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Foreword 

This Record should be of interest to individuals involved in the production or use of asphalt 
materials and mixtures as well as those conducting related research . 

Jimenez describes a debonding test used to determine retained strength of paving mixtures . 
Bolzan reports on the use of the freeze-thaw pedestal test for evaluating moisture damage 
to paving asphalt and emulsion mixtures . Maupin used the indirect tensile test to develop a 
deterioration curve for individual pavement layers to evaluate stripping damage. Diyaljee 
documents a case study of the use of a coal-contaminated aggregate used in paving 23 km 
of primary and secondary roads in Alberta, Canada. Kim et al. report on a study to determine 
the minimum number of samples required for statistically valid testing for moisture suscep
tibility. Mogawer et al. summarize the results of an experimental study to evaluate the effects 
of two deicing additives on the rutting resistance, low-temperature cracking, and moisture 
damage of asphalt mixtures. Al-Massaid et al. evaluated the use of oil-shale ash as a partial 
substitute for the asphalt binder in paving mixtures under normal and freeze-thaw conditions. 
Lottman and Frith report on Phase 3 of the University of Idaho Asphalt Concrete Moisture 
Damage Analysis System (ACMODAS3) dealing with wheelpath rutting. Subramanyam and 
Prata pa studied the effects of aggregate degradation on the properties of bituminous concrete . 
Consuegra et al. describe a field and laboratory study (Asphalt Aggregate Mixture Analysis 
System) to evaluate the ability of five compaction devices to simulate field compaction. Cohen 
et al. describe a job in Israel using a cold recycled emulsified asphalt mixture as a surface 
course. Dongre et al. developed and verified a fracture criterion sensitive to the elastoplastic 
behavior of asphalt concrete mixes. 

Salter and Al-Shakarchi used rounded and crushed aggregate and 49 and 86 penetration 
asphalt to study the effects of ambient temperature and thermal cycling on the creep of 
bituminous pavement materials . Curtis et al. investigated the competitive adsorption behavior 
of asphalt functionalities for silica and the adsorption behavior of AC-20 and asphalts oxidized 
to different degrees on real and actual aggregates. Tarrer et al. used four asphalts and two 
commercial antistripping agents in their effort to develop a test for detecting or quantitatively 
measuring the agent's concentration in asphalt. Oliver reported on two Australian roads used 
to evaluate the effectiveness of the antioxidant lead diamyldithiocarbamate in reducing the 
rate of asphalt hardening. Chollar reports on a study to determine whether steam distillation 
of asphalt occurs in a drum dryer mixer and compares changes in a drum mixer with those 
induced by various laboratory conditioning techniques and by batch (pug mill) mixing. Stroup
Gardiner et al. report on a study comparing nuclear asphalt content measurement with the 
various extraction methods, including the use of different solvents . Pribanic et al. used a 
group of 19 asphalts from worldwide sources in a study linking the use of a multi-wavelength 
UV-VIS detector with high-pressure-gel permeation chromatography (HP-GPC) to give a 
three-dimensional view of bituminous materials. Glover et al. report on the use of the KBr 
pellet technique as adapted for analyzing asphalt materials . This highly reproducible pro
cedure produces spectra that can be compared, with no normalization or other correction 
beyond subtracting normal background and baseline zeroing. Bishara and Wilkins describe 
an analytical method for the rapid quantitative determination of naphthene aromatics and 
polar aromatics in asphalt cement using HPLC. Noureldin and Wood used HP-GPC to 
characterize the changes in properties of a virgin AC-20 as a result of aging. Also, molecular 
size distribution was used to characterize a recycling agent and to determine the proper 
amount required to restore salvaged binders to an AC-20 specification range. Kim and Little 
present results analyzed from controlled displacement cyclic crack propagation tests , in which 
rest periods were randomly introduced. The findings demonstrate that a "healing" mechanism 
results in the requirement of an increased level of work to extend a crack following a rest 
period versus that required before it. 

vii 
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Field Control Test for Debonding of 
Asphaltic Concrete 

R. A. JIMENEZ 

A description of a test method considered appropriate for con
struction control of asphaltic paving mixtures is presented in this 
report. The test is for obtaining a measure of the debonding sus
ceptibility of paving mixtures as obtained at the time of production 
at the plant. The testing method is comparable to most debonding 
tests in that the results are expressed as a retained strength that 
is the ratio of the "exposed" strength to the "unexposed" strength. 
The main differences of the new test are that the exposure of the 
compacted specimen is to a repeated pore water pressure, the 
strength test is done by a double-punch loading, and, most impor
tant, the results can be obtained within 6 hr of receiving the hot 
mixture immediately prior to compaction. The laboratory results 
obtained with the testing system indicate that a minimum retained 
strength should be 70 percent. 

The debonding of asphalt film from the aggregate in asphaltic 
concrete has been of concern to asphalt paving technologists 
for many years. Conversations with a former personnel mem
ber of the Arizona Department of Transportation (H. H. 
Brown) indicate that in the early 1920s, Powers and O'Harra 
developed a test for detecting sand mixtures susceptible to 
the action of water. In 1940, Shaw (1) attributed the debond
ing or stripping of asphalt from aggregate to an adsorbed layer 
of oxygen on the surface of aggregates. 

There is extensive literature on the mechanism and on test
ing methods related to the debonding of asphalt in paving 
mixtures. Excellent reviews of the stripping of asphaltic pav
ing mixtures are given by Taylor and Khosla (2), Tunnicliff 
and Root (3), and Brown (4). As a consequence, this report 
is centered on the equipment and methodology of the de
bonding test method proposed for the field control of paving 
mixtures. 

BACKGROUND 

The basic concepts of the test method were reported else
where (5). A brief review of that method is given now because 
that report was presented in 1974. The test consisted of six 
standard specimens, 4 in. deep by 2 Y2 in. high, divided into 
two sets of equal average density. One set, referred to as the 
"dry" set, was kept in a 77°F air environment. The other set, 
referred to as the "wet" one, was subjected to the stressing 
exposure. This exposure consisted of soaking in 122°F water, 
then being permeated with the warm water under a vacuum 
of 20 in. of mercury for a period of 5 min, followed by 5,800 
applications of a cycling pore water pressure ranging from 5 

Arizona Transportation and Traffic Institute, College of Engineering, 
The University of Arizona, Tucson 85721. 

to 30 psi at a frequency of 580 cycles/min. The wet set would 
then be brought to the 77°F test temperature in a water bath. 
Prior to testing for strength, the saturated surface dry (SSD) 
weight of the wet set was obtained for calculating the amount 
of water saturation of the stressed sample. The double-punch 
test was used for obtaining the indirect tensile strength of the 
wet and dry sets. The ratio of wet to dry strength (retained 
strength) was considered a measure of the resistance to 
de bonding. 

The old stressing procedure shown in Figure 1 was later 
considered rather bulky and impractical for field usage. As a 
consequence, a self-contained portable unit for stressing and 
testing was built and studied in order to compare results obtained 
with those derived from using the "old" method. 

FIGURE 1 "Old" repeated pore water pressure 
stressing (4). 
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NEW SETUP FOR TESTING 

The new device was built for laboratory use as a self-contained 
unit. As will become apparent, however, portions of the total 
setup need not be tied to the testing unit. 

Figure 2 is a photograph of the self-contained unit. A 
description of the parts labeled 1 to 6 follows: 

1. Tank and pump for heating and circulating water at 
122°F (50°C). This temperature was selected because it had 
been established that water-saturated pavements in Arizona 
had a surface temperature hovering around 120°F. 

2. Air compressor unit producing air at 125 psi. 
3. A vacuum pump, which is not visible, secured to the 

underside of the deck. 
4. Bellofram and ram to produce alternating water pres

sures between 5 and 30 psi. This range of pressure duplicates 
that used in the "old" test; additionally, it is compatible with 
the operating characteristic of the air compressor and the 
frequency of stress repetition selected. Figure 3 is a close-up 
photograph of the loading system for pressuring water in the 
stressing chamber. 

5. The stressing chamber can accommodate tiered trays for 
supporting three specimens and has heating coils to maintain 
the test temperature for the water, a vacuum pressure regu
lator, and connections for filling and emptying warm water. 

FIGURE 2 "New" pore water pressure debonding test 
device. 
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FIGURE 3 Close-up view of Bellofram loader and water 
pressure cylinder. 

The capability of stressing three specimens at a time is an 
advantage over the old system. Also, the large-diameter 
stressing chamber can accept pavement cores that are not 
right-circular cylinders. Figure 4 is a photograph of the 
stressing chamber. 

6. The Marshall Method loader was modified for perform
ing the double-punch test. The loading punches are 1 in. in 
diameter, and the rate of displacement is 1 in./min. The close
up photograph of Figure 5 shows the punches and specimen 
centering disc. 

Figure 6 presents a view of the controls for setting air 
pressure and frequency of loading to the Bellofram cylinder. 

CONCEPTS OF TEST METHOD 

The rationale of the test method and certain relationships 
C~---.-l ;_ --·-1 .. _.; _____ .; ____ ... __ ;_,_ --- _;_ 4 __ --•P"-
-=..vu.u.u .U . .l \.IYU.l.U::.u .. u.:.e, }-JUY.U .. .lO .lHCTL\....t.lC:.U~ U.l!w ,5.l't\...l..l !.H ... AL. 

Forming Specimens 

It can be anticipated that the compaction method used for 
making specimens affects particle orientation, distribution and 
connectivity of the air voids, and sealing the surface of the 
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FIGURE 4 Stressing chamber with heating coils, three
specimen tray, and vacuum pressure regulator. 

specimen. Of course, these differences would be evaluated at 
equal air voids for compacted mixtures. Currently, most of 
the debonding test methods use specimens compacted to a 
density approaching what would be obtained at the time of 
construction. Consequently, this means that specimens used 
for debonding tests will require a compacting energy less than 
that used for the laboratory design of the mixture, and gen
erally compaction energy would change as the paving mixture 
changes during the construction phase. 

To use a debonding test for construction control, it will be 
necessary to determine the required field compactive effort 
when the mixture was designed. For example, under static 
compaction it is relatively easy to determine the unit weight 
of standard-sized specimens if the air-void content is known. 
Also, under 79 B/F Marshall Method compaction, a usual 
density range for field compaction is 95 to 97 percent of lab
oratory density. This density value can usually be obtained 
with 12-15 B/F for high-stability mixtures. 

Curing Mixtures 

Some testing procedures require that the asphaltic mixture 
be cured either in a loose or compacted state. A curing method 
that was used exposed the mixture for a period of 15 to 24 
hr in a 140°F oven. 

FIGURE 5 Marshall Method loader modified to perform 
the double-punch test. 
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A study was reported in 1965 (6) on the effects of oven
curing asphaltic mixtures made with three different aggregates 
and three grades of asphalt cements, at four asphalt contents. 
The mixtures were exposed in the loose and molded condi
tions to air at 140°F for periods ranging from 0 to 30 hr. The 
conclusions given in that report included the following: 

1. Oven-curing of both loose and molded mixtures for up 
to 30 hr did not alter the Hveem stability values. 

2. The Hveem cohesiometer values were generally increased 
with increasing curing time. 

3. Vacuum saturation (Rice) specific gravity values were 
not affected by curing periods of up to 30 hr. 

It is recommended that air-void calculations be based on the 
Rice specific gravity of the mixture; as such, it is also rec
ommended that no curing be made on the paving mixture. 

Saturation of Specimens 

The report of the new debonding test, given elsewhere (5), 
indicated an important effect of water permeation on retained 
strength. Then, as now, the amount of water intrusion is 
determined after the specimen has been subjected to repeated 
pore water stressing, although the specimen is soaked and 
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FIGURE 6 Control panel for setting water pressure and 
frequency of stressing in stressing chamber. 

subjected to a vacuum of 20 in. of mercury for 5 min prior 
to stressing. During the early evaluation of the pore water 
pressure test, comments had been offered about the damaging 
effects of the 20 in. of mercury vacuum imposed on the soaked 
specimen. We do not believe that acceptable mixtures are 
damaged by the vacuum given to the specimens in this test 
method. The statement is based on comparisons made with 
other debonding test procedures, such as the immersion
compression test of the Arizona Department of Transporta
tion (7), the Lottman procedure (8), and the Tunnicliff-Root 
procedure (3). 

In 1980 a report entitled "Field and Laboratory Evaluation 
of Debonding Test Procedures" was prepared by Scott and 
Ritter (9) of the Arizona Department of Transportation. The 
conclusion and recommendations were as follows: 

"The <louble purn;h melho<l is easy lo use, saves Lime aml 
can easily test field cores. It is the authors' feeling that this 
method. with some minor modifications. should be incorpo
rated into the mix design methods of the Arizona Department 
of Transportation. 

The modifications that are suggested are as follows: 

1. Compact the specimens to approximately the 92% level, 
which is the minimum required value in the field. 

2. Increase the severity of the conditioning to simulate heavy 
truck loadings." 
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Our studies on the effects of air-void content on the de bond
ing test results have indicated the expected results on retained 
strength; that is, the retained strength was reduced as the 
amount of air voids increased. It was also noted, however, 
that the degree of water saturation decreased as the amount 
of air voids increased. This would seem to be an anomalous 
behavior, except for the fact that the amount of water forced 
into the specimen increased as the amount of air voids increased. 
The relationships of air voids versus water intake, degree of 
saturation, and retained strength are generalized and shown 
in Figure 7. 

Comparisons of Test Results 

Most mixture evaluations and comparisons with other 
debonding test methods have been done with the "old" test 
setup. In modifying the equipment for field usage, several 
mixtures were used to establish a new stressing rate, one that 
would be compatible with the capacity of the compressor and 
solenoid valve controlling the air intake and release to the 
Bellofram. 

A variety of mixtures and compaction methods were used in 
arriving at an acceptable stressing rate for the new debonding 
test device. 

The next figures show general relationships found for spec
imens compacted by the Marshall Method. Figure 8 shows 
the effects of stress frequency and test temperature on the 
retained strength value of a paving mixture tested with the 
new device. It shows that the slower rates of stress application 
were more damaging than the faster rates. The effect of test 
temperature was included to determine if precise control of 
test temperature would be necessary. The adjacent curves 
shown have about 3 percentage points between them. Opti
mistically, one would think that a field laboratory could be 
maintained within the 7-degree span shown and, as such, 
testing at temperatures within 7 degrees of each other would 
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have minimal effect on the retained strength obtained. At 
present, however, it is not proposed that a test temperature 
other than 77°F be specified. 

In consideration of the duration of the test method and 
capability of the parts of the new device, a stressing frequency 
of 100 cycles/min for 1,000 applications of 5 to 30 psi was 
chosen for loading the "wet" specimens. Figure 9 shows a 
general relationship between the retained strength of speci
mens stressed the "old" way and the "new" way. It is apparent 
that the new method is slightly less severe than the old method; 
however, the relationship shows a 1:1 slope, as it should . 

A brief description of the procedure for the pore water 
pressure debonding test follows. 

PORE WATER PRESSURE DEBONDING TEST 
(PROCEDURE) 

5 

The debonding test is for the set of three specimens that have 
been compacted to the specified height and density. The Rice 
specific gravity of the mixture is known, as well as the effective 
specific gravity of the aggregate. 

The testing equipment is shown in Figure 10. Prior to start
ing the pore water pressure exposure, the hot water bath must 
be up to 122°F (50°C), the air reservoir tank is at 125 psi, the 
load frequency controller is set for 100 cpm, and the water 
pressure pump and line are full of water, with the piston at 
the top of the cylinder. The chamber valve to the stressing 
line is closed. 

1. Place the three specimens on the three-shelf carriage, 
and transfer into the stressing chamber. 

2. Secure the lid to the stressing chamber, and open the 
two valves to fill with hot water and allow air to be displaced. 
The hot water is pumped into the chamber as well as circulated 
through the copper tubing coils. 

3. Fill the stressing chamber to about V2 in. from the top. 
Close the filling valve at the bottom of the chamber as well 
as the air exhaust valve at the top. The specimens will arrive 
at stressing temperature in 45 min. 

4. After 40 min in the 122°F (50°C) water , start the vacuum 
pump and connect it to the vacuum gage on the lid of the 
stressing chamber. However, the gage is not open to the cham
ber. Set the gage to 20 in. of mercury vacuum; then open the 
connecting valve, and apply to the chamber for 5 min. 

5. Release the vacuum, and add hot water to fill and dis
place all air in the chamber through the top valve. Close the 
water inlet valve. 

6. Start the timing motor, and adjust the air pressure reg
ulator to approximately 10 psi; then set it so that the maximum 
water pressure developed through the Bellofram to the water 

FIGURE 10 Pore water pressure debonding apparatus. 
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pump is 30 psi. Now connect the water pressure pump to the 
stressing chamber, and again adjust the pressure regulator to 
return (increase) the water pressure at the pump to 30 psi. 
Read the counter so that the loading is discontinued after 
1,000 applications of water pressure varying from S to 30 psi. 
The valve between the water pump and the pressure gage is 
closed to relieve the gage. 

7. After 1,000 repetitions (10 min), stop the timing motor, 
exhaust the air pressure in the Bellofram, and fill the water 
pressure pump to bring the piston to the top of the cylinder; 
then close the valve on the water pressure line and the cham
ber. Stop the hot water pump, and open the chamber water 
outlet valve. 

8. Allow the water to drain out of the chamber through 
gravity flow for several seconds; then the water can be forced 
out by connecting the pressure side of the vacuum pump to 
the stressing chamber. 

9. Close the water outlet valve, take the lid off, and remove 
the carriage with the specimens from the stressing chamber. 

10. Place the specimens in the 77°F (25°C) water bath for 
1 hr after having cooled them at ambient air temperature for 
± 10 min. If necessary, add ice to the bath to maintain water 
temperature of 77 ± 1°F. 
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11. After cooling for 1 hr at 77°F, the saturated surface dry 
(SSD) weight of the specimens is obtained. 

12. The "wet strength" of the specimen is obtained using 
the double-punch procedure. 

13. The "dry strength" of the three control specimens is 
obtained on specimens brought to test temperature by placing 
the plastic bagged specimens in the 77°F (25°C) water bath 
for 1 hr and at the same time as for the exposed set. 

14. The "wet" strength is divided by the "dry" strength, 
and the ratio is expressed as a percent retained strength. 

15 . The wet, dry, and retained strengths, as well as degree 
of saturation, are recorded. 

16. The degree of saturation is the increase in grams of 
SSD weight (volume) divided by the volume of air of the 
specimen, expressed as a percent. 

FIELD TRIAL 

Preliminary efforts have been made to use the new de bonding 
test as a field control for paving mixtures. With the cooper
ation of Ted Haworth of Granite Construction Company in 
Tucson, Arizona, two paving mixtures were evaluated over 

TABLE 1 DURABILITY MEASUREMENTS OF CONSTRUCTION A.C. WITH 
UNIVERSITY OF ARIZONA METHOD" 

Mixture No. l November 23, 1987 A.C. = 5.50% 

Wet: Spec. A-2 A-3 A-6 Avg . cov, ' A.V .. ' 7 .1 6.4 7.0 6 . 8 5.5 
Satur., ' 54.7 59.7 63.9 59.4 7.7 
CPI', psi 117 .5 123.3 109.3 116. 7 6.4 

Dry : Spec. A-1 A-4 A-5 
A.V., ' 6. 8 6.8 7.0 6.8 3.7 
OT, psi 139. 1 135.5 129.3 134.6 3.7 

Ret. Strength, ' 86.7 

Mixture No. 2 November 24, 1987 A.C. = 4.83% 

Wet : Spec. B- 1 B- 3 B-5 Avg. cov, ' A.V., % 8. 1 7.8 7.8 7 . 9 2.2 
Satur., % 63. 1 64 . 7 60.5 62.8 3.4 
OT, psi 136. 7 140.7 127.3 134.9 5.1 

Dry : Spec. B-2 B-4 B-6 
A.V., % 7.9 7.9 7.6 7.9 2.2 
OT, psi 137.2 140.7 140. 7 139.5 1. 5 

Ret. Strength, ' 96 . 7 

Mixture No. 3 November 29, 1987 A.C. = 4.63% 

Wet: Spec. C-2 C-4 C-6 Avg. cov, " A U '!! ' '! . ~ ..., ..., ..., "' .... ~ . 3 

Satur., ' 66.3 67.2 68.6 67.4 1.1 

OT• psi 134.6 131.8 127.3 131.2 2.8 

Dry: Spec. c-1 C-3 C-5 
A.V., % 8.1 7.5 7.4 7.7 4.7 

OT• psi 123.9 141.7 138.0 134.5 1.0 

Ret . Strength, " 97.6 

d Granite Report 
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a period of 3 and 4 days of production. It was not possible 
to take the new device to the plant site, and no prior infor
mation was available on the design of the two paving mixtures. 
Granite personnel were asked to furnish six specimens com
pacted by 15 B/F with the Marshall Method and, when avail
able, extraction data for the representative mixture. As it 
turned out, it was not possible to receive the compacted spec
imens the same day they had been made; however, final test 
results were obtained within 2 Yz hr from the time height and 
density measurements were started. 

The first mixture was for a recycling job in which there was 
a 50/50 blend of RAM and virgin aggregate. Table 1 is from 
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a report made to Haworth and shows properties of the spec
imen made on three different days as well as the variability 
of test results. The table shows that repeatability of test results 
was quite good and, because it was a recycled mixture, the 
retained strengths were quite high. The variation in asphalt 
content is attributed to the fact that the mixture contained 50 
percent old pavement. 

The other mixture evaluated was a virgin mixture. Again 
the contractor provided six specimens compacted with 15 
B/F. Table 2 presents the results of the debonding tests per
formed on mixtures made on four different days . Note that 
after the first day of testing using the water pressure debond-

TABLE 2 UNIVERSITY OF ARIZONA AND 1-C TESTS ON FIELD-COMPACTED 
PAVING MIXTURES 

Water Pressure - UofA 

MIX 61 December 71 1987 A.C. = 6.03% 

Wet Spec. II 1-A 1-B 1-C Avg 
A.V., % 7.4 7.0 7.4 
Sat.,% 89.0 70.5 88.9 

CfT, psi 132.3 125.3 128.7 128.9 

Dry Spec. II 1-D 1-E 1-F 
A.V., 96 8.9 7.0 6.7 or. psi 170.6 174-.6 166.6 170.6 

Retained Strength, 96 75.5 

MIX 112 December 91 1987 A.C. = 5.79% 

Wet Spec. II 2-B 2-C Avg 
A.V., % 5.3 6.0 
Sat., 96 100.0 90.3 
!Jr, psi 192.2 192.1 182.2 

Dry Spec. II 2-D 2-E 
A.V., 96 5.9 5.9 

(Jr. psi 227.6 24-2.5 235.l 

Retained Strength, % 77.5 

MIX 113 December 101 1987 A.C. = 5.69% 

Wet Spec. fl 3-B 3-D Avg 
A.V., % 6.2 5.ti. 
Sat., 96 90.l 107.0 
(jT, psi 158.7 14-8.5 153.6 

Dry Spec. fl 3-A 3-E 
A.V., % 5.8 6.0 

UT• psi 204.4- 206.ti. 205.ti. 

Retained Strength, % 74-.8 

MIX 114- December 111 1987 A.C. = 5.95% 

Wet Spec. fl 4--A 4--D Avg 
A.V., 96 6.6 6.5 
Sat., 96 105.8 111.0 

(Jr, psi lti.8.5 14-3. l lti.5.8 

Dry Spec. fl ti.-C 4--E 
A.V., % 6.7 6.7 

err. psi 210.6 107 .l 208.9 

Retained Strength, % 69.8 

CCranite Report 
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Test specimens were 2.5 inches high but retained 
strength corrected to height of four inches. 

H = 2~" 
H =ti." 

I-C 

2-F 
6.0 

4-3.2 
987.3 

2-A 
5.9 

1325.6 

3-C 
6.0 

57.0 
724-.5 

3-F 
5.9 

1174-.4-

4--F 
6.3 

62.3 
716.6 

4--B 
6.2 

1174.4 

66.l ... 
57 .5 ;J 
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ing test, a modified immersion-compression test was run on 
a set of six specimens made from mixtures produced on three 
different days. A review of the data shows good repeatability 
of the paving mixture and of the test results obtained with 
the new test method. As noted, there were four specimens 
in the sets tested on three of the four days. This was done to 
obtain a measure of the retained strength obtained with the 
immersion-compression (I-C) test. The rate of displacement 
for the 1-C test was 0.125 in./min because the specimens were 
2.5 in. high. A limited amount of work indicates that near 
the 75 percent retained strength level, the 2.5-in.-high spec
imens yield values that are 1.15 higher than those for speci
mens 4.0 in. high. The table shows the corresponding decrease 
in retained strengths from the second to the fourth day of 
testing for both methods of testing. 

CONCLUSIONS 

The report presented is an extension of work presented earlier 
(5). The modifications to the equipment and test procedure 
have been developed to make a debonding test practical and 
suitable for field control of paving mixtures. The data pre
sented here and earlier (5) indicate that the test method is 
quite repeatable. As important is the fact that results can be 
obtained within 6 hr of receiving a hot and loose paving 
mixture. 
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Moisture Susceptibility Behavior of 
Asphalt Concrete and Emulsified 
Asphalt Mixtures Using the 
Freeze-Thaw Pedestal Test 

p ABLO E. BOLZAN 

Moisture-induced damage to asphalt concrete pavements, often 
attributable to stripping, is a recurrent problem because of the 
several variables involved. Many different tests are used to deter
mine the moisture susceptibility of an asphalt mixture. Neverthe
less, some are subjective and not suitable for evaluating individual 
aggregate components; whereas others have poor reproducibility, 
and no reasonable correlations with field performance can be 
obtained. At present many road test laboratories are using the 
Texas Boiling Test and Lottman's Tensile Strength Ratio. Plancher 
et al. have developed the Freeze-Thaw Pedestal Test, which is a 
simple laboratory test with a high degree of reproducibility. This 
test maximizes the effects of moisture at extreme temperatures and 
minimizes the effects of the mechanical properties of the mix (inter
locking, density, gradation, etc.). Tests were conducted using dif
ferent aggregates and types of bitumen: paving grade asphalt cement 
AC 70/100 and two types of asphalt emulsions-anionic slow
setting and cationic slow-setting. Results from these studies show 
the potential of this test in determining the susceptibility of cold 
and hot asphalt mixtures to moisture damage. 

The durability of bituminous paving mixtures, such as hot 
asphalt concrete and emulsion paving mixtures, is influenced 
by securing and maintaining adhesion properties between the 
bitumen and the aggregates in the presence of water. 

The stripping of bitumen from aggregate-that is, mois
ture-induced damage-is defined as the Joss of the adhesive 
bond between asphalt and the aggregate surface resulting from 
the detrimental action of water. This damage may be more 
severe where freeze-thaw-heat cycles occur. 

The effects of moisture and repeated freeze-thaw cycles on 
both hot and cold bituminous mixtures are analyzed with the 
Freeze-Thaw Pedestal Test (FTPT) developed by Plancher et 
al. (J). The FTPT is a water susceptibility test that indicates 
the susceptibility of asphalt-aggregate mixtures to repeated 
freeze-thaw cycles; it was developed for evaluating hot asphalt 
mixtures. In the present paper hot asphalt concrete and cold 
emulsified asphalt mixtures were evaluated using the FTPT 
with some modifications to original test procedures; the par
ticular characteristics of cold asphalt mixes were taken into 
account. 

The test variables of primary concern in this work are the 
type of binder, the type of aggregates and their gradation, 
the permeability of the briquets, the briquet thickness, asphalt 

National Research Council of Argentina (CONICET-LEMIT), calles 
52 y 121, 1900-La Plata, Argentina. 

content, the steps of briquet fabrication, mixing, compaction 
and curing, freezing temperatures, and length of the freeze
thaw cycle. 

As a result of this study, hot and cold asphalt mixes can be 
evaluated using the FTPT from a point of view that takes into 
account moisture-induced damage . This test was found capa
ble of distinguishing between stripping and nonstripping mix
tures prepared with different aggregates for bituminous mix
tures with asphalt cement or with emulsified asphalt. 

GENERAL CONSIDERATIONS 

The water susceptibility test (WST) proposed by Plancher et 
al. (J) was designed to evaluate the detrimental effects of 
moisture and repeated freeze-thaw cycles on bituminous mix
tures . It is a simple laboratory test that shows a high degree 
of reproducibility if much care is taken during the fabrication 
of briquets. 

This test maximizes the effects of moisture damage on bitu
minous mixtures and minimizes the effects of mechanical 
interlocking of the aggregate particles. The WST uses a min
iature briquet that must be permeable to water. The prop
erties of the specimen are primarily determined by the prop
erties of the asphalt-aggregate bond if mechanical properties 
of the briquets are not present. 

This test procedure has been applied to a variety of mate
rials, including new and old pavement mixtures, and to the 
evaluation of the potential effectiveness of antistripping agents 
and emulsified asphalt types in cold mixtures. 

Uniform aggregate size is used to produce a briquet with 
high voids permitting ready access by water to the asphalt
aggregate bond sites during repeated freeze-thaw cycles. 

TEST PROCEDURES ANU THEIR VARIABLES 

In the FTPT, small cylindrical briquets measuring 41.33 mm 
(1.63 in.) in diameter and 19.05 mm (0.750 in .) in height are 
prepared from mixtures with aggregates produced by crushing 
to a size that passes the No. 20 (0.850-mm) sieve and is retained 
on the No. 35 (0.500-mm) sieve. This aggregate fraction is 
washed with distilled water and dried in an oven for 4 hr at 
150°C before being coated with the bitumen. The asphalt is 
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heated for 1 hr at 150°C. The mixture is mixed, reheated, and 
remixed three times; then cooled to room temperature. 

The mixture is then heated for 20 min, placed in a cylindrical 
mold, and compacted at a constant load of 6,200 lb (2,812 
kg) for 20 min. The briquet is cured at ambient temperature 
for 3 days before being subjected to freeze-thaw cycling. 

The briquet is then placed on a stress pedestal in a large, 
deep Pyrex dish covered with distilled water and is subjected 
to cycles of 24 hr at -12°C followed by 24 hr at 60°C. At the 
end of each cycle the surface of the specimen is inspected to 
determine if the briquet presents cracks. The number of freeze
thaw cycles that briquets resist without cracking is used as a 
measure of their resistance to water damage. 

Many variables are present in the test, and great care must 
be taken to determine that duplicate briquets fail on identical 
freeze-thaw cycles. 

Mechanical interlocking, density, porosity, permeability, 
bitumen content, aggregate size and type, aggregate coating, 
compactive effort and temperature of compaction, briquet 
thickness, and freezing temperatures are the variables dis
cussed below. In Figure 1 a cylindrical mold, a stress pedestal, 
and a briquet used in the FTPT can be seen. 

FIGURE 1 Cylindrical mold, stress pedestal, and cracked 
briquet used in freeze-thaw pedestal test. 
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EXPERIMENTAL 

Materials: Aggregates and Binder Type 

Aggregate type and size are most important variables since 
mineralogical composition, particle texture, and shape usually 
determine the aggregate-bitumen bond properties. In this work 
five different aggregates, each of four sizes, were examined 
from the moisture damage point of view. 

Aggregate types and properties are given in Table 1. They 
are granite (high silica content), quartzite (high siliceous), 
basalt (medium siliceous), dolomite (high calcareous), and 
natural rounded gravel. The last aggregate presents plasticity . 
Additionally, aggregates from two field projects, crushed granite 
and crushed quartzite sands mixed with natural sand, were 
tested (Table 2). 

Paving grade asphalt cement for hot mixes was an AC 70/ 
100. Two types of emulsions were used in these tests. The 
first was anionic slow-setting emulsion SS-1; the second was 
cationic slow-setting emulsion CSS-lh. Properties of all binder 
types are given in Table 3. Generally both emulsions meet 
the requirements in ASTM specifications for cationic or anionic 
emulsified asphalts . 

Test Data and Discussion of FTPT Procedures 

As has already been pointed out, five mineral aggregates from 
different sources of Argentina that have been used extensively 
for asphalt concrete mixtures were tested by the FTPT in 
order to discover whether or not mixtures strip. 

Two field projects (one that exhibited stripping and one 
that did not) were examined-first, with the materials com
bined in the proportions used in the field and then, with the 
individual components of an aggregate mixture-to deter
mine their water susceptibility. 

The asphalt cements were the same as those used for the 
construction of corresponding pavements. The materials used 
in the two field projects were combined in proportions cor
responding to the design mixture and tested to determine their 
resistance to stripping. The stripping mixture was from R.P. 
85 Guaminf-Salliquel6 Road of the Province of Buenos Aires. 
The other project was from R.P. 88 Chivilcoy-Moll Road of 
the same province. The stripping materials cracked in less 

TABLE 1 PROPERTIES OF MINERAL AGGREGATES 

Aggregate type 

ProI!erties Granite Quartzite Dolomite Basalt GraYel 

C'.'T\ ............ ; -f';, ...... ~-.., ..... ; + ... 7 C) h. ": () i:.-, n en ,, n- n (;.-, 
........ .t" ..... .......................... ........ .._ ..... "',,' - • '-'J .... ~ 'J f ...... .......... - · ~ r - . ._,, 

Water absorption,% 0.70 0.91 0.33 0.56 0. 75 

Sand Equivalent,~'. 78.00 72.00 69,00 70.00 49.00 

L.A.Abrasion Loss,% 25. 00 42.00 15,00 19.00 29.00 

CKE,% 3.1 4.2 4.6 ~.e 3 . '3 
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TABLE 2 FIELD PROJECTS DATA 

Road Aggregate type mix proportion,% mix cycles individual cycles 

crushed granite 69.9 11 

siliceous sand 14.2 
12 

10 
RP 88 

natural sand 10.9 4 

asphalt cement 5.1 

crushed quartzite 76,9 1 

RP 85 siliceous sand 18.0 2 10 

asphalt cement 5.1 

Note: the cycle length was 36hs, freezing at -122C for 12hs and thawing 
at 602c for 24hs. 

than 2 cycles, whereas the nonstripping ones required more 
than 12 cycles to fail. 

The stripping aggregate was a quartzite crushed sand, and 
the nonstripping one was a granite crushed sand; both were 
mixed with siliceous sand and natural rounded sand. In Table 
2 materials and their proportions in the mixes are tabulated 
with the test results of each of the individual aggregates of 
the mixtures. 

With regard to the five mineral aggregates cited earlier, 
replicate briquets of each one were tested. Asphalt concrete 
and bituminous cold mixtures were prepared with the differ
ent mineral aggregates. Test results are tabulated in Table 4 
for hot mixes elaborated with the different aggregates. Non
stripping mixtures failed at more than 10 cycles, whereas mix
tures that exhibit stripping cracked in fewer than 2 cycles. 

Granite and basalt aggregates show good bonding prop
erties with the AC 70/100 employed; however, quartzite, 
dolomite crushed sands, and natural rounded gravel exhibit 
poor adhesion with the asphalt cement. In these cases the 
addition of 1 percent hydrated lime was enough to restore 
the bonding properties of quartzite and dolomite sands. With 
natural rounded gravel, the addition of 0.5% amine additive 
was necessary to restore bonding properties. 

As can be seen, the well-known and often quoted rule that 
acidic aggregates (high silica content) are vulnerable to strip
ping whereas basic aggregates (low silica content, high cal
careous content) are not is quite wrong. 

Briquet densities varied in a range of 1.84 g/cu cm (quartz
ite) to 2.10 g/cu cm (basalt), and the porosities (that is, the 
void content) varied between 17.8 and 21.7 percent with 2,812-
kg load compaction in the different mixtures prepared. 

A briquet thickness of 2.0 cm was adopted, but this thick
ness varied with the type of aggregate analyzed, as can be 
seen in Table 4. 

Poor reproducibility of results between replicate briquets 
has been observed when the quantity and rate of heat loss 
varied during the oven and compaction times. In cold mixtures 
poor reproducibility has been detected when the fluid content 
at compaction in replicate mixtures varied slightly. 

When emulsified asphalt mixtures were prepared with 
hydrophilic aggregates, they showed surprisingly good bond
ing properties. This may be partly explained by the beneficial 
effect of the emulsifier agents of the emulsions. Moreover, 
the number of cycles for failure of these briquets was higher 
than in the case of hot asphalt mixtures. This is discussed 
later. 

With regard to the original test procedures with hot mix
tures some modifications have been made. The aggregates 
were used without washing prior to mixing because field 
aggregates are not always washed prior to mixing and because 
surface coatings contribute to stripping. 

The original procedure specified that the mix is mixed at 
150°C, reheated and remixed two more times, and then cooled 
to room temperature. The mix is then reheated for 20 min, 
placed in a cylindrical mold, and compacted at 2,812 kg for 
20 min. In this laboratory the mixtures were not reheated and 
remixed twice more because this procedure could lead to the 
unrealistic absorption of asphalt to particle aggregate. 

Twenty minutes of compactive effort were considered 
excessive. After 10 min the mixture was cooled in the mold 
and the briquet was then removed. No difference in results 
was observed with either 10 or 20 min of compaction. 

The original test procedure specified that the aggregate 
should be crushed to produce a material passing a No. 20 
(0.833-mm) Tyler Series sieve and retained on the No. 35 
(0.417-mm) Tyler Series sieve. In the present work material 
between the No. 20 (0.840-mm) U.S. Standard Series sieve 
and the No. 40 (0.420-mm) U.S. Standard Series sieve was 
used because those sieve openings are quite similar and the 
Tyler Series sieve is not currently used in this country. 

A Study of the Test Variables 

The FfPT procedure presents many significant variables: 
aggregate grading, asphalt content and type, briquet thick
ness, freezing temperatures and length of freeze-thaw cycles, 
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TABLE 3 ASPHALT CEMENT AND EMULSIFIED ASPHALT PROPERTIES, 
AC 70/100 PA YING ASPHALT CEMENT 

Penetration,25QC,100g,5sec ......••.......... 82 

Ductility,25QC,5cm/min,cm .•....... . .. .. . .. .. 150+ 

Specific gravity ........•............... ,, .. 1.025 

Solubility in Trichloroethylene,% .......... ,99,7 

Viscosity,609C,Poises ............... . ....... 2012 

Viscosity,1359C,cSt ..•.....•.....•.......... 415 

Ash Content,% ..........•......•..... . ....... 0.33 

Rostler 

Asphal tenes,% ............................... 15.1 

Nitrogen Bases,% ............................ 22.4 

1st Acidaffins.% ... , .. , .......•............. 25.4 

2nd Acidaffins,% ....•....................... 25.4 

Paraffins,% ....•............•............... 11.7 

Parametral rolationship .....•...••..•..•.... 1.29 

Emul sion grade CSS-1h 

Viscosity,Saybolt Furol,259C, ....• 54 

Settlement,5-day,%.... ....... ..... 0.4 

Cement mixing test,%.............. 0.4 

Sieve Test,%............ . ......... 0.03 

Residue,%......................... 62. 5 

On the residue 

Penetration,25QC,100g,5sec...... .. 74 

Ductility,cm......... .. .. . .••.•... 150+ 

Solubility in Trichloroethylene,%. 99.4 

Viscosity, 60QC, Poises •.....•.... 2475 

Viscosity,1359C,cSt..... .......... 460 

SS-1 

19 

1.6 

0.1 

0.01 

58.5 

1113 

150+ 

99,6 

636 

mixing, compaction, and permeability of briquets. They are 
now discussed. 

(0.42-mm) sieves, and with materials between No. 40 and No. 
80 (0.177-mm) sieves (see Table 5). 

Aggregate Grading 

Four different aggregate gradings used in this study were tested 
to determine if results obtained using gradings other than 
those specified by the test could give similar results. Some 
differences emerged in the results from specimens prepared 
with material passing the No. 8 (2.32-mm) sieve and being 
retained on the No. 16 (1.19-mm) and material passing the 
No. 16 sieve and being retained on the No. 30 (0.590-mm) 
sieve, with materials between No. 20 (0.840-mm) and No. 40 

Mixtures with an aggregate size between the No. 8 and No. 
16 sieves and between the No. 16 and No. 30 sieves in hot 
mixes cracked in fewer than 2 cycles with nonstripping aggre
gates, whereas mixtures prepared with a grading between the 
No. 20 and No. 40 sieves, and between the No. 40 and No. 
80 sieves, required more than 10 cycles to fail. 

When using a gradation between the No. 40 and No. 80 
sieves, a greater percentage of asphalt cement was needed, 
the mix results were more dense, and their permeability 
decreased. The 40-80 fraction is a useful tool, however, to 
evaluate finer materials present in the mixture design. 
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TABLE 4 FREEZE-THAW PEDESTAL TEST RESULTS, IN HOT MIXTURES 

Granite Quartzite Basalt Dolomite Gravel 

Cycles •..•............. 10 2 / 16 14 2 / 13 1 / 14 

Thickness, cm ........... 2 . . 3 2.3 2.0 2.1 <) ~ 

... J 

Briquet weight,gr ...... 60 60 60 60 60 

Asphalt content,* o! 
/0 • •• " 7 8 7 s s 

. ' 3 Density, gr; cm ......... j • 91 1. 57 2.10 2.04 1. 93 

Voids content,% .. . .... . 19.1 20.S 19.S 1/.S 19.2 

Hydrated lime,% . . ...... 0 Q. 1 0 0 1 0 

Amine additive,% .. ..... 0 0 0 0 Q/ 0.5 

Note: asphalt content by weight of mix. Quartzite,Dolomite and Gravel sands 
resist 2 cycles without any addition. With the addition of 1% of hydra
ted lime on Quartzite and Dolomite the resistance is more than 13 cy
cles. With the addition of 0.5% of an amine additive on gravel,its 
resistance was more than 13 cycles. Total cycle length was 36hs. 

TABLE 5 EFFECT OF AGGREGATE GRADATION ON NUMBER OF CYCLES REQUIRED TO 
BRIQUET FAILURE 

Gradings between Granite Quartzite Basalt Dolomite 
sieves, 

N2 8 - N216 1 1 1 1 

N<?16 - N<!30 4 1 3 .-, 

N220 - N240 10 15* 14 14* 

N<!40 - N280 9 14* 15 13* 

Note: mixtures compacted at 2S12Kg, 1502c with 7% asphalt content. 

* 1% hydrated lime added. 

Gravel 

1 

1 

13* 

15* 

Total cycle length: 36hs, freezing at -122C for 12hs and thawing 
at 602C for 24hs. 
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Bitumen Content 

An asphalt cement content determined from the optimum of 
the Marshall mixture design is recommended in the original 
FfPT (J) . Kennedy et al. (2) found that an additional 2 per
cent asphalt content beyond the Marshall or Hveem optimum 
was needed to solve the aggregate coating problem because 
of the large surface area of the finer aggregates normally used 
in the test. 

of 1 percent hydrated lime for quartzite and dolomite and a 
0.5 percent amine additive for natural gravel. Any other asphalt 
content resulted in a smaller number of cycles for cracking 
the briquets (Table 6) . At high asphalt content the briquet 
cracking is probably due to the loss of cohesion of the asphalt 
cement. 

It is considered that to maximize asphalt-aggregate bond 
effects, uncoated mineral aggregate particles are undesirable. 
Consequently, a larger percentage of asphalt cement was 
adopted to achieve a total aggregate coating. 

From the results assembled in Table 4 with asphalt mixtures 
prepared with different aggregates, the optimum asphalt con
tent seems to be between 7 and 8 percent for a 20-40 aggregate 
size with granite and basalt, and with the previous addition 

Briquet Thickness 

This variable, tabulated in Table 7, shows that thicker bri
quets , with 7 percent of asphalt content and various types of 
aggregates, are more resistant to the freeze-thaw cycles than 
thinner briquets. A 2-cm thickness was adopted in spite of its 
variation with the type of aggregate. 

Plancher suggests the use of greater thickness in briquets 
that without stripping fail at only one cycle. However, a bri-
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TABLE 6 EFFECT OF ASPHALT CONTENT 

Asphalt content * * * 
by wt.of mix,% .Granite Quartzite Basalt Dolomite Gravel 

5.0 2 1 1 1 1 

7.0 10 5 14 2 1 

s.o 10 14 16 13 18 

9.0 8 15 15 12 14 

11.0 5 6 9 7 5 

17 .o 1 1 1 1 1 

Note: briquets weight of 60gr; *1% hydrated lime added. 36hs total cycle 
length. 

TABLE 7 EFFECT OF BRIQUET THICKNESS 

* * ... 
Weight,gr thick, cm Granite Quartzite Basalt Dolomite GraYel 

45 1. 9 4 2 3 2 1 

50 2.0 10 16 1 11 13 12 

55 2.1 11 17 12 13 14 

60 2 •:> 13 17 15 16 15 

** 2.6 16 17 15 17 70 20 

* Notes: mixtures prepared with 7~ of AC 70 100, 1% hydrated lime added. 
**Mixtures compacted with double - plunger static load. 

Total cycle length of 36hs,freezing at -122C for 12hs and thawing 
at 602c for 24hs. 

quet thickness greater than 2.3 cm produces a deficient com
paction with a 2,812-kg single-plunger static load. A 2,812-
kg, double-plunger static load would be needed to obtain 
reliable values in these cases on the FTPT results. 

Freezing Temperatures and Freeze-Thaw 
Cycle Length 

A set of briquets was frozen at different temperatures between 
- 7°C and - l8°C, and no noticeable differences were detected 
in the results (Table 8). The minimum temperature necessary 
to freeze the water within the specimens seems to be enough 
to conduct a water susceptibility test. 

Kennedy recommenrls ;i r.yde r.onsisting of freezing at -12°C 
,s:,..,._ 1 ") \....,. .... ...,.rl +h ........ ~9"\n n t A0°r fr."" 1 ") hr ;....., A-r~""r tn chnrtPn 
L'-".l .}.._-4J L.l..L l. \ £ .L ""-• ._ .._.._._. T • .l.lab ..., " • i '-""' • '<" • • - ~ · · ••• ..... • _..., • "' - ._ ., ..,.., •-•• 

the original cycle length of 48 hr. See Table 9 for effects of 
cycling durations. 

A series of briquets was tested at freeze-thaw cycles with 
lengths of 24 hr, 36 hr, and 48 hr. Table 10 shows that results 
are quite similar with freeze-thaw cycles of 36 hr and of 48 
hr. It Is important to note that 12 hr seems to be enough for 
a freezing cycle, but a heating cycle cannot be shorter than 
24 hr for such similarity in results to be obtained. 

The briquets always failed at the end of a heating cycle. 
Here is where differences were encountered because with a 
12-hr heating cycle, some briquets did not present cracks or 
were faintly cracked and the water damage resistance of the 
briquet seemed to be higher, as a large number of cycles was 
required. 

Consequently, a freeze-thaw cycle of 36 hr consisting of 12 
hr of freezing at - l2°C followed by 24 hr of thawing at 60°C, 
has been adopted for the evaluation of asphalt mixtures for 
water damage at extreme temperatures. 

FREEZE-THAW PEDESTAL TEST APPLIED ON 
EMULSIFIED ASPHALT MIXES 

Paving mixtures using emulsified asphalts are being used for 
both new construction and in the rehabilitation of existing 
pavements for diverse reasons, including environmental con
cerns, energy conservation, and ease of construction. The 
adhesion phenomenon and water effects in these particular 
mixtures are complex. 

The original FTPT was developed for mixtures of aggre
gates with hot asphalt cement. In cold mixes manufactured 



TABLE 8 EFFECT OF FREEZING TEMPERATURES 

Freezing Tempe- * ... * 
rature, QC Granite Quartzite Basalt Dolom.i te Gravel 

- 7 10 15 13 12 

-10 9 16 13 11 

-12 11 16 14 13 

-15 10 14 13 12 

-18 11 15 13 11 

Notes: mixtures prepared with 7% AC by wt.of mix, weighing 60gr. 

*Mixtures with 1% of hydrated lime. 

Total cycle length: 36hs. 

TABLE 9 EFFECT OF CYCLING LENGTH 

Cycle length,hs. 

* * 
Freeze Thaw Total Granite Quartzite Basalt Dolomite 

12 12 24 6 7 9 7 

12 24 36 10 15 14 13 

24 24 48 10 14 16 12 

Notes: mixtures prepared with 7% AC by wt. of mix, weighing 60gr. 

*Mixtures with 1% of hydrated lime added. 

Total cycle length: 36hs. 

TABLE 10 FREEZE-THAW PEDESTAL TEST RESULTS, IN COLD MIXTURES 

Granite Quartzite Basalt Dolomite 

Cycles .•.•.•.......... 10 19 20 16 

Thickness, cm ......• .. . 2.0 2.0 1.9 1.9 

Briquet weight,gr ..... 50 50 50 50 

Residual AC,*% ........ 7.5 7. 5 7,5 8 

Premix water,% ........ 2.0 3.0 2.0 2.0 

14 

14 

12 

12 

13 

Gravel 

8 

14 

13 

Gravel 

15 

2.1 

50/ 

8 

3.0 

* 

Density,gr/cm3 ...... . . 2.0 1. 88 2.26 2.20 2.04 

Voids content,% ....... 17.7 19.5 15.8 16.1 

Note: *Residual asphalt content by wt.of the dry aggregate weight. 

Total cycle length of 36hs, freezing at -129C for 12hs ahd 

thawing at 609C for 24hs. 

16.4 
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with emulsified asphalt some cautions must be observed when 
preparing the briquets. 

Briquet preparation mixing wetted aggregates and asphalt 
emulsions is conducted at ambient temperature. The first con
dition is that the permeability of the emulsified briquets must 
be similar to that of the hot asphalt briquets; that is, the water 
must get into the emulsified asphalt mixture briquet easily. 

Briquets prepared from No. 16-No. 30 sieve aggregate
size particles are more suitable for obtaining a permeability 
similar to that of the hot asphalt mixes because a greater void 
content is needed because of the normally higher fluid content 
these mixtures present. 

Emulsion mixture variables are aggregate premix water, 
aggregate coating, emulsion content, fluid content at com
paction, compaction load, and curing procedure. The amount 
of added mixing water needed for good dispersion and the 
optimum emulsion content for good coating are estimated 
from trial-and-error tests. 

After mixing water was incorporated, emulsified asphalt 
was added in an amount to give 7.5 percent residual asphalt 
and was mixed for 0.5 min. Mixtures were qualitatively eval
uated for ease of mixing, complete coating, and excess water 
in the mixture . In the present work 3 percent mixing water 
for coid mixtures elaborated with cationic emulsions and 2 
percent for mixes elaborated with anionic emulsions were 
found to be the optimum proportions (Table 10). 

The proper fluid content at compaction is the same as that 
for mixing and coating. Pore water pressures that are devel
oped during laboratory compaction help to obtain high void 
space in spite of the higher fluid content at compaction. 

So properties of such briquets were largely determined by 
properties of the asphalt-aggregate bond. Then the mixture 
is compacted at 2,812 kg for 10 min or until the water loss 
cannot be seen through the bottom mold . Immediate extru
sion after compaction and oven curing for 1 day at 60°C or 
until constant weight is reached was adopted. 

In Table 10 the results from application of the FTPT to 
emulsified mixtures elaborated with different aggregates are 
tabulated. It can be seen that the number of cycles for cracking 
the briquets is higher than for hot mixtures. The cracks in the 
briquet surface occur slowly and during 2 or 3 days or more 
before the briquet fails. Evidently the emulsifying agents of 
the emulsion have a beneficial effect on the water suscepti
bility resistance of the mixtures. 

Note that hydrated lime was not needed for stripping aggre
gates when these were integrated with emuls'ified mixtures 
with the appropriate emulsion type. 

The thawing cycle at 60°C in an oven has a beneficial effect 
in the residual asphalt emulsion distribution on the aggregate 
particles, improving aggregate coating. This is probably another 
factor that contributes to the aggregate-asphalt bond. 

SUMMARY AND CONCLUSIONS 

1. Five different mineral aggregates that are used exten
sively for hot and cold asphalt mixtures and two field projects , 
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with stripping and nonstripping materials , were tested using 
the Freeze-Thaw Pedestal Test to evaluate the water suscep
tibility of those aggregates when integrated with bituminous 
mixtures, such as asphalt concrete and emulsified asphalt mix
tures. Results from the FTPT provide a good method to eval
uate water damage in asphalt mixtures. 

2. For hot asphalt mixtures the FTPT should be performed 
using (a) aggregate sizes in the interval between the No . 20 
(0.840-mm) and No. 40 (0.420-mm) U.S. Standard sieves , (b) 
a compaction load at 2,812 kg for 10 min, (c) a cycle of freezing 
at -12°C for 12 hr and thawing at 60°C for 24 hr, ( d) a total 
cycle length of 36 hr, and ( e) an asphalt content for maximum 
aggregate coating up to 2 percent higher than the Marshall 
design, as a guide, but that may vary with aggregate type . 

3. For emulsified asphalt mixtures the FTPT should be 
performed using (a) aggregate sizes in the interval between 
the No. 16 (1.19-mm) and No. 30 (0.590-mm) U.S. Standard 
series sieves to obtain ready access of water into the briquets; 
(b) a compaction load at 2,812 kg at ambient temperature, 
with 100 percent fluid content, for 10 min , (c) a freeze-thaw 
cycle of 36 hr, and ( d) an emulsified asphalt content that will 
bring maximum coating of aggregate particles. This content 
can be estimated by trial-and-error tests on briquets with dif
ferent emuision contents and by visually inspecting the aggre
gates before mixing. 

4. The FTPT can be used to evaluate individual aggregates 
in a mix and the effectiveness of antistripping agents, as well 
as to select the more appropriate type for each aggregate from . 
the water susceptibility point of view. 

5. The aggregate interval between the No. 40 (0.42-mm) 
and No. 80 (0.177-mm) sieves can be used when individual 
fine aggregates are present in the mix design and do not fall 
into the interval between the No. 20 and No. 40 sieves. 

6. Further experience is required, including a wider range 
of aggregates, asphalts, emulsions, and antistripping agents, 
for studying water damage and understanding the effects of 
briquet thickness and the mechanistic factors that determine 
the cycles for failure in the wetness susceptibility test. 

7. On the other hand, it is necessary to complement the 
FTPT with a mechanical structural procedure to take into 
account the effects of traffic on asphalt-aggregate bond 
properties. 
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Assessment of Stripped Asphalt 
Pavement 

G. W. MAUPIN, JR. 

Many miles of pavement that are stripped need to be restored to 
a serviceable condition, but there is no accepted procedure to 
determine whether the pavement should be removed during the 
rehabilitation process. This paper describes an attempt to develop 
a methodology that employs a quantitative test to evaluate pave
ment layers. The indirect tensile test was used under various testing 
conditions to develop a deterioration curve for stripped pavement 
layers based on data from three field projects. The procedure will 
be valuable because it will make possible the evaluation of indi
vidual layers of asphalt; for in situ strength tests, however, such 
as those provided by deflection devices, that employ dynamic field 
measurements, the asphalt layers are evaluated as a whole. Cri
teria defining minimum strengths necessitating removal are sug
gested. It is realized that these criteria may have to be changed 
as experience with the evaluation procedure is gained. 

Stripping of asphalt pavement, which is the loss of cohesive 
and/or adhesive strength in the presence of moisture, has been 
recognized as a major cause of pavement distress (1). Prior 
to rehabilitation, several questions arise. Should the stripped 
asphalt concrete be removed before an overlay is applied? 
Will it continue to deteriorate in the future? These questions 
should be answered to ensure that the new pavement will 
attain its anticipated life. 

Considerable research has been directed toward prediction 
and prevention of stripping, but little has been done in the 
evaluation of stripped pavement. Because of its simplicity, 
the most common method of evaluation is visual inspection 
of pavement samples; however, the reproducibility of the results 
of this method is very poor. Quantitative measurements such 
as tensile strength and tensile strength ratios have been used 
with limited success to determine the degree of damage, and 
more thought needs to be directed toward their use and inter
pretation. Because there are many stripped pavements that 
need to be rehabilitated, there is a definite need for a reliable 
method of evaluation. 

PURPOSE 

The purpose of this investigation was to develop a method to 
evaluate stripped pavement. The investigation involved field 
testing pavements that were damaged by stripping, testing 
cores from these pavements, and developing an evaluation 
methodology. 

Virginia Transportation Research Council, Box 3817, University Sta
tion, Charlottesville 22903-0817. 

APPROACH 

The results of a visual assessment of pavement samples lack 
satisfactory reproducibility; although this method will not alone 
suffice, it may supplement other methods. Indirect tensile 
strength is the quantitative measure that is used most often 
to evaluate new asphalt mixtures, and it is a suitable choice 
for the evaluation of pavements in the present study; however, 
the interpretation of tensile strength measurements is even 
more critical in the case of rehabilitation, and it needs to be 
refined. 

The relationship between strength and age needs to be 
understood before a methodology can be developed. As pave
ment ages, it stiffens, primarily because of asphalt hardening; 
and its strength increases (Curve 1 in Figure 1). Lottman (2) 
found that pavements that strip tend to strengthen for a short 
period of time and then to weaken because of the stripping 
(Curve 2). To measure the degree of damage, it is necessary 
to measure the present strength of the stripped asphalt con
crete and the strength of the material that has been restored 
to an unstripped state, and it is desirable to predict the min
imum strength that will be reached in the future. The present 
and future strengths and the ratio of present or future strength 
to the unstripped strength (TSR) should give the investigator 
an indication of the adequacy of the pavement. 

It is not a problem to remove cores and test them imme
diately to determine the present strength; however, it is more 
difficult to determine the unstripped strength of the asphalt. 
An attempt was made to duplicate the unstripped strength by 
drying cores, reheating them, and remolding them into fresh 
specimens (see Figure 2a). The future strength was predicted 
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FIGURE 1 Strength versus age of pavement. 
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FIGURE 2 (a) Development of deterioration curve. (b) 
Deterioration curve. 
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by testing a set of cores that were conditioned to simulate 
future deterioration. Plotting the estimated deterioration curve 
using the measured strength values was done to visualize the 
existing and potential damage to a pavement layer (see Figure 
2b). 

The strength parameters were compared with general 
observations of the pavement condition, previous test results, 
and strength measurements computed from pavement deflec
tions to assess the potential usefulness of the procedure . 

FIELD PROJECTS 

The three field projects were on I-81 (Rockbridge County), 
1-64 (Goochland County), and Greenwood Drive (Portsmouth) . 

1-81 (Rockbridge County) 

The pavement was composed of 9 in. of select material, 6 in . 
of crushed stone base, 7.5 in. of asphalt base mix, 1.2 in . of 
intermediate mix , 0.9 in. of surface mix, and an overlay of 
0.75 in. of porous friction course (Table 1). The original pave
ment was completed in 1967, and the porous friction course 
was placed in 1974. The pavement, which had experienced 
random cracking and potholes, had an estimated present serv
iceability index (PSI) of 2.5. 

General deterioration necessitated that some type of reha
bilitation be undertaken . Approximately 4.5 in. was milled, 
and then Dynaflect tests were performed under the direction 
of K. H. McGhee of the Virginia Transportation Research 
Council to determine if additional material needed to be 
removed and replaced to achieve the necessary structural 

TABLE 1 MIX DESIGN GRADATIONS (PERCENT PASSING) 

Hix T;a~e 

Sieve Surface Intermediate Base Porous Friction Course 

1 1/2 100 

1 100 

3/4 73-85 

1/2 100 100 

3/8 63-77 85-100 

4 53-67 43-57 38-48 15-32 

n 22 35 0 ? ., 

30 19-27 

50 6-14 

200 4-8 2-6 2-6 0-0.5 
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strength. It was an excellent project for the subject investi
gation because the structural strength of the asphalt concrete 
obtained from Dynaflect tests could be compared with the 
strength obtained from the indirect tensile tests . 

1-64 (Goochland County) 

The structural cross section was composed of 6 in. of soil 
cement, 8 in. of stone base, 7.5 in . of asphalt base, 1.2 in. of 
intermediate mix, and 0.9 in. of surface mix, which was com
pleted in 1970. A slurry seal was applied in 1978, and various 
combinations of fabric and overlays ranging from 160 to 250 
lb/sq yd were added in 1980 and 1981. 

The pavement distress was attributed to raveling of open
texture overlays and some cracking, possibly caused by weak
ness of the underlying layers. The estimated PSis of the 
eastbound and westbound lanes, which were 3.4 and 3.1, 
respectively, had dropped suddenly over the previous year. 

A similar study had been performed on this section of pave
ment in 1978 prior to overlaying (3); therefore, previous strength 
data from indirect tensile tests and Dynaflect data were useful 
for the present investigation. 

Greenwood Drive (Portsmouth) 

This 1,000-ft project was a former test section used in NCHRP 
Project 4-8(3) to evaluate a stripping test developed by Lott
man ( 4); therefore, a great deal of useful test information was 
available. The structural cross section was composed of 6 in. 
of cement-stabilized subgrade, 6 in. of crushed stone, 5.5 in. 
of intermediate mix, and 1.5 in . of surface mix, which was 
constructed in 1976. 

TESTING 

Approximately 50 to 60 cores (4 in.) were removed from each 
project by wet-drilling; they were grouped as follows and 
tested : 

1. Present (as soon after removal as practical), 
2. Dried (dried until moisture loss ceased), 
3. Conditioned (Root-Tunnicliff procedure) (5) and, 
4. Remolded. 

Approximately 10 cores were selected randomly for each 
group. The present cores were wrapped in plastic to prevent 
the escape of moisture, transported to the lab , and tested as 
soon as practical. Although the cores were removed using 
water as a coolant , it is the author's opinion that the present 
strength was not influenced substantially. The dry cores were 
dried in the lab until the moisture weight loss ceased, and 
then they were tested; however, it was evident from visual 
observation that enough moisture remained in the interior of 
some cores to affect the healing of the stripped surfaces. The 
conditioned cores were conditioned according to the proce
dure recommended in NCHRP Report 274, which consists of 
vacuum saturating to a specified level and then soaking in a 
140°F water bath for 24 hr (5). The cores that were remolded 
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were heated to 275°F, remixed , and compacted with a Mar
shall hammer using a compactive effort to duplicate the void 
content (VTM) of the pavement cores. It was not possible to 
remold the base mixes into 4-in . specimens because of the 
large aggregate contained in these mixes . 

All cores were tested at a temperature of 77°F and a loading 
deformation rate of 2 in./min. 

The Dynaflect device, which applies dynamic loading to 
pavement, was used to determine the relative strength (strength 
equivalency) of the combined thickness of the asphalt layers. 
It was assumed that undamaged asphalt has a strength equiv
alency of 1.0 . If the strength equivalency of a 4-in. layer of 
damaged asphalt was determined to be 0.5, the strength had 
been reduced 50 percent, and the 4-in. layer was equivalent 
to only a 2-in. layer of undamaged asphalt. Dynaf!ect tests 
were performed approximately every 100 linear ft and aver
aged for each section. 

RESULTS 

1-81 (Rockbridge County) 

The four layers of asphalt analyzed were (a) surface, (b) base, 
and ( c and d) two distinct layers of intermediate mix, one 
containing limestone aggregate and the other containing 
quartzite aggregate. 

Figures 3 and 4 illustrate the estimated deterioration of the 
various layers. In all cases the remolded strength was higher 
than the dry strength, as anticipated. Past experience indicates 
that it is difficult to heal the stripping damage completely by 
a simple drying process. Although the remolding process pro
duces a higher strength, one disadvantage of the remolding 
process is the increase in the fracturing of aggregate by the 
compaction process. 

The layers of surface and intermediate mix had similar esti
mates of deterioration . Although the unstripped strength of 
the surface mix was slightly higher than the unstripped strengths 
of either intermediate mix layer, the present and future strengths 
were not significantly different. It is also evident that expected 
deterioration will not progress significantly in the future for 
these layers. The present strengths were higher than 80 psi, 
which is usually considered adequate. The Georgia Depart-

1-81 
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FIGURE 3 Deterioration curves for 1-81. 
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FIGURE 4 Deterioration curves for I-81. 

ment of Transportation (DOT) considers pavements with 
strengths less than 40 psi to warrant consideration for removal 
(telephone conversation with Ronald Collins on July 28, 1987, 
unpublished data). Although the minimum value is not based 
on a systematic comparison of satisfactory and unsatisfactory 
pavements, it is based on experience. The present strength 
of the surface mix was 37 percent of its unstripped strength 
(i .e., TSR = 0.37) , which does indicate a considerable loss 
of its original strength. The past experience of the author 
indicates that removal of pavement with a TSR less than 0.30 
should be considered. 

The present strength of the base mix was weaker than that 
of the other layers, and the future predicted strength was only 
27 psi, which was considerably below the suggested 40 psi 
minimum. 

Dynaflect measurements indicated a strength equivalency 
of 0.29 for the combined layers of asphalt; that is, the asphalt 
is contributing only 29 percent of the strength of undamaged 
asphalt. The computed weighted average present tensile 
strength ratio of the asphalt layers was 0.44, which was higher , 
but compared rather favorably with the Dynaflect strength 
equivalency. 

An independent decision by McGhee based on Dynaflect 
data and current traffic loads was to remove at least 6.5 in . 
of asphalt, which included approximately 2.0 in. of the base 
mix. Although tensile strength data indicated that the entire 
base mix was weak, removal and replacement of only 2.0 in . 
of the base mix strengthened the pavement sufficiently for 
the designed traffic load. The indirect tensile strength data 
did confirm that it was advisable to remove some of the weak 
base mix and replace it rather than pave on top of it. 

1-64 (Goochland County) 

The intermediate mix layer and base layer were tested on this 
project in both the eastbound traffic lane (EBL) and the 
westbound traffic lane (WBL) . 

The estimated deterioration, illustrated in Figures 5 and 6, 
indicates that the strength of the EBL was less than the strength 
of the WBL; and similar measurements performed in 1978 
demonstrated the same trend. It is shown subsequently that 
the Dynaflect measurements substantiated the same trend. 
The present strength of the intermediate mix from the EBL 
was only 17 percent of its original strength, and the present 
and future strnngths were less than the suggested 40 psi; there-
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FIGURE 5 Deterioration curves for intermediate mix on 1-64. 
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FIGURE 6 Deterioration curves for base mix on I-64. 

fore, it should be removed in the rehabilitation. Although the 
strength of the intermediate mix layer in the WBL may be 
questionable, it appears that neither it nor any of the other 
mixes will drop below the suggested 40 psi level. 

Dynaflect measurements indicated that the strength equi
valencies of the combined layers of asphalt in the EBL and 
WBL were 0.30 and 0.46, respectively. There were no strength 
data for the surface mix and intermediate mix overlay; there
fore, a weighted TSR could not be computed for the total 
asphalt thickness. When reasonable values are estimated by 
visual assessment for the surface and intermediate mixes, 
however, it appears that the TSR of the present strength 
would be slightly higher than the comparable value calculated 
from Dynaflect measurements. This trend is similar to that 
observed on the I-81 project. 

The deterioration curves not only point out that the EBL 
was weaker than the WBL but also indicate that the weakest 
layer was the intermediate layer. The Dynaflect device also 
determined that the EBL was weaker than the WBL, but it 
could not identify the specific layers that were weak. 

Greenwood Drive (Portsmouth) 

The bottom half of the 5-in. layer of intermediate mix was 
tested because the same layer was tested in the previous NCHRP 
study. 
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The estimated deterioration curve is shown in Figure 7. The 
present and future strengths are greater than the 40 psi mini
mum value suggested by the Georgia DOT. 

The predicted TSR of the cores shortly after construction 
was 0.51, which compares favorably with the ratio of the 
present strength to the unstripped (remolded) strength, which 
was 0.55 (Figure 8) . The future TSR is predicted to decrease 
to 0.39; however, this decrease may not materialize in the 
pavement because the traffic volume is low. 

The pavement is performing satisfactorily, which substan
tiates the reasonably high strength and TSR values that were 
obtained. 

No Dynaflect tests were performed because the author felt 
that poor and variable soil support would make the results of 
strength calculations of the asphalt layer dubious. 

Visual Assessment 

There was no correlation between the amount of visible strip
ping on the coarse and fine aggregate and TSR in any of the 
projects. A correlation may have been apparent if a wider 
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FIGURE 7 Deterioration curve for Greenwood Drive. 
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range of values had been available; it is also possible that 
cohesion failures, which are not visible, had a significant effect 
on the TSR values. 

CONCLUSIONS AND RECOMMENDATIONS 

The use of a deterioration curve, minimum values of strength, 
and TSR appears to be a logical means of evaluating stripped 
pavement. TSR should provide a reasonable estimate of the 
strength equivalency as measured by the Dynaflect device; 
however, a structural evaluation with the Dynaflect device is 
still desirable. Strength and TSR results can be used to analyze 
each layer of asphalt, whereas the Dynaflect results indicate 
the overall strength of the combined layers of asphalt. It appears 
that minimum values of 40 psi for strength and 0.3 for TSR 
are reasonable for initial use of the procedure. Visual eval
uation can be used to supplement other data, but it should 
not be the sole technique used to determine stripping damage. 

The following recommendations are offered: 

1. Use remolded cores to determine the original strength 
because dried cores seldom, if ever , completely heal. Dried 
cores may be used only where large aggregate makes remold
ing impractical. 

2. Use 40 psi as the minimum allowable value for present 
and future strengths on the deterioration curve. 

3. The TSRs based on the ratios of present and future 
strength to the original (remolded) strength should be higher 
than 0.3. 

As experience is gained through testing and observing the 
effectiveness of rehabilitation, the recommended criteria may 
have to be modified . 

The author believes that the method of stripping evaluation 
that has been described will provide the engineer with a tool 
to make sound, defensible decisions regarding pavement reha
bilitation. 
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Effect of Coal-Contaminated 
Aggregate on Asphaltic Concrete 
Pavement Performance 

VISHNU A. DIYALJEE 

Crushed aggregate containing approximately 8 percent by weight 
of soft coal was used in the construction of asphaltic concrete 
pavements on 23 km of secondary and primary roadways. Within 
S months after construction, surface distress in the form of rav
eling, pitting, and localized potholing occurred along and outside 
the wheelpaths. The presence of coal in the aggregate had been 
identified during the quarrying and crushing stages. Normal and 
24-hr soaked Marshall stability tests were undertaken to evaluate 
the quality of the crushed aggregate. Retained stabilities of 20 
percent to 69 percent were obtained using samples obtained from 
the crushing plant and dryer of the asphalt plant, respectively. 
On the basis of the higher stability obtained from the asphalt plant
processed material, it was decided to use the aggregate. This deci
sion was also influenced by a contract deficiency pertaining to the 
"acceptable" amount of deleterious material. For production 
asphaltic concrete, a 70 percent retained stability was chosen as 
a minimum requirement for an acceptable mix. During the first 
6 km of paving, retained stability lower than the target resulted 
in the contaminated aggregate being blended with 20 percent of 
clean aggregate. This blend resulted in 80 to 90 percent retained 
stability. Despite this, all roadways suffered pavement distress. To 
stop the progressive pavement deterioration, a fog seal was applied 
to the secondary roadways, with a subsequent single-surface seal 
applied to all roadways in 1985. Since then, no further pavement 
distresses have been reported and the roadways are performing 
well. 

Mineral aggregates constitute 88 percent to 96 percent by 
weight, or approximately 80 percent by volume, of an asphal
tic concrete pavement. As a major component , therefore , 
aggregates directly influence the structural integrity and dura
bility of the pavement structure. To ensure that performance 
and service life of a pavement are not affected prematurely, 
high-quality aggregates are generally preferred in the man
ufacture ofasphaltic concrete mixes. Gradation, shape, strength , 
toughness, durability, hydrophobic characteristics, and clean
liness are the quality attributes of aggregates that govern their 
behavior and, hence, ultimate pavement performance under 
load- and non-load-associilted environments. It is generally 
recognized by highway agencies worldwide that aggregates 
for asphaltic concrete mixes should be clean . Cleanliness of 
an aggregate is determmed , m general , oy tne presence or 
absence of deleterious or harmful materials. The overall qual
ity ranking of an aggregate is often influenced by the types 
and amounts of deleterious material within the aggregate matrix, 

Geotechnical Services Section, Materials Engineering Branch, 4th 
Floor, Twin Atria Building, 4999-98 Avenue, Edmonton, Alberta 
T6B 2X3, Canada. 

with high-quality aggregates having none to negligible amounts 
of deleterious materials. 

Materials considered deleterious include clay, clay lumps, 
soft shale, lignite , coal , mica, shells, organic matter, vegetable 
matter, and roots . Some highway agencies provide percentage 
limitations on the amounts of these materials. Others state 
their objection to deleterious materials qualitatively , whereas 
others consider that their requirements for the quality attri
butes of strength, toughness, and durability would limit the 
amount of deleterious material. The types of deleterious 
materials and their percentage limitations in coarse and fine 
aggregates considered by 50 highway agencies in North Amer
ica are reported by Chastain and Burke (1) . In Alberta, the 
majority of the aggregates used in asphaltic mixes in the Pro
vincial highway system is obtained from naturally occurring 
gravel and sand sources . In addition to the impurities such as 
clay, clay lumps, and organic matter, coal is frequ ently 
encountered within gravel aggregate sources. 

When coal is encountered during the gravel prospecting 
stage , the source is considered unsuitable if the amount of 
coal is significant and if its disposition is such that quarrying 
of the deposit would not eliminate this materi al. 

In a situation where coal is discovered during quarrying , 
the coal is stripped and removed or the deposit is worked in 
such a manner as to avoid aggregate contamination . This 
situation is generally not the norm because most sources are 
pretested prior to large-scale use . Where selective quarrying 
is undertaken , it is generally impossible to eliminate all coal 
from any known contaminated deposit. In such cases, the 
amount of coal accepta ble is based on visual observations of 
the color of the total aggregate rather than by actual testing. 
Generally, the percentage acceptable from visual observation 
may not exceed about 1 percent by weight of the total aggre
gates. Although it is well established that coal is highly unde
sirable in aggregates for portland cement concrete, coal in 
asphaltic concrete aggregates is not treated with the same 
degree of concern . According to Woorls (?.) ,the ASTM spec
ifi~2'!iG~~, ~:r· ~~~!~di~g ~ ::;~~!i8~ 0~ de!~te:!~~::; :=-:~te:-!~!~, 

recognize that small amounts of deleterious materials are not 
as harmful to bituminous concrete as they are to portland 
cement concrete. 

Very little work is reported in the literature on the influence 
of coal on asphaltic concrete behavior. One of the reasons 
for the scarcity of information on this topic is that this material 
is restricted to a trace in aggregate production and, hence, 
may not have created a situation warranting any special study. 
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The purpose of this paper is to present a case study of the 
performance of asphaltic concrete pavements along two 
secondary roadways and one primary highway constructed 
with coal-contaminated aggregate containing a significant per
centage of coal. 

PROJECT BACKGROUND 

Under an Alberta Transportation (now known as Alberta 
Transportation and Utilities) contract, the scope of work 
included the construction of approximately 23 km of asphaltic 
concrete pavement construction along three designated road
ways consisting of one primary (Hwy. 28:04) and two sec
ondary (SR 827:02 and SR 644:02) roadways. The location 
of these roadways is shown on Figure 1. 

Structural pavement design of the three roadways was based, 
with slight modifications, on the Asphalt Institute Method of 
Design (3). A California Bearing Ratio of 4 percent for the 
subgrade soil and a 20-yr roadway design life were common 
to the design of the roadways . Other design parameters con
sisted of an Average Annual Daily Traffic (AADT) of 3,300 
vehicles per day and Design Traffic Number (DTN) of 334 
for Hwy 28:04, with AADT of 700 and DTN of 56 for the 
SR 827 overlay and AADT of 250 and DTN of 23 for SR 
644:02. 

Hwy. 28:04 

This project was a realignment of Hwy. 28:04 in the vicinity 
of Junction Hwy. 28:04 and SR 827:02 to facilitate the con
struction of an at-grade railroad separation. The length of the 
realignment was approximately 1.4 km and required embank
ment, base, and surfacing constructions. 

This roadway, designed to accommodate two-way traffic, 
consisted of a 13.8-m finished pavement width and a 400-mm
thick structural pavement. The pavement thickness consisted 
of 300 mm granular base course and 100 mm asphaltic 
concrete pavement. 

SR 827:02 

This project involved new construction (embankment, base, 
and surfacing), embankment only, and asphaltic concrete 
pavement overlay. 

--===::::::::::::\-z-

co 

km 16.14 km 15 

S.R.827:02 

THORHILD 
km 0.0 

FIGURE 1 Location of project roadways. 
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As a two-lane secondary roadway, this road was designed 
with a 9-m finished pavement width and a 330-mm structural 
pavement thickness consisting of 230 mm granular base and 
100 mm asphaltic concrete pavement. 

The asphaltic concrete overlay construction covered a dis
tance of about 15 km beyond the limit of the new construction 
and extended into the Town of Thorhild. The existing pave
ment was constructed in 1980-1981 and consisted of 175 mm 
soil cement base and 50 mm asphaltic stabilized base course. 
The designed overlay consisted of 60 mm asphaltic concrete 
pavement. 

SR 644:02 

Construction of this project roadway consisted of subgrade 
preparation and base course and asphaltic concrete pavement 
construction over a total project length of approximately 4 
km. Designed to accommodate two-way traffic, this roadway 
was constructed with a finished width of 9 m and a 350-mm 
structural pavement thickness. This pavement thickness con
sisted of 230 mm granular base and 120 mm asphaltic concrete 
pavement. 

CONSTRUCTION AGGREGATES 

The aggregates used in granular base and asphaltic concrete 
pavement constructions were obtained from a naturally occur
ring gravel aggregate source. This source, situated along the 
North Saskatchewan River, was located approximately 38 km 
from the Jct . SR827 and Hwy. 28:04. The pit location in 
relation to the project roadways is shown on Figure 1. 

Prior to the gravel crushing operations, an inspection was 
made of the pit site. At the time of the inspection , preparation 
of the crushing plants and stockpile sites was in progress. The 
following observations were made: 

1. The pit site had been extensively worked and appeared 
to be depleted. 

2. Pit rehabilitation had not been performed following 
excavation and crushing. A number of waste stockpiles had 
been randomly left, creating the appearance of an abandoned 
pit. 

