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Effect of Petroleum Coke on Certain Paraffinic-Waxy 
Asphalt Cement Characteristics 

A. A. GADALLAH, A. S. NOURELDIN, F. EZZAT, and A. OSMAN 

ABSTRACT 

The findings of a laboratory investigation 
are reported. The investigation was per
formed to evaluate the effect of using pe
troleum coke (with different percentages and 
degrees of fineness) as an additive to par
affinic-waxy asphalt cement (AC 60/70) pro
duced in Alexandria, Egypt, refineries. Also 
reported are its physical properties and the 
engineering properties of its asphalt con
crete mixtures. One aggregate type and gra
dation and one asphalt cement type and grade 
were used in the study. Marshall and Hveem 
tests were used to evaluate the properties 
of the asphalt concrete mixture. The evalu
ation resulted in a number of significant 
results. The use of petroleum coke as an 
additive to Alexandria asphalt cement (AC 
60/70) proved to be heneficial in improving 
its properties. The experiments also indi
cated that the degree of fineness of the pe
troleum coke plays a significant role in af
fecting the degree of improvement. 

The production of asphalt cement in Egypt takes 
place in Suez and Alexandria. In Suez refineries as
phalt cements are produced by a straight-run distil
lation process that uses crude oils recovered from 
the eastern region. These asphalt cements were suc
cessfully used in hot asphaltic mixtures and pro
vided roads with satisfactory service records. In 
Alexandria refineries asphalt cements are produced 
by means of propane deasphalting and phenol extrac
tion processes that use a mixture of crudes recovered 
from the western desert region. These asphalt ce
ments caused serious performance and construction 
problems and were classified according to the base 
of its crude oil as paraffinic-waxy asphalts (1-3). 

Previous work conducted in the area of impr-;ving 
asphalt cement or its mix characteristics indicated 
that one of the most successful methods followed is 
the use of additives. The most commonly used addi
tives are resins, rubber, sulfur, and carbon black. 
The results of several studies on carbon black and 
sulfur (j) directed this study to the use of petro
leum coke (which contains about 90 percent carbon 
and sulfur) as an additive to the western desert 
paraffinic-waxy asphalt cement. 

Petroleum coke, which is a by-product of the cok
ing process performed on heavy petroleum products to 
produce light fractions, has a crystal structure 
similar to carbon black but differs in the size of 
crystallites (JI. Sachanen (.§) defined petroleum 
coke as an ultimate condensation product of petro
leum residues. He stated that petroleum coke has an 
intermediate structure between that of asphalt and 
metallurgical coke. Therefore, petroleum coke, when 
added to asphalts, may act as a bodying agent similar 
to asphaltenes and also as a reinforcing agent sim
ilar to carbon black (ii. 

Reported in this paper are the findings of a lab
oratory investigation to evaluate the effect of us
ing petroleum coke with different percentages and 
degrees of fineness as an additive to paraffinic
waxy asphalt cement (AC 60/70) produced in Alex
andria refineries. Also reported are its physical 
properties and the engineering properties of its as
phalt concrete mixtures. 

Om.! aggregate type and gradation and one asphalt 
cement type and grade were used in the study. Mar
shall and Hveem tests were used to evaluate the 
properties of the asphalt concrete mixture. 

EXPERIMENTAL DESIGN 

A complete laboratory testing program that used two 
factors--the petroleum coke content and its degree 
of fineness--was conducted on Alexandria 60/70 as
phalt cement (see Table 1) to evaluate the following 
items: 

1. Effect of petroleum coke content and degree 
of fineness on the physical properties of asphalt 
cement (i.e., penetration, kinematic viscosity, ab
solute viscosity, and softening point), and 

2. Effect of petroleum coke content and degree 
of fineness on engineering properties of the asphalt 
concrete mixture of the treated asphalt cement 
(i.e., Marshall stability and Hveem cohesion). 

In addition, the same testing program was con
ducted on a Suez asphalt cement sample without addi
tive for comparative study (Table 1). 

TABLE 1 Experimental Program 

Asphalt Cement 
Source 

Sample 
No, Alexandria Suez 

X 
2 X 
3 X 
4 X 
5 X 
6 X 
7 X 
8 X 
9 X 

10 X 
II X 

tPercent by weight of asphalt cement , 
See Table 4. 

MATERIALS 

Asphalt Cement 

Petroleum Coke 
Content• 

0% 7% 10% 

X 
X 

X 
X 
X 

X 
X 
X 

Degree of 
Pinenessb 

15% 2 3 

X 
X 

X 
X 

X 
X 

X X 
X X 
X X 

Two samples of asphalt cement ( AC) 60/70 were se
cured--one from the production of an Alexandria re
finery and the other from the production of a Suez 
refinery. The physical properties and the chemical 
constituents of these two samples are given in Table 
2. 
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TABLE2 Physical Properties and Chemical Constituents of AC 60/70 

Phvsical Pro perti es Chemical Constituents 

Asphalt Pen. Duct. Soft. Kin. Abs, Sp. Gr . Wax( 3 ) Oi 1 s Resins Asph-

Source 0.1 cm point vise. v isc . al te-

ITITI, c. st . pois- 60°C ne, 

oC l 35°C es. % % ,:; 

60°C 

Alex . 66 !OD+ 47 230 986 1. 0_18 7. 5 33 51 16 

SIIP7 fi? 100+ 52 35A 2122 1. 020 5. 5 26 49 25 

Spec. 60/70 90+ 45/55 320( 2 ) 

Limits{!) 

(1) Egyptian Standard Specifications. 

(2) Proposed, 

(3) Determined by modified Hold's method (Ll-

Mineral Aggregate 

Based on previous field experience, the severity of 
the performance problems of waxy asphalt appears to 
depend on two main factors related to mix compo
nents: the coarse aggregate type and the qradation 
of the aggregate mix. 

The research work of the Cairo University/Massa
chusetts Institute of Technology (CU/MIT) Technolog
ical Planning Program ( 4) performed on the Alex
andria asphalt cement ho't mixtures indicated that 
the Asphalt Institute dense gradation (4-C) and 
crushed limestone are the best gradation and type of 
coarse aggregate to be used with the Alexandria waxy 
asphalt cement. Consequently, the experimental pro
gram in this study was designed to use crushed lime
stone as the coarse aggregate material in the 
asphalt cement hot mixtures. Silicious sand and 
limestone dust were used as the fine aggregate and 
mineral filler, reapactivaly. 

The data in Table 3 present test properties of. 
the aggregate components used together with the per
centages of each component to meet the midpoint gra
dation of the Asphalt Institute dense gradation 4-C. 

Petroleum Coke 

Petroleum coke samples were secured from the produc
tion of the Suez Oil Processing Company. The analy
sis and constituents of the petroleum coke samples 
are given in the following table: 

Constituents 
Moisture content 
Ash content 
Volatile matter 
Total carbon 
Sulfur content 
Total hydrogen 

Percent 
by Weight 

0.40 
0.49 
9.B 

B3.4 
5.6 
0.39 

The existing price of Alexandria asphalt cement 
is about 20 £E per ton and the price of petroleum 
r.nkF' i,. ;,hnnt l nn £F. p"r tnn. Based on cost analyses 
and economic considerations, petroleum coke can be 
added to a content not more than 15 percent, thus 

TABLE 3 Physical Properties of the Minerai Aggregate 

Aggregate Components 

Crushed Lime· Standard 
Lime· Silicius stone Specifi-

Properties stone Sand Dust cations 

Bulk specific gravity 2.45 2.68 2.80 
Bulk specific gravity (SSD) 2.583 
Apparent specific gravity 2.663 
Percent absorption 1.88 5• 
Percent wear (Los Angeles 

test) 31.8 40• 
Percent in aggregate 

combinationb 57 .5 37 5.5 

:Mulmum. 
l'cr-c.cnltttl,cs of different components to meet the midpoint gradation of the AI 
gradation (4-C). 

making the price of the treated asphalt cement less 
than 32.5 £E per ton, which is approximately the 
price of the Suez asphalt cement. 

Petroleum coke was ground to three different de
grees of fineness (Table 4) and then mixed with 
Alexandria AC 60/70 at a temperature of 150°C and a 
mixing time of 30 min by using manganese stearate as 
a dispersing agent with a content of 0.1 percent by 
weight of asphalt. 

ANALYSIS OF RESULTS 

Physical Properties 

Figures 1-3 illustrate the concentration effects of 
the three different degrees of fineness of petroleum 

TABLE 4 Degi·ees of Fineness of Petroleuni Coke 

Petroleum Coke(%) 

Degree of Passing Passing Passing Surface Area 
Fineness #JOO #140 #200 (ft2 /lb) 

100 90 74 535 
2 IUU IUU M) :, /U 

3 JOO 100 JOO 600 
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FIGURE 3 Effect of coke content and degree of fineness on kinematic viscosity of 
coke-asphalt cement blends. 

coke on the penetration, softening point, and kine
matic viscosity of coke-asphalt cement mixtures. The 
test results performed on coke-asphalt blends are as 
follows. 

1, The increase of coke content consistently re
d1_1_ces t-h1C1 ppn,:::i,i-r:::.'rinn nf i-h,:1, mivt-nro_ Tn =anni+-inn 1 
the increase in the degree of fineness (i.e., in
crease in surface area) of the petroleum coke re
duces the penetration of the coke-asphalt cement 
mixture. The effect of the degree of fineness is 
more pronounced at high concentrations of coke. 

2. Softening point versus coke concentration 
trends indicate a slight increase in the softening 
point of the mixture with the increase of coke con
centration. The effect of coke concentration is more 
pronounced when increasing the surface area of coke. 

3. The increase of coke content consistently in
creases the kinematic viscosity of the mixture at 
135°C. In addition, the increase in the degree of 
fineness of the petroleum coke increases the kine
matic viscosity of the coke-asphalt cement mixtures. 
Again, the effect of the degree of fineness on kine
matic viscosity is more pronounced at higher concen
trations of coke. 

4. The percentage increase in absolute viscosity 
values at 60°C were similar to viscosity changes at 
135°C for the different concentrations and surface 
areas. 

5. At the concentrations used, petr.oleum coke 
tends to harden the asphalt to a great extent. In 
::1nrli+-inn, wh.an +-ho C!nr-F:1,..0 ::1ro::1 n-F pot-rn1011m ,..nlro ; a 

higher there is an increase in the viscosity and the 
softening point and a decrease in the penetration. 

This could be attributed to the fact that the 
smaller the particle size of coke, the easier it is 
dispersed in asphalt and, hence, it strongly affects 
its physical properties. 

6. The addition of coke to asphalt increases its 
kinematic viscosity to a limit that meets the pro
posed minimum value in the Egyptian standard speci
fications for this grade of asphalt (320 c.st. min). 
The addition of coke also reduces the gap between 
Alexandria and Suez asphalt cements. This result is 
obtained when using a coke content of 10 to 15 per
cent that has a surface area more than 570 ft 2 /lb. 

7. The results also indicate that the use of pe
troleum coke as an additive to Alexandria asphalt 
cement (AC 60/70) provides a product that is close 
in its characteristics to Alexandria asphalt cement 
(AC 40/50 grade). This suggests that the use of AC 
40/50 grade could be a promising alternative for 
overcoming the reported problems that are associated 
with the use of Alexandria asphalt cement (AC 60/70 
grade). 

Temperature Sensitivity 

Three asphalt cement samples were selected for the 
temperature sensitivity analysis. The first repre
sented Alexandria asphalt cement (AC 60/70), the 
second was prepared by blending the original Alex
andria asphalt cement (AC 60/70) with 10 percent 
coke that has a surface area of 600 ft 2 /lb, and 

60/70) • The second sample was selected because the 
kinematic viscosity value (330 c.st.) of this sample 
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exceeds the minimum value proposed in the Egyptian 
standard specifications for AC 60/70 (320 c.st. 
min,), and because the sample complies with the eco
nomic requirements for the price of local asphalt 
cement produced in Egypt. 

Figure 4 shows the bitumen test data chart sug
gested by Heukelom (]) to relate the consistency of 
asphalt with temperature. Results of the penetration 
tests conducted at 10°, 15°, and 25°C are plotted on 
the upper left part of the chart, and results of 
viscosity tests (in poises) at 60° and 135°C are 
plotted on the lower part of the chart. 

It is clear from the chart that the penetration 
lines did not coincide with the viscosity lines. The 
observed shift for the Suez asphalt sample was the 
smallest shift reported for the three samples. This 
indicated that the paraffinic-waxy nature was more 
pronounced for Alexandria asphalt cement (refer also 
to Table 2). Furthermore, the observed shift for 
Alexandria asphalt cement was almost equal to that 
observed for the Alexandria asphalt blended with 10 
percent coke. This also reflects that coke concen
tration does not affect the paraffinic-waxy nature 
of Alexandria asphalt cement, although it improves 
its viscosity. 

Also, it is apparent from the data in Figure 4 
that the slopes of the three viscosity-temperature 
lines are almost the same, which indicates that they 
have about the same temperature sensitivity. How
ever, the slopes of lines 2 and 3 tend to be more 
flat than that of line 1. This indicates that the 
use of coke as an additive slightly affected the 
temperature sensitivity of Alexandria asphalt cement 
to a limit that is equal to that of Suez asphalt 
cement. 

/ 

FIGURE 4 Heukelom bitumen test data chart. 

5 

Engineering Properties of AC 60/70 Paving Mixtures 

It was anticipated that the surface area and amount 
of petroleum coke would influence the behavior of 
the pavement during all phases of construction and 
service life. Consequently, the influence of coke on 
asphalt concrete mixture properties such as density, 
stability, and cohesion were evaluated by using Mar
shall tests together with the Hveem cohesion test. 

The data in Table 5 present the engineering prop
erties of coke-Alexandria asphalt concrete mixtures 
at optimum asphalt contents together with the prop
erties of the original untreated Alexandria and Suez 
asphalt concrete mixtures. The aggregate type and 
gradation in all mixtures were the same, as pre
viously discussed, 

Study of test results presented in Table 5 and 
Figures 5 and 6 indicate that all measured prop
erties were affected quite pronouncedly by the 
amount and surface area of petroleum coke. In addi
tion, optimum asphalt contents for samples that had 
various coke concentrations were greater than those 
of the original samples without coke by about O. 5 
percent. This increase could be attributed to the 
fact that the coke acted only as a filler in the as
phaltic mix (it should also be noted that the con
centration of coke in asphalt represented approxi
mately 0.5 percent of the mix). 

The density and Marshall flow of the asphalt con
crete mix are not significantly affected by the 
amount of coke used. However, the addition of coke 
significantly increased the stability and cohesion 
of the asphalt concrete mix, At the three surface 
areas (535, 570, and 600 ft 2 /lb), the coke concen
tration of 10 percent provided the optimum increase 

1-- 1- - ·1·----loa·-
- - -
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TABLE 5 Investigation of Effects of Petroleum Coke on Mixture Properties at Optimum Asphalt Contents 

Ml~ 

No, 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

* 

Ac.ph,-,1+ PR+rnl,c,,11rn (',nk,:,. ~11r f Pl("'P. Orttmum M,.,re:;hl"I I lint+ Al~ M111re:;h,.,I I Vnlrlc: f n 

Source Coke(~*) Are" ( tt2 / I b > Asphalt Stab 11 lty Weight Voids Flow Miner"! 

Content (Lbs). (pcf) (J) <O.O I In,> Aggr, 

<J**) 

Alex, 5,62 1420 147.2 3.1 10.5 15,5 

Alex, 7 535 6.10 1620 146,8 3.8 11.3 15.5 

10 6,15 1650 146,2 4,6 9,7 16.3 

15 6.20 1630 146,6 3.9 9,6 16.2 

Alex, 7 5 70 6. iO 1910 145,3 4,7 9.5 15,5 

10 6.20 2150 146,4 4,3 11 .o 16.1 

15 6.25 1960 146.0 3.8 10.8 15.6 

Alex, 7 600 6.10 2200 146.4 3.8 9. 7 15.5 

10 6.25 2400 146.9 4.8 11.2 16.4 

15 6.25 2280 147,0 4.4 11 .5 16,2 

Suez 5.60 2340 146.0 4.0 9. 7 16.1 

Asphalt Weight B"ses ** By Weight of Aggregates 

"' ~ 
1/) 
L .,, 
2: 

2600 

LEGEND 

0 Degree o f f-m eness Ill 

0 Degree o f Fineness (2) 

t,. Degree of Fineness (3) 

12001-----t-----+----+-- --tc--- -+-----+----+----t 

2 4 6 8 10 12 14 16 
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in stability and cohesion (Figures 5 and 6) • Fur
thermore, at all coke concentrations (7, 10, and 15 
percent), the stability and cohesion of the as
phaltic mix increased with the increase of surface 
area. However, cohesion values and most of the sta
bility values of all samples treated by coke were 
still less than those of the original untreated Suez 
asphalt cement (Figures 5 and 6). 

SUMMARY OF RESULTS 

The analysis and evaluation of the test data re
vealed a number of significant results that pertain 
to the effect of petroleum coke concentration and 
degree of fineness of the physical properties of the 
local paraffinic-waxy asphalt cement (AC 60/70) and 
the engineering properties of its mixtures. The main 
results are as follows. 

1. Petroleum coke tends to harden the asphalt to 
a great extent. The increase of coke content in
creases the viscosity and softening point and de
creases the penetration. This effect was apparent 
for the three degrees of fineness used. 

2. When the surface area of coke is high, there 
is an increase in viscosity and softening point and 
a decrease in the penetration of the coke-asphalt 
cement blend. This could be attributed to the fact 
that the smaller the particle size of coke, the 
easier it is dispersed in the asphalt and hence 
strongly affects its physical properties. 

3. The use of petroleum coke with a surface area 
of more than 570 ft 2 /lb and a concentration of 10 
percent as an additive to Alexandria asphalt cement 
(AC 60/70) will result in an increase in its kine
matic viscosity at 135°C to a limit that meets the 
minimum proposed value in the Egyptian standard 
specifications. 

4. The addition of 10 percent petroleum coke to 
Alexandria asphalt cement (AC 60/70) slightly re
duced its temperature sensitivity without causing 
any change in its paraffinic-waxy nature. 

5. Petroleum coke significantly increased the 
stability and cohesion of the paving mixture. The 
use of 10 percent coke by weight of asphalt could be 
considered optimum. In addition, at all coke con
centrations the stability and cohesion of the paving 
mixture increased with the increase of the surface 
area. 

6, The use of petroleum coke as an additive to 
Alexandria asphalt cement (AC 60/70) acts as a 
filler and plays a dual role in paving mixtures. 
First, it forms with asphalt a high consistency 
binder and cements the aggregates. Second, it acts 
as a part of the mineral aggregates, fills the 
interstices, and provides contact points between 
particles, thereby strengthening the paving mixture. 

7. Suez asphalt concrete mixtures still have 
better cohesion than the improved Alexandria asphalt 
concrete mixtures. 

a. The use of petroleum coke as an additive to 
Alexandria asphalt cement (AC 60/70) provides a 
product that is close in its characteristics to 



a 

Alexandria asphalt cement (AC 40/50). This result 
suggests that the use of AC 40/50 grade could be a 
promising alternative for overcoming the reported 

use of Alexandria AC 60/70 grade. 
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Effect of Diatomite Filler on Performance of 
Asphalt Pavements 

J. H. KIETZMAN and C. E. RODIER 

ABSTRACT 

Diatomi te, a widely used industrial filler, 
has been evaluated in heavy-duty pavements 
in Houston, Calgary, and Los Angeles. These 
pavements typically have high density, ex
tremely low permeability, and a low initial 
asphalt hardening rate, with or without an 
increase in asphalt content. After 2 and 3 
years in Calgary and Houston, recovered as
phalt shows penetration values of 88 and 90 
percent of the original 164 and 104 asphalt 
penetration at 77°F, respectively. Resis
tance to rutting at low void contents and 
characteristic abrasion resistance of the 
mortar is attributed to microaggregate in
terlock of diatom particles within the mas
tic films. One percent diatomite appears ca
pable of either stabilizing pavements or 
permitting a 15 percent increase in standard 

asphalt content. The primary value of diato
mite appears to be that it allows the use of 
softer asphalt, which alone should greatly 
increase pavement life. The effect of in
creasing the cost per ton of mix (10 to 20 
percent) on cost per square yard of pavement 
was eliminated recently in Los Angeles by 
reducing overlay thickness by 50 percent. 
Eight different grades, types, and sources 
of diatomite were also evaluated in small 
paving sheets under truck traffic at Deni
son, Texas, and Lompoc, California. Several 
types gave extremely unsatisfactory resis
tance to plastic flow. Tests are under way 
to correlate basic diatomite properties 
(shape, size, purity, and so forth) with 
pavement performance. The scope of the pro
gram to date has been limited to dense
graded city pavements. The results are re
ported here to generate interest in more 
trials needed to justify continuation of the 
program. 

iii . 



Kietzman and Rodier 

Diatomite products are amorphous silicas produced 
worldwide from natural sedimentary deposits of dia
tomaceous earth, which consist of microscopic skele
tal remains of diatoms (see Figures 1 and 2). Com
mercial deposits contain different amounts of 
impurities, but all require processing for end use 
to remove clay, silt, silicates, and so forth; all 
require high temperature drying to remove water and 
organics; and all require reduction to effective 
particle-size distribution. 

Perhaps the most well-known use of diatomite is 
for filtration (e.g., for food purification). Uses 
include hundreds of other products such as the flat
ting agent in paint (by imparting microtexture to 
the surface) and an abrasive in automobile polishes. 
Diatomite has been used for 25 years in hot-poured 
asphalt joint filling compounds to control flow. In 
1928, 5 percent diatomite was used in an overlay for 
concrete warehouse floors (l). 

In comprehensive laboratory evaluations of a va
riety of fillers, the Asphalt Institute reported 
that use of too much diatomite (7 percent in a sheet 
asphalt) caused water susceptibility, which was 

FIGURE I Diatomite micrograph (X563 magnification): marine 
diatom structures. 

9 

avoidable hy cutting back to 3. 5 percent d iatomi te 
(l,]). 

Preliminary laboratory tests at Manville Re
search, before the recent field tests, confirmed 
that in large amounts (3 to 5 percent) diatomite 
created voids in asphalt concrete rather than fill
ing voids because of the high absorptivity of dia
tom structures (Figures 1 and 2). 

With this background of laboratory testing, a 
field test program was initiated in January 1981. 
The objectives were to determine the effectiveness 
of adding diatomite after premixing the hot aggre
gate with asphalt (instead of during the dry mix 
cycle) and to find out how diatomite might improve 
pavement durability. Laboratory strength tests on 
laboratory and plant mixes were included only to ex
plain or confirm performance results. 

The grade of diatomite used in the field trials 
described herein is a high grade (pure), high-bulk, 
natural type produced from marine deposits in 
Lompoc, California. In the future, this grade will 
be designated CAP (CELITE for asphalt pavement) to 
differentiate it from other grades and sources whose 
effect on pavement performance appears to be unsat
isfactory or remains unproven. 

TEST SECTIONS AND MATERIALS 

Field tests have included five sites: the cities of 
Houston, Calgary, and Los Angeles, and Manville Cor
poration plants in Denison, Texas, and Lompoc, Cal
ifornia. 

Materials used in the test pavements represent 
the best quality crushed stone, stone screenings, 
and sand available in each area, as described in 
Figure 3. For preformed paving sheets, stone screen
ings (dense, nonporous, quartz monzonite) were used 
with the same type of EXXON AC-10 (104 penetration) 
asphalt that was used in the Houston pavement trial. 

