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Foreword

This Record contains information on asphalt mix materials and on the design, testing, and
evaluation of asphalt mixtures. The Record should be of interest to state and local materials
and construction engineers, contractors, and materials producers.

Burr et al. focus on incomplete solvent removal from asphalt binders extracted from asphalt
mixtures and the effect solvents have on the asphalt physical properties. Neither the Abson
nor the Roto-vap methods adequately remove the solvent, small amounts of which cause
significant decreases in viscosity. Martin et al. report on measures of asphalt aging on 16 test
sections in Texas. The sections were laid in 1982—-1983 at three different locations using five
asphalt sources and two grades. Voids and aging were strongly correlated; asphalts showing
nearly the same aging index at low voids differed several-fold at high voids. Noureldin and
Wood report that the thin-film oven test can be used to identify recycling agents to be added
to recycled asphalt binders. Garrick and Biskur evaluate effects of asphalt composition and
physical properties on indirect tensile strength of an asphalt mix. Bishara and McReynolds
present a method using ultraviolet detection for calculating the molecular size distribution
of asphalt cement.

Curtis et al. discuss adsorption behavior of asphalt and of asphaltic functionalities on
aggregates precoated with commercial polyamine antistripping agents. Stroup-Gardiner and
Newcomb compare the benefits of dolomitic lime (Type S) and normally hydrated lime (Type
N) as antistripping additives. Neither type of lime significantly influenced the temperature
susceptibility of mixtures, and both significantly decreased the moisture sensitivity. Figueroa
and Majidzadeh compare the performance of a manganese-treated asphalt concrete overlay
to that of conventional asphalt concrete overlays. The engineering properties of asphalt
concrete mixtures were not improved by treatment with a manganese-based additive. Salter
and Mat investigated the effects of rubber on the behavior of asphalt mixes. On the basis of
laboratory testing, adding rubber into binders generally improved the properties of binders
and mixes. Lottman and Brejc develop moisture damage cutoff ratios from a prediction
model, then combine them in a practical form that will provide rational specifications to
control the field distresses of fatigue cracking and wheelpath rutting of AC mixtures.

Noureldin and Wood present the findings of a laboratory study in which resilient modulus
and sonic pulse velocity nondestructive tests were used for characterization of hot-mix recycled
asphalt paving mixtures. Franco and Lee evaluate the viability of using an air meter (normally
used in determining the percent air in fresh portland cement concrete) for determining the
maximum theoretical specific gravity of asphalt mixtures. Lai and Lee describe the use of a
loaded wheel testing machine to evaluate the rutting characteristics of asphalt mixes. Mahboub
and Little describe a rational asphalt concrete mix design and analysis methodology developed
for use with the current Texas State Department of Highway and Public Transportation
method of mix design. Noureldin and McDaniel evaluate the suitability of a steel slag and
natural sand combination for use in bituminous pavement surface layers on high-volume,
high-speed, and heavy-load highways. Greenstein et al. present preliminary conclusions of
specification modifications adopted by the Peruvian road authorities to reduce thermal crack-
ing in asphalt pavements at high altitudes. Rogge et al. determine the correlation of con-
ventional and modified binder properties with important hot-mix properties. Coetzee and
Connor investigate the applicability of typical asphalt concrete fatigue relationships to the
pavement design process in Alaska. Almudaiheem reports that modified sand mixes, com-
posed of dune sand and crusher waste dust, have great potential for use in low- and medium-
volume roads in Saudi Arabia. Addition of the crusher dust to the sand significantly improved
the stability, split tensile strength, and resilient modulus of the mix.
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Solvent Removal from Asphalt

B. L. Burg, R. R. Davison, C. J. GLOVER, AND J. A. BULLIN

Asphalt recoveries by the Abson and Roto-vap methods were
performed at various temperatures and for several asphalt vis-
cosities. Solvent (trichloroethylene, TCE) concentrations after
recovery were measured by gel permeation chromatography.
Asphalt viscosities and residual solvent concentrations during sol-
vent removal were determined for tank, oven-aged, and solvent-
exposed asphalt to evaluate the effectiveness of the procedures
and operating parameters. Small amounts of solvent cause sig-
nificant decreases in viscosity, and present recovery methods do
not remove solvent adequately, In general, recovery rates increase
strongly with temperature in both methods. High viscosities and
larger asphalt samples hinder solvent removal rates in the Abson
method. Asphalt hardens significantly on extended exposure to
TCE at both 200°F and 80°F. This hardening also occurs during
solvent removal processes, but removal at a reduced temperature
through use of a vacuum in the early stages can inhibit it.

To obtain asphalt properties that are representative of the
binder in situ properties, procedures must be effective in
removing the binders from the aggregate without changing or
aging the asphalts. The solvents used for the extraction must
be adequately removed from the asphalt binder, so as not to
distort the physical properties of the binder that are subse-
quently measured. Problems have been reported with all aspects
of the asphalt extraction and recovery process, including
incomplete asphalt extraction, solvent hardening of the
extracted material, loss of volatiles during recovery, and
incomplete solvent removal. Incomplete solvent removal, which
seems a simple problem but which has flawed many studies
involving extracted asphalt, is emphasized. Typical residual
concentrations of solvent can significantly distort the physical
properties of asphalt.

HISTORY

Extraction and recovery of asphalt have been practiced in
some form since the turn of the century. In 1903, as discussed
by Abson (), Dow extracted with carbon disulfide (CS,) and
recovered using simple distillation. In 1927, Bateman and
Delp (2) centrifuge-extracted with CS, and removed the sol-
vent by vacuum distillation. Soxhlet-type reflux extractions
using CS, were common in this period. Several other meth-
ods were developed through 1930, but none gained lasting
acceptance (/,3).

Typically today, solvent is removed after extraction by the
Abson method introduced in 1933 or by rotary evaporation,
These two methods share equal popularity. The literature
shows six instances of rotary evaporation and eight of the

Department of Chemical Engineering and Texas Transportation
Institute, Texas A&M University, College Station, Tex. 77843-3122.

Abson since the mid-1970s. Before that time, the Abson method
dominated.

The Abson method involves recovering benzene-extracted
asphalt at 300°F to 325°F with the aid of bubbling carbon
dioxide (CO,). Abson tested seven asphalts ranging in pen-
etration from 175 to 26. After being mixed with benzene, the
asphalts were recovered to within 3 percent of original pen-
etrations. The method was designated ASTM D1856 and is
still the recommended method (). Rotary evaporation meth-
ods became common in the mid-1970s. ASTM is considering
a standard method for recovery using this apparatus.

Through the years, several solvents have been used for
extracting asphalt. CS, was commonly used initially, but it
was phased out because of its high volatility and flammability.
Benzene became its primary replacement after Abson’s method
appeared. In the 1950s and 1960s, chlorinated solvents became
popular, The most common were trichloroethylene (TCE),
1,1,1-trichloroethane, and methylene chloride. In 1960, Abson
tested several of these and found TCE to be as effective as
benzene (4). Adding about 10 percent ethanol or methanol
to benzene removed more asphalt from the aggregate (9).
This practice has become quite popular among many research-
ers. Because benzene has been proven carcinogenic, its
use has been phased out, and TCE has been the primary
replacement.

Although Abson (1) showed that solvent can be completely
removed using his method, many researchers have had prob-
lems caused by residual solvent that often they do not even
realize.

For example, in 1963, Lottman et al. (6) modified the
extraction-recovery procedure because he was experiencing
excess hardening (probably because of solvent aging). He
replaced the CO, distribution coil with a smaller one. This
change lowered the hardening to 2 percent on test samples.
However, when studying hot-mix samples he discovered vis-
cosities lower than the originals, or negative hardening, during
the mix process. In the discussion of Lottman's paper, Rostler
suggested that negative hardening was probably caused by
residual solvent in the sample.

A classic example of how incomplete solvent removal can
ruin a massive research project was given by Carey and Paul
(7) in a study of factors affecting asphalt in the extraction-
recovery process. The project’s goals were to study the effect
of time in TCE for aged and unaged asphalts, the effect of
reduced asphalt concentration during recovery, intra- and
interoperator variations, the effect of solvent during primary
distillation, and the effect of fines in aggregate mix on recovered
asphalt properties. Carey and Paul performed Abson recov-
eries after 54 similar AC-30 samples and 54 artificially aged
samples had spent different lengths of time in TCE. Using
ANOVA, a statistical package, they concluded that the time
in a solvent before recovery directly affected viscosity. This



result had been shown by other researchers. However, 22 of
the 54 AC-30samples had lower viscosities after solvent aging
and recovery. The aged samples (30,000 to 200,000 poise)
softened 40 out of 54 times.

Cary and Paul noted this softening but gave no explanation
for it (7). Residual solvent may have caused softening and
added enough scatter to the data that the variables of interest
had negligible effects in comparison. This effect probably
masked most of the effects of solvent aging also. Larger asphalt
samples had lower viscosities following recovery, indicating
incomplete solvent removal.

In 1983, the Pacific Coast Users Group tested the Abson,
Roto-vap, and two other recovery methods (8). On four dif-
ferent asphalts having viscosities from 4,000 to 50,000 poise,
they found that no method outperformed the others. The
Abson method had the lowest reproducibility rating and failed
to remove the solvent adequately from two of the four asphalts
tested. Consequently, the residues’ viscosities were about 75
percent of the original. The other methods caused excessive
hardening on the other two asphalts tested. Viscosity increases
were as high as 50 percent.

Other authors have noticed or had data that indicated the
presence of solvent removal problems. Roberts and Gotolski
(9), Sandvig and Kovalt (10), and Gietz and Lamb (/1) noted
viscosities on recovered road samples that sometimes decreased
with time on the road. This effect may actually occur, but
decreasing viscosities are probably caused by an extraction-
recovery problem. Noureldin and Manke (12) reported work
in which recovered asphalt had been hardened by the recovery
process. They lowered the Abson time and temperature and
almost certainly compensated for solvent hardening by leaving
residual solvent in the asphalt.

The problem of incomplete solvent removal is not as simple
as it sounds. First, direct verification of solvent removal is
rarely performed. Usually, an asphalt of known properties is
mixed with solvent, recovered, and tested again. The devia-
tions from original properties indicate the effectiveness of the
recovery for that asphalt, which is assumed to be the same
for similar asphalts. Petersen et al. (/3) mention using infrared
to detect solvent in asphalt. In 1936, Bussow (14) used odor
and loss of heating as criteria for residual solvent concentra-
tion. Secondly, the mechanism of solvent evaporation may
not be well understood. In a discussion of a paper by Hagen
et al. (/5), Petersen states, “When dealing with low concen-
trations of solvents left in residues, boiling point is no longer
amajor factor and diffusion and molecular associations between
asphalt and solvent become controlling factors for solvent
removal.”

EXPERIMENTAL PROCEDURES

In order to determine the effectiveness of the existing recovery
methods, examine the procedures’ responses to changes in
process variables, and establish new conditions that would
guarantee complete solvent removal, a method of directly
analyzing solvent concentrations in asphalts had to be found.
TCE was chosen because of its common use. Recoveries were
performed using the Abson and Roto-vap methods at various
temperatures and asphalt sample sizes, on a wide range of
asphalt viscosities. An in situ sampling method was developed
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so that samples could be taken at several different times dur-
ing a recovery. To show the effect of solvent, the viscosities
ol sulvent-contaminated asphalts were compared to their orig-
inal viscosities in terms of a hardening index (ratio of the
viscosity of recovered asphalt to that of the original asphalt).

The general procedure was to dissolve the asphaltic material
in TCE and recover either by the Abson or Roto-vap method.
Sample size, temperature, and asphalt viscosity were varied.
During the recoveries, small samples of asphalt were with-
drawn and analyzed for solvent content, so that the solvent
concentration versus time for each set of conditions could be
determined.

The tendency of solvent to harden asphalt was also studied.
The asphalt-solvent solution was allowed to stand for different
lengths of time before recovery at room temperature and at
200°F. A few Roto-vap recoveries were made under vacuum
to achieve a low recovery temperature and less hardening.

Three asphalt viscosities were used. A 2,000-poise tank
asphalt was used and was hardened to 20,000 and 200,000
poise. Recovery conditions were 325°F, 340°F, and 380°F with
the Abson procedure; 280°F, 280°F at reduced pressure; and
325°F, 350°F with the Roto-vap method. Sample sizes were
50, 75, and 100 g for the Abson method and 50 g for the
Roto-vap.

Most data were for 50-g samples. Although contrary to the
Abson specification of 70 to 100 g, an inconsistency exists in
the Abson specification. The equipment for extraction by the
specified Method A of ASTM D2172 will generally allow a
sample size of about 1 kg, With most mixes, this sample size
yields only 50 to 60 g of asphalt. In general, as shown later,
larger sample sizes only aggravate the deficiencies of the
standard Abson procedure.

TCE Analysis by Gel Permeation Chromatography

The residual concentration of TCE during solvent removal
can be measured easily by gel permeation chromatography
(GPC). An earlier study of extracted pavements indicated
that TCE elutes as a single peak with no interference from
other materials of small molecular size in the sample. A dis-
tinct peak of small molecular size appeared on the chromat-
ograms. No such peak had been seen on tank or oven-aged
samples.

The GPC analyses were performed on an IBM Model LC-
9533 high-pressure liquid chromatograph. A 100-pL sample
[7 weight-percent asphalt in tetrahydrofuran (THF)] was
injected into the carrier solvent flowing at 1 mL/min through
two Polymer Laboratories (PL) columns in series containing
PL gel material of 500-A (Column 1) and 50-A (Column 2)
pore sizes. The details are described by Donaldson et al. (/6).

Standard blends of TCE in THF were miade for calibration
of the solvent analysis. Dilutions in THF equivalent to those
that occur in GPC analysis of 5,2, 1, 0.5, 0.1, and 0.05 weight-
percent TCE in asphalt were analyzed by GPC; the relative
peak areas related linearly to the TCE concentrations with
an r? value of 0.997. Analyses of TCE in asphalt samples were
performed similarly. Solvent concentrations were determined
using the calibration. Residual solvent concentrations in
recovered asphalt ranged from 0 to 2.5 percent.
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Asphalt Viscosity

Asphalt viscosities, measured according to ASTM D2171, were
obtained at 140°F in Cannon-Manning viscometers. All samples
were melted and mixed well before viscosity measurement,
because asphalt tends to stratify during cooling. Samples taken
near the top while cool and hard tended to have much higher
TCE concentrations because of this stratification.

Fourier Transform Infrared Analysis

A Nicolet Fourier transform infrared (FT-IR) spectrometer
was used to analyze the functional chemistry of samples. Some
of the hot mixes left a mysterious oily film on the flask sides
after recovery. This film was run on the FT-IR because of
the small sample size required. An attenuated total reflec-
tance method worked well (17). The samples were applied as
thin films onto a special zinc selenide prism.

Sampling

An in situ sampling technique was devised. It was first thought
that asphalt could be drawn into a 1-mL disposable pipette
during the recovery. The asphalt would then solidify and could
be stored until time for GPC sample preparation. However,
the asphalt had to be melted and drained into a scintillation
vial. During this process, solvent was apparently lost. Con-
sequently, this method yielded solvent concentrations that
were low and imprecise. To remedy this, 8-in. pieces of Y-
in.-ID Nalgene autoclavable tubing were substituted for the
glass pipettes. After sampling, these tubes were cut lengthwise
at room temperature to allow easy removal of the asphalt for
GPC sample preparation. This method seemed to be more
precise than any alternative.

Materials

The asphalts were derived mainly from locally sampled Exxon
AC-20. Hardened samples were produced by bubbling oxygen
into 450°F Exxon AC-20 for from 3 to 8 hr. The two 300-g
samples of hardened asphalt had viscosities of 20,000 and
200,000 poise. After each recovery, the asphalt was remixed
with solvent for use in another recovery experiment. The small
changes in properties caused by reusing material were insig-
nificant in their effect. Recovery data on several extracted
hot mixes were also taken. The recovery solvent, TCE, was
recycled after each run. No serious changes in the asphalt’s
or solvent’s properties were detected.

Abson Method

The Abson method (ASTM D-1856-79) removes solvent by
distillation with the aid of a CO, purge. About 150 mL of a
concentrated solution of asphalt and solvent, containing 50
to 100 g of asphalt, are charged to a 250-ml. widemouth,
round-bottom flask. The flask is electrically heated. The liquid
boils and is condensed and collected in a receiving flask. The

CO, flow is set at 100 mL/min once the temperature reaches
275°F. When the temperature is 315°F, the flow is increased
to 900 mL/min. The temperature is then maintained between
320°F and 330°F for 15 min, or 5 min after the last drop has
fallen, whichever is longer. In this study, the last drop had
fallen within 10 min in every case but one, and that was only
a few seconds over. In the case of material having a penetra-
tion less than 30, the method specifies 20 to 22 min. Therefore,
the Abson time would be 15 min for all but the 200,000-poise
material, and 20 to 22 min for these runs.

Instructions set forth in ASTM D1856 were adhered to
strictly except for varying sample size, time, and temperature
to study these parameters. The CO, flow was accurately metered
using a Gilmont R-012 flow meter. A variac and heating
mantle supplied heat to the flask of asphalt and solvent. Tem-
perature control was found to be difficult from the beginning.
Because of a lag in the response of the asphalt temperatures
to heater action, significant excursions outside the specified
limits were difficult to avoid. Consequently, an analysis of the
heater system with respect to temperature control was per-
formed to obtain the sequence of heater settings that would
give good control at 320°F, 340°F, or 380°F, as required. Man-
ual control of the variac using these setting profiles made
temperature control easier and more accurate.

Roto-vap Method

The Roto-vap method, which uses a rotary evaporator to mix
the solution and a vacuum and vent gas to vaporize and sweep
away solvent, has a distinct advantage over the Abson method
in that there is no need for a primary distillation of the solution
down to 150 mL before proceeding with the recovery. Large
volumes of solution can be handled in this apparatus. Recov-
eries were run on mixtures of 100 mL of TCE and 50 g of
asphalt to save time and solvent.

No formally approved Roto-vap recovery procedure is
available, but a tentative ASTM method and another used
by the Pacific Coast User’s Group (9) appeared identical
and well studied. These methods formed the basis for the
procedure.

Initially, the oil bath is heated to 280°F. A 1,000-mL round-
bottom flask containing 150 mL of concentrated solution is
attached to the Roto-vap. CO, is metered at 500 mL/min
through a tube that touches the solution’s surface. The flask
rotates at 45 rpm in the oil bath. When the bulk of the solvent
has been distilled, a 600-mm (Hg) vacuum is applied and the
CO, flow is increased to 600 mL/min. These conditions are
held for 15 min. In an alternate method studied, no vacuum
is applied, but the CO, flow is increased to 900 mL/min.

Asphalt sampling was similar to that for the Abson method.
The 1,000-mL flask was modified with the addition of a 24/
40 ground-glass fitting approximately 45 degrees from the
flask’s neck. The connection was closed with a ground-glass
cap. During the recovery, the flask rotation was stopped, the
cap was removed, the Nalgene sample tube was inserted into
the hole, and the sample was pulled using a pipetter. Imme-
diately afterward, the cap was replaced and rotation resumed.
This process took approximately 20 sec to perform when there
was no vacuum and about 35 sec if a vacuum was used.



RESULTS AND DISCUSSION
Extraction and Solvent Removal Effects on Viscosity

Figure 1 shows the viscosity relative to initial viscosity (the
hardening index) of asphalt during solvent removal processes
for three situations. The tank (AC-20) and oven-aged (rolling
thin-film oven test, RTFOT) asphalts were well dissolved in
TCE at room temperature, and solvent removal was initiated
within 1 hr. The refluxed sample was a mixtuie ol approxi-
mately 25 weight-percent tank asphalt (AC-20) in TCE that
was refluxed for 4 hr at 200°F before initiating solvent removal.
This reflux procedure simulated the conditions of hot extraction
methods such as ASTM D2172, Method B.

These data indicated several effects of the extraction and
recovery procedures on asphalt viscosity. The first factor was
the considerable softening of asphalt by even small amounts
of residual solvent. Even 0.5 percent of residual solvent can
produce viscosities that are 50 percent low. Second, there are
different degrees of residual hardening on reaching zero-
solvent concentration for different asphalts and situations.
The tank asphalts typically harden 5 to 10 percent above their
original values. This effect probably results from a loss of
volatile components during recovery. The RTFOT samples
return to their original viscosities, because their volatiles were
removed in the oven-aging test. Asphalts exposed to hot reflux
(simulating a reflux extraction procedure) may exhibit a 20
to 40 percent increase of viscosity, indicating significant sol-
vent hardening beyond that attributable to volatiles lost.