3. The area identified for quarrying was a narrow bank of 
high ground at the east fringe of the pit area. The workable 
gravel seam was 2 to 4 m thick and was located below 6 to 8 m 

_,..,- km 
S.R. 829 _,,,,,, 

4.88 

HWY. 28 
km 29.38 

km 0.36 

REDWATER 

38 km TO 
AGGREGATE PIT 
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FIGURE 2 Section of workable pit area. 

of clay overburden. Medium to coarse sand existed below the 
gravel. Figure 2 shows a section of the workable pit area. 

GEOLOGICAL CONSIDERATIONS 

Briefly, the aggregate source forms part of the Saskatchewan 
sands and gravels, sand and gravel deposited in preglacial 
valleys (as valley till in terraces) before the onset of the Qua
ternary glaciation. Generally, the composition of the Sas
katchewan gravels is primarily quartzitic rock with minor 
amounts of chert, clay ironstone, and coal. Coal is derived 
from the local bedrock (Edmonton Formation) through bed
rock incision by the preglacial rivers. Additional information 
about the geological setting and characteristics of the Sas
katchewan sands and gravels can be obtained from work by 
Shaw and Kellerhals (4), Kathol and McPherson (5), and 
Edwards et al. (6). 

SUPPLY 

The supplemental prov1s1ons of the contract required the 
aggregates to be supplied from a source of the contractor's 
choice. The materials supplied were to satisfy the gradation 
specifications for Designation 1 Class 16 and Designation 2 
Class 40 materials (Figure 3). The Designation 1 Class 16 
mali::rial was to be used in both granulur base course and 
aspnaitlc concrete pavemem cunstrucLiurn;. 

In terms of the quality attributes of strength, durability, 
and soundness, the General and Construction Specifications 
required under Specification 5.1, Subclause 5.1.02.2-Gra
dation Requirements, the following: 

"The crushed aggregate shall be composed of sound, hard 
and durable particles of sand, gravel and rock with all material 
up to and including 300 mm crushed, and shall be free from 
elongated particles, injurious quantities of flaky particles, soft 
shales, organic matter, clay lumps, and other foreign matter." 
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PRETESTING 

Because the aggregate source was to be the contractor's choice, 
no pretesting of the source was done by the department. 
Information regarding the characteristics of the source was 
therefore unavailable until actual quarrying and crushing had 
commenced. According to postconstruction information, 
however, this source had been tested by the department some 
20 yr ago. At that time, it was noted that the source consisted 
of fine to coarse gravel deposits with numerous sand seams. 
Testing had also been undertaken by an independent testing 
laboratory. According to a departmental appraisal of the test
ing laboratory's report, it appeared that the quality attributes 
of the aggregate had not been well addressed, leaving some 
reservations about its quality. The appraisal, nevertheless, 
considered that the source material might be suitable for use 
in highway construction. No mention was made by either the 
department or the independent laboratory of the presence of 
coal within the source. 

CRUSHING 

Crushing of pitrun gravel to produce Designation 1 Class 16 
material for asphaltic concrete and top lift granular base course 
constructions began on September 17, 1983. Approximately 
2,000 tons of material had been crushed and stockpiled by 
the supplier on September 20, 1983, when quality control 
H1uui lu1i11g wa~ ul_[i;..;iaiiy ~Hil~aicJ U1i site. T!ic ::1-1G~ci·i a~ y-y·":; 
produced as an "all-in" aggregate. The production of an "all
in" aggregate was chosen by the supplier instead of splitting 
and recombining the coarse and fine fractions. 

The stockpiled aggregate was inspected on September 20, 
1983, following a request by the contractor and supplier for 
gradation checks to determine whether the crusher settings 
were satisfactory for producing the desired crushed aggregate . 

The inspection of the aggregate stockpile revealed the pres
ence of finely divided particles of coal that gave the stockpile 
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FIGURE 4 Appearance of Designation 1 Class 16 material as base course. 

a very dark appearance resembling, from a distance, an oil
bound aggregate stockpile. Figure 4 shows the appearance of 
the Designation 1 Class 16 material when laid as base course 
on the roadway. 

Following the inspection of the aggregate stockpile, an 
examination of the pit was made. Five thin coal seams 75 to 
150 mm thick were observed to be interspersed within the 2 
to 4 m of workable gravel face. On close examination, the 
coal was soft and could readily be disintegrated between the 
fingers to dust-size particles. One seam in particular was brown 
and contained leafy vegetative matter. It was assumed that 
this seam was in a transitionary stage of coalification. The 
disposition of the five coal seams made it practically impos-

sible to avoid contamination of the pitrun gravel during exca
vation. On-site discussions were held immediately, with the 
contractor and supplier expressing the unsuitability of the pit 
to produce asphaltic concrete aggregate. 

A sample of material was taken from the stockpile and 
tested for gradation and percent fractures. The presence of 
coal within aggregate was also confirmed during washing of 
the aggregate. Both the gradation and percent fractures failed 
to meet the specification requirements. 

Six additional samples were taken from the crusher dis
charge during production on September 21, 1983. These sam
ples also failed to meet the gradation specification require
ments and were stockpiled separately. The crusher was finally 
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adjusted to produce the desired aggregate at around 7:30 p. m. 
that day. Two samples were taken during the night shift, and 
both satisfied the specification requirements in terms of gra
dation and fractures. Between September 22 and 25, when 
operations were temporarily halted, the material produced 
was slightly coarser than the specification requirements between 
the 315 and 80 (metric) sieves. This deviation from the spec
ifications was consistent and was not considered critical. 

Because coals were present in the aggregate, the material 
crushed between September 20 and 21 had to be submitted 
to the Transportation Laboratory for analysis to determine 
the aggregate's suitability for use in asphaltic concrete pave
ment construction. The suitability of the aggregate was assessed 
from Marshall stability tests done on both normal (30- to 40-
min-soaked) and 24-hr-soaked specimens. The criterion used 
to assess the suitability of the mix and hence the aggregate 
suitability was that the retained stability (percentage of soaked 
to normal stability) should be at least 70 percent. The soaked 
stability test, also kno'.vn as the It-.1arshall Immersion Test, 
measures the change in stability resulting from the action of 
water on compacted bituminous mixes. The test is done on 
samples prepared with the same asphalt content, gradation, 
and number of blows as the Marshall specimen tested in the 
normal manner. 

Using a batch split (aggregate tested as submitted), two sets 
of three Marshall briquets were made with 6.0 and 6.6 percent 
asphalt by weight of dry aggregate. The briquets were formed 
using 50 blows on each of the two faces of a specimen. Both 
normal and soaked stability tests were conducted. For the 
soaked tests, the specimens were tested after 18 hr rather than 
24 hr. This was done to facilitate an early assessment of test 
results. Retained stabilities of 20 and 28 percent were obtained 
for the specimens made with 6.0 and 6.6 percent asphalt, 
respectively. Because these values were considerably lower 
than the 70 percent considered acceptable for high-quality 
asphaltic concrete, the mix was considered unacceptable. 
According to the Materials Testing Laboratory, the low retained 
stability might have been influenced by the gradation of the 
aggregate. This gradation was slightly finer than that con
tained in the specification requirements. In addition to the 
stability testing, testing was performed to determine the per
centage of coal in the aggregate. Using a flotation method, 
the percentage was determined to be 0.89 percent by weight 
of total aggregate. Through burning at 800°F for 14 hours, 
however, 8 percent coal by weight was obtained. In terms of 
the physical appearance of the aggregate, 8 percent was con
sidered a far more realistic value. 

As a result of the low retained stability, a meeting was held 
with the contractor and supplier on September 25 during the 
night shift crushing. It was agreed at that time that further 
crushing would be halted pending the results of further lab
oratory investigation. Further testing was undertaken on sam
ples taken from the crusher discharge between September 21 
"' ..... ..:I ..,C 100'1 A '1 .......... ~ ..... + l\Jf.-.. ... ,...\....-.11 ...-~ ... ,..:I,.,,,...~,... ..... ,,,.,....,,... ,....,...,.-~ ...... ..-1 ,..,..,,,,,._ 
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on aggregate batch samples. The retained stability was 34 
percent despite the gradation of the material satisfying the 
specification requirements. 

On account of these low results, it was decided that the 
aggregate was unacceptable for use in asphaltic concrete pave
ment construction. Both the contractor and supplier were 
advised of the decision. At a later meeting between the con
tractor and representatives of the department, however, it 
was agreed to assess further the mix characteristics of aggre-
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gate processed through the dryer drum at normal operating 
temperature. This was done to verify the contractor's opinion 
that the coals would burn off from the aggregate once heated 
to mixing temperature. 

For the stability tests on plant-processed aggregate, it was 
decided to investigate the suitability of Designation 1 Class 
12.5 aggregate in addition to the Designation 1 Class 16 
aggregate. 

Two sets of 12 briquets of the Designation 1 Class 12.5 and 
Designation 1 Class 16 aggregate were tested for normal and 
soaked stabilities. Retained stabilities of 55 and 69 percent, 
respectively, were obtained. Although these values were less 
than the 70 percent criterion, it was decided to allow the use 
of Designation 1 Class 16 aggregate. It is of interest that coal 
was still observed in the aggregate after processing through 
the dryer drum. No checks were made on this percentage of 
coal. 

To ensure that the stabilities were consistently high during 
actual production, it \.Vas decided to continue iv!arshall sta-
bility testing on field-formed briquets. The contractor and 
supplier were both notified that should the retained stabilities 
drop significantly lower than 70 percent, the use of the con
taminated aggregate would be stopped. This decision was 
agreeable to both the contractor and supplier. Tn fact, hefore 
the plant trials they had suggested an alternative plan that 
involved the use of a percentage of clean aggregate from 
another of the supplier's sources. 

Production of Designation 1 Class 16 material from the 
contaminated source was resumed on October 7, 1983. The 
supplier continued to produce an "all-in" aggregate satisfy
ing the gradation and fracture specifications. The weekly av
erage gradation up to the completion of crushing is shown in 
Figure 3. 

ASPHAL TIC CONCRETE PAVEMENT 
CONSTRUCTION: QUALITY CONTROL 
CHARACTERISTICS 

SR 827:02 

Asphaltic concrete pavement construction commenced on 
October 12, 1983, starting from km 0.937 toward km 16.137 
(Figure 1). The "all-in" coal-contaminated aggregate was used 
with 6.6 percent of 200-300 penetration grade asphalt cement 
to initiate paving. The 200-300 asphalt cement grade was also 
used in the paving of SR 644:02. Asphaltic concrete mixes for 
both of these roadways were based on the characteristics of 
a 50-blow Marshall stability design satisfying, in general, the 
Asphalt Institute Marshall Stability Design Criteria. 

During plant production on October 12, 1983, eight field
formed briquets were made for stability evaluation. An aver
age retained stability of 55 percent was obtained, with the 
-~---1 _..__L!l! ... _. --·----!-- C '"'lfl-1 llo.T --..l ... L ____ ..J_ ... ! __ __ .._!_£_.! __ 
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the specification requirements. 
On the basis of the low retained stability, it was decided to 

pursue the option of blending the contaminated aggregate 
with aggregate from the supplier's alternate source. A mix of 
20 percent by weight of clean aggregate and 80 percent of 
contaminated aggregate was found to satisfy the aggregate 
gradation requirements. 

The use of this blended aggregate to continue paving this 
project from km 6.6 was resumed on October 31, following 
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the completion of paving Hwy. 28:04° and SR 644:02. These 
latter projects were given priority because subgrade and base 
course constructions had been completed while paving was in 
progress on SR 827:02. The paving of SR 827:02 was finally 
completed on November 6, 1983. 

Quality control monitoring of the mix characteristics and 
field compaction resulted in 25 field-formed Marshall briquets 
and 65 field cores. The percentage compaction achieved var
ied from 91to98 percent of the field-formed Marshall density, 
with an overall average compaction of 95 percent. Field air 
voids ranged from 8 to 11 percent with an overall average of 
10 percent, whereas mix asphalt content averaged 6.2 percent 
with a range from 5. 7 to 6.8 percent determined by the nuclear 
gauge. A similar range of asphalt content was determined 
from bulk and totalizer plant checks. Aggregate gradations 
were found generally to satisfy the job mix formula. 

Hwy. 28:04 

The asphaltic concrete mix used in paving this project roadway 
consisted of the blended aggregate and 5. 7 percent of 150-
200 asphalt cement. This design was based on a 75-blow Mar
shall stability simulating the heavy traffic category criteria. 
Characteristics of the design mix were as follows: 

Characteristic 

Stability (N) 
Asphalt content ( % ) 
Density (kg/m3

) 

Air voids (%) 
Voids in mineral aggregate (% ) 
Voids filled with asphalt( % ) 
Flow (mm) 
Retained stability (%) 

Amount 

8,200 
5.7 
2,329 
4.0 
15.3 
73 
2 
79 

Mix reaction to kneading compaction was medium. 
Pavement construction commenced on October 17 and was 

completed on October 20, 1983. During this period 20 briquets 
were made for stability evaluation. Six of these made on Octo
ber 17, 1983, gave an average retained stability of 82 percent 
with an average normal stability of 9,154 N. The remaining 
14 briquets were made on October 19, 1983. Three gave an 
average retained stability of 74 percent and an average normal 
stability of 8,725 N, with stability values ranging from 7,562 
to 10,231 N. 

Because the retained stabilities consistently exceeded the 
minimum criterion, the mix was considered acceptable for use 
from a laboratory analysis viewpoint, and further testing was 
discontinued. 

A summary of the quality control monitoring information 
from 30 field-formed Marshall briquets and 27 field cores 
showed the field compaction to range from 91 to 97 percent 
with an overall average of 93 percent. Field air voids ranged 
from 6 to 13 percent with an overall average of 10 percent, 
whereas mix asphalt content varied from 5 .5 to 6.1 percent 
with an average of 5.6 percent. A similar range of asphalt 
content was determined from bulk and totalizer plant checks. 

SR 644:02 

Paving of this 4-km stretch of roadway was undertaken fol
lowing completion of Hwy. 28:04. The mix contained the same 
aggregate combination as that used on Hwy. 28:04 except that 
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200-300 asphalt cement was used with an optimum asphalt 
content of 6 percent. Roadway paving commenced on Octo
ber 22 and was completed on October 28, 1983. 

No retained stability checks were done; rather, field-formed 
briquets were made for reference density and air voids deter
minations for compliance with mix design characteristics, and 
for evaluation and comparison of field compaction control 
characteristics. A summary of the mix characteristics and field 
compaction determined from 15 field-formed briquets and 36 
field cores showed the following: 

1. Percentage compaction ranged from 91 to 97 percent of 
field-formed Marshall briquet density with an overall average 
of 95 percent. 

2. Field voids ranged from 8 to 13 percent with an overall 
average of 9 percent. 

3. Mix asphalt content ranged from 5.6 to 6.3 percent with 
an overall average of 5.9 percent. A similar range of asphalt 
content was determined from bulk and totalizer plant checks. 

MIX LA YDOWN CHARACTERISTICS 

During mix placement and rolling a few observations were 
made that appeared to be somewhat unusual when compared 
with observations of mixes made with uncontaminated 
aggregates. 

1. Difficulty in obtaining consistently high densities despite 
adequate compaction equipment and varying techniques used 
in mix rolling. Both vibratory and pneumatic tire rollers were 
employed on the project. The best combination for achieving 
reasonably good compaction on all projects consisted of two 
breakdown passes with vibratory on the forward roll and static 
on the return roll for each pass using a Dynapac CC 50A 
roller. Three breakdown passes with vibratory on both the 
forward and return rolls were found to be too severe and 
resulted in fracturing the mat. Although several factors can 
influence compaction, it appeared, on the basis of visual 
observations, that mix material characteristics were a major 
influencing factor because asphalt content and aggregate gra
dation were in compliance with specification requirements . 
In consideration of the influence of ambient air temperature 
during mix laydown, a mean maximum of l0°C and a mean 
low of 0.4°C with an overall mean of 4.7°C were recorded 
over the duration of construction. Temperature was not con
sidered an influencing factor because late fall paving is usually 
undertaken at temperatures up to about -5°C without pave
ment performance being influenced. Because the asphaltic 
concrete specifications do not stipulate a cutoff temperature, 
construction during the fall is often undertaken at the discre
tion of the project and district engineers. The guidelines often 
used for late fall construction are that paving is not undertaken 
during snowfall and that an acceptable level of compaction is 
achieved. It is the writer 's experience that 95 percent com
paction is readily achieved during paving in ambient air tem
perature of -5°C. 

2. "Picking-up" and excessive steaming of mix during 
breakdown rolling. Frequent mix pickup by the rollers occurred 
despite clean and properly wetted wheels. This was also 
observed to a lesser extent during pneumatic tire intermediate 
rolling. 
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3. Tendency of mix to hairline crack during breakdown 
rolling. Intermediate rolling by a pneumatic tire roller was 
found to seal these cracks. 

4. Quick "setup" of mix under breakdown rolling. 

POSTCONSTRUCTION ROADWAY 
EVALUATION: ROADWAY OBSERVATIONS 

On April 6, 1984, approximately 5 months after the comple
tion of roadway paving, the area maintenance foreman reported 
the observation of cracks within the pavement surface along 
Hwy. 28:04. An inspection of this roadway undertaken the 
same day revealed crescent-shaped tearing and slippage cracks 
within the asphaltic concrete top lift at one location and 
impending pavement slippage at other locations west of the 
at-grade railway crossing. The slippage and potential pave
ment slippage cracks were concentrated on the high side of 
the horizontal curve and covered a distance of abom 200 m. 
It was later reasoned that these cracks occurred because a 
tack coat was not applied between lifts during asphaltic 
concrete pavement laydown. 

Pavement cracks were also noticeable east of the railroad 
tracks where the roadway was along tangent or normal crown 
pavement sections. These cracks bore some resemblance to 
fracture cracks in brittle materials and can perhaps best be 
classified as random cracks. These cracks were associated with 
high-porosity areas as evidenced from the moist and open 
texture of the pavement surface at these locations. No pave
ment slippage had occurred on this side of the tracks, nor 
were there any signs that this type of pavement distress was 
pending. It is of interest that no tack coat was used between 
asphaltic pavement lifts. 

In addition to the cracking and pavement slippage phe
nomena, other surface distress manifestations became readily 
apparent during the site inspection. These consisted of loss 
of fine aggregates, raveling, and pitting of the pavement 
surface. 
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The loss of fine aggregate was evident throughout the entire 
roadway length. This loss gave the pavement a very coarsely 
textured appearance, which was very pronounced along 
wheelpaths and at the intersection of Hwy. 28:04 and SR 
827:02. The appearance of the pavement resulting from this 
loss of fine aggregate is illustrated by Figure 5. 

Raveling of the mix was evident at the tapers at the begin
ning and end of the paved section of roadway. At these loca
tions where the new roadway adjoins the existing one, the 
mat is generally very thin. Although the loss of aggregate at 
these locations was anticipated, the extent to which this occurred 
was found to be unusual when comparisons were made with 
similarly paved roadways with varying pavement lives. It was 
concluded, on the basis of visual observations, that the loss 
of aggregate was definitely too severe within the short period 
of pavement life. 

The loss of coarse aggregate particles from the pavement 
surface, giving the mat a pitted or pock-marked appearance, 
was also quite evident. This distress manifestation was distinct 
from the loss of fine aggregate and from the raveling that 
occurred at the tapers. On close visual and surface exami
nation of the pavement, it was found that some of the coarse 
aggregate particles could readily be removed with a penknife 
using moderate pressure. Some of these particles were asso
ciated with poor aggregates, such as chert and clay ironstone, 
typically found within the Saskatchewan gravels. Figure 6 
depicts the pitted or pock-marked appearance of the pavement 
surface. 

SR 827:02 

This roadway was also found to exhibit the same surface dis
tress manifestations that occurred on Hwy. 28:04 except that 
pavement tearing and slippage cracks were absent. In contrast 
to Hwy. 28:04, the pavement overlay was constructed in one 
lift and on an existing pavement surface that was tacked prior 
to asphalt laydown. 

FIGURE 5 Pavement surface textu!"e due to loss of fine agg!"egate. 
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In addition to raveling at the tapers, there was raveling to 
the full depth of the new mat at several locations, resulting 
in the formation of potholes within the pavement. Longitu
dinal streaking of the surface was also observed within the 
0.8-km stretch north of Jct. Hwy. 28:04 and SR 827:02. 

In the Town of Thorhild the loss of fine aggregate was 
extremely severe, resulting in a very rough textured pavement 
surface as shown by Figure 7. Random pavement cracks, sim
ilar to those observed on Hwy. 28:04, were also observed at 
isolated sections. 

FIGURE 6 Pitted or pock-marked appearance due to 
coarse aggregate loss. 

FIGURE 7 Severe raveling. 
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SR 644:02 

Except for tearing and slippage cracks, potholing, and streak
ing, all other surface distress manifestations that occurred on 
Hwy. 28:04 and SR 827:02 were readily noticeable along the 
entire paved length of SR 644:02. The severity of the dis
tresses, however, was not as pronounced and may have been 
retarded owing to the lower volume of traffic on this roadway. 
It is also of interest that no tack coat was used between lifts 
of asphaltic concrete pavement. 

REMEDIAL MEASURES 

On May 7, 1984, a further inspection of the roadway was 
undertaken by the department's surfacing consultant. On the 
basis of his observations, it was recommended that SR 827:02 
and SR 644:02 be fog-sealed immediately with an SS-1 emul
sion at an effluent rate of 0.5 kg/sq m. Further, it was rec
ommended that all roadways be scheduled for seal coating in 
the 1985 construction program. 

Fog-sealing of the secondary roadways was done in June 
1984 with the application of the single surface treatment to 
all roadways during May-June 1985. Before the application 
of the surface seal coat to Hwy. 28:04, the slipped areas were 
removed and repaved. Since the application of the seal coat, 
no further surface distress has been reported. 

AGGREGATE EVALUATION 

In comparing the performance of the project roadways over 
the 5-month period with similarly paved roadways in service 
from 1 to 10 yr and constructed with coal-free aggregate, it 
was obvious that the surface distress manifestations that 
occurred on the project roadways resulted from mix aggregate 
characteristics. 

Considering the variables that could have contributed to 
the types of distress observed, it was felt that the presence of 
the coal impurity was a significant contributor to, if not the 
primary cause of, poor pavement durability. 

As a first step in this evaluation an X-ray diffraction analysis 
of the contaminated aggregate was undertaken. This analysis 
was even done prior to the reported distresses and site inspec
tion, because the presence of this impurity aroused curiosity 
during the crushing and preconstruction evaluation stages. 
Later, a coal petrographic analysis was done to determine the 
ranking of the coal because it was felt that the soft nature of 
the coal was influenced by a high percentage of organic matter 
content. 

X-ray Diffraction Analysis 

X-ray diffraction analysis was conducted on the -125-micron 
and -2-micron particle sizes of the coal-contaminated Desig
nation 1 Class 16 aggregate. This analysis reported on April 
4, 1984, showed the -125-micron particles to consist mainly 
of silt sizes, with quartz being the dominant mineral along 
with some feldspar, illite, and christobalite. The -2-micron 
size showed clay sizes to constitute a small part of the total 
sample. The minerals present were mainly montmorillonite 
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with some illite, kaolinite, and quartz. As an overall assess
ment, it was determined that there was nothing unusual about 
the presence of the minerals noted. The presence of bentonite, 
presumed prior to the analysis, was not indicated. Bentonite 
was presumed possibly to account for the low retained sta
bilities that were obtained from laboratory testing before and 
during pavement construction. 

Coal Petrography 

A petrographic analysis of the coal containment was under
taken to ascertain its ranking. Briefly, the petrographic 
composition of coal can be expressed in terms of macerals 
and microlithotypes. Macerals are the basic constituents of 
coal and are analogous to the minerals of organic rocks. Mi
crolithotypes are distinct assemblages of macerals and 
may be considered equivalent to rock types in inorganic 
petrology (7). 

Ranking the coal is achieved by measuring the reflectance. 
The technique is based on the fact that as the rank of the coal 
increases, so does its reflectance. It is a precise method of 
determining rank and has the advantage that it can be done 
on one component, namely vitrinite. Vitrinite is the coalified 
remains of a variety of plant tissues with a large contribution 
from wood and bark. It is normally the most abundant con
stituent of coal (7). 

The results of the petrographic analysis are summarized in 
Figure 8 as a plot of frequency versus reflectance. These data 
were obtained from a 35-point vitrinite analysis. As shown, 
the reflectance ranges from a minimum of 0.135 to a maximum 
of 0.475, with a mean of 0.239. On the basis of these results 
the coal can be ranked as "peat," according to the German 
and North American (ASTM) classifications. A characteristic 
feature of the rank of this coal is its bed moisture, which is 
about 75 percent. 

DISCUSSION 

In an asphalt-aggregate mix containing coal, the coal will tend 
to coat the asphalt film first and hence result in reduced bond-
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ing between the asphalt and aggregate. Poor aggregate-asphalt 
bonding would directly influence mix strength and durability. 
Hence, the mix would be more susceptible to the influence 
of moisture and disintegration by weathering. 

Further field evidence of the influence of coals on mix 
behavior was obtained from research aimed at exploring the 
possibility of making an improved binder for bituminous pave
ments by dispersing coal in distilled coal tars and oils (8). 

Thirteen test sections covering a distance of 16 km and a 
similar number of control sections covering a distance of 18 
km were constructed using coal-modified, coal tar binder and 
standard asphaltic binder, respectively. The control sections 
were constructed near or adjacent to the test sections. 

The following is a summary of some of the observations 
made from six test sections during the first 2 yr of pavement 
construction. 

1. About 3 months after construction excessive raveling 
and wearing away of the surface course were occurring in two 
of the test sectium. The wear was progressive, and patching 
had to be done at an early stage. At several places in urhan 
sections the entire mix thickness was worn through along 
wheelpaths. 

2. Raveling and loss of fine aggregate resulted in a rough
textured pavement surface. 

3. The experimental mix lacked flexibility . Edge cracking 
developed rapidly, and old surface and base failures soon 
reflected through the mix. 

4. The degree of pavement deterioration was less on road
ways that were subjected to low volumes of traffic (less than 
100 vehicles per day). 

CONCLUSIONS 

On the basis of observations made during and after construc
tion of the project roadways, it would seem appropriate to 
conclude the following: 

1. Surface deterioration in the form of raveling, loss of fine 
and coarse aggregates, and cracking can be expected from 
mixes containing coal. 

0.2 0.3 0.4 
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FIGURE 8 Reflectance diagram, coal petrography. 
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2. The severity of deterioration of the pavement surface 
depends on the type and amount of coal, and on the volume 
of traffic. 

3. The application of a surface seal coat immediately after 
paving would aid considerably in preventing deterioration of 
the pavement surface. 

RECOMMENDATIONS 

Further research is necessary to determine the amount of coal 
that would be acceptable in an asphaltic concrete mix without 
resulting in serious pavement deterioration . This work would 
also provide some guidelines for the acceptance and rejection 
of source materials. At the moment it appears that the deci
sion on whether or not to use a coal-contaminated source is 
subjective or based on the results of the Marshall Immersion 
Test. Although the Marshall test can give some indication of 
the presence of deleterious material, this test does not provide 
information on the likely performance of the pavement struc
ture due to weathering. Freeze-thaw and some form of abra
sion testing would seem to be warranted for judging long
term performance. 
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Required Number of Specimens for 
Moisture Susceptibility Testing 

KWANG Woo KIM, JAMES L. BuRATI, JR., AND SERJI N. AMIRKHANIAN 

The moisture susceptibility of asphaltic concrete mixtures can be 
evaluated using a one-tail lower t-test for the mean difference 
between dry and wet tensile strengths. The practical number of 
pecim ns to be u ed for moisture susceptibility testing in the 

laboratory should also be valid statistically. On the basis of the 
dat? from 960 laboratory specimens, the reliabilities for using 
various numbers of samples for the moisture susceptibility test 
were evaluated by several statistical analyses. The power of the I· 
tests, a measure of the reliability of the moisture susceptibility 
tests, was also evaluated on the basis of sample size, difference 
between dry and wet means, and variances among samples. The 
analyse bowed that the decision derived from the t-tesl based on 
~mall sample sizes had low reliability. Factors that could possibly 
mfluence the power of the test were examined. It was found that 
the most likely method for improving reliability was to increase 
the number of samples used. Therefore, it is recommended that 
the minimum number of samples be determined based on sample 
~ariance, difference between dry and wet means, and the expected 
importance of the result. 

The number of samples to be tested for evaluating moisture 
susceptibility must be valid statistically. The design of any 
laboratory experiment must therefore be planned carefully to 
determine the appropriate number of samples to obtain an 
acceptable reliability from the experiment. As a general rule, 
increasing the number of samples results in increased accu
racy, increased testing costs, and possibly increased time. 
However, personnel in most central laboratories or field lab
oratories wish to prepare and test only the minimum number 
of samples. This paper presents a procedure to examine and 
evaluate the required number of samples for moisture sus
ceptibility testing of asphaltic concrete mixtures in the labo
ratory. The methods described here are statistical approaches 
based on analysis of data produced from previous moisture 
susceptibility testing (J). 

The data used are from moisture susceptibility tests con
ducted on 3 aggregate sources (designated as A, B and C) 
from South Carolina, 4 AC-20 asphalt cements (designated 
as I, II, III, and IV), and 5 treatments (one control designated 
as 0 and 4 antistripping additives designated as 1, 2, 3, and 
4), resulting in a total of 60 mixture combinations. Eight 
replicates were preparecl for dry testing and 8 for wet testing 
fG; ~~ch cc;~~ir:.G.!i8~ (16 ~~e~!!'!'!e!'!~ £0!" e2.~h i:0!!!bi!!~!i0!!) ? 

resulting in a total of 960 specimens (specimens were 4 in. in 
diameter and 2.5 in. high). 

The indirect tensile strength (ITS) test was used to measure 
the tensile strength of wet- or dry-conditioned specimens for 
each mixture combination (2, 3). Then, t-tests for mean strength 
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difference of the dry- and wet-conditioned mixtures were 
conducted to evaluate the moisture susceptibility of the mix
tures . Mixture combinations and tensile strength values for 
each combination for each moisture condition are shown in 
Table 1. 

APPLICATION OF t·TEST FOR MOISTURE 
SUSCEPTIBILITY TESTING 

The average tensile strengths of wet-conditioned specimens 
were compared with those of dry-conditioned specimens by 
use of the t-test, a statistical technique suitable for use with 
small numbers of data. A 5 percent significance level (ex = 
0.05) was used in the !-test on the difference of two means . 
A one-tail lower t-test was used to test the null hypothesis 
that tensile strength of wet-conditioned mixtures is equal to 
the strength of the dry-conditioned mixtures (H · µ = µ ) • o • wet dry 

agamst the alternate hypothesis that tensile strength of the 
wet-conditioned mixtures is lower than that of the dry-con
ditioned mixtures (Ha: µwet ( µd ,y) · 

Significant difference in the t-test at the a = 0.05 level 
meant that the average tensile strength of wet specimens was 
significantly lower, with a 95 percent likelihood , than that of 
dry specimens. This interpretation can be applied differently 
for the control mixture and the additive-treated mixtures . For 
the control mixture, a significant difference meant that a 
reduction in the strength of wet-conditioned samples com
pared with that of dry-conditioned samples had occurred, and 
that an antistrip additive might be needed to increase the 
strength of the wet-conditioned mixture. For mixtures treated 
with an antistrip additive, a significant difference meant that 
the wet strength of the mixture is still lower than the dry 
strength after an additive treatment (i.e., that mixture may 
still be moisture susceptible with the additive) (4) . 

If Nl and N2 are the numbers of samples for the dry and 
wet conditions, respectively, in the !·distribution, the degrees 
of freedom (df) for the two-mean comparison are (N1 + N2 
- 2). The degrees of freedom are a minimum value of 2 when 
Nl and N2 are both 2 (5) . 

COMPARISON OF PERCENTAGE OF 
REJECTING THE NULL HYPOTHESIS 

The t-test on two means (wet and dry tensile strength means) 
was conducted using all eight samples for each moisture con
dition . If the t-test based on eight samples showed a significant 
ciifference hetween the average dry and wet tensile strengths, 



TABLE 1 DATA USED FOR STATISTICAL ANALYSIS 

Dry ITS Wet ITS 
Mixture No. of Mean St Dev Mean St Dev 
Combination samples (psi) (psi) (psi) (psi) 

A I 0 8 67.7 8.37 44.1 4.76 
A I 1 8 65 . 2 7.51 57.3 10.34 
A I 2 8 62.3 8.65 55.8 11. 03 
A I 3 8 65.0 11. 01 58.3 14.80 
A I 4 8 65.7 9.29 52.6 11.44 

A II 0 8 69.3 15.79 46.2 9.77 
A II 1 8 73.3 9.36 60.8 10.19 
A II 2 8 71. 4 12. 71 61. 4 9.13 
A II 3 8 71. 6 12.66 64.8 9.22 
A II 4 8 63.l 8.39 59.3 10.27 

A III 0 8 81. 9 5.30 61. 2 7.75 
A III 1 8 86.3 12.85 75.2 9.89 
A III 2 8 82.0 14.62 74.3 9.38 
A III 3 8 85.6 11. 63 72. 0 10. 72 
A III 4 8 73.7 12.43 68.0 9. 31 

A IV 0 8 76.6 14.37 61. 6 12.79 
A IV 1 8 78.0 11. 61 71. 2 6.83 
A IV 2 8 78.9 15.19 73.4 B.10 
A IV 3 8 76.2 14.65 78.0 7.50 
A IV 4 8 79.8 16.98 66.4 12. 90 

B I 0 8 50.6 6.77 45.1 4.19 
B I 1 8 51. 7 9.68 46.3 4.72 
B I 2 8 48.8 9.58 46.2 B.16 
B I 3 8 52.4 6.94 47.6 8.01 
B I 4 8 45.0 7 .11 44.8 5.84 

B II 0 8 54.7 8.72 47.1 5.63 
B II 1 8 56.0 8.09 53.7 7.79 
B II 2 8 55.3 6.30 46.9 9.85 
B II 3 8 54.9 8.16 51. 3 5.50 
B II 4 8 52.2 7.14 45.8 9.26 

B III 0 8 58.4 5.94 57.8 7.05 
B III 1 8 63.6 10.23 66.3 8.53 
B III 2 B 64.9 9.96 63.3 5.22 
B III 3 8 64.6 9.84 58.2 11. 27 
B III 4 8 60.3 8.51 56.6 5.92 

B IV 0 8 61. 2 12.56 58.0 9.98 
B IV 1 8 61. 2 12.75 63.9 7.81 
B IV 2 8 66.5 14.92 55.4 6.34 
B IV 3 B 56.0 10.94 58.1 11. 93 
B IV 4 8 57.8 11. 89 57.0 8.15 

c I 0 8 58.9 10.23 29.4 8.17 
c I 1 8 58.0 11. 37 51. 0 8.70 
c I 2 8 62.6 6.80 65.4 5.66 
c I 3 8 57.6 6.79 48.5 8.13 
c I 4 8 57.4 9.52 42.1 8.40 

c II 0 8 66.3 8.20 26.2 3.67 
c II 1 8 67.8 10.32 56.8 8.11 
c II 2 8 64.3 11. 92 61. 9 9.81 
c II 3 8 65.3 8.67 58.6 12.64 
c II 4 8 58.6 12.64 53.5 7.00 

TABLE 1 (continued on next page) 
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TABLE 1 (continued) 

Dry ITS Wet ITS 
Mixture No. of Mean St Dev Mean St Dev 
Combination samples (psi) (psi) (psi) (psi) 

c III 0 8 72.2 13. 99 45.9 5.21 
c III 1 8 71. 9 10.37 63.9 8.94 
c III 2 8 72.6 12.91 61. 6 9.01 
c III 3 8 71. 5 9.94 64.5 6.04 
c III 4 8 68.0 11. 55 62.0 6.86 

c IV 0 8 73.5 17.24 35.7 3.80 
c IV 1 8 74.6 17.79 63.8 8.63 
c IV 2 8 77. 7 13.35 73.1 9.86 
c IV 3 8 71. 9 17.29 68.9 10.07 
c IV 4 8 68.5 11.76 59.7 6.JO 

Note: A, B, C = aggregate 
I, II, III, IV = asphalt cement 
o, 1, 2, 3, 4 =anti-stripping treatment 

TABLE 2 t-TEST RESULTS FOR SAMPLE SIZE OF 8 

Aggregate A Aggregate B Aggregate C Total 
Total 
t-Test Result C* 

Significant 4 
23 

Not Significant o 
37 

Total 4 
60 

T* c T 

6 2 2 

10 2 14 

16 4 16 

c T c T 

4 5 10 13 

0 11 2 35 

4 16 12 48 

* c Control mixtures, T additive treated mixtures. 

then the two means of the populations were considered sig
nificantly different. When there was no significant difference 
in the t-test of eight samples, the means of the two populations 
were considered not significantly different. 

The I-test 11::sulls (significant or not significant) for all com
binations were recorded and are presented, for comparison, 
in Table 2. Out of 60 mixture combinations, 23 wet versus 
dry comparisons were found to be significantly different by 
the !-test based on eight samples. Population means of dry 
and wet strengths for those 23 mixture combinations were 
therefore considered significantly different. In this case, the 
H 0 that "the mean tensile strength of the dry-conditioned 
mixture is the same as the wet-conditioned" is actually false. 

Therefore, for any number of samples, rejecting H 0 is a cor
rect decision in the t-tests for these 23 mixture combinations. 

Using those 23 mixtures, a number oft-tests were conducted 
for sample sizes (number of samples) of 2 to 7 for each mixture 
combination. The number of I-tests for each sample size was 
determined by the mathematical combination for selecting the 
number of samples out of 8, as specified in Table 3 (5). For 
example, the numbers of combinations (the number oft-tests) 
for sample sizes 2 and 3 are 8!/(2! x 6!) = 28 and 8!/(3! x 
5!) = 56, respectively . For each sample size, a different com
bination of samples selected from the 8 was used for each /
test. This procedure was performed the appropriate number 
of times for each sample size for each mixture combination. 
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TABLE 3 PERCENTAGE OF I-TESTS REJECTING H 0 AT THE a = 0.05 LEVEL 

Percentage of Significant Differences 

Sample Size 

2 3 4 5 6 7 8 
Mixture 

Number of t-tests 

28 56 70 56 28 8 1 

A I 0 21 98 100 100 100 100 100 
A I 5 14 20 30 38 79 100 100 
A II 0 18 50 81 100 100 100 100 
A II 1 11 27 39 63 86 100 100 
A II 2 4 18 16 20 22 38 100 
A III 0 71 98 100 100 100 100 100 
A III 1 18 18 14 29 39 63 100 
A III 3 25 30 41 64 75 100 100 
A IV 0 11 9 21 34 50 75 100 
A IV 4 11 21 16 23 32 25 100 

Average 25.9 38.9 45.8 57.1 68.3 80.1 100 

B I 0 11 14 26 30 50 50 100 
B II 0 11 11 11 18 32 63 100 
B II 2 7 11 16 30 36 50 100 
B IV 2 29 39 51 46 32 38 100 

Average 14.5 19.3 26.0 31. 0 37.5 50.3 100 

c I 0 68 93 100 100 100 100 100 
c I 3 11 29 29 45 93 100 100 
c I 4 32 61 76 89 100 100 100 
c II 0 100 100 100 100 100 100 100 
c II 1 11 27 39 61 71 100 100 
c II 3 18 34 66 98 100 100 100 
c III 0 57 82 100 100 100 100 100 
c IV 0 75 98 100 100 100 100 100 
c IV 4 7 20 23 29 29 25 100 

Average 42.1 60.4 70.3 80.2 88.1 91. 7 100 

Total Avg. 30.3 43.9 

It was assumed that the samples were homogeneous and 
therefore that any number of samples selected from the 8 still 
represented the population statistically. 

The number of significant differences in t-tests was con
verted to a percentage of the total number oft-tests conducted 
for each sample size for each mixture combination. The per
centages obtained for each sample size for all mixture com
binations are presented in Table 3. The percentage of signif
icant difference was low for small sample sizes. For example, 
using the mixture combination of Aggregate A, Asphalt I, 
and Antistripping Additive 5, or AI5 in Table 3, the per
centage of significant difference was 14 percent when the 
sample size was 2. On the average for Aggregate A, 25.9 
percent of the t-tests rejected the H

0 
when the sample size 

was 2, and 38.9 percent rejected the H
0 

when the sample size 
was 3. For sample sizes of 2 to 4 in Table 3, the chance of 
detecting a significant difference was less than approximately 

51. 9 57.6 70.7 79.5 100 

half that for a sample size of 8. This meant that the chance 
of obtaining a correct decision would be 50 percent, or less, 
when 4 or fewer samples were used. 

EVALUATION OF SAMPLE SIZE BASED ON 
SIMULATED DATA 

Because the analysis in the previous section was based on a 
limited number of samples and t-tests, it is not easy to see the 
consistent change of reliability of the t-test with changes in 
sample size. Monte Carlo simulation was therefore used to 
evaluate the reliability based on a larger number of simulated 
sample values and t-tests. The combinations of A-control and 
C-control were used for simulation because those are the 
groups that showed all significant differences in the t-tests for 
eight samples (Table 2) . The probability distributions for ten-
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TABLE 4 PROBABILITY DISTRIBUTIONS FOR TENSILE STRENGTH 

Moisture 
Agg. Condition Treatment No. 

A Dry Control 32 
Wet Control 32 

c Dry Control 32 
Wet Control 32 

sile strength values were determined separately for each 
aggregate and moisture condition using goodness-of-fit tests. 
The results are shown in Table 4. 

All distributions for tensile strength were found to follow 
normal distributions at the a = 0.05 level by both chi-square 
and Kolmogorov-Smirnov (K-S) goodness-of-fit tests. Using 
these probability distributions, a given number of sample val
ues for wet and dry conditions was simulated and used for 
one-tail lower t-tests at the a = 0.05 level. The simulated t
tests were conducted 5,000 times for each sample size for each 
combination. This process was conducted for sample sizes of 
2 to 8. The probabilities of rejecting a false H 0 (reliability) 
were recorded for the different sample sizes, and the results 
are illustrated in Figure 1. 

Both A-control and C-control show steep rates of change 
in the probability of rejecting H 0 as the sample size increases 
from 2 to 5. The reliability of using 2 samples for A-control 
is approximately one-third that of using 8 samples, whereas 
using 3 samples has approximately half the reliability of using 
8 samples. The reliability of using small sample sizes for C
control is relatively high because of the large difference between 
dry and wet strengths (Table 4) . The rate of change was almost 
zero after a sample size of 6 for C-control because reliabilities 
were close to 1.0. The reliability for A-control increased con
sistently as the sample size increased beyond 5. 

EVALUATION OF SAMPLE SIZE USING 
POWER OF TEST 

The reliability of the t-test can be evaluated by the power of 
the test. The power of test is the probability of rejecting H0 

when it is not true. Therefore , the larger the value for power 
of the test, the higher the reliability of the test result (5). The 
basic concept of power of test when testing the difference 
between two means is shown in Figure 2. The power of test, 
1 - f3 (shaded area in the figure), can be explained with the 
following: 

where 

Xd = mean strength of dry-conditioned samples, 
X w = mean strength of wet-conditioned samples, 
xa = critical strength at given level of a, and 

f3 = probability of type II error. 

(1) 

(2) 

Probability Mean St Dev 
Distribution (psi) (psi) 

Normal 73.9 12.6 
Normal 53.3 12.1 

Normal 67.6 13.6 
Normal 34.3 9.3 

Prob. of Rejecting Ho 1 __ ,;..._.. ____________ _ 

0.9 
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0.1 
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FIGURE 1 
size. 

3 4 6 6 7 8 

Number of Samples 

Probability of rejecting H 0 versus sample 

If the t-distribution is used for the test of the difference be
tween two means, the mathematical expression is as follows: 

Power = 1 - f3 = 1 - Pr [ t0 > tal t0 f. OJ 

= Pr [ t0 < tal t0 f. 0 ] = Pr [t0 < ta ] 

where 

t
0 

= calculated t and 
t~ = critical t at given level of a. 

(3) 

(4) 

The value for the power can be obtained using the SAS 
(Statistical Analysis System) function PROBT(X,df), where 
PROBT denotes the probability for the t-distribution func
tion. The PROBT function computes the probability that a 
random variable with a I-distribution with df degrees of free
dom falls below the X value given (6). The X value is given by: 

X = !Calculated ti - Critical t (5) 
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xwet X dry 

Power • 1 - ~ 

FIGURE 2 Power of test for lower one-tail t-test on difference between 
dry and wet means. 

The data were combined for 6 groups (2 groups per aggre
gate-one for all control mixtures and one for all additive
treated mixtures, resulting in 6 groups for 3 aggregates as 
shown in Table 2) for power of test determination. The powers 
of test for lower one-tail I-tests were calculated at the a = 
.OS level. The power of test is plotted in Figure 3 against the 
number of samples for each combination. The power in Figure 
3 represents the probability of detecting a difference when 
the wet and dry means are actually different. 

In the figure, the power of test increases as the sample size 
increases for all the groups. The rate of increase is high for 
A-control and C-control. This result is identical to that in the 
previous section. However, the rates for the other 4, 3 treated 
groups and 8-control, were very low. The reason for this is 
that those samples have small differences in their dry and wet 
means. For those mixture groups, almost no difference was 
detected between wet and dry tensile strength means by the 
I-test for 8 samples. Therefore, H 0 is considered correct in 
this case. When there is a small difference in two means, the 
calculated I value will be affected mainly by variations among 
samples. For those types of mixtures, therefore, it is beneficial 
to make the sample size as large as possible so that variances 
of the sample means will be reduced as low as possible. 

CONTROL OF THE POWER OF TEST 

There are several factors affecting the power of tests, includ
ing sample size, sample variance, and the difference between 
the two means. As shown in Figure 4, the power is low for 
small sample sizes, small differences between two means, or 
large sample variances. If the variance can be reduced in the 
laboratory, the power can be improved . If sample size increases, 
the power will also be improved. However, differences between 
the two means , which are based on the intrinsic strengths of 
a specific mixture , are not a controllable factor and are, in 
fact, what the experimenter intends to find. Therefore, var
iance and sample size are the factors that can be controlled 
for improving the power of tests. 

The variance among samples consists of uncertainties asso
ciated with many factors, such as material variations, exper-

Power of Test 
------C 

0.9 

0.8 

0 .7 

0.6 
Legend: 

Control 

0.5 Treated 

0.4 

0.3 

0.2 - - -

0.1 

0 
2 3 4 5 6 7 

Sample Size 

FIGURE 3 Power of test at o: = 0.05. 

A 

_A 
-c 

B 

-B 

B 

imental errors, and construction or sampling errors. Because 
construction or sampling errors are related to field samples , 
they are not considered in this study. 

Variations of materials may include variabilities in quality, 
quantity, and source of materials used for the specimens. The 
materials include coarse aggregates, fine aggregates, asphalt 
cements, filler materials, and, possibly , additives. Variability 
of size distribution (gradation), quality and quantity of aggre
gates, and variability of asphalt quality and asphalt content 
will cause variation of mixture strength. Variability of air voids 
of specimens resulting from variability of aggregate gradation, 
asphalt content, compaction, and the like is also related to 
the variation of mixture strength. 
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Experimental error may be induced from mixing and com
paction procedures, incorrect calibration of machines, testing 
and reading errors, and variation of test conditions, such as 
temperatures for mixing, compacting, cooling, and breaking 
of the specimens. Those experimental variations result in var
iabilities in specimen size, percent compaction, air voids, per
cent saturation of wet-conditioned specimens, and strength 
of mixtures. If the experimenter is changed from time to time, 
personal differences reflected in the results cannot be ignored. 
Testing errors may constitute up to one-half of total variabi
lity (3). 

Estimating every variation or error separately is not easy; 
however, these variations or errors will accumulate and will 
contribute to increased variance of sample strengths. Assum
ing that there are three major independent variations to be 
considered, and that each can be evaluated as a coefficient 
of variation, total variation can be estimated by Equation 6 
(7, 8): 

V, = (V1
2 + Vz2 + V/ + V/V} + V12V/ 

+ V22V/ + V12V}V/)112 

where 

V, = coefficient of variation of total value, 
V1 coefficient of variation of material quality, 

(6) 

V2 = coefficient of variation of experimental error, and 
V3 = coefficient of variation of construction error. 

If these variations are assumed to be independent of each 
other, then Equation 6 can be rewritten as 

(7) 

Assume that there are two major uncertainties, material 
variations and experimental errors, in asphaltic concrete mix
ture strengths measured in the laboratory. If, for example, 
the native variation of asphaltic concrete materials is assumed 
at approximately 12 percent or 0.12, and if minimum esti
mated experimental error is assumed at 7 percent or 0.07, by 
Equation 7, the total variation (V) involved with the strength 
of the sample for laboratory specimens will be approximately 
14 percent or 0.14. Applying this value to the average tensile 
strength for A-control (74 psi) used in this study, the standard 
deviation will be 74 x 0.14 = 10.4 psi. This standard devia
tion, 10.4 psi in this case, should be considered an originally 
existing variation that is almost uncontrollable by laboratory 
efforts. In other words, in this case, on the average the stand
ard deviation cannot be reduced to less than 10.4 psi by lab
oratory endeavor. Therefore, there is a limit to the control 
of variation as long as there are inevitable variations in mate
rials and tests. 

Increasing the sample size is therefore the most likely method 
for improving the power of test and reliability of experimental 
results. Increasing the sample size to an unlimited number, 
however, is unrealistic because of the time and cost involved 
with the testing. Therefore, the sample size should be selected 
on the basis of the importance of the expected experimental 
result. In Figure 4( d), for example, if the experimenter requires 
a 0.9 power of test with a pooled standard deviation of 12 psi 
and a mean difference of 20 psi, an acceptable sample size 
will be between 7 and 8. If the required power is 0.8 with the 
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same conditions, the required sample size will be between 5 
and 6. The data for variation (standard deviation or coefficient 
of variation), difference of two means, and required power 
of test can be obtained from previous data if available, from 
the literature, or from the engineer's judgment. 

SUMMARY AND CONCLUSIONS 

On the basis of the analysis of data from 960 laboratory spec
imens, the number of samples that should be used in accept
ance testing for moisture susceptibility was examined. The t
test was used for testing, at the a = 0.05 level, the null 
hypothesis that the dry and wet tensile strengths were equal 
against the alternate hypothesis that the wet strength was less 
than the dry strength. Using several statistical analyses, the 
reliabilities of decisions derived from the t-tests for evaluating 
moisture susceptibility were evaluated and compared for dif
ferent sample sizes. 

Twenty-three mixture combinations out of a total of 60 were 
found to be significantly different in t-tests based on all 8 
samples for each mixture combination. For each of the 23 
combinations, percentages for rejecting H 0 were calculated 
by repeating t-tests for various numbers of samples. Com
paring those percentages revealed that the chances of obtain
ing a correct decision (rejecting H

0 
in this case) in the t-test 

were low for small numbers of samples when compared with 
larger numbers of samples. The t-tests based on simulated 
data showed a consistent increase of reliability by increasing 
sample size from 2 to 8. Powers of test were also evaluated 
for different numbers of samples. The power of test increased 
as the sample size increased for all mixtures. From those 
analyses, it was shown that the reliability for testing small 
sample sizes ( 4 or less) was, in general, half or less than half 
the reliability for testing 8 samples. 

The reliability of test results can be improved in the lab
oratory by reducing material variation and experimental error 
or by increasing sample size. Because there are inevitable 
uncertainties in the materials and testing procedures used, 
however, there is a limit to the reduction that can be obtained 
in the variations or experimental errors. Therefore, increasing 
the number of samples is the most likely method for improving 
the power of test and reliability of the test result. 

However, increasing the number of samples more than the 
minimum number required is unrealistic because of limited 
time and budget. The minimum number of samples can be 
determined on the basis of sample variance values, difference 
of dry and wet means, and the expected importance of the 
result. The variance, difference between two means, and 
expected level of the power of test can be obtained from 
previous data, from the literature, or through the experi
menter's judgment. Once these factors are determined for a 
certain mixture, Figure 4 can be used for determining the 
approximate number of samples to be tested. 
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Evaluation of Effects of Deicing 
Additives on Properties of 
Asphalt Mixtures 

WALAA S. MoGAWER, KEVIN STUART, AND K. WAYNE LEE 

This paper summarizes the results of an experimental study to 
evaluate the effects of two deicing additives, Verglimit and PlusRide, 
on the properties of asphalt mixtures in terms of their resistance 
to rutting, low-temperature cracking, and moisture damage. Ver
glimit consists mainly of calcium chloride and a small amount of 
sodium hydroxide. PlusRide is derived from granulating whole 
tires and tire buffings. These deicers, which are added to the 
mixture, are currently being used, but their effects on mixture 
properties are not well established. Mixtures were cured for dif
ferent periods of time, and the following tests were performed: 
static and repeated-load indirect tension tests and incremental 
static-dynamic creep tests. In addition, the VESYS computer pro
gram was used to predict the performance of pavements with 
deicing additives. On the basis of the findings of this study, it 
appears that Verglimit improves the temperature susceptibility of 
asphalt concrete and increases its susceptibility to moisture damage 
because the particles absorb moisture, but that it decreases visual 
stripping. PlusRide reduced the stiffness of the mixture, thereby 
increasing its resistance to low-temperature cracking but decreas
ing its resistance to rutting. The VESYS analysis also predicted 
that pavements with PlusRide could have a rutting problem. Finally, 
it was observed that PlusRide reduced the amount of visual 
stripping by resisting swelling. 

Roadway surface ice deposits are a major problem in some 
parts of the United States. Currently, highway agencies try 
to maintain ice-free pavements through sand application or 
by using deicing salts. Evidence has gathered over the years 
that the use of deicing salts is adversely affecting the ground 
water, damaging roadside vegetation, and corroding steel 
structures and vehicles. The use of sand on ice increases the 
stopping distance of vehicles. One technique to improve ice 
control and to alleviate the use of salt and sand on pavements 
is to add certain deicing additives to bituminous mixtures. In 
the late 1960s and the 1970s two deicing additives, Verglimit 
and PlusRide, were developed in Europe. Applications of 
these additives in several European countries demonstrated 
that these two deicers have the ability to reduce icing problems 
and related accidents. Encouraged by the success of these 
deicing additives in Europe, researchers have conducted con
siderable experimental work and field trials using Verglimit 
and PlusRide in the United States (1-3). Effects of deicing 
additives on mixture properties are not well established, 
however, because they are generally not measured. 

W. S. Mogawer and K. W. Lee, Department of Civil Engineering, 
University of Rhode Island, Kingston, 02881. K. Stuart, Office of 
Research, Development, and Technology, Federal Highway Admin
istration, 6300 Georgetown Pike, McLean, Va. 22101. 

OBJECTIVES 

The objectives of this study were 

1. To investigate the effects of adding Verglimit or PlusRide 
rubber on the performance of asphaltic pavements in terms 
of resistance to rutting, low-temperature cracking and mois
ture damage, and service life by measuring their resilient mod
ulus, tensile strength, creep compliance, and permanent 
deformation properties; and 

2. To predict the performance of pavements with deicing 
additives using the VESYS computer program, when loaded 
by the Accelerated Loading Facility (ALF) located at the 
Federal Highway Administration (FHWA) Pavement Testing 
Facility (PTF), Turner-Fairbank Highway Research Center 
(TFHRC), McLean, Virginia. 

MATERIALS AND SAMPLE PREPARATION 

To evaluate the effects of Verglimit and PlusRide on prop
erties of asphalt concrete mixtures, four different mixtures 
were prepared: two control mixtures, asphalt-rubber concrete 
mixture, and asphalt mixture with Verglimit. 

Asphalt Cement 

The asphalt cement used in this study was an AC-20 grade. 
This asphalt was obtained from the same company that con
structed the PTF sites. The properties of the asphalt were 
examined at the TFHRC laboratory according to AASHTO 
designations ( 4). It was observed that they all satisfy the 
requirements of AASHTO M226. 

Aggregates 

The aggregate gradation and physical properties are presented 
in Table 1. The total percent passing conforms to Virginia 
State S-5 gradation for surface design. The PlusRide modified 
asphalt mixture requires a high coarse aggregate content (i.e., 
a gap gradation) to provide space for the rubber granules in 
the compacted mixture and to form a durable and stable mix
ture. The specifications and physical properties of the aggre
gates and PlusRide are presented in Table 2. 
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TABLE 1 PERCENT PASSING AND PHYSICAL PROPERTIES OF PTF WEARING COURSE 
AGGREGATES 

Aggxegates Com~Qnent~ 

Gradation 

Sieve Size 7/16 Concrete 
Trap Sand 
Rock 

1/2 100.0 100.0 

3/8 92.9 100.0 

#4 36.1 97.5 

#8 10.1 90.5 

#16 5.5 75.4 

#30 4.1 46.5 

#50 3.5 15.7 

#100 3.2 3.7 

#200 2.5 1. 0 

% Blend 50.0 20.0 

Bulk Sp. Gr. 2.829 2.599 

Bulk SSD 
Sp. Gr. 2.886 2.625 

Apparent 
Sp. Gr. 2 . 938 2.670 

Absorption 1. 310 1.030 

Verglimit 

Verglimit is a deicing additive that can be introduced into 
bituminous concrete when it is being mixed for surface place
ment to act as a continuous presence against ice formation 
on highway pavements. It is composed of particles ranging 
from 0.1 mm to 5 mm. The particles consist mainly of calcium 
chloride and a small amount of sodium hydroxide. The par
ticles are coated with a water-resistant layer of either linseed 
oil or polyvinyl acetate and are an integral part of the wearing 
course. Encapsulation keeps the material inactive until the 
pavement surface wears under traffic action and the pellets 
are exposed and crushed so the additive can mix with ambient 
moisture to form a mild salt solution (1). Because the Ver
glimit is blended throughout, it is supposed to continue to 
work through the life of the wearing course. 

PlusRide 

PlusRide is derived from granulating whole tires and tire buff
ings. It was supplied by a manufacturer in two different rubber 
particle sizes: coarse particle designated as WTP-1/4 and fine 
particle designated as GR-20. The WTP-114 consists of wheel 
tire chopped particles that all pass the 1/4-in. sieve, and the 
GR-20 indicates that the granular ruhher particles all pass the 

#10 Total VA 
Trap Rock Spec 

Screening S-5 

100.0 100.0 100 . 0 

100.0 96.5 

97.4 66.8 53-67 

78.8 46.8 

55.8 34.6 

39.0 23.1 19-27 

26.9 13.0 

18.6 7.9 

12.6 5.3 4-8 

30.0 100.0 

2.708 2.744 

2.783 2.790 

2.929 2.877 

2.800 1. 700 

no. 20 sieve. The rubber used was a mixture of 80 percent 
coarse and 20 percent fine granulated rubber to meet the 
manufacturer's specifications. 

Mixture Preparation 

The Marshall method was used to determine the optimum 
asphalt content (OAC). The Verglimit was added at a level 
of 5.5 percent in terms of total weight of the mix (aggregates 
+ asphalt cement + Verglimit). The Verglimit partially 
replaced the aggregates passing the no. 4 sieve. In the exper
iments it was found that the addition of Verglimit about 30 
sec before the end of mixing is most suitable for ensuring a 
visually homogenous distribution in the mixture and satisfac
tory coating. Because Verglimit is water-soluble, the vacuum 
saturation of the !{ice method was performed using a volu
metric flask to measure the maximum theoretical gravity of 
asphalt mixture with Verglimit. In addition, the weight of the 
sample in the water was measured after the sample was 
immersed in a water bath for 1 min instead of 3 to 5 min to 
measure the density of Verglimit samples. 

PlusRide was added at a level of 3 percent by the total 
weight of the mixture including the PlusRide, and specimens 
were prepared according to the supplier's recommendations. 
The unheated rubber particles were first dry-mixed with the 
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TABLE 2 PERCENT PASSING AND PHYSICAL PROPERTIES OF AGGREGATES AND 
PLUSRIDE MATERIALS USED IN PREPARING MIXTURES WITH PLUSRIDE 

Sieve Percent Manufact- PlusRide 
Size Aggregates urer Spec Percent Manufact-

Passing 
Control PlusRide 

Mh .Mix 

3/4 100.0 100.0 

1/2 75.0 73.9 

3/8 59.2 57.4 

1/4 41.4 39.0 

# 4 38.0 35.6 

# 10 26.5 26.3 

# 16 22.3 21.2 

# 20 20.5 19.8 

# 30 19.0 18.1 

# 50 13.9 13.9 

# 100 10.7 11.0 

# 200 8.3 8.7 

Bulk 
Sp. Gr. 2.791 2.686 

Bulk SSD 
Sp. Gr. 2.833 2.720 

Apparent 
Sp. Gr. 2.912 2.788 

Absorp- 1.5 1.4 
ti on 

hot aggregates, and then the asphalt was added. The mixture 
was then oven-cured at 320°F for 1 hr. To prevent expansion 
and cracking of the specimens, weights were placed on the 
compacted specimens in the molds for 24 hr. Weights of 10 
and 30 lb were used for Marshall and 4-in. by 8-in. cylindrical 
specimens, respectively. The criterion to determine the OAC 
of the PlusRide mixture is to achieve the void content in the 
range of 2 to 4 percent in the compacted mix. It may be noted 
that the Marshall flow and stability criteria are not valid for 
the PlusRide mixtures. 

TESTS AND PROCEDURES 

Tensile Strength 

This test was used to evaluate the mixture's resistance to 
moisture damage and to low-temperature cracking. The ten
sile strength test involves loading a Marshall specimen with 
compressive loads that act parallel to and along the vertical 
diametral plane (5). In this study Marshall apparatus was used 
to apply load. To distribute the load uniformly and to maintain 

Passing urer Spec 

100.0 

50-62 

30-44 100.0 100.0 

97.6 76-100 

20-32 36.2 28-42 

22.4 16-24 

12 - 23 20.4 

7-11 0.2 

1.19 

a constant loading area, the compressive load was applied 
through a 1/2-in.-wide steel loading strip that is curved at the 
interface with the specimen and has a radius of curvature 
equal to 2 in. The load was applied diametrically at a constant 
vertical strain rate of 2 in./min until it reached the maximum 
load that causes the specimen to fail by splitting. Subsequent 
testing was conducted at - 30°F, - l5°F, 0°F, 10°F, 32°F, 41°F, 
65°F, 77°F, and 90°F at a deformation rate of 0.1 in./min using 
a compression machine to provide an indication of the low
temperature cracking of the mixtures (6). 

Diametral Resilient Modulus 

This test was performed to measure stiffness, resistance to 
low-temperature cracking, and resistance to moisture dam
age. The resilient modulus of mixtures was determined using 
the method developed by Schmidt of the Chevron Research 
Company (7). A loading device capable of applying repeated 
load across the vertical diameter of a Marshall specimen was 
used. In our procedure, a 0.1-sec duration was used and the 
horizontal deformation was measured using two sensitive strain 
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gages mounted directly on the specimen. After the defor
mations of two pulse loads were measured, the pulsating load 
was stopped and the specimen was rotated 90 degrees ; then 
the pulse load was applied again, and the horizontal defor
mation was measured. Testing was performed at three tem
peratures: 41°F, 77°F, and 104°F. In performing this test a 
control deformation level in the range of 30-80 microinches 
was used because, after numerous trials, it was found that the 
relation between load and deformation remains linear within 
that range. Also, testing was conducted at -30°F, - l5°F, 
0°F, 10°F, 32°F, 41°F, 65°F, 77°F, and 90°F to investigate the 
susceptibility to low-temperature cracking. 

Moisture Damage Tests 

To examine the effects of deicing additives on the resistance 
to moisture damage, indirect tensile strength tests and resil
ient modulus tests were conducted on wet and dry specimens 
(8, 9) . The wet specimens were partially saturated with dis
tilled water at room temperature using a vacuum saturation 
of 20 in. Hg. A maximum saturation between 55 and 80 per
cent is believed to be sufficient. If the degree of saturation 
was not within that range, a slightly higher vacuum was used. 
After the wet specimens reached the specified range , they 
were moisture- conditioned by being soaked in distilled water 
at 140 ± l.8°F for 24 hr, and then soaked in distilled water 
at 77°F to adjust the temperature. The moisture damage was 
presented as the ratio of the tensile strength of wet specimens 
to the tensile strength of the dry specimens, TSR. Also, the 
moisture damage was presented as the ratio of the resilient 
modulus of the wet specimens to that of the dry specimens, 
RMR (8). In addition, a visual stripping was performed; a 
criterion for acceptability in visual evaluation is 10 percent 
(10). 

Incremental Static-Dynamic Creep Tests 

The resistance to rutting was evaluated by determining the 
permanent deformation characteristics following the FHW A 
incremental static-dynamic procedure, which defines the 
VESYS parameters ALPHA and GNU, and the stiffness in 
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terms of its creep compliance and dynamic modulus (11). In 
this test, 4-in. (102-mm) by 8-in. (204-mm) cylinders were 
tested. The equipment used was the MTS hydraulic system. 
Measurements of vertical strain were made by two L VDTs 
on opposite sides of the cylinder. The vertical load was applied 
by a 4-in.-diameter steel disk through a ball-bearing interface. 
Six cylinders were prepared from each mixture and were tested 
at 65°F, 77°F, and 104°F. For conditioning, haversine load 
pulses were applied once per second (with a loading duration 
of 0.1 sec) 20 times. A 10-lb preload was used throughout all 
tests to keep the loading disk and the specimen in contact; 
then a load of 1,130 lb was applied, and the magnitude of the 
creep deformation as a function of time was measured during 
incremental loading. When the load was released , total per
manent deformation was measured as a function of time. Then 
a repeated haversine loading was applied to the specimen; 
each load application has a load duration of 0.1 sec and a 0.4-
sec rest period. The accumulated deformation after a certain 
number of load repetitions was recorded for the analysis. 

TEST RESULTS AND ANALYSIS 

Effect of Aging on Mixture Properties 

To determine the effect of aging on the behavior of asphalt 
mixtures, 50 Marshall specimens from each mixture were fab
ricated and divided into 5 sets. Each set consisted of 10 sam
ples and was cured at 77°F for different periods of time: 2, 
7, 14, 28, and 90 days. After each curing period two properties 
were evaluated: resilient modulus and resistance to moisture 
damage. 

Resilient Modulus 

Test results of resilient modulus using the Schmidt apparatus 
are presented in Tables 3 and 4 as a function of curing time 
and testing temperature. It was observed that there was no 
consistent trend or significant effect due to the curing time. 

Statistical analysis indicated that Verglimit causes a signif
icant decrease in stiffness at low temperature (41°F) , a sig
nificant increase in stiffness at high temperature (104°F), and 

TABLE 3 RESILIENT MODULUS RESULTS OF VERGLIMIT MIXTURES, ksi 

Curing time 
Temperature, °F 

Verglimit 
(days) Percent 41 77 104 

2 o.o 1540 152 39 
5.5 1041 169 50 

7 o.o 1678 205 37 
5.5 1214 171 41 

14 0.0 1399 230 42 
5.5 1221 190 57 

28 o.o 1430 197 39 
5.5 1121 180 54 
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TABLE4 RESILIENT MODULUS RESULTS OF PLUSRIDE MIXTURES, ksi 

Curing time Percent 

(days) PlusRide 41 

2 0 

3 

7 0 

3 

14 0 

3 

28 0 

3 

90 0 

3 

no significant effect on stiffness at 77°F. Therefore, Verglimit 
is expected to improve the temperature susceptibility of asphalt 
concrete mixtures. 

It was also observed that PlusRide causes a slight decrease 
in stiffness at 41°F, 77°F, and 104°F. Therefore, PlusRide is 
expected to improve resistance to low-temperature cracking 
and to have no effect on resistance to permanent deformation. 

Moisture Damage 

Table 5 presents the TSR and RMR of the mixtures inves
tigated in this study. It was observed that absolute values of 
TSR and RMR were different. However, the increased poten
tial for moisture damage, percent of control, is almost iden
tical for the TSR and RMR of the Verglimit mixture. In 
addition, there is a very good correlation between TSR and 
RMR in percent of control. For the PlusRide mixture, TSR 
shows little increased potential for moisture damage, whereas 
RMR shows some increased potential. It may be noted that 
there is a fair correlation between them. 

Overall, the precision of RMR is very poor compared with 
TSR. Therefore the values of RMR were not used for the 
analysis. Visual stripping was not observed in both mixtures 
with and without PlusRide and Verglimit. 

Resistance to Rutting 

For most cylinders, a 1,000-sec incremental creep test was 
performed to calculate the creep compliance D(t) at the load
ing times of 0.01, 0.1, 0.3, 1, 3, 10, 30, 100, and 1,000 sec. 

Temperature, .oF 

77 104 

2138 248 40 

904 222 41 

2101 283 44 

909 165 36 

1969 239 43 

1106 212 30 

2110 255 58 

1164 177 46 

2130 301 54 

1032 125 18 

The creep compliance of some cylinders was measured only 
up to 30 or 100 sec because the deformation was out of the 
range of the L VDT, especially at a testing temperature of 
104°F. Creep compliance data are tabulated in Tables 6 to 9. 
A statistical comparison of the creep compliance data from 
the control mixture and from the Verglimit mixture, at a level 
of significance of a = 0.05 using at-test, reveals no significant 
d_ifference between the two mixtures at different tempera
tures. This generally indicates a similar susceptibility to frac
ture at low temperature and resistance to high-temperature 
deformation. Also, a statistical comparison of the creep com
pliance of the control mixture and of the PlusRide mixture, 
at a level of significance of a = 0.05 using a t-test, showed 
that the PlusRide mixture had a significantly higher creep 
compliance than the control mixture at all temperatures. 
Because the PlusRide mixture had a higher creep compliance 
at all temperatures, it appears that the addition of PlusRide 
softens the asphalt mixture. 

The dynamic modulus for the mixtures was calculated at 
the 200th load cycle when performing the static-dynamic 
incremental creep test using the following formula: 

E =uh 

where 

E = dynamic modulus (psi), 
u = applied repeated stress (psi), and 
E = average cumulative permanent strain of the two L VDTs 

at the 200th cycle. 

The dynamic moduli are presented in Figures 1 and 2. These 
results show that the addition of Verglimit caused a reduction 



TABLE 5 TSR AND RMR RESULTS FOR DIFFERENT MIXTURES INVESTIGATED 

Verglimit Verglimit PlusRide PlusRide 
Control Mixture Control Mixture 

Time 

(days) TSR RMR TSR RMR TSR RMR TSR RMR 

2 0.90 0.87 0.49 0.35 1.00 0.93 0.92 0.69 

7 0.96 0.78 0.39 0.23 0.91 0.60 0.92 0.44 

14 0.76 0.56 0.43 0.30 0.83 0.73 0.75 0.49 

28 0.97 0.78 0.60 0.71 0.94 0.80 0.85 0.59 

90 0.98 0.98 0.92 0.78 

s 0.095 0.134 0.092 0.216 0.066 0.154 0.074 0.142 

x 0.896 0.747 0.477 0.397 0.932 0.807 0.872 0.597 

% of 53.2% 53.0% 93.6% 74.0% 
Control 

Note: After 90 days curing, Verglimit samples swelled and cracked 

due to the continued absorption of moisture, therefore, tests 

were not performed on Verglimit mixture after 90 days. 

TABLE 6 CREEP COMPLIANCES FOR CONTROL MIXTURE TO EVALUATE 
VERGLIMIT (10- 6/psi) 

creep Temperature, °F 

Time 

Csecl 65 77 1 04 

0.01 0.735 1.427 5.805 

0.10 1.970 3.943 16.103 

0.30 3.664 6.830 20.470 

1.00 6.920 11. 318 22.675 

3.00 12.845 13.879 22.075 

10.00 15.220 16.680 23.391 

30.00 18.761 20.746 

100.00 21. 691 23.640 

1000.00 26.007 31. 595 



TABLE 7 CREEP COMPLIANCES FOR VERGLIMIT MIXTURES (l0- 6/psi) 

creep Temperature, °F 

Time 

Csec) 65 77 104 

0.01 0.933 1.193 5.427 

0.10 2.132 4.110 14.154 

0.30 4.151 7.561 18.552 

1.00 7.639 13.149 19.323 

3.00 12.507 18.099 20.746 

10.00 18.832 18.132 20.746 

30.00 22.547 20.120 21. 208 

100.00 24.813 22.197 

1000.00 

TABLE 8 CREEP COMPLIANCES FOR CONTROL MIXTURE TO EVALUATE PLUSRIDE 
(l0- 6/psi) 

creep Temperature, °F 

Time 

(sec) 65 77 104 

0.01 0.387 1.127 5.568 

0.10 1.498 3.372 15.015 

0.30 2.532 5.954 19.607 

1.00 4.920 10. 314 21. 953 

3.00 8.646 15.060 21. 000 

10.00 14.214 19.743 22.197 

30.00 18.761 21. 881 

100.00 22.497 23.752 

1000.00 29.069 27.2479 
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TABLE 9 CREEP COMPLIANCES FOR PLUSRIDE MIXTURE (l0- 6/psi) 

Creep Temperature, °F 

·u; 
Q. 

cri 1E6 
2 
::> 

C) 

0 

E 
u 

.E 1E5 
0 
c 
;>, 

0 

Time 

Csec) 

0.01 

0.10 

0.30 

1.00 

3.00 

10.00 

30.00 

o-o Control 
t:.-t:. Verglimit 

65 

1.091 

3.501 

6.740 

13.755 

27.739 

53.330 

71. 680 
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FIGURE 1 Dynamic modulus versus temperature. 
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FIGURE 2 Dynamic modulus versus temperature. 

110 

77 104 

2.491 13.812 

9.955 38.461 

19.083 70.422 

35.523 111.110 

49.019 142.857 

50.000 140.850 

Number of repeated load cycles 

FIGURE 3 Permanent strain load repetitions at 65°F. 

in stiffness at low temperature. It is believed that this reduc
tion indicates an improvement in the resistance to low-tem
perature cracking. The PlusRide mixture had a lower dynamic 
modulus than the control mixture at all testing temperatures. 
Statistically, there was no significant difference between the 
dynamic modulus of the control mixtures and those of the 
mixtures with the deicing additive. 

Permanent deformation properties were obtained by con
ducting the repeated compression loading procedure of the 
static-dynamic incremental creep test. Figures 3 through 8 
present the permanent strain data for all mixtures versus the 
number of load applications at 65°F, 77°F, and 104°F, respec
tively. GNU and ALPHA for all mixtures involved in this 
study are presented in Table 10. The following observations 
were made through an analysis of test results: 

1. The mixture containing Verglimit exhibited lower defor
mation at high temperature. Therefore, it would be expected 
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FIGURE 4 Permanent strain versus load repetitions at 
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FIGURE 5 Permanent strain versus load cycles at 77°F. 
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FIGURE 6 Permanent strain versus load repetitions at 
77°F. 

that mixtures with Verglimit would have less permanent 
deformation than would control mixtures at high tempera
tures. 

2. The susceptibility to permanent deformation appeared 
to be significantly decreased by the addition of Verglimit, 
because there was a significant decrease in intercept values 
between the control and the Verglimit mixtures. 
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FIGURE 7 Permanent strain versus load repetitions for 
Verglimit mixture at 104°F. 
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FIGURE 8 Permanent strain versus load repetitions for 
PlusRide mixture at 104°F. 
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1000 

1000 

3. PlusRide increased the permanent deformation at all 
temperatures. 

Resistance to Low-Temperature Cracking 

To measure the resistance to low-temperature cracking, 18 
Marshall specimens were prepared and tested for resilient 
modulus and tensile strength at -30°, -15°, 0°, 10°, 32°, 41°, 
65°, 77°, and 90°F, using two specimens at each temperature. 
The procedure for a relative comparison of low-temperature 
performance involved plotting the log10 (modulus or tensile 
strength) versus the temperature of each mixture and deter
mining the temperature difference or "shift" between the 
plots. In this study, a reference tensile strength of 300 psi and 
a reference modulus of 3,000 ksi were used to determine 
where the shift should be measured because these values were 
in the middle of the brittle-ductile transition zone for the 
control mixtures . 

Figure 9 shows that the resilient modulus test produced a 
shift of - 3°F for the Verglimit mixture relative to the control, 
because of a slight decrease in temperature susceptibility; and 
that the tensile strength test produced virtually equal data for 
the Verglimit and control mixtures and no shift was found . 



so TRANSPORTATION RESEARCH RECORD 1228 

TABLE 10 VESYS PERMANENT DEFORMATION PARAMETERS DETERMINED FROM 
COMPRESSION REPEATED LOAD TEST 

Type of Temperature exl0-6 s I GNU ALPHA 

Mix OF inLin 

Control 65 106.8 0.198 2.0183 0.190 0.8900 

77 204.4 0.207 2.6643 0.470 0.7927 

104 846.8 0.408 2.6373 0.209 0.5915 

Verglimit 65 146.3 0.176 2.1443 0.168 0.8238 

77 205.5 0.256 2.2900 0.243 0.7439 

104 1217.8 0.455 2.2922 0.073 0.5449 

Control 65 92.0 0.270 1.4920 0.090 0 . 7 300 

77 208.0 0.420 1. 9020 0.160 0 . 5800 

104 542.0 0.500 2.4660 0.270 0.5000 

PlusRide 65 184.0 0.480 1. 9670 0.240 0.5200 

77 399.0 0.450 2.4060 0.290 0.5500 

104 1221. 0 0.490 3.3500 0.900 0.5100 

1000 1E4 
o~o Control & a-r-s o-o Control 

e~:=g._o 
,,_,, Verglimit 

~R 
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FIGURE 9 (a) Tensile strength versus temperature for VerJ!;limit mixture. (b) Resilient modulus versus temperature for Verglimit 
mixture. 

Figure 10 shows that the resilient modulus test produced a 
shift of - l 7°F for the PlusRide mixture compared with the 
control, whereas the tensile strength test produced a shift of 
- l4°F. The PlusRide mixture produced lower moduli and 
tensile strengths at all temperatures; thus, it is more resistant 
to low-temperature cracking. 

STRUCTURAL EVALUATION USING 
VESYS·3AM 

The VESYS-3AM computer program was used to predict the 
structural performance of the mixtures with deicing additives . 
The VESYS model requires the following inputs to predict 
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FIGURE 10 (a) Tensile strength versus temperature for PlusRide mixture. (b) Resilient modulus versus temperature for PlusRide 
mixture. 

the pavement responses to a defined wheel load: traffic, sys
tem geometry, climate, and physical properties of the material 
layers . The pavement selected for evaluation using the VESYS-
3AM was Test Section 2 of Lane 2 (L2S2) at the PTF. 