It was discovered after placement that the diat
omite-modified pavement in Houston was made with 
AC-10 asphalt and not the AC-20 asphalt used in the 
standard pavement. Although this precluded compari
son of asphalt hardening, the mistake proved fortu
nate because performance results gave the first in
dication that diatomite made it possible to use a 
softer asphalt for heavy traffic pavements. 

The same high bulk, natural grade of marine diat
omite from Lompoc was used in the field tests to 

FIGURE 2 Diatomite micrographs (Xl50 magnification): high-bulk diatomite 
(left) and Nevada diatomite (right). 
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date. It has a surface area of appr oxima t ely 250 000 
cm 2 /g. Other grades and sources of diatomite 
tested in the small paving sheets varied widely not 
only in particle-size distribution, shapes, purity, 
and so forth, but also in their ab i lity to c ontrol 
plastic flow. Until current laboratory tests demon
strate which diatomite properties determine their 
effect on pavement performance, it appears advisable 
no t to 9 ive iden t ifying properties t hat could prove 
to be misleading . 

TEST PROCEDURES 

The performance evaluation includes visual surface 
effects such as rutting, cracking , mortar abrasion 
(Pxpos11rP. of coarse stone), surface friction, and 
internal effects such as density voids, permeabil
ity, and asphalt hardeni ng . 

Void contents of pavement cores were measured by 
the difference between underwater weights before and 
after vacuum saturation, expressed as a percentage 
of bulk volume. Vacuum saturation of the cores was 
done by using vacuum techniques similar to the stan
dard ASTM test for measuring theoretical maximum 
density of uncompacted pavement mixes. Past correla
tions indicate that vacuum saturation of cores or 
compacted pavement samples gives void contents 1 
percent total weight less than values obtained by 
using maximum theor etical density based on the stan
dard Rice test. 

Air permeability was measured by Soiltest's pave
meter , modified by reversing the position of tubing 
to apply negativt=i pressu1e U(1 p aVt::iih-?ii t 

cores. This allowed use of up to 12 
-··-~- --- - -::,UJ..J...Q\,;C O VJ.. 

partial pressure and differentiation of tight pave
ments (e.g., in Calgary, where all were impermeable 
to water). 

Special Laboratory Tes t s 

The effect of saturation of laboratory cohesive 
strength of Los Angeles pavement mixes was deter
m incd by us i ng a p l ate flexure test on 6-; n" -diame
ter, 1.25-in.-thick pavement specimens compacted by 
gyratory shear to initial field density. Each pave
ment specimen was supported around its top periphery 
by a ring, with load applied at the bottom center 
through a rubber ball. Load is applied by using the 
Marshall tester wi th load and deflection taken at 
first visible crack (!). 

Vertical shear tests were performed on 4-in.
diameter, 2-in.-thick pavement specimens compacted 
by 50 and 75 Marshall hammer blows on both sides. 
The shear equipment was mounted in a Universal test
ing machine with the specimen mounted horizontally 
as a fixed cantilevered beam, clamped along the 
centerline. Vertical load was applied at the over
hang (centerline) at a rate of 200 lb/min , and the 
ultimate load was recorded. Shear strength in pounds 
per square inch was calculated by dividing the ul
timate load by the vertical cross section of the 
specimen. 

Preformed Pavement Sheets 

Field tests on small paving sheets were conceived as 
.... ""''"'P"'~~ ..... - ... ... '5":I ... " ,.. ,.._mp ::a r o St ,?.bil ity (i .. F!. ~ resis
tance to plastic flow) of a large number of paving 

"' .. . 
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formulations under the same concentrated truck load
ing. 

To make small paving sheets, sheet asphalt was 
mixed in 4000-g batches by using standard mixing 
equipment and adding the diatomite after premixing 
of hot aggregate with liquid asphalt. Each hot mix 
was rolled into sheets 0.375 in. thick, cooled to 
room temperature, and trimmed to a 12 x 18-in. size. 

The paving sheets were tested on pavements at 
Manville plants in Denison (1982) and in Lompoc 
(1983). They were placed in rows in the wheel path 
for exposure to channelized truck traffic of up to 
1,500 vehicles per month. A 2:1 water diluted SS-1 
emulsion paint coat was used to bond the sheets to 
the pavements. Increase in width of the sheets 
(transverse to the direction of traffic) was mea
sured monthly to show plastic flow, which is ex
pressed as a percentage of the original width. 

The sheets were exposed to warm weather traffic 
from June to October (4 months) at Denison and from 
April to September (5 months) at Lompoc. These tests 
compared the relative resistance to plastic deforma
tion of different mix formulas. Only the high
quality, high-bulk diatomite was tested at Denison, 
with 2 to 4.8 percent diatomite and 11 to 15 percent 
asphalt (diatomite/asphalt ratios of 0.15 to 0.31). 
In subsequent tests at Lompoc, each type of diato
mi te was tested in three different formulations 
(sheets), l or 2 percent diatomite with 12.5, 13, 
and 14 percent asphalt (maximum diatomite/asphalt 
ratio of 0.15). 

The paving sheets were placed in the wheel paths 
at the exit and entrance gates, where concentrated 
truck traffic decelerates and accelerates. The sheet 
asphalt formulations were intended to accentuate the 
effects of traffic on plastic flow (stability) by 
leaving out the stone fraction (50 to 60 percent of 
standard asphalt concrete) to test only the mortar 
phase and the effect of the diatomite on pavement 
cohesion (viscosity) and microaggregate interlock 
within the mastic. 

The paving sheets at Lompoc were thoroughly wet 
with water once a week during the first 2 months. 

PAVEMENT PRODUCTION METHOD 

Adding diatomite after (or during) the normal wet 
mixing cycle (aggregate plus hot asphalt) proved to 
be an effective way to avoid the pulverizing of 
diatom particles that occurs when diatomite is added 
during the standard dry mix cycle. This was first 
demonstrated to be effective in the Houston trials 
in January 1981 by extracting asphalt from the plant 
mix in situ on glass slides. Microscopic examination 
indicated that the only significant effect on par
ticle size during batch mixing was a 25 to 30 per
cent decrease in the length of spicules. Equally 
important, diatomite dispersion was good in the 
pavement mixes. 

This simple change in batch plant procedure 
served a second vital purpose: it prevented loss of 
the lightweight, easily airborne diatom particles 
through the dust collector system that occurs when 
diatomite is added during the dry mix cycle. 

In Houston the standard mixing time per batch was 
increased from 10 to 30 sec in proportion to the 
time required to pour the diatomite (0.6 to 2.4 per
cent total weight) into the pug mill by hand. 

In Los Angeles diatomitc waEl poured from 50-lb 
paper bags into the pug mill immediately after the 
asphalt was added in the standard wet mix cycle. 
This limited the total increase in batching time to 
5 or 10 sec. 

Supplying diatomite in heat-degradable plastic 
bags was first tried in Calgary in 1981 with sue-

11 

cess. The 25- to 50-lb bags were dropped into the 
pug mill by an automatic feed system after the nor
mal wet mix cycle, with an additional, final 20 to 
30 sec of mixing. 

Placeability (paver speed) of the mixes was de
scribed by crews as superior in Los Angeles, normal 
in Calgary, and slower than normal in Houston for 
the high diatomite content mixes (perhaps because of 
the combined effect of angularity of the 100 percent 
limestone aggregate and high diatomite content in 
two of the Houston mixes). 

FIELD TEST RESULTS 

Houston 

The four paving mixes produced to evaluate the new 
m1x1ng sequence (four truckloads in all) were in
cluded in a city paving project on Franklin Street, 
a major downtown thoroughfare in Houston. After l 
year the superior resistance to traffic abrasion of 
the mortar phase was extremely noticeable in the 
test sections, as shown by the limited exposure of 
coarse stones compared with extensive surface ex
posure of stone in the connecting standard mix (Fig
ure 4) • After 3 years the coarse stone has become 

FIGURE 4 Surface abrasion in Houston pavements 
after 1 year: 0.6 percent diatomite and 6.8 percent 
asphalt (top) and standard (bottom). 



12 Transportation Research Record 968 

TABLE 1 Houston Core Analyses, Franklin Street Pavement 

Te >tas Modi£1.ed ' 0 1 Mi x 

Aggregate 
Dia t omlte-Modified · I 

100% Lime stone 
S'l'ANDARD 
Li mestone + 

25% gn.vel 

I IV II III Pa rker Bros. 

Diatomite Content % 0.6 0.6 1. 8 2.4 
Asphalt Content % 6. 8 6.0 7. 4 7. 3 5.5 

Density, gm/cc 1981 (1 yr) 2.31 2.33 2.28 2. 35 2.28 
1983 (3 yr ) 2.384 2 .397 2. 358 2.398 2.363 

Vultl Cuuteut, t 1981 (1 yr) 1. 3 1. 7 2.0 2.8 4. 2 
1983 ( 3 yr) 0. 4 1. 7 0.4 0.7 2 . 1 

Air Perm. 1981 (1 yr) 
ml/min/in head 1983 (3 yr) 0.10 0.88 0.04 145.5 1. 5 

Thickness, inch 1. 63 1. 30 1. 47 1.15 1. 60 

1981-Core E>ttruct (1 yr) 

Asphalt Recovered, % 6.2 5. 5 7.7 5.5 4. 8 
(% of original asphalt) (91%) ( 92 % ) (100+%) (75%) (87%) 

Penetration of Rec.Asph . 89 82 94 73 42 
( % of original) (86%) ( 79 % ) (90%) (70%) (--) 

1983-Core E>ttract (3 l:' r) 

Asphalt Recovered, % 6 . 3 5 . 3 6 . 6 5 . 4 4 . 6 
(% of original asphalt) (93%) (88%) (89%) ( 74%) (84%) 

Penetration of Rec. Asph. 94 83 85 90 44 
( %of original) (90%) (80%) (82%) (87%) (--) 

NOTE : Test values above are the average of 3 cores in most 
instances. 

exposed in the test sections, 
parent in the standard mix, 
pull-out of coarse stone. 

but it is less ap
possibly because of 

More important are the results of core analyses 
(Table 1). Despite the range in diatomite content 
(0.6 to 2.4 percent and asphalt content from 6 to 
7. 4 percent), all four mixes show high density and 
low void contents, and after 3 years penetration of 
recovered asphalt remained as high as 90 percent of 
the original 104 penetration. 

In Figure 5 recovered asphalt p e ne tra t ions a r e 
plotted with data published in 1975 by the Pennsyl
vania Department of Transportation. The 1975 data 

100 
j HOUSTON 1983 I 0.6% DIATOMITE 6.8% A.C. 

90 
1. 8% Dl ATOMITE 7 .4% A.C. 

80 6% ~ I 
~ 70 

"' ' 
...._ 

50 " "' 

~ 
PENN. 

0 
0 0.0. T. rl 

50 u.: 1975 
R. ..... 40 
z 
0 

I-
30 

ST'D, HOUSTON 
~ ------ - ------1-------------
i RAVELING & CRACK ING RANGE a 

20 
______ _______ .J. _ _ __ ___ ____ _ 

I- Note: 8 Early field studies (.§:I) indicate that asphalt pavements 
..J 

10 begin to ravel and crack when asphalt hardens to a « 

~ penetration range between 20 and 30 at 77° F, 
« 100 g/5 sec. 

0 

PAVEMENT AGEJ YEARS 

J<'l(;lJKE 5 Resistance to asphait hardening in Houston i esi 
pavements. 

indicate that by increasing asphalt content 25 per
cent more than standard optimum, initial retained 
asphalt penetration could be increase d from 45 to 87 
percent of original penetration. In contrast, all of 
the Houston diatomite-modified mixes showed 80 to 90 
percent of original asphalt penetration after 3 
years, with or without an increase in asphalt con
tent. 

Rutting remains minimal at the Austin Street 
stoplight intersection, despite the extremely low 
di a tomite conte nt. Be yond the s toplight rutting is 
so slight as to be attributable to differential com 
paction or wear in the wheel path (Table 2). 

La bor a tory t e sts on Ho uston pla nt mixes indicated 
that adding 0.5 to 1 percent diatomite prevented the 
normal decrease in stabilometer values when asphalt 
content was increased 1 percent total weight more 
than standard optimum (Figure 6). 

Calgary 

Success of the simple batch plant m1x1n') proceatire 
at Houston laid the groundwork for further field 
tests. Starting in June 1981, test pavements were 
laid in Calgary to make a direct comparison with 
fiber-reinforced, high asphalt content pavements 
used for 20 years for all heavy traffic overlays to 
benefit durability in the cold climate. 

The 1981 Calgary trials compared the effect of 1 
and 2 percent diatomite with the standard 1 and 2 
percent 7M asbestos fiber in pavement mixes made 
with the same 164 penetration asphalt and aggregate, 
produced and placed continuously from the city batch 
plant. The test pavements were located on the main 
north-south artery, MacLeod Trail, and a major east
west highway, Southland Drive. 

In general, results in Calgary have been compar
able to those in Houston, with diatomite imparting 
superior abrasion resistance {Figure 71 and resis
tance to initial asphalt hardening (Table 3). Most 
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TABLE 2 Pavement Surface Characteristics 

Surface 
Pavement (Aqe ) A. C. Rut Depth i nch Friction 

% Inside Outside BPN 
Wheel Ea th Wheel2ath 

r. TRANS-CANADA (65°F) HIGHWAY (lyr.) 

0.5% diatomite 7.0 ·09 0.19 75 

0.75% diatomite 7. S .06 0 76 

1. 00% diatomite 7.5 0.13 0 80 

Control (2% Fiber) 7.8 .06 .03 74 
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FIGURE 6 Stahilometer tests on Houston plant mixes. 

notable was pavement made with 1 percent diatomite, 
which after 2 years showed an asphalt penetration of 
144, BB percent of the original 164 penetration, 
after correction for ash content. 

In 1982 more field tests in Calgary on 'the Trans
Canada Highway indicated that pavement mixes made 
with less than O. 75 percent diatomite plus an in
crease in asphalt did not compact to the desired 
high rlen1aity ,:1nrl lnw p<>rmPnhil it-.y, nnrl it. showPrl 
measurable rutting (Table 2). 

In another 1982 trial (MacLeod Trial north) a 
pavement mix was placed by using 1 percent diatomite 
with asphalt content lower than the connecting con
trol mix with no additive. The surprising results 
from 1-year core analyses were higher retained as-

Stoplight Stoplight 

- 0 

0.10 .05 

- .03 

0.20 .03 

(79°F) 

60 

61 

68 

60 

2% ASBESTOS 

2% DI ATOMI TE 

McLEOO . .lllAll. 
lo.~% hSPHAL T) 

1% ASBESTOS 

1% DIATOMITE 

FIGURE 7 Abrasion resistance in Calgary after 1 year. 

phalt penetration, much lower permeability, and 
higher density (see Table 4). 

The data in Table 5 give the Marshall stability 
test data on Calgary plant mix samples. 

Los Angeles 

In the first large-scale field trial of diatomite
modified pavement, 1,000 tons were placed in Los 
Angeles in 1982 by city crews; 900 tons of the stan
dard (1/2 in. maximum stone) resurfacing mix and 100 
tons of a special 3/8 in. maximum stone mix, both 
with AR-8000 asphalt (about 35 penetration). Primary 
laboratory mix design objectives included low perme
ability and increased cohesive strength. ~he lahora
tory flex tests on mixes compacted to initial field 
density (Table 6) and shear tests on pavement mixes 
compacted to ultimate traffic compaction (Figure 8) 
both suggested that satisfactory results would be 
obtained by using 1 percent diatomite with approxi
mately 6.5 percent asphalt. However, 0.5 percent 
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TABLE 3 Calgary Core Analyses, 1981 Pavements 

Macleod Trail Southland Drive 
r.nnt-rnl rnn+-l"'nl 

1% Diatom 1% Fiber 2% Diatom 2% Fiber 

Asehalt ContenJ~)% wt 6. 5 6. 5 7.8 7.8 

1982 Recove ry* % 6.00 5.50 7. 71 7.65 
(% initial a.c.) (92%) (85%) (99%) (98%) 

1983 Recovery* % 6.05 5.75 7.10 7.25 
(% initial a.c.) (93%) (88%) (91%) (93 %) 

Density, gm/cc 1982 (1 yr) 2.327 2.324 2.368 2.354 

1983 (2 yr ) 2.394 2.379 2.336 2.337 

Vnin rnntPnt ~ 1qA? (l yr) 4 . 3 1. 1 3. l 2.g 

198 3 (2 yr) 0.12 1. 35 1. 14 1.10 

Permeability 1982 (1 yr) 7.0 02.0 0 . 90 l A. 0 
(ml/mi n/in. h e ad) 

1983 (2 y r) 0.02 0.17 0.47 0.07 

Core Thickne ss, inch 1. 88 1. 71 0.84 1. 20 

Asphalt Penetration at 77°F 

1982 (1 yr) 111 70 100 92 

% original (68 %) (4 3%) (61%) (56%) 

1983 (2 yr) 17.fi 83 84 87 

% original (7 7% ) (51% ) (51%) (53%) 

Ash Conte nt, % of asph. 1983 l. 7 1. 9 5.2 2.0 

Asfhal t Pene txation Corrected 
for ASH 

1983 144 104 

% originaifb) (88%) (63%) 

NOTE: (a) Original asphalt penetr ation was 164 at 77°F. 

(b) A Canadian DPW report of 1973 indicated that increasing asphalt 
content from 6 to 7. 5 percent total weight of mix increaeed 
penetration of recovered asphalt after 3 yeara from 62 to 93 (~). 

TABLE 4 Calgary Core Analyses, 1982 Pavements 

A,o FAMFA@! !., ITY A~PM6 1J 

PWC>AVERAGE 
ll&!HlEIUKrii 

P! HUAATION 
"IN, Al'TER l YEAR 

NL/KIN/INCH U RETAINED) 

ASPHALT DENSITY WH EEL NEAR 

Auun I vt CuNl t NI 9"1cc PATH CURB 

NONE 6.5% 2,345 
~~22.0 

- 106 (66%) 
(CONTROL) 

STANDARD 7.8% 2,335 0:2):>.11 - 91 (57%) 

2% ASBESTOS 0.1:l 

ll CELITE 6.0% 2.371 0.15,)0 ,13 2 113 (71%) 
--- O.ll 

----

diatomite with 6 percent asphalt was also included 
in the field trials placed on Slauson Avenue between 
Estrella and Vermont. Placeability was satisfactory. 
The quick-setting properties of the diatomite mixes 
permitted traffic on the mat before completion of 
final rolling, despite the 104°F ambient (air) tem
tierature. 

Core analyses l year later confirmed the superi
ority of 1 percent diatomite with 6.5 percent AC, 
which showed extremelv low oermeabilitv and ~veraaed 
15 percent higher ret~ined penetration - than the c~n
necting control (Table 7). Pavements with O. 5 per-

cent diatomite and 6 percent asphalt averaged 30 
percent higher penetration of retained asphalt than 
the control. One oeneficial surface effect already 
shows up, that is, resistance to dripline erosion 
(see Figure 9) • [Note that in Figure 9 the top pho
tograph shows the standard control eastbound at an 
intersection at Figue roa , and th@ bot tom photograp h 
shows the standard with 1 percent diatomite and 6.5 
percent asphalt (one block west of Figueroa).] Al
though not often seen in Los Angeles' overlays, this 
kind of localized ero,;lon appears to be a fairly 
common occurrence in some communities in southern 
California. 

Slight rutting has occurred at only one point on 
Slauson Avenue, in the truck lane at the stoplight 
at the Hoover intersection, where the asphalt 
content exceeded 6.5 percent. Results of Hveem 
stabilometer tests on plant mixes sampled in 1982 
revealed Sptisfactory values (36 to 38 percent) for 
the speci~i 3/8 in. stone mixes with 0.5 percent and 
1 percent diatomite, 6 and 6.5 percent asphalt 
content. In the standard 1/2 in. stone mix, 0.5 
percent diatomite with 6 percent asphalt showed a 36 
percent stabilometer value. But with 1 percent 
diatomite and 6. 5 percent asphalt, the stabilometer 
value dropped to 16 percent, presumably because 
laboratory-compacted densities were much higher than 
the density of the pavement cores. 

A second la r ge-scale test pavement was placed on 
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TABLE 5 Marshall Stability Tests of Calgary Plant Mixes (trials placed 
9/82) 

Marshall 50-blow Com,eaction 

Asphalt Air 

Content Density Voids Stabi lity Flow 
% 

Additive (165 een) % 51m,:'.cc (Vac sat) (140F) Lbs .0 1 in 

11 CELITE 6.0 2.351 2. 1 3820 14.7 

3/4\ CELITE 7.5 2.348 1. 8 2100 18. 3 

11 CELITE 7. 5 2 . 344 1. 6 2180 20.0 

2% CELITE 7.8 2 .33 5 1. 2 2060 22. 7 

21 7H Fiber 7.8 2. 348 1. 6 1715 19.7 

None 6 . 5 2.365 3.0 2740 u.o 

TABLE 6 Effect of Saturation on Cohesive Strength of Los Angeles Pavement Mixes 

Standard L.A. Resurfacing Mix 

PLATE FLEXURE TEST,._-, 
After 

vacuum Saturation 
& 24 Hr. Immersion 140°F 

CELITE I Asphalt Density Water Load Deflection Load Deflection 
Content Content Permeability at at at at 

gm/cc ml/min. Crack Crack Crack Crack 
I Total Wt. 

l40°F 140°F 

(12" head) lb. inch lb. inch 

0 5.2 2.20 670 25 • 027 20 . 033 

1/2 5.2 2.16 154 45 .039 20 .033 

1/2 5.7 2.20 120 35 .038 40 • 038 

l 6 . 2 - 20 -- -- 40 .035 

1 6.7 2.30 2. 2 45 • 028 50 . 033 

2.2 7.5 2.285 1. 3 25 • 027 55 .039 

("') Gyratory Compacted Samples (6" diam., 1 1 / 4" Thick) 

.. 
60 "o 

~ .... so 
.: 
"' Q. 4 0 

,:c 
>- 30 
«> z 
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.....i . .... -............ .., 2.2% 
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UJ 

"" 20 >-
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::c 
V) 
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' :c 2. J C) 
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z: 2. 3 UJ 
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ASPHALT CONTENT, % wt. 

FIGURE 8 Los Angeles mix design. FIGURE 9 Resistance to drip-line erosion, Slauson Avenue. 
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TABLE 7 Slauson Avenue Core Analyses After 1 Year 

I. Std. Resurfacinq:l/2"Max Stone 
(a) 

Aspha l t Recovery, % 
(Ash Content, % of a sph a lt ) 

Density gm/cc 

Void Content, % 

Permeabili t y 
ml / min / in. he ad 

Th i ckness , in . 

Penet r at i o n o f Recove ry 
As p h al t at 77op 

TT. Sp AC i Rl Mix:1/8" MRx S~nn A 
(a) 

As p h a lt Content, % 

Asph alt Recovery (1 983) % wt 
Ash Conten t, % of aspha l t 

De n s i ty, gm/ c c 

Vo i d content , % 

Ai r pe rrneao i lit y 
ml /min / in . head 

Th ickn ess 

Pe n et r a tion of Rec o v ere d 
Asph a lt at 77op 

(a ) AR- 80 00 (30-40 pen) 

Chatsworth Avenue in Los Angeles in August 1993. The 
purpose was to evaluate the special 3/9 in. stone 
mix made with l percent diatomite and 6.5 percent 
AR-2000 asphalt (70 penetration). This softer as
phalt reportedly cannot normally be used for heavy 
traffic pavements because of slow setting proper
ties. However, when placed in August, adding diato
mite made the mix set up quic kly like t he standa r d 
pavement mix made with AR-8000 (hard) asphalt. Ini
tial core analyses demonstrated the higher retained 
penetration (60 percent) in the diatomite-modified 
mi xes , but all mi xe s s howed considera bl e asphal t 
hardening. 