Figure 2 shows that the solvent-hardening phenomenon also
occurs at room temperature after extended exposure times.
A series of Roto-vap solvent removals (asphalt recoveries)
were conducted for mixtures of 7 weight-percent asphalt in
TCE. Before recovery, however, the mixtures were allowed
to incubate at room temperature for the times shown in Figure
2. For short room-temperature incubation times, hardening
caused by volatiles loss and solvent aging in the hot-recovery
Roto-vap method was from 14 to 18 percent. For extended
times, hardening was in excess of 40 percent. For comparison,
a sample was recovered immediately after dissolution using
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FIGURE 1 Removal of solvent and resulting changes in
asphalt viscosity. The tank and oven-aged asphalts were
dissolved in solvent and immediately recovered with no
incubation time in the solvent.
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FIGURE 2 Hardening of asphalt in TCE at room temperature
for extended periods of incubation time prior to hot recovery.
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FIGURE 3 Roesidual solvent concenitration versus Abson
recovery time for a tank (AC-20) asphalt.

a vacuum to obtain a reduced solution temperature of approx-
imately 100°F. This short, room-temperature exposure pro-
duced about 10 percent hardening, close to that caused by
volatiles loss only.

Abson Solvent Removal Method

Several recoveries at strict Abson conditions consistently
resulted in significant TCE presence after the time required
by the method. The experiments also showed the reprodu-
cibility of the Abson recovery and sampling methods used
(Figure 3). Approximately 0.19 percent of the TCE remained
in the asphalt after the Abson time on recoveries of 2,000-
poise asphalt. From Figure 1, this value implies about a 10
percent decrease in viscosity. If the recovery procedure is
calibrated with no TCE analysis technique and using tank
asphalts, inadequate operating parameters are established
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because tank asphalts show no viscosity decrease even though
their residual TCE levels are about 0.1 to 0.2 percent, because
the presence of solvent is offset by a loss of volatiles.

Recovery temperature and asphalt viscosity noticeably affect
the Abson method’s ability to remove TCE. Figures 4—6 show
the TCE concentration profiles for recoveries of 2,000-,
20,000-, and 200,000-poise asphalts each at 325°F, 340°F, and
380°F. Figures 7-9 show the same data for each asphalt grade.
These data show, without fail, that removal is achieved sooner
for lower-viscosity and higher-temperature material. The poor
removal at high viscosities at 325°F illustrates the need to
modify the existing conditions. The viscosity of the 20,000-
poise material was lowered nearly 30 percent at completion
of the prescribed method.

Changes in recovery temperature and asphalt viscosity should
affect the method’s performance. As the solvent is removed,
the solution behaves like a pure molten asphalt. The high
viscosities of these materials lower the mobility of the solvent,
because of increased diffusion resistance. This resistance slows
the solvent in reaching the liquid-vapor interface where evap-
oration occurs. So, although equilibrium may be maintained
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FIGURE 4 Residual solvent concentrations versus Abson
recovery time at three temperatures for a tank (AC-20)
asphalt.
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FIGURE 5 Residual solvent concentrations versus Abson
recovery time at three temperatures for a 20,000-poise asphalt.
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FIGURE 6 Residual solvent concentrations versus Abson
recovery time at three temperatures for a 200,000-poise asphalt.
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FIGURE 7 Residual solvent concentrations versus Abson
recovery time for three asphalt viscosities at 325°F.
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FIGURE 8 Residual solvent concentrations versus Abson
recovery time for three asphalt viscosities at 340°F.
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FIGURE 9 Residual solvent concentrations versus Abson
recovery time for three asphalt viscosities at 380°F.
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FIGURE 10 Residual solvent concentrations versus Abson
recovery time for three sample sizes for 2,000-poise asphalt at
325°F.

at the asphalt surface, significant quantities of solvent remain
in the bulk asphalt, its removal rate being limited by diffusion.
Furthermore, higher-viscosity asphalts have lower diffusion
rates, resulting in increased difficulty in removing solvent.
Also, the higher asphalt viscosities reduce the mixing
effectiveness of the CO, purge.

Figure 10 shows that increasing sample size detrimentally
affects solvent removal. The Abson procedure (ASTM D1856-
79), while allowing recovered asphalt quantities greater or
less than the specified 75 to 100 g, states that this may affect
the properties of the recovered material, in which case, 75 to
100 g should be recovered. This specification would appear
to be incorrect. Figure 11 shows how poorly the Abson pro-
cedure removes solvent at higher sample sizes (except at 380°F).

Roto-vap Solvent Removal Method
Figures 12—14 show Roto-vap method residual solvent pro-

files for the AC-20, 20,000-poise, and 200,000-poise mate-
rials, respectively, at three removal temperatures. Zero time
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FIGURE 11 Residual solvent concentrations versus Abson
recovery time at three temperatures for a 100-g sample of
200,000-poise asphalt.
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FIGURE 12 Residual solvent concentrations versus Roto-vap
recovery time at three temperatures for an AC-20 asphalt.

is that of the last-observed drop from the solvent condenser.
Unless otherwise indicated, the Roto-vap method used was
that without vacuum (i.e., with a CO, purge only). The pro-
files show pronounced temperature dependence, but, sur-
prisingly, no discernible viscosity dependence. Also, the use
of a gas purge alone seems to be as effective as that with a
vacuum at 280°F (Figures 11 and 12). In most cases, the 280°F
recoveries, vacuum or gas purged, left significant solvent res-
idues after the method’s suggested time of 15 min past the
last sign of condensation. However, the 325°F and 350°F runs
showed complete removal after 15 min.

The Roto-vap method appears to be less reproducible than
the Abson method. Two separate recoveries of 20-kpoise asphalt
at 325°F gave drastically different solvent removal profiles,
one having complete removal in less than 2 min. This differ-
ence may have been caused by the difficulty in determining
when the last sign of condensate disappears, though other
factors are likely to contribute.

The use of a vacuum during the initial recovery seems to
reduce solvent hardening. Two AC-20 recoveries were per-
formed using a high vacuum, so that the boiling temperature
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FIGURE 13 Residual solvent concentrations versus Roto-vap
recovery time at three temperatures for a 20,000-poise (aged)
asphalt.
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FIGURE 14 Residual solvent concentration versus Roto-vap
recovery time at three temperatures for a 200,000-poise (aged)
asphalt.

2 - T v T + T v
® DIESEL FIRED
M GASFIRED
w
O
- 1t -
S
0
0 10 20 30 40

TIME (MIN)

FIGURE 15 Residual solvent concentration versus Abson
recovery time for two hot-mix extractions.

was less than 100°F. Two others were run using no vacuum,
and boiling points were about 200°F. Figure 2 shows that the
vacuum-recovered asphalts hardened about 10 percent, which
is barely above the hardening typically caused by volatiles
loss. The hot-recovered samples hardened about 16 percent.

Hot-Mix Recoveries and Volatiles Loss

Several extracted hot mixes were recovered (Abson method)
and found to behave somewhat differently than tank or oven-
aged material. Figure 15 shows a solvent removal comparison
between diesel- and gas-fired plants. Hot mixes from batch
and natural gas-fired plants showed normal solvent removal
behavior when conducted at 320°F. However, diesel-fired drum
plant mixes, even though recovered at 340°F for 30 min, con-
tained significant levels of material eluting where TCE does
on the GPC.

The diesel-fueled mixes were also different, in that they
evolved a long-lasting fog and deposited an oily residue on
the recovery flask’s surfaces. These asphalts were all mixed
at drum plants fired by diesel or fuel oil. Infrared analyses of
the oily film showed it to be composed of highly oxidized
hydrocarbons of small molecular weight (Figures 16a and 16b),
possibly from partially oxidized fuel oil. Other asphalts
mixed at batch or natural gas-fired plants did not exhibit this
phenomenon.

The presence of this unusual and slightly volatile material
may have given a false indication of residual solvent concen-
tration and may account for the excessive solvent removal
times of these hot mixes. A hot mix containing this material
was extracted with THF in a sequence of cold, batch extrac-
tions using an amount of solvent that gave an overall con-
centration suitable for direct GPC analysis. Because no sol-
vent removal was performed, all the volatile impurities remained
in solution and were detected on the GPC. Several new peaks
and valleys appeared near the TCE elution time, leaving open
the possibility that the apparent TCE peak in the hot-mix
recoveries was caused by residual oxidized fuel oil. Although
the relative amount of this material in the asphalt was not
determined, its significance to highway performance and to
relating measured chemical properties to performance is
potentially great and bears further study.

SUMMARY

The volatiles loss from virgin or unaged tank asphalts during
solvent removal can produce 7 to 10 percent hardening of the
original asphalt viscosity. RTFOT asphalts do not exhibit this
hardening, apparently because of the loss of volatiles during
the aging.

The same asphalts show hardening of from 10 to 40 percent
(including that caused by volatiles loss) on contact with TCE
and subsequent solvent removal. Short times and moderate
temperatures for incubation of the asphalt with solvent pro-
duce little hardening; extended times at elevated tempera-
tures (such as during reflux solvent extraction) can produce
significant hardening,

Experiments were also conducted on the Abson and Roto-
vap solvent removal methods for the purpose of evaluating
their effectiveness in removing solvents. The Abson method,
taken to its standard recovery time, can leave enough solvent
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FIGURE 16 FT-IR spectra for the recovered hot-mix asphalt
(top); for the volatile material recovered from the diesel-fired
hot mix (bottom).

to produce significant softening, especially for larger quan-
tities of recovered material and for hardened asphalts such as
those obtained from aged pavement cores. Increasing the tem-
perature of the solvent removal and the recovery time can
reduce this residual solvent concentration, although the pre-
viously mentioned solvent-hardening effects must be consid-
ered. The Roto-vap method appears to be less consistent and
less reproducible than the Abson method, but it may have
some advantages for solvent removal.

For the Abson procedure at 325°F, a minimum recovery
time (after the last drop) for 50-g samples is about 25 min.
For 100-g samples, 380°F will remove the solvent within 20
min. For the Roto-vap procedure, 15 min past the last drop
was adequate at 325°F.

A complicating factor in hot-mix and pavement core recov-
eries appears to be the possibility of fuel contamination from
the hot-mix plant. Evidence of such contamination was found
in some drum hot mixes, but the extent and significance of
this possible contamination has yet to be determined.
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Asphalt Aging in Texas Roads and Test

Sections

K. L. MARTIN, R. R. Davison, C. J. GLOVER, AND J. A. BULLIN

In 1982-1983, test sections were laid at three Texas locations
using five asphalt sources and two grades. Not all combinations
were used at all locations and two roads failed early, but results
are reported on 16 sections. These roads were cored in 1984,
1985, and 1987. Viscosities, penetrations, voids, gel permeation
chromatography (GPC), and Fourier transform infrared (FT-IR)
analyses were run. Voids and aging are strongly correlated whether
the aging is measured by a viscosity aging index, growth in car-
bonyl peak, or GPC. Although GPC, carbonyl peak, and sulf-
oxide generally increase with age, sulfoxide and other aging indexes
are poorly correlated. Growth in sulfoxide correlates weakly with
sulfur content. In general, the number of voids reveals large
ranges in asphalt performance. Asphalts showing nearly the same
aging index at low numbers of voids might differ several-fold at
high numbers of voids. When comparison was possible, higher
viscosity grades resulted in greater aging. Results also were obtained
for several south Texas highways, ranging in age from 5 to 19
years. Although original tank asphalt, hot-mix, and early cores
were not available for study, recovered asphalt properties from
highway-aged cores followed trends similar to those for the test
sections with respect to viscosity, penetration, FT-IR, and GPC
measurements.

In 1982-1983, test sections were constructed at three locations
in Texas using asphalts from five refineries. AC-10 and AC-
20 grades were used in a total of 20 sections. In 1982, seven
sections were placed east of Dickens, on the westbound travel
lane of US-82. Seven sections were located north of Dumas
on the northbound travel lane of US-287. These sections were
also constructed in 1982. In 1983, six sections were installed
on the northbound lane of two-lane US-96, about 25 mi
south of San Augustine. These sections are referred to as the
“Lufkin sections.”

The aggregate used at Dickens was mined near the site.
The coarse and intermediate fractions were crushed siliceous
gravel, and the fines were similar material. The Dumas aggre-
gate was an absorptive crushed limestone. The Lufkin aggre-
gate consisted of a mixture of limestone and iron ore gravel
plus field sand.

The principal objective of the latter study was to relate
physical and chemical laboratory properties to field pavement
performance. Some of the properties that were measured on
the original asphalts are presented in Table 1 (/). Following
construction, the Dumas and Dickens sites had high void
contents. Cores were taken at Dickens and Dumas after 1
week and after 1 and 2 years, and at Lufkin after 1 week and
1 year. The voids after each period are shown in Table 1. At
Dumas, the Dorchester section failed after 1 year and had to

Department of Chemical Enginecring and The Texas Transportation
Institute, Texas A&M University, College Station, Tex. 77843-3122.

be replaced. The Exxon section was also in bad condition and
had to be partially replaced. At Dickens, all the test sections
began to show raveling and were fog sealed by 1985.

In 1986, a new study was begun with the objective of cor-
relating certain chemical properties to physical properties and
road performance. In connection with this objective, the test
sections were recored in 1987. By this time, the Exxon and
Diamond Shamrock AC-10 at Dumas had been completely
replaced, and the remaining sections at Dumas had been seal
coated. Only the Lufkin sections still had their original sur-
faces and these were all in good condition. One Lufkin section
listed as Dorchester AC-20 was omitted from the study, because
the asphalt source was actually believed to be Texaco. This
procedure left 16 sections to be cored, as presented in Tables
2 and 3.

The study was expanded by including some old roads that
were still in good condition. District 21, in the southern tip
of Texas, was chosen because this area has a generally hot,
dry climate significantly different from the other locations.
This district, in cooperation with the Texas State Department
of Highways and Public Transportation (SDHPT) in Austin
and Texas A&M University, has established a data base on
their roads containing pertinent information about the con-
struction, use, and condition of these roads. Using this data
base, only six roads could be found that were uncracked and
at least 5 years old. A road found with slight transverse crack-
ing was also included. These roads, cored in June 1988, are
presented in Table 4.

State Highway 186 in Willacy County was sampled at two
locations. At Milepost (MP) 25.8, the pavement was laid in
the fall of 1982. The road showed a small amount of raveling
but was otherwise in good condition. At MP 34, the pavement
was laid in August 1980.

US-77 was also sampled in two locations. At MP 16 in
Willacy County, the road was in good condition although it
was laid in August 1982 and was a high-traffic area. In Cam-
eron County, US-77 was sampled at MP 27, near Harlingen.
This location had the highest traffic level. It was paved in
August 1982 and was seal coated in 1987, possibly to solve a
raveling problem.

The only other high-traffic road sampled was US-281 in
Hidalgo County. This site, at MP 37.5 near McAllen, was
laid in January 1979 and seal coated in May 1985. Raveling
was obviously a problem with this stretch of road, because
the verge of the road was covered with aggregate from the
original asphalt, not from the seal coat.

Two Texas farm-to-market (FM) roads were included. In
Cameron County, FM-2925 was sampled at MP 12. The asphalt
there was laid in April 1983. This pavement was cracked



TABLE 1 VISCOSITIES OF VIRGIN ASPHALTS AND CORE VOIDS

Viscosity % Voids
(Poise)
140°F 275°F 1 week 1 year 2 years

Dickens

D.S. AC-10 1220 4.51 16.0 143 9.1

DS. AC20 2175 7.15 134 10.0 12.7

McM AC-20 2523 4.64 15.6 9.9 14.0

EXX AC-20 2576 355 14.8 9.9 13.6

Dorch AC-20 2151 4.53 11.7 14.1 13.0

Cos AC-10 1264 2.55 14.4 14.5 10.6

Cos AC-20 1515 2.87 15.0 10.5 123
Dumas

D.S. AC-10 958 4.65 204 72 21

D.S. AC20 2155 6.39 13.9 11.6 9.2

McM AC-10 961 3.63 122 13.7 10.5

EXX AC-10 1388 3.06 16.5 15.4

Dorch AC-10 1030 321 12.6 12.2 8.6

Cos AC-10 1038 248 204 13.8 13

Cos AC-20 2354 3.17 17.1 105 10.2
Lufkin

D.S. AC20 1728 5.05 8.6 2.6

McM AC-10 932 3.63 4.8 6.2

EXX AC-20 1811 3.19 6.6 3.0

Dorch AC-10 1040 2.88 3.2 42

Dorch AC-20 1913 3.96 7.4 22

Cos AC-20 1858 283 6.5 32
Diamond Shamrock (D.S.) McMillan (McM) Exxon (EXX)
Dorchester (Dorch) Cosden (Cos)

TABLE 2 PHYSICAL PROPERTIES OF TEST SECTION 1987 CORES AND
EXTRACTED ASPHALT

Percent Viscosi Penetration  Percent
Voids 140°F 275°F at 77°F Asphalt

(Kilopoise)  (Poise) (0.1 cm)
Dickens
McM AC-20 8.0 159 23.1 16 6.2
Dorch AC-20 13.0 222 224 10 4.6
EXX AC-20 9.0 900 70.7 12 5.1
D.S. AC-20 12.0 260 342 18.5
D.S. AC-10 9.0 489 17.9 25 53
Cos AC-20 11.0 376 26.4 10.5 4.0
Cos AC-10 12.0 342 18.2 115 5.6
Dumas
McM AC-10 5.5 133 9.2 38 55
D.S. AC-20 8.1 325 18.9 215 5.9
Cos AC-10 9.5 234 26.7 18 5.9
Cos Ac-20 8.5 55.6 11.7 15.5 5.9
Lufkin
McM AC-10 24 4.8 6.5 39 6.6
Cos AC-20 1.8 5.4 57 2 6.9
D.S. AC-20 2.1 9.1 11.2 30 6.5
EXX AC-20 25 3.9 5.8 40.5 7.7
Dorch AC-10 2.1 24 46 38.5 5.6
McMillan (McM) Dorchester (Dorch) Exxon (EXX)

Diamond Shamrock (D.S.) Cosden (Cos)
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TABLE 3 PARAMETERS USED IN AGING CORRELATIONS

Carbonyl Sulfoxide  Percent Aging Index Aging Index
Peak Peak LMS 140°F 275°F
Height Height
Dickens
McM AC20 34 23 33.6 63 5.0
Dorch AC-20 29 18 254 103 4.9
EXX AC-20 37 20.5 38.8 350 19.9
D.S. AC-20 355 13.5 539 119 4.8
D.S. AC-10 29.5 16.25 46.0 40 4.0
Cos AC-20 32 18 26.8 247 9.2
Cos AC-10 31 22 30.1 2n 71
Dumas
McM AC-10 15.5 30 244 13.8 25
D.S. AC-20 25 2225 459 15.0 3.0
Cos AC-10 17 29 19.6 225 10.7
Cos AC-20 20.5 25 232 20.5 3.7
Lufkin
McM AC-10 10 13 337 10 18
Cos AC-20 8.5 3225 18.5 85 2.0
D.S. AC-20 22 10.25 45.0 22 22
EXX AC-20 8 25.75 235 8 1.8
Dorch AC-10 5 19 235 5 1.6
McMillan (McM) Dorchester (Dorch) Exxon (EXX)

Diamond Shamrock (D.S.)

Cosden (Cos)

TABLE 4 DATA FOR SOUTH TEXAS ROADS

Carbonyl Sulfoxide 9% LMS Viscosity Penetration Age
Peak Peak 140 275

Highway Height Height (kpoise) (poise) (0.1 cm)  (yrs)
FM 2925 235 26.75 264 67.8 154 14 5
us 77/27° 10.75 33 275 123 235 5+1°
uUs 77/16* 18 28.5 433 12.5 14.5 6
SH 186/25% 30.75 36 30.5 130 21.0 14 6
US 281 22 28.75 26.4 220 85 22 6+3°
SH 186/36" 30.75 23 29.7 282 235 10 8
FM 1017 36.75 135 338 248 21.1 13 19
2 Milepost

Years Under Sealcoat

transversely about every 8 ft. The road was made up of a thin
pavement over the base, and the high level of boat traffic to
the Gulf of Mexico may have contributed to the cracking.
The other FM road was officially listed as having a seal coat
only. FM-1017 in Hidalgo County was cored at MP 7.5. This
road was easily the oldest in the study, having been laid in

May 1969 over what appeared to be an old gravel road. The
pavement was rutted by the oil-field trucks traveling it, but
it was in good condition considering its age and construction.
In fact, only about 0.6 mi of the 1969 road still existed, the
rest having been replaced. All of the pavements in the south
Texas test sites were constructed with aggregate resembling
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river gravel, which may have contributed to the raveling in
many roads. These locations and those of the original test
sections are shown in Figure 1.

PROCEDURES

All of the cores were extracted by a modified ASTM D2172—
81, Method A, except at Lufkin, where all but the Cosden
AC-20 were extracted by Method B, The procedure was
changed after it was realized that Method B can change the
asphalt. In both instances, ethanol was added to improve
removal from the aggregate. In the Method B procedure, a
95 percent trichloroethylene, 5 percent ethanol mixture was
used. For Method A, several extractions with trichloroethyl-
ene were followed by a Y0 percent trichloroethylene, 10 per-
cent ethanol mixture. The small amount of ethanol consid-
erably enhanced removal of the remaining amounts of asphalt.