Traffic 

A tire pressure of 140 psi and a load of 19,000 lb were applied 
on L2S2. The average number of passes applied by the ALF 
on L2S2 is presented in Table 11. 

System Geometry 

The L2S2 cross section was selected for the VESYS-3AM 
analysis. This section consisted of a 2-in. surface, a 5-in. binder , 
a 12-in. base, and a subgrade. 

Climate 

The temperature history of L2S2 is presented in Table 11. 
These temperatures were supplied to the FHWA by the National 
Oceanic and Atmospheric Administration (NOAA) weather 
station at Dulles International Airport. 

System Performance 

The initial serviceability index (PSI) for L2S2 was 4.08. Hence, 
for the VESYS-3AM analysis, an initial PSI of 4.08 was cho
sen. The minimum acceptable PSI was set at 2.5. 

Material Characteristics 

The material characteristics used in the VESYS-3AM pro
gram are the dynamic modulus, GNU, and ALPHA at every 
season for each layer and the fatigue parameters k 1 and k2 

for the binder layer. Because Verglimit and PlusRide are 
deicing additives that are added to the surface layer only, it 

is expected that cracking of pavements with and without de
icing additives will be the same. Therefore, a typical K1 and 
K2 were assumed; these values were 0.3 x 10- 11 and 5, respec
tively. No rutting was observed in the subgrade and binder 
layers of L2S2; thus their GNU and ALPHA were assumed 
to have values that produce no rutting. 

Results of the VESYS Analysis 

Results of the VESYS-3AM analysis for the four mixtures 
investigated in this study are shown in Figures 11 through 13. 
The following observations were made through the VESYS 
analysis: 

1. The PlusRide mixture showed a higher potential for rut
ting than the other mixtures . There was no significant differ
ence in rutting performance between control and Verglimit 
mixes. 

2. There were no significant difference in the predicted 
fatigue cracking between control and Verglimit mixes at dif
fering numbers of passes. It was predicted that the PlusRide 
mixture has a higher cracking susceptibility than the control 
mixtures. This coincided with the laboratory test results; that 
is , the addition of PlusRide rubber caused a significant decrease 
in the stiffness of the asphalt concrete mixture. 

3. On the basis of PSI prediction results, the mixtures are 
rated from best to worst as follows: (a) Verglimit mixture , 
(b) control mixture for Verglimit study, (c) control mixture 
for PlusRide study, and (d) PlusRide mixture. 

FIELD EVALUATION 

In addition to the laboratory and VESYS evaluation of mix
tures with PlusRide and Verglimit , a field survey was per
formed on pavements constructed using two deicing additives 
in Rhode Island. The field survey essentially consisted of 
measurements of the rut depth, cracking, bleeding, and rav
eling. It was noted that pavement sections with deicing addi
tives have experienced rutting slightly higher than that observed 
in the control sections. Also, raveling was observed in the 
Verglimit section and bleeding in the PlusRide section. 
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TABLE 11 TRAFFIC AND TEMPERATURE DATA OF L2S2 AT PTF 

Interval No. of Estimated 

Number Days Pavement 

Temp, °F 

1 4 85 

2 1 81 

3 2 94 

4 3 91 

5 2 80 

6 1 91 

7 1 96 

8 4 87 

9 5 91 

10 13 76 

11 5 80 

12 27 79 

13 5 70 

14 7 65 

15 4 58 

16 1 55 

17 6 57 

18 5 46 

19 2 46 

20 2 43 

21 5 50 

22 2 48 
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CONCLUSIONS 

The study presented was designed to evaluate the effect of 
two deicing additives on asphalt concrete stiffness, resistance 
to moisture damage, resistance to low-temperature cracking, 
and resistance to permanent deformation. Also, the perform
ance of pavements with these two additives was predicted 
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using the computer program VESYS-3AM. On the basis of 
the results of this study and a review of the available literature, 
the following conclusions are suggested as valid: 

1. The resilient modulus test results of the aging study indi
cate that the addition of Verglimit reduced stiffness at low 
temperatures and increased stiffness at high temperatures. 
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FIGURE 13 Predicted Present Serviceability Index (PSI). 

Therefore, Verglimit appears to improve slightly the tem
perature susceptibility of the asphalt mixture. The addition 
of PlusRide resulted in lower stiffness only at low tempera
tures. Consequently, it is expected that PlusRide would improve 
resistance to low-temperature cracking. 

2. It was observed that absolute values of TSR and RMR 
are different. However, the increased potential for moisture 
damage, percent control, is almost identical for TSR and RMR 
of Verglimit mixtures. For PlusRide mixture, TSR shows little 
increased potential for moisture damage, whereas RMR shows 
some increased potential. Overall, the precision of RMR is 
very poor compared with that of TSR. Therefore, the values 
of RMR were not used for analysis. 

3. In evaluating the effect of additives on the resistance to 
permanent deformation, it was observed that the addition of 
PlusRide decreased stiffness in some specimens at high tem
peratures. Therefore, it is expected that the PlusRide rubber 
would cause a greater rutting problem than would the control 
mixture in the field at high temperatures. The Verglimit mix
ture had a lower permanent deformation at high temperatures 
than did the control mixture. 

4. The test results at various temperatures again indicated 
that the PlusRide mixture improved resistance to low-tem
perature cracking. However, there was no significant differ
ence in resistance to low-temperature cracking between the 
control and Verglimit mixtures. 

5. During curing of the Verglimit samples, moisture 
absorption kept occurring that caused the samples to swell 
and crack. Therefore, it is expected that pavements with Ver
glimit could have cracking problems in the field. 
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6. The VESYS-3AM analysis showed that pavement with 
PlusRide would have a rutting problem, which coincides with 
Conclusion 3. However, the analysis did not predict more 
fatigue cracking in the.Verglimit pavement. This may be due 
to the fact that the VESYS model for cracking cannot include 
moisture absorption. 
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Properties of Asphalt-Oil Shale Ash 
Bituminous Mixtures under Normal 
and Freeze-Thaw Conditions 

HASHEM AL-MASSAID, TAISIR KHEDAYWI, AND MOHAMMED SMADI 

In the last decade Jordan has given serious consideration to the 
use of oil shale as an alternative energy source. Such use will be 
accompanied by the production of a large amount of oil shale ash. 
Possible areas of application for this byproduct are under inves
tigation, including its possible use with asphalt concrete mixes 
under different environmental conditions. Many researchers have 
indicated that it is possible for a mineral filler (fly ash, dust, etc.) 
to act as an asphalt extender or substitute binder for paving con
struction. The main objective of this study was to evaluate quan
titatively the use of oil shale ash as a partial substitute for the 
asphalt binder in bituminous paving mixtures under normal con
ditions as well as under freezing and thawing conditions. Oil shale 
ash was added to the asphalt concrete mix at optimum asphalt 
content. Five ash levels, ranging from 0 to 20 percent by volume 
of asphalt, were used in the study. For each level Marshall and 
indirect tensile tests were performed under both normal and freeze
thaw conditions. The test results indicated that the substitution of 
ash up to 10 percent by volume of asphalt would improve the 
performance of mixtures under both conditions. Such ash inclusion 
resulted in paving mixtures with higher Marshall stability, greater 
tensile strength, a larger stiffness modulus, and higher resistance 
to freeze-thaw damage in comparison with mixtures without ash. 

In view of the increasing demand for energy (now dependent 
mostly on imported oil) and recognizing the fact that Jordan 
has larger reserves of oil shale rocks, interest has increased 
in using such rocks as a new source of energy. One of the 
problems associated with such a practice is the formation of 
large quantities of oil shale ash. Directing research toward 
the use of such a byproduct has similarly gained interest. The 
oil shale ash is considered a low-cost binding material that 
could be used in many areas, such as building construction, 
pavements, agriculture, and chemical industries. 

The purpose of the present study is to examine the effi
ciency of using oil shale ash as a substitute or supplement for 
asphalt cement under both normal and freeze-thaw condi
tions. The basic engineering properties of the mixture, includ
ing Marshall stability, stiffness modulus, and tensile strength, 
under both conditions will be determined. Limestone and five 
levels of oil shale ash were used in the study. 

LITERATURE REVIEW 

Several researchers have investigated the role of different 
extender/filler materials on the performance of asphalt con-

Department of Civil Engineering, Jordan University of Science and 
Technology, Irbid, Jordan. 

crete mixtures. Some of the studies explained the role played 
by mineral fillers in general (1-4), and others investigated 
the effect on asphalt concrete of specific materials , such as 
fine dust (5-7), fly ash (8, 9), and oil shale ash (10) . 

In a study by Puzinauskas (1), it was stated that mineral 
fillers fill the interstices and provide contact points between 
larger aggregate particles . As a result, such fillers form a high
consistency binder or matrix that cements the aggregate par
ticles together. In addition, Winniford (2) concluded that the 
role of mineral fillers includes the formation of a thick viscous 
coating that increases the non-Newtonian flow characteristics 
and Jowers the susceptibility to temperature of asphalt. Fur
thermore, Heithaus and Izatt (3) have found that the addition 
of filler material increases the stability of asphalt mixutre up 
to a certain point, after which stability is decreased. Similarly, 
Oglesby (4) has indicated that the addition of asphalt binder 
and mineral filler increases the cohesion resistance and sta
bility of the mixture . 

The West Virginia Department of Highways (5) conducted 
a study on the influence of baghouse fines and fine dust on 
paving mix. It was concluded that, when baghouse fines are 
used in proper quantity , they can improve the stability and 
cohesion of the mix. In the same study, the finer sizes of dust 
were found to act as asphalt extender when the proper amount 
and size are used. Similar conclusions on fine dust were also 
reached by Anderson and Tarris (7). 

The effect of fly ash on the properties of asphalt concrete 
mixtures has been also investigated (8, 9). In a study by Tons 
et al. (8), it was found that replacing up to 30 percent of 
asphalt with fly ash would increase the Marshall stability and 
the tensile strength and improve the resistance of asphalt 
concrete to freeze-thaw damage. Likewise, Bolk et al. (9) 
concluded that fly ash fillers give larger creep stiffness than 
limestone fillers. 

Finally, while several studies have been made on the dif
ferent fillers as just stated, limited information is available 
on the role played by oil shale ash on asphalt concrete. In a 
nrPllmln~r·u ~tnriu hu J(h P ri ~ llu1l (7nl it urn~ i;;,:t~tPrl th~t 1;.:11h~ti-,... - ....... -····---,, ··--.1 .. ,, -----··.1 - -"'1• ... ··- ... ~. 

tuting 10 percent of asphalt with ash can increase the stability 
and cohesion of the mixture. 

MATERIALS USED 

• Asphalt: One asphalt cement (80/100) that is widely used 
in pavement construction in Jordan was used in the study . 
Table 1 gives the properties of the asphalt cement used. 
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TABLE 1 PROPERTIES OF ASPHALT CEMENT USED IN 
THE STUDY 

ASIH Test Teal 
Properties 

Designation Reaull 

u 

Specific gravity at 77t D 70 1.010 

Penetration ,(0.1mm) [J 5 83 

77°F, 100 gm, 5sec 

Sof[ening Point (Of) 0 36 1Z5 

Ring and Ball 

Ductility (Cm) o .1 n 130 

at 77°F 

IK1nemat1c Viscosity 310 
(Cst) 275°F 0 2170 

Note: 1nn = D-0394 in-

• Aggregate: One crushed limestone aggregate was used 
in the study. Its gradation conformed to the Ministry of Public
Works specifications in Jordan. The aggregate gradation and 
its properties are given in Tables 2 and 3, respectively . 

• Oil shale ash: The ash used in the study was obtained by 
burning oil shale rock at about 600°C. It was supplied by the 
Natural Resources Authority, Jordan. The mineral compo
sition of oil shale ash is given in Table 4, and Table 5 shows 
the ash gradation by hydrometer analysis on selected ash 
samples. 

TEST PROCEDURE AND PHASES OF 
INVESTIGATION 

A Marshall test (ASTM D1559) and an indirect tensile test 
were performed on the laboratory-made specimens with 50 
blows on each face. The specimen was 4 in. in diameter and 
2.5 in. high. There were three phases of investigation. 

Phase 1: Marshall Test Using ASTM D1559 

The objective of this phase was to determine the optimum 
asphalt content by weight of the total mix (conventional bitu
minous mix). The only variable in this phase was the asphalt 
content by total weight of the mix . Five levels of asphalt 
content were tried: 4.5, 5, 5.5, 6, 6.5, and 7 percent . The 
aggregate weight was 1,200 g. The procedure used in pre
paring and testing the bituminous mixture Marshall specimens 
is that outlined in Asphalt Institute Manual MS-2 (11). Table 
6 and Figures 1-5 show the results of this phase. 

TABLE 2 AGGREGATE GRADATION USED IN THE 
STUDY 

Sieve Size % Passing Speci ficotiona 

3/4 in . 100 100 

1/2 in . 95 90-100 

3/B in . 85 75-90 

" 4 60 45-70 

n B 45 33-53 

II 30 ZS 15-33 

II 50 15 10-ZO 

II 100 7 4-16 

n zoo 5 Z-9 

Nole: 1 in. = Z.54 cm 
8 Jordon Specification li~its. 

Phase 2: Freeze-Thaw-Induced Damage, Using 
Marshall Statibility Test 

55 

The specific objective of this phase was to evaluate quanti
tatively the effect of ash on the behavior of bituminous mixes 
using the Marshall test, under normal dry conditions and under 
wet conditions after 10 cycles of freezing and thawing. 

During the course of this study, it was found that the 
replacement of more than 20 percent (by volume) of optimum 
asphalt (determined in Phase 1) by ash produces an unwork
able mix . The variables in this part of the study were 

1. The Percent Ash by Volume of Binder 

(1) 0 (2) 5 (3) 10 (4) 15 (5) 20 

The volume of asphalt plus the volume of ash were kept 
constant and were equal to the volume of optimum asphalt 
content (in Phase 1) . 

2. The curing condition, where the prepared specimens 
were set into two groups: 

(a) The first group of specimens was cured in air at room 
temperature for 10 days. 

(b) The second group of specimens was subjected to 10 
cycles of freezing and thawing. They were put in plastic freez
ing bags, and about 10 ml of water was added to each bag 
(8); they were kept in a freezer at - l8°C for 16 hr followed 
by 8 hr of thawing at 25°C. The indicated freeze-thaw periods 
were adopted to minimize the work and for practical per
formance in the locality. 

Preparation of Ash-Asphalt Binder 

The ash was heated in a stainless steel beaker at 145-150°C. 
Asphalt cement was heated in an oven at 145°C. The required 
amount of asphalt and ash was weighed and mixed at 145°C. 
The laboratory mixer was used to attain a homogeneous binder 
mix; mixing continued for 5 min at 1,600 rpm. Directly after 



56 TRANSPORTATION RESEARCH RECORD 1228 

TABLE 3 PROPERTIES OF AGGREGATE USED IN THE STUDY 

Type of ASTM Bulk 

Aggregate lest Specific 

Designation Grav Hy 

Limestone 

Coarse 

Aggregate C-127 2.42 

lirr:estone 

Fine 

Aggregate C-128 Z.45 

Limestone 

Mineral 

r iller C-128 2.55 

Dii Shale 

Ash C-188 - ·--

a 
Data Not Applicable. 

TABLE 4 CHEMICAL PROPERTIES OF OIL SHALE ASH• 

Silica SiO, 32.43 

Calcium ~ao 41. 96 

Alumina 7. 19 

lron Fe2 O;\ Z.83 

Magnesium . MgO 1. 89 

Pho9phate . P,DJ 5.04 

Potassium 
' 

K, 0 0.58 

Sodium Na, 0 0.3 

Titanium T i0
2 

6.7 

Sulfate so, 4.49 

9
0epertment of Natural Resources. 

mixing, the binder was added to the heated aggregate, and 
the specimens were prepared according to MS-2. 

For each percentage, three specimens were prepared. 
Therefore 15 specimens for each group were made. 

Marshall Stability 

All specimens were cured at a constant temperature of 25°C 
for 24 hr, after which a Marshall test was conducted at 60°C. 
Table 7 gives the weights and volumes of asphalt and oil shale 
ash of the specimens used in Phase 2, and their results are 
presented in Table 8. 

8 

Apparent Absorption 

Specific 

Grev ity (%) 

2.68 3.10 

2.71 3.65 

2.79 4.00 

a 
Z.35 ----

TABLE 5 OIL SHALE ASH GRADATION 
IN THE STUDY• 

Size , Hi~vn 

75 

56 

21 

20 

8 

3 

_, 
Note : 1 Mm=0.0J94X10 in. 

8 Hydrometer Analysis 

Percent Finer 

100 

97 

90 

BO 

75 

25 

10 

Phase 3: Freeze-Thaw-Induced Damage, Using 
Indirect Tensile Test 

The specific objective of this phase was to evaluate quanti
tatively the effect of ash on the behavior of bituminous mixes 
using an indirect tensile test, under normal conditions and 
under wet conditions after 10 cycles of freezing and thawing. 

The indirect tensile test involved loading a cylindrical spec
imen with compressive loads that were set parallel to and 
along the vertical diametrical plane (12). Marshall specimens 
measuring 4 in. in diameter and 2.5 in. high were used in the 
study. To distribute the load and maintain a constant loading 
area, the compressive load was applied through a 0.5-in.-wide, 



TABLE 6 MARSHALL PROPERTIES OF MIXTURES WITHOUT 
THE OIL SHALE ASH (RESULTS OF PHASE I) 

Asphalt Marshall Unit r low V. T.Mb V.f .Bc 

Conten~a Stability Weight .. (Ill) ,60°t: ( rr:i l (ll.01 in. ) !O .. 
" .. 

4. 5 l96U 132.10 12 9.10 45 

5.0 2520 133.95 12.75 7 .10 57 

5.5 27BO 134 . BO 13.B 4 .65 7Z 

6.0 2750 134.41 15.2 3.40 BO 

6.5 2590 133.52 17 .4 2.00 BB 

7.0 2190 132.55 19.0 1.32 92 

·~Asphalt Content, Percent by total weight of the ~ix. 
bv.T.M: Air Voids in the mix, Percent by total Vol...., 

CV.f.8: Percent of Voids filled with bitumen. 
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FIGURE I Relationship between asphalt content and Marshall 
stability. 
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FIGURE 3 Relationship between asphalt content and air 
voids. 
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steel loading strip that was curved at the interface with the 
specimen and had a radius equal to that of the specimen. 

The theoretical relationships used in calculating the spec
imen tensile strength (ST) , Poisson ratio (v) , and stiffness 
modulus (SF) are as follows (12): 

tensilestrength(ST),psi = 0.156Pha;i (1) 

0.0673DR - 0.8954 
Poisson's ratio (v) = - 0.24940R _ O.Ol56 (2) 

stiffnessmodulus(SF),psi = s: (0 .9976v + 0.2692) (3) 

where 

Pra;1 

h 
DR 

total load at failure in pounds; 
height of specimen in inches; 

ASPHALT CONTENT I% I BY TOTAL WEIGHT 

FIGURE 5 Relationship between asphalt content and percent 
voids filled with asphalt. 

deformation ratio YT/ XT = the slope of the line of 
best fit between vertical deformation YT and the 
corresponding horizontal deformation XTin the lin
ear portion only; and 

TABLE 7 WEIGHTS AND VOLUMES OF ASPHALT AND OIL SHALE ASH FOR 
EACH MARSHALL SPECIMEN (DATA FOR PHASE II) 

Ash Binder Ash Asphalt Ash Asphalt Total 

Content8 Volumeb Volume Volume Weight Weight 
Weight 
of mix 

( cm') ' 
, 

~ cm l ( cm ) (gm) (gm.) (gm.) 

0 71 .8 0 .00 71 :BO 0.0 72.50 1272.50 

71 .8 3. 59 68.Z I 8. 44 68.89 1277.33 

10 71 .8 7. 18 64.62 16.87 65.27 1282.14 

15 71 .8 10. 77 61 .03 25.31 61.64 1286.95 

20 71 . 8 14. 36 57. 44 53. 75 58.01 1291.76 

a Ash content ,Percenl by Lola l Volume or Ui11<Jer 

bBinder Volume Kept Constont = /\sh Volume + Asphalt Volume. 

TABLE 8 STABILITY, AIR VOIDS, FLOW, AND UNIT WEIGHT FOR 
ASH-ASPHALT CONCRETE MIXES (RESULTS OF PHASE II) 

b 
Ash V. T .M Fl ow Un it Stability 

a 
We ight Content Dry 

,, .. (.01 i n. ) ( PC f ) ,, .. 

0 4.0 14 .2 134 . 5 2770 

5 3.8 13. 5 1 l5 .4 3185 

10 3.9 13. 0 1 H" O 3500 

15 4.2 12.6 135 .6 3450 

20 5.10 11 . 5 134.9 3210 

al\sh Content,Percenl by tota.l Volume of binder. 

b Voids in the total mix 

(lb ) Index of 

Wetc Retained 

Marshall 

Stabilit) 
(Wet/Dry 

2240 0.81 

2880 0.904 

3240 0.926 

3160 0.916 

2825 O.BB 

cStsbility of Specimens efler 10 cycles of Freezing and Th~vinq 



Al-Massaid et al. 

SH = horizontal tangent modulus PIXT = the slope of 
the line of best fit between P and XT in the linear 
portion only. 

The variables, preparation of ash-asphalt binder, prepa
ration of specimens, groups of specimens, number of speci
mens, and curing method were the same as in Phase 2. All 
specimens were kept at a constant temperature at 25°C for 
24 hr before the indirect tensile test , which was performed at 
25°C. Table 9 presents the calculated data for this phase. 

TEST RESULTS AND DISCUSSION 

In Phase 1, mixes were made with pure asphalt (without any 
addition of oil shale ash) to determine the optimum binder 
content (asphalt). The Marshall test results are shown in Fig
ures 1 to 5 (see also Table 6). The results indicated that the 
optimum asphalt content is 5.7 percent by total weight of 
bituminous mix, with 4 percent air voids, a flow of 14, and 
stability of 2,780 lb. 

In Phase 2, mixes were made by replacing part of the asphalt 
with oil shale ash on the basis of volume. The binder content 
was kept constant (volume of ash + volume of asphalt = 

volume of binder = volume of asphalt at optimum asphalt 
content for pure asphalt mixes in Phase 1). The Marshall test 
results of the first group under dry conditions and of the 
second group under wet conditions after 10 cycles of freezing 
and thawing indicated that the addition of ash resulted in a 
substantial increase in stability, up to 10 percent by volume 
of asphalt, and then decreased, as shown in Figure 6. The 
difference in Marshall stabilities between the first and second 
groups (dry and wet conditions) is minimum at 10 percent ash 
and maximum at 0 percent ash. The sample with 10 percent 
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ash tested in wet conditions produced much more stability 
than the sample with 0 percent ash tested in dry conditions, 
as shown in Figure 6. Figure 7 indicates (see also Table 8) 
that the index of retained Marshall stability is maximum at 
10 percent ash (93 percent) and minimum at 0 percent ash 
(81 percent). 

DRY, COND!TION 

-+- WET CONDITlON 

3600 

~ 
3 400 

"' 3200 

/~ 
.., 
. ., 
.... . ., 
{] 

3 CXXJ " UJ 

.... .... 
"' 2 800 .<: 

"' H 

"' :<: 2600 

2 400 

2 200 

2 000 

s 10 1 s 20 

ASH % BY VOLUME OF BINDER 

FIGURE 6 Effect of replacing asphalt with oil shale ash on 
Marshall stability in dry and freeze-thaw conditions. 

TABLE 9 INDIRECT TENSILE STRENGTH TEST AT 25°C (RESULTS OF PHASE III) 

Ash Properties Index of retained 

(%) Condition Load at Poisson's Tensile Stiffiness Tensile Stiffness 

Failure Ratio Strength Modulus Strength Modulus 

fail(1b) \) ST,( Psi) SF, (Psi) 

0 Dry a 1685.1 0.336 105 .15 3.49"10
4 0.812 0.911 

b 4 
Wet 1368.6 0 . 340 85 .40 3.18"10 

5 Dry 1872.3 0.335 116. 83 
4 

3.74"10 0.862 0.912 

1614. 4 
4 

Wet 0.337 100.74 3.41"10 

10 Ory 2026 .4 0.332 126.45 
4 

3.85"10 0.911 0.956 

Wet 1846.6 0.334 115.23 3.68"10
4 

15 Dry 1937.0 0.330 120.87 3.78"104 0.90 0.942 
4 

Wet 1746.8 0.332 109.00 3. 56"10 

20 Dry 1836.0 0.325 114.57 3.65"10
4 

0.90 0.926 

Wet 1661.1 0.330 103.65 3.38"10
4 

:specimens were cured at Z5°c for 11-days and tested at Z5°c. 
Specimens were subjected to 10-cycles of freeze thaw and tested at 25°c after 24 hours at 25°c. 
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FIGURE 7 Relationship between oil shale ash and 
retained Marshall stability. 
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FIGURE 8 Effect of replacing asphalt with oil shale ash on air 
voids. 

In addition, the results of this phase , as shown in Figures 
8 to 10, indicated that the air voids decreased with the addition 
of ash. The reduction in air voids was small at 5 and 10 percent 
ash, but increased substantially at 15 and 20 percent ash, as 
shown in Figure 8. The addition of oil shale ash reduced the 
flow as shown in Figure 9. The addition of ash , however, 
produced a substantial increase in the unit weight up to 10 
percent ash and then decreased. Such a trend agrees with 
preliminary data obtained previously (10). 

In phase 3, the indirect tensile test results are presented in 
Table 9 and shown in Figures 11 to 13. The results in Figure 
11 indicate that the addition of ash resulwd in a substantial 
increase in tensile strength Hp to 10 percent ash and then 
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FIGURE 9 Effect of replacing asphalt with oil shale ash on 
Marshall flow. 
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FIGURE 10 Effect of replacing asphalt with oil shale ash on 
unit weight. 

slightly decreased. The same trend is observed for the stiffness 
modulus. The minimum difference between results from dry 
and wet conditions is at 10 percent ash and the maximum, at 
0 percent ash. Figure 13 inuirnles Lhal Lhi:: index of retained 
tensile strength 1s maximum at lU percent ash lYl percent) 
and minimum at 0 percent ash (81 percent) . 

From the test results presented , it can be seen that the oil 
shale ash has significant effects on some mechanical properties 
of the bituminous concrete mixes, and the beneficial effects 
were associated with ash content of 10 percent . It seems that 
fine oil shale ash acts as an asphalt substitution ; however, it 
also interacts with asphalt cement and stiffens the asphalt mix. 
While the large oil shale ash particles constitute part of the 
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FIGURE 11 Effect of replacing asphalt with oil shale ash on 
indirect tensile strength in dry and freeze-thaw conditions. 
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FIGURE 12 Effect of replacing asphalt with oil shale ash on 
stiffness modulus in dry and freeze-thaw conditions. 

mineral aggregate, they also fill space and improve the inter
locking bond between larger aggregate particles; this results in 
more resistance to freeze-thaw damage and a more stable mix. 

The effects of freezing and thawing on the tested samples 
were determined by comparing the results of Marshall stability 
at 60°C, tensile strength at 25°C, and the stiffness modulus at 
25°C with those obtained at wet conditions after 10 cycles of 
freezing and thawing. The results indicated a reduction of 
stability, tensile strength, and stiffness modulus due to freeze
thaw conditions compared with dry conditions at all ash levels . 
Figures 6 and 7 and Figures 11 to 13 indicate that the peak 
values for the three properties under both conditions were at 
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FIGURE 13 Relationship between oil shale ash and 
retained indirect tensile strength ratio. 

ash level of 10 percent. However, the peak value at 10 percent 
ash in freeze-thaw conditions is still higher than that for the 
control sample with no ash in dry conditions. In addition to 
that, the minimum difference between the results of dry and 
freeze-thaw conditions is noted to be at 10 percent ash level, 
as shown in Figures 7 and 13. 

Under both normal and wet conditions, the Marshall sta
bility, tensile strength, and stiffness modulus were found to 
increase with an increase in ash content up to 10 percent and 
then to decrease. From Figure 8, it can be seen that after 10 
percent the air voids have increased substantially, in addition 
to the considerable reduction in asphalt content that affects 
the cohesion resistance. The increase in strength from 0 per
cent ash up to 10 percent ash is due to the fact that the addition 
of ash fills space and provides more interlocking. Further
more, Figure 11 indicates that the optimum ash content is 10 
percent, which appears to provide a maximum tensile strength 
in both dry and freeze-thaw conditions. 

In summary, the test results gave numerical values for Mar
shall stability, tensile strength, stiffness modulus, air voids, 
and flow at different oil shale ash contents of 0, 5, 10, 15, 
and 20 percent and also gave comparative values for dry and 
freeze-thaw conditions. According to test results, the addition 
of oil shale ash was found to improve both the resistance to 
freeze-thaw damage and the mechanical strength properties. 
The optimum ash content is 10 percent, which fulfills the most 
preferable design criteria of strength, durability, flexibility, 
and workability. 

CONCLUSIONS 

On the basis of the results of this study, the following con
clusions are made: 

1. The addition of oil shale ash improves the behavior of 
asphalt concrete mixes under dry and freeze-thaw conditions. 
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The optimum ash content was found to be 10 percent of the 
volume of the binder. 

2. The stability of bituminous concrete was found to increase 
as the ash content increases, up to an ash level of 10 percent, 
and then to decrease, under dry as well as wet conditions after 
10 cycles of freezing and thawing. 

3. The index of retained Marshall stability was maximum 
at 10 percent ash and minimum at 0 percent ash. 

4. Like stability, the tensile strength of bituminous con
crete increases as the ash content increases up to 10 percent 
ash and then decreases under both dry and wet conditions. 

5. The stiffness modulus of bituminous concrete mixtures 
increases as the percentage of ash in the mix increases up to 
10 percent ash and then slightly decreases under both dry and 
wet conditions. 

6. The ash was found to increase slightly the retained indi
rect tensile strength ratio up to 10 percent ash. 
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Predicting the Effects of Moisture on 
Wheelpath Rutting in Asphalt 
Concrete 

ROBERT P. LOTTMAN AND Dou GLAS J. FRITH 

The approach to predicting moisture sensitivity of asphalt concrete 
pavements i l>ascd on the acceleralion of f'aligue cracking and 
whcelpalh rutting field distresses. Prediction method incorporate 
mechanical properties of lhe specimen derived physical property 
ratios with field lime, and environmental effects. 111 a 1988 TRB 
paper methods were discussed that resulted in predicted wet per· 
formancc live and laboratoa·y cutoff ratios. Specifically di cu ·cd 
was a University ofldaho method called "Asphalt Concrete Mois· 
lure Damage Analysis System" (ACMODAS); ACMODAS2 in 
reference to fati •ue cracking was emphasized. In this paper, 
A MODAS3 referenced to wheelpath rutting is emphasized. The 
parts and procedures are examined along with application of results. 
The effects of moisture on wheelpath rutting are defined here as 
being the changes of permanent deformation in the asphalt con· 
crete due to plastic flow. A physical property ratio called Wheel· 
path Ratio (WPR) is developed using wet and dry modulus and 
stripping values from laboratory specimens after performing a 
moisture conditioning test. Seasonal increase of WPR is related to 
summer pan evaporation at the pavement location. In the 
ACMODAS3 method 1/10-yr permanent defonnation "damage" 
fractions are summed to yield a relative wet performance rm in 
years. A resilient modulus cutoff ratio is also calculated for lab· 
oratory control of the specific asphalt concrete mixture. Appli· 
cation of the ACMODAS3 and ACMODAS2 method shows that 
a specific pavement mixture can have significant moisture sensi· 
tivity only to wheelpath rutting, whereas another mixture can have 
significant sensitivity only to fatigue cracking. 

Significant mileage of asphalt concrete pavements may be 
affected by moisture damage that accelerates the development 
of fatigue cracking and wheelpath rutting field distresses. 
Moisture damage occurs in the form of loss of adhesion (strip
ping) or loss of cohesion (apparent viscosity decrease in asphalt 
mastic and film). 

Present methods to control moisture damage are laboratory 
acceptance-rejection methods that compare wet with dry test 
results of preconstruction mixture specimens. The methods 
incorporate the visual effects of stripping and wet-retained 
mechanical properties, such as indirect tensile strength and 
resilient modulus in the form of ratios. High stripping and 
low ratios indicate a high potential of field moisture damage. 
When this occurs, the asphalt concrete mixture is rejected. 
Remedies are either to redesign the mixture with fewer mois
ture-susceptible components or to include antistripping addi
tives. 

Moisture damage prediction methods translate laboratory 
test ratios and visual stripping of mixtures into practical terms 

R. P. Lollman, Department of Civil Engineering, University of Idaho, 
Moscow, Idaho 83843. D . J. Frith , ARE, Inc., 828 Jones Street, 
Reno, Nev. 89503. 

related to field performance to achieve a more precise eval
uation and application of remedies . Predicted are wet pave
ment performance life and laboratory cutoff ratios, which are 
location- and mixture-specific. 

A prediction method was described by White (J) and later 
presented in the authors ' TRB paper , " Methods to Predict 
and Control Moisture Damage in Asphalt Concrete" (2). This 
method is called ACMODAS2, and it relates moisture sus
ceptibility to fatigue cracking in asphalt concrete. Except for 
the character of the physical property ratio, the methodology 
of ACMODAS2 is similar to that of the later-developed method 
for wheelpath rutting called ACMODAS3, described by Frith 
(3). In this paper the mai n parts of ACMODAS3 are explained 
along with examples of results from test data . 

Asphalt Concrete Moisture Damage Analysis System 3 
(ACMODAS3) is programmed to run on a microcomputer 
and is intended to be used by laboratory personnel involved 
with the evaluation of asphalt concrete mixture design and 
with the development and analysis of additives and/or mod
ifiers for control of moisture damage . It predicts the wet life 
on a relative basis and the modulus cutoff ratio to achieve 
acceptable wheelpath permanent deformation distress caused 
by moisture . This distress is defined as rutting caused by plas
tic flow or creep in the asphalt concrete surfacing. Densifi
cation rutting from the reduction of voids in the wheelpath 
is not included. 

LITERATURE SEARCH 

Research has been and is currently in progress on how rutting 
can be reduced or predicted in dry asphalt concrete pavements 
on an absolute basis. At the present time research is focusing 
on determining which meth ds are most accurate and practical 
(4-8) . There ha been research on how m i ture affect pave· 
men ts in general and specifically on fatigue cracking of asphalt 
concrete (2, 9-12) . Nothing was found that directly related 
to the application of wet and dry test results for predicting 
the effects of moisture on the permanent deformation char
acteristics of asphalt concrete in the field. Therefore it seems 
that A MODAS3 is a first attempt to simulate and quantify 
this relation hip. 

DATA REQUIRED 

There are three types of input information required in 
ACMODAS3 : laboratory test data for dry- and moisture-
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conditioned specimens, environmental dat<i, <ind pavement 
performance levels. The laboratory data needed are the wet 
and dry resilient modulus values and the overall percent strip
ping in the wet specimens. Environmental information nec
essary is the annual average summer pan evaporation and the 
annual number of freeze-thaw cycles and cool-warm cycles. 
Pavement performance levels are independently selected. 

Resilient Modulus 

ASTM 04123-82 is used to determine the resilient modulus 
(Mr) of wet and dry test specimens. However, total horizontal 
deformation under the repeated load application is used for 
"resilient modulus" in ACMODAS3. It is practically equal 
to the resilient deformation if measurement is made per indi
vidual load application. The wet test specimens are under
stood to be accelerated, conditioned by water and tempera
ture, using, for example AASHTO T-283-85. 

Stripping 

Percent stripping is estimated by splitting the wet specimens 
in half and estimating on the interior faces the percentage of 
coarse aggregate stripped using a magnifying glass. The per
centage of fine aggregate stripped is estimated using a 15-
power stereozoom microscope. The overall percent stripping 
is calculated as 0.40 times the percent coarse aggregate stripped 
plus 0.60 times the percent fine aggregate stripped. The 
assumption is that, of the asphalt binder that coats surfaces, 
40 percent of the surface area is coarse aggregate and 60 
percent is fine aggregate. Remaining fine aggregate are par
ticles small enough to be immersed in the asphalt (i.e., as a 
mastic) and therefore by definition are not coated by asphalt 
film for practical stripping observation. 

Environmental 

The partial drying out in the asphalt concrete surfacing during 
the summer causes a temporary recovery to a lower moisture 
damage. This is related to summer pan evaporation, which is 
the average annual evaporation (Class A) multiplied by the 
mean May-October evaporation in percent of annual. This 
information should be available at the local weather station, 
Oi it can be obtained by an estimated procedure (3). 

The number of annual 24-hr freeze-thaw cycles and cool
warm cycles determine the field rate to achieve maximum 
moisture damage from moisture ingress and its effectiveness. 
A freeze-thaw cycle is defined as a temperature change from 
below freezing to above freezing within a 24-hr period. A 
cool-warm cycle is defined as a temperature increase of at 
least 35°F in a 24-hr period with a low temperature of 33-
400F. 

Pavement Performance Levels 

The dry performance life of the asphalt concrete surfacing in 
years to terminal (failure) rut depth is required; this is the 
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reference life. It is obtained by thickness design methods using 
dry asphalt concrete properties or by estimation, which is 
suitable for most moisture sensitivity objectives. 

Percent allowable reduction (PAR) of dry performance life 
is stipulated as the maximum allowable reduction of dry life 
due to moisture damage in the field. Thus, wet lives to ter
minal rut depths that correspond to percentage dry life losses 
greater than PAR are not acceptable, and the mixture is 
rejected. (Mixture redesign is performed or additives are 
incorporated, or both.) 

WHEELPATH RATIO 

The wheelpath ratio (WPR) is a wet-to-dry physical property 
ratio that relates the moisture resistance to rutting; it is defined 
as the allowable repetitions to permanent deformation failure 
when the mixture is wet compared with when it is dry. The 
allowable repetitions to failure are those that cause a per
manent deformation (or rut depth) equal to an unacceptable 
amount (e.g., 0.50 in.). WPR incorporates a relationship 
between repetitions to failure (an unacceptable rut depth) and 
permanent deformation. The development of the relationship 
for WPR follows. 

Basic Relationships 

Where N is the allowable number of 18-kip single-axle loads 
(repetitions) to an unacceptable rut depth (failure), and the 
subscripts w and d stand for wet and dry conditions, respec
tively, WPR = N,)Nd. Thus, WPR is defined for use in a 
relative performance life model similar to current usage phi
losophy for mechanical property ratios. 

N is inversely proportional to the cumulative permanent 
strain ( etp) in the pavement that corresponds to the critical 
rut depth, and Etpd = c,tpw. N is assumed to be equal to c,tp 
divided by the permanent strain per load cycle (epc), so that 
N,JNd = epcdlepcw. epc is determined from the total shear 
strain (Et) and from the viscous loss component (J") of the 
complex compliance in the frequency domain as related to 
the cycle of repeated loading in the resilient modulus test. 

The Chevron SL elastic layer program was used to find Et 
in a typical pavement corresponding to asphalt concrete resil
ient moduli (Mr). The following equation was derived from 
the relationship: 

Et = 2.59 * Mr- 0·713 for 1 x 105 s Mrs 1 x 106 psi (1) 

The complex compliance (J*) is equal to the inverse of the 
complex modulus, J* = l!E*, and consists off', which is the 
elastic storage component, and J", which is the viscous loss 
component J* = J' - iJ") . The expression Epc is proportional 
to the viscous loss component, J". To solve for J", J* must 
be determined. This is done by substituting the complex mod
ulus expression E* = E' + iE" into J* = 1/ E* and multi
plying by the conjugate, which gives J* = E'l(E' 2 + E"2) -

iE"l(E' 2 + E"2). Defining IE*I to be the magnitude of E*, 
and recognizing that IE*I is the hypotenuse of a right triangle 
where E' and E" are the legs, then IE*l2 = E' 2 + E"2

• Thus 
J* = E'!IE*l2 

- i E"!IE*l2 and J" = E"!IE*l 2
• Because E" = 
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IE*I sine, where e is the lag angle (e = tan - 1£"/E'), then]" 
= sine/IE* I. 

Because WPR = Epcd!Epcw and Epc is considered to be 
proportional to J", then WPR = J"d!J"w = (IEw*l!IEd*I) 
sined/sinew. The proportionality constants are considered 
canceled. 

Setting IE*I = uolEt, where uo is the repeated stress mag
nitude, and using Equation 1, the basic relationship for WPR 
becomes 

WPR = MrR0
•
713 sined/sinew (2) 

where MrR is the wet-to-dry resilient modulus ratio. 
A measurement of lag angles ed and ew for dry and wet 

test specimens requires additional electronic equipment beyond 
the resilient modulus equipment routinely available to many 
highway agencies. Therefore an approximation of the sine e 
ratio in Equation 2 was developed through the measurement 
of stripping as follows. 

The approximation is based on the premise that if moisture 
diffusion into the asphalt mastic and film occurs, then it may 
cause an apparent decrease of binder viscosity and, accord
ingly, a cohesion decrease. The ratio of permanent shear strain 
to total shear strain will increase. For a given total strain, the 
magnitude of the permanent strain per cycle will increase as 
the cohesion decreases. Thus the change of cohesion is related 
to the sine ratio. 

Assuming that the increase in permanent strain relative to 
total strain is linear when there is a cohesion loss, then sinew 
= sined (1 - (CCP!Mrd)). CCP/Mrd is known as the cohe
sion change and is equal to CCP!Mrd = MrR + S - 1, where 
S is the fraction of stripping in the wet aggregate (13). [The 
mechanics of cohesion and adhesion changes was developed 
in a 1984 AAPT paper (13).] This work indicates that quan
tification of the changes requires the measurement of de bond
ing (stripping) as well as wet and dry mechanical properties.) 
In the case of cohesion gain, the cohesion term is damped by 
letting CCP!Mrd = A + Be< - o(ccPiMrdll, where A, B, and D 
are constants. The constants were solved using boundary con
ditions (3). The following expression results: sinew = sined 
{1 - [0.5 - 0.5e<- 1•1 CC PIMrdl]}. Substituting the preceding 
equation into the previous WPR equation for sinew gives the 
approximate relationship for WPR: 

WPR = (MrR)0•
713 (1.0/{1 - [0.5 - 0.5eC- 1.l CCP/Mrd)j}) (3) 

WPR Trends 

As calculated by Equation 2 or 3, WPR becomes the long
term field ratio representing the maximum moisture sensitiv
ity of the mixture (specimens) to permanent deformation. 

When cohesion losses occur in addition to stripping (i .e., 
moisture causes the viscosity of the asphalt binder to decrease), 
then WPR will decrease more than only by the drop of MrR 
alone. A cohesion loss is considered here to be a detrimental 
factor when permanent deformation is considered. A drop in 
cohesion causes the permanent strain per cycle to increase 
with respect to the total strain per cycle (sine ratio decreases 
below 1.0). WPR can never exceed 1.0 if there is a cohesion 
loss in the mixture. 
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WPR can sometimes be greater than 1.0 if the wet Mr is 
greater than the dry Mr. A WPR greater than 1.0 means that 
the pavement is less susceptible to wheelpath permanent 
deformation in the wet condition as compared with the dry 
condition, and it is due to a cohesion gain. This can happen 
if water diffusion in the asphalt or mastic causes a stiffening 
effect, if there is stiffening due to reaction by water with 
additives, or if an antirutting modifier is used and the cohe
sional gain is referenced to an untreated dry control mixture. 

There can be cases where the WPR is less than 1.0 (pri
marily due to adhesion loss) but the mixture still exhibits a 
cohesion gain. Here, the permanent strain increase is not as 
high as it would be if there were no cohesion gain at all. 

Change of WPR with Field Time 

How WPR changes from an initial dry-to-dry ratio to the 
long-term ratio in the field depends on climatic factors: the 
annual freeze-thaw and cool-warm cycles and the amount of 
drying occurring during the summer months. For damage, the 
freeze-thaw and cool-warm cycles increase the rate at which 
the WPR decreases to the long-term ratio because the dif
ferential thermal expansion forces are greater. If a pavement 
location has a high number of freeze-thaw and cool-warm 
cycles, then WPR will reach the long-term ratio sooner than 
at a location with very few temperature cycles. 

An exponential time function is used in ACMODAS3 to 
simulate these changes in WPR, the basis of which comes 
from field tests. For example, in the field study conducted 
under NCHRP Project 4-8(3) pavement cores were evaluated 
using the laboratory test methods previously described (14). 
The tests revealed that the indirect tensile strength ratio and 
the resilient modulus ratio generally decrease in an exponen
tial manner when moisture damage builds up. The function 
was determined to be of the form e - Kr, where K is a field 
moisture rate constant and Tis the time. At paving, WPR is 
equal to the dry-to-dry ratio, then decreases with time, asymp
totically reaching the long-term WPR calculated from the lab
oratory test data of moisture-conditioned specimens. WPR as 
a function of time (1) is expressed by the following equation: 

WPR(T) = WPR + (DDR - WPR)e - Kr 

where 

WPR(I) = the wheelpath ratio at a given time, 
DDR = the initial dry-to-dry ratio (equal to 1.0 unless 

comparison is to different, control mixture), 
WPR = the long-term wheelpath ratio, and 

K = the moisture rate constant. 

K is estimated from annual freeze-thaw and cool-warm cycles 
in the field and from the saturation level, which is simulated 
in specimens when water-temperature conditioning is per
formed in the laboratory moisture damage test. K ranges from 
0.20 (mild climate) to 1.50 (severe climate) under moderate 
saturation. 

Highway agencies have reported increases in mechanical 
property ratios during the late summer and early fall when 
the pavement is drier. Schmidt and Graf showed reversibility 
of MrR as moisture increased and then decreased in an asphalt 
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concrete pavement (15). Therefore, a seasonal variation in 
the form of a sine wave simulates the summer increase in 
WPR. 

The amplitude of the sine wave varies and is dependent on 
the amount of moisture that may evaporate from the pave
ment. It is defined as the summer increase of WPR and is 
determined by predicting the amount of increase of adhesion 
and cohesion based on the evaporation. Tht: pt:rcent change 
in the adhesion and cohesion of the wet mixture used in 
ACMODAS3 is 100 percent when the summer pan evapo
ration is 95 in. (assumed U.S. maximum) and 0 percent when 
the pan is 10 in. (assumed U.S. minimum). An equation for 
the allowable recovery was developed by Frith (3) . 

The actual timepath that WPR follows in the field due to 
moisture effects (WPR1) is predicted by combining the expo
nential function and the summer sine wave of the form WPR1 
= WPR(T) + Sine Wave. Thi is shown in Figure 1. 

WET PERFORMANCE LIFE, CUTOFF RATIO, 
AND BENEFIT-TO-COST RATIO 
CALCULATIONS 

Wet Performance Life 

WPRf is used to predict the cumulative, relative increase in 
permanent strain to rutting failure. In ACMODAS3, Miner's 
cumulative damage relationship (16) is adjusted to field time 
as equivalent to repetitions and becomes sum [tl(WPRJ x 
FADPL)], where WPRJ is the wheel path ratio at a given time, 
t equals 0.1-yr time increment (the developing rutting is summed 
over 0.1-yr increments), and FADPL is the field ail-dry per
formance life (i.e., dry reference life), in years . When the 
sum equals 1.0, the predicted wet performance life (to rutting 
failure) is obtained. 
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Resilient Modulus Cutoff Ratio 

The Mr cutoff ratio in ACMODAS3 is dependent on the dry 
Mr, the allowable percent reduction (PAR) of the dry ref
erence performance life, the adhesion and cohesion properties 
of the mixture, and the environmental data for the region. 
This makes the cutoff ratio unique for each mixture and each 
location. 

The cutoff ratio is obtained by calculating by increments 
both the wet Mr and stripping until a life equal to the required 
wet performance life is reached. The required wet perform
ance life is the dry reference life reduced by PAR. For exam
ple, if dry reference life and PAR are selected to be 15 yr 
and 10 percent, respectively, then the required wet life = 15 
- 0.10 * 15 = 13.5 yr. The wet Mr corresponding to 13.5 yr 
is divided by the dry Mr to get the Mr cutoff ratio. 

Benefit-to-Cost Ratio 

A benefit-to-cost ratio (B/C) is used to evaluate the effec
tiveness of treatments by additives and modifiers. A high 
BIC indicates that the treatment may be cost-effective. BIC 
is defined as the ratio of the treated wet performance life to 
the untreated wet performance life (the benefit) divided by 
the ratio of the initial cost of the treated mix to the initial 
cost of the untreated mix (cost ratio). It is not an incremental 
procedure. Comparisons are made to a minimum BIC, inde
pendently obtained. 

The minimum BIC is the dry performance life divided by 
the required wet life. Because the required wet life is a func
tion of PAR, the minimum BIC is also a function of PAR. 
For example, suppose a highway agency specifies a dry ref
erence life of 15 yr and a PAR of 10 percent; then the min
imum BIC is 15/(15 - .10 * 15) = 15/13.5 = 1.11. Therefore, 

0 2 4 6 8 10 12 14 

Pavement Age [years] 

FIGURE 1 Combined exponential and sine wave for change of WPR with field time. 
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for a treated mixture to be cost beneficial for these data, its 
BIC would have to exceed 1.11. 

SENSITIVITY ANALYSIS OF ACMODAS3 

A sensitivity analysis was performed on ACMODAS3 to esti
mate the effects of each input variable and to determine the 
percent variation in the results of wet performance life and 
Mr cutoff ratio. 

The input data varied were the wet and dry resilient mod
ulus values, the percent stripping, the summer pan evapo
ration, and the field moisture rate constant. Variances were 
denoted as "tight control" and "general control." Interlab
oratory testing may be closer to general control. Table 1 lists 
the variances. 

ACMODAS3 was run using the following sample mean 
values: dry Mr = 757 ,600 psi, wet Mr = 462,000 psi, stripping 
= 30 percent, summer pan evaporation = 45 in., rate con
stant = .35, dry field performance life = 15 yr, and PAR = 
10 percent . Results are a predicted wet performance life equal 
to 11.8 yr and an Mr cutoff ratio equal to 0.80. Application 
of the sensitivity results in Table 2 shows that the actual wet 
performance life has a range of 10.9 to 12.7 yr at a probability 
of about 67 percent for tight control. About 84 percent of the 
time, the wet life should be at least 10. 9 yr. For general 
control, the range of 67 percent probability is 10.3 to 13.3 yr, 
and the wet life will be at least 10.3 yr at an approximate 
probability of 84 percent. 

Continuing, the Mr cutoff ratio range at 67 percent prob
ability for general control is 0.70 to 0.90, which indicates 
approximately 13.5 yr of minimum wet life at 84 percent prob
ability if a cutoff of 0.90 rather than 0.80 is employed. 

SAMPLE RESULTS 

As previously mentioned, a wet performance life, an Mr cutoff 
ratio, and a BIC comparison (if chosen) are calculated using 
the ACMODAS3 model. Other data printed are the wheel
path ratio (WPR), the percent adhesion change, the percent 

67 

cohesion change, the require wet life (based on PAR), and 
the resilient modulus ratio of the mixture . These data are 
printed in one of two ways: either relative to the dry test 
mixture (test-to-test) or relative to a dry control mixture (test
to-control). This section contains illustrations of how the results 
are interpreted and used. 

Test-to-Test Comparison 

The test-to-test comparison is used mostly for untreated mix
tures (i.e., those with no additives or modifiers). This com
parison shows the relative change between wet and dry spec
imens of a given mixture . The two major results of interest 
are the predicted wet life and the Mr cutoff ratio. 

For this example typical input data are assumed as follows: 

Dry reference performance life = 15 yr; 
dry Mr = 757,600 psi; 
wet Mr = 462,000 psi ; 

stripping = 30 percent ; 
average summer pan evaporation = 45 in.; 

moisture rate constant = 0.35; and 
percent allowable reduction (PAR) = 10 percent. 

Based on these values the mixture's MrR is 0.61 and the 
required wet permanent deformation life using PAR is 13.5 
yr. Output of ACMODAS3 consists of Figures 2 through 5. 
Figure 2 shows the change in WPR with time. Notice that the 
initial dry ratio equals 1 and WPR decreases exponentially to 
the long-term WPR calculated using the laboratory data. Fig
ure 3 shows the percent adhesion and cohesion changes in 
the mixture; in this case, both changes were losses. The com
parison between the mixture's MrR and the Mr cutoff ratio 
is illustrated in Figure 4. Note that the MrR is less than the 
Mr cutoff ratio. Figure 5 contains the printouts of the input 
data and results. 

Because the mixture 's MrR is less than the Mr cutoff ratio, 
the predicted wet life must be less than the required life. This 
is shown in Figures 2 and 5, where the predicted wet life (to 
rutting failure) is 11.8 yr and the required wet life (to rutting 
failure) is 13.5 yr. Thus the mixture is not acceptable and 

TABLE 1 TIGHT AND GENERAL CONTROL VARIAN CE 

VARIABLE TIGHT CONTROL(! ) GENERAL CONTROL( \ ) 

Dry Mr 12 
Wet Mr 12 
Stripping (S) 15 
Pan Evap. (Ep) 15 
Rate Const . (K) 20 

TABLE 2 SENSITIVITY OF RESULTS 

CONTROL WET LIFE VARIANCE ( %) 

Tight 8 

General 13 

18 
18 
20 
25 
30 

Mr cuIOFF RATIO VARIANCE ( %) 

5 

12 
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PHVSICAL PROPERTV RATIO 
WPRCT> 

1..2 
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WPR • = 0.67 
0.2 K 0.35 

~IT = 45.9 
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FIGURE 2 Change of WPR with field time for untreated 
mixture. 

ADHESION-COHESION MODULUS PARAMETERS 

59 

-59 

-100 

X ACP 
-30.0 
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-9.9 

FIGURE 3 Percent change of adhesion and cohesion 
parameters for untreated mixture. 

PERMANENT 
DEFORMATION 
MrR 
COMPARISON 

SPECIMEN 
RATIO 
111.61 

1.. 5 

1 111 CUTOFF 
RATIO 
111.81 

29 

FIGURE 4 Specimen modulus ratio and cutoff requirement 
for untreated mixture. 

TRANSPORTATION RESEARCH RECORD 1228 

needs either to be redesigned or treated with additives or 
modifiers, or both. Figure 3 is helpful in the decision. Here 
the major loss of modulus is due to an adhesion loss; therefore 
an additive that promotes adhesion would be a good choice 
of treatment. (If it was cohesion loss, a cohesion modifier 
would be a choice of treatment.) 

Test-to-Control Mixture 

In continuation of the example, assume that an additive has 
been incorporated into the mixture; thus the effects of that 
additive on both the dry properties of the mixture and on its 
moisture sensitivity are of interest. The test-to-control com
parison is used, as well as a benefit-to-cost analysis. 

The following are the assumed properties of the treated 
mixture (all other data are assumed to remain the same as 
previously shown): 

Dry Mr = 800,000 psi; 

wet Mr = 650,000 psi; 

stripping = 10 percent. 

The control mixture's data are the same as the previous 
untreated mixture's data. In this treated mixture, the additive 
increased the dry Mr slightly and increased the wet Mr sub
stantially, which is encouraging for resistance to permanent 
deformation. The adhesion promotion is shown by the decrease 
in the percent stripping. The associated ACMODAS3 print
outs are shown in Figures 6 through 9. Notice in Figure 6 that 
WPR does not start at 1.0 but rather at something slightly 
greater (approximately 1.1); this means that the dry treated 
mixture has more potential (dry) resistance to permanent 
deformation than the dry (untreated) control mixture. Figure 
7 shows that the additive did increase the adhesion (reduced 
its loss), although it still could have been more effective by 
providing an even larger increase. Also notice that the addi
tive did not change the cohesion significantly, which points 
out that it is an adhesion promoter. Figure 8 shows that MrR 
is greater than the Mr cutoff ratio; thus the mixture now has 
an acceptable wet performance life for rutting distress. This 
acceptable life is 14.2 yr, as shown in Figures 6 and 9. Figure 
9 also shows the result of the BIC analysis using a 7 percent 
increase in the cost of asphalt concrete due to additive inclu
sion (i.e., C = 1.07). The BIC is 1.12, just exceeding the 
minimum B/C uf 1.11, which indicates that this additive can 
be acceptable on the basis of effectiveness. Other additives 
could be tested that might be more effective (i.e., having a 
BIC larger than 1.12). 

Example of Wet Performance Lives from NCHRP 
9-6(1) and Implications 

In this NCHRP study on the development of an asphalt-aggre
gate mixture analysis system conducted by Brent Rauhut 
Engineering, mixtures from several pavement sections are 
being tested for effects of compaction, aging, and prediction 
of resistance to fie ld distresses. For this example, only moi -
ture sensitivity predictions of pavement sections C and W are 
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WHEELPATH RUTTING (ACMODAS3) 
****************************** 

INPUT DATA 

SPECIMEN IDENTIFICATION AND TEST INFORMATION 
EXAMPLE PROBLEM USING THEORETICAL DATA 

DRY REFERENCE WHEELPATH DEFORMATION PERFORMANCE LIFE (years) 15 

PERCENT ALLOWABLE REDUCTION IN FIELD PERFORMANCE LIFE 10 

FIELD MOISTURE RATE CONSTANT (K) 

AVERAGE SUMMER PAN EVAPORATION (Ep), (inches) 

RESILIENT MODULUS OF DRY TEST SPECIMEN (psi) 

RESILIENT MODULUS OF WET TEST SP~CIMEN (psi) 

PERCENT STRIPPING OF WET TEST SPECIMEN 

RESULTS 

• 3 5 

45 

757600 

462000 

30 

RESULTS ARE OF A WET TEST MIXTURE RELATIVE TO A DRY TEST MIXTURE 

WHEELPATH DEFORMATION RATIO (WPR) 0.67 

PERCENT ADHESION CHANGE (\ACP) -30.0 

PERCENT COHESION CHANGE (\CCP) -9.0 

PREDICTED WET WHEELPATH DEFORMATION LIFE (years) 11. 8 

REQUIRED WET WHEELPATH DEFORMATION LIFE (years) 13.5 

SPECIMEN RESILIENT MODULUS RATIO (MrR) 0.61 

RESILIENT MODULUS CUTOFF RATIO 0.81 

FIGURE 5 Data and results for untreated mixture. 

PHYSICAL PROPERTY RATIO 
WPRCT> 

ADHESION-COHESION MODULUS PARAMETERS 
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FIGURE 6 Change of WPR with field time for additive 
treated mixture. 

FIGURE 7 Percent change of adhesion and cohesion 
parameters for additive treated mixture. 
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PERMANENT 
DEFORMATION 

1..5 included to demonstrate that pavements can have unique sen
sitivity to wheelpath rutting distress and to fatigue cracking 
distress. 

M:r>R 
COMPARISON 

SPECIMEN 
RA TI O 
9. 8 6 

J. e 
CUTOFF 
RATIO 
9.77 

Specimens representing the section mixtures were fabri
cated by Texas A&M University under two different com
paction methods: Marshall and Texas gyratory. Antistripping 
additives, which were incorporated into some of the sections, 
were purposely omitted in the gyratory specimens. 

FIGURE 8 Specimen modulus ratio and cutoff requirement 
for additive treated mixture. 

A representative number of compacted specimens was sent 
to the University of Idaho for moisture damage tests. The 
mechanical properties were input into ACMODAS3 to pre
dict relative wet performance lives for the C and W pavement 
sections. Input data (assumed) were a dry field performance 
life of 15 yr, a summer pan evaporation of 45 in. , a moisture 
rate constant of 0.35 for the NCHRP 4-8(3) test and 0.61 for 
the AASHTO T283 test (because of differences in satuation), 

WHEELPATH RUTTING (ACMODAS3) 
****************************** 

INPUT DATA 

SPECIMEN IDENTIFICATION AND TEST INFORMATION 
EXAMPLE PROBLEM USING THEORETICAL DATA 

DRY REFERENCE WHEELPATH DEFORMATION PERFORMANCE LIFE (years) 15 

PERCENT ALLOWABLE REDUCTION IN FIELD PERFORMANCE LIFE 10 

FIELD MOISTURE RATE CONSTANT (K) .35 

AVERAGE SUMMER PAN EVAPORATION (Ep), (inches) 45 

RESILIENT MODULUS OF DRY CONTROL SPECIMEN (psi) 757600 

RESILIENT MODULUS OF DRY TEST SPECIMEN (psi) 800000 

RESILIENT MODULUS OF WET TEST SPECIMEN (psi) 650000 

PERCENT STRIPPING OF WET TEST SPECIMEN 10 

COST RATIO OF TREATED-TO-UNTREATED MIXTURE 1. 07 

WET DEFORMATION PERFORMANCE LIFE OF UNTREATED MI XTURE (year s ) 11.8 

RESULTS 

RESULTS ARE OF A WET TEST MIXTURE RELATIVE TO A DRY CONTRO~ MIXTURE 

WHEELPATH DEFORMATION RATIO (WPR) 

PERCENT ADHESION CHANGE (\ACP) 

PERCENT COHESION CHANGE (\CCP) 

PREDICTED WET WHEELPATH DEFORMATION LIFE (years) 

REQUIRED WET WHEELPATH DEFORMATION LIFE (years) 

SPECIMEN RESILIENT MODULUS RATIO (MrR) 

RESILIENT MODULUS CUTOFF RATIO 

BENEFIT-TO-COST RATIO OF TREATED-TO-UNTREATED MIXTURE 

REQUIRED MINIMUM BENEFIT-TO-COST RATIO 

FIGURE 9 Data and results for additive treated mixture. 
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Lottman and Frith 

and a PAR of 10 percent. Table 3 is a comparison between 
the Marshall specimen and the gyratory specimen results using 
the NCHRP 4-8(3) test method (high saturation). Table 4 is 
the same type of comparison as Table 3 except that the data 
are from the AASHTO T283 test method (moderate satu
ration). Note that both pavement sections had some stripping 
as denoted by the percent adhesion loss. The lack of additives 
in the gyratory specimens is indicated by the greater adhesion 
losses and lower predicted lives in the more highly saturated 
specimens of the NCHRP 4-8(3) test method. The relative 
predicted wet rutting life is significantly lower for C compared 
with W; in fact, no practical decrease of rutting life was pre
dicted for W. Therefore, the C test section is expected to 
develop moisture-sensitive rutting, with a relative loss of life 
from 3 to 5 yr, based on a 15-yr dry rutting life. 

The results of the ACMODAS2 moisture sensitivity pro
gram for fatigue cracking for the C and W sections were 
opposite those concluded from Tables 3 and 4 for rutting. For 
fatigue cracking, W was predicted to develop significant mois
ture-sensitive cracking, with a loss of life from 3 to 5 yr, as 
based on a 15-yr dry fatigue cracking life . C was predicted 
not to have a loss of fatigue cracking life. 

Therefore, the effects of moisture in asphalt concrete on 
the field distresses of wheelpath rutting and fatigue cracking 
can be different and might now be predicted by using methods 
developed for each distress. In ACMODAS2 (fatigue crack
ing), the resistance to moisture is achieved by maintaining 
asphalt concrete toughness, such as high wet indirect tensile 
strength relative to wet resilient modulus . Opposite that, how-
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ever, is the decrease by moisture of modulus more than of 
strength so that the mixture plasticizes. Although mixture 
resistance to fatigue cracking increases, the mixture will become 
less resistant to rutting . This is indicated by a decrease of 
WPR in ACMODAS3 because WPR is related to the modulus 
ratio, not the strength ratio. 

SUMMARY 

ACMODAS3 is a prediction method that predicts the wet 
performance rutting life of asphalt concrete in pavements. It 
deals specifically with the permanent deformation (rutting) 
occurring in the asphalt that is known as creep or plastic flow. 

Laboratory-determined resilient modulus mechanical prop
erties of wet and dry asphalt concrete specimens are translated 
into a physical property ratio, termed the wheelpath ratio 
(WPR), depicting the resistance to moisture on the permanent 
deformation. WPR is derived from two perspectives: theo
retical and practical. In the theoretical method WPR is a 
product of the permanent shear strain ratio (related to mod
ulus ratio) and the lag angle ratio of the two complex com
pliance components. The practical method approximates the 
theoretical approach by relating the lag angle ratio to the 
cohesion change of the mixture, which, in turn, is related to 
percent stripping. 

WPR continuously changes with field time in an exponential 
manner and reaches a laboratory-determined, long-term ratio. 
Environmental factors cause WPR to change from the initial 

TABLE 3 RESULTS COMPARISON USING NCHRP 4-8(3) MOISTURE DAMAGE 
TEST METHOD 

ADHESION COHESION 
PAVEMENT COMPACTION CHANGE CHANGE PREDICTED MrR 
LOCATION METHOD" <Mr. \) (Mr.%> LIFE CXRS>b CUTOFF 

c Marshall -12 -15 12.4 .87 
c Gyratory -36 - 28 9.5 .83 

w Marshall -15 16 15 . 8 . 72 
w Gyratory -34 5 13 . 1 .75 

Notes: .L. Mixtures for gyratory compaction did not contain additives. 
Q... Results are for a dry reference life of 15 years. 

TABLE 4 RESULTS COMPARISON USING AASHTO T283 MOISTURE DAMAGE 
TEST METHOD 

PAVEMENT COMPACTION ADHESION COHESION PREDICTED MrR 
LOCATION METHOD" <Mr.\) (Mr.\) LIFE CYRS)b CUTOFF 

c Marshall -9 -34 10.l . 89 
c Gyratory -11 - 32 10.3 . 88 

w Marshall -12 4 14 .5 . 72 
w Gyratory -19 14 15 . 4 . 54 

~ .L. Mixtures for gyratory compaction did not contain additives . 
Q... Results are for a dry reference life of 15 years. 
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dry-to-dry ratio to the long-term, wet-to-dry, accelerated con
ditioned ratio. The effectiveness of temperature cycles on the 
ingress of moisture over time is partially retarded by the sea
sonal recovery during the summer months. 

In conjunction with Miner's cumulative damage theory, 
WPR is used to estimate the time at which a pavement is said 
to fail-that is, the time when the magnitude of the perma
nent deformation rutting is unacceptable. 

The predicted resilient modulus cutoff ratio is based in part 
on the input percent allowable reduction in life and can be 
used as a specification in asphait concrete mix design to con
trol the loss of permanent deformation life. 

Results can be relative either to a dry test mixture or to a 
different dry control mixture, and they can be used in several 
different ways. Is the mixture moisture susceptible? What is 
causing the moisture damage, adhesion loss, or cohesion loss? 
How does a wet treated mixture compare with a dry untreated 
mixture? Is an additive treatment "cost-effective"? 

ACMODAS3 results are sensitive to changes in resilient 
modulus values and percent stripping, yet large variations in 
life are not caused by small variations in input data. Results 
will vary by 13 percent under the state-of-the-art general var
iances for input variables. 

An application was the prediction of the permanent defor
mation wet lives of test sections from NCHRP Research Proj
ect 9-6(1). It is implied that moisture sensitivity in different 
test sections can be distress specific. For example, it is pre
dicted that one section is rutting-prone and that another is 
fatigue-cracking-prone to moisture in a significant way. 
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Degradation of Dense Aggregate 
Gradings 

BALA SuBRAMANYAM AND Mowu P. PRATAPA 

As the degradation of aggregates affects the properties of bitu
minous concrete, various aspects connected with degradation are 
studied in this article. These include the effect of the method of 
representation of degradation, the necessity of using an appro
priate method to represent degradation, and the effect of type and 
pattern of grading on degradation. It is observed that the amount 
of degradation and the order of the gradings change depending 
on the method adopted to represent it. The defect in using the 
more popular method (i.e., the suface area method) to represent 
the degradation of dense gradings is explored, and the authors 
show that representing degradation by percent increase in the fine 
aggregate of a grading is more appropriate. The selected dense 
gradings (i.e., Fullers, practical continuous, skip and semigap 
gradings) used in different countries in three maximum sizes (25 
mm, 20 mm, and 12.5 mm) are degraded in the Los Angeles 
abrasion machine by a modified procedure to study the effect of 
maximum size, type, and pattern of the gradings on degradation. 
It is observed that semigap-type gradings degrade less, and the 
pattern of gradings is important in the degradation of aggregate 
gradings. 

Of the several types of bituminous pavements, bituminous 
concrete pavements are considered to be the best type. Sev
eral types of dense gradings are used in the construction of 
these pavements in various countries. In the United States, 
India, etc., mostly continuous gradings are used. In the United 
Kingdom and South Africa, semigap gradings are adopted. 
Skip gradings are also tried in the United States, and their 
behavior is studied there and in India. Each type has its own 
advantages and disadvantages. These can be determined by 
studying their behavior either in the field or under laboratory 
conditions. Field studies involve high expenditures, many dif
ficulties, long periods of time, and a lesser possibility of study
ing the effect of several variables. So, to study at least the 
relative behavior of some of the dense gradings used in dif
ferent countries, a simple laboratory procedure has been 
developed and used by Bala Subramanyam (unpublished data) 
in his research. 

In this procedure the selected gradings are degraded in the 
Los Angeles abrasion machine (L.A.M.) using six balls and 
rotating the drum in a different number of revolutions. Using 
these gradings resulting from degradation in the L.A.M., 
Marshall samples are prepared and the behavior of the mixes 
studied. This article reports only on the degradation portion 
of the study. 

B. Subramanyam, Department of Civil Engineering, S. V. University 
College of Engineering, Tirupati-517 502 (A.P.), India. Current affil
iation: Department of Sanitary Engineering, Water Technology Insti
tute, Arba Minch (AWTI) , Ethiopia. M. P. Pratapa, Department 
of Civil Engineering, S. V. University College of Engineering, Tiru
pati-517 502 (A.P.), India. 

Although degradation studies were performed on contin
uous and skip gradings by earlier investigators, semigap grad
ings were not studied along with these gradings. Hence, semi
gap gradings are included in this study. 

Certain other related aspects of degradation were not seri
ously discussed or emphasized in earlier investigations. These 
include the effect of the pattern of the grading and the method 
of representing degradation on the degradation of aggregate 
gradings and the importance of using an appropriate method 
to represent degradation. Hence these aspects are also dis
cussed in this study. 

EXPERIMENT AL PROCEDURE 

Selection of Equipment, Number of Balls, and 
Revolutions 

Compared with the results of many standard physical tests 
used to find out the suitability of aggregates for pavement 
construction, the results of the Los Angeles method have 
correlated very well with the performance of aggregates in 
the field (1-3). 

Encouraged by the results of the L.A.M. , several investi
gators ( 4-6) modified its standard procedure for different 
purposes. 

As done by other investigators, in the present investigation 
the Los Angeles method is modified by changing the gradings, 
number of balls, and number of revolutions used in the stand
ard procedure. In the present investigation the selected grad
ings were degraded by using six balls and rotating the drum 
for 100, 175, 250, 500, and 1,000 revolutions. 

The number of balls and of revolutions was decided while 
keeping in mind the rate and amount of degradation of dense 
gradings in the field, as reported in the study by Goode and 
Owings (7). In their work they studied the degradation of few 
gradings in the field. Depending on the type of grading, aggre
gate, and base of pavement (rigid or flexible), the degradation 
(expressed as a percent increase in fine aggregate, adopted 
in the present investigation) ranged from 3 to 9 percent over 
a period of 4 to 10 yr. Taking the degradation as about 6 
percent over 7 yr, the degradation of dense gradings may be 
about 25 percent over a period of 25 to 30 yr, which can be 
considered the life of bituminous concrete pavements that are 
properly maintained. In the preliminary studies performed on 
20-mm, maximum size Fuller's grading (20 F grading), using 
three and six balls, it was found that a degradation of 25 
percent was obtained at 500 revolutions, when six balls were 
used. Further, the rate of change of degradation was reason-
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able when six balls were used. To study the degradation of 
dense gradings further , from an academic point of view , it 
was decided to perform the degradation up to 1,000 revolu
tions. Thus on a rough basis the number of balls and the 
number of revolutions were decided for degrading the selected 
gradings. 

Materials 

River gravel, fine aggregate , and filler were all obtained from 
the same river bed near Kodur, 50 km from Tirupati. The 
engineering properties of these materials are given in Table 1. 

Gradings Selected 

Ten entirely different dense gradings, theoretical and practical 
gradings used in different countries, in three maximum sizes 
(25 mm, 20 mm, and 12.5 mm) were chosen for the study. 
These are three theoretical continuous gradings in three max
imum sizes (25 F, 20 F, and 12.S F), two 20-mm maximum 
size practical continuous gradings (20 IV B and 20 M), three 

TABLE 1 PROPERTIES OF MATERIALS 

Property 

Coarse Aggregate 
Impact value 
Crushing value 
Los Angeles abrasion value 

(B grading) 
Water absorption 

Specific Gravity 
Coarse aggregate 
Fine aggregate 
Filler (natural aggregate dust) 

TABLE 2 SELECTED DENSE GRADINGS 

Percent Passing (by weight) 

Sieve Fuller's Gradings" 
Size 
(mm) 25 p 20 F 12.5 F 

25.u lUU.U 
20.0 89.4 100.0 
12.5 70.7 79.0 100.0 
10.0 63.2 70 .7 89.5 

4.75 43.6 48.7 61.6 
2.36 30.7 34.3 43.4 
1.18 21.7 24.3 30.7 
0.60 15.5 17.3 21.9 
0.30 10.9 12.2 15.5 
0.15 7.8 8.7 10.9 
oms 5.5 6.1 7.8 

Value 

5.28 % 
14.71 % 
16.58% 

0.62% 

2.635 
2 .728 
2.681 

Skip Gradingsc 

25 s 20 s 
100 

95 100 
95 95 
68 95 
50 59 
36 43 
36 43 
36 43 
12 13 
12 13 
5 6 
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skip gradings (25 S, 20 S, and 12.5 S) , and two semigap grad
ings (25 S.G. and 12.5 S.G.). These gradings are given in 
Table 2 and Figures 1, 2, and 3. 

Degrading the Selected Gradings 

The material obtained from the river bed was separated into 
the required sizes; the fractions above 0.30 mm were cleaned 
with water, air dried, oven dried at 105°C, and stored in 
separate tins. As the degradation of dense gradings is minimal, 
the fractions less than 10 mm were separated using a gyratory 
sieve shaker for 25 min. The set of sieves used for separating 
the fractions before and after degradation is given in Table 2. 

The selected gradings were degraded in the L.A.M. by 
taking a 5,000-g sample of the initial grading with six balls 
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FIGURE 1 25 mm maximum size gradings. 

Semigap Practical 
Gradings Continuous Gradings 

12.5 s 25 S.G.d 12.5 S.G .< 20 IV Bf 20 M• 

100.0 
85.0 100.0 100 

100.0 70.0 100 90.0 90 
95.0 62 .5 82 80.0 84 
70.0 46.5 53 60 .0 74 
49.5 42.0 44 42.5 65 
49.5 39.0 42 33 .0 56 
49.5 35.0 39 23.S 40 
15.0 26.0 31 18.0 20 
15.0 16.0 14 12.0 7 
6.0 4.0 5 7.0 3 

•formula I' = JOO (d/D)0·5 in which P = total percentage pussing given sieve; d = size of sieve opening; and D = largest size (sieve opening) in gradation . 
"25 11111\ maximum siz ·Puller' · grnding (similarly other grading , also ; number representing maximum size o f the grading and the letter representing type). 
' Adopted from A TM ( ) grading . 
"Marais (9). 
' Bnrder Greene Co. (JO), Michigan State grading. 
fThc Asphalt Institute (11) IV B grading. 
CGoode and Owings (7), adopted grading from the plotted graph of Maryland grading. 
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FIGURE 3 12.S mm maximum size gradings. 

and rotating the drum up to 100, 175, 250, 500, and 1,000 
revolutions. As the degradation of a dense graded material 
is very small, utmost care was taken in sieving the degraded 
material. 

OBSERVATIONS AND ANALYSIS OF TEST 
RESULTS 

Representation of Degradation 

Several methods have been used by various investigators to 
represent degradation. Each method has its own advantages 
and disadvantages. No method is effective in all situations. 
So either a general method, such as the surface area method, 
or one appropriate to a particular study or some arbitrary 
method has been used in earlier research. 

The degradation of the selected dense gradings is expressed 
by three methods-percent increase in surface area ( calcu
lated using surface area factors given in Table 3), percent 
increase in filler (material passing a 0.075-mm sieve), and 
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TABLE 3 SURFACE AREA FACTORS FOR DIFFERENT 
AGGREGATE SIZES 

Sieve Size (mm) 
Surface Area 

Passing Retained Factors" ( cm2/g) 

25 20 1.1 b 

20 12.5 1.62< 
12.5 10 2.29< 
10 4.75 4.0 
4.75 2.36 6.3 
2.36 1.18 12.7 
1.18 0.60 18.9 
0.60 0.30 30.0 
0.30 0.15 100.0 
0.15 O.D75 205.0 
0.075 Pan 615.0 

•Assumed specific gravity = 2.65 . For values other than 2.65 , multiply 
the above factors by 2.65/sp.gr. Adopted from Ramana Sastry and 
Rao (6). 
bAdopted from Dunn (12). 
<Adopted from Somayajulu (13). 

percent increase in fine aggregate (material passing a 2.36-
mm sieve and retained on a 0.075-mm sieve)-that are appro
priate in this method. The values are given in Table 4. The 
values obtained by the percent increase in fine aggregate method 
(adopted in this study) are also shown in Figure 4. To give 
an idea of the degradation of gradings at different revolutions, 
the degradation of 25 Sand 12.5 S.G. gradings is also shown 
by grain-size distribution curves at 175, 500, and 1,000 rev
olutions in Figures 5 and 6, respectively . As the curves come 
very close, the degradation at 100 and 250 revolutions is avoided . 

Effect of Method on Degradation 

The values given in Table 4 show that the amount of degra
dation at the same number of revolutions is not the same with 
all the methods, even though the amount of breaking of the 
particles of a grading is the same at the same number of 
revolutions. This indicates the effect of the method on the 
amount of degradation. 