Tests on these plant mixes also gave Hveem sta
bilometer values of 34 to 35 percent. 

The diatomite-modified overlay on ~hatRworth 
we stbound lanes was place d and compacted to a 1-in. 
nominal thickness without problems. The standard 1/2 
in. stone mix placed on the adjacent eastbound lanes 
was 1.5 in. nomlnal thickness. 

Paving Sheets 

The first tests on paving shee ts exposed to conce n
trated truck traffic at Denison, Texas, in 1982 con
tained only the high-bulk, high-grade Lompoc diato
mite and diatomite/asphalt ratios of 0.15 to 0.32 (2 
to 4.8 percent diatomite, 11 to 15 percent asphalt). 
In Figure 10 the relation between plastic flow ( in
crease in width) and asphalt content is apparent. 
Results imply that the minimum diatomite/asphalt ra
tio of 0.15 percent had optimum effect on stability 
and would permit approximately 2 percent total 
weight increase in asphalt content ( l percent in 
comparable asphalt concrete) without increasing the 
standard plastic flow. 

A second and more extensive series of tests on 

Con tro l 
(Std Mi x) 
5 . 2% a .c. 

4. 6 
0. 12 

2 . 2 55 

8.2 

1 06. 1 

1. 4 9 

1 0 

5. 2 

5.25 
(0. 56) 

2.235 

6 . 9 

1 6 6 

1. 2 1 

15 

10 

St".r1 n rli'lrrl 
asphalt -5 
c o ncrete 
e q u ivalent 

Diatomi te -Modif i ed 
~ % Di a bom 1 % Di atom 

6.0 % a.c. 6 . 5 % a .c . 

6.0 6.5 
1. 38 1. 93 

2.27 0 2.346 

6.2 1. 2 

45 . 4 1. 4U 

1. 4 6 1. 46 

15 21 

6. 0 6 . 5 

6.2 6 . 6 
( 1.19 ) ( 0.87 ) 

2.286 2 . 338 

6 . 1 1. 8 

10.9 0 . 6 3 

1. 22 1. 11 

16 2 1 

I 
STANDARD MIX / 

/ 

... •"" 

/ 
'/ 

/ 

I 

DIATOM!TE 

a. DIATDMIT E CONTENTS 

11 12 13 14 15 

ASPHALT CONTENT , t 

5. 5 6 . 0 6 . 5 7 , 0 7. 5 

( 4 . 0) a 

(4. 8). 

FIGURE 10 Resistance to plastic flow (Denison paving sheets). 

paving sheets at Lompoc in 1983 included diatomite/ 
asphalt ratios of 0.15 or lower. The data in Table 8 
demonstrate the effect of the high-bulk Lompoc diat
omite content on the control of plastic flow. 

Other paving sheets at Lompoc compared the e ffect 
of other grades of diatomite and other types or 
sources on resistance to plastic flow. Results plot
ted in Figure 11 show that a finely pulverized diat
omite failed to prevent excessive plastic flow. This 
confirms the necessity of adding diatomite to the 
pug mill after premixing the asphalt and hot aggre 
gate to minimize crushing of diatom particles. Pav
ing sheets that contain diatom! te made from a low-
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TABLE 8 Effect of Diatomite Content on Plastic Flow in Lompoc 
Paving Sheets 

grade California crude also showed excessive plastic 
flow. 

Asphalt Content 
% Total Wt. 

{equivalent to 
asphalt concrete) 

11 

12 . 5 

13 

(5. 5%) 

(6. 25%) 

(6. 5%) 

0 

4 . 4 

8 .2 

PLASTlC FLOW (6 Wks.), % 

Diatomite Content, (a) % 

1 (a) 

2 . 6 

4.7 

(12. O,est.-<(6. 8) 5 . 0 

A diatomi te from France was slightly less effec
tive in controlling plastic flow than the high-bulk 
commercial grade from California (Figure 12). Diato
mites from Spain and Mexico were one-third to one
half as effective. Results with paving sheets con
taining a Nevada diatomite stand out in Figure 12 
because with 13 percent asphalt content, excessive 
plastic flow continued through July and August. 

(a) Equivalent to 1/2 % in asphalt concrete . 

(b) Equivalent to 1% in asphalt concrete. 

Other data from Lompoc (not reported here) indi
cate that (a) reducing aggregate fines from 14 to 7 
percent in the sheet asphalt mix had little effect 
on plastic flow, and (b) with 164 penetration as
phalt, a diatomite/asphalt ratio higher than 0.15 
would be needed to control plastic flow in southern 
California. 
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FIGURE 11 Effect of grade of diatomite (Lompoc) on plastic flow. 
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FIGURE 12 Effect of source of diatomitc on plastic flow. 
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INTERPRETATION OF RESULTS 

Compaction and Asphalt Hardening 

Field tests have indicated that the high-grade 
Lompoc diatomite used in the field tests tends to 
promote pavement compaction. In Calgary, even with 
asphalt content below normal , adding 1 percent diat
omite gave higher initial density and much lower 
permeability than the control mix. The test pave
ments in all three cities also demonstrate a marked 
r e s istance t o i n i t ial asphal t h arden ing with or 
without a nominal increase in standard asphalt con
tent. In both respects, the diatomite-modified pave
ments during mixing and placement act like high as
phalt content pavements, as illustrated in Figure 5. 

The best explanation for these effects to date is 
that the diatomite extends the volume of hot asphalt 
mastic , By o ut - gassing of adsorbed water ( 6 percent 
o f diatomite weiqhti, adsorption of aspna1-c is ap
parently delayed until the mix cools below about 
200°F, The high-bulk diatomite has an absorption 
capacity equal to 3 times its weight of asphalt. One 
percent diatomite could theoretically extend the 
volume of 6 percent asphalt by 50 percent. Actually, 
the volumetric extension and delayed absorption is 
much less than theoretical maximum and depend s on 
asphalt viscosity, aggregate fines, and so forth. 
This explanat i on could e,cpl~in the observed effects 
of diatomite on pavement properties. Note that poor 
performance of some types or sources of diatomite 
(Figure 12) could be related to asphalt absorption. 

Stabil i ty 

Considering the twofold function of fillers (]), in
terparticle contact, and increase in asphalt con
sistency, the first term appears to describe the 
main e f fect o f low diatomite contents. By us i ng the 
t erm microagg regate f or f ine fillers , a te r m coined 
by Tons and Henault (9), a primary function of diat
omite appears to be i;creasing microaggregate inter
lock. Because diatom structures are 85 to 90 percent 
voids after complete absorption, 1 percent diatomite 
with 6 ,5 percent asphalt may occupy up to 55 pe rcent 
of t he a sphalt mastic (excluding roc k dust). With 
rock dust included, the total point-to-point inter
p art i cle c ontact ana int ernal fr- i.c tion wit:hin t he 
mastic films must be greatly multiplied. Differences 
in physical properties of diatomites (e.g., effec
tive absorption, particle size) help to explain the 
results shown in Figures 11 and 12. 

The fact that diatomite increases asphal t mastic 
viscosity and cohesive strength or pavements is its 
second function. However, pavement performance to 
date shows little correlation between high diatomite 
contents (and resulting high cohesive strength) and 
pavement stability for mixes with diatomite/asphalt 
ratios greater than 0.15 and with AC- 10 asphalt. 

Us e of t oo muc h d iat omi te cont ent whe r e absor p
tive capacity equals or exceeds the volume of as
phalt present could possibly cause water suscepti
bility problems. 

Crack Resistance 

The standard pavement adjacent to the test sections 
in Houston shows very fine but extensive cracking, 
both longitudina l cracking in the wheel paths and 
short transverse cracks extending out from joints in 
the gutter. No fine cracking is visible in the diat-
,...'".;+-o.-mnr=1.;4=.;l"!,;1 C!ft,.. .. .;,.U-.C! (maria. M.;f-'h C!l""l-f'+-o.,.- .::i,eph:iil f. \ • 

However, several coarse, random reflection cracks 
are visible in the test section with high diatomite 
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content mix at the south end ( intersection) and in 
the adjacent standard overlay. 

There is no evidence from other test sections that 
adding diatomite to asphalt concrete will alone 
greatly affect reflection cracking. However, by per
mitting use of softer asphalt (e.g., AC-10), diato
mite should give significant resistance to some 
types of reflection cracking, as it did, for in
stance, in Houston. 

MIX FORMULATION 

The criticality of the 0.15 minimum diatomite/as
phalt ratio, based on the paving sheet re s ults, was 
not recognized until after the 1982 test pavements 
had been placed. A typical asphalt concrete (e.g., 
one of those placed in Los Angeles) that would meet 
the stability criteria for heavy city traffic would 
i nc lud e l percent diatomite ( the h i gh- bulk, h igh
quality Lompoc type) and 6.5 percent asphalt 
( AC-10) • The aggregate recommended for thin surface 
overlays is 3/8 in. maximum size stone (e.g., the 
special 3/8 in. stone mix first placed in Los 
Angeles in 1982 and 1983). Note that both of these 
plant mix samples contained 6.5 percent asphalt and 
both met the California stabilometer criteria for 
stability. Use of diatomite with less than 5. 7 per
cent asphalt is not recommended for general use, 
based on the dat a given in Table 6. 

CONCLUSIONS 

1. Adding dia t omite during o r a fte r the no rma l 
wet mix cycle in batch plant production proved to be 
an effective way to avoid both pulverizing of diato
mite when added in the dry mix cycle and loss of 
airborne diatomite particles by dust collection. 

2. Cor e a naly ses c onsis t e nt l y showed muc h less 
asphalt hardening in the diatomite-modified pave
ments than the standard or control pavements. 

3. With the high-grade, high-bulk Lompoc diato
mite, a minimum diatomite/asphalt ratio of 0.15 
maintains stability of asphalt concrete with AC-10 
(85 to 100 penetration) asphalt. Where stability of 
asphalt concrete is adequate, 1 percent diatomite 
should allow an increase in standard optimum asphalt 
content of 1 percent total weight of mix. 

4. Adding diatomite consistently facilitated 
compaction of dense-graded pavement mixes, even 
without increasing asphalt content: after 2 or 3 
years of heavy city traffic the pavements appear 
capable of mainta ining stability desp ite low vo i d 
c,ont ents. 

5. Several other types and sources of diatomite 
did not control pavement stability under heavy traf
fic. Although none of the test pavements with high
bulk, high-grade Lompoc diatomite shows any evidence 
o f water susceptibility, other types of diatomite 
(impure , low absorption , and so forth) may cause 
such problems. 

6 . The c ombined effects of the Lompoc h i gh- bulk 
diatomite, such as compaction, abrasion resistance, 
and increased cohesive strength of asphalt hot 
mixes, suggests special benefit to thin pavement 
overlays. 

Many dense-graded pavements, such as those used 
in these field tests, may require one of the surface 
treatment methods that create the macrotexture re
quired for high traffic speeds, that is, open-graded 
friction courses (OFC), aggregate sprinkle treat
ments, or grooving. The impermeability typical of 
diatomite-modified dense-g raded pavements could 
prove valuable, however, in binder courses used to 
support OFC surface overlays. 
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Combo Viscoelastic-Plastic Modeling and Rutting of 

Asphaltic Mixtures 

A. ABDULSHAFI and KAMRAN MAJIDZADEH 

ABSTRACT 

Constitutive equations used in solving the 
boundary value problem of flexible pavements 
employ linear elastic or viscoelastic 
theory, Accordingly, permanent deformations 
are calculated based on elastic or visco
elastic deformation laws. Advances in the 
field of constitutive modeling of materials 
indicated the need to develop a constitutive 
relationship that better replicates as
phaltic mixture responses under various 
loadin<J and environmental conditions. Tn 
this paper a one-dimensional combo visco
elastic-plastic constitutive model composed 
of Burger-type mechanical elements connected 
in series with a friction slider is used. 
The friction slider is the mechanical repre
sentation of plasticity with a Drucker-

Prager yield criterion. This model is solved 
under creep phase loading conditions, and 
the solution is used to develop a rutting 
model that incorporates a densification 
phase represented by a relaxing spring. 
Within the verification of the constitutive 
model a true yield line has been identified 
and used instead of the Mohr-Coloumb failure 
1 ine. The two developed models are supple
mented by appropriate experimentation phases 
to identify and numerically evaluate the 
relevant parameters. Experimentation is 
based on actual existing routine methods, 
with proper adjustments, modifications, or 
extensions to comply with proper evaluation 
of the model parameters, and kept as simple 
as possible to encourage wider user accep
tance. An example using actual data is 
worked out and compared with results ob
tained from the VESYS III structural subsys
tem program. 
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Flexible pavements have traditionally been designed 
as multilayer elastic systems, in which each layer 
is assumed to be isotropic and homogeneous. Alterna
tively, the design could be based on an equivalent 
full-depth asphaltic concrete layer constructed by 
using layer equivalency concepts. Design techniques 
are based on analytical study of quasi-static algo
rithms with loading conditions of a slow-moving ve
hicle. 

Design approaches based on performance were in
troduced in the early 1970s and are based on design
ing a flexible pavement to gua rd a g a inst functional 
or structural failures. Functional failures are more 
subjective in nature because they are associated 
with road user riding quality. Structural failures 
ar e dominantly caused bv rutting (or permanent de
formation) or fatigue cracking (l,1>• These observed 
distress failures introduced a set of empirical lab
oratory-evaluated equations that were then raised to 
the phenomenolngir.;,,l lPVPl hy correlating their co
efficients with the material constitutive system 
constants and loading conditions. In addition, mech 
anistic models have been proposed and applied to the 
design, thereby contributing to a better understand
ing of the damaging mechanisms involved, especially 
for fatigue cracking (3-5). 

Advances in the fields of material characteriza
tion and fracture mechanics necessitated more 
research i nves t i qa t ions in t he area of flexible 
pavement structural failures, particularly t he de
velopment of constitutive relationships that better 
replicate material responses such as viscoelasticity 
a nd v iscoplastic i ty (i.e. , viscous-elasic-plastic 
elements combined in any configuration) with and 
without yield surfaces, which describe cracking 
mechanisms such as elastoplastic fracture mechanics. 
Viscoelastic characterization of asphaltic materials 
has been investigated ( 6-9) , and computer programs 
that input the creep compliance or relaxation mod 
ulus have been implemented (10,ll). Viscoplasticity 
with yield surface as a constitu t i ve relationship 
has been developed in the field of solid mechanics 
(12-15) and has recently been applied to soils (16). 
~R~ting and fatigue are major field problems. 

Rutt i ng h as been e xte nsively s t udied at t he empiri
cal and phenomenological levels (1_,.!l_, 17-19), with 
no attempt to characterize the asphalt mix as other 
than linear elastic or viscoelastic. Accumulations 
or f.'~l·ff1aneni:. UefoLmaLiof1 were c a l c ula t ed by using 
elastic and viscous deformation laws. Thus it is not 
surprising that unsatisfactory correlations with ac
tual field performance still exist: however, these 
r.orrelations cou l d be i mproved if concepts such as 
those previously cited were used. 

The objective of this paper is to attempt to 
bridge part of the existing gap in correlation be
tween laboratory and field performance by outlining 
and discussing the development of a viscoelastic
plastic constitutive relationship to characterize 
asphalt mixtures and to predict rutting. The fatigue 
problem will be addressed separately in a future 
paper. 

VISCOELASTIC-PLASTIC MODELING OF ASPHALTIC MIXTURES 

The total strain of asphaltic mixtures under a sin
gle impulse load can be decomposed into a recover
able part (elastic and viscoelastic) and a nonre
coverable part (viscous and plastic). By using 
vectorial notations, this is written as 

!., (t) = ~E + !.,ve)recoverable + (~v + f PL)nonrecoverable (I) 

··'----n 11 ,;;;; J,. ,;;;; 

dt) total strain response vector: 

~E 

Evp (t) 

~PL 
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elastic strain vector (time independent), 
recoverable: 
viscoelastic strain vector (time depen
dent), recoverable: 
viscous strain vector (time dependent), 
nonrecoverable: and 
plastic strain vector (time indepen
dent), nonrecoverable. 

Because plastic strains are preceded by elastic 
or viscoelastic response, it is instructive to rear
r a nge the t erms in Equat i on 1 a s fo llows : 

(2) 

where, in this equation, c,,,.. represents both the re-~·-
coverable and nonrecoverable parts of the viscoelas
tic strain response and ~EP represents an elastic re

~n~~r~hlP Strain rP~pnn~P ~~~n~i~tP~ wj~h nnnre
COVerable plastic strain response. In fact, this 
arrangement lumps the time-dependent response in a 
viscoelastic element and the time-independent re
sponse in an elastoplastic element. In the following 
sections, a viscoelastic-plastic constitutive model 
will be developed based on this strain decomposition. 

Elastic-Plastic Strain Response 

It is generally assumed that plastic deformation 
(yielding) does not commence before the stress path 
reaches a surface in the stress space called the 
yield surface. The total elastic-plastic strain re
s ponse f or a stre ss sta te on the yie l d surface i s 
made up from the contributions of an elastic re
sponse within the yield surface added to the plastic 
response. Mathematically stated, 

!, EP=fE+~PL (3) 

Further, at any stress level, the total stress is 
related to the elastic strain through Hook's law as 
follows: 

( 4) 

where cr is the total stress vector and ~E is the 

e l-:1...stic constitutivf:' rn;,t:ri )( . Ry substituting Equa 
tion 4 into Equation 3, it can be rearranged to ob
tain 

(5) 

The next step is to eliminate the plastic strain 
response in a similar manner; however, this requires 
understanding the assumptions of the theory of plas
ticity. The four cornerstones of the classical 
theory of plasticity are based on the existence of a 
yield condition, a surface hardening condition, a 
flow rule, and a hardening rule, as discussed in the 
following list (l through 4). 

1. The yield condition is a scalar function to 
determine the onset of plastic deformation. It can 
be written in the form (~): 

/

<0 no yielding 
F(~ , ~ .~PL, k) = f(~, ~.yd- <k> = 0 onset of yielding (6) 

>0 unattainable 

where 

Pi2,~,~PL'~} - y~~,~ ~~"~;~4nni 

cr = any stress state on the yield sur
face, 

---
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K prestress state that generated the 
present yield surface, 

£PL plastic strain, 
-k = yield parameter, 

f(o,K,£pr) = loading function, and 
- - -<k> = yield parameter that can be a func

tion of the plastic strain. 

The loading function is usually chosen referenced 
to the invariant stress space. In multidimensional 
stress space, the vector argument of the loading 
function allows much freedom in choosing its form to 
suit the required material characteristics. For ex
ample, if plastic flow is not affected by hydro
static stress, as in the case for most metals, then 
the loading function could be expressed in terms of 
the second invariant deviatoric stress, J 2 • If, on 
the other hand, plastic flow is affected by both 
shear stress and hydrostatic stress, as is usually 
the case in soils and asphalt mixes, then the load
ing function would more appropriately be expressed 
in terms of both the first and second invariants of 
stress. Further, the loading function serves as a 
test for whether or not plastic deformation occurs. 
For F = o, the current stress state is on the yield 
surface, and for an increment of stress do (which 

could be in a direction different from that of the 
outward normal to the yield surface, n), the equa-

tion is 

1

>0 plastic loading 
(af /a a)· da = 0 neutral loading 

- - - <0 elastic (or viscoelastic) unloading 
(7) 

where af/aa is the gradient of the loading function; 

its direction is in the direction of the outward nor
mal to the yield surface, ~-

2. The surface hardening condition is the law 
that describes the movement of the yield surface 
during plastic deformation in the stress space. The 
yield surface translating in space as a rigid body 
is kinematic hardening; if it dilates or contracts 
without either change in shape or translates in 
space, it is isotropic hardening. Various movements 
of the yield surface can also be described, such as 
anisotropic hardening ( same as isotropic but with 
change in shape) or universal (mixed) mode hardening 
where both isotropic and kinematic hardening are in 
effect. 

3. The flow rule is the relationship between the 
stress and strain during plastic yielding. The di
rection of the plastic strain can be normal to the 
yield surface (associated flow rule) or can be in
clined to this surface (nonassociated flow rule). 
Because plastic strain is a vector in multidimen
sional space, then its inclination is hypothesized 
to be due to the fact that not all the loading func
tion is effective in pulling the yield surface, but 
only a part of it. The acting stress is also a vec
tor in multidimensional space that can be decomposed 
into effective and noneffective stress vectors. The 
effective stress vector can evidently have a unit 
normal in a direction different from that of the 
whole stress vector. 

4. The hardening rule is the mathematical ex
pression that provides the value of the hardening 
function or coefficient as a measure of thermody
namic state variable, namely, work h~rdPning and 
strain hardening. The choice between the two is a 
matter of experimental or calculable convenience. 

Because the onset of plastic deformation only 
needs an increment of stress on the yield surface, 
it is more sensible to deal with the incremental 
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theory of plasticity. In fact, all of the preceding 
equations could be obtained in compliance with this 
theory by replacing o, £, t, and so forth by their 

corresponding increments do, d£, dt, and so forth. 

The plastic strain increment could be written as 

(8) 

where~ is the magnitude of plastic strain increment, 
and m is the unit vector in the direction of the 

plastic strain increment. Based on Prager's assump
tion (21), the effective stress vector (n • do) is 

related to the magnitude of plastic strain increment 
by the following equation: 

>..=(I /H)({ · d£;) (9) 

where ~T is the transpose of the yield surface out

ward normal and H is the hardening parameter that 
could be found experimentally, as will be shown 
later. Substituting Equation 9 into Equation A yields 

By some mathematical manipulations (22-24), the fol
lowing can be obtained: 

(I I) 

where 

Equation 11 is the elastic-plastic constitutive 
equation in multidimensional stress space. 

Model Development for Asphaltic Mixtures 

To devise a simple test to obtain the required pa
rameters that characterize the elastic-plastic re
sponse behavior of asphalt mixes, Equation 11 must 
be reduced to a one-dimensional equivalent. Figure 1 

r 
-1 

Visc oela s tic/ 9 lasti c re1resentation 

d" 

.-oo~~~~.~,,:,-~~v;~~~·~•~.~~~~~l!llill-~~-oo--+ 
dn C 

·2 
p 

'E ' o 

Ela s to-Pl2stic renr esentation 

I y 

Viscoelasti c Three-rar11rieter re1resentntion 

FIGURE I One-dimensional mechanical models. 
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shows a one-dimensional mechanical model representa
tion. The following assumptions are made: 

2. 

(a) Yield parameter: isotropic hardening, 
K = K0 + 6K 

(b) Loading function: 
(i) Von Mises--f(~) = /;f'i_" 
(ii) Drucker-Prager--f(o) = aI1 + ~ 

Associated flow rule: n = i 
3. Hardening parameter 

plastic work, H = H(Wpl, 
is a function of the 

where 

K - yield p~r~met e r (measure the curr~1~L 
cone or cylinder radius): 

K0 = cone or cylinder radius at initial on
set of plastic deformation; 

t.K • incremen t of inc rease in c one or c y lin 
der radius due to plastic strain in
crement, 

I 1 octahedral normal stress= 1st stress 
invariant = (1/3) (01 + 02 + 03): 

J2' = 2nd reduced stress invariant= 
(1/6) [ (01 - 02) 2 + (02 - 03) 2 

+(0 3 -01)']: 
01,02,03 principal stresses; and 

n ~ scala r n1 ul tiplier that measures the 
rate of increase of the cone radius 
along the hydrostatic stress line (the 
cone c en t e r line). 