Solvent was removed either by the Abson or by the Roto-
vap procedures. Gel permeation chromatography (GPC)
analysis of the recovered material indicated that many samples
still contained solvent, and additional solvent removal was
required to avoid erroneously soft asphalt. (The times spec-
ified in the standard procedures were frequently inadequate
for complete solvent removal, especially from viscous core
material.)

Voids and the percentage of asphalt were calculated (see
Table 2). Penetrations at 77°F using ASTM D5 and viscosities
at 140°F and 275°F using ASTM D2173 werc run on the re-
covered material. These data are presented in Tables 2 and 4.

GPC chromatograms were obtained using an IBM 9533
Liquid Chromatograph controlled by an IBM 9000 computer.
Two Polymer Laboratories chromatographic gel columns were
used in series, a S00-A pore size followed by a 50-A pore size.
The detector was a Waters R401 differential refractometer.
Purified tetrahydrofuran (THF) was used as the solvent. Asphalt

Dickens

Lufkin

FIGURE 1 Location of test sections near Dickens, Dumas, and
Lufkin and of highways cored in south Texas District 21.
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samples were made to exactly 7 percent by weight in THF
and sonicated for about 3 hr, The sonicated material was then
filtered through a 0.45-pum filter to remove fines. The filtered
material was placed in a 1.8-mL septum-capped vial and placed
in an automatic sampler. A 100-pL sampling loop was used.

Infrared spectra of the recovered material were obtained
on a Nicolet 60 SX B Fourier transform infrared (FT-IR)
spectrometer. All the data were obtained by a KBr pellet
procedure (2), which, though time consuming, gives a strong,
reproducible signal. In a precise manner, (L9750 g of KBr and
0.025 g of asphalt (frozen to enhance handling) were ground
together in a mortar until the mixture was homogeneous.
Then 0.300 g was taken to prepare a pellet. The mixture was
placed in a pellet die and 34,000 1b of force was applied for
30 sec. A blank of pure KBr was prepared at the same time
by the same procedure. Before sample preparation, the KBr
was heated to about 700°F for 8 hr to remove moisture.

In order to use either GPC or IR spectra to correlate prop-
erties, some simplified characteristic was desired because the
spectra are complex. For GPC, the percentage of large molec-
ular size (LMS), as suggested by Jennings (3), was used. Arbi-
trarily, the entire spectrum was taken as 20 to 35 min and the
LMS interval as 20 to 25 min during elution. The LMS per-
centage was calculated from the areas under the curve during
these intervals.

Two areas of the IR spectrum relate specifically to oxida-
tion. One is the carbonyl peak, occurring at about a wave
number of 1,700, and the other is a sulfoxide peak at a wave
number of 1,030. Because these peaks both occur in areas
where absorption of other entities is present, the choice of
peak height is somewhat arbitrary. For the sulfoxide peak,
the method recommended by Peterson (4) is used as shown
in Figure 2. A tangent line is drawn below the peak of interest
touching the low points on either side. A similar procedure
was used with the carbonyl peak. The parameter was the
height of each peak above this tangent line.

RESULTS AND DISCUSSION

101 COres

Properties of the 1987 test sectior and the extracted
asphalts are presented in Table 2. Sulfoxide and carbonyl peak
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FIGURE 2 Example FT-IR spectrum showing the method of
determining the sulfoxide band peak height near 1,000 cm~',
The carbonyl peak height near 1,700 cm~! is determined
similarly.
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heights from the IR analyses and LMS percentages from the
GPC experiments are presented in Table 3, along with vis-
cosity aging indexes at both 140°F and 275°F. The aging index
is the ratio of the viscosity of the 1987 core extracts divided
by the viscosity of the virgin asphalt from Table 1. Properties
of the asphalt extracted from the south Texas cores are presented
in Table 4.

Correlation of Voids and Aging

One of the surprising elements of the data in Tables 1 and 2
is the inexplicably high void level in the test sections at Dumas
and Dickens, which has led to rapid aging and the early demise
of three sections. For decades, high void levels have been
known to shorten road life, yet they continue to be a problem,
even in carefully monitored test sections.

An interesting case in point is a study of Pennsylvania test
sections conducted during the 1960s and 1970s. This work,
summarized by Gotolski et al. (5) and Roberts and Gotolski
(6), included a variety of asphalts and aggregates. Perfor-
mance was difficult to correlate with air voids because of the
variability in voids from point to point, the steep variation
across the road, and the effect of aggregate and gradation.
Even so, it was found that: “Air voids are one, if not the
greatest, factor affecting the rate of hardening of an asphalt
pavement. The influence of the variable appears to be so
pronounced that it completely overshadows the performance
of asphalt type, aggregate type, traffic density and microcli-
mate differences.” The great effect of voids does seem incon-
trovertible, but the data indicate that asphalt quality becomes
more critical at higher voids. One of the more interesting
observations and conclusions from the Pennsylvania study,
confirmed by the experience of the Texas test sections nearly
20 years later, is the following: “The pavements studied received
better than average design and field control; yet these pave-
ments were constructed with void contents as high as 13 percent.
This underscores the need for more restrictive specifications
and closer field control.”

In Figure 3, carbonyl peak height is plotted versus per-
centage of voids. These are voids from 1987 cores that give
better results than averaging the void data. This is probably
because of variation in voids within the roadbed, so that ear-
lier cores may not represent the cores being studied. Oxi-
dation, as reflected in the growth of the carbonyl peak, increases
rapidly with voids. The Dickens sections, which are repre-
sented by the seven highest carbonyl peaks, showed a greater
response than the Dumas sections. In general, those sections
constructed with the lower viscosity grade were also oxidizing
less rapidly. In the three direct comparisons with the same
supplier and site, Cosden at Dickens, Diamond Shamrock at
Dickens, and Cosden at Dumas, this was the case. Though
the Exxon at Lufkin appeared to be oxidizing no more than
the other asphalts, the Exxon at Dickens was the most oxi-
dized of all. The data are not sufficient, however, to conclude
that any asphalt is more susceptible to oxidation.

In Figure 4, the aging index at 275°F is plotted versus the
percentage of voids. The results are similar to those in the
previous graph. The Exxon had a high aging index and a high
carbonyl content. Both of the Cosdens appeared to be abnor-
mally aged at Dickens. However, the Dumas-Cosden datum

13
40 s
-
5 _
w
==
b4
] ®
B 20 |
|
>
=
[=]
=
5 i o .‘ | MACMILLAN
A EXXON
A © COSDEN
A DORCHESTER
0 | 1 Y \ X ©  DIAMOND SHAMROCK
0 2 4 6 8 10 12 14

% VOIDS (1987)

FIGURE 3 Carbonyl aging versus voids for asphalt from 1987
cores of the test sections.
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FIGURE 4 The 275°F aging index versus voids for asphalt
from 1989 cores of the test sections.

at 8.5 percent voids was inconsistent with the 140°F data and
with earlier cores and was probably in error. Figure 5 is a
similar plot with 140°F aging indexes. Again the Exxon value
was quite high, with high values for the Cosdens and perhaps
for the McMillan. At Dumas, both Cosdens were near the
curve. As mentioned earlier, the inherent problem in the
study of voids versus aging is that roadbed variability makes
it impossible to obtain an accurate voids history of the par-
ticular core being studied. So 1987 voids were used rather
than average voids, no doubt accounting for much of the
scatter.

Correlation of Carbonyl Content and Physical
Properties

Because both the viscosity aging index and carbonyl peak
height correlate with voids, they should cross-correlate. Fig-
ures 6 and 7 indicate that they do. Somewhat surprisingly,
however, viscosity seems to correlate as well as the aging
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FIGURE 5 The 140°F aging index versus voids for asphalt
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FIGURE 6 Viscosity at 275°F versus carbonyl peak height
from 1987 cores of the test sections and from the south Texas
highway cores.

index, and this correlation allows the inclusion of the south
Texas data, for which original viscosities are not available.
At 275°F (see Figure 6), the Exxon Dickens value was very
high. The high Cosden value is the suspect point previously
discussed. Otherwise, most south Texas data fit very well.

At 140°F (see Figure 7), the Diamond Shamrock data had
completely separated from the others. The Dickens Exxon
was on the curve, but the plot of south Texas data had a
different slope than the others. These data imply that the
south Texas data in Figure 6 would also plot better with a
lower slope.

In Figure 8, penetrations at 77°F are plotted versus carbonyl
peak height. Individual asphalts are further separated, but
Exxon and McMillan have almost merged with Diamond
Shamrock, whereas Cosden has approximately joined the south
Texas plot with an entirely different slope. The 19-year-old
south Texas FM-1017 had only a slightly higher penetration
than the 5-year-old Dickens Exxon. Several of the Dickens
roads were approaching dangerously low penetrations, as was
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FIGURE 7 Viscosity at 140°F versus carbonyl peak height
from 1987 cores of the test sections and from the south Texas
highway cores.
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from 1987 cores of the test sections and from the south Texas
highway cores.
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FIGURE 9 Viscosity at 275°F versus carbonyl peak height for
asphalts from the south Texas highway cores.
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Highway 186 at MP 36. This low penetration on Highway 186
was consistent with its high viscosity at both 140°F and 275°F.

Except for this road and Highway 281 at MP 37.5, which
had abnormally high penetration and low viscosities, the south
Texas roads show remarkable conformity. In Figures 9 and
10, viscosities of the south Texas roads are plotted versus
carbonyl peak height at 275°F and 140°F. The 140°F corre-
lation is particularly good, except for the two data referred
to previously. All of these data tend to indicate that carbonyl
peak height is a good measure of road aging for any particular
asphalt with respect to both viscosity and penetration and can
probably be used as an effective parameter in laboratory aging
tests. However, carbonyl peak height cannot be related to
road age in years, because the percentage of voids and prob-
ably other factors exert too much influence on aging. One
of these other factors is almost certainly asphalt compati-
bility (7), which could account for much of the divergence of
individual asphalts noted.
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FIGURE 10 Viscosity at 140°F versus carbonyl peak height for
asphalts from the south Texas highway cores.
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FIGURE 11 Sulfoxide peak height versus sulfur content for
asphalt from 1987 cores of the test sections.
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Effect of Sulfoxides

Surprisingly, the correlations so far have been made without
reference to the height of the sulfoxide peak, which for some
of the aged asphalts was higher than the carbonyl peak. Sulf-
oxide formation should be complicated by the wide variations
encountered in sulfur content. Figure 11 shows sulfoxide peak
height versus sulfur content for those asphalts for which data
on sulfur content were available. Although a distinctly upward
bias with increasing sulfur content was present overall, loca-
tion had a much stronger effect. The Dickens sites had con-
sistently higher carbonyl peaks and viscosities and generally
lower penetrations, yet the Dumas asphalt had consistently
higher sulfoxide peaks. These differences are even stronger
when the asphalts from the same supplier are compared.

This reverse correlation between sulfoxide and carbonyl
peak heights is shown in Figure 12. The scattered data at the
bottom, represented by the lower curve, are from Lufkin,
where both carbonyl and sulfoxide tended to be lower because
of the small extent of aging. All of the other data fell rea-
sonably well on the upper curve except for Highway 186 at
MP 25, which showed a high value for both peaks. The asphalt
extracted from this road fit the other correlation well, further
giving evidence that sulfoxide formation has little effect on
physical properties except as it affects carbonyl formation.

Apparently, there is competition between sulfoxide and
carbonyl formation; because the former contributes little to
hardening, it is desirable. The question remains why sulfoxide
formed preferentially at Dumas. A possible answer is the
aggregate, which at Dumas is an absorptive limestone and at
Dickens is sandstone. Sulfoxide formation is reported to be
base catalyzed (8).

Correlation with GPC

Figure 13 shows GPC results for Cosden AC-20 at all three
locations. The progressive aging with time and the higher
aging at Dickens and Dumas are clearly shown. Figure 14
shows a plot of the percentage of LMS versus carbonyl con-
tent. The correlation is not good, because the chromatograph
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FIGURE 12 Carbonyl FT-IR peak height versus sulfoxide
peak height from 1987 cores of the test sections and from the
south Texas highway cores.
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FIGURE 13 GPC chromatograms of the Cosden AC-20 asphalt as sampled before hot-
mixing (tank) and as extracted and recovered from a, Lufkin, b, Dumas, and ¢, Dickens.

(continued on next page)

of each asphalt source tends to have its distinctive shape, only
crudely represented in LMS. The unique shape of Diamond
Shamrock chromatographs is reflected in this graph, but the
scatter is disappointing, as it is for several others.

The largest and most consistent scts of data are for Cosden
and south Texas. Figure 15 is a plot of the percentage of LMS
versus carbonyl peak height for south Texas; except for High-
way 77 at MP 16, the correlation is excellent. Figure 16 shows

the GPC chromatograms for south Texas. The chromatogram
for this asphalt is anomalous, having the lowest shoulder but
not the lowest LMS value. In Figures 17 and 18, viscosity is
plotted versus LMS percentage for the south Texas asphalts.
Most of the points off the line are the same ones that did not
correlate in the plot of carbonyl versus viscosity. In Figure
18, the highest and lowest points are for the same asphalts
that are off the line in Figure 10. The third point represents



Martin et al. 17
70 4
60
< ‘82 Tank
£ A4 NN\ = 86 Core
~ ——— ‘87 Core
&
< ~
g 40
>
& 30
o
B
[a]
10
0 T T || I 1
20 26 30 36 40
(c) TIME (min)
FIGURE 13 (continued)
0.6 W MACMILLAN 7 ! ' L g 0.4 T T T T T T 0
B ® SOUTH TEXAS ASPHALTS
0.5 | A DORCHESTER - 3 1
@ DIAMOND SHAMROCK
7] O SOUTHTEXAS o ® ® W
= = 03} ]
- 04Fr A -
35 =
= [ ] mO o i O 1
e o3t EIO ] S
o B oo n -
w A A O m 0o A T 02
0.2 o o} =
0.1 L L _ . - 1 = 0.1 " 1 A 1 5 1 i
0 10 20 30 40 0 10 20 30 40

CARBONYL PEAK HEIGHT

FIGURE 14 GPC chromatogram of LMS fractions versus
carbonyl peak height from 1987 cores of the test sections and
from the south Texas highway cores.

the asphalt that deviated from the line in Figure 15. The
remaining four points form an almost perfectly straight line.

CONCLUSIONS

The extremely detrimental effect of high voids has been dem-
onstrated again. This effect has been known for decades but
seems to resist implementation. The progressive hardening of
road asphalt with age will be impossible to predict apart from

CARBONYL PEAK HEIGHT

FIGURE 15 GPC chromatogram of LMS fractions versus
carbonyl peak height for asphalts from the south Texas
highway cores.

knowledge of the percentage of voids and perhaps knowledge
of the aggregate used. Sulfoxide formation may be desirable.
In this event, high-sulfur asphalts and aggregates that promote
the oxidation of sulfur would be preferred. Lower viscosity
grades should be used where possible.

Carbonyl formation is an excellent measure of oxidative
aging and correlates with changes in physical properties. If
other properties, such as compatibility, were included, the
correlations would probably improve. The use of GPC to
measure asphalt aging is also very useful, but GPC results are
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FIGURE 16 GPC chromatograms for asphalts from the south Texas highway cores.
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FIGURE 17 Viscosity at 275°F versus GPC LMS fractions for
asphalts from the south Texas highway cores.

more difficult to correlate, because each asphalt yields a chro-
matogram with a distinctive shape that is dependent on the
procedures used.
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Evaluating Recycled Asphalt Binders by
the Thin-Film Oven Test

A. SaMy NOURELDIN AND LEONARD E. WooD

Evaluation of long-term performance and identification of non-
homogeneity, incompatibility, and hardening rate of hot-mix—
recycled bituminous pavement are described. The effects of arti-
ficial laboratory aging on a virgin binder (AC-20) and three
other—extracted and recovered—rejuvenated binders were
determined. Laboratory aging was achieved by means of the thin-
film oven test (TFOT). Analysis and evaluation of the test data
revealed some important aspects of hot-mix recycling. The TFOT
was identified as a potential added criterion in identifying recy-
cling agents that tend to cause a high rate of hardening, non-
homogeneity, and noncompatibility problems in recycled binders
meeting the standard specifications of a virgin binder. This iden-
tification can be obtained by visually inspecting the residues after
the TFOT and classifying their consistency using penetration and
Viscosity tests.

During the last 15 years, recycling of asphalt pavement has
become an increasingly attractive rehabilitation alternative.
The decreasing supply of locally available quality aggregate
in some areas, growing concern over wasle disposal, geo-
metric difficulties of successive pavement maintenances, and
unstable cost of asphalt cement and fuel have made recycling
an environmentally and economically attractive alternative.

Pavement recycling is a technique in which hardened, dete-
riorated old pavement can be processed and reused. The fun-
damental concept lies in softening the old binder fraction by
the addition of softening agents so that the original properties
of that old binder are restored (7).

Millions of tons of hot-mix—recycled pavements have been
used in the present highway systems. Recycled-mixture designs
have been prepared using ihe test methods and criteria his-
torically uscd for conventional aspliall concrete pavements.
Initial results indicate that these methods and criteria are
generally acceptable. However, there is still a need for assur-
ance that long-term aging, with a potentially higher rate of
hardening, and the effects of weathering, homogeneity, and
compatibility on the mechanical and structural properties of
the pavement are not problems (2).

Data collected from previous recycling projects indicated
that the rejuvenated binders in a recycled mix may have a
higher rate of hardening and be more susceptible to temper-
ature than the virgin asphalt cement used in a conventional
mix (3). Problems caused by incompatibility were also reported
when field-aged asphalts were blended with recycling agents

A. S. Noureldin, Public Works Department, Cairo University, Cairo,
Egypt. Current affiliation: Ministry of Communications, King Abdel
Aziz Road, Riyadh 11178, Saudi Arabia. L. E. Wood, Department
of Civil Engineering, Purdue University, West Lafeyette, Ind. 47907.

(4). The type of rejuvenating agent used and the nature of
the aged asphalt could have a role in these observations.

The effectiveness of a recycling agent is a function of its
uniform dispersion throughout the pavement binder. This issue
is important in the process of recycling, bccause changes in
properties with time have been attributed to the fact that old
binder and rejuvenating agents may not have been thoroughly
mixed (5). Some research efforts have been conducted to
establish the ability of mixing operations to produce a homo-
geneous mixture (4—06). The specifications for recycling agents
proposed by the Pacific Coast User-Producer Conference (June
1980) appear to be the best currently available to select the
proper type of recycling agent for a specific project. However,
these specifications alone cannot adequately identify incom-
patibility problems. Additional tests and criteria need to be
developed to identify incompatibility (2,7,8).

If blends of aged asphalt and recycling agents are evaluated
to ensure that they meet current ASTM or AASHTO spec-
ifications for virgin asphalt cements, viscosity and penetration
measurements on samples of these blends after a thin-film
oven test (TFOT) can help identify potential incompatibility
(2,7,8).

To establish the time-temperature effect that three types
of recycling agents have on aged asphalt binder, the TFOT
was used to identify the rate of hardening in a weathered
asphalt after it was trcated with the following agents: AC~
2.5 (ASTM designation), AE—150 (Indiana designation), and
Mobilsol-30 (a commercial type). Samples of virgin asphalt
(AC-20) were used for comparison purposcs. The various
samples were subjected to the oven exposure for three specific
periods, after which the residues were classified by means of
penetration and viscosity tests.

EXPERIMENTAL DESIGN

The experimental part of this study was statistically designed
in advance to investigate the effects of binder type and time
of oven exposure.

1. Binder Type (B). This factor consisted of four levels,
cach representing a specific type of bituminous binder. The
first type was AC—20 (typically used in Indiana for producing
hot-mix bituminous pavement). The second, third, and fourth
levels were the recycled asphalt pavement (RAP) restored
to an AC-20 specification range using the recycling agents
AC-2.5, AE-150, and Mobilsol-30, respectively.

2. Time of Oven Exposure (7). The four levels of this factor
were the periods of time over which a specific type of binder
was subjected to oven exposure in the TFOT (ASTM D1754).
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The time spans were chosen to be 0 (no oven exposure), 2,
5 (the standard time}, and 10 hr.

These two factors were selected for evaluation of the per-
formance of three specific rejuvenated binders. These binders
were compared with a virgin binder (AC-20) under the same
conditions of time and temperature. Rejuvenated binders with
higher hardening rates and greater sensitivity to long-term
weathering actions (simulated artificially by the TFOT) than
a virgin binder are believed to create cracking and compati-
bility problems when used in the field. If so, a recycled pave-
ment would experience a more rapid deterioration rate than
a conventional virgin mix.