Further, when the degradation is expressed by different 
methods, the order of the gradings from a degradation point 
of view also changes, as can be observed from the values 
shown in Table 4. This is due to the difference in the devel
opment of varying amounts of surface area, filler, and fine 
aggregate in different gradings. The order of the gradings in 
different methods is given below (maximum degradation first) . 
In deciding this order the degradation of the gradings at 500 
and 1,000 revolutions is given more importance, as at lesser 
revolutions the values are contradictory for some gradings 
because of experimental limitations. 

Method of Degradation 

Percent increase in surface 
area 

Percent increase in filler 

Percent increase in fine 
aggregate 

Order of the Gradings 

25 F, 25 S, 20 F, 20 M, 25 
S.G., 20 S, 12.5 S.G. , 12.5 F , 
20 IV B, and 12.5 S. 
25 S.G., 20 M, 12.5 S.G., 25 
S, 25 F, 20 F, 20 S, 12.5 S, 20 
IV B, and 12.5 F. 
25 F , 20 F, 12.5 F, 20 S, 12.5 
S, 20 IV B, 25 S, 12.5 S.G., 
20 M, and 25 S.G. 
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T ABLE 4 DEGRAD ATION OF THE SELECTED G RADINGS EXPRESSED BY DIFFERENT METHODS 

Method of Degradation 
D egradation at Different Revolutions of L.A.M. 

(% Increase over Original) 100 Rev 175 Rev 
(1) (2) (3) 

25 F Grading 
Surface area 11.0 23 .2 
Filler 11.1 25.9 
Fine aggregate 8.3 14.2 

20 F Grading 
Surface area 11.l 21.0 
Filler 12.1 23.9 
Fine aggregate 6.4 10.8 

12.5 F Grading 
Surface area 6.1 14.4 
Filler 6.6 15 .9 
Fine aggregate 5.4 9.5 

25 S Grading 
Surface area 12.3 22.2 
Filler 14.8 28.0 
Fine aggregate 6.0 9.8 

20 S Grading 
Surface area 5.3 14.0 
Filler 5.1 13.7 
Fine aggregate 4.6 10.4 

12.5 S Grading 
Surface area 7.0 12.5 
Filler 7.7 14.8 
Fine aggregate 7.3 11.3 

20 IV B Grading 
Surface area 6.0 13.4 
Filler 6.8 15.3 
Fine aggregate 5.7 9.8 

20 M Grading 
Surface area 17.1 24 .3 
Filler 36.7 52 .7 
Fine aggregate 0.8 1.8 

25 S.G. Grading 
Surface area 15.9 22 .6 
Filler 42.5 55.5 
Fine aggregate 0.5 1.0 

12.5 S.G . Grading 
Surface area 11.8 18.4 
Filler 22.2 35.0 
Fine aggregate 2.8 5.5 

It is interesting to see that the 25 S.G. grading is the least 
degraded one when expressed by percent increase in fine 
aggregate method ; when expressed by the percent increase 
in filler method, however, the same grading is the most highly 
degraded one. 

Thus because the degradation of gradings and the order of 
the gradings are not the same, it is necessary that an appro
priate method be selected when degradation is expressed by 
different methods. Otherwise, a wrong decision may be made 
in selecting or placing the gradings in the order of preference 
from a degradation point of view. 

Selection of the Appropriate Method 

Degradation has an effect on the performance of the product 
in which it takes place. It is mainly for this reason that deg
radation studies are performed . Thus, a method of degra-

250 Rev 500 Rev 1,000 Rev 
(4) (5) (6) 

31.9 66 .4 123 .5 
36.9 77.0 146.5 
16.9 28.4 52.4 

29.9 59.9 113.8 
34.5 71. 4 139 .5 
14.2 26.8 46 .2 

21. 0 41.2 72.4 
24 .4 49.5 85.5 
12.3 23 .3 45 .1 

32.1 59.9 116.7 
43.0 88.8 176.8 
12.1 20.7 37.0 

20.2 46.1 82.3 
22.3 60.3 112.0 
14.6 23.9 40 .3 

18.5 35.8 68 .5 
24.0 49. 2 102.0 
14.0 24.1 36.4 

19.2 26.7 73.0 
22 .7 44.0 94.9 
12.8 23.0 35.9 

33.4 58.9 101.3 
72 .0 125.3 218.0 
2.8 6.1 10.6 

30.5 52.5 95 .2 
73.5 125.0 225.5 
2.6 5.2 11.2 

27.0 47 .2 77.4 
55.4 93 .6 160.8 
6.3 13.9 25.7 

dation whose values have a bearing on the performance of 
the product in which it takes place should be selected to 
represent degradation . Collett et al. (14), Dunn (12) , and 
others studied the degradation of base course aggregates and 
expressed degradation as the percent increase in the material 
passing a 0.075-mm sieve , as it is this material that affects the 
stability of the base course when it gets mixed with subsurface 
water . 

From this point of view the effects of the surface area of 
the grading, the filler content , and the fine aggregate content 
on mix properties are examined here to decide the suitable 
method to represent degradation. 

In Table 5 the total surface area of the grading, surface 
area of the filler in the grading, and surface area of the grading 
excluding filler are shown for the original grading and for that 
developed after 1,000 revolutions for 12.5 F grading. These 
values are 6542, 4705, 1837 and 11276, 8717 , 2557 sq cm/100 
g for the respective gradings. These values show that the 
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greatest part of the surface area of the grading is contributed 
by the filler content alone. In other words the degradation 
expressed as the percent increase in surface area is more or 
less the same as that expressed in terms of the percent increase 
of filler content . This is evident in the case of most of the 
dense gradings , as can be seen from the values shown in Table 
4. Hence, if the properties of the bituminous concrete mixes 
are shown to be affected by degradation expressed by percent 
increase in surface area, it also amounts to saying that the 
mix properties are affected by a change in filler content. 
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TABLE 5 INFLUENCE OF FILLER ON THE SURFACE 
AREA OF A GRADING (12.5 F GRADING) 

Total surface area ( cm2/100 g of 
the grading) 

Surface area of the filler portion 
only (cm2

) 

Surface area of the grading 
leaving filler ( cm2

) 

Grading 

Original 

6,542 

4,705 

1,837 

At 1,000 
Revolutions 

11,276 

8,717 

2,557 

Campen et al. (15), who studied the mix properties in rela
tion to the surface area of the gradings, concluded that the 
minimum voids in the aggregate do not indicate the surface 
area of the aggregate and that the asphalt requirement is not 
directly proportional to the surface area. Further, Lefebvre 
(16), who studied the effect of type and amount of coarse 
aggregate , fine aggregate, fine sand in fine aggregate , and 
filler on the Marshall properties , concluded that the type and 
amount of fine aggregate have a more pronounced effect on 
such important properties as stability, voids in mineral aggre
gate, and air voids in the mixes . Shklarsky and Liveneh (17) 
conducted extensive studies on the effect of fine aggregate on 
bituminous mixes; they concluded that the influence of fine 
aggregate in the gradation in question is decisive. 

To prove the greater influence of fine aggregate over sur
face area or filler content on mix properties, Marshall stability 
values are plotted at various levels of degradation expressed 
by the three methods in Figure 7. In the figure the degradation 
shown is the total of the degradation at any specified number 
of revolutions in the L.A.M. and the degradation taking place 
in the Marshall mold because of compaction when the spec
imens are prepared. The curves show that for a certain amount 
of rise or fall in stability, the change required in the amount 
of fine aggregate is less than that of the surface area or filler 
content. This means that the stability is more sensitive to 
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variation in fine aggregate than in surface area or filler con
tent. The same thing holds true for other mix properties and 
also in the case of other gradings. 

From the preceding observations, it becomes clear that the 
mix properties arc more sensitive to variation in fine aggregate 
than to surface area or filler; hence, expressing degradation 
by percent increase in fine aggregate is more appropriate than 
by percent increase in surface area of the grading or by percent 
increase in filler content. This method is also direct and sim
pler, and degradation curves drawn by this method are also 
smooth, as can be seen in Figure 4. 

Degradation of the Selected Gradings 

On the basis of the degradation that occurred on the selected 
dense gradings, the following observations are made. 

1. The systematic upward shift of the degradation curves 
(Figure 5 and 6) shows that the pattern of degradation is 
unique and is the same whatever the type of grading. Further, 
the degradation curves in Figure 4 show that the degradation 
is a systematically increasing one, the rate of increase declin
ing with the increase in the repetition of the same load. This 
shows that as the degradation continues, the gradings become 
rich in fine aggregate and the amount of degradation decreases. 
From this it can be inferred that fine aggregate content increases 
in gradings of the same maximum size; the degradation 
decreases. This must be due to the cushioning effect of the 
increased fine aggregate and filler and the decrease in coarse 
aggregate. 

2. In the case of skip gradings, the gaps get covered because 
of degradation, and this coverage is systematic; and if the deg
radation is continued, the skip gradings become continuous 
gradings with increased fine aggregate and filler (Figure 5). 

3. From a degradation point of view the order of the grad
ings in a decreasing order of degradation is as follows: 

a. Order of the gradings in the same maximum size: 
25-mm gradings 25 F, 25 S, 25 S.G. 
20-mm grading 20 F, 20 S, 20 IV B, 20 M 
12.5-mm grading 12.5 F, 12.5 S, 12.5 S.G. 
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b. Order of the gradings in the same gronp: 
Fuller's gradings 25 F, 20 F, 12.5 F 
Skip gradings 20 S, 12.5 S, 25 S 
Semigap gradings 12.5 S.G., 25 S.G. 
Practical continuous 20 IV B, 20 M 

gradings 
c. Order of the gradings when all the gradings are 

considered: 
25 F, 20 F, 12.5 F, 20 S, 12.5 S, 20 IV B, 25 S, 12.5 
S.G., 20 M, and 25 S.G. 

From the preceding orders the following conclusions can 
be drawn: 

1. Within the same maximum size gradings Fuller's grad
ings degraded the most, followed by skip and either practical 
continuous gradings such as 20 IV B or 20 M or semigap 
gradings. This must mainly be due to a lesser amount of fine 
aggregate and filler in Fuller's gradings when compared with 
other gradings. 

2. Within the same group of gradings, the degradation of 
Fuller's gradings followed a definite pattern. In these grad
ings, as the maximum size decreased, the degradation also 
decreased. But the same trend is not observed with skip or 
semigap gradings. This is because these gradings are not derived 
by the same procedure as Fuller's gr;dings. and because of 
their pattern. In the case of skip gradings the higher maximum 
size skip grading (25 S grading) degraded less than the other 
two lower maximum sizes. This is because of the missing 20-
mm to 12.5-mm fraction in the coarser portion of the 25 S 
grading. Such a large gap in the coarser portion is not present 
in the other two smaller, maximum size skip gradings. Because 
of this gap, the fraction above the gap (i.e., 25-mm to 20-mm 
size fraction), first degraded to 20-mm and 12.5-mm size in 
greater amounts before it broke further into still smaller sizes. 
Thus the pattern of 25 S grading made it degrade less. In the 
case of semigap gradings, although the amount of fine aggre
gate and filler, which gives cushioning effect, is almost the 
same (42 percent in the 25 S.G. grading and 44 percent in the 
12.5 S.G. grading), the lower maximum size 12.5 S.G. grading 
degraded more than the higher maximum size 25 S.G. grad
ing. This again is due to the pattern of these two gradings 
(Figures 1 and 3). 

Thus the general observation normally made that the deg
radation reduces as the maximum size of the gradings decreases 
may hold true when gradings of different maximum sizes are 
derived by the same procedure, as observed with Fuller's 
gradings. Otherwise, it is the pattern of the gradings that 
controls their degradation. So, one should not be misguided 
by the mere mention of the maximum size of the gradings 
while considering the gradings from a degradation point of 
view. 

The effect of the pattern of the gradings can also be observed 
in the case of gradings of the same maximum size. Although 
the amount of fine aggregate and filler content of 12.5 F and 
12.5 S.G. gradings is almost the same (about 44 percent), 12.5 
F grading degraded more than 12.5 S.G. grading. 

3. Among the various gradings studied semigap gradings 
and 20 M grading with 65 percent fine aggregate and filler 
degraded less. This may perhaps be one of the reasons for 
the greater durability of pavements constructed with semigap 
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graded mixes compared with the continuous graded mixes of 
the 20 IV B type of grading. 

CONCLUSIONS 

From the preceding observations and discussion, the following 
conclusions are drawn. 

1. The amount of degradation of aggregate gradings depends 
on the method used to express it. The order of the gradings, 
from the degradation point of view, changes with the change 
in methods adopted to express degradation. 

2. In expressing degradation, a method whose values have 
a bearing on the performance of the product in which it takes 
place should be used. In the case of dense gradings, it is more 
appropriate to represent degradation by the percent increase 
in fine aggregate than the percent increase in surface area or 
filler, as the mix properties are more sensitive to variation in 
fine aggregate content. 

3. The maximum size of the gradings does not alone decide 
the degradation of gradings. The pattern of the gradings is 
also important. 

4. The order of the selected gradings, in decreasing order of 
degradation, is 25 F, 20 F, 12.5 F, 20 S, 12.5 S, 20 IV B, 25 S, 
12.5 S.G., 20 M, and 25 S.G.; 25 Fis degrading maximum. 
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Comparative Evaluation of Laboratory 
Compaction Devices Based on 
Their Ability to Produce Mixtures with 
Engineering Properties Similar to 
Those Produced in the Field 

ALBERTO CONSUEGRA, DALLAS N. LITTLE, HAROLD VoN QUINTUS, AND 

JAMES BuRATI 

A major objective of the Asphalt Aggregate Mixture Analysis Sys
tem (AAMAS), sponsored by the National Cooperative Highway 
Research Program (NCHRP), is to ensure that laboratory-molded 
mixtures will be fabricated in a manner that will adequately sim
ulate field conditions and, consequently, yield reliable engineering 
properties. This paper describes a field and laboratory study that 
evaluates the ability of five compaction devices to simulate field 
compaction. The compaction devices evaluated were selected on 
the basis of their availability, uniqueness in mechanical manipu
lation of the mixture, and potential for use by agencies responsible 
for asphalt mixture design. The devices evaluated are (a) the mobile 
steel wheel simulator, (b) the Texas gyratory compactor, (c) the 
California kneading compactor, ( d) the Marshall impact hammer, 
and (e) the Arizona vibratory-kneading compactor. The ability of 
the five laboratory compaction devices to simulate field compaction 
is based on the similarity between engineering properties (resilient 
moduli, indirect tensile strengths and strains at failure, and tensile 
creep data) of laboratory-compacted samples and field cores. Five 
projects were selected for this study. Project locations were in 
Texas, Virginia, Wyoming, Colorado, and Michigan. The field 
compaction procedure used at the sites was the standard procedure 
used by the state highway departments responsible for the high
ways involved. Overall, the Texas gyratory compactor demon
strated the ability to produce mixtures with engineering properties 
nearest those determined from field cores. The California kneading 
compactor and the mobile steel wheel simulator ranked second 
and third, respectively, but with very little difference between the 
two. The Arizona vibratory-kneading compactor and the Marshall 
impact hammer ranked as least effective in terms of their ability 
to produce mixrures with engineering properties similar to those 
from field cores. 

The National Cooperative Highway Research Program 
(NCHRP) is sponsoring the development of an asphalt aggre
gate mixture analysis system (AAMAS) for the laboratory 
evaluation of asphaltic mixtures. A major objective of the 
study is to ensure that laboratory mixtures will be fabricated 
in a manner that adequately simulates field compaction and, 
consequently, will yield reliable engineering properties. 

A. Consuegra and D. N. Little, Texas Transportation Institute , Texas 
A&M University, CErrTI Building, Room 508, College Station 77843. 
H . Von Quintus, Brent Rauhut Engineering, Inc., 10214 l.H. 35 
North, Austin, Tex. 78753. J. Burati, Clemson University, 110 Lowry 
Hall, Clemson, S.C. 29634-0911. 

Brent Rauhut Engineers, Inc. (BRE), is the prime con
tractor of the AAMAS project. Under this research program, 
BRE and their subcontractors are developing a design system 
based on performance-related criteria that will account for a 
wide range of distress mechanisms (e.g., fatigue cracking, 
thermal cracking, permanent deformation, moisture damage, 
age hardening). The evaluation system will also set standards 
for preparing, conditioning, and testing the test specimens 
and will specify criteria for mixture selection. 

The Texas Transportation Institute (TII) , under the direc
tion of BRE, was responsible for the implementation of an 
experimental program to evaluate the elements of laboratory 
sample preparation necessary to duplicate field conditions 
closely enough to yield realistic engineering properties of the 
asphalt concrete mixtures. 

The specific objective of the research conducted by TII 
was to evaluate a variety of laboratory compaction methods 
that are widely used and/or have the potential to mimic field 
compaction. The study was to select the compaction technique 
best able to achieve material and engineering properties (per
cent air voids, aggregate particle orientation , strength, stiff
ness, etc.) similar to those of the material placed in the field 
using standard compaction practices. Other factors whose effects 
were contemplated were compaction temperature, size of 
compaction mold , and maximum aggregate size (1). The com
paction techniques selected tor study and comparison were 
gyratory shear, kneading, impact, rolling wheel, and static 
load. 

Field sites were selected by research team members for the 
study. Sites were selected so that a wide range of aggregate 
sizes and gradations would be represented, yet the ability and 
probability of maintaining close control of field variables were 
also a requirement. 

Five compaction devices were selected for the study: 

1. Texas gyratory shear compactor, 
2. California kneading compactor, 
3. Marshall impact compactor, 
4. mobile steel wheel simulator, and 
5. Arizona vibratory-kneading compactor. 
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These devices were selected because of the unique compac
tion techniques produced by each of them (e.g., gyratory 
action, kneading action , impact, simulated rolling wheel, and 
vibratory-kneading action, respectively (2-8). 

One other compaction device was initially considered in 
this study, the Waterways Experiment Station (WES) gyra
tory compactor. The WES gyratory (3) was not made available 
for this study ; however, it is the intent of AAMAS to evaluate 
this device as part of an extended program. 

RESEARCH APPROACH 

The first step in the evaluation was to collect field cores and 
samples of asphalt , aggregate , and loose mix from the drum 
plants and to transport them in sealed containers from the 
field projects selected for this study to the laboratory. Spec
imens were manufactured by reheating the loose mix in the 
laboratory oven and then compacted at or near the same 
average air-void content that was produced in the field using 
a traditionally used field compaction method. 

Compaction curves (compaction energy versus air void con
tent) were developed for each material and for each com
paction device in order to select the energy required for each 
device to produce the target air void content established by 
the field cores. Once laboratory samples were fabricated with 
each compaction device at the target air void content for each 
site, triplicate field cores and laboratory-prepared samples 
were tested for indirect tensile strength, indirect tensile creep, 
and diametral resilient modulus. Indirect tensile and resilient 
modulus testing was performed at41°F, 77°F, and 104°F; creep 
compliance testing in the diametral mode was performed only 
at 77°F. 

The laboratory compaction methods were prioritized on the 
basis of their ability to produce samples with engineering 
responses in close agreement with those measured from field 
cores. 

The full-scale test matrix consisted of five field projects that 
will be discussed subsequently, five compaction devices, three 
test temperatures (41°F, 77°F, and 104°F, except for creep 
testing, which was performed only at 77°F), and three repli
cates per test cell. The mean and variance of the laboratory 
specimens compacted with the different devices were com
puted and compared with field core statistics to determine 
whether or not a significant difference existed between the 
field cores and the laboratory-fabricated samples for each 
engineering property. 

All mixtures were prepared at Texas A&M University's 
Texas Transportation Institute. Indirect tensile testing and 
indirect tensile creep testing were performed at Texas A&M. 
Resilient modulus testing was performed at Texas A&M and 
the University of Texas at Austin . 

Selection of Field Projects 

Field sites were selected partially on the basis of their potential 
for permitting the exercise of control over the variables influ
encing compaction (1). In other words, the first selection 
criterion was that the project must meet certain minimum 
standards ensuring that the variability of the following factors 
could be adequately controlled: compaction process, aggre-
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gate consistency and gradation consistency, base placement 
temperature, mixture placement temperature, consistency of 
the mixing plant, and air void content. Other variables that 
were considered in project selection included asphalt type and 
grade, aggregate size and type , and mix plant type . 

Five field projects were selected. Each project possessed 
unique characteristics, which are discussed next. 

Colorado 

The site selected was a section of a two-lane rural highway, 
designated as State Route 9. The goal of this project was to 
extend pavement life by means of an overlay. The process 
began with a leveling course averaging 1.5 in. in thickness. 
On top of the leveling course, a nonwoven geotextile (Trevira) 
was placed. This was followed by the placement of two lifts, 
each 1.5 in. thick, of a dense-graded surface course mix. The 
surface course layer was evaluated in this study. 

Michigan 

This project was an overlay for a rural two-lane highway 
designated as State Route M21. To assure that cores were at 
least 1.5 in . high, the state and the contractor agreed to increase 
the mat thickness in the area of the test sections to 1. 75 in . 

Texas 

The Texas project was located on Highway 21. This was a 
major reconstruction project converting an existing two-lane 
roadway into a four-lane divided highway. The thickness 
of the asphalt concrete lifts varies transversely across the 
roadway from 2 to 3 in. 

Virginia 

This was a reconstruction project of a two-lane highway des
ignated as State Highway 621. It consisted of placing 4 in. of 
an asphalt concrete base on top of an untreated aggregate 
base course . An asphalt concrete binder and surface course 
were to be placed on top of the asphalt concrete base mix. 

Wyoming 

This project consisted of the overlay of a four-lane divided 
interstate highway, designated as IH-80, with a recycled mix
ture. Four inches of existing asphalt concrete pavement in the 
driving lane in each direction was removed by cold planing. 
This material was recycled back into the asphalt concrete mix 
in a combination of 40 percent reclaimed material and 60 
percent new aggregate. 

More detailed characteristics of these projects are depicted 
in Tables 1 and 2. These tables refer to the aggregate blends 
and asphalt types. Several other considerations should be noted: 
all mixtures were fabricated in drum mix plants and placed 
at temperatures ranging from 275°F to 310°F. The compaction 
trains used in the field projects included (a) vibratory rolling 
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TABLE 1 SUMMARY OF AGGREGATE BLENDS USED IN FIELD PROJECTS 

llggregll.te 
Blend 

Fine 

OOlorado 

Pit run 
gravel 

Pit run 

30% 

70% 

Texas 

3/4" crushed 
limestone 

3/811 crushed 
limestone 

Limestone 
screenings 

Field sand 

Michigan 

Pit run 
35% gravel 

33% 

concrete 
15.1% sand 
16.9% Blend sand 

3CS sand 

Virginia wyanin:J 

Trap rock RAP - 40% 
39% #56 60% coarse gravel 40% 

Trap rock 
#8 5% 

crushed fines Fine gravel 20% 
25% #10 20% 

16% Natural sand 15% 
20% 

TABLE 2 TYPE AND PERCENTAGE OF ASPHALT AND ADDfTIVES USED AT JOB SITE 

Material OOlorado Michigan 

llSphalt Sinclair Marathon 
.llC-10 5.5% (85-100) 5.6% 

.Md.itive PaVe bond 0.4% 

for breakdown compaction followed by static rolling for finish 
compaction, (b) static rolling for breakdown compaction fol
lowed by pneumatic rolling for intermediate compaction and 
static rolling for finish compaction, and (c) pneumatic rolling 
for breakdown compaction followed by static rolling for finish 
compaction. All projects were constructed during the summer 
of 1988 so that the base placement temperature varied only 
from 90°F to 120°F. 

Material Handling and Specimen Preparation 

The sampling of asphalt concrete mixtures for laboratory spec
imen preparation was performed in such a way as to ensure 
random selection of trucks and to prevent segregation of mix
tures. Properly sealed containers were used to transport 
mixtures, and great care was taken to provide full mixture 
documentation and temperature histories. 

The sampling of asphalt concrete cores from the roadway 
was performed in accordance with the following sequence: 

1. Drill cores from pavement test section, 
2. Allow cores to cool and dry, 
3. Identify cores by test section and subset, and 
4. Wrap cores with clear tape (for protection during trans

portation) and place them in bags with "zipper" tops 
(imperm able to air and water) . 

Figure 1 depicts the flowchart of the compaction study 
developed by BRE and implemented by TTI for specimen 
preparation. 

Approximately 25 field cores were drilled from each project 
the day after rolling compaction. These cores were then col
lected and stored in the laboratory for testing. Nine of the 25 
cores were tested for resilient modulus (three replicates), indi
rect tensile stress and strain at failure (three replicates), and 

Texas Virginia ~ 

E>Cxon Chevron Sinclair 
.llC-20 5.5% .llC-20 4.5% .llC-20 2.75% 

.l\CRA 1000 0.6% Hydrated 
Lime 1.00% 

indirect tensile creep (three replicates). Because material 
properties of these field cores were determined on sets of 
three replicate samples, it was necessary to arrange field cores 
in sets in a manner that would minimize the variance of air 
void content within a set, yet avoid any statistical difference 
between the mean of air voids in any set and the mean of air 
voids in the overall project . Laboratory-compacted samples 
were prepared at a void content approximately equal to the 
mean void content of all field cores from a selected project . 

Table 3 presents air void content summaries for all field 
projects. The field section selected was that which used a 
compaction procedure prescribed by the state agency in which 
the project was located. The program for preparation and 
compaction of laboratory specimens was as follows: 

1. Reheat the loose mix to the same compaction temper
ature as was used in the field, and 

2. Determine compactive effort (7, 9,10), by trial and error, 
for each compaction device required to produce the mean 
air void content derived from field cores for the project in 
question . 

Table 4 presents a summary of the compactive efforts 
required for each compaction device and for each project to 
equal the mean air void content of field cores. 

Compaction Devices Used in the Study 

Marshall Hammer 

The Mechanical Marshall Hammer was used to prepare lab
oratory samples to simulate an impact-type compaction. All 
specimens were compacted in accordance with the procedure 
presented in "Resistance to Plastic Flow to Bituminous Mix
tures Using the Marshall Apparatus" (AASHTO T245-82) 



Saropl:in;J 

Measure Specific Gravity 

of BouOO Material 

Determine Air Voids 

of Field Cores 

Recompact Samples 

Air Voids vs. eompactive Effort 

Compact to Mean 

Air Voids of Cores 

Select Sample Sets 

Test Cores arrl Specimens 

Compare Data Sets 

FIGURE 1 Flowchart of compaction study. 

TABLE 3 SUMMARY OF AIR VOID INFORMATION FROM FIELD CORES 

Statistical Section (Compaction Train) 
Project Data 

VB/SS SP/SS PB/SS 

Colorado Mean 8.19 

Standard Deviation 0.936 

Michigan Mean 4.21 

Standard Deviation 0.63 

Texas Mean 8.75 

Standard Deviation 0.966 

Virginia Mean 5.85 

Standard Deviation 1.193 

Wyoming Mean 5.77 

Standard Deviation 0.688 

Note: VB/SS Vibratory roller for breakdown compaction followed by a 
static steel wheel roller for finish compaction. 

SP/SS static roller for breakdown compaction followed by a 
pneumatic roller for intermediate compaction and a static 
steel wheel roller for finish compaction. 
Pneumatic-rubber tired roller followed by a static steel 
wheel roller. 

PB/SS 
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TABLE 4 SUMMARY OF COMPACTIVE EFFORTS REQUIRED TO COMPACT 
LABORATORY SAMPLES USING DIFFERENT COMPACTION DEVICES TO 
SIMULATE AIR VOIDS IN FIELD CORES 

2. 

Marsha 11 Hammer 
Colorado 
Michigan 
Texas 
Virginia 
Wyoming 

California Kneading Compactor 

(Blows per Face) 
20 
23 
18 
47 
39 

(Number of Tamps and Tamping Pressure) 

Colorado 
Michigan 
Texas 
Virginia 
Wyoming 

(psi) 
20 (250) 
25 (500) 
20 (250) 
50 (500) 
20 (250) 

3. Texas Gyratory (Gyration Pressure, Number of Gyrations 

4. 

Colorado 
Michigan 
Texas 
Virginia 
Wyoming 

Mobile Steel Wheel Simulator 
Colorado 
Michigan 
Texas 
Virginia 
Wyoming 

with the exception of mixing temperature and varying the 
number of blows. To produce laboratory specimens with vary
ing air voids, the number of blows was varied from 10 to 100 
on both faces of the asphalt concrete mix. 

California Kneading 

The Cox and Sons Kneading Compactor was used to simulate 
a kneading-type compaction in this study. All specimens were 
compacted in accordance with "Preparation of Test Speci
mens of Bituminous Mixtures by Means of California Knead
ing Compactor" (AASHTO T247-80) except that the "lev
eling off" load was not used. Kneading compaction methods 
apply forces to a portion of a free face of an otherwise confined 
asphalt concrete mix. Compacted forces are applied uniformly 
around the free face. The partial free face allows particles to 
move relative to each other, creating a kneading action that 
densifies the mix. For each of the asphalt concrete mixtures, 
the number of tamps was varied to compact a laboratory 
specimen at the same air void level measured on the field 
cores. 

Arizona Compactor 

The Arizona vibratory-kneading compactor was developed to 
density laboratory asphaltic concrete specimens using low 

and End Pressure - psi) 
25-3-250 
50-3-500 
25-3-0 

100-3-2500 
50-3-250 

(Number of Cycles or Coverages) 
28 
16 
15 
175 
38 

contact pressures. The diameter of the specimens compacted 
in Arizona has been varied from 2 in . to 17.5 in. Compaction 
is effected through the use of rapid impact loadings on a 
specimen that is rotating about an axis that is tilted to the 
direction of the load. The standard compactive effort was 
achieved with the following conditions: 

1. Load frequency = 1,200 cpm, 
2. Load due to eccentrics = 390 lb, 
3. Tilt to load = 1 degree, 
4. Duration of kneading load = 2.5 min, and 
5. Duration of leveling load = 0.5 min. 

Variations in compactive effort have been obtained by chang
ing the mass of the eccentrics and the duration of kneading 
action. Because the exact force of compaction is not known, 
relative values of compactive effort are obtained as ratios of 
the products of force due to the rotation of the eccentrics, 
times the duration of the kneading action . The compaction 
ratios used for different specimen heights to yield the same 
density are obtained by varying the duration of kneading 
compaction time in proportion to height. 

Bulk material was shipped to R. A. Jimenez at the Uni
versity of Arizona for sample preparation using the Arizona 
compactor. Specimens were compacted to a height approxi
mately equal to the lift thickness of each project. These spec
imens were labeled, properly wrapped and protected, and 
returned for testing. 
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Texas Gyratory 

The Texas State Department of Highways Public Transpor
tation Motorized Gyratory Shear Type Compactor was used 
to simulate gyratory compaction. Gyratory compaction meth
ods apply normal forces to both top and bottom faces of the 
asphalt mix in a cylindrically confined mold. These normal 
forces are supplemented with a rocking or gyrating motion to 
work the mix into a denser configuration while it is totally 
confined. The angle of gyration for this device is fixed at 3 
degrees. 

All laboratory gyratory-compacted specimens were pre
pared in accordance with "Preparation of Test Specimens of 
Bituminous Mixtures by Means of Gyratory Shear Compac
tor" (ASTM D4013-81). The ASTM D4013 procedure had to 
be modified to reproduce the air void level measured from 
field cores. To determine the amount of compactive effort 
required to match an equivalent air void level of the field 
cores, many of the laboratory compaction variables had to be 
varied for each of the mixes. These variables were number 
of gyrations, gyration pressure, and end pressure. 

Initially, the number of gyrations was to be reduced to 
define the compactive effort needed to simulate the air voids 
of the field cores. Unfortunately, three gyrations (the mini
mum that can be used with the Texas device) resulted in 
significantly lower air voids than in the field cores. Therefore, 
gyration and end pressures were varied for the minimum three 
gyrations to determine the compactive effort necessary to 
reproduce the average air void measured from the cores. 

Mobile Steel Wheel Simulator 

The mobile steel wheel simulator was used to simulate the 
rolling-type compaction of a static steel wheel. The rolling
type compaction applies a force to a portion of the free face 
of an otherwise confined asphalt concrete mix. Compactive 
forces are applied over the entire beam specimen using a 
curved foot to simulate the rolling pattern of a steel wheel 
roller. The partial free face allows the coarse aggregate to 
move relative to one another, allowing the particles to orient 
themselves in a manner similar to what occurs in the field. 
The specific steel wheel simulator used to compact laboratory 
specimens of each of the asphalt concrete mixtures was obtained 
from the Federal Highway Administration (FHW A) at the 
Turner-Fairbanks office. The piece of equipment used is rel
atively unsophisticated in comparison with the typical Euro
pean-type compactors that simulate the rolling action of a 
steel wheel or rubber-tired roller. 

The number of revolutions of the steel foot was varied to 
determine the compactive effort required to reproduce the 
average air void content measured from the cores. 

Testing Methods 

Once the compactive efforts were determined, a series of 
specimens was prepared with the same air void content ( :±: 0.5 
percent air voids) as the related field project. Sets of three 
samples per test, the means of which were not significantly 
(statistically) different from the overall mean air void content 
of the field cores, were prepared for testing. 
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Indirect tensile strength tests were performed by BRE in 
accordance with Test Method TEX-226-F of the Texas State 
Department of Highways and Public Transportation at 41°F, 
77°F, and 104°F and at a loading rate of 2.0 in./min. This test 
was performed on mixes and field cores from three projects: 
Michigan, Texas, and Virginia. The repeated load indirect 
tensile test (resilient modulus) was performed in accordance 
with ASTM D4123-82 on samples from all five field projects. 
It was conducted by applying compressive loads of a haversine 
waveform (11). The resulting horizontal deformation of the 
specimen was measured and used to calculate the resilient 
modulus . The load applied to the specimens was determined 
on the basis of the indirect tensile strength (IDT) test results. 
Ten percent of the stress to failure in the IDT was the stress 
applied to the specimens to produce deformation in the elastic 
range without damaging the sample. 

The indirect tensile creep was performed in the same way 
as the resilient modulus except that a static load, in lieu of a 
cyclic load, was continuously applied for 60 min and then 
removed. Deformation was measured during the loading and 
recovery periods (12). The creep test was performed on 
samples from all five projects. 

RESULTS 

To evaluate the average difference in means for each of the 
laboratory compaction devices from the field cores, an aver
age absolute difference (t.D) for each of these properties was 
calculated. The absolute difference simply represents the 
average percent difference between the field cores and the 
laboratory specimens. This is mathematically represented by 
the following equation: 

t.D 
n 

where 

MPc = average material property measured on the field 
core, which becomes the target value; 

MPs average material property measured in the labo
ratory compact specimen; and 

n = number of data points for each compaction device. 

Table 5 summarizes the results of this simple comparison. 
As shown, the Texas gyratory shear laboratory compaction 
device was found to simulate more closely, on the average, 
the engineering properties of the field cores. Less variation 
was noted for the indirect tensile strength and tensile strain 
at failure data, whereas the largest differences were found for 
creep compliance. 

The mean squared error (MSE) was also used to compare 
the engineering properties of field- and laboratory-compacted 
specimens using the mean test value from field cores as a 
target value. All test results were sorted and analyzed on the 
basis of project, test, and temperature. Mixture properties 
evaluated using the SAS program included indirect tensile 
strength at 41°F, 77°F, and 104°F; resilient modulus at 41°F, 
77°F, and 104°F; creep load strains at 77°F and 104°F for a 
loading time of 300 sec; and slopes of the creep curve at 77°F 
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TABLE 5 SUMMARY OF AVERAGE DIFFERENCES BETWEEN FIELD CORES 
AND LABORATORY-COMPACTED SPECIMENS 

Creep 
Compliance 

Compaction Device at 77'F 

Arizona Compactor 0.77 

Marshall Hammer 0.80 

California Kneading 0.59 

Steel Wheel Simulator 0.51 

Texas Gyratory Shear 
Compactor 0. 44 

Indirect 
Tensile 
Strength 

0. 51 

0.35 

0.21 

0.31 

0 .14 

Tensile 
Strain 
at Failure 

0.47 

0.45 

0.27 

0 .11 

0. 16 

Resilient 
Modulus 

0.41 

0.55 

0.42 

0.26 

0.37 

Note: A zero difference indicates that the laboratory specimens had 
identical properties of the cores (no difference). 

TABLE 6 MEAN SQUARED ERROR (MSE) COMPARISON OF COMPACTION 
DATA 

Laboratory 
Compaction 

Method Proj~ct 

Arizona Compactor 5.0 

California Kneading 2.0 

Marsha 11 Hammer 4.0 

Mobile Steel Wheel 1. 7 

Texas Gyratory 2.0 

and 104°F. This data analysis is summarized in Table 6 for 
the MSE comparison. 

Although there is no single laboratory compaction method 
that always provided the best match with the results of the 
field compaction method, the Texas gyratory method was 
generally better than the other methods. The Texas gyratory 
method had the best average MSE ranking for the indirect 
tensile strength tests, the resilient modulus tests, and for the 
creep load strain at 300 sec. The Texas gyratory method also 
had the best average MSE ranking for the tests at 41°F and 
104°F, and was second to the mobile steel wheel simulator 
for tests at 77°F. 

The California kneading and mobile steel wheel methods 
generally finished second and third in the MSE rankings , with 
both occasionally ranking above the gyratory method. The 
results of the California kneading and mobile steel wheel 
methods are so close that it is difficult to select the "best" 
one in a comparison of the two methods. They virtually tied 
for the second-place ranking with respect to matching the test 
results from the field compaction method. The Marshall and 
Arizona methods generally finished fourth or fifth in the MSE 
rankings, with the Marshall hammer method ranking the higher 
of the two. 

8verag~ MSE Rankings by 
Mixture 

Property Tempe r ature 

4.8 4.7 

2.0 2.0 

3.5 3 . 3 

2.8 2.0 

1. 5 1.3 

In addition to calculating mean squared error, each data 
set was evaluated to determine if two adjacent cells were 
significantly different or indifferent based on the mean and 
variation, using a confidence level of 95 percent. In all the 
comparisons made , the laboratory compaction methods that 
had the largest MSE values were those that were statistically 
significantly different from the results of the field compaction 
method. Thus, the internal structure and engineering or 
mechanical properties of the asphalt concrete mixture are 
dependent on the type of compaction device used . 

For the compaction devices, three procedures were used to 
define which compaction device more closely simulates the 
engineering properties of field cores. Consistently, the Texas 
gyratory had the lower mean squared errors, more sample 
sets that were indifferent from the field cores, and a slightly 
lower absolute difference between the mean magnitudes. 
Considering these different comparisons, the following lists 
in descending order those compaction devices that better sim
ulate the properties and characteristics of field cores in the 
laboratory. 

1. Texas gyratory shear, 
2. California kneading compactor, 
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3. Mobile steel wheel simulator, 
4. Arizona vibratory-kneading compactor, and 
5. Marshall mechanical hammer. 

CONCLUSIONS 

The Texas gyratory compactor ranked first in terms of its 
ability to produce compacted mixtures with engineering prop
erties similar to those produced in the field. Because of its 
operational simplicity and the potential to use the large gyra
tory models capable of fabricating large-size specimens, and 
thus accommodating large-size aggregate, the Texas gyratory 
seems the most prudent choice as the compaction device to 
be used for future preparation of specimens for mixture design 
and analysis. 

The California kneading compactor tied for second place 
on the basis of its ability to replicate field conditions. The 
California kneading compactor is the only device capable of 
fabricating any size cylindrical specimen as well as rectangular 
beams, such as those used in beam fatigue testing. This flex
ibility makes the California kneading compactor an appealing 
choice for compaction purposes. 

The mobile steel wheel simulator closely simulated field 
compaction based on all mixture properties. This high cor
relation may be partially influenced, however, by the dis
turbance effect involved in the core drilling operation required 
to obtain both field cores and specimens compacted with the 
steel wheel. No other laboratory compaction processes require 
coring. Additionally, the potential to use the mobile steel 
wheel simulator as a standard laboratory tool is hampered by 
the difficulty of using the device. The device prepares samples 
in the form of a 6-in. by 12-in. by 4-in. prism. To produce a 
standard 2.5-in. by 4-in. cylinder requires a large-core drill to 
core a specimen from the compacted prism. Substantial mod
ifications to the system would be required to produce cylin
drical specimens capable of being tested in compressive creep 
for axial or diametral resilient modulus. Two persons are 
typically required to perform the compaction procedure. 

The Marshall hammer did the poorest job of simulating 
field conditions. The absence of the kneading effect during 
the compaction operation, which is due to the uniform impact
type load applied by the mechanical version of the Marshall 
hammer, is probably the major reason behind the poor cor
relation shown by this compaction device. A manual com
pactor is expected to perform somewhat better because the 
tamping action imparted by the operation will not always fall 
in the same portion of the specimen; it will thus provide for 
rearrangement of aggregate particles after every blow. 

This comparison of laboratory and field compaction is based 
on samples cored from the field following compaction without 
traffic densification. Thus, a final analysis of the ability of 
laboratory compaction devices to duplicate in situ conditions 
must await further testing in the AAMAS program in which 
the same field pavement sections will be cored and the cores 
evaluated. 
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Performance of a Full-Scale Pavement 
Using Cold Recycled Asphalt Mixture 

EHUD COHEN, ARIEH SIDESS, AND GABRIEL ZOLTAN 

The performance of a full-scale pavement constructed using a cold 
recycled emulsified asphalt mixture is presented. The cold recycled 
mixture was used for the surface layer in a trial section of a public 
road in Israel, subjected to low-volume traffic. The modified Mar
shall stability method (ASTM 01559) at 60°C (140°F) was used for 
the mix design. Experimental field verification was performed 
starting immediately after construction and lasting 1 yr. The ver
ification included strength and durability tests on cores taken from 
the site and nondestructive testing (NDT) in situ, based on elastic 
surface deflection measurements. As shown by the results, the cold 
recycled asphalt layer achieved high retained strength and high 
durability potential to the combined damaging effects of water and 
temperature. After 1 yr of service the pavement has been per
forming well without any kind of distortion. These findings empha
size the high engineering quality of cold recycled asphalt mixtures 
in construction and rehabilitation of pavements, as compared with 
the conventional alternatives. 

Recycling of existing bituminous roads is not a new technology 
in the rehabilitation of deteriorated pavement and has been 
performed for more than 15 yr, mainly in the United States 
(1). Pavement recycling methods, mixture design guidelines, 
and construction practices are well established for hot mix 
recycling of asphalt concrete pavements. 

In the last 5 yr, cold mix recycling with emulsified agents 
has been recognized as a practical alternative in the design of 
pavement rehabilitation (2,3). The equipment required for 
cold recycling is basically of a conventional nature, much the 
same as that used in conventional graded crushed stone pro
cedures. Thus, the needed equipment is readily available. The 
major advantages of cold recycling pavement rehablilitation, 
compared with those of other technologies, include ( 4,5): 

1. Cost savings of up to 25-30 percent compared with the 
hot asphalt concrete alternative; 

2. Storage and application of the emulsified agent at low 
temperatures; 

3. Capability of recycling up to 100 percent reclaimed mixes; 
4. Reduction of air pollution, compared with cutback mixes 

and hot mixes; 
5. Simplicity of mixing the emulsified recycling agent on 

site and ability to stockpile recycled mixtures; 
6. Versatility of construction: mixing in a mobile plant , in 

situ, or in a central plant; 

E. Cohen and G. Zoltan, YARIV-Civil Engineering & Surveying, 1 
Remez Street, Givataim 53242, Israel. A . Sidess, RAFAEL-Arma
ment Development Authority, P.O. Box 2250, Haifa, 31021, Israel. 

7. Capability of treating all types and degrees of pavement 
distress; and 

8. High production rates. 

It is the purpose of this paper to present a full-scale pavement 
performance of a trial section of a public road in Israel , con
structed with a cold recycled emulsified asphalt mixture as 
the surface layer. After a short description of the site, a detailed 
analysis of the cold mix design is presented. Then, field exper
imental results as a function of time after construction are 
given and analyzed in order to verify the performance of the 
trial section. The field verification includes various strength 
and durability tests on cores taken from the site and nonde
structive testing based on surface deflection measurements. 

SITE DESCRIPTION AND CONSTRUCTION 
DETAILS 

The experiment was conducted in July 1987 near Morasha 
Junction in Israel. Daytime temperatures range from 12°C to 
33°C (50°F-90°F) throughout the year, with the mean annual 
temperature about 26°C. The section is classified as a low
volume road that was intended to serve an average daily traffic 
(ADT) of 500 vehicles , including approximately 10 percent 
commercial vehicles, most of them medium and heavy trucks. 
The subgrade in the site varied from clayey sand to sandy clay 
with an average CBR value of approximately 6 percent. The 
total thickness of the pavement design included 60 mm (2.4 
in.) of cold recycled emulsified asphalt as a surface layer above 
300 mm (12 in .) of crushed gravelly subbase layer. 

The cold recycled asphalt mixture used in the section was 
combined from reclaimed asphalt pavement , new aggregate, 
and new quarry sand. The reclaimed asphalt was achieved by 
milling 50 mm (2 in.) of the asphalt concrete surface layer of 
a road lane near Morasha Junction. This road is subjected 
to heavy daily traffic and was rehabilitated through conven
tional technology. The milling was done by a WIRTGEN cold
milling machine. The reclaimed asphalt was stockpiled near 
the job site, side by side with the new aggregate and quarry 
sand. The cold recycled asphalt layer was laid down with a 
Barber Greene finisher and compacted with a single pass of 
an 80-kN (18 kips), three-wheel roller followed by passes of 
a 156-kN (35 kips), pneumatic roller until a dense and homo
geneous surface texture was achieved. 

The trial section was opened to traffic immediately after 
construction . This factor was taken into account in the design 
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of the cold mix design of the surface layer , as described in 
the following paragraphs. 

LABORATORY DESIGN OF THE COLD MIX 
RECYCLING 

Prior to construction of the trial section, it was necessary to 
conduct a laboratory design procedure for the mixture. The 
design included the following items: (a) evaluation of the 
reclaimed asphalt layer, (b) selection of the amount and grad
ing of untreated aggregate required, ( c) estimate of the asphalt 
binder required, (d) selection of the type and grade of emul
sified recycling agent, and ( e) determination of the mix 
parameters required by the design criteria. 

The mainframe mix design procedure, adopted for the cold 
recycled mix, is similar to the Illinois method ( 6, 7) for cold 
mixtures containing emulsified asphalt agent and aggregates. 
The procedure was modified to satisfy the warm weather con
ditions in Israel; it used a modified Marshall method at 60°C 
(ASTM D1559) for mix design and durability tests (detailed 
description of test samples preparation is given in the next 
paragraph). 

Materials and Laboratory Tests 

A blend of 70 percent reclaimed asphalt pavement, 20 percent 
untreated aggregate, and 10 percent quarry sand with emul
sified recycling agent type HFMS-1 was used to prepare lab
oratory samples for the testing program. The purpose of the 
fine aggregate and the quarry sand addition was to achieve a 
continuous grading and to compensate for the lack of those 
fractions in the reclaimed asphalt pavement. The emulsion is 
classified as belonging to a high floating anionic group with 
medium setting properties. The grading of the mixture com
ponents (reclaimed asphalt pavement, untreated aggregate, 
quarry sand, and the combined mixture), the properties of 
the recovered bitumen of the reclaimed asphalt, and the prop
erties of the emulsified recycling agent (compared with ASTM 
specifications) are given in Tables 1 to 3, respectively. 

Four emulsified agent contents ( 4, 5, 6, and 7 percent by 
weight of the dry mixture) were used in manufacturing the 
Marshall test specimens. The compaction process used con
tained the following steps: 

1. Sufficient cold recycled mix ( 4,000 g) was prepared to 
allow manufacture of three specimens at a time, for each 
emulsified agent content. 

2. Initial moisture of 1 percent was added to the mix for 
improving mixture workability and aggregate coating, and to 
simulate field moi ture conditions (the quarry sand contained 
7 percent moisture in the trial section, whereas in the labo
ratory an oven-dried material was used). The wet aggregate 
was left to stand for 10 to 15 min. at a room temperature of 
22°C (72°F) to fill the surface voids of the aggregate and to 
obtain a uniform coating of moisture over the aggregate. It 
is worth mentioning that the effect of adding 1.5, 2.0, or 2.5 
percent moisture, with a reduced emulsion content, was ver
ified. The results produced were not better or even equal to 
those of the addition of 1 percent moisture. 

TABLE 1 GRADATION OF MIXTURE 
COMPONENTS 

% Passing 
Sieve Size 

Reclaimed Untreated Qu11rry 
Asphalt* Aggregate Snnd 

- --
1.5" 100 

1" 85 

3/4" 70 

1/2" 46 

3/8" 34 100 

4# 16 43 100 

10# 4 93 

40# 44 

80# 31 

200# 25 

Combined 
Mixture 

100 

90 

79 

62 

53 

30 

11 

5 

3.5 

2 . 5 

• Oradotion of the dry mate rial without bitumen extraction 
(ASTM C 117 & C 136). 

TABLE 2 EXTRACTED BITUMEN PROPERTIES 
OF RECLAIMED ASPHALT PAVEMENT 

Property UnH Test Value 

Bitumen Content % 5.2 

Penetration at 25•c, lOOg, 5sec 0.1 mm 18 

Ductility et 25•c, 5cm/min. cm 67 

---

TABLE 3 HFMS-1 EMULSIFIED RECYCLING AGENT 
PROPERTIES 

Test ASTH 
Property ASTM Unit Value Requirements 

------Tes ts on Emulsion 

Residue by distillation D 244 % 57 55 min. 

Sieve Test D 244 % 0.03 0.10 max. 

Storage Stebili ty Test, 24h D 244 % 0 1 max. 

Tes ts on Residue from 
Distillation Test 

Penetration, 25•c, lOOg, 5sec D 5 O.lmm 120 100 - 200 

Ductility, 25°C, 5cm/min. D 113 cm 50 40 max. 

Float Test at 60°C 0 139 sec 1400 1200 min. 

Solubility in 
Trichloroethylene D2042 % 100 97 .5 min, 

-- -- --
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3. A cold emulsified recycling agent was added to the wet 
aggregate and mixed by hand with a spoon for 60 sec. 

4. The specimens were compacted with a Marshall com
paction hammer by using 75 blows on each side of the 
specimen. 

5. The specimens were cured (in their molds) for 16 hr at 
60°C (140°F) in a forced draft oven to ensure the breaking 
and curing of the emulsified recycling agent in the mix. 

6. The specimens were then left to cure for 3 and 10 days 
at a room temperature of 22°C (72°F) before testing. All 



90 

specimens remained in the compaction molds until just before 
testing. This not only made handling the specimens easier but 
also provided confinement (similar to field conditions) to 
eliminate possible damage from unconfined swell. 

The Marshall test was performed at a temperature of 60°C 
(140°F), after 3 and 10 days of air curing at room temperature. 
Modified Marshall stability, Marshall flow, and Marshall stiff
ness (the ratio between Marshall stability and Mar hall flow) 
were determined. The test temperature is quite different from 
that of the Illiuoi · method (5- 7) and was ho en to atisfy 
weather conditions in I -rael and to simulate actua.l field con
ditions as closely as possible. The optimum residual asphalt 
content was chosen as the percentage f emu! ified recycling 
agent at which the mixtw·e best satisfied all of the design 
criteria such as maximum Marshall stability and den ity , c at
ing, and workability. 

Laboratory Results 

The properties of the cold recycled mix at the optimum emul
sified agent content and the properties of the extracted resid
ual bitumen are summarized in Tables 4 and 5, respectively. 
These tables show the following findings: 

1. All the Marshall test results (Table 4) comply with the 
Illinois standard requirement (6, 7) for an emulsified asphalt 
mixtures. 

2. The laboratory results show that high density and sta
bility were achieved at the optimum emulsion content. The 
density values are similar to those of hot asphalt concrete 
mixtures. Stability values achieved are particularly high, con
sidering the fact that the Marshall test was conducted at 60°C 

TABLE 4 PROPERTIES OF COLD RECYCLED 
MIXTURE 

Test Value after Air Curing 
at 22•c (72°F) 

Property 
3 Days 10 Days 

Optimum Emulsion content. % 5 5 

Density, Kg/ m**3 2230 2235 

Air Voids, % 8 8 

Marshall Stability at 60°C, kN 2.05 2.14 

Marshall Flow at 6o'c, mm 4.6 4.3 

Marshall Stiffness, N/mm 445.6 497 .2 

TABLE 5 EXTRACTED RESIDUAL BITUMEN 
PROPERTIES OF THE COLD RECYCLED MIX 

Property Unit Test Value 

Bitumen Content % 7.2 

Penetration at 25° c. 100g, 5sec 0.1 mm 67 

Ductility at 25°C, 5cm/min. cm >160 
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(140°F), and not at 22°C (72°F), as is usually accepted for 
emulsified asphalt mixtures (2,6-8) . 

3. Air curing has no significant effect on the laboratory 
results. This finding does not agree with the results shown in 
the literature (6-8) and indicates that the 16-hr curing time 
of the specimens at 60°C (as described in the previous para
graph) ensured the breaking of the emulsified recycling agent 
in the mix. It is wurlh mentioning that under field conditions, 
the curing and breaking would occur more slowly, as the 
following paragraphs describe. 

4. The test results of the extracted residual bitumen show 
a great modification of the old bitumen properties. Penetra
tion of 67 x 0.1 mm instead of 18 x 0.1 mm and ductility 
of 160 cm instead of 45 cm were achieved (Tables 5 and 2, 
respectively). 

FIELD EXPERIENCE AND VERIFICATION 

To follow and verify the performance and the tructural capac
ity of the cold recycled a phalt layer, an experimental veri
fication program lasting 1 yr was conducted. The program , 
which was started immediately after construction, included 
strength tests, durability tests, and nondestruc1ive testing 
(NDT). The first two types of tests were performed in the 
laboratory on cores taken from the site. The NDT was based 
on measurements of surface deflections at the site. 

Strength Testing 

The Marshall stability method (ASTM D1559) at 60°C (140°F) 
was selected to estimate the strength development of the cold 
recycled asphalt layer. The relation between the field Marshall 
stability and the design value (see Table 4) was used to eval
uate the percentage retained of Marshall stability as a function 
of time since construction. The retained strength versus time 
provides an indication of the cold recycled layer resistance to 
deformation, required to support anticipated traffic loads 
without cracking, rutting, or distortion. 

Durability Testing 

The durability potential of the cold recycled asphalt layer is 
defined as its resistance to the continuous and combined dam
aging effects of water and temperature. High durability poten
tial usually implies that the layer performance will have a long 
service life. 

Two durability tests were applied to characterize the dura
bility potential of the cold recycled asphalt layer: 

1. The immersion compression [of the U.S.C.O.E (9,10)] 
or Marshall immersion test after 24 hr of immersion in a 60°C 
(140°F) water bath [this test is recognized as a durability cri
terion for hot bituminous concrete mixtures (10,11)]; and 

2. The capillary soaking test (ASTM C593) after a 4-day 
soaking period at 25°C (77°F) [this test is recognized as an 
indication of the potential durability of emulsified asphalt 
mixtures (6,7)). 
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Nondestructive Testing (NDT) 

In addition to strength and durability tests on cores taken 
from the site, nondestructive testing (NDT) was performed 
1 yr after construction. NDT was used mainly to evaluate the 
structural capacity of the pavement, particularly the cold recy
cled asphalt layer, under exact field states of stress. Such an 
evaluation is difficult, if not impossible, to simulate in labo
ratory testing. Furthermore, the NDT results were used to 
validate the strength and durability results obtained in the 
laboratory. 

The surface deflection measurements were obtained by the 
Benkelman beam under an axial load of 130 kN (29.2 kips) 
every 20 m ( 65 ft). The mean temperature of the cold recycled 
layer at the time of the measurements was 30°C (86°F). The 
moduli were backcalculated by the MODFLD microcomputer 
program, which is similar to the SEARCH program, devel
oped at the Texas Transportation Institute (12). It searches 
for the elastic moduli that fit the measured deflection basin 
to the calculated basin (from multilayer systems), with the 
least average error. 

Strength Results 

Table 6 summarizes the strength results on cores taken from 
the site. Retained Marshall stability versus time since con
struction is also shown in Figure 1. All the results represent 
an average of 15 to 18 cores, to ensure reliable values. Table 
6 and Figure 1 show that: 

1. High and uniform density values were achieved in the 
field compaction. The results comply with Illinois standard 
requirements (6, 7) for emulsified asphalt mixtures (at least 
95 percent of laboratory compaction is recommended as a 
criterion). 

2. The initial retained Marshall stability is quite low (52 
percent after 7 days), but it increases rapidly to 123 percent 
after 100 days. Thereafter the values show no change with 
time. The rapid increase in strength is due to the loss of water 
and solvent from the emulsified agent, in the cold mix. Some 
blending or fluxing of the recycling agent and aged bitumen 
in the reclaimed asphalt mix may also take place during this 
period. The recycled layer passed from the "breaking 

TABLE 6 STRENGTH RESULTS VERSUS TIME AFfER 
CONSTRUCTION 

Time Since Relative Field Marshall Retained Marshall 
Construction Compaction Stability Stability 

(Days) (%) (kN) (%) 

7 98 1.07 52 

12 97 1.00 50 

23 98 1.25 61 

50 98 1.96 95 

63 98 2.13 103 

100 99 2.52 123 

200 99 2.56 125 
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and fluxing" condition to the "fluxing" condition after 
approximately 100 days. 

Based on these results as well as on the absolute values of 
Marshall stability, it may be concluded that the cold recycled 
layer has achieved high resistance to deformation, rutting, or 
distortion. Moreover, on visual inspection, the cold recycled 
asphalt layer after 1 yr of service showed satisfactory per
formance, and no sign of fatigue cracking or rutting was 
observed. 

Durability Results 

Table 7 summarizes the durability results at 12 and 50 days 
after construction. All the results represent average values of 
9 to 18 cores taken from the site. The results show that: 

1. The Marshall immersion results comply with the dura
bility criteria for hot bituminous concrete mixtures (75 percent 
retained strength is recommended as a criterion (10,11)). 

2. High Marshall stability and almost no stability loss were 
achieved in the capillary soaking test at 25°C (77°F). These 
results comply with Illinois criteria (6,7) for an emulsified 
asphalt mixture (minimal Marshall stability of 1.78 to 2.25 kN 
or 400 to 500 lb and maximum 50 percent stability loss are 
acceptable). 

3. The character of the results is similar at both time spans. 
It is therefore believed that these results are representative 
of the durability behavior of the cold recycled asphalt layer 
for long periods of time. 

All these results indicate the high durability potential and 
high resistance of the cold recycled asphalt layer to the 
combined damaging effects of water and temperature. 

NDT Results 

The backcalculated moduli of the cold recycled asphalt layer, 
subbase, and subgrade are given in Table 8. The results show 
that the structural capacity of the cold recycled asphalt layer 
is satisfactory and validates the strength and durability results 
obtained on cores taken from the site. By using the relation
ship between the elastic modulus, the Marshall stability, and 
the temperature [Takeshita (13) and Uzan (14)], it was found 
that a modulus of 470 MPa (65,500 psi) means a Marshall 
stability at 60°C (140°F) of approximately 2.45 to 2.67 kN (550 
to 600 lb). This result correlates well with the Marshall sta
bility given in Table 6. Moreover, it shows that after the first 
year of field service, the behavior of the cold recycled layer 
has remained reasonably constant, indicating that the layer 
has reached equilibrium. 

COST ANALYSIS 

One of the major advantages of cold recycling mixture is that 
it saves money. The unit price presented here for the trial 
road section is the cost per ton (metric) of all activities required 
in the process of cold recycling, such as milling, mixing, laying, 
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FIGURE 1 Retained Marshall stability versus time since 
construction. 

TABLE 7 DURABILITY RESULTS VERSUS TIME AITER 
CONSTRUCTION 

Time Since Cons true ti on 
Property Unit 

12 Days 50 Days 

Marshall Immersion Test at 60°C 

Stability after 30 min. kN 1.00 1. 96 

Stability after 24 Hours kN 0.77 1.52 

Retained Strength % 77 .0 77 .6 

Capillary Soaking Test at 25°C 

Stability after 2 Hours kN 6 . 28 10 . 86 

Stability after 4 Days kN 6 . 13 10 . 61 

Stability Loss % 2.4 2.3 

--

TABLE 8 BACKCALCULATED MODULI 
OF PAVEMENT LAYERS 

Backcalculated Moduli (MPa) 
Cient!'.e.l 

Deflection Cold Recycled 
(O.Olmm) Asphalt Layer Subbase Subgrade 

90.5 470 251 72 

and compacting. (The cost is in U.S . dollars and is relevant 
only to Israel.) 

Milling 
Mixing in pug mill 
5 percent of HFMS-1 emulsion 
30 percent of new aggregate 
Laying and compaction 
Total cost 

$8.00/ton 
$6.60/ton 
$8.60/ton 
$3 .20/ton 
$5.00/ton 

$31.40/ton 

For purposes of comparison, the cost of a hot asphalt concrete 
alternative in the same project was U .S. $46.60/ton (not 
including milling). Therefore savings of 32 percent have been 
achieved in the trial road section construction . 

SUMMARY AND CONCLUSIONS 

The field performance of a trial road section with a cold 
recycled emulsified asphalt layer is presented. The layer prop
erties were verified by laboratory tests on cores taken from 
the site and nondestructive testing in situ. The findings showed 
that after 1 yr of field service, the structural capacity of the 
cold recycled asphalt layer is satisfactory, with high durability 
potential and high resistance to damaging effects of water and 
temperature. Additional support for these conclusions is the 
fact that the pavement is performing well visually and no signs 
of fatigue-type distress or rutting are observed. 

Although the trial road section has been exposed to only 
1 yr of traffic service, the results shown in this paper are very 
promising; they emphasize the high engineering quality of 
cold recycled mixtures, especially considering that 32 percent 
of cost has been saved, compared with the asphalt concrete 
layer alternative . 
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Development of Fracture Criterion for 
Asphalt Mixes at Low Temperatures 

RAJ DoNGRE, M. G. SHARMA, AND D. A. ANDERSON 

This paper describes the development and verification of a fracture 
criterion sensitive to the elastic-plastic behavior of asphalt concrete 
mixes. This method is based on the elastic-plastic fracture mechan
ics (EPFM) concept that leads to the laboratory determination of 
the critical strain energy release rate, also called the critical value 
of J integral, J1c. Also employed was the linear elastic fracture 
mechanics approach (LEFM), which leads to the determination of 
critical stress intensity factor, also called fracture toughness, K1c. 
Asphalt concrete beams 3 in. by 3 in. by 16 in. were tested under 
three-point bending. Notches 1/16 in. wide and long enough so 
that the ratio of notch depth to beam depth always remained 
between 0.5 and 0. 7 were sawed at the midpoint of the beams to 
give a single-edge notch beam geometry. A locally used mix design 
called ID-2 was employed. Twelve asphalt cements were selected 
from around the country for making the mixes. Testing was con
ducted at four temperatures below 60°F (16°C): - 5°F ( - 21°C), 
10°F (-12°C), 25°F (-4°C), and 40°F (4.0°C). Both EPFM and 
LEFM approaches were used to analyze the laboratory data. The 
results were compared with the more routine tests, such as indirect 
tensile strength for asphalt mixes, as well as the Fraass brittle 
point test, TPENI.l• and Tg from DSC and DMA for asphalt cement. 
It was found that at low temperatures (below 60°F (l6°C)) the 
EPFM approach with J" as a fracture characterization parameter 
is sensitive to asphalt mix properties. J,, also seems to be related 
to the routine parameters. LEFM with K,, as a fracture charac
terization parameter is not sensitive to asphalt grade or source. 

Pavement designers in recent years have expressed concern 
over the cracking of flexible pavements under various traffic 
loading and environmental conditions. One type of distress 
that manifests itself as alligator or map cracking is initially 
confined to localized zones and spreads at an increasing rate. 
Another type of pavement distress appears as transverse 
cracking-that is, nearly straight cracks across the pavement 
or perpendicular to the direction of traffic. Transverse cracks 
are caused by stresses produced by temperature excursion 
(thermal stresses). One of the causes for temperature-induced 
transverse cracking in asphalt pavements is temperature cycling 
that eventually results in an exceeding of the fatigue resistance 
of the asphalt concrete. Temperature-induced transverse 
cracking can also result from low temperatures' causing 
shrinkage stresses greater than the tensile strength of the 
pavement material, a mechanism termed "low temperature 
cracking." 

Thermal cracking is predicted using various computer-based 

R. Dongre and D. A. Anderson, Department of Civil Engineering, 
Pennsylvania Transportation Institute, Pennsylvania State Univer
sity, University Park, Pennsylvania 16802. M. G. Sharma, Engi
neering Science and Mechanics, Pennsylvania State University, Uni
versity Park, Pennsylvania 16802. 

models. The earlier models are based on empirical or statis
tical relationships that relate cracking to asphalt specification 
data and environmental parameters. More recently, under the 
assumption that an asphalt concrete pavement is linear-elas
tic, Lytton used linear elastic fracture mechanics theory to 
develop a computer-based model to predict thermal fatigue 
cracking (1). As shown by Anderson et al., neither the earlier 
statistical-empirical models nor the more recent fracture 
mechanics model can be used reliably to relate fundamental 
asphalt or mixture properties to the incidence of thermal 
cracking (2). One of the reasons the fracture mechanics model 
is not realistic is that it is based on the assumption that asphalt 
concrete pavement behaves in a linear elastic manner. Numer
ous other studies have established that asphalt concrete shows 
viscoelastic and viscoplastic behavior. Another shortcoming 
of the existing fracture-mechanics-based model is that fracture 
parameters used in this model are determined from statistical 
regression equations rather than from an incorporation of 
fundamental asphalt or mixture fracture properties. 

Until recently only linear elastic fracture mechanics was 
used to study the fracture characteristics of asphalt concretes 
(3-10). Little and Mahboub (11) studied the fracture mechan
ics properties of first-generation, plasticized sulfur binders. 
Notched beams under three-point loading were tested to 
determine the critical value off integral, 11e. They recommend 
using 11, as a fracture mechanics characterization parameter 
for sulfur binders. Abdulshafi and Majidzadeh (12) have also 
applied 11, criteria to asphaltic mixtures. They used Marshall
type disk samples instead of three-point-bend samples based 
on the ASTM standard (13). The Marshall-type samples were 
notched at one diametral extremity and loaded on the other 
extremity in a way similar to indirect tensile strength testing. 
The notched end had simple supports on both sides of the 
notch. 

In this investigation a procedure to determine l 1c for asphalt 
concrete using a three-point-bend specimen is established. 
Trends showing a correlation between 11e and asphalt cement 
routine test data are established; finally, l 1, approach and K1c 
approach were compared to show that 11e is a more realistic 
fracture characterization approach. 

MATERIALS 

A single asphalt concrete gradation and aggregate source 
meeting the requirements of the PennDOT ID-2 specification 
was used in this study. Mix design parameters are given else
where (2). Crushed limestone from a local quarry was used. 
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Twelve asphalt cements ranging from AC-5 to AC-20 (soft to 
hard), representing nine different sources, were used to make 
a series of mixes. These asphalt cements were selected from 
varieties used in different parts of the country and include 
those known to show good as well as poor resistance to ther
mal cracking. This selection process is explained in more detail 
elsewhere (2). 

Because of their number and variety of grade and source, 
the asphalts in this study were divided into three groups for 
convenience in providing good contrasts: Group A, consisting 
of asphalt source numbers 2, 4, 5, and 7; Group B, numbers 
1, 8, 11, and 12; and Group C, numbers 13, 14, 16, and 17. 
This arrangement (Table 1) gave the greatest contrast with 
respect to grade and source among all the groups, as well as 
within a particular group. Group A contained asphalts from 
two different sources and two grades, AC-5 and AC-20, from 
each of the two sources. Group B contained four different 
sources and three different grades . Group C contained four 
asphalts used in Canada; two of these asphalts are from the 
same source but with different refining techniques. 

SPECIMEN 

Beam specimens 3 in. by 3 in. by 16 in. were compacted with 
a Cox model CS-1000 kneading compactor. The compaction 
procedure followed ASTM D3202-83 and ASTM D1561(25) 
except for the kneading pressure, and the number of tamping 
blows was modified to obtain air voids of between 4.5 to 5.5 
percent. Compaction trials showed that 48 tamping blows, 
equivalent to approximately three complete passes, at a foot 
pressure of 90 lb/sq in. followed by 48 blows at 126 lb/sq in. 
followed by 48 blows at 250 lb/sq in . gave air voids of between 
4 and 6 percent. The specimens were compacted using two 
lifts 1.5 in. thick, and the compaction sequence was followed 
for each lift. An additional 48 blows were given to the second 
lift at 350 lb/sq in. foot pressure. Immediately after compac
tion, the specimen was subjected to a leveling load, which 
produced a pressure of 400 lb/sq in., using a leveling bar. The 
static load was applied by Forney model CA-103 compression 
tester. The compaction sequence used for compacting beams 
is given in more detail in elsewhere (2). 

TESTING APPARATUS AND EXPERIMENTAL 
PROCEDURE 

Apparatus 
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The loading frame used to conduct the fracture test is shown 
in Figure l. Loading of the specimens was accomplished with 
an MTS model 810-14.2 closed-loop electrohydraulic testing 
machine. Loads were measured with a Lebow model 3169 
load cell mounted between the hydraulic actuator and the 
specimen loading disk. Signal conditioning equipment for the 
load cell is contained within the MTS testing machine. 

The deformation measuring equipment consisted of two 
RDP model d5/100 linear variable differential transducers 
(L VDTs) each supported by a rod fastened to the base plate. 
The tests were performed at and below 60°F (l6°C), and there 
was no permanent deformation observed under the loading 
strip. Therefore, deformation measurements were made on 
the underside of the beam by attaching aluminium strips and 
referencing the L VDTs to the strips. The deformation meas
urement arrangement is shown in Figure 2. Two L VDTs were 
used, one on each side of the beam, to obtain an accurate 
measurement of deformation. Two Data Translation model 

FIGURE 1 Loading frame. 

TABLE 1 ASPHALT GROUPS ACCORDING TO GRADE AND SOURCE 

Group Asphalt Grade Crude 
Number Source 

A 2 AC-5 Venezuela Crude 
A 4 AC-20 Venezuela Crude 
A 5 AC·5 Cosden, Texas 
A 7 AC - 20 Cosden, Texas 

B 1 85/100 Conoco, Montana 
B 8 AR-4000 Edgington, CA 
B 11 AC-20 Diamond Shamrock, OK 
B 12 AR-4000 Santa Maria, CA 

c 13 200/300 Cold Lake, Canada 
c 14 150/200 Cold Lake, Canada 
c 16 AC-8 Red Water, Canada 
c 17 AC-8 Red Water, Canada (Oxidized) 
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FIGURE 2 Deflection measurement 
arrangement. 

3100 LVDT conditioners were used to provide signal exci
tation and conditioning for the L VDTs. 

The load and deformation signals were sampled with a Data 
Translation Model DT-2801A analog-to-digital 1/0 board 
mounted in an IBM PC. ASYST, a scientific programming 
environment, was used as an interface between the AID board 
and the computer. An ASYST program was written for online 
data acquisition and analysis (14). 

Experimental Procedure 

There is no standard procedure for determining the fracture 
mechanics properties of notched asphalt concrete beams. 
Therefore, the following procedures and recommendations 
were adopted for this investigation: 

1. Because no standard exists for asphalt concrete, the 
nortl:mcl rPmPnt r.onr.rPtP ~t:mcl:ircl ASTM r.i1-6Q w:i~ ll~Pcl r-------- --------- --------- ------------ ----- - --- -- --- ------
as a guide. A maximum aggregate size of 3/8 in. (9.15 mm) 
was selected for this study. Note that the maximum aggregate 
size (3/8 in.) is one-third of the maximum unfractured liga
ment size of 1.5 in. 

2. ASTM E813-81, the standard for J1c testing for metals, 
was used to select the span-to-depth ratio for beam specimens 
used in this study. Consequently, an overall length of 16 in. 
(406 mm) and a span length of 12 in. (305 mm), giving a ratio 
of 4, were adopted. 

3. To limit extensive plastic flow in the unfractured liga
ment in the notched beams, the notch-length-to-beam-depth 
ratio (aid) was chosen at between 0.5 and 0. 7. This ratio was 
determined from laboratory trial tests and is based on the 
ASTM E813-81 requirement. Three n0tch depths (a) were 
used: 1.5 in., 1.7 in., and 1.9 in. 
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The fracture tests were conducted at five temperatures: 60°F 
(l6°C), 40°F (4°C), 25°F (-4°C), 10°F (-12°C), and -5°F 
( - 20°C). Prior to being tested notches were sawed at the 
midpoint on the underside of each beam (see Figure 1). A 
small diamond-blade saw left a very smooth surface and a 
crack width of approximately 1/8 in. (3 mm). The notch depths 
(a) were such that the notch-depth-to-beam-depth ratio (aid) 
varied between 0.5 and 0.7. Typical notch depths used were 
1.5 in., 1. 7 in., and 1.9 in. The tip of the notch was sharpened 
using a 24-tooth/in. (1-tooth/mm) hacksaw blade just before 
testing. A typical test procedure for a specimen proceeded as 
follows. The specimen, MTS loading frame, and the three
point loading frame were all kept in an environment chamber 
at the test temperature for 18-24 hr; two 1.2-in. half-rounds 
were glued to the underside of the beam at both span ends; 
the simply supported beam was then placed on the three
point-bend loading frame and monotonically loaded (load 
control) to failure at a loading rate of 1.5 lb/sec; the load and 
deflection measurements were automatically recorded by the 
data acquisition program. 

THEORETICAL CONSIDERATIONS 

Among the various parameters used to characterize elastic
plastic fracture, the J integral proposed by Rice in 1968 has 
found wide acceptance (15). The J integral is defined as a 
path-independent contour integral representing a nonlinear 
elastic energy release rate. Under certain restrictions J inte
gral can be used as an elastic-plastic energy release rate. Two 
different methods were used to evaluate the J integral in this 
investigation. In the first method, called Method 1, J1c was 
obtained by computing the area under the load displacement 
curves (i.e., the total energy to failure, UT) for different trans
verse crack lengths. These cracks were introduced at the mid
section of the beam specimen. The following formula was 
used to compute Jtc from the total energy to failure and the 
corresponding crack length. 

Jtc = -(1/b) (dUrfda) (1) 

where 

b = beam width (mm) and 
UT = total strain energy, that is, area under load displace

ment plot (lb-in.) (J). 

Rice (15) suggested a method for the evaluation of J integral 
that requires only one specimen and one crack length. The 
formula based on this method is (16) 

(2) 

Sumpter and Turner have discussed Equation 2 in detail 
(16). A detailed derivation of Equation 2 is also given else
where (17). For length-to-depth ratios equal to 4 and notch
to-depth ratios between 0.5 and 0. 7, the constant, TJ, in Equa
tion 2 is equal to 2 (16). Therefore, Equation 2 can be stated 
as 

(3) 

Equation 3 is valid only for the length-to-depth and notch
to-depth ratios just given. Because the specimens used in this 
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study satisfied these requirements, Equation 3 was used to 
calculate J1e by Method 2. 

Because at low temperatures asphalt concretes display almost 
elastic behavior, the fracture criterion is based on the linear 
elastic fracture mechanics (LEFM). It is generally specified 
in terms of the fracture toughness K1c- In this investigation 
the KJc values were computed using two equations: the Winnie 
and Wundt equation and the stress analysis equation. 

Winnie and Wundt developed the following equation based 
on Griffith theory to determine the plane strain critical stress 
intensity factor, K 1e (18). 

(4) 

where 

K 1e = critical stress intensity factor for plane strain con-
ditions [lb/sq in. (j in.) (Pa-jm)]; 

~ = applied critical remote bending stress (lb/sq in .) (Pa); 
B = (d-a) (mm); 
d = depth of the beam (mm); and 
a = crack (notch) depth (mm). 

Ewalds and Wanhill give the following formula derived 
using the collocation method for determining fracture tough
ness, K 1e (19): 

Kie = [Pl/b(d) 312
] f(a/d) (5) 

where 

P = maximum load on the load deflection curve [lb 
(N)]; 

l = span of the beam (mm); 
b = width of the beam (mm); 
d = depth of the beam (mm); 

f(a/d) = function of crack geometry = AIB; 
A = 3(a/d)112 [l.99 - (aid) (1-a/d) (2.15-3 .93(a/d) + 

2.7((ald)2)]; and 
B = 2(1 + 2(a/d)) (1-a/d) 312

• 

240 
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EXPERIMENTAL RESULTS AND 
INTERPRETATION 
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Critical values of the J integral in plane strain, 110 were deter
mined from Iaboratory'load deflection data as follows: 

• Total energy, Ur, under the load deflection diagram was 
computed by summing the area under the curve up to the 
point of failure, as shown in Figure 3. Failure was defined at 
the maximum load. The area was computed using the acquired 
data and the trapezoidal rule of summation of area under a 
curve. 

• Ur1b, the total energy per unit thickness, was then plotted 
against notch depth, as shown in Figure 4. The slope, (11 
b)(dU,lda), was obtained through regression. This procedure 
was repeated for each test temperature and mixture. 

• The critical J integral, JJc, was then determined for each 
test temperature from the slope of the energy versus crack 
length plots (Figure 4) using the following equation: 

l 1e = -(1/b )(dU,lda) (6) 

The results of the ]Jc calculations for the individual mixes are 
summarized in Table 2. Figures 5 through 7 show plots of J1e 

versus temperature. 

DISCUSSION OF RES UL TS 

]Jc values were calculated using Equations 1 and 3. To com
pare the values of J1e obtained from Methods 1 and 2 (see 
Table 2), a statistical regression was conducted. For most of 
the asphalts used in the study, R 2 was greater than 0.8, which 
shows that J1e values obtained from the two methods are well 
correlated. A close examination of Table 2 indicates that 
Method 2 gives more consistent results. Method 1 requires 
several specimens to determine l1c- As a result, Method 1 
involves variabilities between one sample and another, pro
ducing scatter in the data. 

p 

--------
---

DEFLECTION, 8, IN 
FIGURE 3 Load-denection diagram. 
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60 

l1c Versus Asphalt Grade and Source ent sources showed differences in J 1c· In Figure 5, for example, 
asphalt numbers 2 and 5 are AC-5 viscosity grade from two 
different sources, and asphalt numbers 4 and 7 are of AC-20 
viscosity grade from the same sources as the AC-Ss. Note the 
difference in curvatures between asphalt numbers 2 and 5 and 
asphalt numbers 4 and 7, which are due to the difference in 
source. Also note the difference in curvature between asphalt 
numbers 2 and 4 because of a difference in viscosity grades 
and a similar difference between asphalt numbers 5 and 7. 
Differences are observed between and within the three groups, 

l1c values were plotted versus temperature using the same 
grouping used earlie,r (see Figures 5 through 7). These plots 
indicate a shift in position on the temperature axis according 
to asphalt grade. All of the mixes tend to approach values 
between 0.3 to 1.0 lb in./sq in. at low temperatures (at and 
below - 5°F ( - 21°C); at the higher temperature the softer 
asphalts generally showed larger l1c values. It was also observed 
that asphalt cements of the same grade obtained from differ-
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indicating that the asphalt cements show sensitivity to fracture 
behavior with regard to both grade and source. 