Note tha t if a= 0 , the Druc ke r -P r ager yield 
condition reduces to that of Von Mises. In conclu
sion, a Drucker-Prager yield condition is the gen
eral case, where a, K, and H(Wpl must be found 
experimentally to uniquely define an asphalt mix 
con s t itutive equation . Cylinderical triaxial tests 
could be used for that purpose. The stress path of 
this test fixes a point on the yield surface where 
Von Mises, Tresca, Drucker-Prager, and Mohr-Coloumb 
yield surfaces intersect. Thus the use of the Mohr
Coloumb yield criterion to obtain parameters for any 
of t he p rev ious y ield conditions is justified. Fig
ure 2 shows a Mohr-Coloumb failure line that can be 
expressed mathematically as 

r = C + o tan </i (I 2) 

FIGURE 2 Mohr-Coloumb stress state graphical representation. 
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where 

T = shear stress at failure, 
__ ,._ - - J - - J - • - - - - - • 
._._,,,coJ..v,, J..1t1-CL'-'Cl:-''-r 

a= normal stress at failure, and 
~ angle of internal friction. 

Because it is known that 

and by substituting Equation 13 into Equation 12 and 
doing 9ome rearr<!luyluy , 

a1 - ((1 - cos 28)/(1 + cos 20)] a3 - [(2C sin 28)/(1 + cos 28)] = 0 (14) 

t 'or stress states typical of that found in triaxial 
tests, 02 = 03, 

Substituting Equation 15 into assumption b-ii of the 
yield condition gives 

(16) 

The triaxial test previously cited is not currently 
considered in routine asphalt testing. Thus it is 
desirable to find the two model parame t e rs (a and 
K) from other inde pendent tests that are routinely 
performed, such as direct compression and indirect 
tension tests. If it is assumed that asphalt mixes 
are a un imodulat material, and by setting 03 = 0 
and using some mathematical manipulations (~, then 
Equat ion 16 will be reduced to 

(17) 

where -01 and +01 are t he compressive and tensile 
ultimate stresses , respectively , ann sgn (ai l denotes 
the sign of the major principal stress (uniaxial 
stress in this case). A major criticism of this 
scheme is using the Mohr-Coloumb failure line as a 
yielding line. Fortunately, actual yield points in 
tension and compression of asphalt mixes can be 
found by using creep test data. The third quantity 
to be determined is the hardening parameter, H. For 
a one-dimensional model, do= do1; dcpL = dcpL; n 

' . ~ m = n1 • Hence by substituting these in Equation 10, 

where do1/dcpL is the instantaneous slope of the 
RtreRs-plastic strain curve, and 

n1 = 2[a +y3 sgn(a1 )] /v'6(2a2 + 3) (19) 

The procedure for determining the plasticity param
eters a, K, and H(Wpl is as follows: 

1. The stress-plastic strain curve is estab
lished from appropriate tests by deducting all other 
strains from the total strains. 

2. The slope of the curve is found at selected 
appropriate points, and these values are multiplied 
by nf to get H. 

3. Values of the plastic work done (Wp = 0 JEa1ac 
= area under the a - £pL curve) is found, and the 
curve-fitting H versus WP is established. 

4. This will give H (Wpl, which is the rP.quired 
hardening parameter. 

5. The values of the a and K parameters could 
be obtained from creep test data (22) as well as in
direct tension and uniaxial compressive strength 
tests. 

--
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Substitute Equation 18 into the incremental equiva
lents of Equations 3 and 4 to get 

where 

CEP = elastic-plastic compliance= (J/E2) + <nr/H(Wp)> 

and 

IO if a < ayield 

<nr/H(Wp)> = 
n ?/H(W p) if a ;;, a yield 

(20) 

Equation 20 is the governing equation for the re
sponse of the elastic-plastic element. 

Viscoelastic Strain Responses 

Figure 1 includes the one-a imensional viscoelastic 
element to be solved. The governing differential op
erator equation is easily found to be (~ ) 

(21) 

where d/dt is the time derivative. Because creep 
tests will be used for model verification, then by 
imposing incremental creep phase loading conditions, 
da1 = dcr = const., Equation 21 will yield the 
following solution: 

where 

(22) 

viscoelastic compliance (t/n2l + (l/E1) 
{1 - EXP [-(E1/n1)t]}, 
time scale, 
uniaxial elastic spring coefficient, and 
viscous coefficients of the corresponding 
dashpots. 

Equation 22 is in the form of the required visco
elastic strain response. 

Viscoelastic-Plastic Strain Response 

Substitute Equations 20 and 22 into Equation 2 to 
obtain 

where CvEP is the viscoelastic-plastic compliance, 
that is, 

Equation 23 represents the mathematical relationship 
of the viscoelastic-plastic mechanical model for 
asphalt mixes, where the parameters E1, E2, n1, n2, 
«, K, n 1 , and H(Wpl could be found experimentally. 

Rutting or Permanent Deformation Model 

Rutting is defined as the accumulation of permanent 
deformation in the wheel path and is caused by one 
or more of the following mechanisms: densification, 
viscous flow, and plastic deformation. If no inter
action is assumed among these mechanisms, then the 
one-dimensional mathematical relationship that de
scribes the permanent deformation will be 

where 

23 

(24) 

permanent total deformation; 
permanent deformation due to densifica

tioni it could be represented by an in
series mechanical relaxing spring with 
constant ~

0
i 

time-dependent viscous permanent deforma
tion; and 
time-independent plastic permanent defor
mation. 

By using the relevant elements of the visco
elastic-plastic model, Equation 24 could be written 
as 

where 

CP = {(J/Ep
0

) + (t/1J2 ) + < [nf/H(Wp)] >}, 

l 
ac in uniaxial compression 

a1 = 
a1 in uniaxial tension, 

Ep
0 

= densification spring modulus, and 
))2 = coefficient of viscosity of the in-series dash pot. 

(25) 

Equation 25 represents permanent deformation 
caused by a constant stress-loading condition acting 
for an arbitrary time t. An immediate permanent de
formation due to densification will occur and may or 
may not be accompanied by plastic deformation, de
pending on the magnitude and sign of the stress. 
Contrary to that, the permanent viscous deformation 
\s effective only after a time step is de.fined . On 
the other hand, experimental testing for rutti~g es
tablishes the relationship between the permanent de
formation per cycle (£pl and the number of cycles (N) 
at the measured values of £p by procedures found 
elsewhere in the literature (l.!_,.!2_,li). The general 
form of this relationship is 

where 

£ I 

Pace 
Kl 

N 

m 

(26) 

average accumulated permanent deformation 
per cycle, 
accumulated permanent deformation, 

£pat N = 1, 
number of cycles at measured permanent 
deformation, and 
slope of the log £p - log N relation
ship. 

By substituting £p' = £(t) - £VER• 
total deformation and £VER is 
recoverable deformation, then 

where £(t) is the 
the viscoelastic 

Then substitute £VER 
arrange terms to get 

(27a) 

a 1/E' in Equation 27a and re-

(27b) 

Finally, substitute Equation 27b into Equation 25 to 
get 

(28) 
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where 

I (E 'l Ep0 ) + (E 'lT12)t + nf [E 1H(Wp)] if a> a yield, t > 0 
!F 'I F .. ) + (F 'In, ) t if" < " , ,, t < n 

E tEp0 1f a < ayield, t - 0 
J<..2la,tJ = 1 · ·· •o· - . ,•s•- -

(E /Ep0 ) + nf [E 1H(Wp)) if a> ayield, t = 0 
E '= retarded olustic creep modulus= 1/((1 /E2 ) + (1/Ei) {1 -

EXP [(- E1 / l)t)} ). and 

No = design number of load repetitions. 

Recalling the principle of exhaustion of ductility, 
then c(t) could be found from any monotonic 
s;trPRR-Rtrr1in rlia')ram s1.1<:-h a<; th0'>e routinely usi<.'rl 
in asphalt mix testing. The important contribution 
here is that K2 (o, t) in Equation 28 reflects the 
effects of the different constitutive mechanisms to 
tho occumulntion of a rut depth that, in turn, r~ 
tionalize decision alternatives. For example, if the 
contribution of densification is more dominant than 
that of the viscous and plastic deformations, then a 
decision on raising the compaction level of the as
phalt mix pavement is rationalized. Similarly, if 
plastic deformation is dominant, then a decision to 
reduce contact stress or stiffen the mix with admix
tures could be made. On the other hand, if viscous 
deformation is dominant, then consideration can be 
given to improving the asphalt cement (AC) viscosity 
by mixing grades or using additives. And if the 
ranges of K1 and m can be established, then a 
d es ign scheme fer rutting could be implemented. In 
the next section an example is presented to show 
numerically how the procedure given in this section 
is used in calculating the laboratory-evaluated 
permanent deformation. 

EXPERIMENTATION 

Materials, Specimen Preparation, and Testing Program 

This phase consisted o f five laboratory-prepared re
cycled asphalt concrete mixes and their respective 
extracted field cores. Specific information on the 
mixes is given in Table 1. 

The percentage of rejuvenator in the mix was se
lected on the basis of constructing viscosity design 
nomographs, which were used by targeting at a blend 
of 2000 poises absolute viscosity at 140°F to obtain 
the required percentage of rejuvenator (26). A total 
of 295 laboratory samples were prepared- to conduct 
various tests, such as 

1. Diametral modulus of resilience (MR) 
Marshall-sized samples at 40°, 70°, and 100°F; 

2. Indirect tensile strength (ortl using 

TABLE 1 Mix Information 

Mix No, Location State 

1 SR-91 Florida 

2 I-94 Michigan 

3 M-SS{a} Michigan 

4 M-SS{b} Michigan 

s M-SS{c} Michigan 

on 

the 
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same type samples and test temperatures as used for 
MR; 

3. Unconfined compressive strength on 4 X 

4. Incremental static compression rutting-creep 
test on 4 x 8-in. cylinders at 40°, 70°, and 100°F; 
modification is included (22) to account for deter
mination of the friction element parameters in com
pression; and 

5. Incrementa l static indirect tension rutting
creep test on cylinderical discs 4 in. in diameter by 
2.5 in. in height at 70°F; modification is included 
('-?.) tn M·<:-n11nt for determination of the friction 
element parameters in tension. 

The test results from these series of tests are sum
murized in To.Lli::"s 2 auU 3. 

MODEL VERIFT~A~IONS 

Verification of Viscoelastic-Plastic Model 

Elasto-Plastic Unit 

Characterization of this model requires determining 
the yield condition parameters (a and K) and the 
hardening coefficient H. This is done as follows. 
First , the yield condition parameters are deter
mined. '!'he data in Table 1 summarize the results ob
tained on mixes 1 through 5 and give the MR, ort• and 
qu values for the laboratory-fabricated samples and 
the two extracted field core assignments (1s t as
signment taken immediately after construction and 
2nd assignment take n o ne year lat e r) . Te s t s were 
conducted at 40°, 70°, and 100°F for the MR and ort• 
The following example uses the Florida mix (mix 1). 

Step 1: Direct Application of Classical Theory of Plasticity 

Use Equation 17 to obtain 

!
- 802 psi compression 

±01 =3K0 /[o,+y'3 sgn(a1)] = 
+ 160 psi tension 

Then the following is obtained: a= 1.156, K0 = 154 
psi, and arctan a = 49.1°. Then substitute Equa 
tion 19 to get 

! 
0.9802 in tension 

nf = 
0.039 in compression 

Mix Proportions Rejuvenator 

Reclaimed New Agg. Type, % / %aged Asphalt 
% % 

65 35 AER, 38% / 62% 

85 15 AC-5, 81% / 19% 

so so AC-20, 54% / 46% 

so Sil AC-20, 45% Cyclogen, 1U% 
/ Aged Asphalt, 45% 

so so Sulfur, 60% / 40% 

... --
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TABLE 2 Test Results Summary (au, MR, qu, I) 

MIX No . 1 MIX No. 2 MIX Illa - 3 MTX llln ~ MTY • .., c 

LAB FIELD FIELD 
LAB 

FIELD FIELD 
LAB 1s~I~'st 2n~I~'st 1st ass. 2nd ass. 1st ass. 2nd ass. LAB LAB 

40°'1 243. 42 306-19 274. 40 232.02 291-8 238-48 3US.23 3U3. 4U i:35°4U 231-19 

70't 160. 71 62-58 58-83 109-98 57-25 55.95 113-97 61-93 Sb.SU 1U4.65 2i:9. 75 
OJTpSi 

1oo't -39.57 15. 74 16-93 19.79 9-28 26-5 15-19 16. 58 11 -13 17,1U 3-567 

40't 1-352 2-61 2.27 1-304 2.97 2.82 1-146 3.74 3.33 LJ.418 3-567 

rn 709' 0-607 o. 706 1.07 0-541 0.92 u.,:12 0-26 u.93 1-26 u.c4ii c-U18 

X 106psi 
1oo<r 1. 2!i6 0-203 u.303 0-193 0,061 0,123 U, 1(]4 0,033 0-145 U,168 U,U37 

qu 763 521l 706 '132 565 484 546 8113 48U ti13 

Inmersion q * 802 585 719 539 564 700 470 657 438 1UU4 

Compress, 
psi I% 95 'lO 98 80 100 69 100 100 1W 81 

qu = unconfined compressive strength after immersing in water 

q* = unconfined compressive strength 

I = qu / q* = index of retained strength 

TABLE 3 Strain from Uniaxial Compression Creep Tests (x 10·3 in.fin.) 

Stress 
t = 1,0 t sec, = 3 , 0 sec ~ t = 10,0 sec. 

psi 
c t r t et 

EC era ePI e 
C c Po CPL e CPO CPL C 

20 ,563 1,14 0,0 -625 1,14 o.o -813 1.14 o.u 

Hence, 

40 

60 

80 

120 

160 

e 
PL 

1.12 2-28 0,0 1.25 2-28 0,0 1-63 2 -28 

1,69 3 . 52 o.o 1,88 3.52 a.a 2,44 3 . 52 

2,56 5-895 , 31 2,81 5,895 , 31 3,52 5-895 

4,68 6 . 0 1,31 s.01 6 , 0 1-26 6,08 6 . 0 

7,31 6-0 2,81 7.7 6 , 0 2, 7 9-23 6 , 0 

plastic strain= et - J{t} x o - epo 

J{t} = {{64.25 + 0,00475t} - {9,73e-O.Ul8St + 8,97 x 

e-0,13658t + 1be-0.4688t}} microin,/in/p,s.i. 

u.u 

u.o 

,27 

1 ,2 

2. 73 

(29) 

Step 2: Modification to Step 1 

Step 1 assumes that yielding commences when o ~ ±o 1 
(maximum compressive or tensile strength of the ma
terial). Intuitively, however, yielding starts at 
some level of o < 1011, Consequently, a yield value 
of the material in both tension (oyptl and compres-

sion (oypcl should be obtained and substituted in-

t = 30 sec. t = 1UU sec, t = 1UUU sec . Aver. 

" t " t · t Valu, 
r CPO e C '1>o e r CPO e 

CPL C PL C PL C PL 

.9 1,14 o.o 1-063 1 , 14 u.u 1.375 1 , 14 U,li U,U 

1,8 2.28 u.u 2.13 2-i:b U,Ll 2, 75 2,28 Ll,U U,U 

2. 7 3.52 u.o 3,19 3 , 52 u.u 4-13 3 ,!,2 u.u U, U 

3-89 5-895 .23 4.4 5.895 . 15 !,.6 5-89'' .l, -2c 

6 .35 6 , 0 . 95 7.u 6 , U .112 9,U 6,U . 74 1,U4 

9.81 6 , 0 2,61 w.s 6,U 2.u 13-59 6 , U 2-!i~ c!,60 

stead of ±01, These values for asphalt concrete are 
found by plotting the relationship between the 
steady-state creep rate (Essl of the creep data under 
different stress levels versus the stress. 

The rationale for using this method to find the 
yield point of asphalt mixes is based on the find
ings of many investigators regarding factors affect
ing creep. One of the simplest relationships between 
stress and steady-state strain rate, found to apply 
for certain metals and alloys, is of the form 

Ess:::;; Ao" (30) 
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where £ss is the steady-state creep strain rate and 
A,n are the material constants that are stress de
pendent. 

- • - • • - . ,.. t . - - --- -~ "I 
\ld..J.Ut:b UL. 1l IICIVt:: UO:::t::11 1. t:::pu1. LCU .LIi \..UC:: .L t.4••'=1~ ._.._._ ..,_ 

to 10. Asphalt mixes at low stress and strain levels 
are considered linear viscoelastic, that is, n = 1 
and Ao= constant. However, at high stress levels it 
becomes nonlinearly stress dependent. For a visco
elastic-plastic system, the friction slider repre
sents the element that possesses material nonlinear
ity. Consequently, a plot of ~ss versus o should 
reveal the stress at which nonlinearity occurs; that 
is, the friction slider element activated. This 
stress level is termed the yield point, oyp• Figure 

3 shows the ;ss - o relationship; as expected, the 
coefficient of the in-series dashpot of the fitted 
Burger mechanical model does not change value up to 
a stress level of 60 psi. This substantiates the 
previous linear viscoelasticity hypothesis of as
phalt mixes. The same plot is made for the indirect 
tension creep tests where this test was found to be 
sufficiently sensitive to the stress level, such 
that this finding could not be detected. Back extrap
olation to Ess = 0 gave the following values: 

crypt= 3 psi,oypc 75 psi. 

Using these values instead of ±o 1 gives 
K0 = 3.33 psi, arctan o = 57.9°, and 

1
0.911 7 in tension 

n? = 
0.00145 in compression 

0 = 1.599, 

Such results are not compatible with those obtained 
under Mohr-Coloumb failure criteria. Determining the 
hardening coefficient will be done after determining 
the viscoelastic model parameters. 

Determination of Viscoelastic Unit Parameters from 
Rutting-Creep Tests 

Compression and tension rutting-creep tests were 
conducted on 4 x 8-in. (diameter x height) cylinders 
and 4 x 2.5-in. (diameter x height) discs, respec
tively. Test results are given in Table 3 and 

in Figu.res ~ and 5, 
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for different stress levels. A mechanical model for 
the 20-psi stress level is found by using the non-
1 inear SAS regression program. From these fittings, 

pendent on stress level. For stress levels of 20, 
40, and 60 psi, the in-series dashpot and spring 
constants are identical, but Kelvin element con
stants vary. The SAS program was used to fit the 
creep data by an equation of the form 

e(t) = oW0 + ~1 * t + ~2 [I - EXP (-~3 t)] f (31) 

which corresponds to a Burger model type response 
under creep loading conditions. The SAS program gave 
the following result: 

e(t) = (a/ 106) 129.55 + 0.00475 i + 1.73 [I - EXP (- I 949.6t)]f (32) 

from which the mechanical Burger model coefficients 
are 

2.105 x 10 8 psi-sec, E2 
2.958 x 10 8 psi-sec, E1 

3,384 X 105 psi. 
5,767 X 10 5 psi. 

To determine the hardening coefficient H from 
fitting creep data by a Burger model, the creep com
pliance in uniaxial compression J (t) is calculated 
at the lowest stress level (20 psi) and by the lin
earity assumption; this creep compliance is indepen
dent of stress level. At higher stress levels, plas
tic deformation occurs and can be calculated from 
Equation 33, although a slightly different approach 
was adopted in the calculations in Table 3: 

where 

c(t) 

Ep 
EpL 

£Po 
0 

J(t) 

total deformation, 
permanent deformation, 
plastic deformation, 

(33) 

permanent deformation due to densification, 
stress level, and 
creep compliance evaluated at the lowest 
stress level below the yield point. 

The stress-average plastic strain relationship is 
given in Table 3 and is shown in Figure 6. The hard
ening coeffic i ent is calculated and the results are 

creeo test on cylinrlers 
(uniaxial conoression1 

creeo test on 1iscs 
( i nri rect tens inn) 

4 

SLec.1dy :it.di.~ ,~e11 f:cti.c, (
55 

( l11/i11/s1::c) 

FIGURE 3 Steady-state deformation rate versus stress level curve. 
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summarized in Table 4. The fitted equation is found 
by nonlinear SAS regression as 

Summary of Example of Viscoelastic-Plastic Modeling 

The model is summarized as follows: 
J..JfW \ ~ ,10 ':t7h- () '1tl':tW- () ()()()d(W2 (14) 
-- , V" . . - - -

e(t) = al[l/(3.384 x W)] + [t/(2 .105 x 10")] 

This is plotted in Figure 7. + [1/(5.567 x 105
)] (I - e- 1949

·
6

~ + <[nr/H(Wp)] >I 
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FIGURE 6 Permanent deformation versus stress level curve. 

TABLE 4 Hardening Coefficient as a Function of Plastic Work Done 

Stress level {psi} 20 40 60 80 120 160 

H X 103 {psi} - -- -- 45.59 29, 72 16,09 

-3 -- -- - 16,06 98,06 327,b6 WP x 10 {psi} 
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FIGURE 7 Hardening coefficient versus plastic work done curve. 
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where 

H(Wp) = 

n?/H(Wp) = 

49.38- 0.243\Vp + 0.00043W~ 

I
O ac < 75 and a1 < 3 psi 
0.9117/1-l(Wp a1 ;, 3 psi 
O.OOJ4S/Jl(Wp) ac;, 75 psi 

RUTTING MODEL VERIFICATION 

The rutting model requires determination of the per
manent deformation versus number of cycles, in ac
cordance with the dynamic series in VESYS II-M and 
the function K2 (a,t). The case of axial compres
s ion on 4 x 8-in. (diameter x height) samples is 
considered here. Test results are shown in Figure B 
on log-log scale, where the required relationship is 
found to be 

Log Ep = 0.13 + 0.285 log Nin.fin. x 10-s (36) 

from which the following is obtained: 

(37) 

Therefore, Equation 37 gives m = +0.715 and k1 = 1.35 
x 10-' in./in. 

The second step is to get £ (t) from monotonic 
testing or from creef test data (Table 3) at t = 100 
sec: £ (t) = 10.445 x 10-' in./in. 

The third step is to find the function K2 (a,t). 
This was done in the viscoelastic-plastic model with 
a yield surface model. The function is found to be 

E '= 3.0656 x 105 psi 
K2 (a ,t) = I (J /Ep

0
) + [1 /(2 .105 x 108

)) t + [0.00145/ H(Wp)) f x 3.0656 x 105 

For a= BO psi representing the contact pressure of 
the design vehicle, Ep = 5.7 x 10 5 psi (using Figure 
6) and H(Wp) = 45 x 109 psi (using Table 4). Ther:
fore, k 2 (a,t) = (0.53 + 0.145 + 0.01) = 0.693. This 
indicates that 77. 6 percent of the total permanent 
deformation is due to densification, 1.5 percent due 
to plastic deformation, and 20.9 percent due to vis
cous deformation. Then substitute Equation 28 to get 

€pace= 0.693 [10.445 X 10-3 - (1.35/105 )N1- 0 ·715 ] in.fin. 
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For N = 840,000 cycles, £Pace= 0.678 percent, and 
accordingly, a 10-in.-thick pavement, it is expected 
to accumulate 0. 0678 in. permanent deformation due 
to direct compression on the surface after 840,000 
load repetitions. Such a result is compatible with 
those obtained by using the VESYS III structural 
subsystem program given in Table 5. The laboratory 
densification phase includes sources of error fac
tors such as seating and conditioning that do not 
occur or match those in the field, however. 

CONCLUSIONS 

1. A combo viscoelastic-plastic model has been 
developed to characterize asphalt mixes. The model 
parameters are easily found by simple adjustments, 
modifications, or extensions of existing routine 
testing schemes. Among the findings when developing 
this model were the following: (a) a true yield 
surface could be found and used instead of that of 
the Mohr-Coloumb failure surface, and (b) as a con
sequence of (a) and specific to the tested mix, 
yielding occurs at about 75 psi in compression and 3 
psi in tension at 70°F. On this basis it is recom
mended that stress levels of less than 3 psi be used 
to find the MR. Further, plastic deformation should 
be accounted for in characterization because actual 
stress levels on pavement surfaces exceed 75 psi. 

