 
Traxler 

D 2006 

D 2006 

157 

Modified Corbett 
HP-GPC 
D 2006 

-· 
D 2006 
D 2006 and 
D 2007 

HP-GPC 
HPLC, HP-GPC 

Note: HP-GPC = high pressure gel permeation chromatography; HPLC = 
high pressure liquid chromatography. 

"None; IR analysis used. 

There are also examples in which asphalts with similar 
composition performed differently. For example, in the Texas 
1954-1959 test road study (34, 35), roads with different perfor
mance rating (1 = good; 4 = bad, replaced) had similar com
positions: 

Perfonnance rating 
Traxler composition (wt%) 

Asphaltenes 
Cyclics 
Paraffinics 

Asphalt 

B-345 

4 

36 
23 
41 

B-350 

35 
22 
43 

In the 1963-1966 Texas test road study (19), Asphalt 3-9 was 
rated very good, and Asphalt 11-10 was rated fair, although the 
gel permeation chromatography (GPC) data are quite similar 
(see Figure 20B). 

And in the 1977 Montana Study (36) (see Figure 21), the 
GPC chromatograms are quite similar for three asphalts 
recovered from roads with ratings of good, fair, and bad 
(Rocky Canyon. Superior East, and Alberton East, respec
tively). 

The authors and others have found that the hardening of 
asphalt is a function of time, temperature, asphalt content, 
voids content, aggregate porosity, and asphalt film thickness, as 
well as type of asphalt. Many studies indicate the overriding 
effect that high air void content has on the durability of an 
asphalt. 

In the following two examples the performance rating of the 
test roads correlated well with the pavement air voids, not with 
the asphalt composition. 

In the 1964-1973 California test road study (37-39), asphalts 
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Performance Found Related to 

Construction Physical Asphalt 
Variables? Tests? Composition? 

Michigan Test Road (1954) Yes Poor 

Texas Test Roads (1954-1959) No No 

Zaca-Wigmore (1954-1955) Yes Yes Yes 

Pennsylvania Test Roads (1961-62, 1976) Yes Yes No 

Texas Test Roads (1963-1966) Yes Poor 

California Test Roads (1964-1973) Yes Yes Poor 

Australian Test Roads (1966-1976) Yes Yes Yes 

California Durability Study (1974-1980) Yes Yes Some 

Recycling Agent Study (1979-1980) Yes Some 

Montana Asphalt Study (- 1977) Yes Some 

South African Study (- 1984) Yes So.me 

FIGURE 19 Studies relating asphalt composition to road performance. 

(all from the same supplier with the same specifications) 
showed the following performance and composition: 

Asphalt 

Ml Ll Fl 

Performance rating 
(Viscosity of the 50-month-
aged asphalt/original 
viscosity at 140°F) 31.8 12.4 5.9 

Voids(%) 10.3 6.4 7.0 
D 2006 composition (wt %) 
Asphaltenes 22.8 22.9 23.4 
Nitrogen bases 31.2 31.7 31.5 
First acidaffins 18.7 17.9 19.4 
Second acidaffins 18.5 18.0 17.5 
Paraffins 8.8 9.5 8.2 

And in the 1976 Pennsylvania test road study (32, 33), perfor
mance rating (1 = worst; 4 = best) and composition were as 
follows: 

Asphalt 1 Asphalt 2 

Performance rating 1 4 
Voids after 100 months (%) 10.8 6.5 
D 2006 composition (wt %) 
Asphaltenes 19.3 22.2 
Nitrogen bases 23.l 26.4 
First acidaffins 5.9 8.4 
Second acidaffins 38.4 31.2 
Paraffins 13.3 11.8 

Anderson (25) found that the data from a 1978 asphalt set 
showed that the Rostler and Gotolski ratios had increased 
during the period 1950 to 1980. [The 1984 NCHRP Report 1-20 
(40), in ·which asphalts from the same period were studied, 
found that no significant changes in asphalt composition had 
occurred with time.] Anderson concluded that "both high and 
low Rostler parameters and high Gotolski parameters in the 
1978 PSU [Pennsylvania State University] samples indicate the 
presence of asphalt with potentially poor performance." 

The field data do not support the premise that either the 
Rostler or the Gotolski ratio can be used to reliably predict 
pavement performance. 