The following mathematical model was used to introduce
the data:

PV =M+ B, + T, + BT, + E; 1)
where
PV = penetration or viscosity response for any sample,
M = overall mean,
B; = binder-type effect (fixed and qualitative),
T, = time of oven exposure during the TFOT (fixed and

quantitative),
BT, = interaction effect, and
E; = experimental error (random).

Indices i, j, k run over the number of samples.

A completely randomized design with two factors each hav-
ing four levels (i.e., 16 treatment combinations) was applied
(9). Three replications were prepared for each treatment com-
bination, so that statistical significance could be detected if it
existed, making the total number of samples 48

SAMPLING PLAN AND MATERIALS
Salvaged Materials

A stockpile of representative salvaged bituminous pavement
was obtained for laboratory evaluation. The material used
was milled from US-52 (south of Indianapolis, Indiana) and
randomly selected under the supervision of the Indiana
Department of Highways. Samples were selected at random
from the laboratory-created stockpile to obtain statistically
representative bituminous materials.

Virgin Materials

Crushed limestone and local sand were selected to represent
the coarse and fine aggregate material for virgin aggregate
samples. An AC-20 from AMOCO Oil Company was chosen
to produce conventional mixes. The selection was based on
materials in the state of Indiana that are generally used to
produce hot-mix bituminous pavements.

Three types of recycling agents were selected for use with
the age-hardened salvaged bituminous binder. The agents were
selected because they had been previously used in other recy-
cling techniques and because their physical and chemical prop-
erties were known (5,10). The following recycling agents were
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used: an AC-2.5 obtained from AMOCO Oil Company; an
AE-150; and Mobilsol-30, supplied by McConnaughay, Inc.

TEST RESULTS AND ANALYSIS
Salvaged Materials

Samples of RAP were randomly chosen, reduced in size, and
characterized. Asphalt extraction and recovery were con-
ducted using ASTM D2172-67, Method A, and the Abson
method (ASTM D1856); respectively. The salvaged binder
was characterized by means of penetration, softening point,
and viscosity tests. Amount of asphalt present was deter-
mined, and the salvaged aggregate obtained from extraction
was characterized by sieve analysis.

Tables 1 and 2 present the characteristics of the extracted
hard asphalt and the gradation of salvaged aggregate, respec-
tively. The values were an average of 10 samples. The Indiana
specifications for No. 12 surface were also included in Table
2 for comparison purposes and for future determination of
the feasibility of using salvaged aggregate in a high-quality,
hot-surface mix. The amount of hardening that occurred in
the old binder was not significant when compared to previous
recycling projects. In addition, the sieve analysis of the sal-
vaged aggregate indicated a gradation within the specification
for No. 12 surface (Indiana Department of Transportation
Specifications), except for a small margin at No. % sieve.

Recycling Agents (Rejuvenators)

Three types of recycling agents were used to restore the old
binder to the AC-20 classification range. Selection of the
agents was based on their previous use in recycling techniques
other than hot-mix recycling. The AC-20 classification range
was selected because AC-20 is widely used in producing high-
quality, hot-mix paving mixtures in Indiana.

The three types used were AC-2.5 (ASTM designation),
AE-150 (Indiana designation), and Mobilsol-30 (a commer-
cial type). Table 3 presents the penetration and viscosity val-
ues of AC-20, AC-2.5, and AE-150 residue; Table 4 presents
the characteristics of Mobilsol-30.

TABLE 1 CHARACTERISTICS OF
EXTRACTED HARD ASPHALT

Test Valuer*
Penetration, 77°F, 100 gm, 5 sec. 28
Viscosity, 140°F, Poises 20,888
Kinematic visc., 275°F, c. st 726
Softening Point, °F 137
Asphalt Content (Total wt.) 6%

*
Average of 10 samples
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TABLE 2 GRADATION OF SALVAGED AGGREGATE

Sieve size 3/8 #4 8 #16 #30 #50 | #100 |#200
*

% Passing 93 78 62 44 28 15 7.5 5

IND. spec. for|

#12 surface 96~100 70-80 36-~66 19-50 10-38 | 5-26 | 2-17 0-8

*
Average of 10 samples

TABLE 3 CHARACTERISTICS OF AC-20, AC-2.5, AND
AE-150

Asphalt Penetration Viscosity, 140°F, Poige
AC-20 65 1890
AC-2.5 200 292
AE-150 Residue 200 270

TABLE 4 CHARACTERISTICS OF

MOBILSOL-30
*
Percent Asphaltenes 0
*

Percent Polar Compounds 8
*

Percent Aromatics 79
*

Percent Saturates 13

Percent solids in
Emuleificd Form 66.7

*
Flash Point 505

..... emalblc VISCOEiT

at 140°F, c.st. 164

Kinematic Viscoeity

*
Properties of Residue

Determination of the Amount of Rejuvenator

Asphalt Institute curves (/1) were used to determine an initial
value for the percentage of rejuvenator (AC-2.5 and AE-
150) to be added to the old binder to restore the properties
to an AC-20 range of classification. The curves suggest the
rejuvenator percentage on the basis of its viscosity at 140°F,
the old binder’s viscosity at 140°F, and the required viscosity
for the new rejuvenated binder at 140°F. The initial value for
the percentage of Mobilsol-30 was chosen on the basis of
previous recycling projects (5,10).

A series of extraction and recovery tests were conducted
to justify these initial values. Table 5 presents the character-
istics of salvaged asphalt and the three rejuvenated binders.

Preparation of Samples for TFOTs

RAP samples and the virgin aggregate were heated in an oven
at 240°F for 30 min. The rejuvenators were heated in an oven
at 180°F when they were used. RAP, virgin aggregate, and
one of the rejuvenators were mechanically hot-mixed for 2
min. The amount and gradation of virgin aggregate were
selected in such a way that the resulting binder content was
6 percent of the total weight of mix (the original binder con-
tent in the RAP) and the resulting aggregate gradation was
within the Indiana specifications for No. 12 surface (typically
used for producing hot-mix bituminous surface mix). The loose
samples were stored in an oven for 15 hr at 140°F for curing
and were directly extracted using Method A of ASTM D2172.
Asphalt binders were then recovered separately using the
Abson Method (ASTM D1856).

Actual field conditions were simulated by adding virgin
aggregate to the RAP followed by the rejuvenator; however,
Mobilsol-30 was added before the virgin aggregate. In other
words, the salvaged binder was treated before the extraction
and recovery process was conducted.

Results and Analysis of the TFOT

Penetration and viscosity values at 140°F were obtained on
recovered, rejuvenated asphalt samples (0 hr on TFOT) and
on residues after 2. 5 (the standard time), and 10 hr in the

thin-film oven. Identical conditions were applied to the AC-

TABLE 5 CHARACTERISTICS OF SALVAGED ASPHALT
AND REJUVENATED BINDERS

*
Binder Penetration Viscosity, 140°F
0ld Asphalt 28 20,888
40% 0ld Asphalt
+60% AC-2.5 62 Z112
45% 01d Asphalt
+55% AE-150 Residue 68 1994
85% O0ld Asphalt
15% Mobilsol-30 Residue 69 1974
AC-20 spec., 60+ 1600~-2400

*
Average of 10 samples

Note: Mobilsol-30 characteristics are given in Table 4.
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20, and its penetration and viscosity values at 140°F were
obtained for comparison purposes.

Tables 6 and 7 present average penetration and viscosity
values (at 140°F) of the three replications at each treatment
combination (binder type and time of oven exposure). Sig-
nificant differences were obtained when conducting a two-
way analysis of variance (ANOVA) on the data presented in
Tables 6 and 7. Increasing the time of oven exposure resulted
in a significant drop in penetration and a significant increase
in viscosity for all the samples (which was expected). How-
ever, these changes varied significantly, depending on the
binder type. The RAP rejuvenated by the AE-150 experi-
enced the highest hardening rate, followed by the virgin AC-
20, the RAP rejuvenated by AC-2.5, and the RAP rejuven-
ated by the Mobilsol-30. In addition, after the TFOT on RAP
samples rejuvenated by AE-150, an easily removed, brittle
skin was formed on the top of the sample in the pan. This
was true for all the samples of RAP modified by AE-150,
even those exposed for only 2 hr in the oven.

In general, these data indicate that using AE-150 as a recy-
cling agent for hot-mix-recycled bituminous pavements may
result in incompatibility, nonhomogeneity, and a high rate of
hardening problems. Test results for the AC-2.5 and the Mob-
ilsol-30 encourage their use as recycling agents. The RAP
rejuvenated by AC-2.5 or Mobilsol-30 had a hardening rate
slightly slower than that of the virgin AC-20.

TABLE 6 PENETRATION VALUES OF BINDER
AFTER DIFFERENT TIMES OF OVEN

EXPOSURE

Time of Oven Exposure During TFOT
Binder Type | Zero | 2 hours |5 hours 10 hours
AC-20 65 43 33 25
RAP+AC-2.5 64 48 38 29
RAP+AE-150 62 34 26 18
RAP+Msol~-30 | 64 50 43 33

Note: Values included are average of 3 replications.

TABLE 7 VISCOSITY VALUES (AT 140°F) OF
BINDERS AFTER DIFFERENT TIMES OF OVEN
EXPOSURE

Time of Oven Exposure During TFOT
Binder Type Zero 2 hours 5 hours 10 hours
AC-20 1890 3920 8780 25,870
RAP+AC-2.5 1980 3410 7890 15,080
RAP+AE-150 2150 9770 18,740 62,340
RAP+Mobilsol-30 | 2220 4680 7490 14,880

Note: Values included are averages of 3 replications.
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Relationship Between the Time of Oven Exposure and
Consistency of Binder

Regression analyses were conducted to establish statistical
relationships between the time of oven exposure during the
TFOT (0, 2.5, and 10 hr) and the consistency of binder (AC-
20, RAP + AC-2.5, RAP + AE-150, or RAP + Mobilsol-
30) represented by the penetration and the viscosity at 140°F.
Tables 8 and 9 present the regression equations for penetra-
tion and viscosity, respectively. The symbol x was used to
represent the time spent in the TFOT. The regression param-
eter multiplied by x can be used as an indicator for the tend-
ency of the rejuvenated binder to have a high hardening rate
and hence create short-term aging and possible incompati-
bility and nonhomogeneity problems.

Figures 1 and 2 show graphical representations of the sta-
tistical relationships for penetration and viscosity at 140°F
versus the time of oven exposure.

SUMMARY OF RESULTS

The salvaged material was obtained from US-52, Indiana. The
recycling agents applied to the salvaged material were AC-
2.5, AE-130, and a commercial type (Mobilsol-30). The virgin
AC-20 used for comparison purposes was obtained from

TABLE 8 REGRESSION EQUATIONS FOR THE
RELATIONSHIP BETWEEN PENETRATION OF
BINDER AND TIME OF OVEN EXPOSURE
DURING TFOT

Binder Type Equation R

AC-20 Penetration = —i9% | 0,999

v2.45+1,35x%

Penetration = . (o R— 0.999

Y2 .45+0.95x

Penetration = — e - 0.993

Y2.4542,45%

RAP+AC-2.5

RAP+AE-150

RAP+Mobils01-30| Penetration = —2%— [ 0.993

Y2.45+0.75x

Nores: "x" is the time of oven exposure during the TFOT.
R’ is the coefficient of determination.

TABLE 9 REGRESSION EQUATIONS FOR THE
RELATIONSHIP BETWEEN VISCOSITY (AT 140°F)
AND TIME OF OVEN EXPOSURE DURING TFOT

2

Binder Type Equation R

AC-20 Viscosity = (45.4+10x)% | 0.999
RAP+AC-2.5 Viscosity = (45.4+9x)2 | 0.982
RAP+AE-150 Viscosity = (45.4+22x) 0.975

RAP+HMobilsol-30 | Viscosity = (45.448x)% | 0.977

Nores: "x" is the time of oven exposure during
the TFOT. R’ is the coefficient of determination.
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FIGURE 1 Relationship between penetration and time of oven
exposure during the TFOT.
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FIGURE 2 Relationship between viscosity and time of oven
exposure during the TFOT.

AMOCO Oil Company. A completely randomized design was
used for the design of the experiment and the analysis of data
resulting from the TFOT (ASTM D1754). The analysis and
evaluation of the test data revealed a number of important
aspects of hot-mix-recycled bituminous pavement. However,
the significant results obtained may be limited to the materials
used and test conditions applied.

TRANSPORTATION RESEARCH RECORD 1269

The main conclusions can be summarized as follows:

1. Rejuvenated binders having the same consistency as a vir-
gin binder will probably have different long-term performances
and hardening rates.

2. Having a rejuvenated binder meet the standard speci-
fications for a virgin binder is not enough to ensure the success
of a hot-mix-recycled pavement. Additional criteria and test
conditions have to be developed.

3. The TFOT is suggested as a good tool to identify the
rate of hardening, possible nonhomogeneity, and noncom-
patibility that may be expected from a rejuvenated binder in
the hot-mix-recycled pavement.

4. Salvaged asphalt in the RAP may experience a high rate
of hardening and create nonhomogeneity and noncompati-
bility problems in the hot-mix-recycled asphalt pavement if
AE-150 is used as a recycling agent. However, AC-2.5 and
Mobilsol-30 may not create these effects as recycling agents,
and their use indicated a slightly slower hardening rate than
that of the virgin AC-20.

5. When AE-150 was used for treating weathered asphalt,
a brittle skin tended to form on all the TFOT residues; the
skin was easily separated from the rest of the sample.

6. Careful selection and testing of a recycling agent (reju-
venator) is essential to ensure good-quality hot-mix-recycled
asphalt pavement with an acceptable performance.
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Effects of Asphalt Properties on Indirect

Tensile Strength

NorMaN W. GARRICK AND RaMESITI R. BIiskURrR

The indirect tensile test on asphalt concrete mixes is a frequently
used procedure for assessing likely pavement performance. Cur-
rently, the indirect tensile test is most commonly used for pro-
viding information on moisture susceptibility. However, the indi-
rect tensile test may also be used to determine engineering
properties needed for elastic and viscoelastic analyses and for
evaluating thermal cracking, fatigue cracking, and potential prob-
lems with tenderness. Given the importance of this test, there
appears to be a lack of information on the factors that determine
indirect tensile strength (IDTS) of asphalt mixes. Consequently,
the effects of asphalt composition and physical properties on IDTS
values were obtained. Mixes were made with 15 different types
of asphalt and with 2 different types of aggregate (traprock and
gravel). Asphalt composition was characterized by gel permeation
chromatographic analysis. The penetration of the thin-film oven
test residue and IDTS values were strongly correlated. The IDTS
values increase as penetration decreases. Asphalt composition
also plays a significant role in determining the IDTS values of
traprock mixes. Asphalt composition seems to account for dif-
ferences of up to 55 percent in IDTS values of traprock mixcs.
However, the effect of asphalt composition on gravel mixes appears
to be much less pronounced.

The indirect tensile test on asphalt concrete mixes is com-
monly used to assess moisture susceptibility. However, the
indirect tensile test may also be used to determine engineering
properties needed for elastic and viscoelastic analyses, and
for evaluating thermal cracking and fatigue cracking (/). But-
ton and his associates (2) have used this test as part of a system
of evaluating mixes for problems with tenderness.

Little information exists about the factors that determine
indirect tensile strength (IDTS) of a mix, Some reports (3-
5) have examined how IDTS values vary with mix properties
such as air void and asphalt content. But few reports concern
the relationship between asphalt properties and IDTS values
(6). The possible effects of asphalt composition have not been
examined at all.

Some of these factors, mainly the effects of asphalt prop-
erties on IDTS values, are examined here, The asphalt prop-
erties considered are consistency and composition, Mixes were
made with 15 different asphalts from various sources nation-
wide. Asphalt composition was characterized by gel permea-
tion chromatographic (GPC) analysis.

Fifteen asphalts from six suppliers were used for this proj-
ect. These asphalts are characterized in Table 1. Details of
the test programs for the asphalts and the asphalt mixes are
discussed in the following sections.

Department of Civil Engineering, University of Connecticut, Storrs,
Conn. 06269-3037.

ASPHALT CEMENT TEST PROGRAM

The program of physical tests included viscosity (140°F) and
penetration (77°F) ratings for all 15 asphalts and for residues
of the asphalts after thin-film oven aging. The compositional
test consisted of GPC analyses.

The GPC system included three ultrastyragel columns con-
nected as specified in the order of 1,000, 500, and 500 Ang-
strom pore size. Tetrahydrofuran (THF) was uscd as both the
solvent and the mobile phase in the system. Fifty microliters
of a 0.5 percent asphalt solution was injected and allowed to
flow at a rate of 1 mL/min through the columns. The detector
used was a multiwavelength ultraviolet detector that was set
at a wavelength of 290 nm.

GPC parameters were obtained from the GPC profiles using
a modified form of a procedure that was developed at Purdue
University (7). The procedure used in this project consisted of
dividing the GPC profile into 12 equal-time segments, as opposed
to the 8 unequal-time segments originally used (see Figure 1).
The resulting GPC parameters, designated X1 to X12, are the
percentages of total area under the curve in each segment.
Molecular size can be assumed to decrease from Segment 1 to
Segment 12. The GPC parameters represent the proportion of
asphalt molecules of a given size. This interpretation should be
applied with caution, however, because many factors affect the
apparent size of an asphalt molecule (7).

ASPHALT CONCRETE MIX TEST PROGRAM

Eight different types of asphalt concrete (AC) mixes were
made for each of the 15 asphalts. Half of the mixes were made
with traprock and the other half with a river gravel. Mixes
were made with two different asphalt contents (4.8 and 5.5
percent) and were compacted to two different air void con-
tents (6 and 8 percent), resulting in a total of four types of
mixes for each aggregate. Two replicates of each type of mix
were tested.

The required degree of compaction was obtained by using
a gyratory compactor in a constant high mode. The gradation
of the mixes was the middle gradation of the Connecticut
Class II mix, as follows:

Sieve Size Percent Passing
Y in. 100
% in. 80
#4 67
#8 52
#50 17
#200 5

Table 2 presents data on the specific gravity and absorption
rate of the aggregates.
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TABLE 1 ASPHALTS USED IN PROJECT

AsphaltNo,  Grade  Suppller __State
NE5 AC-5 New Bituminous Rhode Island
NE10 AC-10 New Bituminous Rhode Island
NE20 AC-20 New Bituminous Rhode Island
D5 AC-5 Diamond Shamrock Texas
D10 AC-10 Dlamond Shamrock Texas
D20 AC-20 Diamond Shamrock Texas
AS AC-5 Ashland Kentucky
A10 AC-10 Ashland Kentucky
A20 AC-20 Ashland Kentucky
E5 AC-5 Edgington California
E20 AC-20 Edgington California
CAGS5 AC-5 Guyott Connecticut
CAG20 AC-20 Guyott Connecticut
CP10 AC-10 Chevron New Jersey
CP20 AC-20 Chevron Connecticul
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FIGURE 1 Typical GPC profile.

The IDTS value of each mix was determined at room tem-
perature (about 75°F) using the Marshall test apparatus. The
test frame for this procedure consisted of two curved loading
strips, each 0.5 in. wide. The load was applied at a rate of 2
in./min, and the load at failure was recorded.

RESULTS

The results of the physical tests and the GPC analyses for the
15 asphalts are presented in Tables 3 and 4, respectively. A
sample of the GPC profiles is also shown in Figure 1. Tables
5 and 6 present the indirect tensile test results for the AC
mixes.

Regression analysis was used to evaluate the relationship
between IDTS and the asphalt properties, The results of these
analyses are used to discuss the effects of asphalt consistency
and composition on IDTS in the following sections. The effects
of aggregate type and of asphalt and void content are also
discussed.
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TABLE 2 SPECIFIC GRAVITY AND ABSORPTION OF
AGGREGATES

Specific Gravity

Aggregate Type Bulk Apparent Absorption (%)
Coarse fraction

Trap 2.89 2,97 0.96

Gravel 2.63 2.73 1.39
Fine fraction

Trap 2.84 3.03 2.21

Gravel 2.60 2.69 1.26

Effect of Consistency

A summary of the results of regression analyses relating IDTS
values to the various measures of consistency is presented in
Table 7. These results show that the penetration (at 77°F)
and viscosity (at 140°F) of the original asphalt correlated with
IDTS. The penetration (at 77°F) and viscosity (at 140°F) of
the thin-film oven test (TFOT) residue also correlated sig-
nificantly. However, the best correlation (highest »* value)
was obtained using penetration (77°F) of the TFOT residue
for all eight mix types.

From a theoretical point of view, these results are not unex-
pected. Because of the similarity in test temperatures, pen-
etration at 77°F would be expected to give better correlations
with tensile strength than would viscosity at 140°F. In addi-
tion, the consistency of the TFOT residue is probably closer
to that of the asphalt in the mix than is the consistency of the
original asphalt.

These results, though not surprising, do suggest that the
relationship between asphalt and mix properties must be fully
understood in terms of the characteristics of the asphalt in
the mix rather than those of the original asphalt. Unfortu-
nately, no tests were run on asphalts extracted from the mixes.