2. A Drucker-Prager true yield surface was iden
tified and its parameters found experimentally. 

3. A rutting model based on the viscoelastic
plastic characterization has been developed. The ex
ample illustrated the application of this model to 
predict rutting of laboratory-prepared asphalt 
mixes. Among the conclusions is that permanent de
formation due to densification is better included in 
rut depth calculations based on laboratory and field 
measurement simulations. Further, densification per
manent deformation could be represented by an elas
tic relaxing spring. 

4. Test methods that use the incremental static 
series do not differentiate between densification 
and the rest of nonrecoverable deformation. However, 
a procedure was established in this work to accom
plish that. Differentiating quantitatively between 
densification, viscous, and plastic deformation is 

.o,1,1 ______ .,..10 ..... -----,~o!'!o------:,~o~oo-----~,'::"oo~o:-=o:------,;.,o:":\'loooo 

~unher of load a~olications 

FIGURE 8 Rutting dynamic test series. 
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TABLE 5 Rut Depth in Inches, Using VESYS III 

l LI m;11 inn ·-
in 20 years 

~ 6 8 10 
r 

1/2 , 036 .032 .029 

2 , 057 ,056 , 054 

12 , 086 ,083 -082 

20 ,097 ,094 , 092 

expected to rationalize decision alternatives for 
field problems, and hence, to implement asphaltic 
mix design. 
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Evaluation of Tests for Characterizing the Stiffening 

Potential of Baghouse Dust in Asphalt Mixes 
DAVID A. ANDERSON and STEVEN M. CHRISMER 

ABSTRACT 

Since the enactment of the 1970 Clean Air 
Act many asphalt plants have been forced to 
install baghouse dust collectors. Often this 
dust is added to asphalt concrete mixtures. 
The dust can stiffen mixes, thereby making 
them hard to compact, or it can act as an 
extender, thus causing bleeding and tender
ness. There are no accepted specification 
tests for controlling the stiffening or the 
extending effects of baghouse dust. A vari
ety of simple test procedures were evaluated 
for possible use for specification or qual
ity control purposes to control stiffening. 
The customary physical properties of the 
dust, such as pH, shape, and gradation, do 
not predict stiffening. Two types of test 
procedures--fractional voids and consis
tency--were correlated with stiffening as 
measured by the increase in viscosity or 
softening point caused by the addition of 
dust to asphalt cement. Fractional voids in 
dust-asphalt mixtures were calculated from 
the bulk volume of dust compacted with im
pact and vibratory compaction and by consol
idation in fluid media. Consistency tests 
included the kerosene, balling and crum
bling, and bi tum in number tests. The best 
correlation with stiffening ratio was ob
tained from the fractional voids as deter
mined from the dry impact compaction. This 
test procedure is acceptable for process 
control and acceptance proceduresi the other 
test procedures are not acceptable. The best 
means of determining the stiffening effect 
is to determine the stiffening directly with 
capillary viscometry. However, before either 
the fractional void test or the direct mea
sure of stiffening is included as a specifi
cation criteria for stiffening, they must be 
determined through correlation with field 
performance. 

Since the enactment of the 1970 Clean Air Act the 
operators of many asphalt concrete plants have found 
it necessary to install secondary dust-collection 
systems. These systems collect the fine dust that 
would otherwise be released from the exhaust gas to 
the atmosphere. Filter fabric dust collectors are 
the most commonly used secondary collection systems. 
They are usually referred to as baghouses, and the 
collected dust is called baghouse dust. Baghouse 
dust may be extremely fine (1 µm to 30 µm) or it 
may contain a wide range of particle sizes (1 µm 
to 300 µm), according to the configuration of the 
plant (l). Finer dust is produced when a cyclone or 
other type of primary collector is used in series 
with a baghouse. The cyclone collector effectively 
removes dust larger than 30 µm, thereby stripping 
the coarser fraction from the dust collected in the 
baghouse. Therefore, baghouse dust from different 
plants can vary widely in gradation. 

Baghouse dust often presents a disposal problem, 
and in many plants it is common to add baghouse dust 
to the asphalt concrete. Some paving technologists 
are reluctant to do this because they believe that 
the dust can adversely affect the quality of the as
phalt concrete. For example, baghouse dust can act 
as an asphalt extender, thus reducing the design as
phalt content. If the addition of baghouse dust is 
not accounted for in the mix design, bleeding and 
tenderness can result (],]). 

Other problems that have been attributed to the 
improper use of baghouse dust include poor compac
tion and raveling resulting from excessive stiffen
ing of the asphalt concrete (4-6). Concern about the 
stiffening effect of baghouie- dust has led many 
highway agencies to restrict its use (7). Other 
agencies have adopted or are considering test pro
cedures that are intended to control the use of bag
house dust ( 8) • These test procedures are designed 
primarily to- control mixture stiffening caused by 
baghouse dust. 

The purpose of this paper is to report on a lab
oratory evaluation of several test procedures that 
measure the stiffening of asphalt cement that re
sults from the addition of a fine mineral dust. The 
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stiffening effect produced by baghouse dust is not 
reflected in the usual Marshall mixture design pa
rameters. A specification limit on the dust/asphalt 
r7 t in n !: n11st c0r1.te!"t i?'! ; !!'L":.ture is i!'!suffi,:ie!'rt 
because of the widely varying stiffening effects 
caused by different dusts. Therefore, if control of 
stiffening is desired, an additional specification 
requirement or test procedure is warranted. The ob
jective of this study was to evaluate test proce
dures that could be used at the plant as quality 
control and quality assurance or for source accep
tance purposes. 

In the past variability in the fineness or 9rada
tion of baghouse dust has also been cited as a prob
lem. However, recent research has indicated that the 
gradation of baghouse dust is extremely uniform on a 
day-to-day and within-day basis (!) • Improper plant 
operations or poorly designed dust handling systems 
may cause a problem of uniformity in the feed rate 
of h;:u~hO!l.SI? dn!=:t to t.Pe :'IUJIDi ll. 'Ph.i:=i: prt'}t,.lom ;p. nn+

addressed in this paper. 

METHODOLOGY 

First, a variety of different tests were used to 
characterize the physical properties of the dust. 
Second, the stiffening produced by the addition of 
baghouse dust to two different asphalt cements was 
determined directly by softening point and viscosity 
measurements on the dust~asphalt mixtures. Third, a 
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number of different tests proposed as indirect mea
sures of stiffening were conducted, and the results 
were compared with the actual stiffening measures in 

Materials 

As part of a larger study (NCHRP Project 10-19, Add
ing Dust Collector Fines to Asphalt Paving Mix
tures), baghouse dust samples were collected from 26 
asphalt concrete plants (!). The samples, collected 
in 12 ~t.tQ~, rQpr8~Qnt thQ rangQ of gQnQric ag~rQ
gate types in common use in the United States. Sam
ples from 15 plants were selected for detailed 
study. A description of the samples is given in 
Table 1. Tests conducted on these samples included 
gradation, fineness modulus, pH, hygroscopic mois
ture, and Atterberg limits (l>· The gradation data, 

The properties of the two different asphalt ce
ments used in the study are given in Table 3. The 
test results of the two asphalts were nearly .identi
cal, and therefore only the results for asphalt WB 
are presented in this paper. 

Direct Measurement of Stiffening 

Each of the dusts was added to the asphalt cement in 
two dust/asphalt ratios (0.20 and 0.40 by volume). 

TABLE 1 Description of Dusts Used in Study 

Plant Hygroscopic Liquid Plastic Plasticity 
No . Aggregate Type pH Moisture Limit Limit Index• 

I Dolomite 11.6 4.1 NP 
2 Dolomite 11.2 0.6 NP 
5 Traprock 9 ,8 1.9 39 37 2 
6 Siliceous gravel 5,6 0.4 NP 
7 Traprock 11.2 1.9 34 31 3 
9 Limestone 12.1 0.6 NP 

10 Limestone 10.9 0.4 NP 
13 Gravel 12.1 1.5 34 32 2 
14 Gravel 10.5 1.2 30 27 3 
15 Limestone 12.2 1.2 32 29 3 
20 Granite 8.3 0.7 35 35 NP 
24 Granite 9.2 0.9 35 34 I 
26 Granite 7.2 1.9 39 37 2 
30 Traprock 6.4 0.8 32 31 I 
33 Sili~enns ernve] 7.7 1.5 33 29 4 

aNP = nonplastic, 

TABLE2 Grain-Size Distribution for Dusts Used in Study 

Grain-Size Distribution(% passing) 

Plant No, 30 No. 50 No.200 Fineness 
No, (600 µm) (300 µm) (75 µm) 50µm 20µm 10 µm 5µm lµm Modulus• Cub 

I 99 96 60 54 18 7 2 I 2.43 27 
2 99 89 64 61 43 27 14 3 2.21 4 
5 100 JOO JOO 99 95 73 41 7 1.21 2 
6 99 94 43 40 23 12 4 0 2.55 JO 
7 JOO 100 100 99 91 63 35 7 1.40 3 
9 JOO 94 47 44 27 17 9 3 2.42 5 

JO 95 88 35 34 22 15 9 3 2.65 4 
13 100 100 96 94 80 61 40 12 1.33 2 
14 100 99 83 81 72 61 47 12 1.47 2 
15 100 JOO 98 97 92 73 44 8 1.14 2 
20 JOO JOO 93 92 75 52 27 4 1.59 3 
24 100 JOO 99 97 83 52 29 7 1.44 3 
26 100 100 JOO JOO 95 78 49 12 I.I 0 2 
30 JOO 99 94 92 71 45 23 5 1.59 4 
33 100 99 73 69 47 35 25 7 1.90 3 

~Based on pc:-n:flnt retn lning on 600, 300, SO, 10, 1 µm. 
Based on tallo of ~,uoent passing SO µm divided by percent passing 5 µm. 
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TABLE 3 Physical Properties of Asphalt Cements 

Property Asphalt A Asphalt WB 

Viscosity (poises, J 40°F) 2042 220 8 
Viscosity (cSI , 27 5° F) 404 438 
Penetration , 77°F 73 100 
Aging Ind ex, 140 viscosity 2.26 3.00 
Rostler-Sternburg composition (%) 

A 22.S 28.l 
N 21.0 26.9 
A1 14.8 18.8 
A2 33 .9 21.2 
p 7.7 5.0 
(N + A1 )/(A2 + P) 0.86 1.74 

The resulting dust-asphalt mixture was then tested 
for softening point (ASTM D 36) and viscosity (ASTM 
D 2171) at 60°C. The increase in softening point 
(ti°F) greater than that of the neat asphalt cement 
was considered as one measure of stiffening. In 
addition, the stiffening ratio (SR) was calculated 
by dividing the viscosity of the dust-asphalt matrix 
by the viscosity of the neat asphalt cement. The 
results of these tests are given in Table 4. There 

TABLE 4 Stiffening Ratios for Dust-Asphalt Mixtures 

Plant 
No. 

1 
2 
s 
6 

7 
9 

10 
13 
14 
IS 
20 
24 
26 
30 
33 

Dus t-Asphalt Ra tio 

Asphalt A 

0.2 0.4 

1.6 3.5 
1. 7 3.3 
2.6 21.4 
1.8 3.8 

2 .6 17 .2 
1.7 2. 8 
1.8 3.8 
2.4 12.0 
2.6 12.0 
2.3 8.7 
2.4 I 0.6 
2.6 16.3 
3.2 100.4 
2.0 4.6 
2.1 5.2 

Asphalt WB 

0.2 0.4 

1.7 3.4 
1.8 3. 6 
2.8 19 .3 
2.4 4 .2 

2.9 18.2 
1.6 3.1 
1.8 3.4 
2.6 11.7 
2.8 12. 1 
2.4 8.4 
2.5 10.9 
2.7 16.8 
3.6 71.8 
2.0 4.1 
2.2 5.5 

Aggrega te D80 
Type (µm ) 

Dolomite I 00 
Dolomite 200 
Traprock I 0 
Siliceous 200 
gravel 

Traprock I S 
Limestone 200 
Limestone 260 
Gravel 19 
Gravel SO 
Limestone 12 
Granite 18 
Granite 20 
Granite 12 
Tr a pro ck 27 
Sili ceous 42 

gravel 

Dso 
(µm) 

35 
30 

7 
80 

7 
80 

100 
6 
6 
6 

10 
10 
s 

10 
10 

D20 
(µm ) 

17 
7 
3 

IS 

3 
16 
12 
2 
2 
2 
4 
4 
2 
s 
2 

was a high degree of correlation between stiffening 
ratio and the increase in softening point tempera
ture (Figure l). This result agrees with the ob
servations of other researchers (j) : however, the 
relationship between the logarithm of stiffening and 
the softening point is nonlinear. Because of the 
strong correlation between stiffening ratio and 
softening point, only the stiffening ratio was con
sidered further. Stiffening ratio was chosen because 
it is based on rational test measurements (viscosity 
versus softening point) and because the test pr~ce
dure (ASTM D 2171) is readily performed in most as
phalt testing laboratories. No difficulties were 
encountered in measuring the viscosity of the dust
asphalt mixtures. 

Indirect Measurement of Stiffening 

The test procedures used as indirect measures of 
stiffening can be divided into two categories: (a) 
measurements of the fractional voids in a compacted 
or consolidated bed of dust, and (b) measurements of 
the amount of liquid (asphalt cement, kerosene, or 
water) required to bring the dust-liquid mixture to 
a specified consistency. 

u. 100 
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! 
5 

Q 
~ 10 
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z 
z 
w 
It 
j::: 
Cf) 

10 20 30 

• DI A RATIO = 0 .4 
oD/ A RATIO= 0 .2 

40 50 
INCREASE IN SOFTENI NG POINT, °F 

33 

60 

FIGURE 1 Change in softening point (° F) versus stiffening ratio, 
viscosity, 140°F. 

Fractional Voids 

Rigden (~) has proposed that the volume fraction of 
voids in a dry compacted bed of dust can be used as 
a measure or predictor of the stiffening potential 
of a mineral dust. In the fractional voids concept, 
the dust-asphalt mixture is composed of three volume 
fractions, as shown in Figure 2: the solid volume 
of the dust particles (Vos) and the free (VAFRl 
and fixed (VAFxl volume of the asphalt cement. The 
fixed asphalt volume is defined as the volume of as
phalt required to fill the volume between the solid 
dust particles, assuming that the dust is compacted 
or consolidated to some reference density. The free 
asphalt provides fluidity to the mixture and can be 
related to the viscosity of the mixture. 

FREE 
ASPHALT 

%VAFR = VifR X 100% 

FIGURE 2 Schematic of fractional voids in dust
asphalt system. 

At a given dust/asphalt ratio, the dust with the 
smaller bulk volume (V08 ) will yield more free as
phalt volume. This will allow more asphalt to lubri
cate the mixture and will result in a lower vis
cosity. 

Three methods were used to produce a compacted 
bed of dust so that the bulk volume of the dust 
could be measured. First, vibratory compaction of 
the dry dust was obtained by placing approximately 
50 to 70 g of dust in a 100-mL graduated cylinder, 
which was fastened to a 16-gage steel base plate 
(Figure 3) (_!Q). The base plate was vibrated until 
the level of the dust in the graduated cylinder 
reached equilibrium. The bulk volume of the dust was 
read from the graduations on the cylinder. Vibratory 
compaction, as described, produced highly repeatable 
results, much more so than manual tapping of the 
cylinder, as proposed by other researchers (8). 

The bulk volume of the dust was also obtained by 
allowing 5 g of dust to settle in both polar (methyl-
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~100 ml Graduated Cylinder 

l~I r Sprlno Clip 

16 <J098 Steel MountlnQ Platform 
6 in. w, 6 In. I, 4 In. h 

- Conaero Basa 
13~211 w, !3Yi' I, 3" h 

FIGURE 3 Schematic of dry vibration compaction 
procedure. 

ethylketone) and nonpolar (toluene) liquids. In this 
paper bulk volume obtained in this manner is 
referred to as settled volume. A special 1u-mL graa
uated test tube (Fisher No. 14-950A) was used and 
the settled volume was read directly from the gradu
ations on the cylinder ( 10) • It is important that 
the samples be de-aired before the settling process 
is initiated. 

The third procedure was the dry impact compaction 
procedure described by Rigden (9) • In this test a 
small drop hammer is used to compact the dust into a 
mold. The bulk volume was calculated on the basis of 
the area of the mold and the height of the compacted 
bed of dust. A 9. 5-mm-d iameter steel mold and a 
100-g weight dropped 25 times through a 30-mm height 
of fall was used to compact the test samples. The 
most repeatable results are obtained when the height 
of the compacted bed approximates its diameter. 
Rigden also tested the compacted sample in a simple 
air permeability device to obtain the surface area 
and the average particle diameter of the dust (_2). 

Consistency Tests 

Bitumen Number 

This test, reported by van der Baan and van Dijk 
(11) for mineral filler, does not involve bitumen: 
rather, water is added to the dust until it attains 
a specified consistency, as measured by a penetrom
eter. A standard penetrometer device (ASTM D 5) can 
be used for this test, al t hough a modified penetrom
e ter needle is required. The mod if ied needle has a 
flat base that is 7.98 mm in diameter (10). The 
dust-water mixture is place d in a cylinder 30 mm in 
diametGr by 30 mm deep ~ The "!Cl ume of water requi!'ed 
to br i ng the dust to a consistency corresponding to 
a pene tration of 5 to 7 mm i s reported as the bitu
men number. 

Kerosene Adsorption 

In this test (ll) 20 g of dust is placed, without 
any compaction, into a watch glass. Kerosene is then 
slowly dropped from a burette onto the surface of 
the dust. Capillary action causes the kerosene to 
saturate the dust. When the outer edge of the dust 
in the watch glass is saturated with kerosene, the 
flow is stopped and the volume of kerosene is re
corded. The volume of adsorbed kerosene is a measure 
of the voids in the dust when the dust is in a loose 
condition. 

Asphalt Mixing Test 

In this test dust is added incrementally to 15 g of 
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asphalt at 163°C. As the dust is added and mixed 
into the asphalt, two distinct changes in the con
sistency of the dust-asphalt mixture can be ob
""'rvPil. 'l'h""" r,h,.ng1>s. in order of occurrence, are 
the balling point and crumbling point (J!). The 
amount of dust that has been added ( in grams) when 
balling or crumbling occurs is recorded. 

DISCUSSION OF RESULTS 

Physica l Data 

A considerable amount of physical test data, such as 
gradation, fineness modulus, pH, minerological con
tent, and shape factors as determined from SEM pho
tomicrographs, was obtained for each dust. None of 
these data explained the different levels of stiff
ening that were found for the different dusts. The 
t<>st data (Table 2 and 4 ) ind i c a te that the amount 
of stiffening is not directly related to the fine
ness or fineness modulus of the dust. Although in 
most cases a greater amount of stiffening was pro
duced by the single-sized finer dusts, it is impor
tant to note that a dust can be extremely fine and 
still not produce a large stiffening effect. For ex
ample, the grain-size distribution of the dust from 
plant 15 was virtually the same as that for plant 
26: however, the stiffness ratios were 8.65 and 
100.4, respectively, for a dust/asphalt ratio of 
0,4, Therefore, fineness alone, or measures of fine
ness, are not appropriate specification tests for 
baghouse dust. 

Fractional Voids 

The percentage of free asphalt in the dust-asphalt 
mixture (%VAFRl, defined schematically in Figure 
2, was calculated as follows: 

%V AFR = {CWA Gos'l'oe + WosGA 'l'on - WosGAGos) 

7 ['l'oe(WAGos + WosGA)l} 100 

wher e 

GA specific gravity of asphalt, 
Gos specific gravity of dust solids, 

WA= weight of asphalt in dust-asphalt mixture 
(g), 

(I) 

w05 = weight of dust solids in dust-asphalt mix
ture (g), and 

YDB = bulk density of the compacted dust (g/cm'). 

The bulk density of the dust (yoal was ob
tained from the dry impact compaction, dry vibra
tion, and settled volume tests. The bulk density is 
simply the weight of the dry dust divided by its 
bulk vol ume (Voal • The se val ues were used to cal
culate %VAFR accordi ng to Equa tion 1. Regression 
equations for stiffening ratio versus %VAFR were 
then obtained for each bulk volume test procedure. 
R2 values for %VAFR versus stiffening ratio for 
dry impact, nonpo lar solut i on, dry vibratory, and 
polar solution were 0.94, 0.89, 0,88, and 0.80, re
spectively. Plots of stiffening ratio versus %VAFR 
for dry impact and dry vibratory densification are 
shown in Figures 4 and 5, The relationship shown in 
Figure 4 is considerably better than that shown in a 
previous paper (13), where several methods of impact 
compaction were used to generate the data. 

Another advantage of the original Rigden (9) pro
cedure is that the compacted sample can also be used 
to monitor the fineness of the dust. By using air 
permeability theory (~), it is possible to calculate 
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FIGURE 4 Percent free asphalt volume-drop hammer 
compaction versus stiffening ratio, viscosity, 140°F. 
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FIGURE 5 Percent free asphalt volume-vibratory 
compaction versus stiffening ratio, viscosity, 140°F. 

the average hydraulic radius of the compacted dust 
and, in turn, calculate the average particle size of 
the dust. The results of these calculations are 
shown in Figure 6, where D10 [size corresponding 
to 10 percent passing (µm) J is plotted versus the 
average size as calculated from the hydraulic radius. 

5 10 

o,o.).1111 

FIGURE 6 Average percent 
passing 10 µm versus average 
grain size from air permeability 
measurements. 

Kandhal (,!!) has proposed that stiffening ratios 
greater than 10 can lead to unacceptable field per
formance. In Figure 4, which is based on dry impact 
compaction, it can be seen that the percentage of 
free asphalt must be greater than 45 percent if the 
stiffening ratio is to be less than 10. The curve 
plotted in Figure 4 was used to construct the iso
bars of %VAFR that are shown in Figure 7, plotted 
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BULK VOLUME, grams/cm3 

FIGURE 7 Proposed design chart for selecting 
dust/asphalt ratio and impact compaction. 
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on a graph of bulk volume versus dust/asphalt ratio. 
As long as the bulk volume and dust/asphalt ratio 
falls to the right of the VAFR = 45 percent curve, 
the stiffening ratio will be less than 10 and thus 
result in an acceptable mixture. Dust/asphalt ratios 
that fall to the left of this curve would be accept
able only if the measured stiffening ratio is less 
than 10. In the example shown in Figure 7, a dust 
with a bulk volume of 1. 90 would be acceptable as 
long as the dust/asphalt ratio is less than 0.60, 
but a dust with a bulk volume of 1.22 would require 
that the dust/asphalt ratio be less than 0.30. 

Consistency Tests 

The results of the consistency tests were correlated 
with the stiffening ratio to determine whether these 
tests, which can be performed with relative ease, 
can be used in lieu of a viscosity or softening 
point test. 

A plot of stiffness ratio versus bitumen number 
is shown in Figure 8. Although a general relation-

2LL. • 
~~ • :? • 
z-
z§ 
~(/) • LL--> 
I- • (/) 

0 

18 20 22 24 26 28 
PERCENT WATER CONTENT 

FIGURE 8 Bitumen number versus stiffening 
ratio, viscosity, 140°F. 

• 

0 

30 

ship is indicated, the correlation coefficient is 
relatively low (R 2 = 0.83). Stiffening ratio in
creases asymptotically at the larger stiffening ra
tios, and therefore this test method cannot be rec
ommended for specification purposes. 