How have the compositional tests or ratios stacked up 

against rheological and aging tests or field variables as predic
tors of road performance? Rheological and aging tests corre
lated well. There was no case in which compositional (frac
tional separation or GPC) test data added to what was already 
learned from physical (rheology and aging) tests. 

The Value of Fractional Separation Tests in Studying 
Asphalt Recycling 

The West Coast User-Producer study of 33 hot-mix recycling 
agents correlated the saturate (D 2006) content in the recycling 
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FIGURE 21 HP-GPC chromatograms of asphalts recovered from aged 
roads (36). 

agent with the viscosity ratio and RTFC ductility of the 
recycled asphalt. A maximum saturate content of 30 percent 
was recommended to exclude the use of, for instance, 
reclaimed motor oil (41). 

Fractional separation analysis of aged asphalts has been 
useful in conceptualizing the types of recycling agent that 
might be used in hot-mix recycling. The final test, however, is 
determining whether the reconstituted asphalt meets appropri
ate specifications for paving asphalt physical properties 
(12, 42-44). 

CHEMICAL ANALYSIS OF ASPHALT 

The focus in this paper has been on the fractional separation 
techniques, because they have received great attention during 
the past 30 years. The traditional asphalt separation tests, in 
fact, have not provided specific chemical composition data. 
Many significant asphalt studies have included detailed chemi
cal analyses that have expanded the understanding of asphalt 
chemistry, structure, interactions, and other specific problems. 

The application of chemical analysis to specific questions 
about asphalt (e.g., oxidative hardening, recycling, structure, 
asphalt-aggregate interactions, and safety) has unquestionable 
value. Continued research along these lines should be sup
ported. 

The following sections give examples of valuable uses of 
chemical and compositional analysis of asphalt. Some of the 
work is still theoretical. 

Importance of Heteroatoms 

Asphalt typically contains oxygen ( <2 percent), nitrogen ( <2 
percent), and sulfur ( <7 percent), as can be measured by many 
methods of elemental analysis (45-47). The heteroatom con
tent tends to increase with increasing boiling point within an 
asphalt residue. The heteroatom content of a typical asphalt is 
significant, especially when considered on the molecular level. 

For example, if the mean molecular mass of the asphaltene 
fraction is 1,000, then the following levels of heteroatoms 
would result in one heteroatom per molecule in the n-pentane 
asphaltene fraction: 

• Oxygen, 1.6 percent; 
• Nitrogen, 1.4 percent; 
• Sulfur, 3.2 percent. 

These levels of heteroatoms are commonly found in whole 
asphalts and are typically exceeded in the asphaltene fractions. 
The heteroatom content seems to vary more than the hydrogen/ 
carbon (H/C) ratio of the asphaltene fraction from different 
crudes ( 48). 

Petersen and others at the Western Research Institute 
developed quantitative infrared techniques to identify six major 
types of heteroatom compounds in asphalt: carboxylic acids, 
2-quinolones, phenols, pyrroles, amides, and pyridines. In 
addition Petersen studied the formation of oxygen-containing 
functional groups in asphalts during aging by using infrared 
spectroscopy. Ketones, anhydrides, carboxylic acids, and sulf
oxides were all formed (4, 46, 49-53). 

Using asphalts from the Zaca-Wigmore test road, Petersen 
and Davis (54) studied the mechanism of oxidative aging. The 
analytical technique used was inverse gas-liquid chromatogra
phy. Asphalt was coated onto the Teflon column packing 
media. The asphalt was oxidized in the gas chromatography 
(GC) column. The interaction (retention time) of phenol and 
the polar compounds resulting from oxidative aging showed an 
excellent correlation with road performance. 

Many investigators have also measured the trace metal con
tent of asphalts (35, 55-57). The catalytic behavior of vana
dium has prompted studies of the relation between vanadium 
content and an asphalt's sensitivity to oxidation (viscosity 
ratio). The authors' data do not indicate a good correlation 
between vanadium content (7 to 1,590 ppm) and RTFC vis
cosity ratio. Table 5 lists the metal content (measured by 
inductively coupled plasma atomic absorption) of 15 asphalts 
manufactured from worldwide crudes; note the wide range. 
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The significance of metals in the behavior of asphalts is not yet 
well understood or defined. 