More detailed results of the regression analyses for pene-
tration of the TFOT residue and IDTS are presented in Table
8 for the eight types of mixes. The relationship between these
two variables is also shown in Figures 2-9 for each of the
mixes. In all cases, the regression functions show that IDTS
increases as penetration decreases. However, the slope of this
relationship is significantly affected by aggregate type. The
slope varied from 0.74 to 0.82 for traprock, and from 1.00 to

TABLE 3 PHYSICAL PROPERTIES OF TEST ASPHALTS

Iginal Asphal TFOT Residue
Asphalt No, Penetration Yiscoally Penatration Viscoslty
01dm, 77°F RISOF 01dm. 77°F PALIES
NES 187 586 109 1344
NE10 110 1035 79 2155
NE20 68 1945 56 3957
DS 203 424 133 753
D10 122 896 78 1551
D20 70 2237 57 3859
AS 114 538 o7 1033
A10 96 1096 58 1816
A20 74 2023 54 3837
ES 140 547 88 1107
E20 55 1711 s 3572
CAGS 177 481 126 1224
CAG20 77 2149 54 4452
CP10 17 1089 78 2047
cP20 91 1926 55 5449




TABLE 4 RESULTS OF GPC ANALYSES

Asphalt No. X1 x2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12
NS 5.02 12.65 14.56 16.67 16.17 13.63 10.25 6.29 3.40 1.05 0.26 0.05
NS 5.38 13.80 15.14 16.54 15.91 13.30 9.89 5.89 3.08 0.87 0.17 0.03
N10 4.18 12.62 15.26 17.68 17.18 13.94 9.70 5.53 2.82 0.86 0.19 0.03
TN1O 10.92 15.97 14.95 15.61 14.84 11.92 8.20 4.65 2.20 0.63 0.11 0.01
N2o 3.95 12.50 15.44 18.42 17.93 14.04 9.20 .03 2.45 0.80 0.20 0.04
TN20 8.59 16.01 15.46 16.43 15.89 12.42 8.03 4.33 2,01 0.69 0.13 0.02
D5 5.11 14.87 19.57 21.07 17.84 11.35 $.96 2.58 1.03 0.45 0.14 0.03
TDS 5.88 16.42 20.01 20.46 17.01 10.71 5.54 2.36 0.94 0.41 0.12 0.02
D10 5.02 15.10 19.67 20.93 17.63 11.29 6.01 2.65 1.09 0.43 0.14 0.03
TOt0 6.36 16.65 19.92 20.12 16.69 10.62 5.60 2.44 1.00 0.44 0.14 0.03
D20 5.44 15.38 19.63 20.63 17.35 11.19 5.98 2.66 1.11 0.45 0.15 0.03
TD20 7.01 17.38 20.25 20.19 16.24 10.00 5.30 2.22 0.89 0.38 0.12 0.03
AS 1.11% 10.40 14.95 21.47 22.04 15.12 8.42 4.00 1.74 0.54 0.13 0.03
TAS 3.11 11.74 15.48 20.61 20.94 14.35 7.87 3.66 1.56 0.53 0.13 0.02
A10 2.64 10.30 14.10 19.15 20.40 15.60 9.60 4.95 2.30 0.74 0.16 0.03
TA10 3.34 11.54 14.63 18.79 19.70 14.92 9.14 41 2.14 0.87 0.19 0.03
A20 4.55 12.38 14.99 18.21 18.44 14.21 8.10 4.90 2.29 0.74 0.16 0.03
TA20 5.40 13.27 15.42 18.11 18.10 13.78 8.70 4.55 2.03 0.57 0.07 0.00
=3 1.00 5.84 11.90 18.20 20.41 18.64 13.80 6.71 2.66 0.69 0.13 0.02
TES 2.28 9.25 13.74 17.57 18.81 17.01 12.43 5.85 2.25 0.68 0.12 0.02
€20 1.27 6.16 12.41 18.83 20.98 18.73 12.88 5.80 2.20 0.59 0.12 0.02
TE20 2.54 8.86 13.71 18.08 19.50 17.35 11.90 $.31 1.95 0.67 0.13 0.02
CAGS 4.22 12.32 15.11 17.87 17.44 14.06 9.64 §.48 2.77 0.86 0.19 0.03
TCAGS 5.35 13.49 15.15 17.28 16.77 13.51 9.22 s.23 2.60 1.12 0.23 0.04
CAG20 4.18 12.11 14.54 17.00 16.58 14.02 10.44 8.36 3.35 1.04 0.25 0.05
TCAG20 5.47 13.86 15.11 16.60 15.90 13.31 8.77 5.85 3.01 0.e9 0.19 0.03
CP10 5.36 13.13 15.72 17.20 15.91 13.03 9.65 5.75 3.01 0.96 0.23 0.05
TCP10 9.26 15.22 15.48 15.88 14.63 12.02 8.84 S.1§ 2.58 0.80 0.15 0.02
cP20 4.73 12.93 15.64 17.21 16.21 13.52 8.84 S.70 2.94 0.94 0.27 0.05
TCP20 6.95 14.62 15.66 16.64 15.44 12.64 9.14 $.26 2.64 0.80 0.18 0.03
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TABLE 5 IDTS OF TRAPROCK MIXES

Indirect Tensile Strength(psi)

Asphalt ¥,
Number 4.8%AC 5.5%AC 4.8%AC 5.5%AC
NES 38 37 37 39
NE10 57 62 59 58
NE20 62 62 70 69
D5 39 36 45 42
D10 55 58 66 57
D20 86 86 85 80
A5 39 33 41 33
A10 74 54 67 59
A20 77 77 87 85
E5 57 52 49 48
E20 106 99 111 108
CAGS 48 46 50 43
CAG20 58 65 67 66
CP10 46 48 50 43
CP20 75 72 78 78

Average 61 59 64 61

TABLE 6 IDTS OF GRAVEL MIXES

Indirect Tensile Strength (psi)

Asphalt 8%Voids 6%Voids

Number 4.8%AC 5.5%AC 4.8%AC 5.5%AC
NE5 65 52 62 63
NE10 91 71 78 71
NE20 101 93 108 103
D5 45 39 40 38
D10 80 ” 75 83
D20 136 132 142 129
A5 49 47 48 47
A10 74 76 78 83
A20 101 96 72 108
ES 57 48 61 60
E20 179 155 138 133
CAG5 45 42 42 42
CAG20 97 112 120 121
CP10 58 50 67 67
CP20 108 89 100 103

Average 86 79 82 83

TABLE 7 RESULTS OF REGRESSION ANALYSES:
IDTS VERSUS ASPHALT CONSISTENCY

Trep 0.69 0.60 0.78 0.50
8%volds, 4.8%AC
Trap 0.71 0.73 0.77 0.65
8%volds, 5.5%AC
Trap 0.75 0.71 0.81 0.62
6%voids, 4.8%AC
Trap 0.72 0.7 0.81 0.66
6%volds, 5.5%AC
Gravel 0.76 0.75 0.82 0.66
8%volds, 4.8%AC
Gravel 0.84 0.82 0.86 0.67
B8%volds, 5.5%AC
Gravel 0.76 0.80 0.60 0.71
6%voids, 4.8%AC
Gravel 0.81 0.89 0.89 0.79
6%volds, 5.5%AC
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1.11 for the gravel mixes. To a smaller extent, the slope was
also affected by asphalt content. Larger slope values were
obtained for those mixes with the higher asphalt content (5.5
percent).

The difference in slopes means that a change in penetration
will cause a much larger change in the IDTS of a gravel mix
than that of a traprock mix. Because penetration of the asphalt
in the mix will change with temperature, another interpre-
tation of this result may be that mixes with different aggre-
gates have different temperature susceptibility with respect
to IDTS. If this is the case, then the temperature susceptibility
of the gravel mix is greater than that of traprock mix. This
hypothesis needs to be verified by tests on the mixes at different
temperatures.

TABLE 8 RESULTS OF REGRESSION ANALYSES:
IDTS VERSUS PENETRATION OF TFOT RESIDUE
(RPEN77)

MixTypo HegressionModel  rsauaced
Trap 10g(IDTS) = -0.74 * log(RPEN77) + 7.23 0.78
8%voids, 4.8%AC

Trap log(IDTS) = -0.78 * log(RPEN77) + 7.38 0.7
8%volds, 5.5%AC

Trap 1og(IDTS) = -0.76 * log(RPEN77) + 7.39 0.81
6%volds, 4.8%AC

Trap log(IDTS) = -0.82 * log(RPEN77) + 7.57 0.81
6%voids, 5.5%AC

Gravel 10g(IDTS) = -1.02 * log(APEN77) + 8.76 0.82
8%volds, 4.8%AC

Gravel 10g(IDTS) = -1.11 * log(RPEN77) + 9.02 0.86
8%volds, 5.5%AC

Grave! 10g(IDTS) = -1.00 * log(RPEN77) + 8.61 0.80
6%voids, 4.8%AC

Gravel 10g(IDTS) = -1.07 * Iog(RPEN77) + 8.92 0.89

6%voids, 5.5%AC

Note: log(IDTS) Is the Nalural Log of Tenslle Sirength
log(RPENT??) is the Nalural Log of TFOT Penotration

TABLE 9 RESULTS OF REGRESSION ANALYSES:
IDTS VERSUS PENETRATION OF TFOT RESIDUE
(RPEN77) AND GPC PARAMETERS (X5 AND X12)

Mix Type RegressionModel  rsquared

Trap log(IDTS) = - 0.046 * X5- 14.37 * X12

8%volds, 4.8%AC - 0.75 * log(RPEN77) + 8.64 0.90

Trap 10g(IDTS) = - 0.096 * X5 - 17.42 * X12

8%volds, 5.5%AC -0.83 * log(RPEN77) + 9.92 0.93

Trap 1og(IDTS) = - 0.075 * X5 - 16.55 * X12

H%voids, 4. 8%AC -0.79 * 1og(RPEN77) + 9.47 0.95

Trap log(IDTS) =~ 0.089 “ X5- 16.43 * X12

6%voids, 5,5%AC -0.86 * log(RPEN77) + 9.93 0.95

Gravel log(IDTS) = - 0.030 * X5

8%volds, 4.8%AC - 1.05 * log(RPEN77) + 9.41 0.84

Gravel log(IDTS) =- 0.024 * X5

8%volds, 5.5%AC -1.12 “ log(RPEN77) +9.52 0.87

Gravel log(IDTS) = - 0.046 * X5

6%volds, 4.8%AC -1.03 * log(RPEN77) +9.58 0.85

Gravel log(IDTS) = - 0.047 * X5

6%voids, 5.5%AC -1.11 * log(RPEN77) +9.93 0.94
ple: C: of Composition index for mix, Trap:6%voids:4.8%AC

COMPOSITION INDEX = -0.075 * X5 -16.55 * X12
(GPC parameters, X5 and X12, are listed in Table 4 for each asphalt)
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Effect of Composition

Stepwise regression analyses were conducted to determine the
best regression model that incorporated both consistency data
and compositional data. The best results for the traprock
mixes were obtained with a model containing (a) TFOT pen-
etration, (b) GPC parameter X5, and (¢) GPC parameter X12.
The best model for the gravel mixes was the one with (a)
TFOT penetration and (b) GPC parameter X5.

The resulting regression models (presented in Table 6) show
that, in the case of the traprock mixes, the inclusion of asphalt
composition (GPC parameters) significantly improved the
correlation. However, the inclusion of these parameters did
little to improve the prediction for the gravel mixes.

The plots in Figures 2-9, for IDT test versus penetration
(at 77°F) of the TFOT residue, show some amount of scatter
about the regression function. In the case of the traprock

TABLE 10 COMPOSITION INDEXES FOR TRAPROCK
MIXES

— CompositionIndex

Asphalt 8%Voids ____6%Voids

Number 4.8%AC 5.5%AC 4.8%AC 5.5%AC
NES -1.46 -2.42 -2.04 -2.26
NE10 -1.22 -2.17 -1.78 -2.02
NE20 -1.40 -2.42 -2.01 -2.25
D5 -1.25 -2.24 -1.83 -2.08
D10 -1.24 -2.22 -1.82 -2.06
D20 -1.23 ~2.19 -1.80 -2.04
A5 -1.45 -2.64 -2.15 -2.45
A10 -1.37 -2.48 -2.03 -2.31
A20 -1.28 -2.29 -1.88 -2.13
ES -1.23 -2.31 -1.86 <215
E20 -1.25 -2.36 -1.90 -2.20
CAGS -1.23 -2.20 -1.80 -2.05
CAG20 -1.48 -2.46 -2.07 -2.30
CP10 -1.45 -2.40 -2.02 -2.24
CP20 -1.46 -2.43 -2.04 -2.26

Range -1.48 to -2.64to -2.15to -2.45to

-1.22 <217 -1.78 -2.02

TABLE 11 COMPOSITION INDEXES FOR GRAVEL.
MIXES

Compositlon Index

Asphalt 8%Voids 6%Voids

Number 4.8%AC 5.5%AC 4.8%AC 5.5%AC
NE5 -0.49 -0.39 0.74 -0.76
NE10 -0.52 0.41 0.79 -0.81
NE20 -0.55 -0.43 -0.83 -0.84
D5 -0.54 -0.43 -0.82 -0.84
D10 -0.54 -0.42 0.81 -0.83
D20 -0.53 -0.41 -0.80 -0.82
A5 -0.67 -0.53 -1.01 -1.04
A10 -0.62 -0.49 0.84 -0.96
A20 -0.56 -0.44 -0.85 -0.87
ES -0.62 -0.49 £0.94 -0.96
E20 -0.64 -0.50 0.97 -0.99
CAGS5 -0.53 -0.42 -0.80 -0.82
CAG20 -0.50 -0.40 0.76 -0.78
CP10 -0.48 -0.38 0.73 -0.75
CP20 -0.49 -0.39 -0.75 -0.76

Range -0.67 to -0.53 to «1.01to -1.04 to
-0.48 -0.38 -0.73 0.75
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mixes, much of this scatter or deviation from the prediction
line is related to differences in compaosition.

In order to better illustrate the effect of composition, a
composition index was calculated by considering the contri-
bution of the GPC parameters to the regression functions in
Table 9. Values of composition indices for the mixes are pre-
sented in Tables 10 and 11. In addition, the amount of devia-
tion from the regression line in Figures 2-9 was determined
for each data point. The plot of deviation versus composition
index indicates the contribution of composition in determining
IDTS. These plots are shown in Figures 10-17.

In general, there is a significant degree of correlation between
deviation and composition index for the traprock mixes but
not for the gravel mixes, This correlation confirms that asphalt
composition is important in determining the IDTS of the
traprock mixes.

The maximum difference in composition index for a given
type of mix can also be considered to be the maximum dif-
ference (on an exponential scale) in IDTS values that is attrib-
utable to composition. For the traprock. this range in IDTS
values was about (.45 for two of the four mixes. This result
means that for two asphalts of the same penetration, differ-
ences in composition would cause a maximum difference in
IDTS value of about S5 percent [i.e., the IDTS value of Asphalt
A was 4.00 (55 psi), the IDTS value of Asphalt B was 4.45
(87 psi)]. For the gravel mixes, the range of composition index
was less than 0.29 in all four cases.

For the traprock mixes, the deviation from the line increases
in a positive direction as composition mdex increases (Figures
10—13). In other words, the penectration model underesti-
mates the DTS of mixes with asphalt of relatively high values
of composition index (a combination of low values for the
X5 and X12 parameters). Also, the composition indexes for
asphalts from the same source were not necessarily of similar
magnitude.

The previously discussed results for consistency suggested
the nced for determining the consistency of the actual asphalt
in the mix to better understand the relationship between asphalt
properties and the AC mix properties. Similarly, the com-
positional data should be that of the actual asphalt in the mix
rather than that of the original asphalt. As stated before,
however, no extraction was done.

Despite the shortcomings of using compositional data for
the original asphalt, the results give some indication of the
effect of composition on this mix property. The same tech-
niques could be used in studying the actual asphalts from
pavements, to determine how changes in asphalt properties
affect pavement properties such as IDTS, However, the com-
positional data might not be required if the actual consistency
of the asphalt in the specimen is used in the regression. This
hypothesis can only be verified by further research.

Effect of Aggregate Type, Air Voids, and Asphalt
Content

Aggregate type significantly affects the relationship between
penetration and IDTS value, in that the slope of the rela-
tionship is larger for gravel than for a traprock mix. In effect.
the gravel mix is more susceptible to temperature changes
than an equivalent traprock mix with the same asphalt.



Garrick and Biskur

Another important difference is that the average tensile
strength (see Table 5) was higher for gravel (82 psi) than for
traprock (62 psi). These averages were approximately the
same for each of the four combinations of air voids and asphalt
content. However, the differences between gravel and trap-
rock were not uniform for all asphalts. For example, the IDTS
value of mixes with asphalt D5 was about the same (41 psi)
using either gravel or traprock; however, for asphalt NES,
the strength of the gravel mix was significantly higher (61
versus 38 psi). Many other examples of this kind of variability
can be observed in Table 5.
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The mix properties examined in this project were air voids
(6 and 8 percent) and asphalt content (4.8 and 5.5 percent).
In general, tensile strength decreased as air voids and asphalt
content increased (see Table 3). The differences were small,
and the amount varied from asphalt to asphalt. The differ-
ences were also smaller than have been reported in some other
studies (3,4).

Like aggregate type, asphalt content also affected the slope
of the relationship between IDTS value and penetration. In
all cases, high-asphalt-content mixes had higher temperature
susceptibility for given tensile strength.
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FIGURE 10
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SUMMARY

The effects of asphalt properties on the IDTS of a mix were
examined. A strong correlation was observed between pen-
etration of the TFOT residue and IDTS. The IDTS increases
as penetration decreases.

The slope of the relationship between penetration and ten-
sile strength varies significantly with aggregate type. The data
suggest that the gravel mixes are more susceptible to tem-
perature changes (in IDTS values) than the traprock mixes.

Aggregate type was also found to have a significant effect
on the magnitude of the IDTS value of a given type of mix.
In general, gravel mixes have higher tensile strength than
equivalent traprock mixes with the same asphalt. However,
the differences between two types of mixes with the same
asphalt varied from asphalt to asphalt.

Asphalt composition was another factor that appeared to
play a role in determining the IDTS of some mixes. For the
traprock mixes, asphalt composition may account for dif-
ferences of up to 55 percent in the IDTS. The efféct of
asphalt composition on gravel mixes was generally much less
pronounced.

Overall, the IDTS of a given mix is clearly related to
the consistency and composition of the asphalt. GPC is an
effective method for characterizing the effects of asphalt
composition on tensile strength.
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Use of HPGPC with UV Detection for
Determination of Molecular Size
Distribution of Asphalt Cement After
Quantitative Corrections for Molar
Absorptivity Variation and Saturated Oils

S. W. BisHARA AND R. L. McREYNOLDS

A method is described for calculating molecular size distribution
(MSD) of asphalt cement using ultraviolet (UV) detection. A
5-um, SO0A phenogel column is used to fractionate a known
amount of a whole asphalt sample, Tetrahydrofuran:pyridine (95:5)
serves as mobile phase. After passing through the UV detector
at 345 nm, the eluent is fractionated at arbitrarily selected inter-
vals. The fractions are collected in weighed petri dishes and left
to dry. A computer generates a slice report showing percent
material eluting at successive retention times. The injection is
repeated and eluting fractions collected in volumetric flasks. After
removing the column, a known volume of a given fraction is
injected and the maximum absorbance reading for each fraction
is recorded. The second set of fractions is then poured into the
petri dishes containing the fractions from the first injection. Then,
the molar absorptivity a is calculated. Using ASTM Method D4124-
86(B), the percent saturates is determined. The saturates are
injected, a differential refractive index detector is used to get an
MSD value, and a computer generates a slice report. The data
generated for the whole asphalt sample are treated mathemati-
cally, first, to account for variation of a and, second, for unde-
tectability of saturates by UV, For six samples, comparison of
data readily available from the slice report with those obtained
after treatment reveals differences of up to 65 percent for some
fractions. Reproducibility of the system and of the proposed method
proved satisfactory., Excluding the separation of saturates. the
proposed method consumes 7 to 8 hr; in series less than 4 hr.

The revival of liquid chromatography in its modern version,
high-performance liquid chromatography (HPLC), has paved
the way for scientists to investigate highly complex organic
and inorganic systems. Companies using polymers as raw
material rely primarily on high-performance gel permeation
chromatography (HPGPC) to fingerprint an incoming batch
of polymer. For a batch to be accepted, the molecular size
distribution (MSD) profile of the raw material has to match,
by overlay, the profile already available for an ideal batch.
HPGPC serves as well for quality control of the finished
polymer product.