The results of the asphalt mixing test are pre
sented in Figure 9, where the balling and crumbling 
points are plotted versus stiffening ratio. The 
balling and crumbling points are highly related, as 
shown in Figure 10, and there is little to be gained 
by determining both points. Because the balling 
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FIGURE 9 Stiffening ratio versus crumbling and 
balling points for dust-asphalt mixtures. 
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FIGURE 10 Crumbling point versus balling 
point. 

point is easier to reproduce, this point is consid
ered sufficient. 

However, the test cannot be recommended for two 
reasons. First, the results cannot be conveniently 
related to stiffening ratio. Therefore, the test 
procedure is useful only in accepting or rejecting a 
dust and not in determining the maximum allowable 
dust/asphalt ratio. Second, neither the balling 
point nor the crumbling point is a good predictor of 
stiffening because the stiffening ratio increases 
asymptotically for the dusts that produce stiffer 
mixtures. 

Tl1e sti[fness ratio versus the volume cf adsorbed 
kerosene is shown in Figure 11 for dust/asphalt ra
tios of 0.20 and 0 . 40 . Excellent correlation between 
stiffness ratio and adsorbed kerosene volume was ob
served (R 2 = 0.98 for both dust/asphalt ratios). 
Because the relationships shown in Figure 11 are 
unique for each dust/asphalt ratio, the regression 
equations for each dust/asphalt ratio were used to 
construct the curves shown in Figure 12. 

Such curves can be used for design purposes if 
the dust/asphalt ratio for a particular asphalt con
crete mixture is known. The example in Figure 12 
shows that, given a design dust/asphalt ratio of 
0.35 and an adsorbed kerosene volume of 10 mL, the 
expected stiffening ratio is 12.0. The kerosene ad
sorption test is simple to perform and could also be 
used at a plant as a process control or quality as
surance test to monitor changes in dust properties. 
Unfortunately, the repeatability of this test pro
cedure between different operators has been found to 
be poor because of difficulties in determining the 
end point (saturation point). 
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FIGURE 11 Volume of kerosene adsorbed versus 
stiffening ratio, viscosity, I40°F. 
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FIGURE 12 Proposed design chart for selecting 
dust/asphalt ratio based on kerosene adsorption. 

SUMMARY AND CONCLUSIONS 

The use of capillary viscosity (ASTM D 2171, 60°C), 
is the most direct method of measuring the stiff
ening effect of the fine mineral dust added to as
phalt cement. Physical properties of the dust, such 
as particle shape, gradation, and pH, do not explain 
the difference in stiffening encountered in dif
ferent dusts. Therefore, specification criteria 
based on gradation or phvsical properties, such as 
those described earlier, are not warranted as con
trols of stiffening. 

Stiffening can be p=edictcd from the fractin!"!al 
voids concept; however, the accuracy of the predic
t ion depends on the method used to determine the 
bulk volume of the dust. The dry impact method of 
densifying the dust produced the best correlation 
and the highest level of densification. The test 
procedures that produced the closest packing of the 
dust appear to give the best correlation with stiff
ening. As the compactive energy increases, the ten
dency for fines to segregate according to size, or 
to form flocculated structures, is diminished. This 
segregation effect was noticeable in the liquid sed
imentation tests and, to a lesser extent, in the vi
brated density tests. 

The asphalt mixing test (balling and crumbling 
points) and the bitumen number test procedure do not 
warrant further consideration as test procedures to 
control stiffening. Neither test is easily related 
to a dust/asphalt ratio, which makes it difficult to 
control that ratio in a mixture. 

The fractional voids (%VAFRl and the kerosene 
adsorption test gave excellent correlations with 
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stiffening. Both tests could be used as source ac
ceptance tests, for process control in the plant, 
and as a means to specify an upper limit on the 
dust/asphalt ratio in a mixture. 

Further development of the kerosene adsorption 
test is required to refine the specific details of 
the test procedure before it can be accepted as a 
specification test. Accuracy and precision data must 
be developed for both the kerosene and the dry im
pact fractional voids procedure. Of even greater im
portance is the need to relate the stiffness of the 
dust-asphalt mixture to the rheology of the asphalt 
concrete mixture. This is required in order to set 
upper limits for allowable stiffening. Although an 
upper limit of 10 has been suggested for the stiff
ening ratio (8), this may be conservative (13) i fur
ther research-is needed to verify a tolerable limit 
for stiffening ratio. 

The following conclusions are based on the re
search described in this paper. 

1. Use of the volume percent free asphalt 
(%VAFRl as a predictor of stiffening is reliable, 
provided that a standard, repeatable method is used 
to obtain the measurement of bulk volume. 

2. If a predicted stiffening ratio based on Rig
den's fractional void concept is desired, the dry 
impact compaction procedure is the preferred method 
for obtaining bulk volume. The percent free asphalt 
volume from the dry impact compaction test provided 
the best correlation with stiffening ratio. 

3. Data from the kerosene adsorption test pro
vided the highest correlation with stiffening ratio. 
The test is not repeatable between operators and 
therefore there must be further development of this 
test before it can be recommended. 

4. The bitumen number and the balling and crum
bling point tests are not acceptable as specifica
tion tests to control stiffening. 

5. Regardless of which test method is used to 
determine the stiffening characteristics of a dust, 
a chart such as the one shown in Figure 7 can be 
used for design purposes to select an allowable 
dust/asphalt ratio. 

6. Dust gradation plays a limited role in deter
mining asphalt stiffening and it should not be used 
by itself as a performance-related specification for 
dust. 

7. The maximum dust/asphalt ratio for an asphalt 
concrete mixture varies from one dust to another. 
The maximum allowable ratio should be based on the 
stiffening of each individual dust and not set as an 
arbitrary value for all mixtures. 
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Thermal Properties of Some Asphaltic Concrete Mixes 
WILLIAM H. HIGHTER and DOUGLAS J. WALL 

ABSTHACT 

To obtain an increased understanding of the 
enerqy transfer in asphaltic concrete recy
cling processes that use surface heat, lab
oratory tests were carried out on four 
asphaltic concrete mixes (three having lime
stone aggregate and one with expanded shale 
1 ightweight aggregate) to determine thermal 
properties. It was found that the thermal 
conductivitv of the three limestone mixes 
depended on asphalt content and aggregate 
gradation, but that the conductivity of the 
lightweight aggregate mixes varied little as 
the asphalt content was increased from 3.5 
to 6. 5 percent. The specific heat and dif
fusivity of the mixes varied with mineralogy 
and gradation but changed little with as
phalt content. 

In the 1930s construction equipment was developed 
that would plane off the high surfaces of uneven, 
deteriorating asphaltic concrete pavements. It was 
found that, by first applying heat to the pavement 
surface to reduce the shearing resistance of the as
phaltic concrete, the planing operation proceeded 
faster and easier and could be accomplished at less 
expense. These heater planers are still in use to
day and provide a cost-effective option for some 
types of pavement maintenance. 

Heater scarifiers are also used in maintenance 
operations of asphaltic concrete pavements. These 
machines apply heat to the pavement surface to re
duce the shear strength and then scarify or remove 
the degraded uppermost part of the pavement. This 
process allows new materials (or recycled materi
als), including aggregates, modifiers, and asphalt 
cement, to be thoroughly mixed into the scarified 
asphaltic concrete in situ or enables the spent 
p::::uu:::i.m.o.n+- +-" J-.t.o .o.:r.C!~ly romnuci,n :r.nn h:r.nlon to a cen-
tral location where additional materials are added. 
Recycling existing pavement materials can be an at
t ractive alternative in pavement maintenance strat
egies because of the increased cost of asphaltic 
concrete in the pact 10 years, which has hr.,,c,,.-. ,..,...m-

mensurate with the skyrocketing costs of petroleum 
products. 

Although pavement heating techniques and equip
ment development have evolved over several decades, 
little research has been undertaken to provide an 
understanding of the heat transfer process in as
phaltic concrete with a view toward optimizing the 
field procedure with respect to equipment costs and 
fuel consumed. Much of the research done in this 
field has been proprietary in nature and carried out 
by contractors on a trial-and-error basis. This work 
has been results-oriented, with success being the 
development of a method of pavement maintenance that 
is cost effective in competition with alternative 
nonheater methods. 

Civilian and military airfield and highway pave
ment budgets have been and will continue to be heav
ily oriented toward maintenance of existing facili
ties rather than dedicated to new construction. 

Pavement recycling can be expected to play an in
creasingly important role in maintenance in the fu
ture, and, as the cost of the fuel used to heat 
pavements increases, the capability of predicting 
thP tPmpnr11l Rp11tial-temp"ratllre fi,;,ld s,;,tup by a 
known heat source in an in-service pavement will be 
imperative in order for recycling methods using 
field heaters to remain competitive with recycling 
methods not using heat. 

Accordingly, the subject of this paper is con
cerned with the first step leading to this goal: 
the me..:.il.Hrr ,::i,~t 0£ t h~ th~r:m.al ~rQ~e.rties of 3-E= 
phaltic concrete mixes that have different asphalt 
contents, aggregate densities, and aggregate grada
tions. 

BACKGROUND INFORMATION 

That some properties of asphaltic concrete vary with 
temperature has for many years fostered interest in 
the distribution of temperature within an in situ 
pavement. Interest in predicting frost penetration 
beneath pavements, minimum and maximum temperatures 
caused by ambient conditions, and the cooling rates 
of hot-laid asphaltic concrete has motivated re
search in heat transport through pavements. 

Carlson and Kersten (1) applied heat transfer 
theory to the pavement and soil subgrade to develop 
a model used to predict frost penetration below as
phaltic pavement. Input parameters included the 
thermal conductivity of the pavement (1.44 w/m°C), 
the latent heat of fusion of water, and the surface 
freezing index of the pavement. Aldrich (ll improved 
on Carlson and Kersten's approach of calculating 
frost penetration by including the effect of volu
metric heat. Aldrich used a thermal conductivity 
value of 1.45 w/m°C in his analysis. 

Barber (]) predicted in situ pavement tempera
tures by using the diffusion equation. Because the 
strength and stability of an asphaltic pavement are 
related to its temperature, research has been con
ducted to determine the minimum and maximum temper-

of pavement .1.n natural field conditions. 
Southgate and Deen (4) analyzed the pavement temper
atures recorded at ;;-arious depths in a 0.3-m-thick 
asphalt1.c pavement. They found that a 
polynomial fit the temperature as a 
depth data. No attempts were made to 
data by using heat transfer theory. 

fourth-order 
function of 
an~lyze the 

Rumney and Jimenez ( 5) recorded pavement temper
atures with depth for a year in Arizona. Based on 
the observed data, they presented empirically de
rived curves whereby pavement temperature at depth 
could be estimated by knowing the maximum air tem
perature and ave,age daily radiation rates. 

Straub et al. (_&) recorded pavement temperatures 
with depth for a 1-year period in 0.15- and 0.3-m
thick asphaltic concrete pavements and also measured 
corresponding air temperature and solar radiation. 
They found that the pavements had a substantial tem
perature gradient and no one temperature was repre
sentative of that of the pavement. They noted that 
changes in solar radiation have a larger effect on 
pavement temperatures than that caused by changes in 
air temperature. Straub et al. used a forward dif
ference, one-dimensional transient heat flow program 
to predict pavement temperature with depth. 
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Dempsey and Thompson (]) used a model similar to 
that of Straub et al. to predict temperatures with 
depth in conjunction with highway frost studies. 
They reported that the accuracy of the temperatures 
predicted by the one-dimensional heat transfer model 
depended more on the quality of the input data than 
on the numerical method of calculation. They also 
pointed out the importance of accurately defining 
the boundary condition at the pavement surface be
cause it is this input that is the major factor con
tributing to the heat transfer process. 

Christison and Henderson (8) also used a finite 
difference approximation to p-;:edict temperatures in 
asphaltic concrete. They assumed a value of 1.45 
w/m°C for the thermal conductivity of asphaltic con
crete and stated that "the thermal conductivity (k) 
and heat capacity (c) of asphaltic concrete paving 
mixtures vary within narrow limits and for practical 
purposes can be considered independent." However, 
they did not indicate the basis for this statement 
or their source for the assumed thermal properties. 

The references cited indicate that a numerical 
solution of the one-dimensional heat flow problem 
using a finite difference technique has excellent 
predictive capabilities for asphaltic concrete pave
ments under natural ambient conditions. However, the 
heat regime to which the pavement is subjected by a 
heater planer or heater scarifier is much dif
ferent. The range of temperatures is greater, and 
the time scale is on the order of seconds, versus 
hours. Finally, the temperature level of the heat 
source and pavement surface is much different, which 
strongly affects the nature of the radiant heat ex
change on the surface. 

During paving operations a hot-laid asphaltic 
pavement must be sufficiently compacted before it 
cools below a specified temperature, which is about 
90°C for most pavements. This temperature is re
quired to achieve a specified density with a minimum 
amount of compactive effort. Compaction attempted 
when the pavement is too cool results in either a 
longer time period needed to reach a specified den
sity or the inability to reach the specified density 
at all. Corlew and Dickson (1) used a one-dimen
s ional transient flow of thermal energy equation to 
predict the temporal spatial-temperature field 
within a cooling layer of freshly placed hot-mix as
phaltic concrete. By using a finite difference tech
nique, they were able to predict temperatures in a 
6-cm layer of asphaltic concrete within 7°C of mea
sured temperatures in the range at which asphaltic 
concrete is compacted (greater than 90°C). 

Frenzel et al. (10) developed a computer analysis 
to study the effect of preheating an existing as
phaltic layer on the cooling of an overlay put down 
over the preheated base. They found, analytically, 
that preheating the base increased the cooling-down 
period in thin overlays sufficiently to allow a com
paction window long enough to make paving in early 
spring and late fall feasible. Later, Corlew and 
Dickson (11) combined the base preheat model devel
oped by Frenzel et al. and their previously de
scribed cooling model (2) to predict the temporal 
spatial-temperature field of an asphaltic concrete 
layer over a preheated base in a bench scale labora
tory test. A sample with a 10-cm-diameter base was 
heated by a direct-fired propane heater. Agreement 
between predicted and measured temperatures was con
sidered to be satisfactory. Assumed thcrmol proper
ties of asphaltic concrete were used in the analy
sis. Another study of asphaltic pavement cooling 
rates was conducted by Wolfe and Colony (12). They 
developed a computer simulation method t;;- predict 
cooling rates by using the same weather data and ma
terial property variables as Corlew and Dickson. The 
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thermal properties of asphaltic pavement were taken 
from published values. 

In-place surface recycling of asphaltic pavements 
involves reworking the surface to a depth of approx
imately l in. using a heater scarifier. This opera
tion may involve the addition of new or recycled ma
terials. The reworked material is then compacted, 
and sometimes a seal coat is applied. Typically, 
heater planers and heater scarifiers developed by 
contractors use propane as a fuel to fire a grid of 
torches. The grid is on the order of 3 m wide and 5 
m or more long and is attached to a self-propelled 
machine. The torch grid is covered on the top and 
sides to diminish heat loss. Typically, the machine 
advances at the rate of about 4.5 m/min, giving a 
heat exposure time on the order of l min. To prevent 
combustion of the pavement, the temperature at the 
pavement surface should be limited to about 230°C. 
Contractors claim that, under these conditions, tem
peratures at a depth of about 2. 5 cm in the as
phaltic concrete are sufficiently high to allow easy 
scarification or removal of pavement to this depth. 
To increase the depth of influence of the heat 
source, a technique termP.d soaking is sometimes 
used. This method involves heating the surface as 
previously described and then insulating the pave
ment surface. This, in principle, allows the heat to 
soak in, thus producing greater heat penetration 
without exceeding the 230°C surface temperature re
quirement. 

One of the few published studies undertaken on 
the subject of heat transfer in asphaltic concrete 
recycling appears to refute many of the contractor 
claims previously mentioned. Carmichael et al. (!l_) 
modeled an asphaltic concrete pavement as a semi
infinite solid and used a forward difference numeri
cal method to solve the governing differential equa
tion. They assumed that the thermal conductivity, 
density, and specific heat of asphaltic concrete 
were independent of temperature and did not vary 
from point to point. The authors, using realistic 
source and initial pavement temperatures along with 
realistic pavement parameters, found that even with 
an induced surface temperature of 540°C and a 30-sec 
exposure time, there was no increase in temperature 
of the pavement at a depth of 1.6 cm [see Figure 1 
(..!l)). 

It was also shown that for surface temperatures 
between 200° and 300°C, the temperature of the pave
ment at a depth of l cm hardly changed from its ini
tial condition. This is illustrated in Figure 2 
(13) • Although it can be argued that the study by 
Carmichael et al. used restrictive assumptions, par
ticularly with respect to the parameters used, and 
that the model had not been verified, it does indi-
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FIGURE 1 Pavement temperature versus 
depth for 1000°C source and 30-sec 
exposure time (13 ). 
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FIGURE 2 Pavement temperature versus 
depth as a function of source temperature 
and exposure time (13 ) . 

cate that the current development of pavement heat
ing techniques and the current use of heater planer 
and healer scarifier equipme nl ignores some or lhe 
basic constraints of asphal tic concrete recycling: 
namely, that to obtain sufficient temperature in
creases at depth in a reasonable period of time, it 
appears that the surface must be heated to a temper
ature greatly in excess of that at which damage to 
the pavement can occur. Carmichael et al. pointed 
out that it is important that the full depth of 
pavement be properly heated before scarifying be
cause "cold asphalts do not bond well and any at
tempt to force cold, asphalt coated aggregates to
gether by force after scarifying them by tensile 
failure of the asphalt binder can only lead to fu
ture problems" (13). 

Much of the literature already cited used assumed 
values of the thermal properties of asphaltic con
crete. However, as the data in Tables 1 and 2 indi
cate, measured values of conductivity and specific 
heat of asphalt and asphaltic concrete as well as 
minerals and rocks commonly used as asphaltic con
crete aggregate are available. Reported values of 
thermal conductivity range from o. 74 to 2.88 w/m•c 
for asphaltic concrete and from 0.14 to 0.17 w/m°C 
for pure asphalt. Diffusivity values ranging from 
5.8 * 10- 7 to 14.4 * 10- 7 m2 /sec have been re
ported. The range of reported values of specific 
heat (c) is 879 to 963 J/Kg°C for asphaltic concrete. 

The p redominant: component of asphaltic conc re t e 
is aggregate. The thermal properties of the particu
lar aggregate used in a given asphaltic concrete can 
be expected to have an important effect on the prop
erties of the mix. The literature indicates that 
common minerals and rocks used as aggregate can have 
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conductivities that range from about 1 to 8 w/m°C 
(Table 2) i the range of c can be expected to be on 
the order of 650 to 1000 J/Kg°C. Wolfe et al. (14) 
suggest 920 J/Kg°C as an average value based on 
their tests. Limited data on the diffusivity of the 
fine aggregate component indicate a is on the 
order of 2 to 9 * 10- 7 m2 /sec. 

Thermal properties of a sphal t ic concrete reported 
in the literature do not indicate the mineralogy, 
grain-size distribution, or density of the aggregate 
used in the mix. Nor has the fraction of asphalt or 
density of the mix been reported. Certainly t hese 
factors can be expected to influence the resulting 
thermal properties of a sphaltic concrete and thus 
the transfer of heat from a field heater through an 
asphaltic concrete pavement. 

DESCRIPTION OF EXPERIMENTS 

Thermal Properties Requ ired 

The heat transfer process in a solid is described by 
the transient energy equation: 

(a/ax) [k,(oT/ox)J + (a/oy) [ky(oT/oy)] 

+ (3/3z)[k,(aT/az)] - pc(oT /ot) 

where 

x,y,z 
T 
k 
p 

• spatial coordinates (m), 
temperature (°C), 
thermal conductivity (w/m°C), 
density (Kg/ml), 

c • specific heat (J/Kg°C), and 
t n time (sec). 

( I) 

Because the dimensions of field heaters are much 
greater than the thickness of a typical asphaltic 
concrete pavement, the heat transfer can be assumed 
to be one dimensional. Therefore, with the z dimen
sion being vertical, aT/ax ~ aT/ay; O, and Equation 
1 becomes 

Letting a= k/pc [diffusivity (m 2 /sec)J and kz k, 
Equation 2 reduces to the familiar equation: 

Equation 3 can be written in finite difference 
form so that the temporal spatial-temperature field 
can be calculated for a pavement system that has 

TABLE 1 Some Published Thermal Propertie~ of A~phaltic Concrr.tr. 

k(w/m°C) O<(m2/sec) pc(J/m3°C)3 Remarks Reference 

1.454 1.41 * 106 16 
2.88 14.4 * 10·7 2.00 * 106 J 8°C, dry 17 
2.28 11.5 * 10·7 1.97 • 106 38°C, dry 17 
1.21 5.75 * 10·7 Obtained from the Asphalt Institute 13 
0.74-0.76 20° -56°C 18 
0.167-0.172 Pure asphalt 20° ·80°C 19 
0.65-0.75 Asphalt used in street paving 19 
1.37-1.75 7-8 * 10- 7 

C = 879-963 14 
0.80 JO• 10- 7 20 

c= 879 100°c 19 
1.21 c= 920 3 
1.2 5.9 * 10-7 2.07 * 106 80°-149°C 9,11 

C = 921 
1.5 2 
0.85-2.32 21 
0.14-0.17 C = J582-256J Asphal~c bit1.1men free of paraffin 22 

wa1\ 0 -300 C 

a 
c in J/Kg°C 
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TABLE 2 Some Published Thermal Properties of Asphaltic 
Concrete Aggregate 

Material k(w/m°C) a(m2/sec) c(J/Kg°C) Reference 

Calcite 23 
0°C 790 
200°C 1000 

Dolomite 60°C 930 23 
Quartz 23 
0°C 698 
200°C 969 

Limestone 58°C 1000 23 
Limestone, mean 

of 3 at 50°C 680 23 
Limestone, mean 

of 10 at 65°C 830 23 
Qu:trtzite 23 
0°C 700 
200°C 970 

Granite 23 
0°C 650 
200°C 950 

Basalt 23 
0°C 850 
200°C 1040 

Sandstone 59°C 930 23 
Diabase 23 
0°C 700 
200°C 870 

Slate 23 
0°C 710 
200°C 1000 

Avg value for 
sand and gravel 1.82 24 

Calcite I 00° C 2.86 25 
Quartz I 00° C 6.45 25 
Granite I 00° C 2.37 25 
Basalt 1.8-2.2 25 
Compact limestone 2.0-3.4 25 
Porous limestone 1.1-2.2 25 
Slate ]00°C 1.8 25 
Dolomite I00°C 3.99 25 
Quartzite I 00° C 5.2 25 
Granite gneiss 1.8-2.8 25 
Granite schist 2.7 25 
Hard sandstone 2.6-4.5 25 
Diabase I 00°C 2.1 25 
Quartz sand I.I 2 * 10-7 25 
Sandy soil 9 • 10-7 25 

several layers, provided that the thermal properties 
p, c, and k (or a) are known for each layer. The 
mathematics and computer coding for predicting the 
temperature profile with time for a layered as
phaltic concrete pavement system for a known heat 
input is routine, provided that the asphaltic con
crete thermal properties are known. 

Measurement o f Properties 

Determining the bulk density (p) of asphaltic con
crete is routine. Typically, the as-placed density 
of asphaltic concrete is on the order of 2250 Kg/m 3 • 

Aggregate mineralogy and gradation, compaction ef
fort, compaction temperature, and asphalt content 
will affect the density. 

Numerous methods for measuring thermal properties 
have been proposed over the years. Most are for mea
suring a single thermal property at a time and usu
ally use closed-form solutions for steady-state and 
transient cases. The method described here has some 
special advantages. 