Molecular Weight 

Recent research in molecular weight determination has 
changed the previous concepts of the structure of asphalt. 
Asphaltenes have been defined as the fraction of asphalt that is 
insoluble in a defined hydrocarbon, such as n-heptane. The 
precipitate is a brown or black powder. Did these asphaltenes 
exist as such in asphalt [the colloidal theory of asphalt (58)]? 
Research by Altgelt, Boduszynski, Speight, Winniford and 
Yen, to mention a few, have addressed the question. 

Molecular weight estimates for. asphaltene fractions using 
gel permeation chromatography (GPC) and vapor pressure 
osmometry (VPO) ranged in excess of 20,000. These studies 
led to a model for asphalt in which different crudes yielded (a) 
asphaltenes of different sizes and (b) maltenes of different 
viscosities. It was suggested that Boscan was composed of 
high-molecular-weight asphaltenes and low-viscosity maltenes, 
whereas California Valley asphalts had low-molecular-weight 
asphaltenes in viscous maltenes (59). 

Using state-of-the-art field ionization mass spectrometry 
(FIMS), Bodusynski showed that the mean mass of the n-pen
tane asphaltene fractions was about 900, with little over 2,000 
( 46, 60, 61). Further, he found that asphaltenes had the smallest 
average molar mass of any of the Corbett fractions. This work, 
coupled with Petersen's studies of heteroatoms, results in a new 
model for asphalt, one in which the rheological behavior and 
changes in rheology due to oxidation are based on polar inter
actions between molecular structures with mean molecular 
masses of about 1,000. 

Asphalt-Aggregate Interactions 

Plancher (62) has studied the adsorption of compounds onto 
aggregate surfaces using differential infrared spectrophotome
try. The adsorption of the compounds (e.g., arboxylic acids) 
and their resistance to removal by water add to an understand
ing of asphalt adhesion and stripping resistance. 

Plancher's work uses programmed thermal desorption and 
nitrogen detection by chemiluminescence to measure the bond
ing strength of asphalt adhesion additives. 

Carbon-Hydrogen Arrangement 

What is the structure of a hydrocarbon? This is difficult to 
define in complex mixtures such as asphalt fractions. Two 
analytical methods are frequently used to estimate the aromatic 
and paraffinic character of a compound. 

1. Elemental analysis yields the atomic ratio of hydrogen 
and carbon: a ratio approaching 2.0 is a very aliphatic com
pound. Lower ratios indicate increasingly aromatic and con
densed hydrocarbons. 

2. Proton nuclear magnetic resonance (N'MR) measures the 
number of hydrogen atoms attached to aromatic carbons versus 
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TABLE 8 ANALYSIS TECHNIQUES FOR ASPHALT 
EMISSIONS 

Sample 

Air 
Volatile hydrocarbons (Cl-C6) 
Carbon monoxide 
Volatile sulfur compounds 
Nitrogen dioxide 
Aldehydes 
Phenols 
Particulates 
Polynuclear aromatics (PNA) 

Analytical Technique 

Mass spectrometer 
Gas chromatograph 
Infrared spectrometer 
Gas chromatograph 
Spectrophotometer at 550 nm 
Ultraviolet spectrometer 
Ultraviolet spectrometer 
Optical microscope 
Gas chromatograph 

those attached to aliphatic carbons. Paukku (63), Ferris (64), 
and Corbett (9, 65) used proton NMR spectra to calculate the 
carbon distribution. 

Carbon-13 NMR measures the aromatic and aliphatic nature of 
the carbons directly and provides another clue to the possible 
structures of asphaltic hydrocarbons. 

Analysis of Asphalt Hot-Mix Emissions 

The Asphalt Institute conducted an investigation of the com
position of the visible ("blue smoke") and invisible emissions 
from hot asphalt mixes (66). Sophisticated methods were used 
to collect the air and emission samples. Various techniques 
were used to analyze the samples (see Table 8). The main 
purpose of the study was to evaluate the safety of working with 
hot asphalt by determining the level of polynuclear aromatics 
[e.g., benz-(a)anthracene, benzo-(a)pyrene] in hot-mix emis
sions. The gas chromatograph was used to measure the poly
nuclear aromatics (PNAs) in the Asphalt Institute study. 
[Masek (67) also measured the PNA content of asphalts by 
using thin-layer chromatography.] 