HPLC and HPGPC have been used to study the chemistry
of asphalt cement (AC) (/-9). The two techniques, together
with other investigations on the rheological behavior of mate-
rials (e.g., peeling, viscoelasticimetry, and viscosity of ultra-
thin films) show that ACs with the same specifications may
in fact have substantially different chemical compositions and

Materials and Research Center, Kansas Department of Transporta-
tion, 2300 Van Buren St., Topeka, Kans. 66611.

rheological behaviors (5). Brule (3-5), therefore, has empha-
sized the practical application of physicochemical methods
such as HPGPC for the characterization of road asphalts.

In the HPGPC study of asphalt, two main types of detection
are generally used—namely, the differential refractive index
(RI), and ultraviolet (UV) absorption. The RI detector has
the advantage of being able to analyze almost all types of
organic structures, including the saturated oils (saturates).
This advantage, however, is offset by drifting of the baseline,
low sensitivity, and, more significant, the lack of reproduci-
bility (4). The UV detector, on the other hand, is character-
ized by high sensitivity, stability, excellent reproducibility,
and a wide range of applicability. For the analysis of road
asphalts, however, two difficulties arise.

1. The saturates, which usually constitute 10 to 25 percent
of the material, do not absorb UV radiation. Because the UV
detector fails to respond to this class of compounds, the slice
report, which lists how much matcrial elutes at a given time,
does not account for the saturates.

2. Unlike other polymers, any point on the MSD profile is
governed by the amount of material eluting from the column
as well as by the molar absorptivity (extinction coefficient) of
the complex mixture eluting from the column at this particular
point (4,8,10). The chemical composition of the asphalt mate-
rial eluting from the GPC column varies with the retention
volume (or time), thus causing the molar absorptivity to be
a variable that has to be considered in determining the molec-
ular size distribution of a chemically complex mixture such as
asphalt. Unless the molar absorptivity is accounted for math-
ematically, the percent material reported at a given time will
not only be a function of the amount passing through the
detector, but also would depend on the molar absorptivity of
such material.

These difficulties restrict the usefulness of the slice report
and shift the burden of characterization of an asphalt sample
to the MSD profile by itself. For many asphalt samples, how-
ever, the differences between the corresponding profiles are
too subtle to provide decisive answers. Furthermore, two
apparently identical MSD profiles can in fact belong to two
different asphalts if the molar absorptivity of the constituents
is distributed in a manner that tends to minimize the inherent
differences.
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A semipreparative GPC column fractionated a whole asphalt
sample solution into a number of fractions at arbitrarily cho-
sen time intervals. The slice report generated by the computer
determined the percent of material eluting in each fraction.
For each fraction, the molar absorptivity was determined in
a manner similar to that described by Bishara and Wilkins
(11). Another sample weight was then analyzed using ASTM
Method D4124-86(B) to isolate the saturates; the solvent
(hexane) evaporated and the percent of saturates was deter-
mined gravimetrically, as usual. After dissolution, an aliquot
of the saturates was run across the same GPC column under
conditions similar to those used for the whole asphalt sample,
but using RI detection. The computer generated a slice report
that determined the percent of saturates that eluted in each
fraction. From this information, the percent of material in
each fraction of the whole asphalt sample was then analyzed
mathematically, to account for variation of molar absorptivity
and for the undetectability of saturates by the UV detector.

EXPERIMENTAL
Apparatus

A Waters HPLC consisting of a Waters 600 multisolvent deliv-
ery system, a U6K injector, a UV-visible liquid chromato-
graphic spectrophotometer (Lambda-Max, Model 481), and
a Waters differential refractometer, Model R 401; and a
Phenomenex, 5-pm, S00A phenogel semipreparative column
(300 x 22.5 mm) with tetrahydrofuran (THF) as the solvent
were used. The data were received by a Waters 840 data and
chromatography control station, consisting of a Digital Equip-
ment Corporation (DEC) computer (Professional 380), aDEC
LA Printer, and a Waters system interface module (SIM).

Materials

e THF, Optima HPLC-grade, freshly distilled and filtered
through 0.2-wm membrane;

® Pyridine, distilled and filtered through 0.2-um mem-
brane;

e n-Hexane, distilled,;

e Helium gas, 99.9 percent pure for sparging;

e Nylon 66 membranes, 47 mm in diameter, 0.2-um, for
solvent and sample purification;

® Whatman Glass microfiber filters, GF/F, 4.25 cm in diam-
eter, for separating the asphaltenes as specified in ASTM
D4124-86(B);

@ Alumina, activated, chromatographic grade, 80—-200 mesh,
Type F-20, calcined at 775°F (413°C) for 16 hr, and stored
in a desiccator; and

@ Toluene, methanol, and trichloroethylene used to elute
the asphalt sample solution through the alumina column.

Procedures

Step I— Separation of Saturates

The ASTM method D4124-86(B) was followed to separate
the saturates. The rest of the sample, i.e., the naphthene aro-

41

matics and polar aromatics, were then eluted out of the column.
The percent of saturates was determined gravimetrically, as
usual.

Step II— Molecular Size Distribution of Saturates

The saturates were dissolved qualitatively in about 10 mL of
THF and filtered through a 0.2-um membrane. About 150
pL of the solution were injected into the HPLC and a mobile
phase composed of 100 percent THF was used at a flow rate
of 6.0 mL/min. The phenogel column was maintained at ambient
temperature, and the RI detector was activated. A detailed
slice report was programmed that showed the percent satu-
rates eluting, e.g., every 0.1 min. From the slice report, the
percent saturates eluting within the arbitrary time intervals
T, (4.5 to 7.5 min), T, (7.5 to 8.5 min), T; (8.5 to 9.5 min),
T, (9.5 to 10.5 min), and Ts (10.5 to 14.0 min) following
injection were obtained. Once selected, these intervals had
to be maintained throughout the rest of the procedure.

Step III—Molecular Size Distribution of Whole
Asphalt

An asphalt sample in the range 2.0 to 2.5 g was weighed
accurately (to within 0.01 mg). About 25 mL of THF was
added and the mixture was sonified for 15 min at room tem-
perature. The solution was transferred quantitatively to a 50-
mL volumetric flask, completed to volume V with THF, and
filtered through a 0.2-wm membrane.

1. An exact aliquot (100 to 200 pL) chosen to contain 6 to
8 mg of the asphalt sample was injected. A mobile phase
composed of 95 percent THF and 5 percent pyridine was used
at a flow rate of 6.0 mL/min. The phenogel column was main-
tained at ambient temperature. The wavelength of absorption
on the UV detector was set to 345 nm. The eluting material
was collected in a series of five small, glass, accurately weighed
(to within 0.01 mg) petri dishes at the same set of time inter-
vals used in Step II. Petri Dishes 1 to 5 were set aside to allow
for the solvent to evaporate. A detailed slice report that showed
the percent of material eluting, say, every 0.2 min, was pro-
grammed. From this slice report, the percent of asphalt mate-
rial eluting in each fraction, F, through F;, was determined.

2. Under exactly the same conditions, the injection was
repeated using an aliquot equal to that used in Step 1. The
eluting fractions were collected in a series of five volumetric
flasks numbered 1 through 5. Because the fraction volumes
were not uniform, each of the first and fifth fractions was
collected in a 25-mL volumetric flask; each of the remaining
fractions was collected in a 10-mL volumetric flask. The
solution volume in each flask was filled to the mark with THF.

Step IV— Determination of Molar Absorptivity of
Fractions of Whole Asphalt

To determine the molar absorptivity of each of the fractions
collected in Step III, Part 2, the column was removed from
the HPLC system and the two lines, originally joined to the
column, were connected to each other.
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1. Measurement of A. THF was used as the mobile phase
at a flow rate of 0.2 mL/min. About 30 L of the solution in
Volumetric Flask 1 was injected. With the wavelength on the
UV detector set at 345 nm, the absorbance reading increased,
gradually reaching a maximum before declining back to the
initial value (0.001). The maximum absorbance reading A,
was recorded and used to substitute for the absorbance A in
Beer’s law

A = abc (D

where a = molar absorptivity, b = optical path length, and
¢ = concentration. Because the same sample cell was used
in all the work, and because relative rather than absolute value
of molar absorptivity was sought, the optical path length could
be eliminated, and the equation simplified to

A =ac (2)
or
a = Alc (3)

The value of the absorbance A was then obtained and
recorded for each of the other fractions.

2. Calculation of ¢ and a. The contents of each volumetric
flask collected in Step III, Part 2, was poured into the cor-
responding petri dish from Step III, Part 1, and rinsed quan-
titatively. The petri dishes were set aside until dry, then heated
in an oven at 160°C for 90 min. They were cooled in a des-
iccator until weight was constant. Setting § = weight in mil-
ligrams of saturates in the sample volume injected in Step III,
Part 2,

W x 1,000 x TV x PS

&= 1,000 x 100 @
where

W = sample weight (g),

IV = injection volume (pL),

PS = percent saturates (%), and

14

total volume (Step III) (mL).

For example, setting s, = weight in milligrams of saturates
in Volumetric Flask 1,

S x PS,
1700 )

where PS, is the percent saturates eluting in time interval T,
in Step II.

The weight in milligrams of UV-absorbing material in Vol-
umetric Flask 1 is given by

Xlz%_sl (6)

where W, is the weight in milligrams of material in Petri Dish
1 from Step IV, Part 2.
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Therefore,

. X% X 1,000 x 30
G = T X 1,000 )

where c, is the concentration of absorbing material in the
(IV, = 30 pL) injection volume and v, is the volume in
milliliters of Volumetric Flask 1. Equation 3 was used to
calculate the corresponding value of a. Similarly, ¢ and a were
calculated for the rest of the fractions.

Calculation
Correction for Molar Absorptivity

For each fraction, the percent material as obtained from the
slice report in Step III, Part 1, was divided by the molar
absorptivity of the fraction concerned. The result was termed
the “interim percent material.” In this manner, the effect of
molar absorptivity on the apparent value of eluting percent
material was nullified (although the sum of the interim percent
material for all the fractions was more than 100 percent).

Correction for Saturates

For the whole asphalt sample under consideration, the percent
of UV-absorbing material was calculated by subtracting the
percentage of saturates (Step I) from 100.0. For each fraction,
the interim percent material was multiplied by the percent of
UV-absorbing material and divided by the sum of interim
percent materials to get the correct percent material in this
fraction, i.e., to get the percent of absorbable components
present in the given fraction. The sum of correct percent
materials of the five fractions was the percent of UV-absorbing
matcrial in the given asphall sample.

RESULTS AND DISCUSSION

Since the introduction of HPGPC as a polymer fractionation
method, the technique has proved to be a reliable tool for
characterization of polymers (12,13). Although not a polymer
in the strict sense of the word, asphalt cement has also been
analyzed by this technique. Not many detectors are suitable,
and UV detection, though not perfect, is the most advanta-
geous, From the MSD profile obtained, the computer sliced
the area under the chromatogram and generated a report
(slice report) that listed the percent material that eluted at a
given retention time. Unlike polymers (and because of the
chemical complexity of asphalt), for these values of percent
eluting material to have any significance, the effect of vari-
ation of molar absorptivity with retention time had to be
offset. Another variable was the undetectability of the saturated
compounds by the UV detector.

One approach for addressing these problems was to use a
relatively large GPC column that allowed injection of larger
sample concentrations, collect the eluting material at different
time intervals, generate an MSD profile of the whole asphalt
sample, and then determine the molar absorptivity of each
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fraction. The saturates were separated, weighed, dissolved,
and eventually run through the HPGPC system to obtain an
MSD profile.

Development and Limitation

Preliminary investigations to select the highest possible sam-
ple load on the column, without much loss of resolution,
revealed that a 6- to 8-mg sample, run at a solvent flow rate
of 6.0 mL/min, is optimum (Figure 1). As mentioned before,
the method depended on fractionizing a whole asphalt sample
into a number of fractions. Obviously, the higher the number
of fractions collected, the closer would be the results to the
actual values. However, the following limitations applied: (a)
the maximum sample load allowed, which was a function of
the column packing and dimensions, and (b) the capability of
the balance used for weighing each fraction. As a tradeoff to
these limitations, five fractions were selected as a reasonable
number. However, to have fraction weights large enough to
be accurately weighed by the balance available at the time of
this study, the whole-asphalt sample injection had to be done
twice. To facilitate computations, the two injection volumes
were identical.

That the time elapsed between dissolution and injection
might affect the MSD profile of an asphalt sample was already
known. Figure 2 shows three runs for the same sample injected
at 1, 2, and 4 hr from dissolution. Curve B demonstrates that
after 2 hr the large molecular-weight region (1, = 6 to 7 min)
exhibited a slight decrease in detector response that later on
(4 hr from dissolution, Curve C) led to a corresponding increase
at the small-molecular-weight region (f; = 11 to 12 min). The
dissociation of larger molecules into smaller ones over time
has been described by Brule (4). Therefore, the time interval
between dissolution and injection was kept to a minimum,
preferably 2 hr.

The time intervals set for collecting the eluent were arbi-
trarily set to provide a reasonable weight in each fraction.
Although the cut times could be altered, once selected they
had to be maintained throughout the procedure, or for a
whole set of comparative analyses.

In an early stage of this study and to keep the error in
weighing a fraction at a minimum, light polythene beakers
were used for collection. On drying and heating, however,
negative weights were frequently encountered, apparently as
a result of the THF partially dissolving the container material
to yield volatile by-products. The problem disappeared once
glass petri dishes were substituted.

Sonification for 15 min at room temperature proved ade-
quate for quantitatively dissolving any of the samples under
investigation. To elute an asphalt sample of 6 to 8 mg out of
the 300- x 22.5-mm semipreparative GPC column, a mobile
phase of THF flowing at 6.0 mL/min was used at first. But
the chromatogram was found to extend beyond the total col-
umn void volume, i.e., outside the useful range of separation
by GPC. Some of the smaller molecules, particularly the strongly
polar ones, are retained within the column by an adsorption
mechanism. Use of a mobile phase composed of 95 percent
THEF plus S percent pyridine overcame the forces of adsorption,
and enhanced elution.

The importance of asphaltenes in the asphalt macrostruc-
ture model of Yen (14) is known. Interactions between the
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7 electrons of the pericondensed polynuclear aromatics pro-
vide cohesion for the sheets to form the asphaltene micelles.
Under favorable conditions, these combine to form aggre-
gates. Polynuclear aromatics are therefore important, and
use of a long wavelength (345 nm) of UV absorption was
warranted.

Analysis of Samples

Six asphalt cement samples from five different refineries and
covering a wide range of viscosities were selected. Each sam-
ple was analyzed by the proposed method, and the results are
given in Table 1.

As expected, the results show that the molar absorptivity
depends on retention time. For some samples, e.g., Sample
85-1147, the range of variation was 0.1 to about 0.6. This
value also varies from one sample to the other. These vari-
ations highlight the significance of including the value of molar
absorptivity in MSD calculations. For the six samples ana-
lyzed, the percent saturates ranged between 10 and 23. Reli-
able information about the MSD of an asphalt sample using
UV detection should account for the amount as well as the
MSD of the saturates themselves within the sample in question.

Comparison between the treated and untreated data (those
readily generated by the computer) in Table 1 reflects the
influence that the molar absorptivity and saturates may exer-
cise on the MSD data. Apart from Fraction 5, the difference
was detectable for all fractions of the six samples analyzed,
and was quite significant for some samples and for certain
fractions reaching about — 65 percent for F, of Sample 88—1043
and about -+ 60 percent for F, of Sample 86-4292.

For laboratories where the analysis of asphalt into four
fractions according to the ASTM method D4124-86(B) is a
routine test, the time required for Steps II through IV of the
proposed procedure is approximately 7 to 8 hr. In series, it
takes less than 4 hr.

Reproducibility

To test reproducibility of the HPGPC system, a set of six
polystyrene standards and toluene, run 11 days apart, were
compared (Table 2). In either case, 100 wL of about 0.25

TABLE 2 COMPARISON OF RETENTION TIMES FOR A
SET OF POLYSTYRENE STANDARDS AND TOLUENE,
RUN 11 DAYS APART

Retention Time (min)

Molecular

Standard Weight 1st Day 12th Day
F-2 16,700 5.66 5.66
F-1 10,300 6.16 6.16
A-5000 6,200 6.78 6.78
A-2500 2,800 7.59 7.58
A-1000 950 8.70 8.70
A-300 402 9.75 9.75
Toluene 92 12.28 12.28
Correlation 0.9999176 0.9999195
Standard 0.16848 0.16358

error of

estimate




TABLE 1 MOLECULAR SIZE DISTRIBUTION OF ASPHALT CEMENT SAMPLES
BEFORE AND AFTER CORRECTION FOR MOLAR ABSORPTIVITY VARIATION
AND SATURATED OILS

Sample Fraction Percent Molar Percent Whole Asphalt

No. Satur- Absorp- Material _
ates * tivity** Untreated Interim Treated
Data Data Data ***

Fq 2.2 0.200 49.3 246.5 31 .9

F3 6.9 0.098 0 1 7:5:..5 22.3

B85-2754 Fg 0.7 0.089 16.7 187.6 2347

Fy 0.1 0.184 4.3 TF'? 100

Fg 0.0 0.106 2D 23..6 2.8

Total 9.8 100.0 718.9 90y |

Fq 3.2 0.308 44 1 143.2 21.6

Fy 3:3 0.103 1747 171.8 26.0

85-1147 Fa 4.1 0.098 7.8 181.6 27.58

Fgq 2.1 0.242 19.4 BO.2 12.13

Fg 0.0 0.572 140 17 &

Total 12.7 100.0 578.5 87.5

Fq 4.2 0:210 58.4 278.1 3349

Fy 8.5 0.089 178 200.0 24.3

85-2357 Fq 3.9 0.096 14.5 151.0 18.4

Fy 0.0 0.166 9.0 54.2 6.6

Fg 0.0 0.283 0.3 141 0.1

Total 16.6 100.0 684.4 83..3

Fq 1.5 0.297 43.7 147 .1 215

F, 10.3 0.124 19..3 155.6 22.7

86-4292 F3 2.6 0.093 19.3 207.5 30.3

Fy 0.3 0.238 1.3 7 57.6 8.4

Fg 0.0 0.246 4.0 16.3 2.4

Total 14.7 100.0 584.1 853

Fq 1.4 0.307 23.3 75.9 8.5

Fq 14.1 0.301 23.0 76.4 8.6

88-1043 F3 6.6 0.065 23.7 364.6 41.0

Fy 0.7 0.150 23.0 153 .3 17.2

Fg 0.0 0.397 7:0 17+ 6 2.0

Total 22.8 100.0 687.8 77.3

85-3890 See Table 3

¥Calculated as percentage of the whole asphalt sample.
* % These are not absolute values.
**% Does not include saturates, i.e., only covers the UV-absorbing

material.
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FIGURE 1 MSD profile for 7.99416 mg of Sample 86-4292 using 95 percent THF + 5 percent pyridine at 6.0 mL/min, ambient
temperature, and one 500A phenogel column (300 X 22.5 mm), UV at 345 nm.

mV

0 5 10 15
Minutes

FIGURE 2 Comparison of three runs of Sample 85-3890 at different times from injection; 95 percent THF + 5 percent pyridine
used as a mobile phase at 6.0 mL/min, UV at 345 nm, one 500A phenogel column (300 X 22.5 mm); Curve A, 1 hr; Curve B, 2 hr;
Curve C, 4 hr.
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TABLE 3 RESULTS OF ANALYSIS OF SAMPLE 85-3890 TWICE, 10 DAYS APART

Frac- Percent Molar Absorp- Percent Whole Asphalt Material
tion Satur- tivity ** (i) + (ii)+
ates * (i)+ (ii)+ Untreated Treated Untreated Treated
Data Data ++ Data Data ++
Fq 142 0.237 0.231 36.7 20.2 3770 19.1
Fy 2.2 0.124 0.099 21,7 22.59 21.2 25. 9
Fj 4.4 0.088 0.079 21.3 31:7 21.1 31.8
Fyu 2:5 0.169 0.176 16.9 13.1 17:5 1.9
F5 0.0 0.256 0.259 '3.4 .7 3.2 15
Total 1043 100.0 89.6 100.0 89.8

* Calculated as percentage of the whole asphalt sample.
** These are not absolute values.
+ (i) Test run the first time; (ii) test run ten days later.

++ Does not include saturates, i.e., only covers UV-absorbing

material.

percent polystyrene solution was injected, one S00A phenogel
column (300 X 22.5 mm) maintained at ambient temperature
was used, and THF at 6.0 mL/min served as the mobile phase
(the inclusion of 5 percent pyridine in the mobile phase did
not seem to affect the retention time, and therefore was dis-
pensed with). On the first day, the UV detector at 272 nm
was used; on the 12th day, the RI detector was used.