A rather interesting difference is observed in Figure 7 with 
mixes made with asphalt numbers 16 and 17. Both are waxy 
asphalts of the same grade (medium AC-8) and same source, 
except that asphalt number 17 was oxidized during its man
ufacture. However, asphalt number 16 (AC-8) shows behav
ior similar to that of asphalt number 7 in Figure 5, which is 

a hard asphalt (AC-20); whereas asphalt number 17 (oxidized 
AC-8) shows behavior similar to that of asphalt number 5 in 
Figure 5, which is a soft asphalt (AC-5). Rheological results 
(2) also show a similar difference between asphalts 16 and 17. 
The reason for the difference in behavior is that the wax in 
asphalt 16 crystallizes at temperatures below 60°F (l6°C), 
giving it pseudohardness. In summary, results indicate that ; 
l1c is asphalt grade and source sensitive. 
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TABLE 2 SUMM ARY OF l ic DA TA 

J1c, lb· in/in2 Correlation 

Asphalt 

Number Method · 5 OF 

Method 1 .66 
Method 2 .67 

2 Method 1 .66 
Method 2 .76 

4 Method 1 .45 

Method 2 .54 

Method 1 .64 
Method 2 .55 

7 Method 1 .82 

Method 2 .58 

8 Method 1 .28 

Method 2 .29 

11 Method 1 . 10 

Method 2 .49 

12 Method 1 .20 

Method 2 .93 

13 Method 1 . 13 

Method 2 .85 

14 Method 1 .20 

Method 2 .90 

16 Method 1 .28 

Method 2 .39 

17 Method 1 .15 

Method 2 .55 

Comparison of l1c Transition Temperature to 
Other Variables 

8 OF 10 OF 

.81 

1.08 

1 .22 

.62 

1. 14 
.84 

.39 

.38 

N/A 

.36 

.21 

.90 

. 66 

1.26 

2.24 

1.00 

1 .37 

1.05 

Because l1c versus temperature curves showed a positional 
relationship between the different grades and sources, a quan
titative method for determining their relative position on the 
temperature axis was developed. This position was charac
terized by a temperature at which the 11c versus temperature 
curve became asymptotic ; hereafter, it is called the transition 
temperature (Figure 8). A transition temperature can be defined 
as a temperature at which asphalt concrete shows a transition 
from viscoelastic behavior to elastic behavior. To determine 
the transition temperature, a straight line was drawn parallel 
to the temperature axis, the x-axis, and asymptotic to the 11c 
versus temperature plot. A tangent was then drawn from the 
largest measured 11c value on the same plot to intersect the 
parallel straight line drawn earlier. The temperature value at 
the point of intersection gave the estimated transition tem
perature. Finally, the transition temperature was expressed 
as a ranking , with the highest ranking indicating the highest 
sensitivity to cracking. 

Coefficient 

15 °F 25 OF 40 °F 60 OF R2 

1 .50 1.67 7.67 

1. 11 1 .47 8.31 0.98 

.49 8.64 

1.11 11 . 23 0.85 

1 .80 1.90 

1. 10 1.54 0.75 

1 .56 6.20 
1.16 4.85 0.9 

.40 .90 5.85 

.65 1.30 7.20 0.89 

1 .45 3.57 
1. 10 4.56 0.84 

1 .51 .81 

1. 15 .99 

.76 2.09 

1.68 7.47 0.09 

5.71 7.74 

5.10 5. 79 0.88 

1 .77 2.58 

1.34 9.40 0.06 

.95 1. 10 8.58 

.69 1 .36 8.05 0.99 

1.91 6.39 

1 .22 4. 10 0.73 

The 11e trans1t10n temperatures for asphalt concrete are 
given in Table 3 along with temperature shifts that were obtained 
from tensile strength and static modulus results, Fraass brittle 
point temperature, and the temperature where the asphalt 
penetration is 1.2, Tpeni .2 . The latter temperatures are for neat 
asphalt cements and were obtai11ed eisewhere (2) . Because 
each of these temperatures was obtained under very different 
test conditions (rate of loading), it is not surprising that they 
are not equal for a particular asphalt. However, they should 
correlate with each other if they are measures of the same 
property , in this ca e the sensitivity to cracking. To verify 
the levels of correlation between the 11e transition tempera
tures and the other variables , the temperature shift for tensile 
strength and modulus are plotted versus the 11c transition 
temperatures in Figure 9, where the R2 values are 0.76 and 
0.82, respectively. In Figure 10 the Fraass brittle point tem
perature and Tpeni 2 are plotted versus the 11e transition tem
perature, yielding R2 value of 0.60 and 0.75 respectively. 
These R2 value indicate that the J 1, tran ition temperature 
is correlated with other characteristic temperature , although 
the correlation i not su ong enough LO warrant use f the 11, 
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TABLE 3 J,c TRANSITION TEMPERATURE AND OTHER TRANSITION TEMPERATURES 

Temperature 
Shift, oF Fraass 

J1c Brittle Temperature 
Transition Point at 

Asphalt Temperature Tensile Static Temperature Penetration 
No. Source oF Strength Modulus of 1. 2. oF 

A 43 12 14 12. 8 15.5 

2 B 29 -4 -18 4.3 2.0 
4 B 40 8 8 6.8 14. 2 

5 c 29 0 5 O.l 12.0 
7 c 45 15 18 21.7 21. l 

8 D 43 19 14 23.9 24.2 

11 E )40 4 l3 4.6 16.6 

12 F 26 0 -9 7.9 -5.6 

l3 G 9 -14 -26 -5.8 -6.6 
14 G 31 l -4 -0.2 7.3 

16 I 49 5 11 10.0 21. l 
17 I 32 -1 -3 3.2 -2.6 

intercept, bo -21 -38 -13 -20 
slope, b1 0.72 l. 13 0.62 0.85 
coefficient of 0. 76 0.82 0.60 o. 75 

determination, 
R2 

60 

Temperature, Tg 

From From 
DSC DSC 
oF of 

-27 55.4 

-18 42 .4 
-27 46.0 

-34 50.6 
-25 48.3 

18 68.3 

-28 44.7 

-27 42.3 

-17 42 . 0 
-25 42.3 

-26 55.0 
-40 37.9 

-28 33 
0 .15 0.46 
0.01 0.36 
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transition temperature as a surrogate for other variables . The 
J 1c transition temperature was also compared to the DSC and 
DMA glass transition temperatures (Figure 11), and the 
resulting correlations were very poor, giving R2 values of 0.01 
and 0.36, respectively. Because of the poor correlation, 
regression lines are not shown in Figure 11. No specific expla
nation can be given for the poor correlation, especially with 
the DSC dala, exl:epl that the testing conditions differ greatly 
for the DSC and DMA measurements. 

A comparison of the ranking of other characteristic tem
peratures versus the ranking of the l1c transition temperature 
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FIGURE 9 Plot of temperature shift versus ] 1, transition 
temperature, tensile strength, and static modulus. 
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was made by summing the absolute values of the difference 
between the individual ranking for the l1c transition temper
atures and the respective rankings for each of the other tem
peratures. The result , along with the rankings, is shown in 
Table 4. The result shows the same general trends evidenced 
with the temperature correlations given before. However, a 
close examination of the data in Table 4 indicates that the 
methods are not direct surrogates of each other. 

The correlations between the J1e transition temperatures 
and the mixture temperature shifts , Tpen1•2 , and the Fraass 
brittle point temperature do verify the dependency of J inte
gral on asphalt source and grade and warrant further devel
opment of J integral as a material fracture characterization 
variable and its development as a tool in fracture analyses. 
Successful use of the J integral has also been reported by 
Little for use with sulfur-modified asphalt concrete mixes (3). 
Further study is needed to refine the measurement of l 1e and 
to integrate the J integral into a computer model. The use of 
l1c and any associated computer model must be verified with 
a full-scale research study in the field . 

Table 5 presents fracture toughness, Klc, values for all mixes 
as determined with Equations 4 and 5; they are identified as 
Method 1 and Method 2, respectively. A quick examination 
of the data in Table 5 will show that the KJc values determined 
from Equations 4 and 5 are very similar. Therefore, K1c cal
culated with Winnie-Wundt formula (Equation 1, Method 1 
in Table 5) was arbitrarily chosen for use in the comparisons 
that follow (Figure 12). Because K1c versus temperature for 
all asphalts showed a straight-line relationship, only a typical 
Figure 12 is presented. Figures for other asphalts are given 
elsewhere (2). From Figure 12 it appears that K1c varies in a 
linear fashion with temperature. Although a linear relation
ship between K1c and temperature may be expected for brittle 
materials, a different relationship for hot-mix asphalt con
crete is expected as asphalt concrete is not brittle at all 
temperatures. 
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TABLE 4 RANKINGS OBTAINED FROM Ile TRANSITION TEMPERATURE AND OTHER TRANSITION 
TEMPERATURES 

J1c 

Transition 
Source 

Asphalt and 
No. Grade Rank Of 

A: 85/100 8 43 

2 B: AC-5 3 29 
4 B: AC-20 7 40 

5 C: AC-5 4 29 
7 C: AC-20 10 45 

6 D: AR-4000 9 43 

12 F: AR-4000 2 26 

13 C: 200/300 1 9 
14 C: 150/300 5 31 

16 I: AC-20 11 49 
17 I: 65/100 6 32 

Sum of absolute value of diffe r -
ence in ranking of Jl c tr ans i tion 
temperature and ranking fo r the 
other characteristic t emperatures 

Comparison of l1c Versus K1c as Fracture 
Parameter 

Rank and Value of 

Tensile Tensile 
Strength Modulus 

Shift Shift 

Rank or Rank Of 

9 12 9 14 

2 -4 2 -18 
8 8 7 6 

4 0 6 5 
10 15 11 16 

11 19 10 14 

5 0 3 -9 

1 - 14 1 -26 
6 1 4 -4 

7 5 8 11 
3 -1 5 - 3 

16 12 

Characteristic Temperature, Of 

fraass T T 
Brittle tr8m tr8m 
Point Tpenl.2 DSC OMA 

Rank Of Rank OF Rank Of Rank or 

9 13 B 16 3 -27 9 55 

5 4 4 2 9 -18 2 42 
6 7 7 14 4 -27 6 46 

2 0 6 12 2 -34 6 51 
10 22 9 21 7 -25 7 46 

11 24 11 24 11 16 11 66 

7 6 2 -6 5 -27 3 42 

1 -6 1 -7 10 -17 4 42 
3 0 5 7 8 -25 5 41 

8 10 10 21 6 -26 10 55 
4 3 3 -3 1 -40 1 38 

20 10 46 22 

The critical stress intensity factor, K1c, was derived for linear 
elastic materials and is based on the assumption that the stress 
strain relationship of the material being characterized is lin-

ear. In other words, K 1c is directly proportional to stress and 
reflects any changes in stress with regard to temperature , 
stress rate, or time. Because the stress strain curves are linear, 
behavior of a linear elastic material can be characterized by 
stress alone. Therefore, K1c can successfully be applied. On 
the other hand, for nonlinear or elastic-plastic materials, the 
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TABLE 5 SUMMARY OF K l< DATA 

"ic· Lb· in/sqrt in 
Asphal t 

Nl.ITiber Methodl · 5 OF 8 OF 10 OF 15 OF 25 OF 40 OF 60 OF 

Method 1 871.5 NA NA 896.4 NA 711 .9 602.8 

Method 2 763.0 NA NA 785.7 NA 623 .3 527.7 

2 Method 1 863.9 NA 845.3 NA 780.3 793.4 NA 
Method 2 757.5 NA 740.8 NA 681.7 695 . 4 NA 

4 Method 1 894 .9 NA no.SB NA 757.1 764.7 NA 
Method 2 784 .9 NA 638.1 NA 662.5 669 .8 NA 

5 Method 1 816.1 NA m.6 NA 821.5 936.8 NA 
Method 2 714.1 NA 674.9 NA 719.2 821.2 NA 

7 Method 1 792.1 NA NA 841.02 NA 735 . 2 790.0 
Method 2 694.0 NA NA 736.9 NA 644.3 693.2 

8 Method 1 852.7 883.8 NA NA NA 749.0 840.8 
Method 2 751.7 n4.6 NA NA NA 655 . 7 736.6 

NA 
11 Method 1 800.6 NA m.5 NA 827.9 664 .5 NA 

Method 2 700 .9 NA 680.0 NA 724.6 579 . 03 NA 

12 Method 1 933.4 NA 851.6 NA 1022.5 867.52 NA 
Method 2 816.4 NA 747.0 NA 896.5 761 .9 NA 

NA NA 
13 Method 1 859.31 845.9 NA NA 1054.5 662.8 NA 

Method 2 755.0 739.7 NA NA 824.6 581.5 NA 
NA NA 

14 Method 1 1168.0 NA 842.95 NA 866.1 870.5 NA 
Method 2 980.8 NA 737.2 NA 757.8 763.3 NA 

16 Method 1 767.8 NA NA 732.1 NA 692 .6 608.7 
Method 2 6n.6 NA NA 642.3 NA 607.7 532.9 

17 Method 1 736.775 NA 767.2 NA ni.9 806.4 NA 
Method 2 648.4 NA 672.6 NA 675.0 705.4 NA 

1Note: 
Method 1: K1c determined from Winnie and Wundt equation. 

Method 2: K1c determined from Stress Analysis equation. 

stress strain curves are not linear; therefore, stress alone is 
not sufficient to characterize their behavior. 

1 1"' which is determined on the basis of the strain energy 
release rate, is related to the variation of stress and strain, 
not to stress or strain alone. Therefore, lie is sensitive to both 
linear or nonlinear material behavior and can be used as a 
fracture characterization parameter. As a matter of fact, for 
a material such as asphalt concrete, which shows a transition 
from nonlinear to linear behavior as the temperature decreases, 
lie is a promising fracture characterization parameter. 

To summarize, it has been shown that linear elastic fracture 
mechanics (LEFM) is not as sensitive to changes in asphalt 
concrete fracture properties as the elastic-plastic fracture 
mechanics (EPFM). The critical values off integral, l1c, deter
mined using EPFM, do discriminate between asphalt concrete 
mixes made using asphalt cements of different grades and 

sources. The rankings obtained fron1 Jlc tr3.nsition tempera-
tures are similar to those obtained from other parameters and 
can be used in a mechanistic analysis. Consequently, this 
approach warrants further study. 

CONCLUSIONS 

1. l 1e is sensitive to asphalt concrete stiffness, asphalt cement 
grade, and source. lie is a promising fracture characterization 
parameter for asphalt concrete at low temperatures (60°F (16°C) 
and below. 

2. K1c is not sensitive to asphalt concrete variables. 
3. Although Equation 1 is a more fundamentally correct 

method of determining 11c in the laboratory, Equation 3 appears 
to be a reasonable approximation. 
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Effects of Ambient Temperature and 
Thermal Cycling on the Creep of 
Bituminous Pavement Materials 

R. J. SALTER AND M. Y. 0. AL-SHAKARCHI 

This paper discusses the effects of ambient temperature and ther
mal cycling on the creep of bituminous pavement materials, based 
on the results of laboratory testing. Two types of aggregate, rounded 
and crushed, and two grades of bitumen, 49 and 86 pen, were 
used to prepare laboratory samples that were subjected to uniaxial 
creep testing. The effect of ambient temperature changes on the 
performance of materials was investigated by thermal cycling and 
the effects on creep and mix stiffness reported. In summary, it 
was found that crushed gritstone aggregate showed creep-resisting 
properties superior to those of round gravel aggregates. Further
more, the addition of ethylene vinyl acetate copolymer to the mixes 
studied resulted in considerable reduction in creep, which were 
particularly marked at higher ambient temperatures. 

Climatic considerations are of major importance in the design, 
construction, and maintenance of bituminous pavements. High 
temperatures and temperature change in the bituminous lay
ers play a significant role in the overall life of a pavement and 
in maintenance requirements. Creep within the pavement lay
ers has an obvious influence on pavement stiffness and con
sequences for the development of rutting. Additionally, cli
matic changes can result in a loss of cohesion between aggregate 
particles, and the pavement designer has an interest in increas
ing the resistance force of mixture bonds by developments in 
binders, chemical additives, and aggregate grading and type. 

The research described in this report addressed these prob
lems by considering the following aspects of the behavior of 
bituminous materials: 

1. The effects of high ambient temperatures (20°C, 40°C, 
and 50°C) and bitumen grade on the deformation behavior 
of different bituminous mixes, using the creep test as a test 
method; 

2. The influence of aggregate type on mix stabiiity; 
3. The effect of ethylene vinyl acetate (EVA) binder mod

ifiers on mix performance; and 
4. The effect of thermal cycling on bituminous mixes, using 

the creep and Marshall tests. 

MATERIALS 

Two types of aggregate were used in the experimental inves
tigation: a crushed gravel and a crushed gritstone. These two 
types of material were selected as being representative of the 

Department of Civil Engineering, University of Bradford, Bradford, 
BD7 lDP, England. 

range of aggregate types used in pavement construction in 
Great Britain. Aggregate grading of the design mix used in 
all the experimental work is given in Table 1 and complied 
with specification limits outlined in ASTM D3515. 

Two grades of penetration were used in the experimental 
work, a 40/60 penetration and an 80/120 penetration supplied 
by Croda Hydrocarbons. In some of the experimental mixes 
an ethylene vinyl acetate modified binder with a 5:95 by mass 
polymer to 80/120 penetration bitumen was used. Blending 
was carried out in a low shear mixer for approximately 2 hr. 
The properties of these binders are given in Table 2. The 

TABLE 1 AGGREGATE 
GRADING FOR ALL MIXES 

sieve 'Ii passing 
size 

1 in 100 

t in 98 

i in 87 

A in 78 

No 4 60 

No 8 42 

No 50 16 

No 200 6 

TABLE 2 BINDER PROPERTIES 

bit\men property observed value 
type 

80/120 specific gravity 1.03 
softening point (R & B) 42°c 
penetration 86 
penetration index -2.2 

apecific gravity 1.03 
aoftening point 48.5°c 

40/60 penetration 49 
penetration index -1.6 

specific gravity 1.02 
80/120 softening point 63.6°C 

+ penetration 44 
5• EVA penetration index +1.4 
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EV A copolymer contained 18 percent vinyl acetate, a mixture 
found particularly effective in previous work in Great Britain. 

Optimum mix design was determined using the Marshall 
criteria. The optimum binder content, air voids, and densities 
for the mixes considered in the study are given in Table 3. 

CREEP TEST SPECIMENS 

Compaction of bituminous materials has a considerable effect 
on the subsequent performance of in-service pavements as 
well as on the behavior of laboratory specimens. 

Laboratory specimens used for the investigation into creep 
characteristics were prepared using a compacting procedure 
similar to that employed with the California Kneading Com-

TABLE 3 MIX PROPERTIES 

optimum average average 
11ix binder voids mix 

content content density 

' ' gm/ml 

gravel aggregate 5.7 2.9 2.36 
49 pen binder 

gravel aggregate 5 . 7 2.1 2.39 
86 pen binder 

gritstone aggregate 5.5 3.4 2.43 
49 pen binder 

gritstone aggregate 5 . 7 3.3 2.44 
86 pen binder 

gritstone aggregate 5.7 3.2 2.43 
86 pen binder 
+ EVA 
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pactor. It was anticipated that this procedure would result in 
uniform density throughout the specimens and an aggregate 
orientation similar to that achieved in the field by rolling 
operations. Compacted specimens were prism-shaped with 
the following dimensions: 200 mm by 100 mm by 100 mm. 

UNIAXIAL CREEP TESTS 

The uniaxial creep apparatus has become widely used as a 
simple method for assessing the resistance to deformation of 
bituminous materials. At the international colloquium on plastic 
deformability of bituminous mixes held at Zurich in 1977, 
creep testing conditions were standardized at an axial stress 
of 0.1 MN/sq m (14.5 psi) for 60 min at a temperature of 
40°C. 

In the research work reported here, the following variables 
were included in the design of the experiment; temperature, 
vertical stress, binder type, aggregate type, and thermal con
ditioning. The experimental arrangement for creep testing is 
given in Table 4. Complete details of the creep testing pro
cedure are given elsewhere (1). 

CREEP TEST RESULTS 

Creep testing was carried out at temperatures of 20°C, 40°C, 
and 50°C. It was found that gravel aggregate mixes with 86-
pen binder, tested at a stress of 0.1 MN/sq m, failed after 10 
min of load application. Lowering the test temperature pre
vented failure before the end of the 60-min test period; never
theless, strains were very much greater than those experienced 
with the other mixes tested. After 10 min of load application, 
the vertical strain at 40°C was approximately three times higher 
and, at 50°C, more than four times higher than strains expe-

TABLE 4 EXPERIMENTAL ARRANGEMENT FOR CREEP TESTING 

gritstone aggregate gravel aggregate 

test temperature number test temperature number 
stress bitumen of stress bitumen of 

co Fo 
specimens 

co Fo 
specimens 

20 68 4 20 68 4 

0,2 MN/m2 
86 pen 40 104 4 

0.2 MN/m
2 86 pen 40 104 4 

so 122 4 so 122 4 

20 68 4 20 68 4 
(29.0 psi) 49 pen 40 104 4 (29.0 psi) 49 pen 40 104 4 

so 122 4 so 122 4 

20 68 4 40 68 4 

0.1 MN/m2 86 pen 40 104 4 
0.1 MN/m2 

86 pen 40 103 4 
so 122 4 so 122 4 

20 68 4 20 68 4 
(14.S psi) 49 pen 40 104 4 (14.S psi) 49 pen 40 104 4 

so 122 4 so 122 4 

EVA + 86 pen 20 68 4 
at ratio of 40 104 4 

S/9S so 122 4 
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rienced at 20°C. Details of the creep test procedure are given 
elsewhere (1). 

Stress testing at 0.2 MN/sq m indicated, as would be expected, 
even greater axial strain. The 86 pen binder gritstone mixes 
and 49 and 86 pen binder gravel mixes all failed before the 
completion of testing at temperatures of 40°C and 50°C. 

The greatest strain occurred at all temperatures and both 
stress levels with the gravt:l aggn:gate mix with 86 pen binder, 
and the least strain occurred with the gritstone aggregate with 
49 pen binder. 

EFFECT OF EVA COPOLYMER ON CREEP 

The effect of adding 5 percent by mass of ethylene vinyl 
acetate copolymer to the mix on vertical and transverse strains 
was investigated with the creep test, using an axial stress of 
0.1 MN/sq m. Three different test temperatures were used: 
20°C, 40°C, and 50°C. 

It was noted that the addition of EV A considerably reduced 
the creep of mixtures, the effect being particularly marked at 
higher temperatures. Figure 1 shows this effect on creep meas
urements at 20°C, 40°C, and 50°C for mixes with an 86 pen 
binder, with and without the addition of ethylene vinyl 
acetate. 
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In addition to the stiffening effect of EV A on existing bitu
minous mixtures, the use of the copolymer allows improved 
creep performance to be obtained with mixes containing bind
ers of increased penetration. This is a factor of considerable 
significance in situations where climatic conditions limit the 
time available for compaction before the temperature of the 
material on the pavement falls below the minimum rolling 
temperature, when air voids may remain at unsatisfactory 
levels. Figure 2 shows a comparison between the vertical strain 
observed in gritstone mixes containing 49 pen binder and 
similar mixes containing 86 pen binder and EV A. A consid
erable reduction in creep for the specimens containing the 
modified binder can readily be observed. 

EFFECT OF EV A COPOLYMER ON STIFFNESS 

The results of the creep tests can be expressed in terms of 
mix stiffness related to loading time. Stiffness values for grit
stone mixes containing 86 pen binder, subjected to an axial 
stress of 0.1 MN/sq mat test temperatures of 20°C, 40°C, and 
50°C, are shown in Figure 3. Considerable increases in observed 
stiffness values can be seen for specimens containing co
polymer at all test temperatures and loading times. 

Gritstone aggregate , stress 0.1 MN/m2 

1.6 

1.4 

1. 2 

/ 

0.4 

.....-
0.2 

0 

/ 
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86 pen, 40°c ----· -----· 
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86 pen + EVA, 40°c 

.------·--· -· -· 
----- • 86 pen, 20°c 
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86 pen + EVA, 20°c 
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Loading time (sec) 

3000 4000 

FIGURE 1 Effects of temperature and polymer additive on creep for gritstone aggregate 
and 86 pen binder. 
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THERl\1AL CONDITIONING 

The effects of thermal conditioning were investigated by sub
jecting specimens to between 1 and 20 cycles of temperature 
variation, between 1°C and 55°C. Specimens were placed in 
the heating oven at an air and specimen temperature of 25°C; 
then the oven temperature was raised, reaching 55°C in 
approximately 110 min, and was maintained at the level for 
40 min. Specimens were then cooled in air for a period of 90 
min until they reached 25°C. Specimens were further cooled 
in water to a temperature of 1°C for a period of 150 min; they 
were then removed from the water and allowed to reach 25°C 
in 90 min. The whole temperature conditioning cycle occupied 
8 hr. 
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EFFECT OF THER1\1AL CONDITIONING 

Thermal conditioning was applied to two types of specimens: 
prism and Marshall specimens. The first specimen type was 
tested using creep testing and the second type, according to 
the Marshall test procedure. Thermal damage was measured 
through changes in creep properties and in stiffness related 
to the extent of thermal conditioning. 

Creep testing was performed on specimens that had been 
subjected to 0, 1, 5, 10, and 20 cycles of thermal conditioning. 
As previously observed, mixes with gritstone aggregate and 
86 pen binder had higher creep values than a similar mix 
incorporating EV A copolymer at 0 conditioning cycles. It was 
also observed that, for any specific mix, the creep increased 

Gritstone aggregate 86 pen + EVA, stress 0.1 MN/m2, 40°c 
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FIGURE 4 Effect of thermal cycling on creep, gritstone aggregate, 86 pen bitumen plus EV A. 
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TABLE 5 EFFECT OF MIX TYPE AND THERMAL EXPOSURE ON 
VERTICAL STRAIN 

mix loading Vertical strain at different cycles 
time 
(min) 1 5 10 20 

grits tone * 0.0368 0.0392 0.0417 0.04750 
86 pen 54 

grits tone 
86 pen 60 0.00745 0.00772 0.00853 0.00868 
5% EVA 

with the number of thermal cycles to which the samples had 
been subjected. At any given number of thermal conditioning 
cycles, the samples containing EVA copolymer had lower 
creep values than did similar mixes without the added copol
ymer. The observed results are illustrated in Figures 4 and 5 
and in Table 5. 

The transverse strain of mixes subjected to differing num
bers of thermal conditioning cycles was also measured during 
creep testing. The effects of the inclusion of EVA copolymer 
in the binder for a 60-min loading time are given in Table 6. 

The effects on mix stiffness of thermal conditioning were 
determined from creep testing observations and are given in 
Table 7 for loading times of 2, 26, and 60 sec. The greatly 
increased mix stiffness of specimens containing EV A copol
ymer can clearly be seen. There is also a decrease in mix 
stiffness with exposure to thermal cycling. This stiffness decrease 
averages 40 percent for gritstone aggregate specimens and 86 
pen binder, but amounts to an average of only 16 percent 
when EV A copolymer is incorporated in the mix. 

The effects of exposure to thermal conditioning were exam
ined by the Marshall test procedure, and details are given in 
Table 8. For the two mixes tested, gritstone aggregate and 
86 pen binder with and without the addition of EV A copol
ymer, it can be seen that stability decreased and flow values 
increased with an increase in the number of thermal cycles. 

With the limited number of thermal cycles applied to the 
test specimens, it was observed that the physical properties 
used in the Marshall test procedure to evaluate deteriorated 
mixes declined (with typical reductions in stability of 20 per
cent), increased the flow to 12 percent, and showed reductions 
of 30 percent in the Marshall Quotient. 

CONCLUSIONS 

The research program (1) outlined in this paper indicated the 
superior creep-resisting properties of crushed gritstone aggre
gate compared with rounded gravel aggregates; it also indi
cated a decrease in creep with higher penetration binders and 
lower ambient-temperature testing conditions. The addition 
to the mix of ethylene vinyl acetate copolymer resulted in a 
considerable reduction in creep under the test conditions, and 
this reduction was particularly marked at higher ambient tem
peratures. Mix stiffness was also increased considerably by 
the addition of a copolymer. An attempt to assess the effect 
of severe temperature changes on the performance of bitu
minous pavement material was made using thermal cycling. 
The experimental results, using the Marshall test procedure and 
also creep testing, indicated a reduction in thermal cycling dam
age for specimens that contain copolymer when measured by 
vertical and transverse strains, mix stiffnesses, and Marshall test 
results. 

TABLE 6 EFFECT OF MIX TYPE AND THERMAL 
EXPOSURE ON TRANSVERSE STRAIN 

mix transverse strain at different cycles 

1 5 10 20 

grits tone 
86 pen 0.00409 0.00428 0.00454 0.00522 

grits tone 
86 pen 
5% EVA 0.000572 0 .000717 0.000887 0.00102 

TABLE 7 EFFECT OF MIX TYPE AND THERMAL 
EXPOSURE ON MIX STIFFNESS 

mix loading stiffness at different cycles 
time (x 106 N/m2) 

(sec) 
1 5 10 20 

grits tone 2 15.18 12.15 10.38 9.74 
86 pen 

26 11.03 8.46 7.70 6.27 

60 9.79 7.65 7.02 5.67 

grits tone 2 25.58 24.81 23.31 22.57 
86 pen 
5% EVA 26 20.00 19.34 17.04 16.56 

60 18.62 17.95 15.70 15.24 

TABLE 8 EFFECT OF THERMAL CONDITIONING 
ON MARSHALL VALUES 

mix cycles stability flow Marshall 
kN mm Quotient 

grits tone 0 11.89 4.42 2.69 
86 pen 1 10.94 4.55 2.41 

5 9.76 4.62 2.11 
10 9.65 4. 78 2.02 
20 9.40 4.92 1. 91 

grits tone 0 12.94 4 . 15 3 . 12 
86 pen 1 11.62 4 . 20 2 . 77 
5% EVA 5 11.34 4 . 37 2 . 59 

10 11.00 4 . 57 2 . 41 
20 10.58 4 . 71 2 . 25 
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Adsorption of Model Asphalt 
Functionalities, AC-20, and Oxidized 
Asphalts on Aggregate Surfaces 

CHRISTINE w. CURTIS, DOUGLAS J. CLAPP, YOUNG w. ]EON, AND 

BADRU M. KIGGUNDU 

This investigation examined the competitive adsorption behavior 
of asphalt functionalities for silica and the adsorption behavior of 
AC-20 and asphalts oxidized to different degrees on real and actual 
aggregates. The competitive affinity for dry silica of paired com
binations of seven model functionalities known to be present in 
asphalt was determined. The affinity shown by the components in 
a competitive situation was different from that of the individual 
components. Competitive adsorption was also performed on mois
tened silica. The nitrogen base, quinoline, was most sensitive to 
moisture, whereas the sulfoxide was the least sensitive. In addition, 
asphalt oxidized to different degrees was adsorbed onto silica, 
alumina, sandstone, and limestone. On moist and dry silica and 
alumina, AC-20 was adsorbed more than the oxidized asphalts. 
On limestone and sandstone, the adsorption of AC-20, oxidized 
asphalt, and their respective asphaltene fractions was concentra
tion dependent. Most of the adsorption behavior fitted the Lang
muir model better than the Freundlich model. Monolayer amounts 
obtained from the Langmuir isotherms decreased with increased 
oxidation levels. The nature of the adsorbed asphaltic carbon was 
examined by controlled atmosphere electron microscopy. 

The relative affinities for actual aggregates of individual func
tionalities known to be present in asphalt (1-5) have been 
investigated using single component adsorption onto actual 
aggregates (1). However, single-component adsorption behavior 
does not fully predict the competitive adsorptive behavior of 
asphalt on aggregates in an actual pavement environment, 
because many different functionalities are present in asphalt 
and compete for the aggregate surface. It is important to know 
which functionalities in the complex asphall mixture have a 
competitive edge for an aggregate surface. 

Asphalt oxidizes as it is exposed to the natural forces of 
rain, sun, and heat. Oxidation of asphalt results in changes 
in both its chemical and physical properties, including increased 
viscosity and increased oxygen functionalities (3,5). As asphalt 
oxidizes, changes in the chemical functionalities present may 
result in changes in the adsorptive behavior of the asphalt 
onto the different aggregates and in degradation of pavement 
performance. 

This study investigated the adsorptive behavior of asphalt 
model functionalities and asphalts oxidized to different degrees 
onto real and model aggregates. Bicomponent adsorption was 
performed to determine competitive affinities between asphalt 

C. W. Cunis, D. J. Clapp, and Y. W. Jeon, Chemical Engineering 
Department Auburn University, Auburn , Ala. 36 •4< . B. M. Kig
gundu, Conc.."Orp International, Ltd., Kampala, Uganda . 

functionalities on both dry and moist silica surfaces. The model 
functionalities chosen were quinoline, representing nitrogen 
bases; phenol, phenolics; phenylsulfoxide, sulfoxides; benzoic 
acid, carboxylic acids; benzophenone, ketones; benzylben
zoate, esters; and pyrene, polynuclear aromatics. 

AC-20 and oxidized asphalts, prepared from an AC-20 
asphalt, were adsorbed from toluene solutions onto silica, 
alumina, sandstone, and limestone. Silica and alumina, high 
surface area model aggregates, were used to evaluate adsorp
tion on a chemically pure substance and to predict the behav
ior of real aggregates. The other two aggregates, sandstone 
and limestone, were low surface area aggregates currently 
being used in Alabama roads. The effect of aggregate surface 
moisture on asphalt adsorption was examined using silica and 
alumina containing 5 weight percent water. In addition, the 
adsorption behavior of asphaltenes, extracted from both AC-
20 and the oxidized asphalts, was evaluated on sandstone and 
limestone. 

The nature and character of the asphaltic carbon species 
that was adsorbed onto dry silica were also examined using 
controlled atmosphere electron microscopy ( CAEM) ( 6). This 
technique follows the changes in the transmission of the 
adsorbed asphalt layer while it undergoes reaction with oxy
gen. The different types of deposits can selectively be removed 
by oxidizing them at different temperatures until only an in
organic residue remains. 

EXPERIMENTAL 

Adsorption of Model Asphalt Functionalities 

Chemicals Used in Adsorption Studies 

The seven compounds selected for adsorption were benzoic 
acid (99 + percent), quinoline (99 +percent), phenylsulfoxide 
(97 percent), phenol (99 + percent), benzophenone (99 +per
cent), benzylbenzoate (99 + percent), and pyrene (99 + per
cent), all supplied by Aldrich. The solvent used was cyclo
hexane (99+ percent, spectrophotometric grade, Aldrich). 
The liquid model compounds and cyclohexane were dried by 
adding activated 4A molecular sieves, and the solids were 
dried in a vacuum desiccator. Silica gel (Davison Chemical), 
properties of which are listed in Table 1, was dried prior to 
use. 
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TABLE 1 PROPERTIES OF ASPHALTS, ASPHALTENES, AND AGGREGATES 

Asphalts 
Oxidation 

Time 

Proper t i es of Asphalts 
Viscosity, 

(poise) Asphaltenes,% Oxygen, % 
Absorptivity 

(ml/g cm) 

0 2,010±23 22 . 4 0.44 8,192 

1.0 7,050±93 22.7 

2 . 0 32,300±1,100 25 . 9 8,733 

2.5 57,300±1,400 29.4 0.42 

3.0 126,000±6,900 29.5 0.43 8,985 

Asphaltenes Prepared from Asphalts . <poise ) 

2,000 0. 78 21,930 

57,000 1.1 

12ti '000 1.1 20,950 

Aggregate 
Proper ties Silica Alumina Sandstone Limestone 

Source Davison Alcoa Selma, AL Tuscumbia, AL 
Vulcan Materials 

Particle Size, µ 250-500 297-595 177-297 177 - 297 

Procedures 

Pore Size , 
angstroms 

150 

Surface Area ,m2/g 294 

Pore Volume,cc/g 1 . 10 

Purity,DB wt% 

Iron Content, % 
as Hematite and 
Goethite 

99.8 

175 

360 

0 . 346 

A well-stirred, temperature-controlled (25.0 ± O.l0 C), batch 
adsorption apparatus was used for model adsorption experi
ments. Adsorption isotherms were obtained from single com
ponents having initial concentrations from 1 to 100 mmol. 
Each mixture was agitated for 1 hr after introduction of 0.5 
g dried silica into a 95-ml solution. Samples were taken by 
filtering through 0.22 µTeflon MSI filters and were analyzed 
by ultraviolet (UV) spectroscopy using a Model 250 Gilford 
spectrometer. Competitive adsorption was performed by using 
cyclohexane solutions of pairs of model compounds at 40 
mmol. Three grams of dried silica were added to 245 ml of 
solution. The concentrations of each component were mon
itored by UV at time intervals of 1, 2, 5, 10, 20, 30, 45, and 
60 min. Competitive adsorption was also performed on silica 
containing 10 ± 0.2 weight percent water that was prepared 

0.68 0.64 

not detectable not detectable 

98% Si02 
(quartz) 

0.38 

84% CaC03 
15% Si02 
(quartz) 

1.29 

by placing dry silica in a humidifying chamber containing 
distilled water. 

Analysis of Single and Bicomponent Solutions 

Quantitation was based on Beer's Law, A = Ebe, where A, 
10, b, and c indicate absorbance, molar absorptivity, cell path
length (1 cm), and solution concentration, respectively. The 
UV wavelength used for the individual components was 274 
nm for quinoline and benzoic acid; 252 nm, phenylsulfoxide; 
271.5 nm, phenol; 250 nm, benzophenone; 247 nm, benzyl
benzoate; and 295 nm, pyrene. The UV wavelengths used for 
the different compound pairs were 252 and 274 nm for quin
oline and phenylsulfoxide, respectively; 250/271.5 nm, quin
oline/phenol; 274/295 nm, quinoline/benzoic acid and quin
oline/benzylbenzoate; 250/274 nm, quinoline/benzophenone; 
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285/310 nm, quinoline/pyrene; 252/271 nm, phenylsulfoxide/ 
phenol; 258/275 nm, phenylsulfoxide/benzoic acid; and 281/ 
310 nm, benzylbenzoate/pyrene. Individual calibration curves 
were developed using standard solutions of known concen
trations. The calculation of amount adsorbed took into account 
the changes in solution volume due to periodic sample removal 
from the flask by employing the following mass balance: 

n 

rri = (1/W) L [(V - i.:lV)(C;-i,; - C;J)] 
i=l 

where 

rr; = amo unt of j-th compound adsorbed per gram silica 
(mmol/g), for j = 1 or 2; 

W = silica used (g); 
V = solution volume (0.25 I); 
.:l = sample volume (0.005 I); 

C0 = initial concentration of solution prepared (mmolar); 
C;J = co11centratio11 of j-th comp und of i-th sample taken 

(mmolar) for j = 1 or 2· and 
n = number of sample removal performed. 

All data obtained from bisolute adsorption experiments 
were at least duplicated; however, the data of single-com
ponent adsorption isotherms were not. The percent relative 
errors of the dupiicate data of quinoiine, phenylsulfoxide, 
phenol, and benzoic acid ranged from 0.48 to 9.03 percent; 
the average and standard deviation of the percent relative 
errors were 3.17 percent and 2.43 percent, respectively. 
In contrast, benzophenone, benzylbenzoate, and pyrene 
showed more than 10 percent relative error for the duplicate 
determinations . 

Adsorption of AC-20 and Oxidized Asphalts 

Asphalts and Aggregates 

AC-20 asphalt, obtained from Hunt Oil in Tuscaloosa, Ala
bama, was produced from 95 percent West Alabama-Mis
sissippi pipeline crude and 5 percent from Pilon crude. The 
model and actual aggregates used are given in Table l. All 
aggregates were dried at 120°C for at least 2 days until constant 
weight was achieved. Moist silica and alumina were produced 
by placing them in a humidifying chamber using distilled water 
for approximately 15 min. The percent aggregate moisture 
used was 5.0 ± 0.1 percent. 

Asphalt Oxidation 

AC-20 asphalt was oxidized to four different viscosities, nom
inally 7,000, 32,000, 57,000, and 126,000 poise, by placing 
AC-20 in a vessel containing a sparger and heating to 185°C 
for up to 3 hr. Compressed air was blown at a rate of 4 I/min 
to mix the asphalt and facilitate oxidation. After oxidation, 
all samples were stored in a freezer at - 20°C to prevent 
further oxidation. Asphaltenes were obtained from the oxi
dized asphalts and AC-20, by extraction with n-pentane. The 
properties of AC-20, oxidized asphalt, and asphaltenes are 
given in Table 1. 
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Adsorption of Asphalts 

Continuous adsorption experiments were conducted. Asphalt 
diluted in dried toluene (spectranalyzed, Fisher) flowed through 
a bed of aggregate at 25 ± 0.1°C and was pumped through 
a flow-through cell (0.1 or 1.0 cm) where the absorbance at 
375 nm was continuously monitored for 8 hr. From the absorb
ance readings, the solution concentration and the amount of 
asphalt adsorbed on the aggregate were calculated. The mate
rial balance equation used in the calculations was 

where 

rr = amount adsorbed per gram of aggregate (g asphalt/ 
g aggregate); 

W = aggregate used (g); 
V = volume of asphalt solution used (0.027 l); 

C Ao initial concentration of asphalt solution (g/l); 
CA = equilibrium concentration attained after adsorption 

(g/l). 

One gram of either silica or alumina, 3 g of sandstone or 
limestone, and 27 ml of solution were used. The initial con
centrations of the asphalt and asphaltene solutions were var
ied over a wide range. Ail data, plotted as amount adsorbed 
versus equilibrium concentration, are reported; some exact 
replicates of equilibrium concentration are given. 

FTIR Analysis 

Infrared analysis of AC-20 and oxidized asphalts was per
formed using a Nicolet 5SXC FTIR spectrometer. A cell path
length of 0. 7 mm and solution concentrations of 50 g of asphalt 
and 40 g of asphaltenes per liter of solution (CCl4 or CS2) 

were used. 

CAEM Analysis 

Specimens for transmission electron microscopy analysis were 
prepared by grinding silica coated with adsorbed asphalt to a 
fine powder and then ultrasonically dispersing the powder in 
butanol. A drop of suspension was applied to a thin graphite 
support film mounted on a platinum heater ribbon that was 
then mounted in the gas 1eactio11 l:~il in an elecrron trans
mission microscope. The appearance of the specimens was 
monitored as the temperature was raised to 750°C in the pres
ence of 2 torr oxygen. 

RESULTS AND DISCUSSION 

Adsorption of Model Asphalt Functionalities 

Adsorption Isotherms of Model Functionalities 

Individual adsorption isotherms were obtained for each model 
functionality to observe its adsorption behavior in the con
centration range of 0 to 80 mmol, as shown in Figure 1. For 
each isotherm, the amount adsorbed per gram silica increased 
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FIGURE 1 Adsorption behavior as a function of equilibrium concentration. 

rapidly at low concentrations; as the concentration increased, 
however, the rate of increase was retarded, forming a concave 
curve with respect to the concentration. At high concentra
tions, plateaus were formed except for phenylsulfoxide and 
benzylbenzoate, which continued to be adsorbed. Their 
adsorption isotherms could be described only up to -40 and 
-50 mmol, respectively, because of multilayer behavior and 
limited solubility in cyclohexane. The relative affinity of each 
model functionality was concentration dependent, yielding 
different relative affinity rankings among the functionalities 
at low and high concentrations. 

The monolayer amounts achieved by each model function
ality were obtained by applying the Langmuir model for 
adsorption in the form of 

where C, a, am, and b denote equilibrium concentration, 
amount adsorbed per unit weight of adsorbent, saturated 
monolayer amount, and a constant, respectively. Good con
formity to the Langmuir model was obtained for each com
pound except pyrene. The monolayer amounts ranged from 
1.3953 to 0.4444 mmol/g of silica, with phenol exhibiting the 
largest and pyrene, the smallest (Table 2). As the constant b 
is known to be related to the strength of the adsorptive forces 
(7), phenylsulfoxide, having a very high b value, should be 
the most strongly adsorbed functionality. 

Competitive Adsorption 

Competitive adsorption for the aggregate surface among asphalt 
functionalities is important because asphalt contains a mul-

tiplicity of compounds, each competing for the aggregate sur
face. Adsorption onto silica from bicomponent solutions was 
performed at a fixed initial solution concentration of 40 mmol, 
where monolayer coverage was achieved for all compounds. 
Both dry and moist (10 weight percent water) silica was used. 

Six binary compound combinations with quinoline as ref
erence were adsorbed onto dry silica (Table 3). Quinoline 
was selected as a reference because it showed a strong adsorp
tion and an adsorption isotherm yielding a level plateau. For 
each combination, each component adsorption rate was rapid, 
with equilibrium being established within 5 min. The lesser 
adsorbed compound reached equilibrium more quickly than 
the more adsorbed. Only phenylsulfoxide showed a stronger 
competition for the silica surface than quinoline. Phenol and 
benzoic acid adsorbed nearly the same amount in the presence 
of quinoline; therefore, it was difficult to distinguish their 
competitive rankings. Benzophenone, benzylbenzoate, and 
pyrene showed large decreases in the amount adsorbed with 
quinoline present. The adsorption of benzylbenzoate was 
completely blocked, whereas pyrene was able to compete for 
sites in the presence of quinoline. Because of these factors, 
establishment of competitive ranking of benzylbenzoate and 
pyrene was difficult and required further experimentation. 

The competitive edge of the different functionalities can be 
defined as 

Competitive Edge 

= (1.00 - Relative Reduction) x 100 percent 

where relative reduction is the percent decrease in the test 
compound divided by the percent decrease in the reference. 
The competitive edge for the different model functionalities 
relative to quinoline on dry silica given in Table 4 showed 



TABLE 2 MONO LA YER AMOUNTS OF MODEL FUNCTIONALITIES ON SILICA 

Correlation Mono layer Constant, b 
Model Compound Coefficient (r) (mmol/g) (l/mmol) 

Phenol 0.9994 (E) 1. 3953 0.3608 

Quinoline 0.9993 (E) 1.1983 0.6848 

Phenylsulf oxide 0 . 9988 (C) 0.7369 2 . 7588 

Benzoic Acid 0.9997 (E) 0.8890 0.6251 

Benzophenone 0.9993 (E) 0.6092 0.2844 

Benzylbenzoate 0.9995 (C) 0 . 5187 0 . 3554 

Pyrene 0.9744 (E) 0.4444 0.0188 

(E)entire isotherm used 
(C)concave portion of isotherm used 

TABLE 3 COMPETITIVE ADSORPTION OF BICOMPONENT SOLUTIONS ONTO DRY AND 
MOIST SILICA 

Competitors on 
Dry Silica 

Qui no line 
Phenylsulfoxide 

Qui no line 
Phenol 

Qui no line 
Benzoic Acid 

Quinoline 
Benzophenone 

Qui no line 
Benzylbenzoate 

Qui no line 
Pyrene 

Phenylsulfoxide 
Phenol 

Phenylsulfoxide 
Benzoic Acid 

Benzylbenzoate 
Pyrene 

Competitors on 
Moist Silica 

Quinoline 
Phenylsulfoxide 

Qui no line 
Phenol 

Qui no line 
Benzoic Acid 

a, % - ((B-A)/B] 

Amount Adsorbed Cmmol/g) 
Bicomponent Single Component 

x 100% 

B 

0.474 1.135 
0.611 0.970 

0.797 1.130 
0 . 660 1. 220 

0.884 1 . 130 
0.656 0 . 840 

0.991 1.130 
0 .098 0.535 

0.965 1.130 
0.000 0.610 

0.992 1.130 
0.089 0.210 

0.723 0.955 
0.537 1. 230 

0.826 0.935 
0.359 0.850 

0.543 0.550 
0.063 0.210 

Amount Adsorbed Cmmo l /g} 
Moist Silica Dried Silica 

0.283 0.474 
0.594 0.611 

0.573 0.797 
0.614 0 . 660 

0.670 0.884 
0.533 0.656 

Loss of 
Adsorption, %a 

58.2 
37.0 

29.5 
45.9 

21. 8 
21. 9 

12.3 
81. 7 

14.6 
100 . 0 

12.2 
57.6 

24.3 
56 . 3 

11. 7 
57.8 

1.3 
70 . 0 

Loss of 
Adsorption, %a 

40.3 
2.8 

28.1 
7.0 

24.2 
18.8 
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TABLE 4 COMPETITIVE EDGE OF DIFFERENT ASPHALT FUNCTIONALITIES IN 
RELATION TO A GIVEN REFERENCE ON DRY AND MOIST SILICA 

Competitive Edge (t) on Dry Silica 
Model Asphalt 
FuI)ctionalities 

Relative to Relative to Relative to 
Quinoline Phenylsulfoxide Benzylbenzoate 

Phenylsulfoxide +36 0 

Quinoline 0 

Phenol -56 -132 

Benzoic Acid 0 -394 

Benzophenone -564 

Benzylbenzoate -585 0 

Pyrene -372 -528 

Competitive Edge (t) on Moist Silica 
Gain in Competitive 
Edge Compared to 

Relative to Quinoline Dry Silica 

Phenylsulfoxide 

Phenol 

Benzoic Acid 

that phenylsulfoxide had a positive competitive edge. Benzoic 
acid was not affected by the presence of quinoline; in contrast, 
phenol, pyrene, benzophenone, and benzylbenzoate did not 
successfully compete against quinoline. 

Additional competitive adsorption experiments were per
formed to differentiate between the competitiveness of the 
two pairs: benzoic acid-phenol and benzylbenzoate-pyrene. 
Phenylsulfoxide served as reference for benzoic acid and phenol. 
Both benzoic acid and phenol were less competitive than 
phenylsulfoxide, with benzoic acid showing a smaller influ
ence on phenylsulfoxide adsorption than did phenol, as well 
as a larger reduction from the single component affinity (Table 
3). Therefore, phenol should be ranked as being more com
petitive than benzoic acid for the dry silica surface. Bicom
ponent adsorption experiments using the benzylbenzoate and 
pyrene system showed that the adsorption of pyrene was sig
nificantly affected by benzylbenzoate, but that of benzylben
zoate was unaffected by pyrene, making benzylbenzoate more 
competitive (Table 3). 

The competitive affinity of the asphalt functionalities on 
dry silica can be ranked as phenylsulfoxide > quinoline > 
phenol > benzoic acid > benzophenone> benzylbenzoate > 
pyrene. 

Competitive Adsorption Using Moist Silica 

The sensitivity of the four most competitive functionalities to 
moisture on the silica surface was determined as shown in 
Table 3. The adsorbed water coverage of the silica surface 

+93 57 

+75 131 

+22 22 

was estimated to be 2.23 monolayers, indicating a multilayer. 
This calculation was based on the assumption that 1 water 
molecule interacts with 1 surface hydroxyl group and a silanol 
density of 5 -OH/nm2 (8,9). Although the surface silanol 
groups were completely covered by water, the model com
pounds adsorbed significantly on the surface, with the water 
molecules acting as new adsorption sites (10). The adsorption 
rate of each compound was rapid, attaining equilibrium within 
a few minutes. Quinoline showed the greatest percent decrease 
in adsorption on moist silica compared with that on dry silica. 
When moisture sensitivity is defined as the decrease in adsorp
tion from dry silica, the moisture sensitivity of the four com
pounds ranked as quinoline > benzoic acid > phenol > 
phenylsulfoxide. 

On moist silica, the competitive edges of all three com
pounds relative to quinoline were positive and, thus, were 
increased compared with the dry silica case (Table 4). The 
gain in competitive edge ranged from 22 percent for benzoic 
acid to 131 percent for phenol. Thus, the oxygen-containing 
functionalities exhibited higher affinity than did the nitrogen 
base for the additional adsorption sites provided by the pre
adsorbed water. 

Adsorption of AC-20 and Oxidized Asphalt 

Adsorption onto Dry Silica 

The adsorption of AC-20 and oxidized asphalts was performed 
in a continuous adsorption apparatus (11) where the initial 
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asphalt concentration was varied and the silica amount was 
held constant. Figure 2 shows the adsorption of AC-20, 32,000 
poise asphalt, and 126,000 poise asphalt onto dry silica. For 
each oxidation level, the adsorption tended to follow a curve 
that formed a plateau at higher concentrations. The oxidized 
asphalts achieved less adsorption but yielded more level pla
teaus than AC-20. 

The data obtained from AC-20 and oxidized asphalt adsorp
tions were fitted to both the Langmuir and Freundlich adsorp
tion isotherms. The Langmuir model used was in the same 
form as stated earlier. The Freundlich equation was in the 
form 

In a = In K + (1/n)ln C 
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where a, C, K, and lln denote the amount adsorbed per unit 
weight of adsorbent, equilibrium concentration, and con
stants, respectively. The Langmuir model generally represents 
a homogeneous surface on which chemisorption and low-cov
erage physisorption occur and where monolayer coverage is 
probable, whereas the Freundlich equation generally describes 
a heterogeneous surface where physisorption occurs. The 
Langmuir model yielded a higher degree of linearity, with 
correlation coefficients ranging from 0.9856 to 0.9952, com
pared with 0.8649 to 0.9927 for the Freundlich model, with 
each individual comparison having a higher correlation coef
ficient for the Langmuir equation . According to the mono
layer amounts obtained from the Langmuir equation (Table 
5), the oxidized asphalts were less adsorbed on dry silica than 

0 
0 
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FIGURE 2 Adsorption of asphalt onto dry silica and dry alumina. (a) Adsorption of 
osphalt onto dry silica, (b) adsoi·ption of asphalt onto dry aluminn. 
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TABLE 5 MONOLAYER AMOUNTS OF AC-20 AND OXIDIZED ASPHALTS ADSORBED 
ONTO AGGREGATES 

Asphalt Monolayer Amounts on a Weight Basis 

Asphalt 
Viscosity, Monola~er Amounts on Different Aggregates (mgLg) 

poise 
Dry Moist Dry Moist 

Silica Silica Alumina Alumina Sandstone Limestone 

2,000 188 205 194 183 1.40 1. 78 
32,000 106 118 

126,000 93.5 93.8 119 118 1. 25 1. 72 

Asphalt Monolayer Amounts on a Surface Area Basis 

Asphalt 
Viscosity, 
poise 

2 
Monolayer Amounts on Different Aggregates (mgLm ) 

Dry Moist Dry Moist 
Silica Silica Alumina Alumina Sandstone Limestone 

2,000 
32,000 

126,000 

0.638 
0.359 
0.318 

0.697 

0.319 

0.538 
0.327 
0.332 

0.508 2.06 2. 77 

0.328 1. 85 2.67 

Asphaltenes Monolayer Coverage of the Real Aggregates 

Asphalt Weight Basis 
Viscosity, 
poise Sandstone 

2,000 0.542 
126,000 0. 502 

AC-20; the 32,000 poise asphalt was 43.7 percent less adsorbed, 
and the 126,000 poise asphalt was 50.1 percent less adsorbed . 

Adsorption onto Moist Silica 

AC-20 asphalt and 126,000 poise oxidized asphalt were also 
adsorbed onto silica that contained 5 weight percent water. 
The AC-20 adsorption behavior on moist silica was very sim
ilar to that on dry silica (Figure 3A), showing curves that 
appeared to form plateaus at high concentrations. The amount 
adsorbed on moist silica appeared to be higher than that on 
dry silica. The amount adsorbed was calculated on a dry aggre
gate basis, which means that the grams of asphalt adsorbed 
on moist silica were divided by the theoretical amount of dry 
silica used. 

The adsorption data of moist silica fitted the Freundlich 
isotherm better than the Langmuir; however, the difference 
in the correlation coefficients was small (0. 9954 for Freundlich 

Mono layer Amounts 
(mg Lg) Sui;:f;u;e Ai; ea ~j!Si§ (m&Lm2) 

Limestone Sandstone Limestone 

0 . 656 0.800 1.02 
0.567 0.742 0.881 

versus 0.9677 for Langmuir) . The AC-20 monolayer amount 
on moist silica was 9.4 percent higher than that on dry silica 
(Table 5). 

The adsorption behavior of 126,000 poise oxidized asphalt 
onto moist and dry silica was similar, as shown in Figure 3B . 
The moist silica adsorption data fitted the Langmuir equation 
better than the Freundlich, with correlation coefficients of 
0.9893 and 0.9551, respectively. The difference in monolayer 
amounts between the moist and dry silica obtained from the 
Langmuir correlation was only 0.32 percent. This small dif
ference indicated that the adsorbed water on the silica surface 
had no effect on the monolayer amount of 126,000 poise 
oxidized asphalt adsorbed. 

CAEM of Adsorbed Asphalt on Dry Silica 

Previous CAEM studies performed by Rodriquez and 
coworkers (12) have shown that when carbonaceous deposits 
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FIGURE 3 Adsorption of AC-20 and 126,000 poise asphalt onto dry and moist silica. 
(a) Adsorption of AC-20 asphalt, (b) adsorption of 126,000 poise oxidized asphalt. 

were heated in 2 to 5 torr oxygen, the amorphous carbon was 
removed at temperatures between 450 to 650°C. Material that 
contained a significant amount of hydrogen was removed at 
the lower end of this temperature range. At 650°C, the inner 
core of filamentous carbon started to gasify and, upon a tem
perature increase to 750°C, the skin disappeared. Finally , 
at 850°C, any graphitic components present underwent 
oxidation. 

Examination of the adsorbed asphalt on silica samples by 
CAEM at room temperature showed that individual sections 
of the samples were similar in appearance to the dry uncoated 
silica. The adsorbed asphalt samples exhibited an irregular 
"feathery" outline and were too dense to allow penetration 
by the electron beam. Hence, the observations were made at 
or near the edges of the material (Figure 4A). The adsorbed 
asphalt began to gasify between 425 and 460°C when the silica 

edges became lighter. At 475°C, the interior of the particle 
became lighter, indicating that the asphalt had been adsorbed 
into the silica pores. No further changes were observed with 
increased temperature. 

As the adsorbed asphalt was removed, an accumulation of 
small particles, shown as the circled features in Figure 4B on 
the graphite support immediately adjacent to the silica frag
ments, was observed. The size and number of the particles 
increased with increased temperature. At 705°C, some of the 
particles started to catalytically oxidize the graphite support. 
Because this behavior was restricted to regions in the vicinity 
of the silica fragments with adsorbed asphalt and was not 
observed with the dry uncoated silica, it is most likely that 
the metal species originated from the adsorbed asphalt (13). 

The observation that the adsorbed asphalt gasified in a 
uniform fashion at a relatively low temperature suggests that 
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(a) 

(b) 

FIGURE 4 Transmission electron micrograph. (a) Asphalt 
adsorbed onto silica supported on graphite, (b) asphalt 
adsorbed onto silica with points corresponding to metallic 
impurities. 

the adsorbed asphalt was amorphous and contained a signif
icant amount of hydrogen. Even though metal was found in 
the deposit, no evidence was found for the formation of either 
filamentous or graphitic carbon on the surface of the silica. 

Adsorption onto Dry Alumina 

The adsorption of AC-20 and oxidized asphalts onto dry alu
mina given in Figure 2 showed two levels of adsorption: one 
for AC-20 and a lower level for the two oxidized asphalts. At 
higher concentrations, all of the isotherms began to form 
plateaus with the aggregate surface becoming saturated with 
adsorbed asphalt. Application of the Langmuir and Freund
lich models showed that the Langmuir modeled the data bet
ter, yielding correlation coefficients of0.9919 to 0.9960, com
pared with 0.7521 to 0.9866 for the Freundlich. Again, each 
individual comparison was better for the Langmuir model. 

The monolayer amounts given in Table 5 show that the 32,000 
and 126,000 poise oxidized asphalts were - 39 percent less 
adsorbed than AC-20 whereas the difference between the two 
oxidized asphalts was only 1.3 percent. The amount adsorbed 
was affected by oxidation but not by the degree of oxidation. 

Adsorption onto Moist Alumina 

AC-20 appeared to adsorb less on moist alumina than on dry 
alumina, as shown in Figure 5A, an outcome that was opposite 
the moist silica results. The adsorption data for AC-20 using 
moist alumina fitted the Freundlich model better than the 
Langmuir model, although the difference in the correlation 
coefficients, 0.9898 compared with 0.9814, was small. The 
monolayer of AC-20 adsorbed on dry alumina was -5.7 per
cent higher than that adsorbed onto moist alumina. Thus, the 
adsorbed surface water on alumina inhibited some of the AC-
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FIGURE 5 Adsorption of AC-20 and 126,000 poise asphalt on dry and moist alumina. 
(a) Adsorption of AC-20 asphalt, (b) adsorption of 126,000 poise oxidized asphalt. 

20 from adsorbing, possibly through blocking or changing the 
acidity of some of the adsorption sites. 

By contrast, the adsorption data for 126,000 poise asphalt 
on moist alumina (Figure SB) fitted the Langmuir equation 
better than the Freundlich. Correlation coefficients for the 
models were 0.9525 and 0.9418, respectively. The monolayer 
amount (Table 5) for 126,000 poise asphalt on dry alumina 
was only 0.84 percent higher than that obtained with moist 
alumina. 

Adsorption onto Sandstone 

The adsorptive behavior of AC-20 and two oxidized asphalts 
on dry sandstone exhibited concentration dependence as pre
sented in Figure 6. At low concentrations, the oxidized asphalts 

adsorbed more than AC-20, but at higher concentrations the 
reverse was true. The AC-20 isotherm reached an asymptote, 
whereas the oxidized isotherm showed a peak in the adsorp
tion amount so that, at the highest concentrations, the amount 
of oxidized asphalt adsorbed decreased. This behavior may 
be due to the increased polarity of the oxidized asphalt com
pared with that of AC-20. Because an increase in polar group 
concentration increases the availability of hydrogen bonding 
groups, the oxidized asphalt tended to remain in solution at 
high concentrations rather than to adsorb to the aggregate 
because of a stronger association among the polar asphalt 
molecules (14-16). 

The model functionality study showed that ketone groups 
were less adsorbed onto siliceous aggregate than carboxylic 
acids, sulfoxides, phenolics, and nitrogen bases. Because 
ketones are believed to be a major product of asphalt oxi-
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FIGURE 6 Adsorption of asphalt and asphaltenes onto sandstone. (a) Asphalt adsorption, 
(b) asphaltene adsorption. 

dation (3,17,18), the chemical composition of the oxidized 
asphalt was changed compared with AC-20; hence, the total 
amount adsorbed should be Jess than AC-20. The concentra
tion dependence observed in the adsorptive behavior of some 
model functionalities can be applied to that of asphalt on 
sandstone. Because the asphalt chemical composition changed 
with oxidation, the different chemical constituents pres
ent may have different relative affinities at high and low 
concentrations. 

Infrared analyses of the oxidized asphalts produced for this 
study showed changes in their chemical composition as asphalt 
oxidation increased. Substantial increases in the ketone infrared 
absorbances were observed with increased asphalt viscosity 
(Figure 7A); changes in the sulfoxide absorbances were also 
observed (Figure 7B). Comparisons of the ketone and sulf-

oxide peak area ratios of the oxidized asphalts with those of 
AC-20 are given in Table 6. The ratios of the ketone peak 
areas increased as the oxidation increased, particularly for 
32,000 and 57,000 poise asphalts. Similar increases were 
observed for asphaltenes. The sulfoxide absorbances showed 
different behavior. For the lesser oxidized asphalts of 7 ,000 
and 32,000 poise, the sulfoxide peak area actually decreased. 
Asphaltenes showed lower sulfoxide peak areas only in the 
7 ,000 poise asphaltenes compared with that of AC-20; all 
other oxidized asphaltenes contained more sulfoxides. 

Asphaltene fractions from both AC-20 and 126,000 poise 
oxidized asphalt were adsorbed onto sandstone as shown in 
Figure 6B. AC-20 asphaltenes adsorbed more than the oxi
dized asphaltenes, giving a higher percent difference at low 
concentrations than at high concentrations. 
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FIGURE 7 Infrared absorbances of AC-20 and oxidized asphalts. (a) Infrared ketone 
absorbances, (b) infrared sulfoxide absorbances. 

Application of the Langmuir and Freundlich isotherms to 
both the asphalt and asphaltene adsorptions on sandstone 
showed that the Langmuir model provided a better fit for the 
data, yielding correlation coefficients ranging from 0.9972 to 
0.9993 compared with 0.8721 to 0.9866 for lhe Freumllich. 
Monolayer amounts (Table 5) showed a 10.1 percent differ
ence between AC-20 and oxidized asphalt and a 7.3 percent 
difference between AC-20 and oxidized asphaltenes. 

Adsorption onto Limestone 

The adsorptive behavior of AC-20 and oxidized asphalt onto 
limestone showed concentration dependence just as did their 

adsorption onto sandstone. At low concentrations , AC-20 
adsorbed less than the oxidized asphalt but adsorbed more at 
higher concentrations. An asymptote was observed for AC-
20 adsorption in Figure 8A and a peak with a maximum for 
lhe uxiuizeu asphall. The raliunale given for lhe lowered 
adsorption of concentrated oxidized asphalt on sandstone can 
also be used for limestone. Adsorption of asphaltenes (Figure 
8B) showed that the oxidized asphaltenes were more adsorbed 
than AC-20 asphaltenes at low concentrations; at high con
centrations, the data were erratic. 

The Langmuir model provided a better fit for both the 
asphalt and asphaltene data than did the Freundlich. The 
correlation coefficients for the Langmuir ranged from 0. 9959 
to 0.9991 and for the Freundlich, from 0.8635 to 0.9332. Because 
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TABLE 6 RATIOS OF KETONE AND SULFOXIDE PEAK AREAS IN CC14 

Ratio 

a 
Ketone Peak 

Ratio 
Sulfoxide 

b 
Peak 

Asphalt 
Viscosity, 
poise 

Asphalts Asphaltenes 
Ratio 

Asphalts 
Ratio 

Asphaltenes 

2,000 0.0 0.0 1.0 1.0 

7,000 0.1748 0.1649 0.7331 0.9055 

32,000 0.6208 0.6543 0.9798 1.224 

57,000 0.7606 0.7844 1.023 1.274 

126,000 1.0 1.0 1.064 1.390 

aThe ketone region peak from AC-20 was nwnerically subtracted from the 
oxidized asphalts. The ketone peak areas were then ratioed to the 126,000 
poise asphalt. The same procedure was used for the asphaltenes. 

bAll the asphalt sulfoxide peak areas were ratioed to the AC-20 peak. The 
same procedure was used for the asphaltenes. 

the monolayer amounts obtained for AC-20 and oxidized asphalt 
were very similar (Table 5), no apparent difference in the 
adsorption of AC-20 and oxidized asphalt could be discerned. 
In contrast, a larger difference, 13.5 percent, was observed 
between AC-20 and oxidized asphaltenes on limestone, with 
the AC-20 asphaltenes having the larger monolayer amount. 

SUMMARY 

The adsorption of asphalt functionalities onto silica clearly 
demonstrates that adsorption behavior is dependent on a 
number of factors, including type of chemical entity, polarity 
of the functionality, competition among functionalities, con
centration of the functionality, and dryness or moistness of 
the silica surface. The adsorption affinities among the seven 
functionalities differed according to their concentrations. 
Competition among pairs of functionalities gave this affinity 
ranking for dry silica: phenylsulfoxide > quinoline > phenol 
> benzoic acid> benzophenone > benzylbenzoate > pyrene. 
Quinoline showed the most moisture sensitivity and phenyl
sulfoxide, the least. 

The aggregate ranking of adsorbed AC-20 and oxidized 
asphalt on dry aggregate was alumina > silica > limestone > 
sandstone. The oxidized ~sph:alts were less adsorbed than AC-
20 for each aggregate except for limestone, where no signif
icant difference was observed. The effect of aggregate surface 
area on adsorption was determined by dividing the monolayer 
amounts by the aggregate surface area (Table 5). The dry 
aggregate ranking according to the largest amount of asphalt 
adsorbed per unit surface area was limestone > sandstone > 
silica > alumina. The 126,000 poise asphalt showed the same 
ranking except that alumina adsorbed more than silica. When 
compared on a surface area basis, sandstone and limestone 
adsorbed four to five times more than silica and alumina. The 

lower adsorption of the model aggregates may be due to hind
ered diffusion of the asphalt molecules or limited entrance to 
the pores due to pore mouth plugging. 

Similar behavior was observed between AC-20 and oxidized 
asphalt on moist silica and moist alumina as on their dry 
counterparts. However, AC-20 interacted differently with the 
two moist surfaces: the moist silica yielded higher levels of 
AC-20 adsorption, but moist alumina yielded less. The 
adsorption of the 126,000 poise oxidized asphalt was equiv
alent regardless of the surface moisture of the two aggregates. 
These results along with the adsorption behavior on the dry 
aggregate indicated that the AC-20 contained more active 
adsorption moieties than the oxidized asphalts. 

Although these results were obtained using only one parent 
asphalt, the trends observed may be relatable to pavement 
performance. To fully apply the results, however, these stud
ies should be extended to a diverse group of asphalts from 
different suppliers and crude sources. In addition, the inclu
sion of a wider variety of real and model aggregates would 
provide more information for predicting interactions between 
asphalts oxidized to different degrees and aggregates of dif
ferent chemical compositions. 
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Detection of Amine-Based 
Antistripping Additives in Asphalt 
Cement 

ARTHUR R. TARRER, HYON H. YOON, BADRU M. KIGGUNDU, FREDDY L. 
ROBERTS, AND VINAY P. WAGH 

This study presents the findings of an effort to develop a test either 
for detecting the presence of amine-type antistripping (AS) agents 
in asphalt or, when desired, quantitatively measuring the agent's 
concentration in asphalt. Four asphalts and two amine-type com
mercial antistripping agents, each asphalt and agent being from 
a different source, were used in the study. An ASTM procedure 
for quantitative measurement of amines in an organic solution was 
modified to allow direct measurement of the quantity of amine
type antistripping agents in asphalt. As part of the procedure, the 
additive is titrated directly with an acid, without first having to 
be extracted from the asphalt. The procedure is simple, requires 
relatively inexpensive equipment, and, with little further modifi
cation, may possibly be used to do field testing. 

For a long time, asphalt technologists have been seeking sim
pler and more reliable techniques for detecting the presence 
of an antistripping additive in asphalt. Also, for purposes of 
quality control, they need tests that allow them to determine 
the exact dosage of additive to be used. And they need to 
know whether interaction between the additive and the asphalt 
has occurred to an extent that has reduced additive effec
tiveness. A number of test methods for additive detection 
have been proposed, having varying degrees of sophistication 
(1). None of these test methods have been evaluated by deter
mining their repeatability in quantitative terml 

As part of this work, an ASTM method (02073) was mod
ified to allow direct measurement of the amount of amine
type additive present in asphalt. The original ASTM method 
permits the determination of the total, primary, secondary, 
and tertiary amine values of fatty amines and diamines, and 
the total amine value of fatty amidoamines. The subject of 
interest here, however, is only the total amine value, which 
is assumed to vary directly with the total AS additive con
centration. The total amine value is a measure of the sample's 
basicity and is defined as the number of milligrams of potas
sium hydroxide (KOH) equivalent to the basicity in 1 g of 
sample. The original ASTM procedure requires an extraction 
step to separate the amine-bearing compounds from the sam
ple, and the extracted material is titrated with hydrochloric 
acid (HCI). To make the procedure simpler and more easily 
adaptable for field application, a method was developed to 
allow direct titration of an asphalt sample without having to 
separate the amine-bearing compounds via extraction. 

National Center for Asphalt Technology and Chemical Engineering 
Deparlmenl, Auburn University , Auburn, Ala. 36849. 

A blank asphalt sample (with no added additive) is first 
titrated; then the additive-bearing asphalt samples are titrated. 
To perform a titration, the sample is first dissolved in iso
propyl alcohol and chloroform. It is assumed that the basicity 
of the blank asphalt and that of the additive are linearly super
imposed; that is, there is no interaction between the basic 
amine groups in the additive and those in asphalt. The amount 
of additive, or the amine value due to the additive, is assumed 
to be directly related to the difference between the amount 
of titrant (HCl) required to attain the desired end point for 
the blank asphalt and that required for additive-bea1ing asphalt. 
The results presented in this report suggest that repeatability 
within 10 percent is possible using this procedure. (Refer to 
the Appendix for an ASTM formatted description of the pro
cedure.) Two AS additives , each from different commercial 
sources, and asphalt from four different manufacturers were 
used in evaluating the procedure. 

Some difficult questions remain to be addressed and are 
yet to be resolved . For example, what are the performance 
implications of the results of the test? The test does provide 
a means of quantitatively determining the presence and dos
age of an AS amine-type additive in asphalt. The test further 
offers the potential to trace the life of the AS additive from 
the time of induction to some finite future time. The test, 
most of all, is simple and potentially implementable either in 
the field or in central laboratories. Also, it uses relatively 
inexpensive equipment. 

The emphasis of this study is on the proposed detection 
method and not on requirements for an AS additive, such as 
heat stability and handling considerations. For purposes of 
verification , the report includes results from an independent 
evaluation of the procedure by Petroleum Sciences, Inc. 

BACKGROUND 

M;iny c.ommP.rc.i;il ;intistrippine ::irlrlitivP.s ::irP. known to h P. 

amines or chemical compounds containing amines (2 ,3) . Like 
ammonia, amines act as weak Lewis bases. For instance, a 
solution of ammonia in water does reach the following equi
librium: 

Lewis bases react readily with strong acids. Therefore, the 
basicity of an asphalt depends on the amount of additive 
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added to the asphalt. The basicity of an asphalt can be deter
mined by titrating the asphalt with an acid such as HCI. If 
the additive does not interact with the asphalt , the concen
tration of the additive in the asphalt can be determined from 
the difference between the basicity of the blank asphalt and 
that of the asphalt containing the additive. 

TEST DEVELOPMENT 

Materials 

Asphalts: Four AC-20 asphalts from different sources were 
used in this study. The asphalts were labeled AC-1, AC-2, 
AC-3, and AC-4. 

Antistripping Additives : Two different polyamine-type 
antistripping additives were used in this study. These additives 
were produced by different manufacturers; they were labeled 
Additives 1 and 2. 

Procedure 

Samples with two or three concentration levels of each addi
tive for each asphalt were prepared , including a blank, or 
control sample. Each sample was prepared by first placing 
the desired weight of additive in a glass beaker and then 
pouring melted asphalt at 275°F into the beaker. The resulting 
mixture was stirred vigorously for about 30 sec, heated in an 
oven at 275°F for 5 min, and stirred again for about 1 min . 
Each sample combination was then tested . 

Procedure verification measurements by Petroleum Sci
ences, Inc., were conducted at 1.0 weight percent additive 
concentration in triplicate, using two additives and four asphalts. 
The solvents used by Petroleum Science, Inc . , were obtained 
locally. 

Test Method 

The specimen of asphalt-additive mixture was dissolved in 
chloroform and isopropyl alcohol solution containing 5 per
cent distilled water. The sample solution was then titrated 
potentiometrically with hydrochloric acid solution ( 4). The 
detailed procedure is described in the Appendix. 

Stripping Test 

Additive effectiveness was evaluated using a boiling water 
test. The boiling water test used is a modification of the Texas 
Boil Test (5) . To have a high degree of sensitivity, a large 
mesh-size(% in . to 4 mesh) , granite aggregate was used. The 
aggregate was supplied by the Georgia Highway Department. 
The procedure for the boiling water test used in this study is 
described next. 

Boiling Water Test 

After soaking in distilled water for 24 hr and towel drying, 
100 g of saturated aggregate was placed in a stainless steel 
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bowl and held in an oven maintained at 300°F for 1 hr of 
preheating time . Next, 5.5 g of asphalt cement (to which, 
when used, an AS additive had been added) was heated at 
275°F for 10 min and then poured onto the preheated aggre
gate. The asphalt and aggregate were mixed using a hot spat
ula for 2 min and were placed in an oven maintained at 300°F 
for 10 min . After the mix was cooled to room temperature, 
the completely coated aggregate was placed in boiling water 
(250 ml in a 400-ml beaker) heated by a hot plate . The water 
was maintained at a slow boil for 10 min; during this time the 
immersed aggregate was stirred using a glass rod for 10 sec 
after each period of 4 min and 8 min of boiling. The mixture 
was then held in the water while it was allowed to cool to 
room temperature. After cooling to room temperature, the 
water was drained from the beaker, and the mixture was 
placed on a paper towel and allowed to dry. 

The resultant amount of stripping was determined by visual 
observation and reported in terms of the observed percentage 
of asphalt coating retained on the aggregate . A rating board 
was developed with 10 intervals from 0 to 100 percent of 
retained coating, in order to standardize the visual evaluation 
as much as possible. 

RESULTS AND DISCUSSION 

Titration curves consisting of a plot of sample pH versus amount 
of acid titrant (HCI) added were determined for two sets of 
asphalt-additive samples. Each sample set consisted of the 
blank asphalt, the asphalt containing 1.0 weight percent of 
additive, and the pure additive . A different commercial addi
tive was used in each of the two sample sets. Figures 1 and 
2 show the titration curves for each sample set. Ideally, titra
tion curves are S-shaped, and the inflection point in the curve 
is the end point or the equivalency point. 

It was very difficult to determine the end point of the titra
tion for the blank asphalt samples because there was no clear 
inflection point (refer to Figure 1, Curve C). There was a 
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FIGURE 1 Typical titration curves using Additive 1. 
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FIGURE 2 Typical titration curves using Additive 2. 

clear inflection point for both pure additive samples (pH = 

3.5). The end point for the additive-bearing asphalts was taken 
to be the same as that observed for the pure additives (pH 
= 3.5). 