Beck and Al-Araji (12..) developed a method of 
thermal property measurement capable of measuring 
the thermal conductivity, thermal diffusivity, and 
specific heat in a single test. The method requires 
the integration of some thermocouple signals, which 
can be accomplished by using available integrated 
circuits. The test procedure is quick and simple and 
requires minimal equipment. 
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To begin the test, a calorimeter (Figure 3) and a 
disk of asphaltic concrete (Figure 4) are placed in 
separate holders and insulated all around except for 
one face. The copper disk of the calorimeter is then 
heated to a uniform, elevated temperature (Figure 5) 
and brought into intimate contact with the asphaltic 
concrete sample (Figure 4). The differences in read
ings from thermocouples placed on the top (Ttl and 
bottom (Tb) of the sample are recorded at each 
time increment dt. 

Oak Wood Holder Copper Disk 
-.-- r----+--+----1----

i 
amm 

FIGURE 3 Calorimeter. 

/

See Figure 3 for 
r _ _ _ ~~~r~ter Details 

I I 
I I 

1CALORIMETER : 

~~~ J~"'25mm 

L:: ___ , ·-' halt Concrete 
- Thermocouple Sample 

Temperature Insulated Sample 
Me~suring Holder 
Equipment 

FIGURE 4 Calorimeter in contact with sample 
after being heated. 

Firebrick Insulation 

20mm Copper Plate 

FIGURE 5 Calorimeter heater. 

It has been found that, for a 30-mm-thick copper 
disk heated to a temperature of about 140°C and 
brought into contact with an asphaltic concrete disk 
about 25 mm thick at room temperature, the time re
quired for Tb to equal Tt is about 30 min. 

Beck and Al-Araj i (.!2) showed that the thermal 
properties could be calculated from the following 
equations: 

k~LQ{2/ ~(T1 Tb)dt] (4) 

c, = L2 (Tr ~Ti)+!~ (T, - Tb)dj (5) 
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and 

(6) 

where 

Q ~ heat transferred from the copper disk to the 
asphaltic concrete sample (see Equation 7), 

L = thickness of the asphaltic concrete disk, 
Tf final temperature of the asphaltic concrete 

sample (and the copper disk) when Tt = Tt,, 
Ti initial temperature of the asphaltic con

crete sample, and 
p previously measured density of the asphalt. 

The integral in the denominators of Equations 4 
and 5 are approximated by summing the temperature 
difference for each dt increment of time (dt = 15 
sec was found to be appropriate) over the typical 
30-min duration of the test and multiplying by dt, 
Because the surfaces are insulated, all the heat 
available in the copper disk is transferred to the 
asphaltic concrete sample, at which time both disks 
reach the same temperature. The heat-transferred Q 
can then be calculated from 

(7) 

where the subscript c refers to the copper disk. 

Temperature Me asuring System 

The thermal property measuring device discussed in 
the previous section requires that temperatures be 
measured, Thermocouples were used to measure the 
temperatures. The TEMPSENSE Temperature Monitoring 
System (Interactive Microware, Inc.) in conjunction 
with an Apple II+ computer was used to calibrate the 
thermocouples and to select the frequency of sam
pling and the total duration of the test. The time 
of each measurement was displayed on the screen 
along with the temperature measured. The data were 
automatically stored on a disk for later analysis. 

PRESENTATION AND DISCUSSION OF RESULTS 

Asphaltic concrete samples were compacted as speci
fied for the Marshall method of mix design (ASTM 
D 1559). Four different aggregate gradations were 
used: a base course, a dense-graded surface course, 
and an open-graded surface course, all using lime
stone aggregate; and a dense-graded surface course 
using lightweight aggregate (expanded shale) • Sam
ples of each mix were prepared at asphalt contents 
of 3.5, 5, and 6.5 percent. The 10.2-cm-diameter 
samples were cut into disks about 2.5 cm thick. 
Thermal properties of these disks were then obtained 
by the procedure described previously. 

The particle-size distributions of the four as
phaltic concrete mixes are shown in Figure 6. The 
base course and dense-graded surface course mixes 
were similar, except that the base course mix had 
particle sizes up to 38 mm, whereas the largest par
ticles present in the dense-graded surface course 
were 12 mm. The open-graded surface course mix had 
the same range of particle sizes as the dense-graded 
surface course mix, but as shown in Figure 6 aggre
gate size is much more uniform. 

The density-asphalt content relationship for each 
of the mixes is shown in Figure 7. Each point on the 
curves represents the average of the results of 
either four or five samples. Thermal properties of 
each mix were obtained from the disk samples, and 
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FIGURE 6 Grain-size distributions for the 
four aggregate mixes. 
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FIGURE 7 Bulk density as a function of asphalt 
content for the four aggregate mixes. 

the results for thermal conductivity (kl, specific 
heat (c), and diffusivity (al are shown in Figures 
8, 9, and 10, respectively. A comparison of Figures 
7 and B indicates that thermal conductivity for the 
four mixes does not vary systematically with density 
or asphalt content. 

For the dense-graded surface course mix with 
limestone aggregate, the thermal conductivity in
creased as the asphalt content increased from 3.5 to 
5 percent. That the density of the mix increased as 
well (Figure 7) indicates that asphalt was replacing 
air in the mix voids. Because the thermal conductiv
ity of asphalt is greater than air, the conductivity 
increased slightly (by about 4 percent). As the as
phalt content of the mix was increased from 5 to 6,5 
percent, the density remained essentially constant. 
This indicates that, in this range of asphalt con
tent for this mix, asphalt had filled the voids and 
some of the mineral aggregate itself was being re
placed by asphalt. Because the conductivity of as
phalt is less than that of limestone (Tables 1 and 
2), the thermal conductivity of the mix decreased, 
as shown in Figure B. 
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FIGURE 8 Thermal conductivity as a function of 
asphalt content for the four aggregate mixes. 
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FIGURE 9 Specific heat as a function of asphalt 
content for the four aggregate mixes. 

The thermal conductivity of the base course mix 
increased with asphalt content over the entire range 
of asphalt content ( 3. 5 to 6. 5 percent) at which 
samples were tested. This behavior was observed de
spite the fact that the density of the base course 
mix changed little with asphalt content. It is be
lieved that this occurred because most of the heat 
transferred through this mix was through the larger 
aggregate (up to 38 mm), and that after the mineral 
aggregate voids were filled, the asphalt thickness 
around the larger particles was not increased sub
stantially. The continuous increase in k with as
phalt content may suggest a rearrangement of the 
mineral structure such that, although the mean dis
tance between particles has increased (as suggested 
by a slight decrease in density), the nearest prox
imity points of individual aggregates may have de
creased. 

The open-graded surface course mix showed little 
change in conductivity with changing asphalt con
tent. There are two opposin<J effects of addin<J as
phalt to a uniform aggregate size. The first, as 
mentioned previously, is to replace air in the min
eral aggregate voids with asphalt. This would tend 
to increase the conductivity of the mix. Working 
counter to this is the effect of increasing the as
phalt coating around the particles as the asphalt 
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FIGURE 10 Thermal diffusivity as a function of 
asphalt content for the four aggregate mixes. 
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content is increased. This would reduce the conduc
tivity of the mix. The increase in asphalt coating 
thickness as asphalt content increases would be 
greater on the open-graded surface course mix than 
on the other two limestone aggregate mixes studied 
because of the smaller specific surface of the open
graded mix. 

The thermal conductivity of the dense-graded sur
face course mix with the lightweight aggregate was 
much less than that of the mixes that have limestone 
aggregates. This mix consisted (by weight) of 25 
percent expanded shade (from 5 to 13 mm in size), 30 
percent limestone aggregate and filler, and 45 per
cent river sand (quartz). The expanded shale con
trolled the conductivity of the mix and the asphalt 
content had little effect on the conductivity (Fig
ure 8). It is postulated that the air trapped in the 
expanded shale is an important factor controlling 
the conductivity of this mix. 

Because the specific heat of asphalt is much 
higher than air or limestone and shale (Tables 1 and 
2), it was expected that, as the asphalt content of 
the mixes was increased from 3.5 to 6.5 percent, 
there would be a corresponding increase in the spe
cific heat of the mixes. However, Figure 9 shows 
that the specific heat of the mixtures changed lit
tle with asphalt content and that specific heat of 
these mixes is more dependent on the aggregate gra
dation and mineralogy than the asphalt content. 
Based on these results, it appears that an average 
value of c for each mix could be used i the actual 
number used would depend on the mix. The average 
specific heat of the lightweight aggregate mixes was 
much higher than the limestone aggregate mixes. This 
is primarily due to the decrease in density of the 
expanded shale. The products pc of the lightweight 
mixes and the surface course limestone mixes are 
nearly the same (2.5 * 10-• J/m 3 °C). This prod
uct for the base course mix is about 15 percent less. 

The diffusivity (a) of the limestone aggregate 
mixes is shown as it varies with asphalt content in 
Figure 10. For the open-graded surface course mix, 
a is essentially independent of asphalt content; 
for the base course and dense-qraded surface course 
mixes, the diffusivity varied about 10 percent over 
the range of asphalt contents used in the mixes. The 
values shown in Figure 10 for the limestone aggre
gate mixes are well within the range reported by 
other researchers (Table 1). The diffusivity of the 
dense-graded surface course that has lightweight ag-
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gregate was much less than that of the limestone ag
gregate mixes and was found to be independent of as
phalt content. Because the product pc for the 
"I J - 1- L - - ..! -1. I - ..! -- - - J - _ J _ J "I _ • • L _ 0. t __ .L. _ Z: O 1- _ 'I J _ -
.&..L".:'Ol .... .,,..;;.,_~11'- IU..L.n.C"-' ..L~ .:::i.l.Hl.&..&. (..1 .1. .._.._, \,,ll ...... ..._,.,_ 1.11'- ..1....&. 0" '-

stone mixes, the 
smaller thermal 
mixes (Figure 8). 

reduction 
conductivity 

SUMMARY AND CONCLUSIONS 

in (l 

of 
is 
the 

due to the 
lightweight 

The conductivity (k) of the three limestone mixes of 
asphaltic concrete was found to vary as much as 20 
percent over the range of asphalt contents (3.5 to 
6.5 percent) used in this study. TWo opposing mecha
nisms come into play that influence the thermal con
ductivity of an asphaltic concrete mix as the as
phalt content is increased. On the one hand, the 
replacement of air in the voids in the mix by as
phalt tends to increase the conductivity of as
phaltic concrete because the conductivity of asphalt 
is much higher than that of air; on the other hand, 
the additional asphalt increases the thickness of 
the coating around aggregates, which tends to de
crease the conductivity of the mix because the con
ductivity of asphalt is much less than that of the 
aggregate. The dominant mechanism depends on the as
phalt content and the mix properties, such as the 
largest particle sizes present, the gradation, and 
the specific surface. 

The conductivity of the lightweight aggregate mix 
was about 60 percent of that of similarly graded 
limestone aggregate mixes and varied little with as
phalt content. It is believed that the conductivity 
of the lightweight mixes is controlled by air 
trapped in the expanded shale. 

The specific heat (c) of the four mixes did not 
increase systematically with asphalt content, as was 
expected. The specific heat of the lightweight ag
gregate mixes was about 60 percent higher than that 
of the limestone aggregate mixes primarily because 
of the decrease in bulk density. The products pc 
for similarly graded lightweight and limestone ag
gregate mixes were found to be similar. 

The diffusivity (a) of each of the three lime
stone mixes varied less than 10 percent with asphalt 
content. The open- and dense-graded surface course 
mixes had similar diffusivities--the average was 
about 6.2 * 10- 7 m2 /sec . The average n of the 
base course mix was about 7. 3 * 10- 7 m2 /sec. The 
diffusivity of the asphaltic concrete mixes that had 
1 ightweight aggregate was found to be essentially 
independent of asphalt content. The reduction in a 
from limestone to lightweight aggregate dense-graded 
surface course mixes was nearly the same in magni
tude as the corresponding reduction in thermal con
ductivity. 

Based on the results of this study, it appears 
that in analyzing heat transfer in asphaltic con
crete having limestone aggregate, an average value 
of specific heat and an average value of diffusivity 
can be used that are independent of asphalt content 
but depend on the aggregate gradation. The conduc
tivity used in analysis must reflect the asphalt 
content as well as the gradation of the aggregate. 
It appears that average values of diffusivity and 
specific heat can be used for lightweight aggregate 
mixes similar to that investigated, and it appears 
that little accuracy would be lost if an average 
value of conductivity, independent of asphalt con
tent, were used. 
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Evaluating Moisture Susceptibility of Asphalt Mixtures 

Using the Texas Boiling Test 

THOMAS W. KENNEDY, FREDDY L. ROBERTS, and KANG W. LEE 

ABSTRACT 

A description of the development and use of 
the Texas boiling test to evaluate stripping 
of materials susceptible to moisture damage 
is presented. Based on a review and compari
son of boiling tests currently in use by 
several agencies and a limited test evalu
ation program, a tentative test procedure 
was prepared and used for all subsequent 
testing. Tests were performed on eight mix
tures, of which five had stripped in the 
field and three had not. Each mixture and 
its individual aggregate components were 
tested to determine if the results could be 
used to differentiate between stripping and 
nonstripping mixtures. Because antistripping 
additives are commonly used in stripping
prone mixtures, a few additives and aggre
gate combinations were tested to determine 
if test results were affected by the pres
ence of these additives. Test results indi-

cate that valuable information is provided 
by the Texas boiling test. The test is sim
ple and easy to perform; it can be performed 
either in the laboratory during mixture de
sign or on field-mixed mixtures. Evaluation 
of known aggregates and various antistrip
ping additives indicates that the Texas 
boiling test generally can be used to detect 
moisture-susceptible mixtures. 

Water-induced damage of asphalt mixtures has pro
duced serious distress, reduced performance, and in
creased maintenance for pavements in Texas as well 
as in other regions of the United States. Moisture
induced damage producco ocvcral forms of dis tress, 
including localized bleeding, rutting, shoving, and 
ultimately complete failure because of permanent de
formations and cracking. This damage occurs because 
of stripping of asphalt from aggregate and in some 
cases possibly because of softening of the asphalt 
matrix. 
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Stripping, which is of primary concern, is the 
physical separation of the asphalt cement and aggre
gate produced by the loss of adhesion between the 
Q~f,:1e1~;_ \.ot::mcui.. auU i..iu:::: dyy1.~yc:1l.~ t:iiu1..Lc:t(;~ ~r.imarJ..1.y 

due to the action of water or water vapor. Stripping 
is accentuated by the presence of aggregate surface 
coatings and by smooth surface-textured aggregates. 
Softening is a general loss of stability of a mix
ture that is caused by a reduction iri cohesion due 
to the action of moisture within the asphalt matrix. 

Field and laboratory experience to date (1-10) 
indicates that stripping is primarily an aggr-;gate 
problem, but the type of asphalt is also important. 
Thus it is important to evaluate both the asphalt 
and the aggregate that is proposed for use. In addi
tion, attempts to reduce the magnitude of the prob
lem ofte n have centered on introducing various 
antistripping additives to asphalt mixtures. Unfor
tunately, there has been no generally accepted, re
liable way to evaluate proposed aggregate-asphalt 
combinations to determine their water susceptibility. 

In rcoponse to this problem, the Center for 
Transportation Research and the Texas State Depart
ment of Highways and Public Transportation, through 
their cooperative research program, initiated a re
search project to study water-induced damage to as
phalt mixtures in Texas. This study included an 
evaluation of proposed test methods for ascertaining 
the water susceptibility of asphalt mixtures and the 
effectiveness of antistripping agents. 

As a result of the study, three tests were iden
tified and were found to provide significant infor
mation with respect to distinguishing between strip
ping and nonstripping mixtures. These tests are the 
Texas freeze-thaw pedestal test, the Texas boiling 
test, and the wet-dry indirect tensile test. 

The Texas boiling test is a rapid method to eval
uate the moisture susceptibility of an aggregate
asphalt mixture before using the mixture in the 
field. The Texas freeze-thaw pedestal test is de
scribed elsewhere (1,l,i,10), and the wet-dry indi
rect tensile test is described by Kennedy and 
Anagnos (.2). In this paper the development of the 
Texas boiling test procedure and the findings of 
studies to evaluate its effectiveness are summarized. 

TEXAS BOILING TEST AND EVALUATION 

The Texas boiling test is a rapid method to evaluate 
the moisture susceptibility, or stripping, of aggre
gate-asphalt mixtures, with and without antistrip
ping agents, and is a composite of procedures that 
are described in other publications (11-14). In this 
test a visual observation is made of the extent of 
stripping of the asphalt from aggregate surfaces 
after the mixture has been subjected to the action 
of boiling water for a specified time. After review
ing the various test methods and performing a pre-
1 iminary evaluation, the best features of each pro
cedure were synthesized to produce a test procedure 
that would minimize potential field problems while 
minimizing the difficulty and cost of performing 
these laboratory tests. The standard procedure used 
in this study was designed for evaluating both the 
potential stripping mixtures and the effect of add
ing antistripping additives. The standard procedure 
is included in the Appendix and is summarized in the 
following sections. 

Aggregate 

Aggregate mixtures can contain several materials 
that are blended naturally or by the contractor to 
satisfy grading requirements. These individual mate-
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rials and the total mixture vary in size, shape, 
surface texture, and chemical composition. The test 
method allows the individual materials and the total 
mixture to be evaluated. 

Individual Aggregates 

When an individual aggregate is to be evaluated, the 
proposed Texas boiling test permits testing of indi
vidual component materials in a range of sizes such 
as 

1. Passing 3/8-in. retained on No. 4, 
2. Passing No. 4 retained on No. 10, 
3. Passing No. 10 retained on No. 40, and 
4. Passing No. 40 retained on No. 80. 

Additional size ranges can also be tested if needed. 

Total Aggregate Mixture 

When evaluating the total mixture, the sampl e should 
have the same gradation as proposed for construc
tion; aggregates greater than 7/8 in. are normally 
eliminated. Care should be taken in the evaluation 
to ensure that a proper determination is made of the 
amount of asphalt retained on the aggregate because 
the fine aggregates have a significant effect on the 
visual appearance of the mixture. 

Asphalt Cement 

Both the type and amount of asphalt cement influence 
stripping and test results. 

Type and Source 

The asphalt cement should be the same as that pro
posed for use during construction. It is recommended 
that the asphalt-aggregate mixture be retested if 
the source or type of asphalt changes. 

Asphalt Content 

"I·o eval uate the totai aggregate mixture, the aggre
gates should be blended according to the specified 
project gradation, and the ashalt content should be 
that determined by Tex-204-F (15) or other design 
procedures. When the individual components of the 
mix are evaluated, a constant asphalt content can 
produce different film thicknesses because the de
sign asphalt content varies with the size, shape, 
absorption, and surface area (16) of the aggregate 
being tested. To produce an asphalt film thickness 
for an individual aggregate that approximates the 
film thickness for the total mixture, the asphalt 
content should be increased or decreased until the 
proper film thickness, as determined visually, is 
secured. This can be done by visually ensuring that 
all particles are coated and that excess asphalt is 
not left in the mixing pan. Future refinements 
should consider the surface area of the individual 
aggregates in order to produce uniform film thick
nesses. 

Mixture Pteparation 

The asphalt cement, with or without an antistripping 
agent, is heated at 325° ± 5°F for 24 to 26 hr, 
which allows the heat stability of the additive to 
be considered. For the evaluation of the total ag-
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gregate mixture, 300 g of aggregate should be used; 
for the evaluation of an individual aggregate com
ponent, 100 g of material should be used. The dry 
aggregate is heated at 325° ± 5°F for 1 to 1. 5 hr. 
The asphalt cement is added to the aggregate and 
mixed manually on a hot table. The mixture is al
lowed to cool at room temperature for at least 2 hr 
before testing. 

Test Procedure 

A 1000-mL beaker or other suitable container is 
filled one-half full (approximately 500 cc) with 
dis tilled water and heated to boiling. The prepared 
aggregate-asphalt mixture is added to the boiling 
water, which will temporarily lower the temperature 
below the boiling point. The heat should be in
creased so that the water reboils in approximately 2 
to 3 min. The water should be maintained at a medium 
boil for 10 min, stirring with a glass rod at 3-min 
intervals. During and after boiling the stripped as
phalt should be skimmed away from the surface of the 
water with a paper towel to prevent recoating of the 
aggregate. The mixture is then allowed to cool to 
room temperature while still in the beaker. After 
cooling, the water is drained from the beaker and 
the wet mixture is emptied onto a paper towel and 
allowed to dry. 

Evaluatien a nd Reporting 

The amount of stripping is determined by a visual 
rating, expressed in terms of the percentage of as
phalt retained (scale O to 100 percent retained). 
Such a rating is subjective and will vary with time 
and for different operators. To standardize the 
evaluation, a standard rating board (Figure 1) has 
been developed with 10 intervals from Oto 100 per
cent retained. This scale is constructed by using a 
set of specimens that have been selected to provide 
visual examples of varying degrees of stripping that 
can be compared with the test specimen to obtain a 
test value. A photograph should not be used because 
of textural differences. The mixture should not be 
evaluated until air-dried because laboratory results 
have demonstrated that stripping of the fines in 
some mixtures is not as apparent if the mixture is 
wet. 

,6' ~ f 
~ t 0 

Texas Boiling Test 
Rating Board 

% Asphalt Retained 

~ ,R ~ ,p 
~ ~ ,R d 
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~ ~ ~ 
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,._o ~ ~ 

e 
e -------FIGURE 1 Texas boiling test rating board. 
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Analysis of Critical Test Variables 

Initial laboratory evaluation of the test method in
dicated that test results were sensitive to three 
test variables: the number of times the asphalt and 
aggregate were mixed, the temperature to which the 
aggregate was heated before mixing, and the type of 
water used to boil the mixture. Thus these variables 
were evaluated to determine their effects, and the 
results were used to establish the test procedure. 

Number of Times Mixed 

Results of the boiling test indicated that reheating 
and remixing the asphalt-aggregate mixtures dramati
cally increased the amount of asphalt retained (Fig
ure 2). A set of specimens, prepared from seven in
dividual aggregates and one mixture, was prepared by 
mixing the aggregates and asphalt once; a second set 
of specimens was prepared where the specimens were 
mixed, reheated, and mixed again; and a third set of 
specimens was prepared where the specimens were 

ONCE 

ONCE 

MIXED 

TWICE 

FINE FIELD SAND(9El 

MIXED 

TWICE 

.. ... 

3 TIMES 

3 TIMES 

COARSE RIVER GRAVEL( 13A) 
FIG URE 2 Effect of number of times mixed on Texas boiling 
test. 
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TABLE 1 Summary of Effect of Number of Times Mixed 