To test reproducibility of the proposed method, Sample
85-3890 was tested twice under the same conditions but with
10 days separating the two runs. For each run, however, a
fresh sample weight was used. Table 3 presents the two sets
of measurements. All of the figures, with one exception,
revealed a satisfactory level of reproducibility. Only Fraction
2 showed a deviation of 2.6 percent (absolute). This deviation
occurred although the fraction weight was practically the same
for the two tests (4.45 mg for the first run compared with 4.58
mg for the second run, with a relative error of 2.9 percent).
The injected sample weights were also practically identical
(16.55 and 16.54 mg, respectively, with a 0.06 percent dif-
ference). The difference in the values of A, however, was
unexpectedly high, with 25 percent relative error (Table 3).
Therefore, the deviation of the results of Fraction 2 was
attributed to an odd reading of the absorbance.

CONCLUSION
In the study of the MSD of asphalt cement using HPGPC

with UV absorption for detection, two difficulties have to be
considered. First, the saturated compounds (usually 10 to 25

percent of sample) do no absorb electromagnetic radiation in
the UV region. Second, because of the chemical complexity
of asphalt, the molar absorptivity varies with the retention
time. The data provided by the slice report depicting the
percent material eluting at successive retention times (and
correspondingly of decreasing molecular weights) has to be
treated mathematically to account for these difficulties. To
achieve this, a whole asphalt sample is fractionated, and the
molar absorptivity determined for each fraction. The saturates
are separatcd, and their MSD is determined.
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Adsorption of Asphalt and Asphalt
Functionalities onto Aggregates
Precoated with Antistripping Agents

CHRISTINE W. CURTIS, JEONGHYEON BAIK, AND YOUNG W. JEON

The adsorption behavior of asphalt and functionalities representa-
tive of those present in asphalt on aggregates precoated with
antistripping agents was investigated. The amount of adsorption
obtained was compared with that of uncoated aggregate. The
aggregates used were a high-surface-area synthetic silica and low-
surface-area actual siliceous aggregates; Warrior River sand from
Alabama; and greywacke from California. The aggregates were
precoated with commercial polyamine antistripping agents. The
acidic functionalities benzoic acid and phenol demonstrated
enhanced adsorption with the antistripping agent precoating,
whereas the nonacidic functionalities phenylsulfoxide, benzyl-
benzoate, benzophenone, quinoline, and pyrene did not. The
adsorption of AC-20 asphalt onto precoated silica and Warrior
River sand showed decreased adsorption compared to that on
the uncoated aggregate, The adsorption of AC-10 on precoated
greywacke also showed decreased adsorption compared to uncoated
greywacke. The ranking of the AC-20 adsorption on different
uncoated aggregates when aggregate surface area was taken into
account was Warrior River sand > silica > greywacke. Likewise,
AC-20 adsorbed more on precoated Warrier River sand than on
precoated silica. Desorption of AC-20 asphalt from precoated
silica using distilled water appeared to be less than that from
uncoated silica.

Asphalt serves as the binder for aggregates in road pavements.
The adhesion of the binder to the aggregate is of utmost
importance for achieving and maintaining long-lived, well-
performing pavements. Adhesion of the asphalt to the aggre-
gate can be examined in the laboratory using liquid-phase
adsorption of asphalt onto different aggregate surfaces. Pre-
vious work performed by Plancher et al. (1) and Petersen et
al. (2) has indicated the importance of the polar functionalities
present in asphalt for providing a binding, strongly adsorbing
layer at the interface between asphalt and aggregate. Plancher
et al. (1) found that benzoic acid adsorbed most on all of the
aggregates used whereas quinoline was preferentially adsorbed
with acidic aggregates (quartzite and granite). Phenylsulfox-
ide, benzophenone, and phenol were favorably adsorbed onto
either acidic or basic aggregate (limestone), whereas the other
functionalities, benzylbenzoate, 1,2,3,4-dibenzanthracene, and
naphthalene, showed little affinity for any of the aggregates.
Curtis et al. (3) examined the competitive adsorption of het-
eroatomic model compounds onto dry and moist silica sur-
faces. The competitive affinity observed for dry silica was in
the order of phenylsulfoxide > quinoline > phenol > benzoic
acid, whereas for moist silica the order was phenylsulfoxide
> phenol > benzoic acid > quinoline.
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Fritschy and Papirer (4) examined the adsorption of asphalt
onto different surface area Aerosils that are nonporous pyro-
genic silicas. Multilayer adsorption of the asphalt was observed
with the most strongly adsorbing fraction appearing to be
asphaltenes. Curtis et al. (5) examined the adsorption of asphalt
with different degrees of oxidation onto model and actual
aggregates. AC—20 achieved a higher level of adsorption on
all of the aggregates than did the more highly oxidized asphalts.
Moisture on the aggregate surface had different effects on the
amount of adsorption, depending on the type of aggregate used.

The stripping or removal of asphalt from the aggregate
because of water penetrating between the layer of asphalt and
the aggregate surface causes many pavements to fail. Many
different antistripping agents have been developed over the
years to reduce the stripping propensity of different aggre-
gates; however, many of them are composed of polyamines
[for example, Mathews (6), Dybalski (7), Kartashevskii et al.
(8), Brown and Swidler (9)]. Mathews (10) reported that using
cationic surfactants as antistripping agents promoted adhesion
between asphalt and aggregate and effectively reduced water
damage. The action of these cationic surfactants is to migrate
to the aggregate surface and render the surface lipophilic for
facile adsorption of asphalt. Dybalski (17) proposed a method
of directly applying antistripping agents to the surface. This
method would obviate the possibility that the polyamine anti-
stripping agents would react with acidic components in the
asphalt and be rendered inactive. However, the best method
for introducing antistripping agents is still in question.

This study investigated the effect of adsorbed antistripping
(AS) agents on the chemistry and adsorption behavior of
asphalt and asphalt functionalities at the asphalt-aggregate
interface. The primary objective was to ascertain the adsorp-
tion behavior of asphalt and asphalt functionalities onto syn-
thetic and actual aggregates precoated with AS agents and to
compare their adsorptive behavior without AS agents. The
asphalts used in this study were an AC-10 and an AC-20.
The aggregates used were Warrior River sand; a greywacke;
and a high-surface-area, porous silica. The model function-
alities representing chemical functionalities present in asphalt
selected for this study were carboxylic acids represented by
benzoic acid, phenolics by phenol, sulfoxides by phenylsulf-
oxide, nitrogen bases by quinoline, ketones by benzophe-
none, esters by benzylbenzoate, and polynuclear aromatics
by pyrene. Commercial polyamine antistripping agents were
used to precoat the aggregates. Asphalt adsorption was per-
formed from toluene solution using a continuous system,
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whereas the asphalt functionalities were adsorbed from
cyclohexane solutions using batch adsorption.

EXPERIMENTAL
Materials Used

Two commercially available polyamine AS agents (AS1 and
AS2) were used as received. The AC-10, labeled in the fig-
ures as AAD-1, was produced from California Coastal crude;
the AC-20, obtained from Hunt Oil, was produced from 18
percent Maya crude, 65 percent Mississippi-Alabama pipeline
crude, and 17 percent Boscan crude. The seven model com-
pounds representing chemical functionalities present in asphalt
used were benzoic acid (purity >99 percent). quinoline (>99
percent), phenylsulfoxide (97 percent), phenol (>99 percent),
benzophenone (>99 percent), benzylbenzoate (>99 percent),
and pyrene (>99 percent), all supplied by Aldrich. The organic
solvents used were dichloromethane (>99 percent, spectro-
photometric grade, Aldrich) for adsorption of the AS agents,
cyclohexane (>99 percent, spectrophotometric grade, Ald-
rich) for adsorption of the model compounds, and toluene
(spectranalyzed grade, Fisher) for adsorption of the asphalts.
Distilled water was also used as a desorption solvent for asphalt.
The liquid model compounds and the organic solvents were
dried before use by adding activated Type 4A molecular
sieves, whereas the solid compounds were dried in a vacuum
desiccator.

The adsorbents used were Warrior River sand, an aggregate
from Alabama; a greywacke, a siliceous aggregate obtained
from Kaiser Sand and Gravel, Pleasenton, California; and a
silica gel purchased from Alltech Associates, Inc., and man-
ufactured by Davison Chemical Division, W. R. Grace and
Company. The aggregate surface arcas, obtained using mul-
tipoint nitrogen adsorption, are as follows:

Aggregate Surface Area (m?lg)
Warrior River sand 0.6

Greywacke 25

Silica 294

The aggregates were dried before use at 150°C for 24 hr to
remove physisorbed water and volatile organics.

Equipment

The asphalt adsorption experiments were performed using a
continuous system described previously [Curtis et al. (3)],
consisting of a thermojacketed column containing the aggre-
gate and toluene circulating through the system. The column
temperature was maintained at 25°C and the change in con-
centration was monitored by visible spectroscopy. The AS
agents and model functionalities were adsorbed from di-
chloromethane and cyclohexane, respectively, using batch
adsorption. Their change in concentration was monitored by
ultraviolet (UV) spectroscopy. The adsorption vessels were
agitated using a Model 3528CC microprocessor-controlled orbit
shaker manufactured by Lab-line Instruments. Adsorption
temperature, speed, and agitation time were controlled at
25°C = 0.65°C, 250 = 10 rpm, and 60 min, respectively.
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Preparation of Precoated Aggregate

Each AS agent was dissolved into dichloromethane to make
solutions with initial concentrations ranging from 0.5 to 10
g/L. The insoluble fraction consisting of about 5 percent of
the AS agent was removed by vacuum filtering the solution
through a Whatman 934 AH glass microfilter. The solution
concentration was corrected by subtracting the insoluble frac-
tion from the initial amount of the AS agent introduced. The
flasks containing AS agent solution were placed in the orbit
shaker for 1 hr to allow equilibration of the solution to 25°C.
Then, 2 g of dried aggregate was introduced into 95 mL of
AS agent solution, and the solution mixture was stirred for 1
hr, which was sufficient for attaining equilibrium for adsorp-
tion. Samples of 5-mL aliquots were taken before and after
adsorption by filtering them through 0.22-pm MSI Teflon
membrane filters. The weakly adsorbed AS1 fraction on silica
was removed by washing the silica three times with 100 mL
of pure dichloromethane.

When precoated silica was prepared for the asphalt adsorp-
tion studies, only I g of silica was introduced to the AS1
solution resulting in a somewhat higher AS1 monolayer amount
than with 2 g. When Warrior River sand and greywacke were
precoated, 5 g of each material was added to each adsorption
flask for precoating with ASI. Neither Warrior River sand
nor greywacke was washed with dichloromethane. After
precoating, the aggregates were dried for 24 hr at room
temperature in a vacuum desiccator.

Adsorption of Model Compounds onto Precoated
Silica

Model compounds were each dissolved into cyclohexane to
make solutions with various initial concentrations up to 15
g/L. The sample solutions were placed in the orbit shaker for
1 hr to equilibrate at 25°C. Then, 0.5 g of precoated silica
was added into 95 mL of model compound solution, and the
solution mixture was agitated for 1 hr to attain equilibrium.
Samples of 5-mL aliquots were taken before and after
adsorption.

Analysis

Samples taken in the adsorption experiments were analyzed
by UV-visible spectroscopy using a Model 250 Gilford UV-
visible spectrometer. The characteristic wavelengths used for
each compound are as follows:

Test Compound  Solvent Wavelength (nm)
AS1 Dichloromethane 270
AS2 Dichloromethane 270
Quinoline Cyclohexane 274
Phenylsulfoxide  Cyclohexane 252
Phenol Cyclohexane 271.5
Benzoic acid Cyclohexane 274
Benzophenone Cyclohexane 250
Benzylbenzoate  Cyclohexane 247
Pyrene Cyclohexane 295
AC-10 Toluene 410
AC-20 Toluene 375
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Quantitation was based on Beer’s law, A = abe, where A,
a, b, and ¢ denote UV or visible absorbance, absorptivity
(L/g-em), cell pathlength (1 cm), and solution concentration
(g/L), respectively. The calibration curves for the asphalts,
AS agents, and model compounds were developed using stan-
dard solutions of known concentrations. From the absorbance
readings, the solution concentration as well as the amount
adsorbed was calculated by using the equations given in the
following paragraphs.

AS Agent Loading on Silica from Dichloromethane
Solution

CI/Cy = Abs/Abs, (1)
AW = V(C, - O) 2)
DW = VC, = V(Absy/ab) 3
o=A-D 4)
where

C, = initial solution concentration (g/L),

C = equilibrated solution concentration (g/L),
Abs, = UV absorbance of initial solution,
Abs = UV absorbance of equilibrated solution,

A = amount adsorbed per gram of silica (g/g silica),

W = quantity of silica used (g),

V = solution volume (L),

D = amount desorbed per gram of silica (g/g silica),

C,, = solution concentration resulting from washing (g/L),
Abs,, = UV absorbance of wash solution,

a = absorptivity of AS agent (L/g-cm),

o = amount of AS loading on silica obtained after
removing the weakly adsorbed fraction (g/g silica),
and

b = cell pathlength (cm).

Model Compound Adsorption from Cyclohexane
Solution

Equations 1 and 2 suffice to describe the adsorption from
cyclohexane solution.

Adsorption of Asphalt onto Aggregate

Asphalt solutions were prepared using dry spectroanalyzed
toluene. The concentration ranges used were from ~(0.4 to
53.5 g/L. for silica, 0.02 to ~1.4 g/L for Warrior River sand,
and 0.02 to 0.54 g/L for greywacke. The asphalt in toluene
solution was introduced to the column and allowed to equi-
librate for approximately 5 min. The flow rate of 0.58 mL/
sec was then set without aggregate in the column. Aggregate,
both precoated and uncoated, consisting of 1 g of silica or 5
g of either Warrior River sand or greywacke, was then added
to the column and the experiment begun. The visible absorb-
ance reading was obtained at the wavelengths presented in
Table 2 (the last two entries) after each solution had reached
equilibrium. The equilibrium time was 8 hr for silica and
Warrior River sand and 12 hr for greywacke.
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Desorption of AC-20 from Precoated Silica and
Uncoated Silica

The desorption experiment was performed by first adsorbing
nearly equivalent amounts of AC-20 onto AS1 precoated and
uncoated silica. The silica with preadsorbed AC-20 was dried
for 48 hr at room temperature in a vacuum desiccator, then
placed in 25 or 50 mL of distilled water, and finally agitated
for 2 hr at 25°C. The asphalt was extracted from the water
phase by toluene. Aliquots (5 mL) of the organic phase were
taken for quantitative analysis by visible spectroscopy.

Asphalt Adsorption and Desorption on Aggregate

Adsorption
CIC, = Abs/Abs, (5)
AW, = V(C, — C) 6)
A = VCy(Abs, — Abs)/W,Abs, @)
Desorption
DwWA = Vwa = w(Awa/awb)

D, = V (Abs,la, )W, (8)
where

W, = quantity of aggregate used (g),

V,, = solution volume used for extraction (L),

D,, = amount of asphalt desorbed per gram of aggregate

(g/g),

C, = solution concentration after extraction (g/L),
Abs,, = absorbance of extracted solution, and
a,, = absorptivity of asphalt in toluene solution (L/g-
cm).

RESULTS AND DISCUSSION
Adsorption Isotherms of AS Agents on Silica

Both AS1 and AS2 were precoated onto silica from a di-
chloromethane solution. AS1 exhibited a Langmuir-type
monolayer adsorption that was characterized by the formation
of a plateau at high concentrations, whereas AS2 did not.
AS?2 had a continuously increasing adsorption with increased
concentration. AS2 adsorbed more than AS1 at concentra-
tions below 1 g/L, whereas the reverse was observed between
1 and 8 g/L. At high concentrations (>8 g/L), AS2 again
adsorbed more onto the silica than did ASI.
The Langmuir equation having the form

Clq = Clg,, + 1/b'q,,

where

C = equilibrium concentration,

g = amount adsorbed per gram of silica,
q,, = saturated monolayer amount, and
b’ = a constant, respectively,
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was applied to the adsorption isotherms (12). The monolayer
amounts obtained for AS1 and AS2 on silica, when 2 g of
silica was introduced, were 138 and 139 mg per gram of silica,
respectively.

The adsorptions of AS1 on dry and moist silica were also
compared as shown in Figure 1. In this case, only 1 g of silica
was introduced to the AS1 batch adsorption flask compared
to the 2 g in the above experiments. The moisture content of
silica was ~4.6 weight-percent moisture, a value that was
obtained by placing dry silica in a humidifying chamber con-
taining distilled water. The adsorption behaviors of AS1 on
the moist and dry silica were similar although the amount of
AS1 adsorbed onto moist silica appeared to be higher than
that onto dry silica. The data, when fitted to the Langmuir
adsorption model, yielded monolayer values of 265.5 and 217.8
mg per gram of silica with correlation coefficients of 0.991
and 0.981 for moist and dry silica, respectively.

Adsorption of Model Compounds on Precoated Silica

Seven model functionalities were adsorbed onto AS1- and
AS2-precoated silica using cyclohexane as the adsorption
medium at 25°C. The adsorption of the acidic functionalities
benzoic acid and phenol was enhanced when compared to the
adsorption on dry silica by the precoating of the AS agents
on silica. The adsorption of the compounds representing non-
acidic functionalities, such as phenylsulfoxide, quinoline, py-
rene, benzylbenzoate, and benzophenone, underwent a large
reduction.

Table 1 presents the effect of precoated silica on the adsorp-
tion of model functionalities on the basis of the amount adsorbed
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FIGURE 1 Adsorption of antistripping agent onto dried silica
and wet silica.
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as determined at an equilibrium concentration of 5 g/LL and
25°C. The acidic compounds benzoic acid and phenol had
enhanced adsorption for the precoated silica ranging from 8
to 57 percent. The largest increase in benzoic acid adsorption
of 57 percent was obtained with the 6 to 7 weight-percent
AS2-coated silica, whereas the largest increase in phenol
adsorption of 25 percent was obtained with the 6 to 7 weight-
percent AS1-coated silica. The two acidic functionalities showed
different adsorption behaviors; the benzoic acid adsorption
was enhanced on the precoated silica over the entire equilib-
rium concentration range when compared to dry silica whereas
phenol was only enhanced at high concentrations.

A proposed mechanism for the interaction of the acidic
compounds with the polyamine AS agents is the transfer of
a proton from the acidic functionality to the amine group of
the AS agent. The acidic molecule is thus negatively charged
whereas the amine group has a positive charge by forming a
quaternary ammonium ion. As a result, a charge attraction
exists between the acidic molecule and the ammonium ion.
This acid-base interaction may explain the enhancement by
AS agents in the adsorption of acidic compounds benzoic acid
and phenol onto the precoated silica. Through hydrogen
bonding, benzoic acid and phenol in cyclohexane can also be
adsorbed onto the silanols of the silica surface unoccupied by
the precoated AS agents.

The other model functionalities underwent more than 80
percent reduction in their adsorption onto the precoated silica
when compared to uncoated silica adsorption. Because these
AS agents are primarily composed of polyamines as their
primary constituents, they do not readily interact with non-
acidic functionalities. Amine groups can act as Lewis bases,
i.e., as proton acceptors or electron pair providers (13). How-
ever, none of the five functionalities has a free proton to
release to the Lewis base; therefore, they remain unreactive
with the basic AS agents. As a result, the adsorption of these
nonacidic functionalities onto the silica surface was inhibited
by the preadsorbed AS agents, compared to the uncoated
silica.

A second probable mechanism that can be proposed for
reduced adsorption of the nonacidic functionalities on the
AS1- and AS2-precoated silica is competitive adsorption. The
AS agents, which are Lewis bases, may be competing for the
same aggregate sites as the nonacidic functionalities that are
themselves Lewis bases. The AS agents may occupy the same
sites on the uncoated silica surface as would have been occu-
pied by the nonacidic functionalities and, hence, restrict the
adsorption of the nonacidic functionalities.

Adsorption of Asphalt onto Precoated and Uncoated
Silica

The adsorption behaviors of AC-20 asphalt onto dry, uncoated
silica and onto silica precoated with 8 to 9 percent AS1 agent
were compared. The adsorption isotherms developed for these
two silicas are shown in Figure 2. The isotherm for the uncoated
silica followed the Freundlich model better than the Langmuir
model, whereas that for the precoated followed the Langmuir
model. However, because the correlation coefficients for the
Langmuir model were high for both—0.984 for uncoated and
0.993 for precoated—the Langmuir model was used to obtain
the amount of asphalt monolayer coverage for both materials.
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TABLE 1 THE EFFECT OF PRECOATED ANTISTRIPPING AGENTS ON SILICA
ON THE ADSORPTION OF ASPHALT MODEL FUNCTIONALITIES
Amount Adsorbed (g/g silica)"
tionali
repmait Runetionaliy Uncoated 6 -7 % AS1 6 -7 Wi% AS2
Silica Coated Silica Coated Silica
Benzoic Acid 0.105 0.140 0.165
(Carboxylic Acid) (33%)? (57%)
Phenol 0.120 0.150 0.130
(Phenolic) (25%) (8%)
Quinoline 0.145 0.012 0.020
(N-Base) (-92%) (-86%)
Phenylsulfoxide 0.185 0.034 0.040
(Sulfoxide) (-82%) (-78%)
Benzophenone 0.095 0.010 NP
(Ketone) (-89%)
Benzylbenzoate 0.103 NP? 0.007
(Ester) (-93%)
Pyrene 0.030 0.003 NP
(Polynuclear Aromatic) (-90%)

! Determined at an equilibrium concentration of 5 g/L and 25°C
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FIGURE 2 Adsorption of asphalt onto dried silica and silica
precoated with antistripping agent.
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The Langmuir equation was applied in the same form as was
stated earlier. The monolayer amount obtained for AC-20
asphalt adsorbed by uncoated silica was 214 mg/g, whereas
that for the AS1-precoated silica was 75.7 mg/g. A decrease
of nearly 65 percent in the monolayer amount of AC-20
adsorbed was observed with the AS1 precoating of the
aggregate.