Titrant amounts (milliliters of HCl) required to reach the 
end point for each of the samples in the four sample sets are 
listed in Tables 1 and 2. Each sample set consisted of an 
asphalt to which different specified amounts of one of the two 
commercial AS additives used were added. A different asphalt 
was used in each of the four sample sets. Titrant amounts are 
also given for each of the two pure commercial AS additives 
used. Table 1 consists of the analyses done in the authors' 
laboratory, and Table 2 consists of those done by PSI, for 
verification purposes. Triplicate titrations Were done for most 
of the samples; for a few samples, only duplicate titrations 
or, in some cases, four titrations were done. Mean amounts 
of titrant required to reduce the sample pH to the end point 
(pH = 3.5) and standard deviations are shown. 

The total number of samples analyzed was relatively small 
(34 samples, including those done by PSI). Based on this 
limited sample number, the standard deviation in titrant amount 
appears to be small for all the samples, including pure additive 
samples, additive-bearing asphalt samples, and blank asphalt 
samples. All four of the blank asphalts had an appreciable 
basicity, implying that a blank determination should be made 
on the source asphalt containing no additive. 

IL was observed that Additive 1 in each asphalt tested was 
detected in smaller amounts than the amounts known initially 
to have been added. as shown in Figures 3 and 4 and in T::ihlP. 
1. Observation suggests that some interaction occurred between 
the additive and the asphalt components. On the other hand, 
the amount of Additive 2 in each asphalt tested was detected 
to be the same as that initially added. This observed difference 
in behavior between the two additives used implies that some 
additives may be more reactive with asphalt components than 
others. 

The effectiveness of each additive was directly related to 
the apparent reactivity of the additives with the asphalls (as 
shown in Figures 5 and 6): Additive 1 was more effective per 
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unit amount than was Additive 2; and, as was already shown, 
Additive 1 appeared to react with the asphalt, and Additive 
2 did not appear to react. The detection method appears to 
be reliable in that the effectiveness of both additives in each 
asphalt, as measured by the percent retained asphalt coating 
after boiling, increased as the dosage of the additives was 
increased. 

A comparison of analyses of four sample sets performed 
by Auburn with those by PSI is given in Table 3. Each sample 
set consisted of a different asphalt mixed with 1 weight percent 
of one of the two different commercial AS additives used. 
The agreement between the amounts of AS additive detected 
by the two laboratories is acceptable . To assess this agreement 
quantitatively, an analysis of variance for the detected values 
was performed. Three basic parameters-the laboratory, the 
additive type, and the asphalt type-along with the three 
possible interactions among these parameters were combined 
linearly to formulate the model for the analysis of variance 
performed. 

The results of the analysis of variance are given in Table 
4. The F values for the six different model parameters, the 
three basic parameters and the three parameters of interac
tion, are listed. The F value represents the ratio of explained 
variance to unexplained variance; the unexplained variance 
is what cannot be explained by the model: the higher the F 
value, the more significant the model parameter. An overall 
F value for the model is also given in Tahle 4. ln addition to 
F values, the probability associated with having an F value 
greater than that determined for the parameter is also reported. 
The extent to which the observed variance in detected values 
is due to a particuliir model parameter is equal to 1 minus the 
reported probability for being greater than the F value (as is 
shown in Figure 7). 

The order of significance of the model parameters is as 
follows: (a) additive type, (b) interaction: additive and lab
oratory, (c) interaction: additive and asphalt, (d) interaction: 
laboratory and asphalt, (e) laboratory, and (f) asphalt type. 
The overall F value and associated probability are 1.54 and 
0.402, respectively, indicating that the model is statistically 
significant. 

The statistical significance of the additive type and that of 
the interaction between additive type and laboratory have a 
definite implication. It is felt that the statistical importance 
of these parameters has to do with the need for a standard 
reference time for the detection method. The degree of inter
action between an asphalt and an additive is strongly depend
ent on the additive type; as was shown earlier, Additive 1 
exhibited more interaction than did Additive 2. 

Furthermore, as shown in Figures 8 through 13, the degree 
of interaction between an additive and an asphalt appears to 
depend not only on additive type but also on mixing and 
storage temperature and asphalt type. Here, the analytical 
mpfhnri lllO:Pri tf"\ tr~r"P thP rh":'.lnlTP 1T"I ~Ptof"tf)hla ,,,,-l,.l;+;H,.,, "' ,.... ...., 

- - · -- - -· ---- - -- ----- ~ ... ..., _ ... ._....__.b.., ••• .._......, .. ._.._.,._._..._, ... .._, .... .._..~.L.&.'f'-' '-'Vl.l 

centration with high-temperature storage was a modification 
of that proposed by Carstab and is described in detail in a 
separate work (6). This technique involved an extraction step 
using HCI. The results given in Figures 8 through 13 show 
that a decrease occurred in additive concentration and effec
tiveness with increased high-temperature (> 300°F) storage 
time. This was felt to reinforce the need for a standard ref
erence time in performing an additive analysis in order to 
minimize additive-type dependency and, possibly, asphalt
type dependency. 



TABLE 1 ANALYSES OF FOUR SETS OF ASPHALT-AS-ADDITIVE SAMPLES PERFORMED AT AUBURN UNIVERSITY 

Sanple Titrant Aloount (ml HC) Average Staroard Antistrip to wt. Percent 

1 2 3 4 Value Deviation Titrant F.quivalency Antistrip 

(ml HCl) (%) Factor (nq/ml) Detected 

I. PU.re Additives: 

lld1itive #1, 100 Ilg 7.6 8.1 7.3 7.3 7.6 4.99 13.2 

lld1itive #2, 100 Ilg 6.2 6.0 6.2 6.4 6.2 2.63 16.1 

II. llsr::halt-Addit;!.ve Mixtures; 

a. Chevron AC2Q (AC-1) 

(Blank) 3.8 4.0 4.2 4.2 4.1 4.7 

0.2% 1\S #1 5.4 5.6 5.4 5.5 2.1 0.18 

0.5% l\S #1 6.5 6.3 6.5 6.4 1.8 0.31 

1.0\ 1\S #1 9.0 9.4 9.4 9.3 9.3 2.0 0.69 

0.2% l\S #2 5.2 5.2 5.0 5.1 2.3 0.17 

0.5% 1\S #2 7.1 7.2 7.1 7.1 0.8 0.50 

1.0% 1\S #2 10.5 10.5 10.3 10.4 1.2 1.03 

b. Arrooo AC2Q (AC-2) 

(Blank) 4.1 4.0 4.5 4.2 6.3 

0.2% 1\S #1 5.4 5.5 5.5 0.15 

1.0% AS #1 10.1 10.2 10.6 10.3 2.6 0.80 

0.2% 1\S #2 5.3 5.4 5.4 0.18 

1.0% AS #2 10.7 10.4 10.7 10.6 1.6 1.03 

c. Doua!as AR-1000 (AC-3) 

(Blank) 4.7 4.4 5.1 4.7 7.4 

0.2% 1\S #1 6.1 6.2 6.3 0.19 

1.0\ AS fl 10.4 10.3 11.0 10.6 3.6 0.77 

0.2% AS #2 5.9 6.3 6.1 0.22 

1.0\ 1\S 12 11.6 11.9 11.9 11.8 1.5 1.14 

d. Idaho .Aschalt t&J.Q (AC-4) 

(Blank) 3.2 3.6 3.5 3.4 7.5 

0.2% 1\S #1 4.5 4.8 4.6 0.16 

1.0% 1\S #1 9.1 9.2 9.4 9.2 1. 7 0.17 

0.2% AS #2 4.4 4.9 4.7 0.20 

1.0% AS #2 10.4 11.2 10.9 ro.8 3.7 1.19 



TABLE2 ANALYSES OF FOUR SETS OF ASPHALT-AS-ADDITIVE SAMPLES PERFORMED BY PSI* 

Sanple Titrant Aloount 

(ml HCl) 

1 

Antistrip fl, 100 ll'g a.a 

Antistrip f2, 100 ll'g 7.9 

Chevron AQ 2:Q (AC-1) 

(Blank) 2.7 

1' AS fl 11.3 

1' AS f2 10.2 

krooo AC. 20 (AC-2) 

(Blank) 3.7 

1' AS fl 12.7 

1' AS f2 9.7 

Dco :rlas AB-!10QO (li!Ml 1 (AC-3) 

(Blank) 2.6 

1' AS #1 12.a 

1' AS #2 a.a 

Idaho A<mhalt AC. l,O (AC-4) 

(Blank) 2.5 

1' AS #1 a.a 

1' AS #2 10.a 

Viscos~ Q( Astlhalts !!HO~ 

Dooglas AR-4000 

Idaho AsPialt AC10 

* PSI ., Petroleum sciences, 

1.0 

-0 0 .8 
(lJ ...... 
u 
(lJ ...... 
~0.6 

Q) 

> :;:; 
u 0.4 
-0 

Ire. 

2 

a.a 

a.3 

3.2 

12.l 

10.5 

4. 25 

12.9 

11.7 

3.6 

13.2 

9.a 

2.5 

10.0 

12.2 

3 

9.0 

a.3 

2.7 

11.7 

10.7 

3.5 

13.5 

12.2 

4.0 

13.5 

10.5 

4.3 

10.0 

13.a 

Average 

Value 

(ml HCl.) 

a.9 

a.2 

2.9 

11.7 

10.5 

3.a 

13.0 

11.2 

3 .4 

13 . 0 

9.7 

3.1 

9.6 

12.3 

1100 

1190 

<( 
Asp hait : AC- i 
o Ad ditive # 1 
• Ad ditive # 2 

~ 
30.2 
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FIGURE 3 Comparison of expectation curves. 

Standani 

Deviation 

(%) 

1.3 

2.8 

10.0 

3.4 

2.4 

10.0 

3.2 

12.0 

21.0 

2.7 

a.a 

34.0 

7.2 

12.0 

1.0 

-0 0 .8 
(lJ ...... 
u 
Q) ...... 
Q) 0 .6 

0 

Q) 

> :;:; 
u 0.4 
-0 
<( 

~ 
3 0.2 

Antistrip to 

Titrant F.quivalency 

Factor (ng/ml) 

11.2 

12.2 

wt. Percent 

Antistrip 

Detected 

1.01 

0.92 

1.03 

1.02 

1.09 

0.77 

0.69 

1.07 
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FIGURE 4 Comparison of expectation curves. 
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TABLE3 COMPARISON OF ANALYSES PERFORMED BY AUBURN UNIVERSITY WITH THOSE BY PSI 

As(ilalt Average Standani wt. Peroent 

Type Titrant Amoont Deviatiat 11ntistrip 

(ml HCl) (%) Detected 

AJ.J PSI AJ.J PSI AJ.J PSI 
Qievron AC20 

Additive 1 9.3 11. 7 2.0 3.4 0.7 1.0 

Additive 2 10.4 10.5 1.2 2.4 1.0 0.9 

A1oo<x> AC-20 

Additive 1 10.3 13.0 2.6 3.2 o.s 1.0 

Additive 2 10.6 11.2 1.6 12. 1.0 1.0 

Dooqlas AR-4000 

Additive 1 10.6 13.2 3.6 2.7 o.s 1.1 

Additive 2 11.8 9.7 1.5 8.8 1.1 0.8 

Idaho ~t AC-10 

Additive 1 9.2 9.6 1. 7 7.2 0.8 0.7 

Additive 2 10.8 12.3 3.7 12.0 1.2 1.1 
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TABLE 4 ANALYSIS OF VARIANCE 

sooroe of Degrees of Variation: 

Variation Freedan SUm of 

Squares ( 102) 

laboratory 1 0.25 

Additive Type 1 9.00 

As(:ilalt Type 3 0.75 

Interaction: 1 9.00 
ldlitive am laboratory 

Interaction: 3 2.75 
laboratory am As(:tlalt 

Interactim: 3 9.00 
ldlitive am A5plal.t 

Model 12 30.8 

Error 3 5.0 

OVerall: 

R-Square Value ~ 0.860 

Cloefficient of Variance = 100 Cst:andard deviation) = 13.8 
Mean 

Mean Value of Antistrip Present = 0.94 

c 
0 
~ 
u 
c 
::I 

LL 

>. 
~ 
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FIGURE 7 Distribution of F value when Ho is true. 

In summary, then, it was felt that the importance of additive 
type and interaction between laboratory and additive type 
had to do with the different laboratories not using a standard 
reference time. Methodology specifications were thus needed 
to require minimal hot additive-asphalt mix storage time prior 
to an analysis. 

The degree of variance due to the individual analyst's tech
nique must be addressed because a significant model param-
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F Value Prci>abili ty 

(explained variance) >than F 

(imexplained variance) (Figure 7) 

0.15 0.724 

5.40 0.103 

0.15 0.923 

5.40 0.103 

0.55 0.682 

1.80 0.321 

1.54 0.402 
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FIGURE 8 Additive concentration versus heating time. 

eter was the interaction between the laboratory and additive 
type . It should be noted , however, that the laboratory, by 
itself, did not exhibit any statistical significance. When the 
lower-reactivity additive (Additive 2) was used, the agree
ment among the laboratories was much better than when the 
higher-reactivity additive was used. Again , as already empha
sized, it was felt that much of the variance associated with 
analysis technique had to do with additive-asphalt hot storage 
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FIGURE 10 Additive concentration versus heating time. 

and handling and could possibly be minimized by specifying 
a standard reference time for hot additive-asphalt mix prep
aration and storage prior to doing the analysis. 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

1. An amine-type additive concentration in asphalt can be 
determined by simple acid-base titration. 

2. For any amine-based antistripping additive, percent 
additive present in an asphalt can be estimated most accu-
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FIGURE 12 Heat stability of AS Agent 1. 

rately by comparing the additive-asphalt basicity in terms of 
HCl titration milliliters to that of a known standard asphalt 
sample containing the additive . 

3. This test provides a rapid and simple method, possibly 
suitable for field laboratory use, for detection of amine-based 
additive dosage in an asphalt. 

4. This test provides a means for tracing additive concen
tration changes with time of hot storage of an additive-asphalt 
mix and, thereby, provides an indication of additive-asphalt 
reactivity. 

5. A standard reference time for sample handling at high 
temperatures needs to be used in performing the proposed 
additive detection method. 
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FIGURE 13 Heat stability of AS Agent 2. 

6. The results from this test do not define the effectiveness 
of an additive, and further testing and field performance are 
needed to determine how such information can best be dis
cerned. 

Recommendations 

1. This test should be applied to a wide range of amine
based additive-asphalt systems to establish precision. 

2. Inferences from the test results to mixture performance 
should be explored. 

REFERENCES 

I. D. G. Tunnicliff and R. E. Root. N HRP Report 27'1: Use of 
A111istrippi11g Additives in Asplwlti Co11cn!tl' Mixtures. TRB, 
Na1ional Research Council , Washington, D .. , 1984. 

2. D . H. Mathews. Surface-Act ive Agenrs in Bituminous Roau Mate
rials . Joumttl of Applied Chemistry, Vol. 12, 1962, pp. 56-64. 

3. J . N. Dybalski . ationic Surfactants in Asphalt Adhesion. Proc., 
Association of Asphalt Pa~ilig Tedmologim, Vol. 5 1, 1982, pp. 
293-307. 

4. ASTM D2073 Sw11dard Test Methods for Tow/ Primary, Second
ary, rmd Tertiary Amine Values of Fauy Amine., Admidtimines. 
and Diami11es by Referee Pote111iome1ric Method. American oci
ety Cor Testing and Materials, Philadelphia, 198.l. 

5. T. W. Kennedy, F. L. Rober ts, and K. W. Lee. Evaluating Moi -
ture Susceptibility of Asphalt Mixture U iaA 1hc Texas Boiling 
Tcsl. ·In Tra11spor1a1ion Rese{lrch Record 968. TRB , Natio11aJ 
Research Council Washington, D . . , 19 4, pp. 45-53. 

6. H. H. Yoon , A . R . Tarrer , F . L. Roberl and B. M. Kig.eundu . 
'/11erm11/ V egradatio11 Properties of Amis/ripping Addirilies and 
E11lra11ced Pe1forma11ce by Curing. Transp rtation Research Record, 
TRB. National Research Counci l, Washington, D. . 1990 (in 
prc1 aratio11) . 

Publication of this p<1per sponsored by Committee on Characteristics 
of Dl1w11inous 1Viateri{ll . 

TRANSPORTATION RESEARCH RECORD 1228 

APPENDIX: 
Detailed Test .Procedure Developed for 
Determination of Amine-Based 
Antistripping Additives in Asphalt 
Cement 

1. Scope 
1.1 This method determines the presence and amount of 

antistripping additive in an asphalt. 
Note 1. This method is applicable only to polyamine-type 

additives. 
2. Applicable Documents 

2.1 ASTM Standards: 
D2073 Test Methods for Total, Primary, Secondary, and 

Tertiary Amine Values of Fatty Amines, and Diamines by 
Referee Potentiometric Method 

E70 Test Method for pH of Aqueous Solution with the 
Glass Electrode 

D3665 Practice for Random Sampling of Construction 
Materials. 
3. Summary of Method 

3.1 The asphalt sample is dissolved in isopropyl alcohol and 
chloroform. The sample solution is then titrated potentiom
etrically with hydrochloric acid. A known standard should be 
determined for each additive-asphalt comhination to obtain 
quantitative results. 
4. Significance and Use 

4.1 This test provides a rapid method for detection of the 
presence and dosage of an antistripping additive in asphalt. 

4.2 This test provides a means for determining additive 
reactivity with an asphalt. Additive-asphalt reactivity is deter
mined by measuring the change in additive dosage and that 
initially specified for the asphalt-additive mixture tested. 

4.3 This test is suitable for both central and field laboratory 
applications. 
5. Apparatus and Reagents 

5.1 Glass beaker, 250-ml capacity, or other suitable con
tainer. 

5.2 Glass electrode pH meter , conforming to the require
ments of method E70 or similar potentiometric titration. 

5.3 Hot plate, with variable heat control and variable-speed 
stirring control. The magnetic stirrer should be made of inert 
plastic . 

5.4 Buret, graduated to 0.1 ml and a capacity of 50 ml. 
5.5 Purity of Reagents. Reagent-grade chemicals shall be 

used in all tests. 
5.6 Chloroform (CHC13) . 

5.7 Hydrochloric Acid, Standard Solution (O. lN). Add 16.5 
ml of concentrated hydrochloric acid (HCI, sp. gr. 1.19) to 
1,000 ml of isopropyl alcohol in a 2-1 volumetric flask. Dilute 
to volnm<" >1nrl mi -: . 

5.8 Isopropyl Alcohol Solution. Add 5 ml of distilled water 
to 95 ml of isopropyl alcohol. 

Note 2. Caution: The U .S. Food and Drug Administration 
has declared that chloroform is injurious to health. Care should 
be used in handling chloroform as it can be absorbed through 
the skin. 
6. Sample Preparation 

6.1 Weigh 10.0 g of the asphalt into a 250-ml beaker. Add 
135 ml of chloroform and 15 ml of isopropyl alcohol. Heat to 
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boil, and hold at boiling for 1 min on a hot plate, maintaining 
vigorous stirring without any splattering occurring. Remove 
from the hot plate, and cool to room temperature. 

6.2 Weigh the desired amount of AS agent, for example, 
about 0.100 ± 0.005 g (for 1 percent dosage), in a suitable 
250-ml container. Add 10.00 ± 0.05 g of molten asphalt (275°F), 
and stir the mixture vigorously for 30 sec using a glass rod. 
Place the contents in an oven at 275°F for 5 min, and stir for 
1 min outside the oven. Cover the container with aluminum 
foil, and cool to ambient temperature. Blends using various 
dosages are prepared the same way. Then follow the proce
dure in section 6.1. 

6.3 Weigh ( ± 0.005 g) various amounts of AS agent to be 
tested, using at most three levels. The following are suggested 
as corresponding dosages: 0.25 percent. 0.5 percent, and 1 
percent. Then dissolve each level of AS agent as discussed in 
6.1. 
7. Procedure 

7 .1 Immerse the lower half of each electrode of the pH 
meter (Note 3) in the sample solution, prepared as described 
in item 6. Start the stirrer, and adjust the speed so that vig
orous stirring is maintained without splattering. 

Note 3. Standardize the pH meter at a pH of 4.0 and 7.0 
while carefully following the manufacturer's instructions. 

7.2 Titrate with 0.1 NHCl standard solution. 
Note 4. Record the pH readings every 1 ml of HCI, but in 

the vicinity of the end point (Note 5) record the pH readings 
every 0.5 ml of HCI. Plot a titration curve showing the pH's 
against milliliters required for titration. Occasionally, a long 
stabilization time (on the order of minutes) for the pH meter 
reading is required before a reading is taken. 

Note 5. The end point is the midpoint of the inflection on 
the titration curve. Record the milliliters of 0.1 NH Cl required 
to titrate to the end point. In some cases, it is very difficult 
to determine the end point because there is no clear inflection 
point in the titration curve. However, the titration curve for 
an antistripping additive itself has a clear inflection point. To 
obtain this titration curve, weigh 0.100 g of the antistripping 
additive to be analyzed into a 250-ml beaker and then follow 
the procedure described above. Find the end point from the 
titration curve. Then, the pH at this end point can be used 
in the titration of the asphalt sample for greater accuracy. In 
general a pH of 3.5 may be used as an approximate end point 
of the titration for any antistripping additive. 

7 .3 Titrate 0.100 g of the AS agent to be tested, dissolved 
in 135 ml of chloroform and 15 ml isopropyl alcohol solution 
with the 0.1 NHCl solution (Note 6) as described above. 

7.4 Titrate 10.0 g of a blank asphalt with the 0.1 NHCl 
solution (Note 6), according to the procedure in Steps 6 and 
7. 

Note 6. Once a bottle of 0.1 N HCl solution has been 
consumed, a new standardization against the AS agent con
trols and asphalt blanks must be done. 
8. Calculations. Two methods are discussed below with no 
indication of preference: 

8.1 First Method. Calculate the amount of antistripping 
additive present in the asphalt by comparing the milliliters of 
HCl required for titration to a known standard. 

U - B 
percent antistripping additive = K _ B x P 
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where 

U = millimeters of HC) required for titration of the unknown 
asphalt sample that contains an unknown amount of 
additive dosage; 

K = milliliters of HCl required for titration of the known 
standard sample (which contains a known amount of 
additive dosage, Note 7); 

B milliliters of HCl required for titration of the blank 
asphalt (without additive, Note 8); 

p = percent additive in the known standard asphalt sam
ple. 

Note 7. The known standards should be generated with the 
specific asphalt and additive used in the construction project. 
The required amount of the antistripping additive is mixed 
with the asphalt by first placing the additive in a glass beaker 
and then pouring heated asphalt at 275°F into the beaker. 
The mixture is then stirred vigorously with a spatula for 30 
sec at ambient condition. 

Note 8. A blank determination should be made on the 
source asphalt containing no antistripping additive. 

8.2 Alternate Method. Percent antistripping additive can 
also be calculated using the following equation: 

V-B 
percent antistripping additive = --S- x F x 100 

where 

V = milliliters of HCl required for titration of the asphalt
additive sample; 

B = milliliters of HCl required for titration of the blank 
asphalt (without additive); 

S = 10.00 g (specimen weight); and 
F = AIR (factor: combining weight of additive Note 9). 

Note 9. The factor F must be determined for each anti
stripping additive to be analyzed. See Note 3 for the proce
dure. The factor may be obtained from the known weight 
percentage of additive used as recommended by the additive 
manufacturer. The combining weight is the ratio (A/R) of the 
weight of the additive, which combines with hydrochloric acid 
to the volume of hydrochloric acid required to reach a defined 
end point. Here, the concentration of the HCl solution must 
be standardized by titrating with Na2C03 or some other stand
ard base where A equals 0.100 g (grams of antistripping addi
tive) and R equals milliliters of HCl required for titration of 
antistripping additive itself. 
9. Report 

9.1 The asphalt and additive types and sources. 
9.2 Dosage of additive given and detected. 
9.3 Description of action of additive on asphalt. 
9.4 Any other particular observations. 

10. Precision and Bias 
10 .1 Precision requirements for this test method have not 

been established. 
10.2 Results from limited testing within one laboratory sug

gest that repeatability (D2S percent) between duplicate runs 
for percent additive should not exceed 0.14 weight percent. 
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Field Trials of a Lead-Based Asphalt 
Antioxidant 

JOHN w. H. OLIVER 

Sprayed seal road trials were laid at two sites in Australia to 
evaluate the effectiveness of the antioxidant lead diamyldithiocar
bamate (LDADC) in reducing the rate of asphalt hardening. Sec
tions containing no antioxidant (control) and sections containing 
between 1 and 6 percent LDADC in asphalt were placed. Testing 
of samples taken during construction showed that little or no deg
radation of the LDADC had occurred during mixing with asphalt 
or during the spraying operation. Environmental and occupational 
health monitoring was performed at one of the trials. Both trials 
were sampled 2 yr after construction and the asphalt recovered 
for testing. For all three of the asphalts used, it was found that 
asphalt hardening had proceeded more slowly in those sections 
containing antioxidant than in the control sections. Increasing 
LDADC concentration in the asphalt was correlated with a reduced 
binder hardening rate. The trials will continue to be monitored to 
determine whether the early improvements in asphalt hardening 
rate continue in the long term. 

The asphalt binder in asphaltic concrete or sprayed seal sur
facings hardens with time. If the pavement structure has been 
properly designed and constructed for the traffic it carries and 
a durable aggregate has been used, the rate at which the 
binder hardens can be the critical factor in determining the 
life of the surfacing. The binder hardens to a level at which 
brittle fracture takes place under the forces produced by traffic 
stressing and thermal contraction. Cracking of the surfacing 
then occurs, and aggregate particles are eroded from its 
surface. 

The main hardening mechanism is thermal oxidation of the 
asphalt. The faster photochemical reaction, which is catalyzed 
by sunlight, takes places only in the top 5 or 10 mm of an 
exposed binder film (1). Loss of volatile material can also 
contribute to asphalt hardening, but ideally an asphalt should 
contain a low concentration of volatiles. 

The addition of antioxidants to asphalt has been shown to 
be effective in reducing the rate of asphalt hardening. Martin 
(2) studied 33 antioxidants belonging to four major classifi
cations and found that zinc diethyldithiocarbamate (ZDC) 
was the most promising of those tested. This material belongs 
to the chemical class known as "peroxide decomposers." 

This antioxidant was evaluated under actual pavement con
ditions by following the asphalt hardening rate in sprayed seal 
r0Hd tri~ls (3). 1-0~.I! CO!!!:~!!!!"~!i0!!~ 0f ZDC '.1.'ere effect!'.'e i!'! 
reducing the asphalt hardening rate in the first 2 yr of pave
ment service. For periods in excess of about 2 yr, however, 
the effect of the antioxidant was reduced and there was evi
dence that most of the antioxidant had decomposed. After 

Australian Road Research Board , P.O . Box 156, Nunawading 3131, 
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about 6 yr, road trial sections with and without the antioxidant 
had similar levels of asphalt viscosity. It was concluded that 
ZDC had no permanent effect on the rate of hardening of 
the asphalt in the seal. 

Work by Haxo and White (4) on the effect of a series of 
lead and zinc antioxidants on asphalt hardening identified lead 
diamyldithiocarbamate (LDADC) as being particularly effec
tive in reducing the rate of hardening. The good solubility of 
LDADC in asphalt was considered an important factor. ZDC, 
used in the road trials reported previously, is a powder with 
limited solubility in asphalt. 

LDADC-modified binder was used in an asphaltic concrete 
road trial laid in Toronto, Canada, in 1982 (5) and this trial 
is still being monitored. It was considered that additional road 
trials were needed in hol climate areas, where asphalt hard
ening proceeds at a rapid rate. Australia was chosen to host 
a series of trials because of its availability of suitable sites and 
the experience of the Australian Road Research Board ( ARRB) 
in conducting road trials to study asphait hardening (6). 

PREVIOUS WORK ON ASPHALT HARDENING 
IN AUSTRALIA 

The greatest proportion of Australia's road network is sur
faced with sprayed seals that normally are placed over light, 
unbound granular pavements. The term "sprayed seal" is used 
to describe a surfacing that consists of a thin film of asphalt 
cement (asphalt) that is sprayed hot from an asphalt distrib
utor and covered with a single layer of approximately single
sized stone chippings. Design and construction procedures (7) 
have been refined by Australian State Road Authorities so 
that lives of 10 yr or so are common for seals with 10-mm 
chippings (aggregate). 

In these circumstances seal life is very dependent on the 
durability of the binder, and specifications for asphalt dura
bility have been introduced in most states. The specification 
is based on the ARRB Durability Test .. which is fully described 
in Australian Standard 2341 (8). The test consists of a rolling 
thin film oven (RTFO) pretreatment followed by exposure of 
a 2G-1ii111-il1id. [iiiu u[ a~pitail in an oven ac lvv"C. Funner 
information on the test is given in a paper by Oliver (7). 

To confirm that the Durability Test correctly ranked asphalts 
in the order of their resistance to hardening in the field, road 
trials were laid at sites around Australia. These were followed 
for periods of up to 10 yr, and a correlation was established 
between the Durability Test result and asphalt hardening in 
the road trials (6) . Further analysis of the data resulted in the 
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development of a simple mathematical model for asphalt 
hardening in sprayed seals (7) that took the form: 

log 'T] = .0476 T Yo·5 
- .0227 D Yo 5 + 3.59 (1) 

where 

'TJ = the viscosity of the asphalt recovered from the seal 
(Pa.s), 

T = the average temperature of the site calculated from 
Equation 2, 

D = the ARRB Durability Test result (days), and 
Y = the number of years since the seal was constructed. 

T = (TMAX + TMIN)/2 (2) 

where TMAX equals the yearly mean of the daily maximum 
air temperature and TMIN equals the yearly mean of the daily 
minimum air temperature . The variables TMAX and TMIN 
are obtained from published tables of climatic data. 

It was possible to develop an asphalt hardening model because 
the asphalt exposure conditions (in terms of film thickness 
and access to oxygen) in a correctly designed and constructed 
sprayed seal are normally reproducible and results obtained 
at different sites can be compared. This is in contrast to the 
situation with asphaltic concrete (ac), where the asphalt hard
ening rate depends on the binder film thickness, the per
centage of air voids in the surfacing, and their degree of 
interconnection, as well as on the intrinsic resistance of the 
asphalt to hardening. In addition, ac surfacings are commonly 
subject to traffic compaction in the first few seasons after 

.. 

139 

placement. This compaction results in changes in air void 
content and does not occur evenly across the pavement. 

CONSTRUCTION OF THE TRIAL SECTIONS 

Location of the Trials 

In view of the complexity of the asphalt hardening situation 
with asphaltic concrete, it was decided to evaluate LDADC 
in sprayed seal road trials . A trial was placed near Townsville, 
northern Queensland, in 1986 and a second trial near Hope
toun, Victoria, the following year (see Figure 1). A third trial 
is planned for the Alice Springs area in central Australia. 

Supply of Antioxidant 

LDADC is a thick viscous liquid. So that it could easily be 
pumped or poured for addition to the asphalt, the material 
was dedrummed and diluted, at a central depot, with mineral 
turpentine in the mass ratio of 90 parts of LDADC to 10 parts 
of turpentine. The material was then packed in 20-1 pails for 
delivery to the site . 

Townsville Trial 

The Townsville trial site was located in a tropical region 100 
km inland from the coast. Twelve experimental sections were 
sprayed, each approximately 450 m long by 6.0 m wide. Dupli-

Alice Springs (proposed) 

Brisbane 

.A. Road Trlal Sites 

FIGURE 1 Location of current and proposed LDADC road trials. 
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cate sections containing 0 (control), 1, 2, and 3 percent by 
mass LDADC were placed. In addition there were single 
sections with 4 and 5 percent LDADC. No cutter or flux was 
added to the binder. The binder was applied at a rate of 1.6 
l/sq m, and it was placed over a 230-mm-thick unbound, soil 
aggregate base. The base had been primed with a cutback 
binder 2 weeks before sealing took place . The sealing aggre
gate was 16 mm nominal size. 

The sections at each end of the trial contained no LDADC 
and can be used in the future as extra control sections if 
necessary. Full information on the placement of the experi
mental sections is given in a construction report (9). 

Hopetoun Trial 

In the Hopetoun trial, two asphalts of different durability were 
used, and sections containing between 0 percent (control) and 
6 percent antioxidant were placed. There were 11 sections in 
all, each approximately 400 m long by 6.1 m wide. Because 
of cold conditions at the time of laying, the binder was cut 
back with 8 parts by volume of kerosene . 

The sealing aggregate had a nominal size of 10 mm, and 
the binder was applied at a rate of 1.3 l/sq m. The base 
consisted of limestone rubble 300 mm thick that had been 
ripped in the pit and broken up on the roadbed with a flat 
drawn steel roller and Bofors compactor. It was primed before 
spraying with two applications of a tar prime. Further infor
mation on the trial is given in a construction report (10). 

Sampling at Both Trials 

The sprayed binder was sampled by placing tared collection 
trays in the path of the distributor. These trays were removed 
after the distributor had passed and before the aggregate trucks 
reached the sampling positions. Four trays were used for each 
section in the Townsville trial and three in the Hopetoun trial. 
The trays were spaced at equal intervals along the sprayed 
length. This permitted the binder application rates to be meas
ured accurately as well as providing samples of the binder " as 
sprayed." Samples of the asphalts, without antioxidant, were 
obtained from the asphalt supply tankers. 

LABORATORY TESTING OF SAMPLES TAKEN 
DURING CONSTRUCTION 

Asphalt Properties 

The three asphalts used in the trials conformed to the require
ments of Australian Standard 2008 (11) and belonged to Class 
170, the :1Cr~u1 ./\.u:;t;uliuu :;caliug g;adc. Th(; c1a.~s iJ.uu1Lc1 

is the asphalt viscosity measured in Pa.s at 60°C (170 Pa.s = 
1,700 poises). 

Asphalt 391 was used in the Townsville trial and was sup
plied from the Townsville depot. It was manufactured from 
a Kuwait crude that was first processed at a refinery in Victoria 
by blending a propane-precipitated asphalt with vacuum tower 
residue. This material was then cut with a gas oil fraction and 
transported to Townsville where the gas oil was removed by 
distillation. 
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Two asphalts were used in the Hopetoun trial. Asphalt 395 
was supplied from a South Australian refinery. It was straight 
run, vacuum reduced from a Light Arabian crude with the 
addition of 25 percent by mass of propane-precipitated asphalt 
(PPA) derived from a Light Arabian crude. Asphalt 396 was 
manufactured in Victoria by air blowing the distillation res
idue of a Heavy Arabian crude. 

The characteristics of the three asphalts are summarized in 
Table 1. Durability testing was done according to Australian 
Standard 2341. For a Durability Test result, the number of 
days represents the time taken for the asphalt to harden during 
laboratory oxidation to a level associated with distress in sprayed 
seals (8). The greater the number of days, the more durable 
the asphalt. 

Testing of Sprayed Binder 

The contents of the collection trays were assayed for LDADC 
content using an infrared spectrometric procedure (12) and 
for lead content, by atomic absorption spectroscopy. The lat
ter determination was performed by an analytical laboratory. 
The lead, determined by atomic absorption , was used to cal
culate the concentration of LDADC added to the binder in 
each section. If degradation of the antioxidant were to occur 
during the construction process , the lead concentration would 
be unchanged . However, the infrared procedure, which is 
based on measurement of the diamyldithiocarbamate entity, 
would record a drop in concentration. The difference between 
the two measurements would thus indicate the degree of deg
radation of the antioxidant. 

The results for the Townsville trial are shown in Table 2 
and for the Hopetoun trial, in Table 3. LDADC concentration 
is expressed as the percentage by mass of LDADC in the 
binder (asphalt plus LDADC). 

To determine if the antioxidant had been uniformly dis
persed in the binder , samples from all four collection trays in 
sections 7, 9, and 10 of the Townsville trial were tested using 
the infrared procedure. The results (see Table 2) indicated 
that the level of antioxidant was uniform along the length of 
the section and that satisfactory dispersion of the LDADC 
had been obtained. 

A comparison of the percentages of LDADC added with 
those measured in the sprayed binder (see Tables 2 and 3) 
indicates that little or no degradation of the LDADC occurred 
during antioxidant mixing or binder spraying. In the case of 
ZDC, it was estimated that 25 percent of the antioxidant 
degraded during this operation. 

TABLE 1 DESCRIPTION OF ASPHALTS 

Asphalt 
No. 

391 

395 

396 

Trial 

Townsville 

Hopetoun 

Hopetoun 

Production 
Method 

Durability 
(days) 

Kuwait crude, blend of PPA and 10.4 
vacuum tower residue 

Light Arabian crude, straight 12.6 
run blended with 25% PPA 

Air blown Heavy Arabian 7.0 
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TABLE 2 RESULTS OF TESTING COLLECTION Durability Testing 
TRAYS FROM TOWNSVILLE TRIAL 

Section No. 

1 
2 
3 
4 
5 

6 
7 
8 
9 
10 

TABLE 3 

%LDADC %LDADC 
added present 

(lead analysis) (by infra-red) 

0 
0.9 0.8 0.8 
1.8 2.1 2.0 
2.4 2.5 2.7 
4.1 4.1 4.0 

0 
0.8 1.0 0.8 0.8 0.8 
1.6 1.7 1.6 
2.8 2.4 2.5 2.5 2.6 
5.3 4.7 4.7 4.8 4.8 

RESULTS OF TESTING COLLECTION 

To determine the effect of the antioxidant on the laboratory 
measured durability of the binders, samples were subjected 
to the ARRB Durability Test. Testing was conducted accord
ing to Australian Standard 2341 (8) except that the rolling 
thin film oven treatment procedure was omitted, because the 
samples had already been subject to elevated temperature 
during transport to the site and storage in the delivery tanker. 

For each of the three asphalts, samples taken from the 
tanker that delivered the material to the site were tested in 
the "as received" condition (no antioxidant) and with meas
ured amounts of LDADC added. The results are shown in 
Figure 2. Generally high concentrations of LDADC in the 
asphalt are correlated with high durability. For bitumens 391 
and 395, however, the addition of 1 percent LDADC results 
in a small reduction in durability compared with the unmod
ified asphalt. 

TRAYS FROM HOPETOUN TRIAL Environmental and Occupational Health 
Monitoring 

Asphalt 

395 
395 
395 
395 

396 
396 
396 
396 
396 
396 

Section No. %LDADC %LDADC 

2 
4 
6 
8 

11 
7 
5 
10 
3 
9 

added 
(lead analysis) 

0 
1.0 
2.0 
3.9 

0 
1.0 
2.1 
2.0 
3.8 
5.8 

Durabilty (days) 

present 
(by infra-red) 

0.9 0.9 
1.8 1.9 
3.7 3.8 

1.1 1.1 
2.3 2.5 
1.7 1.7 
3.8 3.7 
5.6 5.5 

The Australian Mineral Development Laboratories (AMDEL) 
performed lead analysis of soil samples at the Hopetoun site 
before and after the experiment and also arranged for mon
itoring of the lead exposure of construction workers. Analysis 
of soil samples collected in the area of the experiment 13 
months after the construction gave a range of values that were 
similar to the normal lead concentration of the earth's crust 
and showed no significant increase compared with samples 
collected just before the road trial (13). 

The construction workers were monitored for lead exposure 
during the trial, and sampling units were attached to the asphalt 
distributors. On the basis of results obtained, Hamilton and 
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FIGURE 2 Durability test results for road trial asphalts. 
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Tate (14) reported that road worker exposure to airborne 
lead would be unlikely to present a hazard if LDADC were 
widely used as an additive to the asphalt used in road making. 
The highest exposure was calculated to be 0.4 percent of the 
Threshold Limit Value-Time Weighted Average (TLV-WA) 
value of 0.15 mg/cum, recommended by the American Con
ference of Government Industrial Hygienists (14). The blood 
lead data showed that lead uptake via both ingestion and 
inhalation during the trial was negligible (14). 

SAMPLING AND TESTING OF THE TRIAL 
SECTIONS 2 YR AFTER CONSTRUCTION 

Procedure for Sampling and Recovery of Asphalt 

The method for monitoring the degree of asphalt hardening 
in sprayed seals involves first cutting samples, approximately 
200 mm square, from the seal with a motor-powered Car
borundum cutting disc. Sampling is normally performed in 
the wheeltrack closest to the seal edge. The samples are returned 
to the laboratory and individual seal stones plucked from the 
surface after a sample has been warmed. The asphalt adhering 
to the undersides of these stones is recovered by solution in 
toluene, centrifuging and decanting the solution and then 
removing the solvent by evaporation. 

Sampling is normally first performed 2 yr after construction 
when volatile diluents, such as kerosene, will mostly have 
evaporated. Any remaining diluent is removed during the 
solvent evaporation stage of the recovery treatment. The degree 
of hardening of the recovered asphalt is determined by meas
uring the apparent viscosity at 45°C and a shear rate of 5 x 
10 - 3 s- 1 in exactly the same way as the asphalt recovered 
from the Durability Test treatment (8). 

Sampling of the Trials 

The results of testing asphalt recovered from the Townsville 
trial samples showed poor reproducibility of viscosity mea-

Viscosity at 45 C (Pa.s) 
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surements for duplicate samples. The samples were carefully 
examined, and the trial was inspected a second time. This 
revealed that asphalt absorption into the underlying granular 
base material was occurring. The degree of absorption was 
not uniform either along the length of the road or transversely. 
Where substantial absorption occurred, the asphalt film had 
thinned and oxidation was occurring more rapidly than in 
other areas. 

The trial was therefore resampled, with samples taken in 
this case from areas where visual inspection of the surface 
beneath the seal stones indicated that no asphalt absorption 
had occurred. The results of the first sampling exercise were 
discarded. 

The Hopetoun trial was sampled in the normal manner. 

Results and Discussion 

Figure 3 shows the viscosity of the asphalt recovered from 
the trial samples plotted against the percentage of LDADC 
originally added to the binder in each section . The results for 
both trials show a trend for viscosity to decrease with increas
ing antioxidant concentration, and the regression lines for the 
three asphalts have been plotted . In all cases, the sections 
with antioxidant have hardened more slowly than the control 
sections, and the effect becomes more marked with increased 
concentration of lhe antioxidant. 

Asphalt 391, used in the Townsville trial, has approximately 
the same durability (intrinsic resistance to hardening) as Asphalt 
395, placed at Hopetoun. The higher ambient temperature at 
the Townsviile site has resulted in much more rapid hardening 
of the asphalt there, compared with the asphalt of similar 
durability at Hopetoun . 

The effect of asphalt durability on hardening rate can be 
seen by comparing the degree of hardening of the two Hope
toun trial asphalts. Sections containing Asphalt 396, which 
has a low durability value of 7.5 days , have hardened more 
than the corresponding sections placed with Asphalt 395 
(durability of 12.1 days) . 
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FIGURE 3 Viscosity of asphalt samples extracted from 2-yr-old trials. 
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Asphalt viscosity at Jaydown was approximately 3.5 Jog 
Pa.s, so only a moderate amount of hardening has occurred 
so far at Hopetoun. There has been a greater amount of 
hardening at Townsville, and it is useful to examine the pre
dicted hardening curve for Asphalt 391, which has been cal
culated for the site using Equation 1. 

The asphalt viscosities 2 yr after construction are shown in 
Figure 4 for the unmodified binder and for binders containing 
2.5 and 5 percent LDADC. The values were obtained from 
Figure 3 by using the regression line for Asphalt 391. The 
dashed line at the top of Figure 4 is the viscosity level at which 
distress is considered likely to occur. This is an estimate based 
on the behavior of the surfacing at a site with minimum winter 
temperatures similar to those in Townsville ( 6). For the Hope
toun site, the estimated distress viscosity level is 5.7 log Pa.s. 

The point for unmodified Asphalt 391 (0 percent LDADC) 
lies on the prediction curve indicating that the asphalt is hard
ening at the expected rate. The asphalt hardening model is 
unlikely to apply to binders containing antioxidant, so no 
prediction of future behavior can be made by this means. 
However, if the reduction of 0.5 log Pa.s, produced by the 
addition of 5 percent LDADC, were to be sustained until 
distress viscosity was reached, the time to reach distress would 
be increased from 10.8 yr to 15.0. yr. This situation is shown 
by the dotted line in the figure. If the reduction in hardening 
rate were sustained (i.e., the antioxidant curve continued to 
be flatter than the control, rather than running parallel to it 
as in the previous case), the improvement in life would be 
even greater. 

Asphalt 391 has a comparatively high durability, so an 
improvement in durability is not as necessary as it would be 
in the case of a less durable material. 

FUTURE WORK 

It is proposed to continue periodically sampling and testing 
the experimental sections at the two trial sites for a number 
of years, preferably until distress occurs. Although the early 
results are more promising than those obtained with ZDC, it 

Log Viscosity at 45 C (log Pa.s) 

143 

is necessary to continue monitoring to ensure that the effect 
of early improvements is not lost with time, as happened with 
the zinc antioxidant. 

A further trial is proposed in the Alice Springs area because 
sprayed seals probably experience more severe conditions there 
than anywhere else in Australia. Alice Springs lies in the 
geographical center of the continent and experiences very high 
summer temperatures and cool winter temperatures. Asphalt 
therefore hardens rapidly by oxidation in the summer and 
becomes brittle and liable to fracture in the winter. This com
bination leads to seal lives that appear to be. considerably 
shorter than experienced elsewhere. 

Efforts will be made to obtain, for the trial, an asphalt that 
is not very durable because the major use of LDADC, if it 
proves successful in the long term , would be to improve Jow
durability materials. 

CONCLUSIONS 

1. Little or no LDADC degradation occurred while the 
antioxidant was being mixed with asphalt or during the spray
ing operation at two sprayed seal road trials. 

2. Tests on samples taken 2 yr after construction of the 
trial sections showed that incorporation of the antioxidant in 
asphalt reduced the rate of asphalt hardening for all three 
asphalts used. 

3. The asphalt hardening rate appeared to decrease in a 
linear manner with increases in LDADC concentration. 

4. The road trials should continue to be monitored to deter
mine whether the early improvement in the asphalt hardening 
rate continues over the long term. 
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Changes Occurring in Asphalts in 
Drum Dryer and Batch (Pug Mill) 
Mixing Operations 

BRIAN H. CHOLLAR, JOSEPH A. ZENEWITZ, JOHN G. BOONE, KIMBERLY T. 
TRAN, AND DAVID T. ANDERSON 

The study was designed (a) to discover whether steam distillation 
of asphalt takes place in a drum dryer mixer, (b) to compare 
changes induced by various laboratory conditioning (aging) tech
niques versus those occurring in drum dryer mixers, and (c) to 
identify possible differences in asphalts subjected to drum dryer 
mixing versus batch (pug mill) mixing. Twenty-seven virgin asphalts 
were subjected to various laboratory conditioning experiments, 
including thin film oven exposure (TFO), rolling thin film oven 
exposure (RTFO), (small) steam distillation (SSD), forced air dis
tillation (FAD), and rolling forced air distillation (RFAD). Various 
physical and chemical properties of these conditioned samples were 
measured. These properties were compared with those of the res
idues recovered from drum dryer operations for each asphalt. By 
comparing the laboratory conditioned residues to the recovered 
residues from the drum dryer operation, similarities between the 
variously exposed asphalts and asphalt recovered from drum dryer 
mixers were ascertained. This demonstrated that steam distillation 
does not take place in drum dryer mixers. Eight matched asphalt 
pairs, one used in a drum dryer mix and one in a batch (pug mill) 
mix, were identified among 24 virgin asphalts from Georgia by 
statistically comparing various physical, thermal, compositional, 
and molecular size properties of the virgin asphalts. Asphalts were 
then recovered from the mixes in which each of the eight drum 
dryer-batch (pug mill) asphalt pairs were used. The recovered 
asphalts were analyzed, and the results show the asphalt residues 
extracted from drum dryer operations to be slightly harder than 
those extracted from batch operations. 

Asphalt-aggregate mixtures for pavements have been pro
duced for many years using conventional batch (pug mill) 
mixing equipment. One of the most important steps in this 
mixing procedure is the predrying and heating of the aggregate 
to 250 to 350°F (122 to l 77°C) before combining with asphalt 
to obtain the mix (1). 

In the last 20 yr, a drum dryer mixing technology has been 
developed for obtaining pavement mixtures. In the drum dryer 
process, a drained but undried aggregate is continuously fed 
into the rotating drum mixer, flame heated from 250 to 300°F 
(122 to 149°C), and then mixed with a continuous stream of 
liquid asphalt to produce a mix that continuously exits at the 
discharge end of the mixer (1, pp. 47-56). The main advan
tage of this mixing procedure is that it is a continuous mixing 
process that generates asphalt-aggregate mixes much more 
quickly and cheaply than do conventional pug mill mixing 

B. H . Chollar, J. A. Zenewitz, J. G. Boone, Federal Highway Admin
istration, HNR-30, 6300 Georgetown Pike, McLean, Va. 22101. K. 
T. Tran and D. T. Anderson, Pandalai Coatings Company, 837 Sixth 
Avenue, Brackenridge, Pa . 15014. 

methods. Furthermore, aggregates do not have to be pre
dried , but only drained, before they enter the mixer. 

Drum dryer mixers are now used extensively to produce 
mixtures for the construction of asphaltic concrete pavements. 

PROBLEM 

In recent years the paving industry has produced more and 
more asphaltic concrete mixes using drum dryer mixing pro
cedures. Paving personnel have reported that mixes produced 
by the drum dryer procedure appear to have different physical 
properties than those mixes produced by conventional batch 
mixing methods (2,3). Concern has been voiced in the high
way community that certain asphalts can be "steam-distilled" 
during hot-mix production in drum mixers (4). Steam distil
lation (5), the distillation of an organic compound in the pres
ence of steam, takes place when the sum of the vapor pres
sures of the compound and water exceeds the pressure in the 
distillation apparatus (in the case of a drum mixer, normally 
1 atmosphere); the compound can then be distilled at a lower 
temperature than its normal boiling point. 

Allegedly, drum dryer mixers provide an environment in 
which "light ends" or low boiling materials are stripped from 
the asphalt by a "steam distillation" process leading to an 
immediate problem of possible baghouse fires and a long
term problem of poor pavement performance because of 
unanticipated asphalt changes during the mixing process (4). 
Other asphalt researchers have hypothesized that, in the drum 
dryer process, fuel oil obtained from the incomplete com
bustion of fuel when the aggregate is being flame-heated is 
being mixed with aggregate and asphalt, causing these prob
lems ( 6). A more likely occurrence would be loss of the lqwest 
boiling point components of the asphalt . The major difference 
in behavior of an asphalt run through a drum mixer, in com
parison with a batch (pug mill), is that little oxidation of the 
asphalt would be expected in the drum mixer. Asphalt is 
hardened mostly by oxidation in thin film oven tests (TFO) 
(W. Kari, private communication), tests that simulate the 
changes occurring to asphalts in batch (pug mill) operations 
(7). 

The Florida Department of Transportation investigated the 
steam distillation hypothesis (8). They constructed pavements 
using one aggregate and two asphalts, either steam distilled 
for 36 hr or not, mixed in either a drum dryer mixer or a 



146 

batch (pug mill) mixer. After 3 yr, all pavements are per
forming well with no differences in pavement performance. 

APPROACH 

The Federal Highway Administration (FHWA), Office of 
Engineering and Highway Operati ns Research and Devel
opment recently completed a study 10 identify the changes 
occurring in a phalt a it is being mixed with aggregate during 
dnim dryer and batch (pug mill ) mixing operation · (B . h liar 
et al., unpublished data). One hundred and four loo e mixes 
were collected from drum dryer mix operati n u ·ed for pav
ing pr ject during lh ummer of 1985 in state throughout 
th counlry. With this collection of amples, at least two di -
tinct approaches were possible: 

1.. A variety of laboratory conditioning (aging) procedures. 
inclnding steam distillation were run on virgin a phalts. These 
residue and their paired asphalts recovered from drum uryer 
mixes were characterized vide infra). By comparison of the 
properties of each recovered asphalt with it laboratory con
ditioned partner, con lu ion concerning the fidelity of any 
given laboratory procedure to the conditions occurring in drum 
dryer mixer could be drawn. 

2. Both drum dryer and batch (pug mill) mix operations 
were represented in tl1e samples of loose mixe and virl\in 
asphalts obtained from eorgia. Here was a.Ll opportunity to 
use the characl rization of the virgin a phalt · to match mixes 
from the two type. of mixing plants a using th same a phalt. 

The State of Georgia sent 24 mixes and corresponding virgin 
asphalts as part of this study; 11 of these mixe were from 
batch (pug mill) mixing procedures, and 13 of them were from 
drum dryer operations. Once drum dryer-batch (pug mill) 
pairs involving the same asphalt were identified, the char
acterization of the recovered asphalts would enable any dif
ferences between the two processes to be identified. 

EXPERIMENTAL 

To make the study manageable, 27 mixes and their corre
sponding virgin asphalts (various grades) were arbitrarily 
selected from various states . The asphalts were extracted and 
recovered from their nlixe-s using a standard Abson method 
(9) and the recovered (REC) and vi1·gin asphalt · (Vffi) were 
characterized (vi de infra). Asphalts from the 24 eorgia loo e 
mixes were also extracted, recovered , and characterized. The 
corresponding virgin asphalts used to produce these mixes 
were <1lso characterized. 

The following laboratory conditioning techniques were 
conducted using each of the 27 virgin a phalts. The result
ing re. 1dues from each conditioning procedure were 
characteri.zed. 

Conditioning Procedures 

Thin Film Oven Exposure (TFO) (10) 

This standard exposure test for asphalts involves a thin film 
of asphalt being exposed to air at 325°F (163°C) for 5 hr. The 
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fiJm of asphalt is then collected and characterized. No vap
orated materials are collected. This test simulates the effects 
of conventional batch mix procedures on asphalts as shown 
by the changes in a phalt characteristics (7). 

Rolling Thin Film Oven (RTFO) Exposure (11) 

fn thi form of the standard thin film oven expo ' ure. the 
asphalts are expo ·ed at 325°F (163°C) t air streams in rolling 
bottles coating the b ttles on all inne r ides with film of 
asphalt. It differs from the TFO exposure in its use of a smaller 
sample size spread over a larger area in a continuous rolling 
manner, allowing for a more efficient oxidation of the le t 
asphalt in less time. 

The residue asphalt is then collected and characterized. No 
evaporated material is collected. 

Small Steam Distillation (SSD) (12) 

This modified American S ciety for Testing and Materials 
(ASTM) procedure using 75 g of a phalt, not UU g is sim
ulating what many researchers think i Lhc pr c . actually 
occurring in the drum dryer operatio n (4) . S1eam i bubbled 
tll ugh hot asphalt and removes volatile asphalt c mp nent 
(water-distillable ljght ends) from the resulting re i lue . The 
re idue a phalt is then characterized. T hjs procedure was con
ducted with duplicate samples. 

Forced Air Distillation (FAD) 

A laboratory di tillation was developed whereby an air tream 
is forced ov r an a ·phah film heated to 662°F (350° ) in a 
clo ed system and any evapora1ed a phallic materials are 
trapped and collected. The asphalt residue is then character
ized. Details of this procedure are found in an FHW A report 
(B. ollar et al., unpublished data). Thi procedure is de igned 
to simulat the TF procedure (JO) with the added provi ion 
of catching any generated volatile materials. (Discu sion of 
the trapped effluent is not reported in this paper.) The FAD 
was conducted on duplicate samples. 

Revolving Forced Air Distillation (RFAD) 

A laboratory di tillation of asphalt is set up much like the 
FAD procedure with an air tream , but using asphalt film. in 
a revolving contajner in a cl sed system at 325° ( 163° ). 
Evaporated components are al o c llected. The a phalt res
idue is characterized. Detail of tbi, procedur ~1r f und in 
an FHW A report (R. f'lrnll::ir Pt >ii , ~'!!P'.!~!!shed d::t::) . This 
procedure was designed to simulate RTFO procedures with 
trapping effluent and was conducted on duplicate samples 
(11). 

Analytical Procedures 

Various analytical laboratory test procedures were used to 
ascertain any like attributes or departures from such in the 
laboratory comparisons of asphalts and asphaltic residues. 
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These consisted of physical properties (penetration and vis
cosity), thermal properties (differential thermal analysis), 
functional group composition (infrared analysis), and molec
ular size distribution (gel permeation chromatography). The 
resulting data permitted a differentiation among the residues 
from various exposures and a characterization of the changes 
occurring both physically and chemically in the asphalts during 
conditioning. The data were also used to identify the identical 
Georgia virgin asphalts and the differences between recovered 
asphalts from batch and drum dryer mixes of like virgin asphalts. 

Penetrations (Pen) 

Penetrations of virgin asphalts, asphalts recovered from mixes, 
and residues from various laboratory conditioning experi
ments were obtained at 85, 77, 60, and 50°F (29, 25, 16, and 
l0°C) following the procedures described in American Asso
ciation of State Highway and Transportation Officials 
(AASHTO) T49 (13). All penetrations at various tempera
tures used the time and weight specified for the penetration 
at 77°F (25°C) . 

Viscosities (Vis) 

The procedures in AASHTO T201 and T202 (13) were used 
to conduct the kinematic viscosities at 275°F (135°C) and the 
absolute viscosities at 140°F ( 60°C) of virgin asphalts, asphalts 
recovered from mixes, and residues from various laboratory 
conditioning experiments. 

0 
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Differential Thermal Analysis (DTA) 

Differential thermal analyses were conducted using a Perkin
Elmer System 4 Controller and DT A 1700 Differential Ther
mal Analyzer. In this procedure asphalts were heated in air, 
and the energy of reaction or structure change was measured. 
Approximately 3 mg of sample were used, and the samples 
were prepared and run according to manufacturer's recom
mended procedures. Scans were made ranging from 212 to 
1,l12°F (100 to 600°C) at a heating rate of 9°F/min (5°C/min). 
Typical thermograms as illustrated in Figure 1 were obtained . 
The data consisted of determining a ratio of two areas of the 
thermogram produced by dropping a perpendicular from the 
point of lowest exothermic energy between 572 to 752°F (300 
to 400°C), calculating the areas of the resulting Peaks 1 and 
2, and taking the ratio of these areas (Pl/P2). The temper
ature of the maximum of Peak 2 (Tpk2) was read directly 
from each thermogram. Tpk2 was used because only Tpk2 , 
not Tpkl, showed appreciable variation from asphalt to asphalt. 

Infrared (IR) Spectroscopy 

Sample Preparation and Spectra Scan (IR) All organic 
materials absorb infrared (heat) radiation at various energies 
(e.g., in units of cm - 1), according to their molecular structure 
and, in particular, their functional group composition. In this 
procedure, infrared radiation was directed through asphaltic 
films. Absorbed radiation was measured by a detector and 
the infrared spectra (plot of infrared radiation absorbed versus 

0.00 4-~~--<~~~-+-~~~....-~~-+-~~~+-~~-.-~~~-+-~~--.~~-~--~~~-
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FIGURE 1 Differential thermogram of an asphalt. 
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energy) were produced (Figure 2). The infrared spectra were 
obtained using a Nicolet 390 FTIR Spectrometer. Asphalt was 
applied as a film to a KBr plate with a spatula containing the 
hot asphaltic material. Sample scans were then obtained, and 
the asphalt film thickness adjusted so the peak at 2,926.6 cm - 1 

fell between 10 and 20 percent transmittance (80-90 percent 
absorbance). Ten scans of the same sample were then taken 
and averaged. 

Interpretation of Infrared Spectra The infrared spectra 
were analyzed in terms of the relative areas under peaks in 
different energy regions of the spectrum. Peak areas are roughly 
proportional to concentration for a given chemical molarity . 
Most differences in peak area values of radiation absorption 
between the virgin and recovered or laboratory conditioned 
asphalts were found in the following eight spectral regions: 
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A computer program was prepared using procedures devel
oped (D. Stokes, private communication) to integrate peaks 
in each of the preceding regions and to obtain a ratio of areas 
of each of the regions over the total area of those eight regions 
for each spectrum. 

High Pressure Gel Permeation Chromatography 
(HP-GPC) 

A high performance gel permeation chromatograph (Waters 
Associates) with three Ultrastyragel columns (Waters 1000° A , 
500°A, and 100°A) connected in series and a UV absorption 
detector (Schoeffel 700) were used in this study. The data 
were calculated according to published procedures by P . W. 
Jennings and J. Pribanic (16) and reported as percent large 
molecular size (LMS), medium molecular size (MMS), and 
small molecular size (SMS) particles in each asphalt. 

RESULTS 

Comparisons of Laboratory Exposure Residues 
with Extracted Drum Dryer Mix Residues 

For valid comparisons of the effects of laboratory aging versus 
those of drum dryer mixing on asphalt, the analytical data 
were manipulated to put the comparisons on a common basis . 
Table 1 shows the results of these manipulations. For exam-

o +-~~~-'--<>--~~~-J-~~~~+-~~-'--t--'-~~~4-~--'~--<>--~-'-~-+-_,__~_._~+--'--~~--4 
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FIGURE 2 Infrared spectrum of an asphalt. 
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TABLE 1 PHYSICAL, THERMAL, AND MOLECULAR SIZE PARAMETER RATIOS. 
AVERAGES AND STANDARD DEVIATIONS OF ASPHALTS FROM DRUM DRYER MIXES AND 
LABORATORY CONDITIONED ASPHALTS WERE COMPARED WITH VIRGIN ASPHALTS 

REC/VIR TFO/VIR 

Pen 77°F Avg 0.51 0.60 

SD 0.12 0.05 

Vis 140°F Avg 4.64 2.61 

SD 2.49 0.57 

Vis 27 5°F Avg 1. 84 1. 51 

SD 0.28 0.13 

VTS Avg 1. 02 1. 01 

SD 0.04 0.03 

PVN140 Avg 0.12 0.61 

SD 1. 09 0.54 

Pl/P2 Avg 1. 00 1.12 

SD 0.23 0.17 

Tpk2 Avg 1. 00 1. 00 

SD 0.02 0.01 

LMS Avg 1. 37 1.23 

SD 0.21 0.17 

SMS Avg 0.86 0.92 

SD 0.05 0.05 

ple, different asphalts have different initial (virgin) penetra
tions and viscosities. To compare changes in penetration or 
viscosity that different asphalts undergo upon exposure to a 
given conditioning or mixing procedure, the penetration (or 
viscosity) of the recovered asphalt (REC) is divided by the 
penetration (or viscosity) of the virgin asphalt (VIR). If there 
is no change in an asphalt upon conditioning, REC/VIR = 

1. If the asphalt hardens upon conditioning, as is typical, the 
penetration comparison is REC/VIR(l and the viscosity com
parison, REC/VIR)l. This ratio treatment was used for all 
analytical and derived parameters and for all types of con
ditioning used. Table 1 reports the average value of these 
ratios (with outliers omitted) and their standard deviations 
(SD). 

From an examination of Table 1, it may be seen that both 
of the DTA parameters, Pl/P2 and Tpk2, show negligible 
change in the asphalts regardless of whether they are recovered 
from a drum dryer mix or have undergone any of the five 
laboratory aging procedures. Both the ratio of the two DTA 
peak areas (Pl/P2) and the maximum temperature of the 
second peak (Tpk2) have values quite close to 1. Similarly, 
the viscosity temperature susceptibility (VTS) (17) shows vir
tually no change from unity. 

To decide whether steam distillation is occurring in drum 
dryer mixing, the ratios for the five laboratory aging proce-

RTFO/VIR FAD/VIR RFAD/VIR SSD/VIR 

0.48 0.81 0.52 0.85 

0.06 0.41 0.06 0.09 

3.45 4.10 3.24 1.41 

0.98 6.26 1.60 0.24 

1. 57 1. 66 1.55 1.11 

-0 .13 1. 32 0.19 0.08 

1. 03 1. 02 1. 02 1. 01 

0.03 0.08 0.04 0.01 

0.79 0.46 0.83 0.85 

0.62 1. 55 0.87 0.41 

1. 03 1. 06 1. 04 1.10 

0.24 0.13 0.17 0.14 

0.96 1. 00 0.99 1. 00 

0.19 0.01 0.01 0.01 

1.25 0.95 1.23 1.02 

0.15 0.14 0.17 0.11 

0.93 1. 02 0.92 0.99 

0.09 0.08 0.05 0.06 

dures are compared with the ratio for the asphalt recovered 
from drum dryer mix (REC/VIR). For penetration at 77°F, 
viscosities at 140°F and 275°F, and penetration viscosity num
ber (PVN140) (18), the ratio for the (small-scale) steam dis
tillation (SSD/VIR) deviates more from the ratio REC/VIR 
than do the ratios for any of the other four laboratory aging 
procedures (TFO, RTFO, FAD, and RFAD). The HP-GPC 
data are not quite so clear cut. The large molecular size (LMS) 
parameter for SSD/VIR is unlike that for the drum dryer mix 
(REC/VIR) and three of the four other laboratory aging tech
niques. Only FAD/VIR has a value near that of SSD/VIR. 
The small molecular size (SMS) parameter gives similar ratios 
for all laboratory aging procedures, which are slightly higher 

. than that of REC/VIR. 
Laboratory treatment SSD (small-scale distillation) is a steam 

distillation of the virgin asphalts according to "Steam Distil
lation of Bituminous Protective Coatings" (ASTM D255) (12). 
Its residues appear to be more unlike the asphalts recovered 
from drum dryer mixtures than any of the other four labo
ratory treatments. This comparison negates claims of a steam 
distillation of light ends affecting adversely the quality of drum 
dryer mixtures ( 4). 

In Table 2 the infrared (IR) spectroscopy parameters are 
handled by ratioing the infrared area ratios for the drum dryer 
mix recovered asphalt or laboratory aged asphalt to that for 
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TABLE 2 INFRARED AREA RATIOS FOR EIGHT AREAS. AVERAGES AND STANDARD 
DEVIATIONS FOR ASPHALTS FROM DRUM DRYER MIXES AND LABORATORY 
CONDITIONED ASPHALTS WERE COMPARED WITH VIRGIN ASPHALTS 

REC/VIR TFO/VIR 

IR Area No. 

1 (C=O) Avg -1. 06 0.68 

SD 5.78 2.68 

2 (Unsat C=O) Avg 0.89 1. 00 

SD 0.07 0.09 

3 (Tert. C-0) Avg -0.19 0.87 

SD 2.20 2. 72 

4 (Prim. C-0) Avg 2.24 1. 64 

SD 1. 37 1.27 

5 (Polysub Ar) Avg 0.81 0.97 

SD 0.10 0.11 

6 (Aromatic) Avg 0.76 0.95 

SD 0.07 0 .11 

7 (Monosub Ar) Avg 0.81 0.96 

SD 0.12 0.16 

8 (Ar Nitrog, Avg 0.81 1. 04 

C-N or N-0) SD 0.16 0.17 

the virgin asphalt. Thus the IR data are handled just like the 
data recorded in Table 1. Steam distillation, SSD/VIR, is 
different from the asphalt recovered from the mix (REC/VIR) 
and all the other laboratory aging procedures for four of the 
IR peaks: Peaks 1, 4, 7, and 8. For the other peaks, SSD/ 
VIR is different from REC/VIR, but not different from 
the ratios of at least some of the other laboratory aging 
procedures. 

The foregoing procedures, although generally convincing 
that the effects of drum dryer mixing on asphalt are less like 
steam distillation than any of the other laboratory aging tech
niques considered, are not statistically based. Table 3 shows 
the results of the Student's paired t-test (19) comparing the 
ratios listed in Tables 1 and 2 of asphalts extracted from drum 
dryer mixes to residues of like virgin asphalts aged according 
to the various laboratory procedures. For any given parameter 
(e.g., penetration), the null hypothesis is that the mean of 
that parameter for an asphalt recovered from a mix is the 
same as the mean of that parameter for an asphalt subjected 
to each of the laboratory conditioning (aging) procedures. If 
the value of t exceeds the critical value that is determined by 
the number of degrees of freedom (essentially the amount of 
data) and by the confidence level sought, then the asphalt 
recovered from the mix is different from an identical asphalt 
subject to the particular laboratory conditioning procedure. 

The t statistic shows that 14 out of the 17 parameters are 
statistically different for the steam distillation (SSD/VIR) as 
compared with the drum dryer mixer recovered asphalt (REC/ 

RTFO/VIR FAD/VIR RFAD/VIR SSD/VIR 

0.56 -0.27 0.42 1. 35 

0.94 3.38 2. 72 3.31 

1.10 1. 08 1. 06 1. 06 

0.17 0.09 0.13 0.15 

1.16 1.33 0.19 0.80 

1. 98 2.54 2.12 2.34 

1. 48 0. 91 1. 47 0.80 

0.87 0.66 1. 38 0.54 

1. 01 1. 02 1. 03 1.05 

0.16 0 .11 0.13 0.13 

1. 08 1. 03 0.98 0.97 

0.21 0.14 0.12 0.09 

0.76 0.93 0.94 1. 02 

0.36 0 .11 0.17 0.15 

1. 05 1. 00 1. 07 1.17 

0.17 C.22 0.20 0.14 

VIR). This is a greater number of points of difference than 
for any of the other four laboratory aging procedures. The 
next most different procedure is the TFO with 13 points of 
difference, followed by RTFO with 12 points of difference, 
followed by a tie between the FAD and the RFAD with only 
9 points of difference. 

Comparisons of Georgia Asphalts Processed in 
Drum Dryer Mixers Versus in Batch (Pug Mill) 
Plants 

Because Georgia sent 11 mixes and corresponding vugm 
asphalts from batch (pug mill) plants in addition to the 13 
from drum dryer mixers, the opportunity existed possibly to 
compare the two mixing processes. It was possible, or even 
likely, that between the two Georgia asphalts, there were 
instances where the same asphalt was used in both a drum 
dryer mixer and a batch plant. One could look for this by 
characterizing the accompanying virgin asphalts and looking 
for drum dryer mixer-batch plant pairs. Upon identifying 
such pairs, ifindeed any existed, the asphalt binders recovered 
from their associated mixes could be characterized and any 
differences between asphalt processed in a drum dryer mixer 
and in a batch plant could be determined . 

It was assumed that asphalt pairs, if they existed, would be 
produced by the same manufacturer. Of the 24 Georgia asphalts, 
the manufacturers of 18 were known. Six were from Amoco 
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TABLE 3 STUDENT'S t-TEST (19) OF VARIOUS PARAMETERS FOR RECOVERED 
ASPHALTS VERSUS LABORATORY RESIDUES 

TFO/VIR RTFO/V:LR FAD/VIR RFAO/VIR SSO/Vl R 

Pen 77 -3.600'' 

4. 539"" 

1.161 NS -3.355" -0.557 NS -10.026"' 

Vis 140 

Vis 275 

VTS 

PVN 

5.588"' 

2. 331' 

4.288"' 

1.651 NS -2.318" 

-3.375" -4. 835'" 

0.425 NS 2 . 046 NS 6. 267"' 

0. 723 NS 3.148" 10. 569'" 

-0.031 NS 0.258 NS 3.557" 

-0.933 NS -1.845 NS 3.356" 

Pl/P2 -2.763" -0.570 NS -1.472 NS 0.149 NS -2.863" 

Tpk2 -1.129 NS 1.068 NS -1.986 NS 0.054 NS -1.269 NS 

LMS 4.758'" 4. 047''' 9.193"" 2. 633' 9. 4 7 B"" 

SMS -5. 640'" -5.554'" -9.160"' -3.317" -9. 297"' 

Al -0.914 NS -1.458 NS -1.326 NS -1.128 NS -1.313 NS 

A2 

A3 

A4 

AS 

A6 

-5. 909'" -5.890"' 

-1.327 NS -2.509' 

4. 027"' 

-6. 340'" 

-7. 890'" 

5.548"" 

-4. 805"' 

-7. 767'" 

-10. 242"" -5. 942"' -5. 367"' 

-1.818 NS -0.467 NS -1.580 NS 

5. 446"" 4. 287"" 5.465'" 

-8. 961'" -6.944"' -9. 631'" 

- 11. 414'" -7. 607'" -11. 055"' 

A7 -4.071"" 0.235 NS -4.935"' -3.795" -B. 800'" 

AB -5. 633'" -7. 930"" -4. 076'" -5. 085'" -12.172"" 

NS =Not Significant. 

- Significant at 95% probability level. 

" = Significant at 99% probability level. 

"' - Significant at 99.9% probability level. 

•• = The number of samples used to calculate t for the various ratio 

comparisons varied from 13 to 27. The degrees of freedom used for judging the 

significance of t was selected based on the appropriate sample number for each 

ratio comparison. 

Oil, Savannah, Ga.; 6 were from Shell Oil, Wood River, Ill.; 
5 were from Chevron, Pascagoula, Miss .; and one was from 
Hunt Oil, Tuscaloosa, Ala. The procedure used was to com
pare statistically the various characterization parameters, which 
were discussed in the experimental section, for all possible 
pairs of asphalts within any one manufacturer category and 
for each asphalt of an unknown manufacturer with each asphalt 
of a known manufacturer. Tables 4 and 5 list the acceptable 
ranges for the various characterization parameters. Test virgin 
asphalt pairs were considered to be the same asphalt if 8 of 
10 parameters for the pair in Table 4 lay within the acceptable 
range. There is a certain amount of arbitrariness in catego
rizing pairs, as each member of a pair was probably processed 
on a different day using slightly different processing conditions 
with slight variations within the crude slate. Furthermore, 
storage, handling, and transportation for each member of a 
pair would probably be different. 

Using the foregoing procedure 22 asphalt pairs were iden
tified. In 5 pairs both asphalts had been processed in a drum 
dryer mixer. In 9 pairs both members had been processed in 
a batch (pug mill) mixer. Most important, 8 pairs had one 
member processed in a batch mixer and the other member 
processed in a drum dryer. As further confirmation of the 
validity of these latter pairs, comparisons of the IR data showed 
that all drum-batch pairs had aU eight infrared areas lying 
within the acceptable range. It h uld be noted in assigning 
the e pair that no asphalts of an unknown manufacturer 
matched against asphalts from more than one manufacturer. 
Also , in several cases one batch processed asphalt is matched 
against more than one drum dryer processed asphalt, and vice 
versa. 

Having assigned the identical asphalt pairs by characterizing 
the virgin asphalts, recovered asphalt residues from each drum
batch pair were then characterized and compared. The results 
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TABLE 4 ASPHALT STANDARD DEVIATION AND ACCEPTABLE RANGES OF ASPHALT 
PROPERTY DIFFERENCES FOR PHYSICAL, THERMAL, AND MOLECULAR SIZE 
ANALYTICAL METHODS 

SD Acceptable Range 

Pen 60 0. 35 dmm' 1 dmm' 

Pen 77 2. 0 drnm' 3 dmm' 

Vis 140 100 poise• 

Vis 275 6 est• 

VTS 0. 033• 

PVN110 
0 .11 d 

Pl/P2 0. 05" 0. 2' 

Tpk2 i .19°c• 4. o•c' 

LMS 0. 714%" 2. 5%' 

SMS 0. 740%" 2. 6%1 

• Standard deviations (SD) and ranges obtained from ASTM 1221
• 

• This repeatability figure, based on 7 percent of the mean of the 

virgin asphalts, was used directly as the acceptable range 1" 1 • 

' This repeatability figure, based on 1. 8 percent of the mean of 

the virgin asphalts·, was used directly as the acceptable range."'' 

•Value obtained from (Anderson, D., unpublished data). 

~ Standard deviations (SD) are from previous calculations in which 

24 virgin asphalts were used (Chollar, B., et al., unpublished 

data). 

'The ranges were calculated using the measured SD's above and 

multipliers given in ASTM proceedings."" 

of Student's paired t-tests (19) are given in Table 6. It can be 
seen that only 5 out of 17 parameters, the penetration, the 
viscosity at 140°F (60°C), the HP-GPC large molecular size 
(LMS) , and two infrared areas, are statistically different. 

From the means of these five parameters (Table 6) , a con
sistent view of the statistically significant changes is that the 
asphalts extracted from drum dryer mixes are harder with a 
lower penetration and greater viscosity at 140°F (60°C), more 
"polymeric" with a larger LMS content, and possibly more 
oxidized with a higher carbonyl and oxidized nitrogen content 
than asphalts extracted from batch (pug mill) mixes . 

Penetration Comparisons of TFO Residues with 
Drum Dryer Residues 

Penetrations of 56 virgin asphalts, recovered asphalts from 
drum dryer mixes using these virgin asphalts, and asphalt 
residues from TFO conditioning of these virgin asphalts are 
given in Table 7. This table shows that the average penetration 
of the recovered asphalts is lower than that of the TFO res
idues, or that drum dryer operations harden asphalts more 
than TFO conditioning does. 

A paper by Granley and Olsen (20) discusses test results 
of penetrations of asphalt residues from drum dryer opera
tions . These tests were conducted in 1972 when drum dryers 
were first introduced as a means of producing asphaltic con
crete for paving purposes. The authors compared penetrations 
of virgin asphalts, asphalts submitted to TFO conditioning, 
and recovered asphalts from laboratory-simulated batch (pug 
mill) asphalt-aggregate mixing procedures with those of 
recovered asphalts from drum dryer operations. They found 
that the penetrations of 45 asphalts recovered from drum 
dryer operations were much higher than those of the wrre
sponding virgin asphalts submitted to TFO conditioning tests. 
Frnm this study hy Granley and Olsen: "All penetration tests 
on recovered asphalt were well above the counterpart thin 
film oven test value(s) and also above those for simulated 
batch (pug mill) mixing tests on the original asphalt." Thus, 
the drum dryer operation was not hardening asphalts as much 
as the TFO conditioning or simulated batch mixing procedures 
were . FHWA endorsement of drum dryer mixing procedures 
for producing asphaltic concretes was greatly influenced by 
these results. 