In the Asphalt Institute study it was found that the composi
tion of the blue smoke was similar to that found in the first 0.2 
percent fraction from a vacuum distillation. The principal 
hydrocarbons ranged from C-7 through C-32. The average 
benzo-(a)pyrene concentration was 11 µg/1000 m3, "slightly 
more than a range of 1.2-7.5 µg/1000 m3 reported for urban 
air" (66). Obviously, this study represents a useful application 
of chemistry in the analysis of asphalt. 

CONCLUSIONS 

The application of chemical analysis to specific questions about 
asphalt (e.g., oxidative hardening, recycling, structure, and 
safety) has unquestionable value. Continued research along 
these lines should be supported. 

Fractional separation techniques provide a method for fol
lowing changes in an asphalt, whether during laboratory stud
ies, refinery processing, fieid mixing or fieid aging, or recyc
ling. In controlled studies using only one asphalt, changes in 
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composition measured by fractional separation may be infor
mative. 

Compositional tests based on fractional separation have not 
correlated reliably with field performance, nor have ratios 
based on the fractions. The fractions obtained in these schemes 
are operationally or procedurally defined. The chemistry of the 
fractions has been only broadly defined. 

In the authors' technical opinion, it is unlikely that the field 
performance of all, or even most, asphalts can be characterized 
in terms of operationally defined fractions that exist only as 
artifacts of a test procedure. 

Physical and rheological tests have been shown to correlate 
well with road performance on numerous test roads. These 
performance-related tests remain the most reliable guide to 
asphalt quality. 

Construction practices play a significant role in asphalt 
durability. High air void content has been shown to override 
any differences between asphalts. Agencies should attempt to 
obtain the maximum durability from any asphalt pavement by 
emphasizing the importance of proper mix design and adequate 
compaction of asphalt concrete to minimize the air void con
tent. 
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APPENDIX: TESTS USED TO 
ANALYZE THE COMPOSITION OF 
ASPHALT 

1. Solvent Precipitation 
Traxler and Schweyer (8) 
Fraction names: n-butanol asphaltics, cyclics, par
affinics. 

2. Chemical Precipitation (solvent precipitation plus chemi-
cal precipitation) 

Rostler and Sternberg (29, 68) (ASTM D 2006). 
Fraction names: asphaltenes (n-pentane insol
ubles), n-pentane solubles, nitrogen bases, 1st acid
affins, 2nd acidaffins, paraffins (saturates). 

3. Liquid Chromatography (LC)-adsorption (14) 
a. Solvent precipitation plus adsorption chromatography. 

(1) Corbett (21, 65) (column packing: alumina). 
Fraction names: asphaltenes (n-hexane insolubles), 
n-hexane petrolenes, polar aromatics, naphthene 
aromatics, saturates. 

(2) ASTM D 4124 (column packing: alumina). 
Fraction names: asphaltenes (n-heptane insol
ubles), n-heptane petroienes, poiar aromatics, 
naphthene aromatics, saturates. 
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(3) ASTM D2007 "Clay-Gel" (ASTM D 2007) (col
umn packing: attapulgus clay, silica gel). 
Fraction names: asphaltenes (n-pentane insol
ubles), polar compounds, aromatics, saturates. 

b. HPLC (high pressure liquid chromatography) 
(1) Hattingh (11) (column packing: silica gel). 

Hattingh separated asphalt into 10 solvent-defined 
fractions. 

(2) Boduszynski (24). 
Boduszynski used HPLC-FIMS (field ionization 
mass spectrometry) to identify homologous series 
of specific chemical classes found in asphalt resids. 

(3) Fish (57). 
Fish used reversed-phase HPLC (RP-HPLC) with 
element selective graphite atomic absorption to 
determine vanadium and nickel distribution profiles 
on heavy crudes and asphaltenes. 

4. Liquid Chromatography-ion exchange (62) 
a. Anion-exchange chromatography. 

(1) Boduszynski (46, 69, 70). 
(2) McKay (71). 