Adsorption of AS1 on Warrior River Sand and
Greywacke

The preparation of the AS1 agent precoating on Warrior River
sand and greywacke followed the same procedure as that for
silica; however, the actual aggregates were not washed with
dichloromethane before being used in the asphalt adsorption
experiments. As shown in Figure 3, adsorption of AS agent
onto Warrior River sand followed the Langmuir model. A
coating of 0.012 weight-percent AS1 was obtained.

The Warrior River sand used in this experiment, as well as
that for asphalt adsorption, was sieved material of the quarry
mixture consisting of particles between —40 and + 80 mesh.
Some material ground from larger sizes from —40 to +80
mesh was also used for the adsorption of AS1, as is also shown
in Figure 3. The adsorption behavior for these two sands was
different even though they were both obtained from the same
material and had the same particle size range. The monolayer
amounts obtained for AS1 adsorption on the unground and
ground sand were 0.789 and 0.423 mg/g, respectively, indi-
cating that the unground sand adsorption was about 86 percent
greater than the ground sand. Hence, the grinding of the sand
sufficiently affected the aggregate surface chemistry and
properties to reduce the adsorption of the AS1 agent.

In contrast to the adsorption behavior of Warrior River
sand, the adsorption of AS1 on greywacke followed a Freund-
lich isotherm behavior rather than the Langmuir model. The
Freundlich model is represented by the equation

Ing=InK+ (I/n)yInC

where g and C denote the amount adsorbed per unit weight
of adsorbent and the equilibrium adsorbate concentration,
respectively, K and n being constants. The Freundlich model
generally represents a heterogeneous surface and physisorp-
tion, whereas the Langmuir model generally represents a
homogeneous surface and chemisorption. The fact that dif-
ferent models were followed indicates a difference in the inter-
action between the AS1 agent and the surface of the two
aggregates. The greywacke was precoated with approximately
0.04 weight-percent AS1 agent, more than three times the
amount adsorbed on Warrior River sand. The larger adsorp-
tion of AS1 agent by greywacke followed the same trend as
the surface areas because greywacke had four times as much
surface area as Warrior River sand.

Adsorption of AC-20 on Warrior River Sand

AC-20 asphalt was adsorbed on both dry and AS1 precoated
Warrior River sand. An adsorption versus time study indi-
cated that within 8 hr adsorption on both the precoated and
uncoated Warrior River sand reached equilibrium. The
adsorption isotherms of both uncoated and precoated Warrior
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River sand shown in Figure 4 had Langmuir behavior char-
acterized by formation of a plateau at high concentrations.
The monolayer amounts obtained were 0.251 and 0.982 mg
of asphalt per gram of uncoated sand. The amount of asphalt
adsorbed on the AS1-precoated sand was about four times
less than that adsorbed onto uncoated sand. Hence, the
types and number of functionalities adsorbing on the pre-
coated Warrior River sand were much less than those on
the uncoated sand.

Adsorption of AC-10 and AC-20 onto Greywacke

An adsorption-versus-time experiment for the adsorption of
AC-10 on greywacke indicated that 8 hr was required to
achieve a saturated equilibrium amount for the precoated
greywacke and 12 hr for the uncoated greywacke. The adsorp-
tion isotherms performed using both precoated and uncoated
greywacke exhibited Langmuir adsorption behavior yielding
monolayer amounts of 0.4 and 1.0 mg/g, respectively (Figure
5). The decrease in adsorption caused by aggregate precoating
was 60 percent. AC-20 asphalt was also adsorbed onto the
uncoated greywacke and followed a similar behavior to that
of AC-10. The AC-20 asphalt adsorbed a slightly higher
monolayer amount of 1.17 mg/g.

Comparisons of Different Asphalt-Aggregate Systems

A comparison of the monolayer amounts obtained from the
different asphalt-aggregate combinations is presented in Table
2. Each aggregate, whether synthetic or actual, yielded asphalt
monolayer amounts for the ASl-precoated aggregates that
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FIGURE 4 Adsorption of asphalt onto dried WRS and AS1-
precoated WRS.
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FIGURE 5 Adsorption of AAD-1 and AC-20 asphalts onto
uncoated RH-greywacke and precoated RH-greywacke.

were one-fourth to one-third of those for uncoated aggregate.
Thus, the uncoated aggregate adsorbed a greater quantity of
asphalt than the precoated aggregate regardless of the type
of siliceous aggregate used. The model functionality study
indicated that only acidic functionalities were promoted by
the precoating of siliceous aggregates with polyamines. All of
the other functionalities tested were inhibited. Hence, the
adsorbing species from the AC-10 and AC-20 asphalts used
appeared to be composed of substantial quantities of com-
pounds that were not acidic and, hence, did not adsorb on
the precoated aggregates.
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Because these siliceous aggregates possessed substantially
different surface areas, comparison on the basis of surface
arca allows direct comparison of the amount adsorbed among
the different aggregates. The adsorption of AC-10 and AC—
20 asphalts on the basis of surface area is shown in Figure 6.
The adsorption behavior of the two asphalts was nearly equiv-
alent on greywacke. By contrast, on the basis of surface area
the AC-20 adsorbed much more on Warrior River sand.

The same types of comparisons can be made from the data
presented in Table 2. The adsorption behavior of the three
uncoated aggregates on the basis of surface area for AC-20
ranked as Warrior River sand > silica > greywacke. The
precoated Warrior River sand also adsorbed more AC-20
than did precoated silica on the basis of surface area. These
results suggest that the aggregate had a substantial effect on
the adsorption of the AC-20 asphalt. For uncoated grey-
wacke, AC-10 adsorption was slightly less than AC-20, sug-
gesting that asphalt type and composition had a small effect
on adsorption behavior. The more influential factors on asphalt
adsorption were aggregate type and surface properties as
changed by precoating with AS1 agents.

Desorption Behavior of AC-20 Asphalt

AC-20 asphalt was adsorbed at an equivalent amount on both
ASl-precoated and uncoated silicas. Desorption with distilled
water resulted in removing 0.7 to 1.9 percent of the pread-
sorbed asphalt from uncoated silica and 0.4 to 0.9 percent
from precoated silica. These results were obtained when 25
mL of distilled water was used for desorption; however, when
50 mL of distilled water was used, the amount of asphalt
desorbed from uncoated silica for two samples ranged from
8.4 to 9.0 percent, whereas that from ASl-precoated silica
ranged from 0.39 to 0.46 percent. These results indicated that
the precoating of silica with AS1 agents rendered the asphalt
surface less susceptible to desorption by water. Although the
adsorption of asphalt was reduced by the precoating of aggre-
gate with AS agents, asphalt retention in the presence of water
was increased.

TABLE 2 COMPARISON OF MONOLAYER AMOUNTS OBTAINED FROM DIFFERENT ASPHALT AND AGGREGATE

COMBINATIONS
Monolayer Monolayer % Difference from

Aggregate Asphalt Pretreatment (mg/g) (mg/m?) Uncoated Aggregate’
Silica Hunt AC-20 Uncoated 2133 + 924 0.73 + 0.03 NA?
Warrior River Sand Hunt AC-20 Uncoated 0.98 + 0.04 1.63 + 0.07 NA
Greywacke Hunt AC-20 Uncoated 1.17 + 0.04 047 + 0.02 NA
Greywacke AC-10 (AAD-1) Uncoated 1.01 + 0.02 0.40 + 0.01 NA
Silica Hunt AC-20 Precoated 75.7 + 3.48 0.26 + 0.01 -64.6
Warrior River Sand Hunt AC-20 Precoated 0.25 + 0.01 042 + 0.01 -74.5
Greywacke AC-10 (AAD-1) Precoated 0.39 + 0.20 0.16 + 0.08 -61.4

! 9 Difference = [(B-A)/A] x 100
where A = Monolayer of Uncoated Aggregate
B Monolayer of Precoated Aggregate

2 NA = Not Applicable
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FIGURE 6 Adsorption of AC-20 and AAD-1 asphalts onto
Warrior River sand and RH-greywacke on the basis of surface
area.

SUMMARY AND CONCLUSIONS

The adsorption behavior of asphalt and asphalt functionalities
was substantially affected by precoating the aggregate surface
with AS agents. Acidic functionalities increased in adsorption
on the precoated silica compared to the uncoated silica whereas
the nonacidic functionalities decreased. This behavior may be
explained by acid-base interactions between the acidic func-
tionalities and the Lewis base AS agents and by repulsion
between the AS agents and the nonacidic functionalities that
are also Lewis bases. Another possible explanation for the
decreased adsorption of the nonacidic functionalities is that
the preadsorbed AS agents were occupying sites on the aggre-
gate that would have been otherwise occupied by the non-
acidic functionalities. The nonacidic functionalities were una-
ble to replace the preadsorbed AS agents and, hence, showed
minimal adsorption. These results indicate that if aggregate
was precoated with AS agents or if the surface of the aggregate
became coated with the AS agent because of migration of the
AS agent to the aggregate surface, then the aggregate surface
chemistry changed substantially. This change directly affected
the adsorption behavior of different asphalt functionalities
and the character of the asphalt-aggregate bond.

Substantial reductions in the asphalt adsorption onto aggre-
gates precoated with AS agents were also observed. Because
the amount of asphalt adsorbed decreased for the precoated
aggregate compared to the uncoated, the functionalities
involved at the uncoated interface most likely were composed
of nonacidic as well as acidic functionalities. The presence of
some asphalt adsorption indicated that some of the bonding
functionalities were acidic or at least were able to replace the
AS agents on adsorption sites on the aggregate surface.
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Insights were gained into the chemistry occurring at the
asphalt-aggregate interface when AS agents are present. The
AS agent changed the chemistry at the interface. Less asphalt
was adsorbed with precoated aggregate but less asphalt was
desorbed also. Recommendations for actual practice must
await further research investigating the asphalt-aggregate bond
and its link to performance.
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Comparison of Dolomitic and Normally
Hydrated Lime as Antistripping Additives

MARY STROUP-GARDINER AND DAvIiD NEwWCOMB

Five paving mixtures typical to Utah and Nevada were prepared
with and without 1.0 and 1.5 percent (by weight of aggregate) of
dolomitic Type S or normally hydrated high-calcium (Type N)
lime. The temperature and moisture susceptibility of each of the
mixtures was determined. A slight increase in mixture stiffness
resulted from the addition of either type of lime. Moisture sen-
sitivity substantially decreased for all mixtures when lime, regard-
less of type, was used. The magnitude of the improvement appears
to be unique for each asphalt-aggregate combination.

The stripping of asphalt from aggregate surfaces is a complex
physical-chemical process that can result in early pavement
distress. A popular method of combating the stripping prob-
lem is to introduce chemicals into the mixture that increase
the attraction between polar sites in the asphalt and aggregate
surfaces. Such chemicals are known as antistripping agents,
the most popular of which is lime.

Lime is produced from high-calcium or dolomitic limestone.
High-calcium limestone is almost pure calcium carbonate,
whereas dolomitic limestone is a combination of calcium and
magnesium carbonates (/). These differences in chemical
composition require that each type of limestone be processed
specially to obtain the final product of lime.

High-calcium limestone is calcined (i.e., burned) to pro-
duce calcium oxide (quicklime, CaQ). The quicklime is then
hydrated to produce hydrated lime. Lime produced in this
manner is marketed as Type N lime.

Dolomitic limestone, once calcined, requires prolonged
contact with water to completely hydrate the magnesiuin oxide
and convert it into hydroxide. Because this prolonged contact
is not economical, a continuous, high-pressure system is used
to complete the hydration. The designation Type S indicates
this type of manufacturing process.

Historically, only Type N lime has been used as an anti-
stripping additive in asphalt concrete mixtures. However, in
certain instances, Type N lime can be economically prohibi-
tive. In these cases, substituting Type S lime for the traditional
Type N would be economically preferable. This substitution
can be widely accepted because of the benefits obtainable
from Type S lime.

RESEARCH PROGRAM

This research program was designed to show the effectiveness
of pressure-hydrated dolomitic lime in relationship to nor-

M. Stroup-Gardiner, University of Nevada, Building SEM, Room
105, Reno, Nev. 89557. D. Newcomb, Department of Civil and Min-
eral Engineering, University of Minnesota, Minneapolis, Minn. 55455,

mally hydrated high-calcium lime in preventing moisture dam-
age to asphalt concrete. Five aggregates commonly used by
the Utah and Nevada Departments of Transportation were
obtained. Asphalt cements commonly used for highway con-
struction in these states were also obtained. Various combi-
nations of these materials were used to produce typical paving
mixtures, both with and without dolomitic or normally hydrated
lime. Mixtures were evaluated for

1. Changes in temperature susceptibility, and
2. Resistance to moisture damage.

MATERIALS
Aggregates

Aggregates were obtained from five pits in Utah and Nevada
that have evidenced a history of stripping problems:

1. Helm’s Construction Company, Sparks, Nevada;
2. Interstate Highway 70 (IH-70), Utah;

3. Redmond pit, Utah;

4. Staker pit, Utah; and

5. Weaver Canyon, Utah.

The physical properties of these aggregates are presented in
Table 1. Aggregaic bulk specific graviiies range from 2.427
to 2.803. Aggregate absorption capacities range from less than
1 percent to more than 4 percent.

All aggregate stockpiles were separated into 10 individual
fractions: Y-in., ¥-in., No. 4, No. 8, No. 16, No. 30, No.
50, No. 100, No. 200, and passing No. 200. Aggregates for
each sample were then recombined into the gradations pre-
sented in Table 2, which are representative of typical highway
construction projects for both states.

Asphalt Cement

Three asphalt cements were used during the course of this
project:

1. Witco AR-4000,
2. Sahauro AC-10, and
3. Conoco AC-20R.

One type of asphalt cement was selected for each aggregate
source.
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TABLE 1 PHYSICAL PROPERTIES OF AGGREGATES ON THE BASIS OF RECOMBINED

GRADATION
Aggregate Bulk Bulk Apparent Absorption
Source Specific Specific Specific Capacity
Gravity Gravity Gravity (%)
(sSsD)
Helm's
Fines 2.478 2.602 2.795 4.36
Coarse 2.542 2.596 2.705 2:31
Weaver
Fines 2.572 2.597 2.637 0.95
Coarse 2.534 2:5717 2.648 1.71
Staker
Fines 2.785 2.811 2.859 0.93
Coarse 2.803 2.818 2.845 0.53
IH-70
Fines 2.644 2.690 2.771 1.72
Coarse 2.543 2.594 2.680 2.00
Redmond
Fines 2.427 2.520 2.627 2.58
Coarse 2.432 2.504 2.621 2.97

The AR-4000 was obtained from Witco’s Golden Bear
refinery in Oildale, California. Both the AC-10 (Sahauro
Petroleum) and AC-20R (Conoco) were supplied by the Utah
Department of Transportation. The physical properties of
these asphalts are presented in Table 3.

Lime

The dolomitic lime was pressure-hydrated under 60 psi and
was manufactured and supplied by Chemstar Lime Co.,
Inc., of Henderson, Nevada. The normally hydrated, high-
calcium lime was also manufactured and supplied by the same
source.

The chemical compositions of the limes were not available.

SAMPLE PREPARATION AND 1 E£STING
PROGRAM

The research was performed in two phases:

1. Determining optimum asphalt content, and
2. Evaluating temperature and moisture sensitivity of var-
ious mixtures.

These phases are described in detail in the following para-
graphs.

The various combinations of asphalt cements and aggre-
gates selected were

® AC-20R and IH-70 aggregate (Utah),

® AC-10 and Redmond pit aggregate (Utah),

@ AC-10 and Staker pit aggregate (Utah),

@ AC-10 and Weaver aggregate (Utah), and

@ Witco AR-4000 and Helm'’s aggregate (Nev.).

TABLE 2 AGGREGATE GRADATIONS USED FOR
PREPARING LABORATORY SAMPLES

Sieve Cumulative Percent
Size Passing
3/4-inch 100
1/2-inch 92
3/8-inch 80
No. 4 57
No. 8 40

No. 16 28
No. 30 20
No. 50 12
No. 100 8

No. 200 4

Optimum Asphalt Content

Previous research has indicated that the presence of lime does
not significantly affect the optimum asphalt content (2).
Therefore, only one mix design for each aggregate source was
performed. The mix design test results for each aggregate
source are presented in Table 4.

The optimum asphalt content was determined by the Mar-
shall mix design procedure (3). Briefly, aggregates and asphalt
were heated to at least 300°F before mixing; temperature was
dependent on the type of binder used. Samples were imme-
diately compacted with 50 blows per side. Optimum asphalt
content was based on Marshall stability and flow, air voids,
and unit weight. All mixtures had voids in mineral aggregate
(VMA) greater than the minimum of 14 percent.

Sample Preparation for Temperature and Moisture
Susceptibility Specimens

A Hveem kneading compactor was used to compress all the
samples prepared for this testing with sufficient energy to



TABLE 3 PHYSICAL PROPERTIES OF ASPHALT CEMENT

Test

Witco
AR4000

AC 20R

Viscosity:
140F, Poise
275F, cst

Penetrations:

77F, 100g/5sec.

Ductility, cm

Toughness and
Tenacity
(20-in./min in.

After Aging:

Viscosity:
140F, Poise
275F, cSt

Penetrations:

77F, 100g/5sec.

Ductility, cm

1b.)

2184
268

54

3880
345

34

100+

Not Available

Not Available

1071

3427

31

TABLE 4 RESULTS OF MARSHALL MIX DESIGNS

Aggregate/ Marshall Air Unit Asphalt
Asphalt Voids Weight Content+
Stability Flow
(l1bs.) (0.01 in.) (pcf) (%)

Helm's Agg.

AR 4000 1350 8 7.4 137.2 5.5
1410 8 6.2 138.0 6.0
1678 11 4.7 139.2 6:5
2354 1 3.4 140.3 7.0 %
1569 11 s 32 138-9 45

IH-70 Agg.

AC 20R** 2325 14 1.2 138.8 4.5
2464 15 8.2 144.8 5.0
2471 17 7.8 141.5 5.5 *
2007 14 6.7 141.1 6.0
1912 13 5:9 135.4 6.5

Redmond Agg.

AC 10 1275 14 5.5 139.0 45
1498 16 4.4 139.7 85,0 *
1378 14 246 141.6 5.5
1360 13 1.6 142.0 6.0
1299 16 0.5 142.8 6.5

Staker Agg.

AC 10 1757 12 4.4 150.7 4.5 *
1654 11 3.1 151.5 5.0
1514 14 2.4 151.6 545
1338 20 1.3 152.:% 6.0
1242 18 0.6 152.3 6:.5

Weaver Agg. 3

AC 10 1335 10 iy, 138.9 4.5
1586 12 53 141.5 540
1385 10 4.4 141.9 5.5 *
1335 10 3.7 142.0 6.0
1242 11 3.1 142.1 6.5

* Asphalt cement content chosen as optimum

** Difficulties were encountered in achieving air voids; opt.
asphalt content was based on maximum stability.

+ By dry weight of aggregate.
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produce samples with air voids between 6 and 8 percent (30
blows, 250 psi, and leveling load of 11,600 1b). A change from
Marshall to Hveem compaction achieved an aggregate-asphait
matrix that would better simulate field conditions (4). A set
of six samples was prepared for each mixture.

Samples were stored at 140°F for 15 hr, and then moved
to a 230°F oven 2 hr before compaction (5). They were then
tested according to the flow chart shown in Figure 1. Resilient
moduli values were determined at a load duration and interval
of 0.1 and 2.9 sec, respectively. Values were determined for
0°F, 34°F, 77°F, and 104°F according to ASTM D4123.

Indirect tensile strengths were determined using a constant
2-in./min deformation rate at 77°F (ASTM D4123).

ANALYSIS OF TEST RESULTS
Temperature Susceptibility

Table 5 indicates that some stiffening of the mixture generally
existed, in agreement with previous research (6,7).

Figures 2 and 3 show examples of typical resilient modulus
versus temperature for two of the mixt<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>