The 1972 penetration results directly contradict the authors' 
present penetration results of recovered asphalts from drum 



TABLE 7 PENETRATION AT 77°F (25°C)* OF THE 56 VIRGIN ASPHALTS, 
RECOVERED ASPHALTS, AND THIN FILM OVEN RESIDUES 

FHWA t VIR REC TFO FHWA * VIR REC TFO 

8509 38 135 8640 79 38 48 

8517 93 38 56 8642 63 31 38 

8519 142 70 86 8644 72 28 44 

8521 96 34 53 8650 88 57 51 

8523 73 24 44 8652 86 22 50 

8525 67 38 41 8656 81 21 43 

8527 108 38 64 8664 74 30 46 

8533 73 32 45 8674 67 25 39 

8535 73 45 45 8676 74 31 45 

8537 109 53 65 8678 73 29 43 

8543 104 41 63 8682 70 29 41 

8561 175 28 99 8686 71 32 43 

8570 98 51 66 8690 67 24 38 

8572 97 61 55 8692 75 32 43 

8576 102 32 56 8700 69 21 40 

8588 114 52 61 8726 75 25 42 

8590 66 58 43 8732 69 25 42 

8592 72 26 48 8734 80 22 49 

8596 145 44 77 8736 241 33 119 

8600 90 35 56 8742 122 45 71 

8612 134 45 75 8744 117 36 69 

8615 117 53 64 8746 95 50 64 

8619 116 40 65 8748 90 41 64 

8621 128 55 71 8816 51 24 34 

8626 125 66 67 8820 42 13 31 

8628 90 35 55 8839 100 32 61 

8633 87 39 60 8843 153 51 107 

8637 91 43 59 8845 136 49 82 

VIR REC TFO 

Average 95.7 37.7 58.2 

Std. Dev 33.3 12 . 4 20.3 

All penetration values in Dmm. 



TABLE 5 ASPHALT STANDARD DEVIATION AND ACCEPTABLE RANGES OF ASPHALT 
PROPERTY DIFFERENCES FOR INFRARED ANALYSIS 

SD' Acceptable Range• 

Infrared Area 

1 0. 0072 0.0222 

2 0.0167 0.0513 

3 0.0129 0.0397 

4 0.0439 0.1353 

5 0.0153 0.0470 

6 0.0060 0.0185 

7 0.0347 0.1069 

8 0.0058 0.0180 

• Standard deviations (SD) are from previous calculations in which 

27 virgin asphalts were used (Chollar, B., et al., unpublished 

data). 

• The ranges were calculated using the measured SD' s above and 

multipliers given in ASTM proceedings. 1251 

TABLE 6 STUDENT'S t-TEST (22) AND SELECTED MEANS FOR VARIOUS PARAMETERS 
FOR GEORGIA ASPHALT RESIDUES RECOVERED FROM DRUM DRYER VERSUS 
CORRESPONDING PARAMETER FOR BATCH (PUG MILL) RESIDUES 

Parameter Student's t Mean 

Drum Batch 

Pen 77 -3.379' 26.62 dmm 31.00 cllmn 

Vis 140 2. 832' 19556 poise 11900 poise 

Vis 275 0.989 NS 

VTS -1. 388 NS 

PVN140 2.213 NS 

Pl/P2 -0.424 NS 

Tpk2 -0.685 NS 

LMS 2. 844' 27.46% 24.25% 

SMS -1. 701 NS 

Al -1.165 NS 

A2 4.981" 0.410 0.358 

A3 1.188 NS 

A4 -1. 900 NS 

AS l.llb l>IS 

AG 1.593 NS 

A7 -2.230 NS 

AB 4.498" 0.024 0.021 

NS = Not Significant. 

Significant at 95% probability level. 

Significant at 99% probability level. 
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dryer operations versus TFO conditioned asphalts. When drum 
dryer mixers were introduced, the mix temperatures were very 
low (250°F (122°C)) and moisture contents in the finished mix 
were usually very high (above 1 percent in many cases). 
Apparently water aided the compaction process so that the 
compaction could be achieved below 250°F (122°C). These 
lower mix temperatures and higher moisture contents resulted 
in less premature hardening in drum mixes (20). 

However, stripping problems occurred with these mixes. 
As a result, states started to increase the mix temperatures 
and reduce the moisture contents in the finished mix. Thus, 
increased aging of asphalts has occurred. 

CONCLUSIONS 

1. Steam distillation of asphalts is not occurring in drum 
dryer operations. 

2. The RFAD, TFO, and RTFO conditioned asphalts appear 
to have most properties closer to those of the recovered asphalt 
than those of the asphalts from steam distillation. 

3. The recovered asphalts from drum dryer mixes, only 
subtly different from those from batch (pug mill) mixes, were 
harder (lower penetration at 77°F (25°C) and higher viscosity 
at 140°F (60°C)], contained more "polymeric" content (higher 
LMS content), and were more oxidized (higher C = 0 and 
N-0 content) than those recovered from batch (pug mill) 
mixes. 

4. Asphalts recovered from recent drum dryer operations 
are harder than those recovered from drum dryer operations 
occurring 15 yr ago. 
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Precision of Methods for Determining 
Asphalt Cement Content 

MARY STROUP-GARDINER, DAVID E. NEWCOMB, AND JoN A. EPPS 

Two data bases provided the statistical information necessary to 
determine the precision of individual methods of extraction testing 
with various solvents. Results of this investigation showed no sta
tistical difference between either centrifuge, reflux, or vacuum 
extraction methods, regardless of the type of solvent used for the 
test. This precision corroborated the statistics reported in ASTM 
D2172. Data bases for determining the precision of nuclear asphalt 
content gauges were created through extensive testing by the Uni
versity of Nevada-Reno and round robin testing by eight state 
laboratories. Results from this testing developed a precision state
ment for ASTM D4125 (nuclear asphalt content gauges). A com
parison between the statistics from traditional extraction methods 
and the nuclear gauges showed that when determining the asphalt 
content of mixtures with absorptive aggregates (absorption capac
ity } 2.5 percent) the nuclear gauges appear to be significantly 
more accurate. Further testing with the nuclear gauges indicated 
three conclusions. First, the sample temperature did not influence 
test results when included in the software of the gauges. Second, 
asphalt content could be determined when mixtures contained latex 
and polyolefin additives. Third, changes in the gauge environment 
influenced test results. 

The use of end-result specifications implies the ability to mea
sure accurately the quality of the finished product. The qual
ities of hot-mix asphalt (HMA) pavement stability, durability, 
and resistance to moisture have historically been tied to the 
asphalt cement content of the mixture. Flushing, loss of skid 
resistance, and excessive rutting are signs of too much asphalt 
cement. Raveling and water damage can indicate that there 
was too little asphalt in the mix. Assessing the quality of the 
finished pavement, then, is dependent on how easily and accu
rately the asphalt cement content of the mixture can be 
measured. 

Several methods for determining asphalt cement content 
are described by the American Society of Testing and Mate
rials (ASTM). Three methods of extraction are described in 
ASTM D2172. These are the centrifuge, reflux, and vacuum 
extractions. One of four specified solvents can be used with 
any of the three methods. The accuracy of this test method 
is presented in the form of a precision statement. Although 
this precision slalemenl presents slalislics for testing varia
tion, no distinction is made between any of the three extrac
tion methods or any of the four solvents used with. these 
methods. 

Use of the nuclear asphalt cement content gauges is described 
in ASTM D4125. No precision statement is included in this 
test method. 

To evaluate how accurately asphalt cement content can be 
measured, research should develop statistical information for 

Civil Engineering Department, Center for Construction Materials 
Research, University of Nevada-Reno, Reno 89557. 

each extraction and individual solvents with each extraction 
method. Statistics should also be developed for the nuclear 
gauges. 

LITERATURE SEARCH 

Test methods for monitoring the asphalt cement content of 
paving mixtures were developed between 1900 and 1920 (J). 
By 1949, one of the favored methods was the rotarex, a pred
ecessor of today's centrifuge method (2). This method requires 
placing the HMA sample in a centrifuge bowl, pouring room
temperature solvent over it, and spinning the mixture and 
solvent until the solvent runs clear. 

Different versions of reflux extractors were also being eval
uated during this period (3,4). Reflux extractors heat the 
solvent; the solvent then evaporates, condenses on the top of 
the chamber, and drips over the HMA mixture. 

Testing on reference samples by multiple laboratories 
revealed that the reflux method was statistically less variable 
than the rotarex (3). Other reference testing on mixtures with 
a known asphalt cement content indicated that 0.4 percent of 
asphalt cement in a mixture could not be recovered (2). 
Approximately 70 percent of laboratories testing the same 
materials could be expected to report results within 0.5 per
cent of the actual asphalt cement content (2). 

The ASTM tentatively accepted procedures for extractions 
(ASTM D2172) in 1963 (J). The standard was officially adopted 
in 1967. This test method covered the centrifuge, reflux, and 
vacuum extraction methods. 

Several other test methods were proposed in an effort to 
reduce testing time and test method standard deviations. 
Asphalt cement content determination by ignition was sug
gested in 1969 (5). The sample is weighed, heated at tem
peratures high enough to ash the asphalt cement, and then 
weighed again. The difference in the weights of the sample 
is the asphalt cement content. 

In 1973, a modification of the theoretical maximum specific 
gravity test (ASTM D2041) was suggested by the Pennsylvania 
Department of Transportation ( 6). This method uses a weight
volume relationship and the specific gravities of the mixture 
components to determine the asphalt cement content. 

In 1956 the theoretical groundwork was laid for the use of 
the nuclear asphalt cement content gauges (7). By 1969, these 
gauges had been redesigned and refined sufficiently to pro
duce test results comparable to those of the extraction meth
ods (8,9). In 1972, gauges were beginning to have more 
sophisticated software (10). Previously, calculations had to 
be made by the technician performing the test. These cal-
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culations involved determining a mathematical relationship 
between gauge readings and asphalt cement contents for mix
tures with known asphalt cement contents. This relationship 
was then used to convert subsequent gauge readings into asphalt 
cement content information. Software advances provided these 
calculations automatically; thus the chances of calculation errors 
were reduced. 

RESEARCH PROGRAM 

The first portion of the research program was designed to 
evaluate statistical differences in extraction methods (ASTM 
D2172, Methods A through E) caused by the use of: 

1. Centrifuge (Method A), reflux (Methods B, C, D), and 
vacuum (Method E) extraction methods; 

2. Benzene, trichloroethane, trichloroethylene, and meth
ylene chloride solvents; 

3. Mixtures prepared with absorptive aggregates. 

The data required to evaluate all three extraction methods 
and the four solvents were obtained from the American Asso
ciation of State Highway and Transportation Officials 
(AASHTO) Material Reference Laboratory (AMRL) testing 
program. AMRL data covered testing performed from 1978 
through 1985. 

Sets of samples prepared by the University of Nevada-Reno 
and tested by Reno laboratories (local round robin) were used 
to evaluate the influence of absorptive aggregates on asphalt 
cement content determination. Only the centrifuge and reflux 
extraction methods with trichloroethylene solvent were eval
uated. The second portion ofthe research program was designed 
to evaluate the nuclear asphalt cement content gauges (ASTM 
D4125) in order to: 

1. Develop a precision statement for the gauges; 
2. Compare statistics between the nuclear asphalt cement 

content gauges and the various extraction methods; 
3. Determine the influence of mixture problems on results; 

and 
4. Determine if temperature, additives, or gauge environ

ment influenced the determination of asphalt cement content. 

Samples, which were designed to investigate the first three 
topics, were prepared by the University of Nevada-Reno (UNR) 
and tested by 10 laboratories from California, Colorado , Illi
nois, Maryland, Mississippi, Montana, Nevada, and Utah . 
This program is hereafter referred to as the national round 
robin. 

Samples, which were designed to investigate the influence 
of sample temperature, additives, and changes in gauge envi
ronment, were prepared and tested by the University of Nevada
Reno. 

MATERIALS, SAMPLE PREPARATION, AND 
TESTING 

Four testing programs generated the data bases necessary to 
evaluate the topics just listed. These four programs were the 
AMRL, local round robin, national round robin, and Uni-
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versity of Nevada-Reno. Because the objective of each testing 
program differed, the materials and/or sample preparation 
also differed. 

AMRL 

AMRL test results provided the data for analysis of both the 
various extraction methods and solvents. AMRL prepared a 
set of two samples each year to be tested by laboratories 
participating in its bituminous materials testing program. 

Materials 

The asphalt grades used to prepare sets of samples varied 
over the years. Asphalts included in the data base were AC-
20, AC-15, AR-4000, and AR-8000. All aggregates used for 
these various samples had an absorption capacity of less than 
1.25 percent. 

Sample Preparation 

Asphalt grades and aggregate sources differed from year to 
year. Asphalt cement content and/or aggregate gradations 
were also varied between the two samples prepared each year; 
samples were not intended to be replicates . All samples were 
mixed and prepared by AMRL. 

Testing 

Laboratories were instructed to perform the tests in accord
ance with either ASTM D2172 or AASHTO T164. The type 
of extraction method and solvent used were selected by the 
individual laboratories. Only one test per sample was per
formed by participating laboratories . 

Local Round Robin 

This testing program was designed to evaluate the influence 
of absorptive aggregates on asphalt cement contents that were 
determined either by centrifuge or reflux extraction using 
trichloroethylene. 

Materials 

Materials used to prepare these samples were 

1. An AR-4000 supplied by an Oildale, California, refin
ery, and 

2. A subrounded, partially crushed, river gravel obtained 
from a quarry in Sparks, Nevada. 

This aggregate typically had an absorption capacity greater 
than 2.5 percent. 
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Sample Preparation 

Individually packaged 2,500-g samples were prepared and dis
tributed to participating local laboratories by the University 
of Nevada-Reno. An optimum asphalt cement content of 7.0 · 
percent by dry weight of aggregate and a gradation conform
ing to the Nevada Department of Transportation (NDOT) 
Type II were used to prepare all mixtures (JJ) . All aggregates 
were sieved into individual fractions and then recombined. 

Testing 

Of the eight participating laboratories, seven were equipped 
to perform centrifuge extraction; five laboratories were 
equipped for reflux extractions. Vacuum extraction was not 
typically used in this area. Laboratories were instructed to 
test the samples in accordance with ASTM D2172. They were 
also asked to use only the trichloroethylene solvent. Moisture 
content was assumed to be O; samples were mixed with oven 
dry aggregate, then immediately sealed after mixing. 

National Round Robin 

This testing program was designed to evaluate the nuclear 
asphalt cement content gauges. 

Materials 

Materials used to prepare these samples were: 

1. An AR-4000 supplied by an Oildale , California, refin
ery; 

2. A subrounded, partially crushed, river gravel obtained 
from a quarry in Sparks, Nevada; and 

3. An angular , crushed, low-absorptive (dense) limestone 
aggregate obtained from an Alabama quarry. 

The Sparks, Nevada, aggregate was described in the local 
round robin section. The Alabama aggregate typically had 
absorption capacities under 1.0 percent. 

Sample Preparation 

Because this testing program was designed to evaluate the 
nuclear asphalt cement content gauge test method (ASTM 
D4125) as written, it was necessary to provide the laboratories 
with supplies to prepare calibration point mixtures as well as 
the UNR premixed test samples of "unknown" asphalt cement 
content. One set of samples was prepared for each aggregate 
source. 

Each set of samples consisted of 

1. 16,000 g of aggregate for preparing the blank and two 
calibration points ; 

2. Five quarts of asphalt cement; and 
3. Three packages of asphalt-aggregate mixtures (8,560 g 

each) of undisclosed asphalt cement content (test samples) . 
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The first set of three test samples was prepared with an 
optimum asphalt cement content of7.0 percent by dry weight 
of aggregate. The aggregate was a rounded, partially crushed, 
absorptive aggregate. The data base created by testing these 
samples was used to develop a suggested precision statement 
for ASTM D4125. 

The second set of test samples was prepared with an excess 
asphalt cement content of 7 .0 percent by dry weight of aggre
gate; the angular, dense aggregate; and the same NDOT gra
dation as was used to generate a mixture exhibiting two notice
able problems. First, this mixture only partially filled the gauges' 
sample pan at the target weight. Second, the asphalt cement 
tended to pool in the bottom of the pan. This pooling created 
an uneven distribution of asphalt throughout the test sample. 
The data base created by these samples was used to evaluate 
the influence of mixture problems on asphalt cement content 
determination. 

Testing 

Participating laboratories were asked to prepare two calibra
tion sample for each aggregate source and to analyze appro
priate test samples as directed in ASTM D4 l25. Asphalt cem nt 
contents for the calibration points were 6 and 8 percent by 
dry weight of aggregate . 

University of Nevada-Reno 

This testing program was designed to evaluate the influence 
of sample temperature, gauge environment, and asphalt cement 
additives on the nuclear asphalt cement content gauges. 

Materials 

The same samples prepared for the national round robin were 
used for evaluating the influence of sample temperature and 
changes in gauge environment. 

The AR-4000 previously mentioned was used to assess the 
effect of additives in mixtures . The AR-4000 was modified 
with 5 percent styrene-butadine rubber latex and 3 percent 
polyolefin plastic (percent by weight of asphalt). Only the 
rounded river gravel was used; the gradation was the same 
as for the national round robin . 

Sample Preparation 

No new samples were prepared for monitoring the influence 
of sample temperature and changes in gauge environment . 
The samples prepared for the national round robin were used 
after testing for that phase was completed . 

A new set of calibration points and three test samples were 
prepared with the modified asphalt cement. Seven percent of 
modified asphalt cement (dry weight of aggregate) was used 
with the rounded, absorptive aggregate to prepare these test 
samples. Calibration points were mixed with the modified 
asphalt cement at 6 and 8 percent (dry weight of aggregate). 
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Testing 

Sample temperature effects were evaluated using both sets of 
samples prepared by the University of Nevada-Reno for the 
national round robin. Sample temperatures were monitored 
as they cooled and were periodically retested for asphalt cement 
content. Two gauges were used for testing: 

1. Troxler 3241-B and 
2. CPN AC-2. 

Changes in gauge environment were evaluated by placing 
one of the samples from the national round robin, cooled to 
room temperature, in each of the two gauges just listed. Loose 
HMA samples of approximately 8,000 g stored in plastic con
crete cylinders were then placed next to each gauge, and the 
asphalt cement content of sample already in the gauge was 
redetermined. The number of loose mix samples next to the 
gauges ranged from one to five. 

Samples prepared with the modified asphalt cement were 
tested in accordance with the ASTM D4125 test method. 

STATISTICS 

Statistics for test results are commonly expressed as within
and between-laboratory standard deviations. These standard 
deviations are also referred to as repeatability and reprodu
cibility, respectively. 

Determining Within- and Between-Laboratory 
Statistics 

The method used to calculate these statistics is dependent on 
how the data base was developed. Data bases for this research 
project were developed in one of two ways. Laboratories 
tested two or more samples; either none of the samples were 
replicates or two or more of them were replicates. 

When data bases are constructed with no replicates, within
laboratory standard deviations are calculated using the dif
ferences between two test results generated at the same time 
by the same laboratory. The between-laboratory standard 
deviation is calculated for each material; each laboratory con
tributes only one data point. These statistics are used for 
analysis of the AMRL and the University of Nevada-Reno 
data bases. 

For data bases with one or more replicates, calculation of 
within- and between-laboratory standard deviations is described 
by ASTM C670 and ASTM C802 (12). Within-laboratory 
standard deviation in this case is based on the average variance 
between replicates tested by each laboratory. Between-lab
oratory standard deviation is a function of variance between 
each set of replicates and the within-laboratory variance per 
sample. These statistics were used for analysis of the local 
and national round robin data bases. 

Determining If Statistics from Two Different 
Populations Are Similar 

Once the appropriate within- and between-laboratory stand
ard deviations have been calculated for each variable (e.g., 
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each method of extraction) within each data base, statistical 
comparisons can be made. Data bases with different variables 
are compared by calculating an F-value. The F-value is a ratio 
of variances (i.e., standard deviation squared) and is calcu
lated by 

F-value (caleulated) = s21 / s22 

where 

s21 equals the largest of two variances being evaluated and 
s22 equals the variance of the other populatimi. 

Once the F-value has been calculated, a table F-value is 
found from a typical table. Variables needed to use these 
tables are 

1. n, the population size; 
2. v, the degrees of freedom; 
3. Level of confidence; and 
4. Level of significance. 

The population size, n, is the number of samples tested. 
The degrees of freedom, v, is n minus 1. The degrees of 
freedom are used to enter the statistical tables (13). 

The level of confidence and significance are related. A level 
of confidence is chosen by the investigator and typically is 
either 95 or 99 percent. This is a measure of how sure the 
investigator is that the final conclusion is correct. The level 
of significance is a measure of risk. If the investigator is 95 
percent confident the conclusion is correct, he or she is also 
willing to risk a 5 percent chance of a wrong conclusion. This 
5 percent is the level of significance. 

A conclusion is drawn by comparing the two F-values. If 
the calculated value is greater than the table value, the var
iances are different (13). That is, the differences between the 
two populations change the variance. If the calculated value 
is less than the table value, the variances are the same for 
both populations. That is, the differences between the two 
populations do not appear to affect the variances. 

EVALUATION OF TEST RESULTS 

The data bases generated by the four testing programs out
lined in the previous section were sorted and analyzed in order 
to evaluate 

1. Differences between extraction methods; 
2. Differences between selected solvents used with various 

extraction methods; 
3. Influence of absorptive aggregates on test results for 

selected extraction methods; 
4. Precision statement for the nuclear asphalt cement con

tent gauges (ASTM D4125); 
5. Comparison of the nuclear asphalt cement content gauge 

and extraction methods; and 
6. Influence of sample temperature, gauge environment, 

and additives on nuclear asphalt cement content readings. 

Differences Between Extraction Methods 

Each yearly set of two AMRL samples was separated by 
methods of extraction. These yearly variances for each test 
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TABLE 1 STATISTICS FOR CENTRIFUGE, REFLUX, AND VACUUM 
EXTRACTIONS 

Extraction Type of Variance Standard 
Method Statistic Deviation 

Centrifuge Within-Laboratory 0.0467 0.216 
Between-Laboratory 0.0472 0.217 

Reflux Within-Laboratory 0.0342 0.185 
Between-Laboratory 0.0515 0.227 

Vacuum Within-Laboratory 0 . 0426 0 . 206 
Between-Laboratory 0 . 0489 0 , 221 

TABLE 2 COMPARISON OF CENTRIFUGE, REFLUX, AND VACUUM 
EXTRACTIONS 

Extraction Type of Degrees Cale. Table Conclusion 
Method Statistic of F-Value F-Value 

Freedom 

Centrifuge Within-Laboratory 
vs. Reflux 

.Between-Laboratory 

r ........ ~ ..... .;~ ........ Within -Laboratory VCLL'-J...L.L.u.5-=:; 

vs. Vacuum 

Between-Laboratory 

Reflux Within-Laboratory 
vs. Vacuum 

Between-Laboratory 

method were then averaged (Table 1). Because the number 
of samples varied from year to year, a weighted average was 
used to average the variances. 

The average of the within- and between-laboratory stand
ard deviations shown in Table 1 are 0.20 and 0.22, respec
tively. ASTM D2172 reports these same standard deviations, 
for any method, as 0.18 and 0.29, respectively. The within
laboratory standard deviations are almost identical. The 
between-laboratory values suggest that a slight, but statisti
cally significant, difference may exist between the AMRL and 
ASTM statistics. 

Table 2 presents the calculated and table F-values for com
parisons between the three extraction methods. The conclu
sion is that there is no statistical difference between the three 
extraction methods. 

19 1. 366 2.17 No Diff . 
19 

37 1.091 1. 74 No Diff . 
39 

19 1.096 2.14 No Diff . 
20 

41 1. 036 1. 72 No Diff . 
39 

20 1.246 2.16 No Diff . 
19 

37 1. 053 1. 73 No Diff . 
41 

Differences Between Assorted Solvents with 
Various Extraction Methods 

The AMRL data bases used in the previous section were 
sorted further by solvent and extraction method. The vari
ances for these variables are shown in Table 3. 

Table 4 presents the calculated and table F-values. There 
is no difference between the various solvents used with any 
of the extraction methods. 

Influence of Absorptive Aggregates on Test Results 
for Selected Extraction Methods 

The variance and standard deviations for both centrifuge and 
reflux extraction are shown in Table 5. A comparison of these 
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TABLE 3 STATISTICS FOR ASSORTED SOLVENTS WITH VARIOUS 
EXTRACTION METHODS 

Extraction Solvent Type of Variance Standard 
Method Statistic Deviation 

Centrifuge Benzene Within-Lab. 0.0088 0.0938 
Be tween- Lab . 0.0154 0.1241 

Trichloroethane Within-Lab. 0.0520 0.2280 
Between-Lab. 0.0461 0.2147 

Trichloroethylene Within-Lab. 0.0499 0.2234 
Between-Lab. 0.0553 0.2352 

Reflux Benzene Within-Lab. 0.0499 0.2234 
Between-Lab. 0.0349 0 . 1868 

Trichloroethane Within-Lab. 0. 038.8 0.1970 
Between-Lab. 0.0572 0.2392 

Trichloroethylene Within- Lab . 0.0305 0.1747 
Between-Lab. 0.0501 0.2238 

Vacuum Methelene Within-Lab. 0.0434 0.2083 
Chloride Between-Lab. 0.0481 0.2193 

Trichloroethane Withip-Lab. 0.0294 0 . 1715 
Between-Lab. 0.0511 0 . 2261 

Trichloroethylene Within-Lab. 0.0500 0.2236 
Between-Lab. 0.0482 0.2200 

standard deviations with those obtained from the AMRL data 
base is also shown in Table 6. The absorptive aggregate cre
ates statistically significant changes in the between-laboratory 
standard deviations for both the reflux and centrifuge extrac
tion methods. 

presented in Table 7. The first set of statistics represents 
mixtures prepared at an optimum asphalt cement content. 
The second set of statistics represents mixtures with problems, 
such as partially full sample pans at the target weight and 
pooling asphalt. 

It is suggested that the precision statement for ASTM D2172 
be expanded to reflect these additional statistics. The sug
gested form for the addition is: 

Test and Type Index 

Tests with Mixtures with 
Porous Aggregate Single
operator precision Method 
A (Centrifuge) 

Method B, C, or D (Reflux) 

Multilaboratory precision 
Method A (Centrifuge) 

Method B, C, or D (Reflux) 

Standard 
Deviation 
(JS) 

0.55 

0.20 

0.55 

0.31 

Precision of the Nuclear Asphalt Cement Content 
Gauges 

Acceptable 
Range of 
Two Results 
(D2S) 

1.56 

0.57 

1.56 

0.88 

A close examination of the raw data indicated that three of 
the laboratories mixed the calibration points at 6 and 8 percent 
asphalt by total weight of mix instead of by dry weight of 
aggregate. The reported test results were corrected to reflect 
the asphalt cement content by dry weight of aggregate. The 
two sets of statistics generated by these corrected data are 

The ratios of within- and between-laboratory standard 
deviations (calculated F-values) for these two mixtures are 
2.525 and 1.178, respectively. These calculated F-values, com
pared with a table F-value of 1.85, show that the problem 
mix significantly decreases the within-laboratory standard 
deviations. There is no significant between-laboratory differ
ence. Problems with the mixture do not adversely influence 
the statistics. It should be kept in mind that the calibration 
points also reflected these problems. 

The suggested form for a precision statement for ASTM 
D4125, based on the statistics for the optimum asphalt cement 
content mixture, is: 

Test and Type Index 

Single-operator precision 
Multilaboratory precision 

Standard 
Deviation 
(IS) 

0.16 
0.23 

Comparison of the Extraction Methods (ASTM 
D2172) and the Nuclear Asphalt Cement Content 
Gauges (ASTM D4125) 

Acceptable 
Range of 
Two Results 
(D2S) 

0.45 
0.65 

The within- and between-laboratory standard deviations pre
sented in the ASTM D2172 precision statement for the extrac-
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TABLE 4 COMPARISON OF SELECTED SOLVENTS WITH VARIOUS 
EXTRACTION METHODS 

Comparison Type of Degrees Cale. Table Conclusion 
Statistic of F-Value F-Value 

Freedom --
Centrifuge: 

Benzene vs. Within-Lab. 8,1 5 . 909 239 No Diff . 
Trichloroethane Between-Lab . 17,3 2.994 8.68 No Diff . 

Benzene vs. Within-Lab. 8,1 5.671 239 No Diff. 
Trichloroethylene Between-Lab . 17,3 3.591 8.68 No Diff . 

Trichloroethane vs. Within-Lab. 8,8 1.042 3.44 No Diff . 
Trichloroethylene Between-Lab. 17,17 1. 200 2.28 No Diff. 

Reflux: 
Benzene vs. Within-Lab. 1,7 1.286 5.59 No Diff. 
Trichloroethane Between-Lab. 15,3 1. 639 8 .70 No Diff. 

Benzene vs. Within-Lab. 1,8 1. 636 5.32 No Diff . 
Trichloroethylene Between-Lab. 17 ,3 1.436 8.68 No Diff . 

Trichloroethane vs. Within-Lab. 7 , 8 1.272 3.50 No Diff , 
Trichloroethylene Between-Lab . 15,17 1.142 2.31 No Diff. 

Vacuum: 
Methelene Chloride Within-Lab. 7,4 1.476 6.09 No Diff. 
vs. Trichloroethane Between-Lab. 9,15 1.062 2.59 No Diff. 

Methelene Chloride Within-Lab. 7,7 1.152 3.79 No Diff. 
vs. TrichloroethyleneBetween-Lab. 11,9 1.002 3.10 No Diff . 

Trichloroethane vs. Within-Lab. 7,4 1.701 6.09 No Diff. 
Trichloroethylene Between-Lab. 9, 11 1.060 2.90 No Diff. 

TABLE 5 STATISTICS FOR EXTRACTION METHODS WITH ABSORPTIVE 
AGGREGATES, LOCAL ROUND ROBIN 

Extraction Type of 
Method Statistic 

Centrifuge Within-Lab. 
Be tween- Lab . 

Reflux Within-Lab . 
Between-Lab. 

tion methods are 0.18 and 0.29, respectively. The same stan
dard deviations for the AMRL data were 0.20 and 0.22, 
respectively. The nuclear asphalt cement content gauges pro
duce within- and between-laboratory standard deviations of 
0.16 and 0.23, respectively (Table 7). The nuclear gauges 
appear to reduce the within-laboratory standard deviations. 
The between-laboratory standard deviation for these gauges 
is virtually identical to that for extractions (AMRL). 

Because the optimum asphalt cement content mixtures were 
prepared with the same rounded, absorptive aggregates used 
for the local round robin, these statistics can also be com-

Variance Standard 
Deviation 

0.30 0.55 
0.31 0.55 

0 . 04 0.20 
0 . 10 0.31 

pared. Recall that mixtures prepared with this aggregate sig
nificantly increased the hetween-l;ihorntory ~t:rnrl;irrl rlPvi~

tions for both the centrifuge and reflux extraction methods. 
The between-laboratory standard deviations were 0.55 for 
centrifuge and 0.31 for reflux extraction (Table 5). The same 
mixture used in the nuclear asphalt cement content gauges 
produced a between-laboratory standard deviation of 0. 23. A 
substantial improvement in between-laboratory standard 
deviations is gained when the nuclear gauge is used in place 
of either the centrifuge or reflux extraction methods for mix
tures with this type of aggregate. 



Stroup-Gardiner et al. 

TABLE 6 COMPARISON OF VARIOUS EXTRACTION METHODS WITH 
MIXTURES, BOTH ABSORPTIVE AND LOW-ABSORPTIVE AGGREGATES 

Comparison Type of Degrees Gale. Table Conclusion 
Statistic of F-Value F-Value 

Freedom 

Absorptive Agg. Within-Lab. 30 7.50 1. 87 Difference 
Centrifuge vs. 30 Between 
Reflux Extraction 
(Local Round Methods 
Robin} 

Between-Lab. 30 3.10 1. 87 Difference 
30 Between 

Extraction 
Methods 

Centrifuge 
Extraction 

Dense VS . Absorpt. Within-Lab . 29 6.42 2.08 Agg. cause 
Agg.* 19 changes in 

statistics 

Between-Lab . 29 6.57 1. 78 Agg . cause 
37 changes in 

statistics 

Reflux 
Extraction 

Dense vs . Absorpt . Within-Lab . 29 1.17 2.08 No diff. in 
Agg.* 19 statistics 

Between-Lab . 29 1.94 1. 73 Agg. cause 
39 changes in 

statistics 

* The AMRL statistics for the appropriate extraction method 
and trichloroethylene solvent were used to represent 
statistics for mixtures with dense aggregates. 

TABLE 7 STATISTICS FOR NUCLEAR ASPHALT CEMENT CONTENT GAUGES, 
NATIONAL ROUND ROBIN 

Material Property 

Rounded, Absorptive 
Aggregate with 
Optimum Asphalt 
Content 

Angular, Dense 
Aggregate with 
Excess Asphalt 
Content 

Type of 
Statistic 

Within-Lab. 
Between-Lab . 

Within-Lab . 
Between-Lab . 

Variance 

0.0250 
0.0518 

0.0099 
0.0610 

Standard 
Deviation 

0.1582 
0.2277 

0 . 0993 
0 .2470 
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Influence of Temperature, Gauge Environment, 
and Asphalt Cement Modifiers 

in Table 8. The Troxler and the CPN gauges had standard 
deviations from 0.01 to 0.02, and from 0.03 to 0.04 percent 
asphalt, respectively. 

Testing for these evaluations was performed by the University 
of Nevada-Reno. Two gauges were used: 

l. Troxler 3241-B and 
2. CPN AC-2. 

The repeatability of each of these gauges was established 
prior to any testing. The test results for each gauge are shown 

Temperature 

Tables 9 through 11 show samples tested at various temper
atures. The test results in Tables 9 and 10 were generated by 
the University of Nevada-Reno . The test results in Table 11 
were provided by Laboratory 2 from the national round robin. 



TABLE 8 REPEATABILITY FOR BOTH GAUGES USED BY THE 
UNIVERSITY OF NEVADA-RENO 

Gauge Duration of Asphalt Cement Content Standard 
Reading Readings, % Deviation 
(Minutes) (% AC) 

Troxler 3241-B* 1 6.80, 6.81, 6.82, 6.84, 6.78 0 . 02 
4 6.83, 6.81, 6.82, 6.78, 6.81 0 . 02 

16 6.81, 6.83, 6 . 82, 6 . 84, 6.81 0 . 01 

CPN AC-2** 1 6.11, 6.18, 6.17, 6.17, 6 . 12 0.03 
4 6.11, 6.11, 6.22, 6 . 18, 6 . 21 0 . 04 

16 6.12, 6.16, 6 . 16, 6 . 16, 6.21 0 . 03 

*Angular, Dense Aggregate, 7.0% AC 
**Angular, Dense Aggregate, 6.0% AC (Calibration Pan) 

TABLE 9 VARIATIONS IN ASPHALT CEMENT CONTENT READING WITH 
CHANGES IN SAMPLE TEMPERATURE; UNIVERSITY OF NEVADA-RENO 
DATA MIXTURES WITH ROUNDED, ABSORPTIVE AGGREGATE, OPTIMUM 
ASPHALT CEMENT CONTENT, 7.0 PERCENT 

Troxler 3241-B CPN AC-2 

Temperature Asphalt Temperature Asphalt 
(F) (%) (F) (%) 

Sample 1-Four Min. Reading Sample 1-Four Min. Reading 
~25 6.86 100 7.16 

100 6.89 85 7.16 
BS 6.95 

Sample 1-0ne Min. Reading Sample 1-0ne Min. Reading 
225 6.84 100 7 . 12 
100 6.90 B5 7 . 21 

Sample 2-Four Min. Reading Sample 2-Four Min . Reading 
140 6.80 190 6.84 
100 6.91 90 6.98 

80 6.94 

Sample 2-0ne Min. Reading Sample 2-0ne Min. Reading 
140 6 . 83 190 6 . 84 
100 6 . 84 90 6.9B 

BO 6.89 

Sample 3-Four Min. Reading Sample 3-Four Min. Reading 
180 6.83 200 6.93 
115 6.79 130 7.05 

100 7.04 

Sample 3-0ne Min. Reading Sample 3-0ne Min. Reading 
180 6 . 83 200 7.01 
115 6.81 130 7.12 

100 7.00 
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TABLE 10 VARIATIONS IN ASPHALT CEMENT CONTENT READING WITH 
CHANGES IN SAMPLE TEMPERATURE; UNIVERSITY OF NEVADA-RENO 
DATA MIXTURES WITH ANGULAR, DENSE AGGREGATE, EXCESS ASPHALT 
CEMENT (7.0 PERCENT) 

Troxler 3241-B CPN AC-2 

Temperature Asphalt Temperature Asphalt 
(F) (%) (F) (%) 

Sample 1 Sample 1 
Not Available 200 7.12 

100 7.18 
90 7 . 17 

Sample 2 Sample 2 
Not Available 195 7.05 

120 7.09 
100 7 .11 

Sample 3 Sample 3 
Not Available 185 6 . 96 

140 7 _02 
110 7 .13 

TABLE 11 VARIATIONS IN ASPHALT CONTENT READING WITH CHANGES 
IN SAMPLE TEMPERATURE; DATA SUPPLIED BY LABORATORY 2 

Rounded, Absorptive Agg. 
Optimum Asphalt Content, 7.0% 

Temperature Asphalt 
(F) (%) 

Sample 1 
220 6.87 

68 6.85 

Sample 2 
250 6.67 

68 6.57 

Sample 3 
215 6.50 

68 6 . 51 

None of the test results indicates any trends in asphalt cement 
content readings versus sample temperature. It should be noted 
that the gauges used to generate these results were equipped 
with software that required the operator to enter the sample 
temperature. 

Changes in Gauge Environment 

Table 12 shows the results of operating the gauges with various 
quantities of HMA materials stacked near the gauges. Gauges 
were first calibrated; then asphalt concrete materials, stored 
in plastic concrete cylinders, were placed near the gauges. 
There was approximately 8,000 g of m;iterial in each canister. 
Small but discernible changes occur as progressively more 
material was placed near the gauges. Placing five canisters 
(approximately 40,000 g of material) near the gauges increases 

Angular, Dense Agg. 
Excess Asphalt Content, 7.0% 

Temperature Asphalt 
(F) (%) 

Sample 1 
190 7.02 

70 7.05 

Sample 2 
135 6.90 

70 6.90 

Sample 3 
215 6.89 

70 6.88 

the asphalt cement content readings from b.96 to 7.07 on the 
Troxler gauge and from 6.99 to 7.12 on the CPN gauge. 

Modified Asphalt Cements 

Table 13 presents the results of testing mixtures with modified 
asphalts. The same set of calibration pans and test samples 
were used in both gauges. Test results indicate a tendency for 
the Troxler gauge to read a slightly lower asphalt cement 
content than the CPN. This difference was not noticeable 
when identical unmodified samples were tested for gauge 
environment study (Table 12) . Although this trend appears 
to be consistent between these sets of test results, the variation 
is well within the acceptable range of two test results (single
operator) variation of 0.45 percent presented in the suggested 
precision statement. 
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TABLE 12 VARIATIONS IN ASPHALT CEMENT CONTENT READING 
WITH CHANGES IN GAUGE ENVIRONMENT; ONE SAMPLE USED IN 
BOTH GAUGES: ROUNDED, ABSORPTIVE AGGREGATE, OPTIMUM 
ASPHALT CEMENT CONTENT, 7.0 PERCENT 

Asphalt Cement Content, % Number of 
Samples 
Near Gauge 

Duration 
of 
Reading 
(Minutes) 

Troxler 3241-B CPN AC-2 

None 

One Sample 

Two Samples 

Five Samples 

1 
4 

16 

1 
4 

16 

1 
4 

·16 

1 
4 

16 

6 . 92 
6 . 95 
7.00 

7.02 
7.01 
7 . 01 

7.04 
7.03 
7 . 04 

7.09 
7.08 
7.05 

6.98 
6.99 
7.00 

6 . 99 
6 . 99 
7 . 01 

7.01 
7.06 
7.01 

7 . 11 
7 . 12 
7.12 

TABLE 13 INFLUENCE OF ASPHALT CEMENT ADDITIVES ON ASPHALT 
CEMENT CONTENT READINGS; SAMPLES PREPARED WITH 5 PERCENT 
LATEX AND 3 P R ENT PLASTI ' (WEIGHT OF ASPHALT CEMENT) AND 
RO DED, ABSORPTIVE AGGREGATE 

Sample 
Number 

Sample 1 

Sample 2 

Sample 3 

Duration of 
Reading 
(Minutes) 

1 
4 

16 

1 
4 

16 

1 
4 

16 

The use of modified asphalts in mixtures appears to have 
little influence on the reliability of the gauge readings when 
the calibration points are prepared with the same asphalt. 

The conclusions of this research program follow. 

1. There is no statistical difference between the results of 
centrifuge, reflux, and vacuum extraction methods; 

2. There is n-o statistical difference between the results from 
any particular solvents used in this study with any of the three 
extraction methods; 

Asphalt Cement Content. % 

Troxler 3241-B CPN AC-2 

6.93 6. 87 
6.88 7 . 02 
6.83 6.97 

6.84 7 . 22 
6 . 88 7 . 09 
6 . 83 7 . 02 

6 . 98 6 . 99 
6 . 88 7.05 
6 . 83 7.04 

3. The existing ASTM D2172 precision statement is valid 
for any extraction method with any of the solvents for mix
tures with low-absorptive aggregates; 

4. The existing ASTM D2172 precision statement needs to 
be expanded to include statistics for mixtures with absorptive 
aggregates; 

5. The within- and between-laboratory standard deviations 
for the nuclear asphalt cement content gauge (ASTM D4125) 
are 0.16 and 0.23, respectively; 

6. Problems with mixtures do not affect the accuracy of the 
nuclear asphalt cement content gauges when these same prob
lems are also present in the calibration samples; 

7. Changes in gauge environments can change the asphalt 
cement content reading; and 
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8. Some modified asphalt cements do not appear to influ
ence the accuracy of the nuclear asphalt cement content gauges 
when the calibration points are also prepared with the mod
ified asphalt. 

ACKNOWLEDGMENTS 

The sponsorship of this research program by the National 
Asphalt Pavement Association is especially appreciated. The 
authors of this paper feel that these findings will provide 
invaluable input for the appropriate ASTM test methods. 
Thanks go to all of the laboratories that participated in the 
national round robin for donating their time and energies. 
The authors would also like to thank Mr. Spellerberg of the 
AASHTO Materials Reference Laboratory for providing their 
historical data base. 

REFERENCES 

1. W. J. Halstead and J. Y. Welborn. History of the Development 
of Asphalt Testing Apparatus and Asphalt Specifications. Proc., 
Association of Asphalt Paving Technologists, Vol. 43A, 1974, pp. 
89-120. 

2. F. Hubbard. A Cooperative Investigation of Certain Test Meth
ods as Applied to Asphaltic Concrete Mixtures. Proc., Associ
ation of Asphalt Paving Technologists, Vol. 18, 1949, pp. 106-
137. 

3. G. W. Steele and F. L. Krieger. Statistical Evaluation of Equip
ment and Operator Effects on the Results of Asphalt Extraction 

167 

Tests. Proc., Association of Asphalt Paving Technologists, Vol. 
36, 1967, pp. 219-266. 

4. J.E. Wood. A Method of Extracting Asphalt from Large Samples 
of Asphaltic Concrete. Proc., Association of Asphalt Paving 
Technologists, Vol. 18, 1949, pp. 138-154. 

5. J. D. Antrim and H. W. Busching. Asphalt Cement Content 
Determination by the Ignition Method. In Highway Research 
Record 273, HRB, National Research Council, Washington, D.C., 
1969, pp. 76-86. 

6. P. S. Knadhal, W. C. Koehler, and M. E. Wenger. Rapid Deter
mination of Asphalt Content Using Pennsylvania Pycnometer. 
In Highway Research Record 468, HRB, National Research 
Council, Washington, D.C., 1973, pp. 89-99. 

7. D.R. Lamb and J. H. Zoler. Determination of Asphalt Content 
of Bituminous Mixes by Means of Radioactive Isotopes. HRB 
Proc., Vol. 35, 1956, pp. 322-326. 

8. C. S. Hughes. The Use of a Nuclear Asphalt Content Gauge. 
ASTM STP 461, 1969. 

9. T. B. Metcalfe, W. K. Averett, and F. L. Larue, Jr. Determi
nation of Asphalt Content of Bituminous Cemented Road Paving 
Material by a Nuclear Device. Louisiana Department of High
ways, Baton Rouge, 1967. 

10. C. S. Hughes. Evaluation of a Nuclear Asphalt-Content Gauge. 
In Highway Research Record 412, HRB, National Research 
Council, Washington, D.C., 1972, pp. 1-8. 

11. Standard Specifications for Road and Bridge Construction. State 
of Nevada Department of Highways, Carson City, 1976. 

12. Annual Book of ASTM Standards, Vol. 04.03, 1985. 
13. L. Blank. Statistical Procedures for Engineering Management and 

Science. McGraw-Hill, New York, 1980. 

Publication of this paper sponsored by Committee on Characteristics 
of Bituminous Materials. 



168 TRANSPORTA T!ON RESEARCH RECORD 1228 

Use of a Multiwavelength UV-VIS 
Detector with HP-GPC To Give a 
Three-Dimensional View of 
Bituminous Materials 

JOAN A. S. PRIBANIC, MARK EMMELIN, AND GAYLE N. KING 

High performance gel permeation chromatography (HP-GPC) is 
being used in the study of asphalt cements. The use of a photodiode 
array spectrophotometric detector adds to the chemical infor
mation that may be obtained from the HP-GPC molecular size 
distribution by providing chromatograms at multiple wavelengths 
in the ultraviolet-visible range simultaneously. A three-dimen
sional image of the asphalt and spectra at various elution times 
are obtained. The result is improved knowledge of the conjugation/ 
aromaticity of asphalt components of various hydrodynamic vol
umes. In this study, a group of 19 asphalt cements, from worldwide 
sources and representing a broad range of properties, was selected 
for eventual construction of a data base. These materials were 
sorted into three classes based on their chromatographic shapes. 
These classes appear to extend to temperature susceptibility (PVN) 
and aging index as well. Also investigated were a limited number 
of less common materials to determine the potential utility of the 
technique. These materials included SARA fractions, viscosity
reduced, air-blown and solvent-deasphalted residua. 

Gel permeation chromatography (GPC), also known as size 
exclusion chromatrography (SEC), is a method of separating 
molecules in solution by virtue of their molecular sizes or, 
more specifically, their hydrodynamic volumes. Used in a high 
performance (HP-GPC) liquid chromatography system, the 
technique is widely employed in the quality control of polymer 
manufacture. Traxler (J) reported the use of GPC for analysis 
of asphalt cements, showing changes in the molecular size 
distribution (MSD) as a result of pavement construction. Jen
nings (2-4) has published work on the use of HP-GPC to 
monitor the changes that occur as the result of various proc
esses and to associate molecular size distribution with field 
performance and the like. Brule (5,6) has also done extensive 
work, most recently developing associations between MSD 
and certain physical properties. Others, including Button (7,8), 
and Beazley (9), have also explored aspects of the use of HP
GPC of asphalts. 

A key element of the HP-GPC system is the detector. Both 
---~ __ ._• ___ ~ _ _] _____ ..l -~---1- _______ 1 ____ ._l_ --1"------~-1-L --~-.!Ll_ / ___ _ 
lt;ll(l\,,lJVt:: UlUt;A dllU :"'tlllOlt:: wavc:;u:;;11e,u1 UJUdVlVJc:;L-Vl:"'tlUH:; \UV-

vis) spectrometers have been used. Both give valuable but 
incomplete information because the detector response is not 

J. A. S. Pribanic, Department of Chemistry, Montana State Uni
versity, Bozeman 59717. M. Emmelin, ELF FRANCE, Centre de 
Recherche Elf Solaize, B.P. 22, F-69360 St. Symphorien d'Ozon, 
France 725187 33. G. N. King, Elf Asphalt, Inc.,400N. 10th Street, 
Terre Haute, Ind. 47808. 

directly proportional to the mass of material eluting at a given 
time in either one. 

The development of photodiode array uv-vis spectropho
tometers has offered a broader spectrum of detection capa
bilities . .tA1lthough some asphalt components still escape detec
tion, molecules that absorb radiation wavelengths between 
220 and as much as 600 nm (i.e., those with virtually any 
degree of conjugation/aromaticity) will be detected. It must 
be emphasized that "aromaticity" is used in this paper to refer 
to the characteristics of condensed aromatic ring systems, 
including polynuclear aromatic (PNA) rings. 

In an asphalt, the performance arises from its overall chem
ical composition, a combination of aromatic and nonaromatic 
hydrocarbons and a variety of functional groups containing 
heteroatoms (i.e., oxygen, nitrogen, and sulfur) in addition 
to metals. The information that may be obtained from a com
bination of HP-GPC and uv-visible absorption characteristics 
therefore has to do with major components of asphalt, the 
aromatic and conjugated systems, including those with het
eroatoms. Because of the nature of the techniques and the 
complexity of the asphalt, the information will be of a general 
nature. 

It was in an effort to explore the potential uses of HP-GPC 
of bituminous materials in general and the utility of a pho
todiode array spectrophotometer in particular, by a refiner, 
that the work to be described in this paper was undertaken. 

EXPERIMENTAL 

The experimental procedure used was that described by Jen
nings (2), with the addition of the photodiode array detector. 
The HPLC instrument consisted of the following components: 
Waters "WISP" automatic sample injector (Model 710B), 
Gibson pump (Model 303), Hewlett-Packard uv-vis diode array 
detection system (Model 1040A), Perkin-Elmer interfaces (DCI 
2000), Perkin-Elmer computer system with Chromatography 
Laboratory Automation System (CLAS) Revision 1.7 soft
ware, Hewlett-Packard Analytical workstation with operating 
software-HP 1090M/HP 79994A, and Columns-Licrogel 
(Merck) PS 4000, 40, and 4. 

Analyses were conducted on 50-µ,L injections of sample at 
a concentration of 0.5 percent (w/v) in tetrahydrofuran (THF). 
All THF used was HPLC grade, dry (by NMR), and main-
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tained under helium purge. The flow rate was 1 mL/min. 
Analysis times were less than 25 min. Columns were ther
mostated at 26°C. 

The diode array detector system was set to acquire chro
matograms at eight wavelengths: 210, 230, 254, 340, 380, 410, 
440, and 540 nm. The total spectrum range was 200 to 600 
nm. Data for two chromatograms (230 and 340 nm) were 
collected by the Perkin-Elmer system for peak intensity and 
peak area calculations. 

The sample set was selected to include 19 asphalts from a 
very broad range of crude sources worldwide , as well as ex
amples of viscosity-reduced residua , solvent-deasphalted 
residua, and air-blown asphalts. The group of 19 asphalts is 
the subject of a data base that will eventually include a 
variety of physical data in addition to other chemical 
characterizations. 
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In Figures 1 to 6 are examples of the kinds of data that 
were obtained from the HP-GPC system just described. Fig
ure 1 contains the chromatograms at 230 and 340 nm for an 
asphalt, normalized to the same peak height. In the chro
matograms, larger materials, having eluted first, appear on 
the left; successively smaller ones appear to the right. Also 
shown in Figure 1 are the cut points between areas under the 
curve designated large molecular size (LMS), medium molec
ular size (MMS), and small molecular size (SMS). These cuts 
are based on a standard asphalt obtained from Montana State 
University . 

A three-dimensional plot of chromatographic data is also 
given in Figure 1. These data consist of a series of chromat
ograms at different wavelengths that are labeled along the 
left side of the figure (A). The elution time in minutes is 
printed along the horizontal axis, and the detector response 
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FIGURE 1 Class A Asphalt type. 
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FIGURE 2 Class B Asphalt type. 

is indicated by the vertical dimension. A slice perpendicular 
to the chromatograms at a given time (B) is a spectrum of 
the molecules that elute at that time. (See Figure 6.) 

RES UL TS AND DISCUSSION 

Before discussing the results of this work, a few notes about 
data interpretation are made. 

1. Nature of the LMS region. In many, although not all, 
asphalts, a pronounced shoulder will be found in the LMS 
region of the chromatogram. It has been shown (3,10,11) that 
the area of this shoulder for a given asphalt increases as con
centration of the sample increases. It is generally accepted 
that increasing concentration favors intermolecular associa-

tion with the formation of agglomerates or molecular clusters. 
Brule has shown (6) that the presence of such clusters in THF 
can be associated with molecular structuring in the neat asphalt 
and, eventually, to the rheology of the bitumen. 

2. Interpretation of uv-vis data. As mentioned earlier, the 
wavelength at which a molecule will absorbe ultraviolet and 
visible light is a function of its structure. Tn general. hut sim
plified terms, the wavelength increases as the size of the con
jugated/aromatic system increases. The intensity of that 
absorption is a function of the inherent absorptivity as well 
as the concentration of the molecule. In a complex mixture 
such as asphalt, it is not possible to distinguish strictly among 
these contributions. For example, at a given elution time, it 
is highly unlikely that only one kind of molecule will be pre
sent. Therefore, the uv-vis spectrum at that elution time will 
be the sum of the spectra of the individual components. 
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FIGURE 3 Class C Asphalt type. 

Nevertheless, because the concentration of asphalt sample 
and analysis conditions are constant, and because peak shapes, 
areas, and intensities differ among the samples, it is possible 
to make comparisons in general terms. For purposes of this 
paper those asphalts with a more intense absorption at a given 
wavelength and/or absorption at a longer wavelength are 
referred to as being more highly conjugated/aromatic. 

The Data Base Asphalts 

The 19 asphalts around which the data base will be built were 
the first to undergo HP-GPC analysis . Most of these fell into 
three broad categories by virtue of their chromatographic 
shapes. Four of the 19 are similar to the asphalt shown in 
Figure 1 and have been included in Class A. In general, these 

materials have relatively narrow molecular size distributions 
and featureless three-dimensional plots. There is no shoulder 
of consequence in the large molecular size (LMS) region of 
the chromatograms. Peak maxima of 230 and 340 nm traces 
occur at approximately the same time. 

Class B includes 10 of the data base asphalts (Figure 2) . 
These asphalts have broader molecular size distributions than 
do Class A materials, and all have a well-defined shoulder in 
the LMS region. The peak maximum at 230 nm occurs at the 
same time or only slightly later than that at 340 nm. 

Three asphalts are put into Class C by virtue of their broad 
molecular size ranges and the unusual shapes of their chro
matograms at 230 nm. The latter feature is very obvious in 
Figure 3. 

There is some variation within the classes. For example, 
some Class B asphalts have very clear absorptions at 410 nm 
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FIGURE 4 Class B Asphalt (Asphalt 3) with apparent vanadyl porphyrin absorptions. 

(Figure 4). When the portion of the chromatogram centering 
about 19.5 min from 410 to 600 nm is isolated and expanded, 
two more absorbances at -530 and -570 nm can be seen. 
These bands exist for vanadyl porphyrins (12). Because Asphalt 
~ ;"' f..,..nm ".l ''"3nP.'71H~l".ln ,..,..11np th'::llt ;~ 1--nnurn to h-:nrP '::ll hloh - ... .., ........................... • _. .................. _. ................... --- -··-- ·~ ......... ~ ....... -~ ........... - - ···o·-

content of vanadium, these absorptions probably represent 
those porphyrins, although that has not been exhaustively 
proven. The entity responsible for the 410-nm absorption is 
distributed over nearly the entire molecular size range, which 
would indicate that its apparent molecular size is affected by 
intermolecular association and/or additional ligands that greatly 
change its size without changing its absorption. If vanadyl 
porphyrins indeed play a significant role in the aging of asphalts, 
this technique offers a quick method of finding concentrations 
of such materials in asphalt. 

There were two asphalts that did not fit easily into any of 
the classes. Asphalt 12, for example, appears to be a Class 
A material because of its narrow molecular size distribution 
(Figure 5), but the three-dimensional plot shows some absorp
tinn~ hPtwPPn ?70 "nrl <nn nm in thP .... M." rPainn · thP~P inrli--- - --- - - - - --- - · - -----· - - - ----- --- ---- -- -- - -o-- -- , · -- - - - ---- -

cate the presence there of materials that are somewhat more 
highly conjugated than are found in any of the other asphalts 
in the study. This asphalt also contains the lowest percentage 
of LMS material of the study group (less than 10 percent) 
and is the most highly temperature susceptible (PVN = -2.1). 

The exact crude source and refining history of Asphalt 12 
are unknown, but it is believed to be derived from a light 
crude that cannot be vacuum distilled to yield paving grade 
asphalt. In such cases, the refiner may harden the residue by 
air blowing. Air-blown asphalts typically have an intense LMS 
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FIGURE 5 Asphalt 12, a nonlypical material. 

shoulder. Alternatively, solvent refining could be used, giving 
products with rather featureless three-dimensional plots (sol
vent-refined asphalts ususally fall into Class A) . A third option 
is thermal cracking or visco-reduction. This process removes 
aliphatic chains from aromatic rings and yields (among other 
products) styrenelike products with reduced molecular size 
and more intense uv-vis absorption. Based on the three
dimensional plot, it could then be theorized that Asphalt 12 
contains cracked residues. 

Another unusual material is Asphalt 8, which is an impor
tant source for northwest Texas. This bitumen contains no 
precipitable asphaltenes, yet the HP-GPC chromatograms show 
it to contain a very high level of LMS material. The three
dimensional plot for Asphalt 8 is unusual in that the absorb
ances at wavelengths above 250 nm are quite different than 
for other asphalts. This characteristic can be seen clearly by 
uv-vis spectra taken at various times across the total elution 
time (Figure 6). These spectra, normalized to the same peak 
height, were collected at the same times for Asphalt 8 and 

for a typical asphalt from Class B. At lower elution times 
(LMS region), Asphalt 8 is less aromatic/conjugated than the 
other asphalts (Figure 6, top); as the apparent molecular size 
decreases, however, the relative aromaticity of Asphalt 8 
increases (Figure 6, bottom). Thus, this technique shows 
chemical evidence that this is a unique asphalt. 

Although complete chemical and physical data are not yet 
available for the 19 asphalts, some trends are visible. Class 
A asphalts are more highly temperature susceptible (PVN < 
-1.1) but have low aging indices (about 1.6) when compared 
with the other classes. They have low asphaltene contents (9-
11 percent) and low LMS content (15-17 percent at 340 nm). 
Three of these asphalts are known to perform poorly in that 
they undergo early severe transverse cracking. 

Class B asphalts seem to be less temperature susceptible in 
terms of PVN (-0.07 to -0.7), with aging indices between 
1.8 and 2.9. Asphaltene contents are higher (11-18 percent), 
as are percentages of LMS materials (21.5-30.6 at 340 nm). 
Virtually all of the asphalt cements in the test series commonly 
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FIGURE 6 Comparison of uv-vis spectra of Asphalt 8 and a typical Class B Asphalt. 

accepted as high-quality, paving-grade bitumens fall within 
category B. 

Class C asphalts seem to have positive PVN values and high 
aging indices (3. 7 to 7.3), high LMS contents (36-39 percent), 
and high asphaltene percentages (23-24). Indeed, none of 
these materials would be expected to meet U.S. standards. 

The preceding should not be construed as firm rules but 
rather as overall trends. In Class C, for example, one asphalt 
has a lower LMS content than the class at 24 percent; another 
has a much lower asphaltene content than the others 
( 5 percent). 

The HP-GPC Analysis of Other Materials 

A variety of other bituminous materials were submitted for 
analysis. These experiments were limited in scope, and efforts 
to draw conclusions are therefore restricted. However, the 
work does point out the potential usefulness of the technique 
and so is described briefly herein. 

1. SARA fractionation is a technique similar to the well
known Corbett separation that yields four fractions: (S) sat-

urates, (A) aromatics, (R) resins, and (A) asphaltenes. It was 
decided that it would be interesting to analyze the fractions 
from Asphalt 3 to determine whether the material responsible 
for the 410-nm peak would be preferentially isolated in one 
fraction. As can be seen in Figure 7, the suspected metal 
porphyrins can be found in all fractions except the saturates. 
It is not clear, of course, whether this result indicates truly 
distinctive forms of the material or lack of specificity in the 
SARA separation technique. 

2. To demonstrate the utility of the HP-GPC technique in 
comparing products from differing processes, an asphalt from 
a pilot refinery was compared with a residue from a laboratory 
distillation thought to mirror the refinery Jn thi<: <:Pt , thP 

products were found to be dissimilar. 
3. The operating conditions of a pentane-deasphalting 

process were changed to obtain resins with varying softening 
points from the same vacuum tower residue. The softening 
point is proportional to percent LMS material at both 340 
and 230 nm in this sample set. The spectra and three-dimen
sional plots show that the extent of conjugation/aromaticity 
also increases with softening point. 

4. Three thermally cracked (visco-reduced) residua rep
resenting different crudes and varying process severities were 
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FIGURE 7 SARA fractions from Asphalt 3. 

examined by HP-GPC. All showed typical Class A charac
teristics with low LMS contents. Asphaltene contents range 
from 9.6 to 19.2 percent, however. The intensities of the 
absorptions indicate that these materials are highly aromatic. 

The 3-D plots show a small shoulder in the SMS region, 
primarily between 270 and 300 nm, fitting the pattern dis
cussed for Asphalt 12 and thus supporting the theory that 
Asphalt 12 contains some fairly severely Cracked residues. 

5. Air blowing causes changes in the HP-GPC chromato
grams of asphalts. In particular, there is a strong increase in 
the height of the leading shoulder and in the percentage of 
LMS material. 

6. A number of experiments in which two bituminous mate
rials were blended supported earlier evidence (2) that the HP
GPC curve of a blend can be predicted from the curves of 
the component asphalts as a matter of simple proportionality. 
The refiner can use HP-GPC as a tool that may help in finding 
ways to use poor-quality crudes and asphalts . 

CONCLUSION 

The work presented in this paper was intended to explore the 
potential uses of high performance gel permeation chroma
tography (HP-GPC) in the study of bituminous materials by 
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a refiner. The addition of a photodiode array spectrophotom
eter for multiple wavelength detection expanded the chemical 
information obtainable from HP-GPC. This combination pro
vides data on the molecular size distribution of the samples 
analyzed as well as on their relative conjugation/aromaticity. 

A group of 19 asphalts, which will form a data base, was 
analyzed. These materials were divided into three classes on 
the basis of their chromatographic shapes. Thus far, associ
ations of the classes have been made in a general way with 
temperature susceptibility (PVN) and aging index. Two as
phalts, both known to be very unusual materials, did not fit 
the classifications set in this work. 

Further explorations included HP-GPC analysis of SARA 
fractions from an asphalt that contained material absorbing 
at 410 nm, probably vanadyl prophyrin. The HP-GPC chro
matograms show that the material of interest was distributed 
in all but the saturates fraction. 

Other experiments of limited scope were performed to 
explore a variety of potential applications for this technique. 

• Pentane-deasphalted resins from a single feed stock were 
analyzed. They showed an increase in ring and ball softening 
point with percent LMS. 

• Viscosity-broken residua displayed HP-GPC character
istics similar to Class A asphalts but with an additional small 
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shoulder between 270 and 300 nm. This evidence was used 
to help to understand the nature of one of the two asphalts 
that did not fit the main classifications. 

• Air-blown residua showed evidence of an increase in LMS 
content with increased blowing severity. 

This technique potentially is very useful to a refiner pro
ducing asphalt products and warrants further exploration . The 
next step must be to develop a statistical method to charac
terize the data mathematically. Perhaps techniques such as 
those developed by Plummer (log Gaussian distributions) or 
by the French Central Highway Administration (LCPC) lab
oratories (statistical deconvolution) for two-dimensional curves 
can eventually be expanded to evaluate these three-dimen
sional figures. 
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Evaluation of Oven Simulation of 
Hot-Mix Aging by an FT-IR Pellet 
Procedure and Other Methods 

C. J. GLOVER, R. R. DAVISON, s. M. GHOREISHI, H. B. JEMISON, AND 

J. A. BULLIN 

The long-established KBr pellet technique for IR analysis has been 
adapted for analyzing asphaltic materials. The procedure is highly 
reprod~cib_Ie and produces spectra that can be compared, with no 
normalization or other correction beyond normal background sub
traction and baseline zeroing. Analysis of oven-aged and hot-mix 
asph~lt samples by FT-IR, ~iscosity, penetration, and gel per
m~ation chro~~tography pr~v1des comparisons for studies of asphalt 
agmg. In a hm1ted study, viscosity and penetration values for the 
hot-mix and for thin-film and rolling thin-film oven-aged residues 
agreed quite well. However, the GPC and FT:IR analyses showed 
some significant differences. 

A crucial element in understanding asphalt properties and 
p.erform~nce lies in understanding the aging of asphalt mate
nals. It is not enough to know the properties of the asphalt 
as it exists in the tank prior to being mixed with the aggregate 
for pavement, or even to know the hot-mix properties at the 
~ime the pavement is placed. Rather, the ultimate objective 
is to understand enough about asphaltic materials in order to 
understand the way their initial properties change over a period 
of time and the way these changes affect performance. Some 
asphalts age differently from others, more rapidly and in dif
ferent ways; and a given asphalt may itself age differently with 
various aggregate materials or in different climatic environ
ments. 

Standard oven tests, the thin-film oven test (TFOT) and 
the rolling thin-film oven test (RTFOT), which are both ASTM 
standardized procedures, are commonly used to evaluate the 
relative aging of different asphalts. These tests have been 
designed to approximate the aging that occurs during the hot
mix aging process; they are based primarily on changes in 
asphalt viscosity due to the aging. The assumption implicit in 
the development of these tests is that if viscosity values are 
matched, then other properties are also matched and, in fact, 
the asphalt aging process has been duplicated. 

It has been one of the objectives of this study to evaluate 
asphalt aging in these two oven tests and to compare them 
with the drum hot-mix process, not only with respect to vis
cosity and penetration but also with respect to measures of 
chemical composition, such as gel permeation chromatogra
phy and FT-IR. If this broader group of measurements is 
duplicated by the oven test, then the likelihood that these 
oven tests do in fact faithfully reproduce the hot-mix process 

De~artment of Chemical Engineering and The Texas Transportation 
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is ~ncr~ased dramatically. Because the changes produced by 
agmg m the asphalt FT-IR spectrum are relatively small a 
significant portion of this effort has been directed at est~b
lishing a sensitive and highly reproducible FT-IR procedure 
that requires a minimum of normalization and background 
s_ub.traction. ~his paper reports this FT-IR procedure and pre
hmmary studies addressed at assessing differences between 
hot-mix and oven aging. 

FT-IR ANALYSIS OF ASPHALTS 

Infra~ed analysis of asphalt continues to challenge asphalt 
ch~m1sts because of the complex nature and adhesive prop
erties of asphalt that make sample preparation difficult. In 
general.' the. infrared spectra of substances are fairly easily 
determmed if the sample is a gas, a liquid, or a solid. In this 
case, however, the asphalt sample is a material that is soft 
and sticky at room temperature and causes some problems in 
the course of sample preparation for infrared analysis. 

Most researchers (1-9) have determined the spectra of asphalt 
samples in solution. This method uses solvent to dissolve asphalt; 
then the obtained solution is analyzed by IR. Because all 
solvents absorb strongly in at least several regions of the infrared 
spectrum, it is necessary to use more than one solvent to be 
able to get a complete spectrum of the asphalt sample. The 
most commonly used solvents in the solution method are car
bon tetrachloride (CC14) and carbon disulfide (CS2). 

Unfortunately, this method has several problems. One dif
ficulty that may arise is weak absorption bands in the asphalt 
sample that cause a low signal-to-noise ratio of the asphalt 
spectrum to remain after subtracting the solvent background. 
Increasing the asphalt absorption to improve this ratio can be 
achieved either by increasing its concentration in solution or 
by increasing the cell pathlength. Increasing the concentra
tion, however, is limited by the necessity for a homogeneous 
solution and by the possible effects of the solute on the solvent 
spectrum (10-12). Increasing the pathlength is limited by the 
necessity of keeping the solvent absorption within the range 
of Beer's law in order to achieve quantitative solvent sub
traction. Solvents such as carbon tetrachloride and carbon 
disulfide have some very strong absorption bands that reach 
d~tect~r saturation in very thin cells. Hence, multiple analyses 
with different solvents that have strong absorption bands at 
different frequencies are necessary to obtain a complete pie-
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ture of the asphalt spectrum. There are also certain practical 
problems, such as deterioration of cell windows, caused by 
adsorbed water or solvent and difficulty in completely remov
ing asphalt from the cell (10-15). 

In this paper, the long-established KBr pellet procedure is 
adapted to asphalt analysis and the reproducibility of infrared 
absorption spectra for this method is shown. 

EXPERIMENTAL METHODOLOGY 

Asphalts, before and after aging, were evaluated using both 
physical and chemical properties. Physical properties mea
sured were viscosity, at both 60 and 135°C (ASTM D2171-
83), and penetration at 77°F (ASTM D5-83). These mea
surements are well known and widely used and provided the 
basis for the original development of the thin-film and rolling 
thin-film oven tests. Chemical characterization was performed 
by both GPC and FT-IR analyses. The GPC technique used 
is the method developed and reported previously (16,17). 
Analyses were made using a 500 A and 50 A column com
bination. Injections were 100 µl of a 7 weight percent solution 
in THF. The FT-IR analysis procedure is the KBr pellet pro
cedure and is reported below. This procedure was chosen 
because of its quantitative nature, which allows direct com
parisons between asphalts-in this case, comparisons between 
the unaged and aged samples without normalizations. Because 
both the GPC and FT-IR techniques have excellent repro
ducibilities, the authors are able to make these comparisons 
directly, allowing definitive conclusions about the changes 
that occur in these asphalts. 

The scope of this study was quite limited in terms of the 
asphalt samples that were evaluated. Only two asphalts were 
studied from two different refiners: one, an Exxon AC-20 and 
the other, a Coastal AC-20. Both asphalts were placed in 
highways near College Station during the summer of 1987. 
At that time both tank asphalt and hot-mix samples, for which 
analyses are reported in this paper, were obtained. This study 
is ongoing; cores to be taken this year and in the future will 
provide data for in-service aging. The hot-mix process used 
in both cases is the drum process. 

FT-IR EXPERIMENTAL APPARATUS AND 
PROCEDURES 

Materials and Apparatus 

The instrument used in this study for IR analyses was a Nicolet 
60SX FT-IR single beam spectrometer. Potassium bromide 
was IR grade obtained from Fisher Scientific. 

Pellet Preparation 

Dry KBr powder was prepared for each batch of pellets. The 
KBr was oven-dried for 2 hr or more at 300°C to complete 
dryness, as verified by the absence of water IR absorption 
bands near 3,710 and 1,630 cm- 1 in a pure KBr pellet. The 
dry KBr powder was stored in a desiccator until use . 

Asphalt samples to be analyzed were collected and stored 
m a treezer (-2U"C) for at least 2 hr before use. This cold 
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storage was necessary to obtain a grindable and otherwise 
workable asphalt material that could be mixed with KBr pow
der to make pellets for IR analyses. Each asphalt sample was 
stored in its own closed container to avoid collecting moisture . 
Although water absorption by KBr is often mentioned as a 
difficulty with this technique (10-14), it was effectively con
trolled in this work, as by others (18), by proper sample 
preparation and background subtraction. 

The asphalt-KBr mixture was prepared by accurately 
weighing the KBr and asphalt onto a sheet of aluminum foil. 
Dry KBr powder (0.975 g) and 0.025 g of asphalt were weighed 
to obtain a total mixture of 1.000 g. All amounts were adjusted 
to within 0.2 mg of the desired weight and weighed to a 
precision of 0.1 mg. The asphalt was weighed as quickly as 
possible to keep it at a low temperature, thereby maintaining 
its workability. The mixture was quantitatively transferred to 
a mortar and ground with a pestle for between 20 and 30 min 
to obtain a homogeneous mixture. 

The amount of this asphalt-KBr mixture needed for one 
pellet was accurately weighed and placed between two highly 
polished, stainless steel dies inside a pellet press, where it was 
compressed at 25,000 psi for 1 min to make a small pellet 
approximately 0.5 in. in diameter. Prepared pellets were stored 
in a desiccator to prevent the KBr from absorbing moisture. 
A pellet of the same mass using pure KBr was similarly pre
pared for obtaining backgrdund comparisons. 

Analyses were made of both the blank and asphalt-KBr 
pellets. Prior to analysis, the instrument sample compartment 
was purged with nitrogen for at least 20 min. Subtraction of 
the blank KBr pellet spectrum from the asphalt-KBr spectrum 
corrected for any moisture that might have been absorbed by 
the KBr. All baselines were adjusted to have zero absorption 
at 600, 1,800, and 4,000 cm - 1 • 

Spectra Reproducibility 

Figure 1 is an overlay of three spectra for the entire IR region 
obtained for a Coastal AC-20 asphalt. The high degree of 

1.0 

0.8 

w 
~ 0.6 .. 
"' "' 0 

"' ~ 0.4 

0.2 

COASTAL AC-20 
3 PELLETS 

20"'0C'o""""~35~0-o - iooo 
WAVENUMBER 

FIGURE 1 Reproducibility of three asphalt FT-IR 
analyses over the range from 600 to 4,000 cm - 1 using 300-
mg pellets. 
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~eproducibility obtained for these three pellets is shown in 
increasing! y more detail for the 600- to 1,800-cm - 1 region in 
Figure 2, and for the carbonyl region in Figure 3. In Figure 
1 the small spectra differences in the region between about 
3,600 cm- 1 and 3,200 cm - 1 may be attributed to the instru
ment's small signal-to-noise ratio and lack of complete removal 
of moisture by the nitrogen purge. The carbonyl (1,675 to 
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FIGURE 2 Reproducibility of three asphalt FT-IR 
analyses over the range from 600 to 1,800 cm- 1 
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1,750 cm- 1) and sulfoxide (950 to 1,050 cm- 1) regions, which 
are of particular importance to asphalt aging, show excellent 
reproducibility. 

Pellet Thickness 

The lack of IR absorption of potassium bromide allows a wide 
range of pellet thickness, thereby providing a convenient means 
of adjusting the level of sample absorption. Weak absorption 
bands can be increased to good signal-to-noise ratios by using 
thick pellets; strong absorption bands can be kept w'ithin Beer's 
law by using thin pellets. By contrast, adjustments to the 
asphalt concentration in the KBr mixture are limited. Too 
low a concentration jeopardizes homogeneity; too high a con
centration produces an unworkable mixture. The concentra
tion of 2.5 weight percent used in this study was chosen to 
optimize workability. 

RESULTS AND DISCUSSION 

Figures 4 through 7 contain the viscosity, penetration, GPC, 
and IR analyses for both asphalts for the thin-film oven test. 
Viscosities at 60 and 135°C are shown in Figure 4 for the tank 
asphalts (0 time), for 5 hr of aging (the standard oven time), 
and for 141/i hr, an extended period to observe larger changes 
in the asphalt. For measurements at both 60 and 135°C, sig
nificant increases in viscosity with the amount of aging time 
were observed, as expected. During the test period, the Coastal 
asphalt underwent considerably more aging than the Exxon, 
at least according to the thin-film oven test at 60°C. Both 
asphalts began as AC-20 grade asphalts with viscosity near 
2,000 poise. By the standard oven time, however, the Coastal 
asphalt viscosity increased to more than 6,000, whereas the 
Exxon was around 4,000. After aging for 14 hr, the divergence 
is even more evident, with the Coastal asphalt at 24,000 but 
the Exxon at only about 10,000. This divergence is not exhib
ited at 135°C, however, indicating that the Coastal aged asphalt 
has a larger viscosity temperature susceptibility than does the 
Exxon. Concerning the extracted hot-mixes for these two 
asphalts, the viscosities at both 60 and 135°C match very well 
the standard thin-film oven test viscosity. Penetrations for 
both the Coastal and Exxon un-aged and aged asphalts are 
shown in Figure 5. Penetrations for the asphalt extracted from 
hot-mix samples are also shown. In this case, both asphalts 
compare very well with respect to penetration, in spite of 
their differences in viscosity. Hot-mix penetration values, 
especially for the Coastal, do not agree with TFOT values as 
well as they do for the viscosities, however. 

GPC profiles for the two asphalts are shown in Figure 6. 
The profile for the tank asphalt is shown, as well as profiles 
for two aging times in the thin-film oven test. Finally, the hot
mix profile also is overlaid for comparison. There are clear 
differences in each of the curves, with the 14 112-hr aged 
sample showing a significant growth in the large molecular 
size (LMS) region (material eluted between 20 and 25 min) 
for both asphalts. The standard time samples also show growth 
in the LMS region but not nearly so much as the extended 
time. Profiles for the asphalt extracted from the hot-mix for 
both asphalts show a larger LMS than for the standard time, 
especially for the Coastal asphalt. In fact, in this case the hot-
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FIGURE 4 Effect of TFOT aging on two asphalts' viscosities at (a) 140°F (60°C) and (b) 275°F (135°C). 
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mix asphalt compares more favorably with the 14 1/2-hr oven
aged sample than it does with the standard time sample. For 
the Exxon asphalt, however, the hot-mix asphalt and the 
standard oven-aged asphalt are in much better agreement. 

Figure 7 contains similar comparisons for IT-IR analyses. 
Compared with the GPC profiles, an interesting reversal of 
the asphalts' behavior for the carbonyl region of the spectrn 
(Figures 7a and 7b) is evident. Again, dramatic differences 
between the tank asphalt and the 14 112-hr oven-aged asphalt 
are apparent, with the standard time and the hot-mix asphalt 
spectra lying in between. For this analysis, however, the Coastal 
hot-mix agrees much better with the standard 5-hr oven test 
than does the Exxon, in contrast to the comparison of the 
two asphalts for the GPC analysis. Similar results were observed 
for the sulfoxide region shown in Figures 7c and 7d . Similar 
studies with a broader range of asphalts will be necessary to 
show the extent to which this observation is important. 
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FIGURE 7 Effect of TFOT aging on FT-IR spectra for (a) Exxon AC-20 carbonyl region, (b) coastal AC-20 
carbonyl region, (c) Exxon AC-20 sulfoxide region, and (d) coastal AC-20 sulfoxide region. 

Results for the RTFOT are essentially identical to those 
for the TFOT by both physical and chemical measures. 