Separated the acidic components (containing car
boxylic acids, phenols, pyrroles, 2-quinolones) into 
four solvent-defined fractions. 

b. Cation-exchange chromatography 
(1) Boduszynski (46, 69, 70). 
(2) McKay (71). 

Separated the basic components (containing 
pyridines, amides and pyrroles) into four solvent
defined fractions. 

5. Liquid Chromatography--<:oordination (ferric chloride 
coordination chromatography) 
a. Boduszynski (46, 69, 70). 

b. McKay (71). 
Separated the neutral Lewis bases from acid and 
base-free asphalt (see ion-exchange liquid chro
matography). Infrared (IR) analysis showed that 
amides and pyrroles were the dominant polar 
groups in this fraction. 

6. Thin-Layer Chromatography (TLC) 
a. Masek ( 67). 
b. Altgelt (14). 
c. Poirier (72). 
d. Ray (73). 
e. Golovko (74). 
f. Yamamoto (75). 

TLC has been used to detect the presence of 
benzo-[a]pyrene in distillates. HPLC has substan
tially replaced the two-dimensional TLC tech
niques. Poirer and Ray report using TLC "chro
marods," quartz rods with a sintered layer 
containing silica gel or alumina as the adsorption 
medium. The chromarods are scanned by the flame 
of a flame ionization detector. The method has been 
compared with a D 2007 separation (73). 

7. Gas-Liquid Chromatography (GLC) 
a. Gas chromatography (GC). 

(1) Altgelt (14). 
(2) Botvin'eva (76). 
(3) Puzinauskas (66). 
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Very useful for analyzing low-to-medium boiling 
range hydrocarbons. GC was used to analyze the 
hydrocarbon emissions from asphalt hot mixes. GC 
can be used to identify the "light ends" from a 
vacuum distillation of asphalt. GC coupled with 
mass spectroscopy is a powerful analytical tool for 
identifying compounds at very low concentrations. 

b. Inverse gas-liquid chromatography (IGLC) 
(1) Robertson (77). 
(2) Davis & Petersen (54). 
(3) Dorrence & Petersen (50). 
(4) Boduszynski (69). 

Used asphalt and asphalt fractions as the stationary 
phase (coated on an inert fluorocarbon support 
material). Measurements were made of the interac
tion of various model compounds with the station
ary phase. IGLC tests on Zaca-Wigmore asphalts 
correlated well with road performance. 

8. Size-Exclusion Chromatography (SEC) (14) 

a. Gel permeation chromatography (GPC). 
(1) Altgelt (10, 59, 78). 
(2) Long ( 48). 
(3) Dickie & Yen (79). 
(4) Marvillet (45). 
(5) Wmniford (16). 

Separates compounds based on molecular aggre
gate size-largest size is eluted from the Styragel 
column first. Tune-defined fractions are collected 
Used to estimate molecular mass based on the 
retention time of polystyrene standards. 

b. High pressure GPC (HP-GPC). 
(1) Bynum (19). 
(2) Hattingh (11). 
(3) Wmniford (16). 
(4) Monin (18). 
(5) Boduszynski (60, 61, 70). 

HP-GPC chromatograms result in an apparent 
molecular aggregate size profile of the sample. 
Winniford and Monin caution about asphaltene 
associations (aggregations) in dilute solvent solu
tions. Molecular masses within an asphalt as mea
sured by GPC range from 300 to 100,000 poly
styrene equivalent weight. 

(6) Jennings (15, 36, 79, 80). 
Jennings believes that road cracking is related to 
the large molecular size (LMS) fraction determined 
from the GPC chromatogram. 

(7) Plummer (81). 
Plummer finds that the cracking is not related to a 
large/small molecular size imbalance; rather, that 
cracking is related to the mean molecular size. Both 
Jennings and Plummer find that the cracked roads 
have harder asphalts (penetration/ductility). 

(8) Blanchard (82). 
Blanchard looked for correlations between HP
GPC distributions and Tg. 

(9) Chollar (83). 
Chollar concluded that "extreme caution is war
ranted when considering HP-GPC as a tool for 
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predicting the potential low-temperature behavior 
of any particular asphalt." 

9. Vapor Pressure Osmometry (VPO) (i.e., ASTM D 3592). 
a. Boduszynski (60). 
b. Ferris (64). 
c. Speight (84, 85). 
d. Long (48). 
e. Marvillet ( 45). 

Used to estimate molecular weight by measuring 
the heat of absorption of solvent vapor into a solu
tion of the asphalt in the same solvent. Average 
molecular mass of D 4124 asphalt fractions by 
VPO: saturates = 1,000; asphaltenes = 4,000. 

10. Mass Spectrometry (MS) (86). 
a. Low-resolution MS. 

Clerc (87). 
b. High-resolution MS. 

(1) Dickie & Yen (79). 
(2) Gallegos (88). 
(3) Puzinauskas (66). 

c. Field ionization MS (FIMS). 
Boduszynski (24, 46, 60, 61). 

d. Field desorption MS (FDMS). 
Boduszynski (24). 
Mass spectrometry is used to determine the mass of 
individual molecules (parent ions) and ionized 
fragments resulting from bombardment of a sample 
with electrons. For low molecular weight com
pounds the molecular weight of the fragments can 
be used to estimate the composition of the sample. 
For higher molecular weight materials such as 
asphalt the MS spectrum is an unresolved envelope 
of countless molecular weight fragments. FIMS 
produces unfragmented molecular ions and their 
isotope signals. It is ideally suited to measurement 
of molecular weight. The FI mass spectrum can 
provide a molecular weight profile of asphalt or 
asphalt fractions. By FIMS, asphalts include com
pounds in the 300 to 2,000 MW range (average 
molecular mass of D 4124 asphalt fractions: satu
rates = 1,000; asphaltenes = 900). 

11. Electrophotometric Spectroscopy 
a. Infrared spectroscopy and differential IR spectroscopy. 

(1) Dorrence (50). 
(2) Petersen (51, 52, 89). 
(3) Barbour ( 49). 
(4) Martin (90). 
(5) Boduszynski (46). 
(6) Plancher (91). 
(7) Speight (85). 
(8) Puzinauskas (66). 

Petersen et al. have developed methods for quan
titatively measuring the types of polar compounds 
in asphalt which absorb in the carbonyl region 
(1850 to 1640 cm-1

). Measurement of ketones, 
2-quinilones, carboxylic acids and dicarboxylic 
anhydrides allowed estimation of the mechanism of 
asphalt oxidation and viscosity increase. Sulfoxides 
were measured at 1030 cm-1. Speight used IR to 
indicate hydrogen bonding in asphalt solutions. 
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b. Ultraviolet spectroscopy. 
(1) Botvin'eva (76). 
(2) Corbett (65). 
(3) Puzinauskas (66). 

Botvin'eva studied saturated hydrocarbons (n-, 
iso-, and cyclo-paraffins). Adsorption at 270, 286, 
and 258 mµ was used to detect 1-, 2-, and 3-ring 
aromatics in the saturate and naphthene aromatic 
fractions (65). 

12. Nuclear Magnetic Resonance (NMR) Spectroscopy (lH 
and 13C). 
a. Couper (92). 
b. Plummer (BJ). 
c. Corbett (9, 65). 
d. Paukku (63). 
e. Ferris (64). 
f Altgelt (59, 78, 93). 
g. Delpuech (94). 

Both proton and carbon-13 NMR have been used to 
estimate saturate/a·romatic carbon ratios. 
Boduszynski cautions against proton NMR when 
analyzing asphalt fractions (personal communica
tions with M. M. BoduszynslP, July/August 1984). 
Paukku reports determining the relative distribu
tions of methyl, methylene, and methyne groups, 
saturated groups in alpha position with respect to 
the aromatic ring and aromatic structures by inte
gration of the proton nuclear magnetic resonance 
(PNMR) bands in the regions of0.5-1, 1-2, 2-5, and 
6-8.5 ppm, respectively. 

13. Electron Spin Resonance (ESR) Spectroscopy [Electron 
Paramagnetic Resonance (EPR) Spectroscopy] 
a. Ferris (64). 
b. Yen (95). 
c. Corbett (65). 
d. Malhotra (96). 
e. Reynolds (97). 