CONCLUSIONS 

The KBr analysis procedure produces spectra that can be 
compared directly, with no normalization or other correction 
beyond normal background subtraction or baseline zeroing. 
Very accurate reproducibility is possible using the pellet tech
nique because of the weighing precision and the minimal back -
ground compensation of the KBr. Handling the asphalt quan
titatively is made possible by freezing. The lack of IR absorption 
by potassium bromide also allows a wide range of pellet thick-

ness, thereby providing a convenient means of adjusting the 
level of sample absorption. Weak absorption bands can be 
increased to good signal-to-noise ratios by using thick pellets; 
strong absorption bands can be kept within Beer's law by 
using thin pellets. 

The work on asphalt aging has been a limited study com
paring rolling thin-film oven test to hot-mix aging. As such it 
has involved only two asphalts, both AC-20 grades, and one 
hot-mix sample for each one. Consequently, conclusions are 
limited by the small sampling. 

Within the bounds of these restrictions, however, certain 
conclusions appear appropriate. First, the thin-film and roll
ing thin-film oven tests appear to produce the same aging 
results measured not only with respect to viscosity and pen-
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etration but also with respect to gel permeation chromatog
raphy and Ff-IR. The extent of aging and the manner in 
which aging occurs appear to be identical in the two oven 
tests. Second, with respect to the viscosity tests, it is concluded 
that both oven tests are very good predictors of hot-mix aging. 
With respect to penetration, they appear to be moderately 
good predictors. Third, and in contrast with the viscosity 
measurements, the oven tests underpredict hot-mix aging with 
respect to both GPC and Ff-IR analyses for both asphalts. 
The apparent extent of additional aging in the hot-mix, how
ever, depended on the asphalt and the analysis being used in 
the evaluation. Furthermore, GPC and IR analyses did not 
agree on which asphalt aged more in the hot-mix. 
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Rapid Method for the Chemical 
Analysis of Asphalt Cement: 
Quantitative Determination of the 
Naphthene Aromatic and Polar 
Aromatic Fractions Using High
Performance Liquid Chromatography 

s. w. BISHARA AND ERNIE WILKINS 

An analytical method i, desc1·ibed for the rapid quantitative deter
mination of naphthene aromatics (aromatics) and polar aromalics 
(polars) in a phaU cemenl u lng high-performance liquid chro· 
matography (HPLC). The hexane-insoluble nsphaltenes are removed 
beforehand and lhc pelrolene solution passed through an NH1 
energy analysis column. After elution of the naphlhcne aromatics, 
the olvcnt flow direction is reversed and the 11olar aromatics peak 
follows. Ultraviolet absorption at 254 nm is used for detection. A 
complete ample run consumes IE?l than 3 hr. Results of analysis 
agree favorably with those obtained following the horl procedure 
of ASTMD4124. Considering the ASTM 04124 re ults " correct,' 
the average absolute error for 49 determinations on 22 samples 
from four different refineries amounted to ± 0.66 and ± 0.82 per· 
centage point for the naphthene aromatics and polar aromatics 
fractions, respectively. The standard devia!ion for seven deter
minations on one sample is 0.89 and 0.45 percentage point for the 
naphthene aromatics and polar aromatics fractions, respectively. 

Fourteen out of every 15 miles of surfaced roads in the United 
States are topped with asphalt. The United States spends more 
than $10 billion per year on asphalt pavements, about $3 
billion of which is for asphalt itself (1) . 

Asphalt is, and will continue to be, a candidate for research 
investigations aimed at optimized field performance through 
physical as well as chemical testing. However, there is evi
dence that measurement of physical properties by itself is not 
sufficient to predict or assure pavement performance (2). Great 
interest is currently being expressed in probing the relation
ship between chemical composition and field performance. 

Several approaches have been suggested for studying the 
chemical composition of asphalt cements. Elemental analysis 
(3 ,4) , fractional separation analysis (5-JJ) , and functional 
group analysis (12-14) are the most important . Molecular size 
distribution studies using high-performance gel-permeation 
chromatography (HP-GPC) are also receiving considerable 
attention (15 - 18). Vapor pressure osmometry (19) and field 

S. W. Bishara and E . Wilkins (retired), Materials and Research Cen
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ionization mass spectra (10) have been applied for determin
ing the molecular weight of asphalt or asphalt fractions. 

The literature reveals that almost all of the available ana
lytical tools have been applied for the analysis of asphalt. 
Liquid chromatography (6-JJ), thin-layer chromatography 
(20), gas-liquid chromatography (14,21 ,22), size-exclusion 
chromatography (9,15-19), mass spectrometry (10,14,19,23) , 
electrophotometric spectroscopy [IR and differential IR (12-
14,22,24,25), UV (14,26)], nuclear magnetic resonance (16,26-
28), electron spin resonance (26,29), spectrochemical analysis 
[X-ray fluorescence, neutron activation analysis , X-ray dif
fraction (30), atomic absorption (31)], distillation fractiona
tion (10), and titrimetric/gravimetric analysis (32) have all 
been used (33). 

For the past 30 years, separation of asphalt cement into 
fractions has been the basis of most asphalt chemical-analysis 
investigations. Such separations can, in effect, reduce the degree 
of chemical complexity of the analyte. They may also be useful 
for fingerprinting an asphalt or following up changes that may 
occur during manufacturing, hot-mix processing, or on-the
road use . Fractional separation may be performed by any of 
the following techniques. 

1. Solvent-derived fractionation (34). The n-butanol-insol
uble part (asphaltenes) is filtered out, and acetone is added 
to the butanol-solubles; the resulting solution is chilled to 
precipitate paraffins, leaving the cyclics in solution. 

2. Chemical precipitation (5 ,35). After separation of the 
n-pentane insolubles, other fractions are consecutively pre
cipitated with sulfuric acid of increasing concentration. 

3. Liquid chromatography. In the clay-gel procedure (8), 
the n-pentane insolubles are separated followed by adsorp
tion/desorption on clay and silica gel. Corbett procedure (36) 
depends on separating n-heptane insolubles, adsorption of the 
solubles on alumina, and desorption with solvents of increas
ing polarity. 

4. Gel permeation chromatography (GPC). Fractional sep
aration occurs according to molecular size (37) (see also ASTM 
D3593). 
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A µ-BONDAPAK NH2 column was first used by Dark and 
McGough (38) for the fractional analysis of whole asphalt 
after removing n-heptane insolubles by filtration. The authors 
(38) relied on response factors developed for crude oil to 
quantify the chromatographic envelopes obtained; they stated 
that because the average number of condensed aromatic rings 
in an asphalt is greater than in crude oil, the response factor 
will be in error. The procedure nevertheless provides a means 
of comparison between samples (relative values). Brule et al. 
(39,40) reported a correlation between HPLC data and the 
aromatic oil and resin contents of asphalt cement. 

However, the potentialities of HPLC as a rapid analytical 
Looi suggested its application for the quantitative determi
nation of asphalt fractions. In the present method, after fil
tration of the n-hexane insolubles, the petrolenes are passed 
through an energy analysis column (µ-BONDAPAK NH2). 

An ultraviolet detector measures the absorbance due to each 
of the naphthene aromatic and polar aromatics fractions as 
they elute from the column; the asphaltene figure is obtained 
gravimetric!~ly and the saturates, by difference. The resi,ilts 
agree favorably with those obtained using the ASTM method 
(7) after its "modification" to use n-hexane for dissolution. 
Initially, an asphalt cement sample (selected randomly to be 
the standard) is analyzed by the ASTM method, and the 
results obtained are logged as the standard values. A data 
handler calculates the results for subsequent sample runs based 
on these standard values. Because the molar absorptivity 
(extinction coefficient) of the standard and the sample mate
rial are not the same, however, a factor that will arbitrarily 
be called the absorptivity factor has to be determined for every 
sample. This factor accounts for variation in the molar absorp
tivity and is therefore included in the calculations. 

EXPERIMENTAL 

A Waters High Performance Liquid Chromatograph consist
ing of a Waters 600 Multisolvent Delivery System, U6K Injec
tor, Temperature Control System (consisting of Temperature 
Control Module, TCM, and one column heater), and an ultra
violet/visible (UV/vis) LC Spectrophotometer (Lambda-Max, 
Model 481). The instrument is also equipped with a column 
backflush valve (model 7040, 5,000 psi-6 port, Rheodyne 
Co., Cotati, Calif.). A µ-BONDAPAK NH2 Energy Analysis 
Column (3.9 mm i.d. by 30 cm long), Waters part #85173, 
was used . The data are received by a Waters 840 Data and 
Chromatography Control Station. This consists of a Digital 
Equipment Corporation Computer (Professional 380), a Dig
ital Equipment Corporation LA Printer, and a Waters System 
Interface Module (SIM). 

PROCEDURE 

The Standard 

Select any asphalt cement sample as the standard. Analyze 
using the ASTM method (7) to determine the percentage of 
the naphthene aromatics and polar aromatics fractions. 

1. Removal of asphaltenes. Weigh 200-300 mg asphalt 
l.:t:meni (io ihe nearesl 0.1 mg) in a 125-mL Erienmeyer flask 
fitted with a 24/40 ground glass stopper. Spread the sample 
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on the bottom and lower sides of the flask. Add n-hexane in 
the ratio of 1 mL for every 10 mg of asphalt. To dissolve the 
sample, gently reflux for 20 min on a hot plate under a reflux 
condenser; maintain the solvent temperature near its boiling 
point, and stir using a magnetic stirrer at a moderate rate. 
Set aside for 1 hr to cool and allow the asphaltenes to settle 
down. Complete the asphaltene removal as described under 
sections 14.1.3to14.2.1 of the ASTM method (7). The asphal
tene figure is obtained gravimetrically. 

2. Determination of the molar absorptivity. The filtrate in 
the suction flask is transferred quantitatively to a 50-mL vol
umetric flask. Fill to the mark using n-hexane (this solution 
is referred to later as petrolene solution). Pipet out 5 mL of 
this solution into a 10-mL volumetric flask, and complete to 
volume with n-hexane (this solution is referred to later as 
dilute petrolene solution) . 

Remove the column from the HPLC system, and connect 
the two lines, originally joined to the column, to each other. 
Set the oven temperature to 35°C. Use n-hexane as the mobile 
phase at a flow rate of 0.2 mL/min. Inject 2 µL of the dilute 
petrolene solution. With the wavelength on the UV/vis LC 
Spectrophotometer set at 254 nm, watch the absorbance read
ing as it increases gradually, reaching a maximum before 
declining to the initial value (.001). Record the maximum 
absorbance reading (A). 

Repeat the injection to get two concordant results (within 
about 3 percentage points of each other). From Beer's law: 

A = abc 

where 

A = absorbance; 
a = molar absorptivity (extinction coefficient); 
b = optical path length; and; 
c = concentration. 

(1) 

Because the eventual goal is the ratio of the molar absorptivity 
of the standard to that of the sample (rather than the absolute 
value of the constant a), and because the same sample cell is 
used in all the present work, b may be eliminated. The equa
tion simplifies to: 

A= ac (2) 

or 

a= AIC (3) 

The concentration, c, may be calculated from 

Wt. of petrolenes, mg 

= Sample wt., mg - wt. of asphaltenes, mg y (4) 

Wt. of petrolenes, µg/2 µL = Y x 1000 

x 5 x 2/50 x 10 x 1000 = Y/50 = c (5) 

Thus, 

a,,d = A x 50/Y (6) 

where 50 equals the volume of the petrolene solution. 
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3. Peaking of the naphthene aromatic (aromatics) and polar 
aromatic (polars) . Insert the column in line. Maintain its tem
perature at 35°C. After sparging with helium, allow at least 
30 mL of the mobile phase (n-hexane) to pass through the 
column before starting analysis. Set the flow rate at 3 mL/ 
min. Inject 8 µ,L of the petrolene solution. The absorbance 
of the eluate is continuously monitored by the UV/vis LC 
Spectrophotometer at 254 nm. The naphthene aromatic peak 
appears 1.5 min from injection. Reverse the direction of sol
vent flow 5 min after injection. A peak for the polar aromatic 
fraction elutes 10 min from injection. The total run time is 
set at 12 min. 

For the instrument to calibrate the standard run and cal
culate the response factors (RF), the weight of each of the 
aromatics and polars fractions (calculated from the sample 
weight and fraction percentages as determined by the standard 
method) is Jogged. RF equals the peak area divided by the 
amount of component, and it is used by the data handler to 
calculate the amount of component in unknown sample runs. 
Repeat injection of the standard, and program to average the 
two standard runs. 

The Sample 

Follow the foregoing procedure exactly but using an unknown 
asphalt cement sample. Determine the asphaltene content and 
the molar absorptivity (a,p1). Calculate the absorptivity factor 
from the ratio: 

(7) 

Run the sample as already described for the standard. After 
the 12-min run time, the amount (mg) of each of the two 
fractions will be printed. Calculate the percentage from the 
equation: 

Fraction, percent T x F x 100/W 

where 

T = the fraction weight (mg); 
F = the absorptivity factor; and 

W = the sample weight (mg) . 

(8) 

From the sum of the percentages of asphaltenes, aromatics, 
and polars, the percentage saturates may be determined. 

RESULTS AND DISCUSSION 

LC versus HPLC 

The work of Dark and McGough (38) showed the possibility 
of using HPLC for the separation of asphalt cement into three 
fractions (saturates, aromatics, and polars) following removal 
of asphaltenes by filtration. Correct quantitation of the peaks 
was not feasible, however, because of the unavailability of 
some sort of a standard asphalt sample that can be run to 
establish the response factors. 

The ASTM method D4124-86 (7) applies liquid chroma
tography for the separation of asphalt into four fractions. 
After filtration of the n-heptane insolubles, the petrolene 
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solution is analyzed by adsorption on calcined F-20 alumina, 
then fractionated into saturate, naphthene aromatic, and polar 
aromatic fractions by qownward elution, using a series of 
increasingly polar solvents. The apparent similarity in the 
number and functionality of the fractions obtained by the two 
approaches (7, 38) suggested the possibility of relying on the 
ASTM method (7) to establish quantitative results for a ran
domly selected asphalt sample that may then serve as the 
standard for an HPLC method. Sample 73286 gave the results 
shown in Table 1 after analysis using the LC method (7). The 
change of solvent from n-heptane to n-hexane caused the 
percentage of asphaltenes and naphthene aromatics to increase, 
and that of saturates and polar aromatics to decrease. This 
finding is in agreement with those of Puzinauskas (2) and 
others . 

After the petrolenes were separated into three fractions by 
the ASTM method (7), each was dissolved in n-hexane, fil
tered, then run on the HPLC using the NH2 energy analysis 
column. Figure 1 illustrates the chromatograms obtained. 

TABLE 1 ANALYSIS OF ASPHALT CEMENT SAMPLE 
NUMBER 73286 BY ASTM METHOD 

Fraction, % 

Fraction 

n-Heptane* n-Hexane* 

Asphaltenes 14.07 17 .57 

sat urates 12.97 12.62 

Naphthene Aromatics 42.60 44.88 

Polar Aronatics 32.34 25.41 

Total, % 101.98 100.68 

* Solvent used for sample dissolution. 

A 
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8 

(\ NAPH~HENE AROMATICS 

1 
~tR•l.49 min) 

_) - _.,......__ 
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POLAR AROMATICS 

(tR =10.18 min) 

FIGURE 1 The HPLC chromatograms 
obtained for a 2.1820-g asphalt cement 
Sample 73286 after its separation into three 
fractions by Corbett's method (ASTM 
04124-86, Method B). 
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Comparison of these with the chromatogram (Figure 2) obtained 
for a whole petrolene solution of the same sample, 73286, 
following the proposed procedure, may lead to the following 
conclusions: 

1. The retention times (tn) for the peaks obtained for aro
matics (1.59 min) and polars (10.03 min), shown in Figure 2, 
correspond favorably to those obtained for naphthene aro
matics (1.49 min) and polar aromatics (10.18 min), shown in 
Figure 1, respectively. 

2. Each of the three fractions obtained after separation by 
LC, when tested by the proposed HPLC method, proved to 
contain but one fraction, as evidenced from the HPLC runs 
on each (Figure 1). Curve A for the saturates showed no peak 
for UV absorption, Curve B for the naphthene aromatics 
fraction exhibited a peak corresponding to the aromatics, and 
Curve C for the polar aromatics fraction showed a peak for 
the polars. The small hump observed for polars in Curve B 
is due to a minor quantity of polars being collected together 
with the middle fraction; the cut-point between middle (orange
red) and last (brown-black) fractions is not always easy to 
locate, especially for some samples. 

Absorptivity Factor 

Having established qualitatively the similarity between frac
tions resulting from the LC and HPLC separation techniques, 

0 

(.) 

I
<( 
:::E 
0 
a: 
<( 

2 4 6 
Minutes 

8 

en 
a: 
<( 
...J 
0 
a.. 

10 12 

FIGURE 2 The HPLC chromatogram for Sample 73286, after 
separation of asphaltenes; tR = 1.59 and 10.03 min. 
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the percentages of aromatics (naphthem: aromatics) and polars 
(polar aromatics) calculated after the A TM method (7) for 
Sample 73286 were logged as the standard values. A 200-
300-mg weight of Sample 73286 (from Shell Oil Company, 
henceforth referred to as the standru·d) was analyzed following 
the presem method. The data control station makes use of 
the values entered for the standard to calculate the response 
factors. 

An asphalt Sample 14083 (Sinclair Oil Company), when 
analyzed by the two methods, gave the results shown in Table 
2. The two fractions under investigation gave low, but con
sistent, recoveries. This is not urprising because the quali
tative (and quantitative) chemical composition of any two 
asphalt cement samples is not the same, particularly if their 
sources are different. That the molar absorptivity of the stand
ard would equal that of the sample is highly unlikely. To 
account for such differences, a factor (absorptivity factor) had 
to be introduced into the equation used for calculating the 
fraction percent. 

One way of finding out the value of the absorptivity factor 
is by removing the column from the system, injecting a small 
sample volume (2 µL), and setting the solvent flow at a low 
rate (0.2 mL/min) . As the initial fraction of the sample reaches 
the detector, the absorbance reading starts to increase. The 
reading then increases more rapidly as the sample/solvent 
ratio reaching the cell increases. The maximum absorbance 
reading is taken as A in Beer's law. Higher flow rates cause 
the absorbance readings to change very rapidly, making the 
maximum value difficult to observe. The low flow rate , in 
turn , requires small sample volumes to be injected; larger 
sample amounts cause the absorbance to exceed the accept
able range (i.e., beyond 1.8). 

Inclusion of the absorptivity factor in the calculation of 
fractions percent for Sample 14083 gave results that agree 
favorably with those obtained by the LC method (Table 2). 
The absorptivity factor, F, equals a73286/a14083 (i.e., 0.407/ 
0.308 = 1.321). 

Beer's Law 

The proposed method applies to a sample weight of 200-300 
mg; the percentage of hexane-soluble petrolenes of the sam
ples analyzed varied from 82.5 percent to 99.3 percent, with 
more than half the samples having 85 to 86 percent petrolenes. 

TABLE 2 ANALYSIS OF ASPHALT CEMENT SAMPLE 14083 BY LC 
METHOD AND PROPOSED HPLC METHOD: EFFECT OF INCLUDING 
ABSORPTIVITY FACTOR, F, ON FRACTION PERCENT 

Fraction LC method HPLC Method* 

Without F Recovery** Including F Recovery** 

Asphaltene 6.74% 6.93%*** 102.8% 

Saturates 20.99% 

Aroretics 40.13% 29.16% 72.7% 39.11% 97.46% 

Polars 30.59% 22. 77% 74.4% 30 .08% 98.33% 

*Sanple 73286 served as the standard. 

~~calculatW on U1~ U::t~i.s of the ll: resuits. 

***This figure was obtained gravirnetrically. 
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Sample 63525 (85.92 percent petrolene) has been selected for 
use in investigating the direct proportionality between petro
lene concentration and the absorbance, A. A series of sample 
weights (180.6, 212.0, and 281.8 mg) was analyzed using the 
recommended procedure. The amount of petrolene present 
was then plotted against the absorbance. Figure 3 shows a 
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C, mo petrolene/IOOmL 

FIGURE 3 Variation of absorbance with 
petrolene concentration. 
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straight line passing by the origin, thus satisfying Beer's law 
over the concentration range tested. 

Analysis of Samples 

Twenty-two samples from four different refineries were ana
lyzed following the proposed method. Table 3 show the results 
obtained and compare. them with those from the A TM method 
(7). The naphthene aromatics percen1age ranged between 36.04 
and 46.77 and the polar aromatics percentage, between 22.27 
and 37.94, thus covering a reasonably wide range of variation. 
Twenty of the 22 samples analyzed gave chromatograms sim
ilar to that obtained for Sample 73286, Figure 2. Samples 
62574 and 63112, however, gave aromatic peaks that looked 
different (Figures 4 and 5). Like the rest of the samples, 
however, HPLC results for these two showed reasonable 
agreement with th e obtained by L ( ee Table 3). 

The light variation in retention time between individual 
samples can be attributed to (a) moisture uptake by the dry 
mobile phase (that is, hexane) (41) and (b) variation in the 
chemical constituents forming a particular fraction in the dif
ferent samples. Because the chromatogram entails but two 
well-separated peaks, however, such variation should not con
stitute a problem and can readily be accommodated by 

TABLE3 ANALYSIS OF ASPHALT CEMENT SAMPLES BY LC AND HPLC 
METHODS 

Sample Naphthene Aromatics Error, Polar Aromatics Error, 

No.* LC,% HPLC,% Percentage LC,% HPLC,% Percentage 

Pts•• Pts** 

62583 42.47 43.02 +0.55 30.48 30.25 -0.23 

43.15 +0.68 30.95 +0.47 

14114 41.18 41. 52 +0.34 32.16 32.82 +0.66 

41. 08 -0.10 32.36 +o. 20 

62584 40.39 40.56 +0.17 27.49 28.88 +l. 39 

39.92 -0.47 28.57 +1.08 

14083 40.13 39.45 -0.68 30.59 30.19 -0. 40 

39.62 -0.51 31. 99 +l. 40 

62534 43.06 42.60 -0.46 29.85 28.58 -1. 27 

42.93 -0.13 29.13 -o. 72 

62744 42.31 42.20 -0.11 30.34 31. 22 +0.88 

41. 46 -0.85 31.19 +0.85 

62745 41. 80 40.68 -1.12 31. 68 32.24 +0.56 

41. 58 -0.22 33.02 +l. 34 

62869 42.73 42.01 -o. 72 29.95 29.52 -0.43 

42.25 -0.48 29.52 -0.43 

62574 46.77 46.61 -0.16 37.94 39.84 +l. 90 

47.81 +l. 04 39.08 +1.14 

63112 41. 77 42.76 +0.99 36.22 35.82 -0.40 

42.86 +1.09 35.39 -0.83 

62987 38.07 37. 32 -0. 75 22.27 21. 03 -1. 24 

38.20 +0.13 22.57 +0.30 

TABLE 3 (continued on following page) 
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TABLE 3 (continued) 

Sample Naphthene Aromatics Error, Polar Aromatics Error, 

No.* LC,% HPLC, % Percentage LC,% HPLC , % Percen t age 

Pts** Pt s** 

62989 3 9 .06 39.10 +0.04 23.3 0 23 . 8 1 +0.51 

37.26 -1. 80 22 . 08 -1. 22 

6257 5 46.76 47.66 +o. 9 0 37.03 37 . 49 +0.46 

46.47 -0.29 35.55 -1. 48 

6 3527 38.56 37.82 -0.74 24.77 23.76 -1. 01 

37.19 -1. 37 23 . 25 -1. 52 

37. 71 -0.85 23 . 5 3 -1. 24 

63671 36 . 04 37.61 +1.57 24.80 24.6 7 -0.13 

35.29 -0.75 22 . 98 -1. 82 

63 525 39.16 40.58 +l. 42 26 . 06 26.6 0 +0.54 

40.31 +1.15 26 . 63 +0.57 

39 . 91 +0.75 25.06 -1. 00 

61589 41.16 42.27 +l.11 24.44 25 . 34 +0.90 

42.41 +l. 25 25 . 26 +0.82 

63897 37.69 37.60 -0.09 25.96 25. 17 -0.79 

38.47 +0.78 25. 1 6 -0.80 

63 52 8 37.58 37.52 -0.06 25.90 25 . 27 -0.63 

36.7 6 -0.82 24.89 -1. 01 

36 . 56 -1. 02 24.80 -1.10 

62743 42.83 42 .91 +0.08 30.31 31. 38 +1.07 

42.25 -0.58 30 . 35 +0.04 

43.40 +0.57 30 . 5 7 +0.26 

62 248 39 . 95 39.62 -0.33 2 4.73 24.82 +0.09 

39.01 -0 . 94 25.52 +0.79 

39.47 -0.48 26 .1 2 +1.39 

73 286 44 . 88 45.59 +o. 71 25.41 25.05 -0.36 

44.74 -0.14 24 . 85 -0.56 

* For all samples excep t t h e l as t one, 73286 was used as t h e 

standard. For the analysis o f 73286 , however, 73366 served 

as t h e standard. 

* * Ca l culated on t he basis of the LC results . 

increasing the calibration window to, say, 20 percent (i.e. , by 
widening the retention-time range over which the data handler 
can "identify" a given peak as belonging to a previously entered 
name and retention time). 

Accuracy and Precision 

Insulating the tubing between the column and detector helps 
improve reproducibility of results . Precision of the method 
has been tested by calculating th~ siandard deviation , s, ior 

seven consecutive runs on Sample 63897 (Table 4). The 
formula 

s = {~(x - x)2/n - 1}112 (9) 

yielded standard deviations of 0.89 and 0.45 for the aromatics 
and polar fractions, respectively . Because a "correct" value 
for the fractions is unavailable , the percentage obtained by 
the ASTM method (7) has been considered a reference point 
to which HPLC data are compared for evaluating the accuracy 
ot the proposed method. The average absolute error for 49 
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FIGURE 4 HPLC Chromatogram for Sample 62574; 
n-hexane, 3 mL/min across NH2 energy analysis column 
backflushed 4 min after injection. 
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FIGURE 5 HPLC Chromatogram for Sample 63112; 
n-hexane, 3 mL/min across NH2 energy analysis column 
backflushed 4 min after injection. 

TABLE 4 REPRODUCIBILITY OF 
RESULTS OF ANALYSIS FOR 
SAMPLE 63897 

Serial Fraction, % 

No. Aromatics Polars 

1 37.60 25.17 

2 37.26 24.06 

3 38.47 25.16 

4 37.44 24.60 

5 38.73 24 .2 9 

6 39.79 24.19 

7 38 . 04 24.40 

x 38.19 24.55 

s 0.89 0. 45 

10 

10 
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determinations amounted to ± 0.66 and ± 0.82 percentage 
point for the aromatics and polar fractions, respectively. The 
time required for analysis of one sample, including gravimetric 
determination of asphaltenes, is less than 3 hr. 

CONCLUSION 

Fractional analysis of asphalt cement using an alumina column 
and a series of progressively polar solvents yields four frac
tions that qualitatively and quantitatively match those obtained 
using a µ,-BONDAPAK NH2 column as part of an HPLC 
system. A factor that relates molar absorptivity of a standard 
to that of the analyzed sample should be included in calcu
lation of fraction percent in order to account for variation in 
absorption properties of the materials involved. 
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Variations in Molecular Size 
Distribution of Virgin and 
Recycled Asphalt Binders 
Associated with Aging 

AHMED SAMY NouRELDIN AND LEONARD E. Woon 

The relative amounts and characteristics of asphaltenes, oils, and 
resins in a given asphalt have an important effect on its physical 
characteristics and value as a paving material. A more recent 
procedure to separate asphalt into fractions of various molecular 
sizes makes use of high pressure liquid chromatography in the gel 
permeation mode, referred to as high pressure-gel permeation 
chromatography (HP-GPC). This procedure can be used to classify 
asphalt molecules into three groups according to their molecular 
size: large molecular size (LMS) component, medium molecular 
size (MMS) component, and small molecular size (SMS) compo
nent. The balance between the relative amounts of these molecules 
is an important attribute of asphalt durability and its ability to 
perform properly in paving mixtures. This paper presents a study 
in which the changes in properties of a virgin AC-20 (ASTM des
ignated) due to aging are characterized by means of the HP-GPC. 
Furthermore, molecular size distribution analysis was used to 
characterize Mobilsol-30 (a recycling agent) and to determine the 
proper amount required to restore salvaged binders to an AC-20 
specification range. In addition, the changes in properties due to 
aging of the weathered binder that had been restored to an AC-
20 specification range were also characterized by means of the 
HP-GPC. It was concluded that the weathering actions (simulated 
in the laboratory) would cause increases in LMS and decreases in 
MMS and SMS. These changes may be detrimental to asphalt 
characteristics because they result in drastic changes in asphalt 
consistency. A greater amount of a specific recycling agent is required 
to restore a more age-hardened binder to its original consistency; 
hence, the more the molecular size distribution moves away from 
the original balance. This could be resolved, however, by using 
different types of recycling agents for different hardening levels 
of salvaged asphalt or by using more than one recycling agent in 
proper proportions. Temperature susceptibility may be affected 
when high percentages of recycling agents are required because 
of severe hardening characteristics of the salvaged asphalt binder. 
The high pressure gel-permeation chromatography analysis for 
the virgin and recycled asphalt binders may be recommended as 
a criterion for the choice of the proper amount and characteristics 
of a recycling agent to be used to rejuvenate salvaged asphalt. 

Asphalt is considered a combination of asphaltenes , resins, 
and oils. Many other fractional classifications have been 
reported about asphalt composition. However, this classifi
cation is still considered the simplest and most understandable 
one. Asphaltenes are more viscous than the resins and oils, 
respectively . They play a major role in determining asphalt 

A. S. Noureldin , Division of Research, Indiana Department of High
ways, West Lafayette 47906 . L. E. Wood, School of Civil Engineer
ing, Purdue University , West Lafayette, Ind. 47907. 

viscosity (1). Chemical reactions take place inside asphalt 
when it is exposed to heat, air (oxygen), light, or other envi
ronmental physical actions. Oxidation causes the oils to con
vert to resins and the resins to asphaltenes (2). Heating an 
asphalt causes volatilization of the oil fraction and also assists 
oxidation . This convention process increases with time in the 
field, causing aged asphalt to have a high asphaltene content 
and, hence, to be more viscous. The selective absorption of 
the oil fraction caused by the presence of mineral aggregate 
may result in more hardening (3). Furthermore, mineral 
aggregate surfaces may act as a catalyst for the oxidation 
process and aggravate the age-hardening process (4). 

Rejuvenating agents are used (a) to bring the asphalt to a 
suitable chemical composition for durability and (b) to restore 
the asphalt characteristics to a consistency level appropriate 
to the mix (5). Dunning and Mendenhall (6) suggested that 
the approach best suited to recycling asphalt is to improve 
the ability of the maltene fraction (resins and oils) of a recy
cled asphalt to disperse the asphaltene fraction . They sug
gested that a minimum of 69 percent of the maltene fraction 
needs to be present to disperse a maximum of 31 percent 
asphaltenes. Terrel and Fritchen (7) suggested a similar 
approach by selecting a recycling agent to keep the asphal
tene-to-maltene ratio at a certain level. Noureldin (1) sug
gested that a maltene content of 70 percent minimum and 80 
percent maximum is the best to disperse the asphaltenes with
out causing the AC-20 to be highly susceptible to temperature . 

A high percentage of asphaltenes (more than 30 percent) 
present in asphalt would result in a pavement with potential 
cracking problems (6,8), whereas low percentages of asphal
tenes (less than 20 percent) present in asphalt would result in 
a highly temperature susceptible paving mixture with poten
tial rutting problems (1). Similar effects would be expected 
from asphalts with low or high percentages of maltenes (oils 
+ resins) , respectively. Optimum percentages for an AC 
60170 penetration grade (similar to AC-20, ASTM) were 
found to be 25 ± 5 percent asphaltenes , 50 ± 5 percent resins , 
and 25 ± 5 percent oils, respectively , in a previous study 
conducted by the author (1) . 

A more recent procedure to separate asphalt into various 
molecular size fractions makes use of high pressure liquid 
chromatography in the gel permeation mode referred to as 
HP-GPC (9). Jennings et al. (JO) classified asphalt constitu
ents into three groups according to their molecular size: large 
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molecular size (LMS) component, medium molecular size 
(MMS) component, and small molecular size (SMS) com
ponent. Asphalts with smaller amounts of LMS material were 
found to perform better (with respect to cracking potential) 
than do those with larger amounts (11) . 

This paper presents a study in which the molecular size 
distributions were obtained and compared for virgin AC-20, 
artificially hardened AC-20, a more severely artificially hard
ened AC-20, a field-aged AC-20 present in recycled asphalt 
pavement (RAP), and asphaltenes separated from a virgin 
AC-20. This comparison helped in understanding the changes 
in molecular size distribution of an asphalt binder present in 
an asphalt mixture throughout the pavement life span. In 
addition, the molecular size distributions of Mobilsol -30 (a 
rejuvenating agent) and the hardened binders rejuvenated by 
Mobilsol-30 were also obtained in order to investigate the 
changes in molecular size distributions of aged binders after 
a rejuvenator has been used. 

MOLECULAR SIZE DISTRIBUTION 
TEST PROCEDURE 

The HP-GPC testing equipment consists mainly of a solution 
injection unit connected to six silica gel porous columns through 
which the sample solution is pumped. The silica gel pore 
arrangement allows larger molecules of a sample to flow through 
a differential refractometer detector, followed by progres
sively smaller molecules. The detector continuously scales the 
amount of molecules flowing through as a function of time. 
The system is connected to a recorder that gives a continuous 
tracing of time versus amount of flowing molecules. A general 
view of this system is shown in Figure 1. The test procedure 
used, reported by Garrick (12), can be summarized as follows. 

1. An asphalt sample is weighed on a sensitive scale and 
is allowed to dissolve in a tetrahydrofuran (THF) solvent. 
Asphalt concentration in solvent is adjusted to be 1 percent. 
This is achieved by dissolving 0.0527 g of asphalt in a 5.223-
g (6-mL) solvent. 

FIGURE 1 HP-GPC equipment. 
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2. The solution is drawn by a 6-mL injector and then pushed 
out to a clean glass container through a filter (fixed inside the 
injector) to ensure the purity of the solution. 

3. A 0.5-mL quantity of the solution is then immediately 
drawn by a smaller injector and injected into the HP-GPC 
system through its injection unit. 

4. The solution is drawn through the gel permeation col
umns and allowed to flow at a rate of 2 mL/min. This is 
achieved by increasing or decreasing the pump pressure gauge 
until 10 mL of THF solution can be drawn out of the system 
in a 5-min period before the sample injection. 

The gel permeation columns separate constituents of asphalt 
by molecular size. The columns contain porous silica gel that 
permits the largest molecules to pass first and successively 
retards the progress of the smaller molecules. A detector and 
a recorder within the system produce a chromatogram depict
ing the relative amount of molecules being eluted from the 
HP-GPC system at different times . The plot of the relative 
quantity of molecules versus time represents the molecular 
size distribution (MSD) of the asphalt sample being analyzed. 
It must be remembered that the resulting distribution is a 
function of both the solvent and the column used in the 
determination. 

SAMPLING PLAN AND MATERIAL 

The following 10 binders were analyzed by the HP-GPC for 
comparison purposes. 

Binder 1. Virgin AC-20, H0 • A virgin AC-20 was obtained 
from Amoco Oil Company. Its characteristics are given in 
Table 1. 

Binder 2. AC-20, H1 • An artificially weathered AC-20 was 
obtained by heating a sample of virgin AC-20 (H0 ) in an oven 
at 140°F for 8 days . 

Binder 3. AC-20, H2 • An AC-20 (H0 ) was weathered under 
actual field conditions. The recycled asphalt pavement (RAP) 
used was milled from US-52 (south of Indianapolis, Indiana) 
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and selected under the supervision of Indiana Department of 
Highways personnel. Samples of the RAP were reduced in 
size for laboratory evaluation. Asphalt extraction and recov
ery were conducted using ASTM D2172 Method A and Abson 
Method ASTM D1856. The salvaged binder was characterized 
by means of penetration, softening point, and viscosity tests. 
Table 2 gives the amount and physical characteristics of the 
extracted hard asphalt. 

Binder 4. AC-20, H 3 • An artificially weathered AC-20 (H
0

) 

was obtained by heating a sample of virgin AC-20 in an oven 
at 250°F for 24 hr. 

Binder 5. Asphaltenes. The asphaltene fraction of a virgin 
AC-20 (H0 ) was separated using heptane solvent and the 
standard method of separating asphalt into fractions, ASTM 
D4124. 

Binder 6. Mobilsol-30. A rejuvenating agent produced by 
McConnaughy, Inc., Mobilsol-30 is an ASTM-designated type 
101 oil. Table 3 gives the characteristics of Mobilsol-30. This 
is a softening agent used for rejuvenating the hardened asphalt 
present in RAP. The selection of this softening agent was 
based on its previous usage in pavement recycling operations. 

Binder 7. Recycled A C-20, 1. This binder consists of 85 
percent of Binder 3 (RAP) and 15 percent of Binder 6 (Mobil
sol-30). It represents the recycled binder after it has been 
restored to AC-20 consistency range. The percentages required 
to obtain a binder with a viscosity and a penetration within 
the AC-20 specification range were 85 percent and 15 percent. 

TABLE 1 CHARACTERISTICS OF AC-20 

Test 

Penetration (100 gm, 5 sec, 77°F, 0.1 mm) 
Absolute viscosity (140°F, poise) 
Softening point (°F) 
Ductility (77°F, 5 cm/min, cm) 

TABLE 2 CHARACTERISTICS OF 
EXTRACTED HARD ASPHALT 

Test 

Penetration (77°F, 100 gm, 5 sec) 
Viscosity (140°F, poises) 
Kinematic viscosity (275°F, c. st.) 
Softening point (°F) 
Asphalt content (total weight, % ) 

TABLE 3 CHARACTERISTICS OF 
MOBILSOL-30 

Value 

65 
1890 

122 
150+ 

Value 

28 
20 ,888 

726 
137 

6 

Value 

Asphaltenes (%) 0 
Polar compounds (%) 8 
Aromatics(%) 79 
Saturates(%) 13 
Flash point (°F) 505 
Kinematic viscosity at 140°F (c. st.) 164 
Specific gravity 0.974 

NoTE: Constituents were obtained using Clay-Gel 
Analysis (ASTM 02007-75). 
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Binder 8. Recycled AC-20, 2. This binder consists of 70 
percent Binder 4 and 30 percent Binder 6. It also represents 
the recycled asphalt after it has been restored to AC-20 con
sistency range as Binder 7. The only difference is that the 
weathered binder to be restored is harder and requires more 
softening agent for the AC-20 specification range. 

Binders 9and10. Artificial weathering conditions to which 
Binder 1 (virgin AC-20) was subjected and that resulted in 
the production of Binder 2 were repeated for Binders 7 and 
8. Binders 9 and 10 are those obtained from those artificial 
hardening conditions. 

The layout and the procedure for producing the 10 binders 
to be analyzed by the HP-GPC equipment are given in Figure 
2. It should be noted that 7 of these 10 binders were created 
from the other 3 (virgin AC-20, Mobilsol-30, and salvaged 
asphalt present in the RAP). 

EXPERIMENTAL DESIGN 

This study was statistically designed in order to investigate 
the effect of binder types. This factor consists of 10 levels (10 
binder types). The following model was used to introduce the 
data in a mathematical form: 

where 

P is the percentage of LMS, MMS, or SMS present in the 
binder; 
M is an overall mean, 
B; is the binder type effect (fixed); and 
E;j is the experimental error (random). 

A completely randomized design with one factor having 10 
levels and three replications for each level was applied (13). 

HP-GPC TEST RESULTS AND ANALYSIS 

Molecular size distribution (MSD) plots were obtained for 
the 10 binders. Figure 3 illustrates the MSD for the virgin 
AC-20(Binder1). The area under the curve, which represents 
the relative amount of molecules present in the AC-20 sample, 
was divided into three parts: LMS area, MMS area, and SMS 
area. The elution times separating the three areas were chosen 
to be 26.5 and 28.8 min, respectively. The choice was made 
to obtain 25 percent, 50 percent, and 25 percent as the per
centages of LMS, MMS, and SMS present in an AC-20. The 
same separating times were used to compare the 10 binders. 

Tables 4 and 5 present the LMS, MMS, and SMS per
centages (average of three replications) present in the 10 bind
ers identified previously. The penetration and absolute vis
cosity values of the 10 binders are also included. It should be 
noted that the results for the three replications were almost 
identical, suggesting the precision of the HP-GPC system in 
analyzing asphalt samples. 

A complete analysis of variance (ANOV A) was conducted 
to detect significant differences between the molecular size 
distributions of the 10 binders. The least significant difference 
between each of two means was found to be 1.37, 1.32, and 
1.48 for LMS, MMS, and SMS, respectively. 
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FIGURE 2 Layout of the 10 binders analyzed by HP-GPC. 
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FIGURE 3 Molecular size distribution plot of AC-20 obtained by HP-GPC system. 

Time-Temperature Effect on Molecular Size 
Distribution (MSD) of Virgin AC-20 

Data presented in Table 4 suggest that the artificial weathering 
actions to which virgin AC-20(Binder1) was subjected would 
result in a significant increase in the IMS component together 
with a significant decrease in the MMS and SMS components, 
as can be observed from MSD values for Binder 2. The more 
severe the artificial hardening process, the greater is the increase 
in IMS components and the decrease in MMS and SMS com
ponents , as can be seen from MSD values for Binder 4. How
ever, the: <lc:crc:asc: in the SMS component becomes less sub-

stantial than that of the MMS component. The changes in 
MSD by the artificial laboratory hardening process were also 
accompanied by an increase in the viscosity and a decrease 
in the penetration values. 

HP-GPC analysis for Binder 3, which is AC-20 subjected 
to actual environmental and weathering actions in the field, 
resulted in an MSD, penetration, and viscosity values between 
Binder 2 and Binder 4. 

It can be concluded that, generally, time and temperature 
would cause AC-20 (Binder 1) to transform to Binder 2, then 
to Binder 3, and then to Binder 4 (from a molecular size 
distribution standpoint). 



Noureldin and Wood 195 

TABLE 4 MOLECULAR SIZE DISTRIBUTION FOR THE 10 BINDERS 

Binder 

2 3 4 5 6 7 9 10 

LMS (%) 25.2 30.6 33.2 37.8 91.1 0.0 26.1 27.0 31.1 33.3 
MMS (%) 50.1 48.0 46.1 42.4 8.9 40.9 47.3 41.2 43 .8 42.5 
SMS (%) 24.6 21.5 20.7 19.8 0.0 59.1 26.6 31.8 25 .1 24.2 
Penetration 65 34 28 17 - " 69 72 44 32 
Viscosity (140°F, poise) 1,890 9,158 20,888 72,186 - a - b 1,974 1,797 5,580 10,791 

"Binder 5 (asphaltenes) was too brittle to run penetration or viscosity tests. 
bBinder 6 (Mobilsol-30) was too soft to run penetration. Its kinematic viscosity at 140°F was 164 C.st. 

TABLE 5 MOLECULAR SIZE DISTRIBUTION FOR THE 10 BINDERS: 
REPLICATION VALUES 

Binder ( 1) (2) 

. 
LMS, % 25.2 30.6 

MMS, % 50.2 48.0 

SMS, % 24 .6 21.4 

Binder (6) ( 7) 

LMS, % o.o 26.1 

MMS, % 40.9 47.3 

SMS, % 59 .1 26.6 

Note: Percentage represents the 

Asphaltenes Versus Mobilsol-30 

Figure 4 illustrates the MSD for asphaltenes (Binder 5) and 
Mobilsol-30 (Binder 6), and Table 4 gives the IMS, MMS, 
and SMS percentages present in these two binders. Binder 5 
has 0.0 percent SMS, whereas Binder 6 has 0.0 percent IMS. 
These results suggest that Binder 6 may be used as an additive 
(softening agent) for binders containing high percentages of 
IMS (hardened binders) and that Binder 5 may be used as an 
additive to those binders containing very low percentages of 
IMS. 

Molecular Size Distribution for Recycled Binders 

Binder 7 is composed of 15 percent Mobilsol-30 (Binder 6) 
and 85 percent RAP (Binder 3), and Binder 8 is composed 
of 30 percent Mobilsol-30 and 70 percent Binder 4. These 
compositions were used to obtain recycled binders having 
consistency characteristics similar to those of Binder 1 (AC-
20). Specification limits for AC-20 are 60 + (AASHTO M226, 
Table 2) for penetration and 2,000 ± 400 poises for viscosity 
at 140°F. 

It can be observed, from Table 4, that although the con
sistency characteristics (penetration and viscosity) of Binders 
7 and 8 were restored to AC-20 classification range, significant 

(3) (4) (5) 

33.2 37.8 91. l 

46.1 42.4 8.9 

20.7 19.8 o.o 

(8) (9) (10) 

27.0 31.1 33.3 

41. 2 43.8 42.5 

31. 8 25.1 24.2 

average of 3 replications . 

differences exist between their MSD and that of AC-20 (Binder 
1) . Assuming that the MSD of AC-20 is the target distribution, 
Binder 7 has a slightly (but not significant! y) higher percentage 
of LMS, a significantly higher percentage of SMS, and a sig
nificantly lower percentage of MMS. Binder 8 followed the 
same trend but with more drastic differences. This implies 
that the recycling process may restore the hardened asphalt 
back to the proper consistency requirements but may not at 
the same time restore the balance of the LMS, MMS, and 
SMS. In addition, the more an asphalt was hardened, the 
greater the amount of rejuvenating agent was required to 
fulfill proper consistency requirements and, hence , the more 
the MSD moves away from the original balance. 

Time-Temperature Effect on the MSD of Recycled 
Binders 

The MSDs of Binders 7 and 8 were transformed to Binders 
9 and 10, respectively, under the same artificial hardening 
conditions causing Binder 1 to transform to Binder 2. A sig
nificant increase in IMS and a significant decrease in MMS 
were obtained when Binder 9 was compared with Binder 7. 
Similar trends were obtained when Binder 10 was compared 
with Binder 8 except for MMS, where a slight nonsignificant 
increase was noted. Penetration and viscosity values for Bind-
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FIGURE 4 Molecular size distribution plot of asphaltenes and Mobilsol-30. 

ers 7 through 10 indicate that Binder 7 may be less temper
ature susceptible than Binder 8. Binder 8 possesses a greater 
reduction in penetration value and an increase in viscosity 
when transformed to Binder 10 than when Binder 7 was 
transformed to Binder 9. 

Approach for Choice of Proper Type and Amount 
of Recycling Agent 

Most of the recycling operations involving the addition of 
virgin asphalt and/or a recycling agent are based on achieving 
a target consistency (based on viscosity) for determining the 
type and amount of the virgin binder. In other words, to 
restore a salvaged binder with a viscosity of 21,000 poises at 
140°F to an AC-20 classification range (viscosity of 2,000 ± 
400 poises at 140°F), a virgin asphalt and/or a softening agent 
with a lower viscosity is used. The required amount of this 
softening agent is determined on the basis of the target vis
cosity of the resulting binder (2,000 ± 400 poises) . This may 
not be the proper approach because it does not assure the 
balance between molecules present in that resulting binder. 

A more promising approach can be to choose a rejuvenating 
agent with a certain MSD to be added to the salvage binder 
to restore its MSD close to that of the target binder. In other 
words, if the target binder was AC-20 with an MSD of 25 
percent-50 percent-25 percent for the LMS, MMS, and 
SMS and the old asphalt MSD was 35 percent-45 percent-
20 percent for the LMS, MMS, and SMS, the amount of 
rejuvenating agent to be used in combination with the old 
asphalt is that required to obtain an MSD of 25 percent-50 
percent-25 percent (or close to it) for the recycled binder. 
If there is no such amount to achieve that MSD, another 
recycling agent can be selected. 

SUMMARY OF RESULTS 

Asphalt binders are composed of molecules that can be divided 
by size into LMS , MMS , and SMS. A balance between the 
relative amounts of these molecules could be an important 
attribute relating to its durability and its ability to perform 
properly as an asphaltic binder. The main findings of this study 
can be summarized as follows. 

1. Environmental and weathering actions in the field or 
simulated in the laboratory would cause changes in the relative 
amounts of LMS, MMS, and SMS present in the asphalt binder. 
These changes can be described as increases in LMS and 
corresponding decreases in MMS and SMS. They may be 
detrimental to asphalt characteristics because they result in 
drastic changes in asphalt consistency. 

2. A recycling agent can restore the consistency charac
teristics of the weathered asphalt. However, the balance 
between LMS, MMS, and SMS may not be restored exactly. 

3. The more age hardened an asphalt is, the greater the 
amount of recycling agent is required to restore original con
sistency and, hence, the more the MSD moves away from the 
original balance. It may be recommended, however , that this 
could be resolved by using different types of recycling agents 
for different hardening levels of asphalt or by using more than 
one recycling agent. 

4. Temperature susceptibility may be affected when using 
high percentages of recycling agents required because of the 
severe hardening characteristics of an asphalt binder. This 
was noted for Mobilsol-30, which was the type of recycling 
agent used in this study. 

5. Achieving a target MSD for the recycled binder may be 
considered as an approach to select the proper type and amount 
of virgin asphalt or recycling agent required for the recycling 
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operation. It is yet to be investigated, however , whether 
restoring asphalt consistency, restoring a certain MSD, or 
restoring both would result in better performance by recycled 
asphalt. 
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Evaluation of Healing in Asphalt 
Concrete by Means of the Theory of 
Nonlinear Viscoelasticity 

YouNcsoo R. KIM AND DALLAS N. LITTLE 

The literature review demonstrates that a mechanism exists that 
enhances fatigue life of asphalt concrete mixtures as rest periods 
are introduced in fatigue testing. Results 111·c presented and ana
lyzed from controlled displacement, cyclic crnck propagation tests 
in which rest periods were randomly introduced. The results dem
onstrate that a "healing" mechanism does indeed result in the 
requirement of a greater level of work to d1·ivc a crack fo llowing 
a rest period than was required b •for · the r t period w intro
duced. The effort to identify the mechlmism or chcmicnl healing 
in the microcrack process zone is confounded by the concomitant 
occuncnce of viscoelastic relaxation. Schapery's corr ' pondence 
prlndplc of nonJincar viscoelastic media was successfully used to 
separate viscoela lie 1·claxatio11 from chemical healing. Applicntion 
of the procedure of separating out the vi. coelastic relaxation yield 
a metJ1od by whict1 to quantify chemical healing in the microcracks 
of the process zone pr,eccding lhc m11c1·ocrack. ·1icmical healing 
as a function of rest periods is quantilied using a healing index 
based on pseudo-energy-density. This healing index is presented 
for tJm:c asphalt~ of varied composition. 

Failure criteria associated with the fracture and fatigue of 
asphalt concrete layers have been developed based on math
ematical models or phenomenological relationships . Perhaps 
the most commonly used fatigue failure criterion was pre
sented by Epps and Monismith (1) in the form: 

or 

where 

N1 = the total number of constant amplitude load 
repetitions, 

K 1 to K4 = regression constants, 
e = the initial value of the bending strain induced 

per load application, and 
u = the repeated stress level per load application. 

This phenomenological relationship based on constant ampli
tude loading, which results in fatigue failure, has been used 

Texas Transportation Institute, CE/ITI Building, Room 508, Texas 
A&M University, College Station 77843. 

in a variety of layered elastic pavement design and/or analysis 
schemes. 

Researchers have shown that this classic fatigue failure rela
tionship grossly underpredicts the field fatigue life by as much 
as 100 times. Finn et al. (2) actually demonstrated that the 
laboratory-derived phenomenological fatigue relationships for 
th a phalt concrete used at the J\ASHT Road T st requir~d 
a shift of 13 .in fati ue life to match actual fatigue cracking 
data derived from A HTO field ectio.ns. This difference 
between laboratory and field fatigue curves may be attributed 
to loading differences between the laboratory and the field. 

Continuous cycles of loadings at a constant strain or stress 
amplitude, generally applied in laboratory tests, do not real
istically simulate the compound-loading conditions to which 
a paving material is subjected under actual traffic conditions. 
Major differences between the laboratory and the field load
ing conditions are due to: 

1. Rest periods that occur in the field but not (normally) 
in the laboratory; 

2. The sequence of the load applications of varying mag
nitude; and 

3. Reactions or frictional forces encountered in the field 
between the asphalt concrete surface and the base layer. 

There are two different mechanisms occurring in a partially 
cracked asphalt concrete pavement during rest periods. One 
is the relaxation of stresses in the system due to the viscoelastic 
nature of asphalt concrete, and the other is the chemical heal
ing across microcrack and macrocrack faces. Both of these 
mechanisms enhance the fatigue life of asphalt concrete 
pavement. 

In this paper, the correspondence principle of the theory 
of nonlinear viscoelasticity developed by Schapery (3) is applied 
to evaluate these mechanisms separately. The correspondence 
principle allowed the authors to analyze the behavior of asphalt 
concrete under realistic loading conditions and to differentiate 
between chemical healing and mechanical relaxation by sep· 
arating out complicating viscoelastic hereditary effects. The 
effects of previous loading conditions were also studied by 
means of the correspondence principle in concert with damage 
mechanics. This study resulted in a constitutive relationship 
that accounts for the effect of past loading history. These 
results are presented elsewhere ( 4). 

Terminology is defined to aid the reader's understanding 
and to avoid lengthy descriptions within the text. Three types 
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of loading are discussed in this paper: simple loading, constant 
rate simple loading, and pulsed loading. Simple loading is 
defined as continuous, repetitive loading of a single waveform 
at a constant amplitude of stress or strain. When simple load
ing is composed of a "saw-tooth" wave , with symmetric load
ing and unloading segments, it is called constant rate simple 
loading. Pulsed loading is the same as simple loading except 
that a rest period is introduced after each loading application. 

LITERATURE REVIEW 

The significance of rest periods between load applications has 
been recognized by sever al resea rchers. Moni mith et al. (5) 
varied rest time from 1.9 sec to 19 sec on beam samples tested 
by a repeated-flexure apparatus . No significant change in fatigue 
performance was observed. This result may partially be 
explained by the specific testing configurations, such as the 
deflection measuring point and the elastic response from the 
spring base. Deacon and Monismith (6) used pulsed loading 
instead of simple loading to simulate the recovery of a phalt 
concrete pavement because of the viscoelastic nature of the 
material. Raithby and Sterling (7) performed uniaxial tensile 
cyclic tests on beam samples sawed from a rolled carpet of 
asphalt concrete . Pulsed loading with rest periods up to three 
times longer than the loading cycle was applied until failure 
occurred . It was observed that the strain recovery during the 
rest periods resulted in fatigue life that was longer, by a factor 
of 5 or more , than the life under simple loading . Francken 
(8) developed a new expression for the cumulative cycle dam
age ratio in Miner's law by accounting for effects of rest periods. 

McElvaney and Pell (9) performed rotating bending fatigue 
tests on a typical English base course mix and concluded that 
rest periods have a beneficial effect on the fatigue life depend
ing on the damage accumulated during loading periods. The 
testing mode, frequency, temperature, duration of rest periods, 
and resulting beneficial effects of these factors were well sum
marized by Bonnaure et al. (10). Bonn aure et al. (10) inves
tigated the effects of rest periods on a typical Dutch asphalt 
concrete by means of a three-point bending apparatus. They 
concluded that higher test temperatures and softer binders 
result in a more beneficial effect from rest periods. 

At Texas A&M University , efforts (11,12) have been made 
recently to evaluate the increase in work done after rest periods 
from displacement-controlled cyclic te ling. Al-Balbissi (11) 
studied the effects of rest periods on the fatigue life of plas
ticized sulfur binders used in asphaltlike mixtures. A math
ematical expression for the shift between laboratory and field 
fatigue lives was developed. Button et al. (12) reported an 
increase in work done to open the crack after rest periods in 
controlled-displacement crack growth testing in asphalt con
cre te mixes modified with various additives. They evaluated 
the effectiveness of additives on fatigue performance, which 
was influenced not only by crack growth rate but also by 
healing potential. 

Bazin and Saunier (13) reported that an ordinary dense 
asphalt concrete mix could recover 90 percent of its initial 
resistance with only 3 days of rest at 77°F, and that the healing 
seemed to become complete after 1 month at that tempera
ture. They also concluded that pressure at the crack faces has 
a great influence on healing. Their research showed clear 
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evidence of healing in asphalt concrete , but the duration of 
rest periods was too long (1to100 days) to mimic field loading 
conditions realistically. 

The healing mechanism within polymeric materials has been 
intensely studied. Jud et al. (14) identified three different 
concepts for the time-dependent buildup of joint strength 
between two polymer surfaces: (a) polymer-polymer inter
diffusion , (b) adhesion between rough surfaces , and (c) joint
ing by flow of molten material. Based on the diffusion model, 
Kim and Wool (15) proposed the following ex,perimental rela
tionship for amorphous polymeric materials: 

where 

ap, = the fracture healing strength, 
a~ = the original strength, 

t = the duration of the rest period, and 
M = the molecular weight. 

To understand the healing mechanism of asphalt concrete , 
the chemistry of asphalt cement must be studied with the 
healing models of polymers in mind. Petersen (16) claims that 
the association force (secondary bond) is the main factor con
trolling the physical properties of asphalt. That is, the higher 
the polarity, the stronger the association force, and the m re 
viscous the fraction , even if molecular weights are relatively 
low . He also illuminated the effect of degree of peptization 
on the flow properties of asphalt as follows: 

nside r whm happen when a highly polar a phaltcnc rrnc1ion 
having a tro ng tendency 10 self-associate is nddcd to a pclro
lene fraction having a re latively poor o lvent power fo r 1hc 
a ph:.illcnes. Inte rmolecular uggl meration will result , pro
dudng large, interacting, viscosity-building networks. on
verscly, when an nsphalh:: nc fract ion is odded to n pctro lcne 
frac tion having re latively hioh solvcn1 p wer for the a phal
rcncs, molccul;ir agglomerates a rc broke n up o r dispersed 10 
form smaller a socia1cd species (Yith less in1cra ociation; thus. 
the viscosity-building effect of the asphaltenes is reduced . 

Traxler (17) also suggested that the degree of dispersion of 
the asphalt components is inversely related to the complex 
(non-Newtonian) flow properties of asphalt. 

Ensley et al. (18) and Thompson (19) subscribe to the view 
that asphalt cement consists of aggregations of micelles . These 
micelles consist of two or more molecules of asphaltenes and 
associated (if present) peptizing materials of lower molecular 
weight. These peptizing materials grade upward in size (from 
outside to inside the micelle) from naphthenes and paraffins 
to resins and polar compounds coating the asphaltenes (19) . 
The interactions of these micelles among themselves and with 
aggregates largely determine cohesion and bond strengths, 
respectively. 

MATERIALS AND TESTING METHODS 

Materials 

Asphalt from three sources was evaluated in this study. These 
sources are listed as A, B, and C throughout the text . Corbett 
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analyses on these asphalts are presented in Table 1. Viscosities 
for all asphalts at 140°F were approximately 2,000 poises. A 
syenitic granite aggregate (crusher fines) was used with the 
gradation illustrated in Figure 1. Fracture within this mixture 
resulted in uniform crack surfaces without the irregular crack 
growth pattern typical of mixtures employing larger and more 
well-graded aggregates. 

An asphalt content of 9 percent was selected as one that 
provided adequate specimen stability during testing yet pro
moted uniform crack growth. The 2-in. -wide, 3-in .·high, and 
13-in.-long beam samples were fabricated using a Cox knead
ing compactor. Mixing and compaction temperatures were 
300°F and 275°F, respectively. 

The compactive effort used during fabrication was as fol
lows: 

Layer No. 

1 
2 

Pressure Applied (psi) 

100 
100 
200 
400 
500 

No. of Tamps 

5 
20 
20 
40 
50 

This compactive effort was designed to provide uniform den
sity throughout the specimen and to avoid a density (air void) 
gradient within the beam (12). The resulting air void content 
of all beam specimens was in the range of 17 ± 0.5 percent 

TABLE 1 CORBETI ANALYSES ON THREE ASPHALT 
CEMENTS USED IN TESTING 

Naphthenic Polar 
Saturates Aromatics Aromatics Asphaltenes 

Binder (%) (%) (%) (%) 

Source A 11.22 32.49 51.14 5.15 
Source B 13.95 30.02 42.37 13.66 
Source C 4.92 39.12 51.67 4.29 
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FIGURE 1 Gradation plot of granite fines and 
AASHTO sp'.'<:!fkaH~m. 
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without a noticeable air void gradient. This high air void 
content is a function of the uniformity and size (fine) of the 
aggregate. Although the high air void content is not repre
sentative of dense mixes, the purposes of these experiments 
are to develop a mechanistic method to evaluate healing and 
to study the relative degree of healing instead of specific levels 
of healing in densely graded mixtures. 

Compacted samples were stored at 73°F for 24 hr, and their 
bulk-specific gravities were measured. Then, the samples were 
moved to a 50°F curing room and were cured between 7 and 
14 days prior to testing. Selected samples were notched before 
testing by cutting a straight notch, 1 in. long, using a carbide
tip blade with a 45-degree tip angle. The crack tip was then 
sharpened using a razor blade. 

Testing Method 

Testing was performed in a uniaxial mode in a device fabri
cated for this study (Figure 2). Both ends of a beam sample 
were glued onto steel blocks using epoxy. Then, these blocks 
were bolted to two rigid aluminum platens: one was fixed, 
and the other was regulated to oscillate horizontally, guided 
by a linear track. Displacement was controlled by an MTS 
servo-controlled, electrohydraulic system. With this machine, 
the samples were subjected to a controlled horizontal move
ment of the base plate. This configuration eliminated bending 
due to the heavy weight of the asphalt concrete samples. The 
possibility of misalignment was minimized as the pulling direc
tion was guided by a linear track. 

The crack length was monitored through a microscope video 
camera (Figure 3). Chartpak pattern film graduated at 50 lines 
per inch was attached beside the anticipated crack path and 
was used as a guide by which to monitor crack growth using 
the microscope. The crack information from the microscope 
was stored on videotape and was studied after each test. 

All tests were performed in a displacement-controlled mode 
at 73°F. The strain was calculated from the movement of the 
hydraulic ram and the original sample length. This calculated 
strain was very close to the strain measured using two linear 
variable differential transformers (L VDTs) in the middle of 
the sample with 1-in. gage lengths. 

Load and displacement data were acquired through a Hew
lett-Packard acquisition unit 3497 A and stored in a micro
computer. Data reduction and plotting programs were used 
to generate plots quickly for visual data analysis. This com
puterized procedure made the time-consuming calculations 
possible and eliminated the potential for algebraic mistakes. 

THEORY OF NONLINEAR VISCOELASTICITY 

Healing occurs at macrocrack faces and at microcrack faces 
in the stressed zone because of the flow characteristics of 
asphalt cement. The evaluation of chemical healing in a par
tially cracked asphalt concrete pavement is a difficult task 
because relaxation and chemical healing occur at the same 
time. Both of these mechanisms are time-dependent, even 
though their sources of time-dependency are different. 
Assuming that chemical healing and relaxation are the pre
domiuant mcchanism5 occurring, du1it"1g, l11e 1esi period, one 
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1 . Beam epoxied to metal end support. 
2. Sharp-tipped notch ( introduced in some beams) . 
3 . Metal end support . 4 . Fixed platen. 
5. Moving platen . 6 . L . V. D. T. (connected to M.T . S . controller) 
7 . Load cell. 8. Microscopic video camera . 

FIGURE 2 Picture and schematic presentation of uniaxial testing apparatus. 

can evaluate the magnitude of chemical healing only by 
accounting for the time-dependence due to the viscoelastic 
nature of the cracked asphalt concrete sample. In this section, 
the correspondence principle for nonlinear viscoelastic media 
(3) is introduced as a proper means to account for time
dependency during the relaxation process and, hence, to sep
arate the mechanism of relaxation from the mechanism of 
chemical healing. Detailed theoretical development of the 
correspondence principle is presented elsewhere (3,4). 

The correspondence principle allows one to reduce a vis
coelastic problem to an elastic problem merely by working 
within the transformed domain. For a linear viscoelastic 
material, the applicable domain is achieved by Laplace 
transformation. 

For some nonaging, nonlinear, viscoelastic materials, 
Schapery (3) suggested that the constitutive equations are 
identical to those for the nonlinear elastic case, but the stresses 
and displacements are not necessarily physical quantities in 

the viscoelastic body. Instead, they are "pseudostresses" and 
"pseudodisplacements" that are in the form of convolution 
integrals : 

1 J' Sa .. a~ = - D(t - -r) :::..::..'J. d-r 
ER 0 ST 

and 

1 J' Su uf = - E(t - T) _! dT 
ER 0 ST 

where 

a;i and u; = physical quantities ; 
E(t) and D(t) relaxation modulus and creep compli

ance, respectively; and 
the reference modulus that is an arbitrary 
constant. 
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1. Beam sample with a sharp-tipped notch. 
(b) 

2. Microscopic video camera. 3. TV monitor. 
4. Chartpak pattern film (0.02 in. between lines). 
5. Macrocrack. 6. Microcracks. 

FIGURE 3 (a) Microscopic video camera with testing apparatus. (b) Image of cracking 
area pictured from TV monitor. 

For crack growth problems with an increasing traction bound
ary, the correspondence principle gives the viscoelastic solu
tions as follows: 

physical stresses with pseudodisplacements, one can reduce 
the nonlinear viscoelastic problem to the nonlinear elastic 
case. Then, the explicit form of the constitutive equation 
between stress and pseudodisplacements is dependent on the 
material type and the source of nonlinearity. 

and 

u, 

where afj and ur satisty equations ot the reference elastic 
problem. This correspondence principle means that, using 

METHOD OF ANALYSIS 

Stresses and strains used in the evaluation of healing were 
nominal (average) stresses and strains; that is, 

a = PIA 
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and 

E = u/L 

where 

P= 
A 

u 
L 

load response, 
cross sectional area of the beam sample regardless of 
the presence of a crack, 
displacement measured from the ram movement, and 
original length of the sample. 

When a viscoelastic material is subjected to cyclic loading, 
a hysteresis loop is usually observed in the stress-strain dia
gram. According to correspondence principle theory for non
uniformly stressed bodies, such as a beam with a crack, the 
hysteresis loop will disappear in the nominal stress-pseudo
strain plot if damage growth is negligible during the loading 
history. That is, the relationship between stress and pseu
dostrain is a single-valued function. Furthermore, even when 
the loading paths before and after rest periods are compared, 
this elasticlike behavior will be maintained, if negligible dam
age or healing has occurred. This is because the relaxation 
during the rest period is taken into account by integrating the 
convolution integral from the initial loading time to the pre
sent time. 

When the damage is large, the stress will decrease, in dis
placement-controlled testing, as the number of cycles increases. 
The difference in the stress at the same pseudostrain level is 
due to the damage growth in the sample. If rest periods are 
introduced in the loading history and relaxation is the only 
phenomenon occurring during the rest period, the stress after 
the rest period should be equal to or less than the stress before 
the rest period for the same pseudostrain, based on the cor
respondence principle theory. If the stress after the rest period 
is larger than the stress before the rest period, at the same 
pseudostrain level, the increase in stress must logically be 
attributed to some chemical healing mechanism. 

The concept, outlined in the preceding paragraphs, was 
used to evaluate the healing potential of three different asphalt 
cements. In this evaluation, the following three types of uniax
ial tests were performed: 

1. Relaxation tests; 
2. Constant-strain-rate simple loading tests with rest periods 

(Figure 4) (the magnitudes of displacements were within the 
linear viscoelastic range of the material (negligible permanent 
damage); and 

c 
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FIGURE 4 Strain history for Tests Band C. 
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3. Constant-strain-rate simple loading tests with rest periods 
(Figure 4) (the magnitudes of displacements resulted in crack 
growth). 

Beam samples with an edge crack were used only for Test 
Series C. All other samples were beam samples without fab
ricated edge (sharp-tipped) starter cracks. For both Test Series 
B and C, the strain rate of 0.0368 in./in./min was used. 

Test Series B was designed exclusively for the verification 
of the applicability of the correspondence principle based on 
the relaxation moduli obtained from Test Series A. Because 
the maximum strain level for Test Series B is in the linear 
viscoelastic range that results in negligible damage, the stress
pseudostrain plot must be linear; and no stress drop should 
be observed at the same pseudostrain as the cycle number 
increases. 

The loading history for Tests Series B and C is shown in 
Figure 4. The numbers of initial simple loading cycles for Tests 
Band C were 10 and 20, respectively. Then a set of four rest 
periods of 5, 10, 20, or 40 min duration was introduced in a 
random sequence (Figure 4). Five cycles of simple loading 
were applied after each rest period, and this loading pattern 
(rest period followed by five cycles of simple loading) was 
repeated until three repetitions for each rest period length 
were achieved. 

It was experimentally found that a strain level of 6.13 by 
10- 4 in.fin. was small enough for all the mixtures investigated 
in this research to produce linear behavior. Two strain levels, 
6. 74 by 10- 3 in.fin. and 9.20 by 10- 3 in./in., were used in Test 
Series C and were large enough to propagate the crack in the 
middle of the sample. 

RES UL TS AND DISCUSSION 

Relaxation Testing 

Uniaxial tensile relaxation testing was performed for three 
different mixtures, and the results are plotted in Figures 5 
through 7. Various strain levels were used, and the loading 
time to peak strain was 3 sec. The strain level dependency 
could not be identified for the range of strain levels evaluated 
because the variation among samples was substantially greater 
than the strain level sensitivity. Theoretically, strain in the 
form of a step function should be applied in relaxation testing; 
because of load cell range limitations, however, a 3-sec initial 
ramp was unavoidable. 

' 
~ l l M 

·I Time 

Rest Periods 
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FIGURE 5 Relaxation data for the mixtures with Source A asphalt. 
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FIGURE 6 Relaxation data for the mixtures with Source B asphalt. 
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FIGURE 7 Relaxation data for the mixtures with Source C asphalt. 

Usually, the relaxation data are represented in the form of 
a pure power law: 

E(t) =Er" 

or by a generalized power law: 

E(t) = Eo + Er" 

where E(t) equals the relaxation modulus and E0 , E 1 , E2 , and 
n equal regression constants. 

The best way of fitting the data in Figures 5 through 7 was 
to divide the whole curve into two sections and to fit each 
curve using a generalized power form. The regression con
stants in the generalized power law were obtained by a trial
and-error method. That is, assuming the value of n, a linear 
regression analysis was performed between E(t) and r- ", and 
the sum of squares of error was calculated. Repeating this 
procedure for a series of ns, then that resulted in the smallest 
sum of squares of error was determined. This technique yielded 
the predicted curves, the regression constants of which are 
shown in Figures 5 through 7. 

Derivation of Pseudostrains from Tests B and C 

Pseudostrain for a uniaxial case is determined from 

For the first loading path, df.ldt = C, where C is the constant 
strain rate . Therefore, 

Let x = t - T; then 

cf' f,R = - E(x) dx 
ER 0 

During the first unloading path, the same practice yields 

f.R = _f [J'' E(x) dx - J' E(x) dx] ER 0 ,, 

where t 1 equals the time of peak loading. 
Similarly the pseudo train at any time can be calculated 

analytically a long as the loading history and the relaxation 
modulu as a function of time a.re known regardless of the 
existence of rest periods. 

Constant-Strain-Rate Simple Loading Tests with 
Rest Periods 

The results of the Test B series demonstrated the applicability 
of the correspondence principle to this research. Further
more, the Test B series demonstrated that the relaxation mod
uli derived from the Test A series were satisfactory measure
ments. The stress-pseudostrain plots of the first 10 cycles and 
of the cycles before and after the 40-min rest period for Test 
Bare presented in Figures 8 and 9, respectively. The asphalt 
cement studied in these figures was from Source C. As shown 
in Figure 8, the loading and unloading paths of the first 10 
cycles practically fall on the same line. Also in Figure 9, the 
stress-pseudostrain curves before and after the 40-min rest 
period are practically the same. The results for the other 
binders and for different lengths of rest periods verified the 
success of this procedure. 
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FIGURE 8 Stress versus pseudostrain of initial 10 cycles with negligible damage (Source C asphalt). 

• Q. 

10 

5 

-5 
+ Before 40 min. rest period 

x After 40 min. rest period 

-10..._~~~~~ ...... ~~~~~ ........ ~~~~~-L-~~~~~_.,~~~~~--' 
-.001 -.0005 0 .0005 .001 .0015 

Pseudo Strain 

FIGURE 9 Stress versus pseudostrain before and after 40-min rest period with negligible damage 
(Source C asphalt). 

The results of the Test C series with Source A asphalt are 
shown in Figures 10 and 11. In Figure 10, the loading and 
unloading paths of the initial 20 cycles are plotted , and the 
stress-pseudostrain behavior before and after the 40-min rest 
period is presented in Figure 11. 

The first point to note in Figure 10 is that loading and 
unloading paths form a hysteresis loop that disappeared after 

the correspondence principle was applied to the Test B series 
results. However, under the conditions of Test C (i.e., damage 
accumulation through crack growth), visual dissipation of energy 
is due to the damage growth in the sample. Because the test 
was performed in a controlled strain mode with a constant 
strain amplitude, the stress at a selected pseudostrain level 
became smaller as cycling continued. 
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FIGURE 10 Stress versus pseudostrain of initial 20 cycles with strain amplitude of 0.0092 in.fin. (Source A 
asphalt). 
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FIGURE 11 Stress versus pseudostrain before and after 40-min rest period with strain amplitude of 
0.0092 in.fin. (Source A asphalt). 
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In Figures 8 and 10, the first loading path is different from 
the rest of the loading paths. The reason for this is that the 
largest pseudostrain in the loading history, Ef, for the first 
loading is different from that in the remaining cycles (20,21). 
That is, Ef for the first loading is the current pseudostrain, 
whereas Ef for the following cycles is a constant that is the 
largest pseudostrain during the first loading. The effect of this 
Ef on a constitutive equation modeling the stress-pseudostrain 
relationship is presented elsewhere ( 4). 

From the comparison of the recorded crack length and the 
stress-pseudostrain behavior, it was found that the stiffness 
increase during the last part of loading (Figure 10) was due 
to an additionai growth in the crack iength from the prior 
loading cycle. The crack was growing faster for the Source A 
mixture for the same maximum strain level than for the mix
tures from Sources B and C. 

As discussed previously, the stress-pseudostrain curve after 
the rest period should be positioned somewhat lower than the 
curve before the rest period if the relaxation is the only mech
anism influencing behavior during the rest period. As shown 
in Figure 11, however, there was a significant increase in the 
stress for the same pseudostrain. This behavior was not observed 
in Figure 9 where the damage level was almost negligible . 
Therefore, it is concluded that during rest periods in a dam
aged asphalt concrete body, there exists a mechanism other 
than relaxation that provides a beneficial structural change. 
Assuming that cracking, regardless of the size of cracks, is 
the major cause of damage in these asphalt concrete samples, 
this advantageous structural alteration is attributed to the 
healing mechanism within the asphalt cement. 

Because four different rest periods were randomly applied 
to each sample until three repetitions for each rest period 
were introduced, each repetition induced a different crack 
length and damage level. A methodology that can normalize 

-;; 
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the difference in damage level is necessary to evaluate the 
healing that occurs at different rest periods with different 
damage levels. 

In this paper, pseudo-energy-density and a healing index 
were used to represent the healing capacity of a specific binder 
as a function of rest time. The pseudo-energy-density, cj:iR, in 
a uniaxial case, is defined as 

cJ>R = I (]" dER 

The pseudo-energy-densities before and after a rest period 
are illustrated in Figure 12. As shown, only the tension part 
(positive stress) is used to calculate the pseudo-energy-den
sity. From the observation that the pseudo-energy-density 
after the rest period is a unique material function that can be 
related to the specified damage level, the healing index was 
used to represent the healing potential of different binders at 
different rest times. The healing index, H, is defined as 

where cp~ equals the pseudo-energy-density after the rest period 
and cp~ equals the pseudo-energy-density before the rest period. 
The healing indices at four rest periods of three mixtures are 
plotted in Figure 13. This index successfully normalizes the 
difference in the damage level for asphalts from Sources B 
and C, whereas the discrepancy becomes a little larger for 
the Source A asphalt. 

As a result, the mixture using Source A asphalt shows the 
lowest level of healing, whereas the mixtures with asphalts 
from Sources B and C demonstrate higher levels of healing. 
The chemical nature of the asphalts that influences these results 

-20 '--~~ ....... ~~~ ...... ~~-1.~~~...._~~--"~~~......_~~_....~~~....._~~~ 

-.004 -.002 0 .002 .004 

Pseudo Strain 

FIGURE 12 Illustration of pseudo-energy-densities before and after rest period. 
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FIGURE 13 Healing potential of different binders as a function of rest period. 

is being studied in parallel research as a part of this National 
Science Foundation project. These results will be presented 
in subsequent papers. 

Regression analysis between the healing index and the dura
tion of the rest period resulted in the time exponent range: 
0.13-0.22. This can be compared with the time exponent of 
the strength ratio, 0.25, determined by Kim and Wool (15) 
for polymers. 

CONCLUSIONS 

The influence of rest periods on laboratory fatigue testing has 
been documented by a large number of authors around the 
world. The overwhelming consensus is that the rest periods 
enhance fatigue life because of healing and relaxation mech
anisms. Understanding such mechanisms will be an over
poweringly important contribution to an understanding of 
fatigue performance and may allow the selection of asphalts 
with greater healing potential. 

The work of polymer researchers has provided insight into 
a polymer healing phenomenon that may be applicable to 
asphalt. The procedure introduced in this paper offers a meth
odology by which the chemical healing can be quantified by 
separating out the concomitantly occurring viscoelastic effect 
of relaxation. The process demonstrates that a quantifiable 
chemical healing does indeed occur in asphalt concrete. The 
amount of this healing varies among the asphalt cements tested. 

Continuing research is required to identify the mechanism 
that controls the chemical healing and to determine if and 
how the amount of chemical healing can be enhanced through 
binder modification. 

The fatigue resistance of an asphalt cement should be eval
uated on the basis of fatigue tests that account for the influ-

ence of rest periods. However, the fracture healing potential 
is only one factor contributing to overall fatigue resistance. 
Demonstration of a high level of healing does not by itself 
demonstrate an adequate fatigue life. 
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