Measures the abundance of free radical sites. Ferris 
found a correlation between nitrogen content and 
ESR peaks. Malhotra used 35 GHz EPR to identify 
the nature of the vanadium coordination sites in 
asphaltenes. Reynolds, using EPR, found that the 
vanadium-heteroatom coordination spheres in D 
2007 resin and asphaltene fractions were domi
nated by 4-nitrogens (resins) or nitrogen, oxygen, 
and 2-sulfurs (asphaltenes). 

14. Spectrochemical Analysis 
a. X-ray fluorescence spectroscopy. 
b. Neutron activation analysis. 
c. X-ray diffraction. 

(1) Ferris (64). 
(2) Yen (95). 

Used to determine heavy metal content. Provides 
elemental analysis. Used to estimate the structure 
of asphaltenes. 

d. Atomic absorption. 
Fish (57). 
Used to determine heavy metal content of asphalts 
and asphalrenes. There are various methods, such 
as inductively coupled plasma atomic absorption 
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(ICPAA) and graphite furnace atomic absorption 
(GFAA). 

15. Elemental Analysis (generally mentioned in literature); 
specifically discussed by: 
a. Marvillet (45), and 
b. Reynolds (47). 

A variety of techniques are used to determine the 
elemental analysis of asphalt. Elements most often 
measured include hydrogen, carbon, nitrogen, sul
fur and oxygen. The analysis usually involves 
pyrolysis (combustion or reduction), purification of 
the resultant gases, and detection by IR, cou
lometric titration, chemiluminescence, etc. 

16. Distillation Fractionation 
a. Short-path, high vacuum distillation. 

Boduszynski (24). 
Permits fractionation up to approximately 1300°F. 
Thus a large portion of asphalt can be fractionated 
for further analysis. 

b. Thermogravimetric analysis. 
Boduszynski (24). 
Obtains a distillation profile on a milligram-scale 
sample (may be under vacuum). Effluent can be in
line detected/analyzed. 

17. Wax Content (methylene chloride) 
Evans (98). 
Wax has the opposite effect from asphaltenes on 
asphalt rheology; wax decreases the PVN 
(77-140°F) making asphalt more temperature sus
ceptible. 

18. Photochemical Reactions of Asphalt [Traxler procedure 
(UV box)] 
a. Traxler (99). 
b. Predoehl (J 00). 

Thin films of asphalt (5 microns) showed an 
increase in viscosity correlated to RTFC viscosity 
increases. Thick films (20 microns) showed little 
difference between asphalts of differing composi
tion (D 2007). 

19. Acid Number [neutralization number (ASTM D 664)] 
Marvillet ( 45). 
May have an effect on asphalt emulsification. 

20. Internal Dispersion Stability 
a. Heithaus parameter, P. 

(1) Heithaus (101). 
(2) Petersen ( 4). 

The Heithaus "state of peptization" (P) is an 
attempt to measure the intercompatibility of the 
components in asphalt-how good a dispersant are 
the maltene!i for the asphaltenes (P 

0
)?; and how 

readily are the asphaltenes dispersed (P 
8
)? P = 

PJ(l-P8 ). 

Petersen commented that the "P" of the Zaca
Wigmore asphalts correlated with performance bet
ter than did the Rostler ratio. 

b. Oliensis spot test. 
(1) Oliensis (102, 103). 
(2) Heithaus (104). 

Tnis test was designed to identify the presence of 
cracked asphalt, resulting in a positive spot. Con-
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sidered by Heithaus, in 1959, to be no longer a 
useful test: a 24-hour test did correlate with road 
performance. 

c. Asphaltene settling test. 
Plancher (105). 
In this test a 2 gm sample of asphalt is digested in 
50 ml of n-hexane for 24 hr. The settlement of the 
asphaltenes in an undisturbed cylinder is then 
observed. Settling time is defined by when the 
asphaltenes have settled to half the solution height. 
Test precision is a problem. 

d. Solubility profiles. 
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Hagen (106). 
Solubility parameters (profiles) were determined on 
several asphalts. 

21. Titrimetric/Gravimetric Analysis 
Cheronis (107). 
A wealth of analytical techniques is available for 
the analysis of asphalt. Although many of the 
"wet" chemistry techniques have been replaced 
with instrumental analysis, still others survive: i.e., 
acid number (by titration), salt, or mineral filler 
content (by ash), water content (Karl Fischer titra
tion). 