Field 

Stripping 

Nonstripping 

The 

Individual Aggregates 
aud ri.ixc:ure 

River gravel, 9D 
Washed sand, 9F 
Field sand, 9~ 

Coarse river gravel, 13A 
Coarse field sand, 13C 
Combined mixture, 13A & C 

Coarse crushed limestone, 141 
Limestone screening, 14K 

- ··"""···- - : ____ ;:! 

Table 1 and Figure 3. As shown, the amount of re
tained asphalt was greater for mixtures that were 
reheated and remixed. In addition, the separation 
between stripping and nonstripping mixtures was best 
when specimens were mixed once. The standard pro
cedure, therefore, involves mixing the asphalt and 
aggregate only once before cooling and boiling. 

Mixinq Temperature 

The effect of the initial aggregate temperature 

100 .. 
C 

=s 
m 
~ 80 
:. 
c 
"Cl .. 
~ 60 

• 0: 
~ 

a 
~40 .. 
C( ... 
0 

i 20 

9D 

13 Mix 

~ 9F,9E, 
f. 13C 

13A 

Legend 

0----0 Stripping Aggregate 

6-- ---!':, Nonstripping Aggregate 

o ,.._ __ -'---------'--------''----

FIGURE 3 
test. 

Once Twice Three Times 
Number of Mixings During Soeciman 

Preparation 

Effect of number of timcg mixed on Texas boiling 

Aggregate 
Size 

-3/8 + 4 
-10 + 40 
-40 + 8U 

-3/8 + 4 
-10 + 40 

-3 /8 + 4 
-4 + 1.0 

Asphalt 
L;ontent 

% 

2.3 
6.3 
6.3 

3.0 
7.0 
6.0 

3.4 
3.4 

Asphalt Retained, 

M1X M1x 
Once Twice 3 

45 65 
15 35 
15 75 

5 75 
15 75 
3'i n'i 

75 75 
75 85 

% 

Mix 
Times 

95 
85 
95 

75 
75 
R'i 

85 
95 

-~ 
VL 

boiling test specimens were prepared with aggregates 
heated to either 200°, 250°, or 325°F and then mixed 
with asphalt cement at 325°F. After mixing and cool
ing, each mixture was boiled and the amount of as
phalt retained was determined. The results indicated 
that a greater amount of asphalt was retained when 
the aggregate and resulting mixing temperatures were 
higher (Table 2 and Figures 4 and 5). Therefore, in 

gates and the asphalt cement are heated to 325°F be
fore mixing. 

Water for Boiling 

A comparison of test results obtained by using dis
tilled water and tap water indicated that dramati
cally different results can be obtained and that the 
type of water also produces effects (Figure 6). Sim
ilar effects were also reported by personnel of the 
Alabama Department of Transportation. Thus the stan
dard procedure uses distilled water • 

TEXAS BOILING TEST TO EVALUATE MATERIALS 

A series of tests on mixtures with and without anti
stripping additives was conducted to evaluate the 
ability to distinguish between known stripping and 
nonstripping mixtures and to evaluate the effect of 
antistripping additives. 

Materials 

Eight mixtures from actual projects were selected 
for use in 
previously 

this study. 
exhibited 

or these eight mixtures, 
stripping in the field 

five 
and 

TABLE 2 Summary of Effect of Initial Aggregate Temperature 

Field Individual Aggregate Aggregate Asphalt Asphalt Retained, % 

Performance Size Content 
% 200°F 250°F 325°F 

Field sand, 9E -40 + 80 6.3 15 15 55 

Stripping 
Coarse field sand, 13C -10 + 40 7 25 25 65 
Gem sand, 13M -3/8 + 4 3 5 5 26 
Coarse sand. 13N -10 + 40 7 15 25 65 

Nonatripping 
Sandstone, 131 - 3/8 + 4 3 35 35 85 
Field sand, l3D -40 + 80 7 85 65 85 
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INITIAL AGGREGATE TEMPERATURE 

2oo·F 250'F 

FINE FIELD SAND(9E) 

INITIAL AGGREGATE TEMPERATURE 

200°F 2so°F a2s°F 

COARSE FIELD SAND( 13C) 

FIGURE 4 Effect of initial aggregate temperatures on Texas 
boiling test. 
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FIGURE 5 Effects of initial aggregate temperatures 
on Texas boiling test. 
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three did not. The major components of these strip
ping mixtures were silicious river gravel and sand, 
The major components of the nonstripping mixtures 
were crushed limestone, caliche, or slag, The com
position of each mixture by aggregate type and per
centage is reported elsewhere (6). 

The gradations of aggregates- used for the boiling 
test were the same as those used in construction, 
Two materials met the requirements of grade 1 flex
ible base item 238 (processed gravel) and item 232 
(caliche), respectively (17). Gradations of the 
other six materials met the requirements of type D 
surface course paving mixtures. 

The asphalt cements included in the testing pro
gram were the same as those used in pavement con
structions. 

Evaluation of Mixtures 

Results for each of the eight mixtures are shown in 
Figure 7. All mixtures that experienced stripping in 
the field retained less than approximately 60 per
cent asphalt after boiling. The nonstripping mix
tures retained more than 75 percent. 

By using these data as well as other test results 
as a base, it is currently recommended that 70 per
cent of asphalt retained after boiling be the divi
sion between stripping and nonstripping mixtures. 
Based on this study and other experience, aggregates 
that retain more than 85 percent are judged to be 
moisture resistant. Those between 70 and 85 percent 
are borderline and would benefit from treatment. 
Thus the Texas boiling test offers a quick method of 
detecting asphalt-aggregate mixtures that are sus
ceptible to stripping and moisture in the field. Be
cause this test can be performed quickly in either 
the laboratory or the field, and because the results 
provide a satisfactory indication of stripping, it 
is recommended for use in evaluating mixtures during 
both design and construction. 

Evaluation of Individual Aggregates 

The boiling test has also been used to evaluate the 
individual components of these aggregate mixtures to 
determine their water susceptibility. Test results 
for each of the individual aggregates included in 
the eight project mixtures are given in Tables 3 and 
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FIGURE 7 Texas boiling teBt results for stripping and nonstripping mixtures. 

TABLE 3 Texas Boiling Test Results for Individual Aggregates and Stripping Design Mixtures 

District 

5 
Lubbock 

9 
Waco 

11 
Lufkin 

12 
Houston 
(Harris 
Co.) 

13 
Yoakum . 

Individua l Aggregace 
and Design Mixture 

Crushed caliche (SA) 

Coarse gravel (9D) 
Washed sand (9F) 
Field sand (9E) 
Design mixture 

Crushed limestone (!IC) 
Pea gravel (110) 
Coarse field sand (!IE) 
Local field sand (!IF) 
Design mixture 

Gravel screenings (!2B) 
Crushed limestone (12A) 
Local field sand (12C) 
Design mixture 

Coarse river gravel (13A) 
Fine river gravel (!3B) 
Coarse field sand (13C) 
Fine field sand (13D) 
Design mixture 

AKKCt:gc1tt:: 
Size Tested 

all gradation 

-3/8 + 4 
-10 + 40 
-40 + 80 

all gradation 

-3/8 + 4 
-3/8 + 4 
-3/8 + 4 
-40 + 80 

all gradation 

-3/8 + 4 
-3/8 + 4 
-40 + 80 

all gradation 

-3/8 + 4 
-3/8 + 4 
-10 + 40 
-40 + 80 

all gradation 

Asphalt Percent of Asphalt 
V U HLC:lU. t n_ .. -"--.J 

l \ ,C:L.0.£.H,C:U 

% After Boiling 

9.0 25 

2.3 45 
6.3 15 
6.3 15 
4.3 25 

5.0 35 
3.0 35 
7.0 15 
7.0 15 
5.0 25 

2.3 35 
4.3 85 
6.3 95 
4.3 65 

3.0 5 
5.0 25 
7.0 15 
8.0 85 
5.0 35 

4. In general, when a major component of the mixture 
retains less than 50 percent asphalt, the mixture 
itself strips significantly. However, there were 
anomalies that occurred between results for individ
ual aggregates and for mixtures of the aggregates. 

Antistripping Additives 

During recent years various antistripping additives 
have been incorporated into asphalt mixtures to re
duce the magnitude of the stripping problem. The 
most common categories of additives that have been 
used and judgments of their effectiveness have been 
summarized by Majidzadeh and Brovald (18). These ad
ditives are either mixed with the binder or applied 
to the aggregate surfaces. Some test results indi
cate that the effectiveness of the additives may be 
better when applied directly on the aggregate than 
when added to the binder (19,20). However, blending 
the additive with the binde-;-is-easier, more econom
ical, and is the current practice with liquid chem
ical additives. These chemical antistripping addi
tives are usually added at a rate of 0.5 to 1.0 
percent by weight of the asphalt (1!_). 

Evaluation of Antistripping Additives 

Several techniques have been proposed in the tech
nical literature or have been demonstrated in the 
field to limit the water damage to asphalt concrete 
mixtures. These include pretreatment or elimination 
of stripping-prone aggregates, design control, and 
construction control. However, the most commonly 
used procedure is to treat the aggregate or asphalt 
with an antistripping additive. To evaluate the ef
fectiveness of these additives in reducing moisture 
susceptibility, a limited study was performed. Hydrated 1 ime has been used quite successfuly in 
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TABLE 4 Texas Boiling Test Results for Individual Aggregates and Nonstripping Design Mixtures Materials 

Asphalt Percent of Asphalt 
Individual Aggregate 

and Design Mixture 
Aggregate Content. Retained 

District Size Tested % After Boiling 

12 
Houston 
(Galveston 
Co.) 

Crushed limestone (12E) 
Limestone screenings (12F) 
Field sand (12G) 

-3/8 + 4 s .o 85 
-10 + 40 s.o 85 
-40 + 80 7. 0 55 

Design mixture all gradation 6. 0 85 

,l 
Crushed limestone (14 I&J) 
Limestone screenings (14K) 
Local field sand (141) 
Design mixture 

-3/8 + 4 3.1, 95 
-4 + 10 ,,·. t. 75 14 

Austin -40 + 80 7 . I, 75 
all gradation 5 . 4 95 

Coarse slag (19A&B) 
Field sand (19C) 

-3/8 + 4 5.5 95 
19 

Atlanta 
-40 + 80 7. 5 85 

Local field sand (19D) 
Design mixture 

-10 + 80 6. 5 65 
all gradation 7 . S 75 

the past as an antistripping additive (l-2,!Q.). Usu
ally, l to 2 percent hydrated lime is applied di
rectly to the aggregate in slurry form (10). How
ever, it has also been added to the asphalt and to 
the aggregate in dry form, but test results have not 
been as dramatic as those from slurry applications. 

Effectiveness of Antistripping Additives 

A limited laboratory study was designed to evaluate 
the effectiveness of several antistripping additives 
using results from the Texas boiling test. Two 
groups of specimens were prepared with antistripping 
additives for the purposes of 

1. Evaluating the effectiveness of adding anti
stripping additives to the stripping materials, and 

2. Detecting any adverse effect of antistripping 
additives in the nonstripping materials. 

Eleven different liquid chemical antistripping 
additives, representing five antistripping catego
ries and a lime slurry, were used as additives in 
specimens prepared for this study. The lime slurry 

was added directly to the aggregate while the liquid 
antistripping additives were added to the asphalt 
before mixing. The amount of liquid agents was l 
percent by weight of asphalt. The lime slurry was 
prepared with l percent hydrated lime and 3 percent 
water by weight of the aggregate. After applying the 
selected treatment, the asphalt mixture was pre
pared, the mixture boiled, and the amount of strip
ping estimated after cooling. 

The three individual aggregates selected for use 
in this investigation were a coarse aggregate river 
gravel, rhyolite from west Texas, and crushed lime
stone. The coarse river gravel was a silicious ag
gregate with crushed faces and is a stripping-prone 
aggregate. The rhyolite was a gray, rough, subangu
lar material that has exhibited severe moisture
related problems in both asphalt mixtures and seal 
coats. The crushed limestone was a rough, subangu
lar, porous material; it is a nonstripping aggre
gate. Two asphalt cements from different Texas re
fineries were selected. 

Test results are summarized in Figure 8 for the 
silicious river gravel. The antistripping additives 
were grouped by classification as obtained from each 
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FIGURE 8 Texas boiling test results on mixtures of coarse river gravel with various 
antistripping additives. 



iii 
iii 

52 

producer. In general, the results from the Texas 
boiling test indicated positive benefits for lime 
slurry and selected chemical antistripping additives, 
... ·- - •• .:"I.! - - - I I . - - - ··- --.L. - ·--------.L-.:11 .L.--J.. 

~t::::pt::::11u.1.11y u11 Lllt::' ay'j'Lt::::YCl'-C• vLuc.L ulu.c~vL Leu L-c .., ._ 

results suggest that some of these additives are 
more effective when sprayed directly on the aggre
gate rather than being added to the asphalt. 

It was observed that there is significant inter
action between additives, asphalt, and aggregate 
(i.e., the magnitude of test results may be affected 
if any one of these three factors is changed). Thus 
each combination of asphalt, aggregate, and anti
!!ltripping 11dditivl! muot b<? evaluated to determine 
whether the combination provides increased resis
tance to stripping. 

For the nonstripping aggregates, no differences 
between test results were detected when the anti 
stripping additives were used and when they were not 
used. This indicates that no adverse effects occur-
1. t:U uu ~ tu LiH::: f'L' t:::: S~f1Ct: o l: Ch~ var .1. uus ar1t :i.. s-tri1:Jp ing 
additives for the quantities used and for the aggre
gates included in this test program. 

Because the effectiveness of antistripping agents 
is dependent on the aggregate and asphalt used, 
evaluation should be conducted on the actual asphalt 
cement-aggregate combination to be used in the 
field. Consideration should also be given to treat
ing the aggregates with chemical additives in a 
water-soluble form rather than adding th~ additive 
directly to the asphalt. 

CONCLUSIONS 

Results from the Texas boiling test provide valuable 
information that can differentiate between asphalt 
mixtures that are known to strip in the field and 
those that do not strip. Specific conclusions are as 
follows. 

1. The number of mixing timc o .:iffccts the test 
results significantly. The best differentiation be
tween stripping and nonstripping mixtures occurred 
when the specimen was mixed only once. Therefore, in 
the standard procedure the specimen is prepared by 
mixing once. 

2. The mixing temperature produced a significant 
effect on test results: the higher initial aggre
gate temperature produced less stripping. Test re
sults, however, indicated that when aggregates were 
heated to 325°F, the results more consistently dif
ferentiated between stripping and nonstr ipping mix
tures. Therefore, 325°F was incorporated in the 
standard boiling test procedure . 

3. Aggregates that retain less than 70 percent 
asphalt are tentatively judged to be moisture sus
ceptiblei aggregates that retain more than 85 per
cent are believed to be moisture resistant. Those 
between 70 and 85 percent are probably borderline 
and would benefit from treatment. 

4. A rating board (Figure 1) should be used to 
make the visual estimates of the amount of asphalt 
retained to ensure uniformity of results. A photo
graph should not be used. 

5. Based on a limited evaluation, the results of 
the Texas boiling test appeared to be useful in 
evaluating the effectiveness of antistripping addi
tives. Based on these test results, the lime slurry 
and silanes appeared to be the most effective. 

RECOMMENDATIONS 

Results from this study indicate that the Texas 
boiling test can detect asphalt mixtures that ex
hibit stripping tendencies in the field. The test is 
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rapid and can be conducted with a m1n1mum amount o f 
special equipment. Thus the test offers a method f or 
the field control of aggrega tes and aspha lts to en
sur~ ~0i~t~r~-~~s istent asph~lt ~!~t~r~s ~~~ ~ ~~~ns 

to evaluate proposed antistripping additives. 
Because of the potential offered by this test, 

the following recommenda tions are offered. 

1. The Texas bo i l i ng test should begin to be 
used to evaluate the moisture susceptibility of 
asphalt-aggregate mixtures proposed for use in con
struction and as a quality control test. 

:>, Tn the event that a !itrippin'} mixtl1re is 1<i
tected, the proposed antistripping additive can be 
tested by using the Texas boiling test to evaluate 
its effectiveness in improving the adhesion between 
the asphalt cement a nd each aggregate in the mixture . 

3. If any component of a mix ture is changed, the 
mixture should be reevaluated because stripping is 
dependent on the aspha lt as well as on the aggregate 
and because the effectiveness of some antistripping 
agents appears to be aggregate and asphalt dependent. 

4. Other tests such as the Texas freeze-thaw 
pedestal test and the wet-dry indirect tensile test 
should also be conducted if time allows. 

5. Consideration should be given to evaluating 
chemical additives in their water-soluble form as 
aggregate pretreating agents. 
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APPENDIX: TEXAS BOILING TEST--STANDARD TEST 
PROCEDURE 

The method is used as a screening device to evaluate 
the moisture susceptibility of an asphalt concrete 
mixture by visually estimating the degree of strip
ping after boiling in distilled water. The procedure 
can also be used to evaluate the effectiveness of 
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antistripping additives added to moisture-suscepti
ble mixtures. 

Apparatus 

1. Oven--an electric oven capable of maintaining 
a temperature of 163° ± 2.8°C (325° ± 5°F) to 
heat the asphalts and to heat or dry the aggregates: 

2. Sample m1x1ng apparatus--suitable equipment 
for hand mixing the aggregate and asphalt: includes 
round mixing pans of various sizes, small masonry 
pointed trowels, and spatulas: 

3. Balance--a balance with a capacity of 5 kg 
that is sensitive to at least 0.1 g: 

4. Hot table--an electric hot table capable of 
maintaining a temperature during mixing: 

5. Beaker--a 1,000-mL beaker capable of being 
heated: 

6. Source of heat--a heat source that consists 
of a burner or an electric heater, with beaker 
support or an oil bath with an internal chamber 
capable of holding 500 cc of distilled water and the 
sample: and 

7. Miscellaneous apparatus--stop watches, 
scoops, glass rods, gloves, paper towels, and alumi
num foil. 

Preparation of Specimen Mixture 

1. Selection of asphalt content: Determine the 
optimum asphalt content for the asphalt-aggregate 
mixture according to test method Tex-204-F (15) or 
other design method. For individual aggregates, a 
trial mixture of asphalt and aggregate should be 
prepared. If some of the aggregate is not coated 
well or if the mixture appears rich, increase or de
crease the asphalt cement content, respectively, un
til a satisfactory mixture is secured (i.e., all ag
gregates are coated and no excess asphalt is left on 
the mixing bowl). Future refinements should consider 
surface area in order to ensure a relatively uniform 
film thickness. 

2. Preparation of aggregates: If a mixture is 
to be evaluated, the mixture must have components 
representative of each of the aggregate sources and 
sizes. All materials should be combined in the spec
imen mixture in the same gradation that they occur 
in the field mixture. If an individual aggregate is 
being evaluated, use the fraction passing the 9.52 
mm (3/8 in.) and retained on the 4. 76 mm (No. 4) 
sieves. If the predominance of the material is 
smaller than the No. 4 sieve, a finer fraction can 
be tested. 

3. Adding antistripping additives: If an anti
stripping additive is to be evaluated, it must be 
either blended with the asphalt or placed on the ag
gregate before final mixing. In case of blending 
with the asphalt, the asphalt needs to be preheated 
at 135° to 149°C (275° to 300°F). Pour 100 g of as
phalt into a 6-ounce can. Add the desired amount of 
antistripping additives as a weight percent of the 
asphalt. Immediately stir the two materials with a 
small spatula for approximately 2 min. 

4. Preparation of mixtures: Weigh out 300 g of 
the aggregates mixture or 100 g of an individual ag
gregate. Heat the asphalt cement or asphalt cement 
plus chemical additive at 163° ± 2.8°C (325° ± 5°F) 
for 24 to 26 hr, and heat the aggregate at 163° 
± 2.8°C for 1 to 1.5 hr. After both materials are 
at 163 ± 2.8°C, pour the required asphalt cement 
into the preweighed aggregate, which is in a metal 
container on the hot table. Mix the aggregate and 
asphalt by hand as thoroughly and rapidly as possi-
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ble. Transfer the mixture to a piece of aluminum 
foil and allow to cool at room temperature for 2 hr. 

Test Procedure 

1. Boiling mixture in water: Fill a 1000-mL 
beaker one-half full ( 500 cc) with distilled water 
and heat to boiling. Add the mixture to the boilinq 
water. Addition of the mixture will temporarily cool 
the water below the boiling point. Apply heat at a 
rate such that the water will reboil in not less 
than 2 or more than 3 min after addition of the mix
ture. Maintain the water at a medium boil for 10 
min, stirring with a glass rod three times during 
boiling, then remove the beaker from the heat. Dur
ing and after boiling dip a paper towel into the 
beaker to skim any stripping asphalt from the sur
face of the water. Cool to room temperature, drain 
the water from the beaker, and empty the wet mix 
onto a paper towel and allow to dry. 

2. Visual observation: Visually estimate the 
percentage of cement retained after boiling by com
paring the specimen with a standard rating scale 
(Figure 1) • A photograph should not be used, The 

mixture should also be examined on the following day 
after it has been allowed to dry because stripping 
of the fines is not as apparent when the mixture is 
still wet. 

[Note: The standard rating scale (Figure 1) con
sists of samples that represent various degrees of 
stripping selected to provide examples at 10 percent 
intervals ranging from O percent to 100 percent re
tained asphalt cement.] 

The percentage of asphalt retained after boiling 
should be based on a comparison with the standard 
scale, not a photograph. Select the specimen nearest 
in appearance to the test specimen and report that 
as the test result. 

Publication of this paper sponsored by Committee on 
Characteristics of Bituminous Paving Mixtures to 
Meet Structural Requirements. 

Analysis of Asphalt Concrete Test Road Sections in the 
Province of Quebec, Canada 

JOSEPH HODE KEYSER and BYRON E. RUTH 

ABSTRACT 

Data were collected from test road sections 
in the Province of Quebec, Canada, for the 
purpose of evaluating the effects of materi
~ls and in ~itu condition2 on th~ p~rfor
mance of asphalt concrete pavements. These 
pavements were tested in 1980 to determine 
rutting, ride, and deflection characteris
tics. In situ conditions were determined by 
sampling and test measurements. Asphalt con
crete cores were obtained for indirect ten
sile strength tests and for recovery of as
phalt for conventional consistency tests 
(penetration, viscosity, and softening 
point). These data were compiled along with 
information contained in the original con
struction records and pavement crack sur
veys. Statistical analyses were conducted 
and various relationships were developed 
that relate to factors that influence as
phalt binder properties, tensile strength, 
and transverse cracking. The most signifi
cant findings include (a) a verification of 
greater age hardening when in-service asphalt 
concrete pavements have air voids in excess 
of 4,0 percent, (b) a tentative test method 

that incorporates the work of Goode and 
Lufsey to evaluate the age hardening of 
binders, and (c) mathematical relationships 
developed from statistical analyses by using 
recovered asphalt penetration and traffic 
level for the prediction of transverse 
cracking. Results of other analy ses are pre
sented that define those variables that have 
an effect on consistency parameters, mix 
tensile strength, rutting, and ride quality. 
Dynaflect deflection basins were analyzed by 
using an elastic layer computer program, 
which resulted in the development of rela
tionships between subgrade moduli and the 
fifth-sensor deflection. 

Data were collected from 3-km-long test road sec
tions for evaluation of the effects materials and in 
situ conditions have on pavement performance. Analy
ses were conducted to develop relationships (a) be
tween asphalt consistency measurements, (bl for in 
situ differences in asphalt and mix properties, and 
(cl for differences in pavement performance. Twenty
three test sections were used as the data base. 
These sections were located throughout the Province 
of Quebec, including areas in Montreal, Sherbrooke, 
Trois Rivieres, Rimouski, and Lake St. Jean. 
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The data base contained 44 variables that were 
initially evaluated by using a variety of statisti
cal methods, The data included in situ measurements 
of rutting, cracking, pavement response (deflec
tions), and ride (Mays meter). In 1980 core samples 
were obtained from the test sections to determine 
the properties of the asphalt mixtures and recovered 
bitumens. Penetration and viscosity data for the 
original bitumens were also included in the data 
base. Parameters defining environmental conditions, 
drainage, soil type and moisture content, layer 
thicknesses, and properties of foundations and pave
ment materials were documented, Numerical rating 
systems were used to quantify variables such as 
traffic, drainage conditions, and type of soil, 

A comprehensive series of statistical methods 
were used to determine which variables had a high 
degree of interaction and to what degree of signifi
cance the variables were related to a specific ma
terial, performance, or response parameter. Analysis 
of variance (ANOVA) and clustering techniques were 
used to assess the significance of numerous vari
ables and their interdependency, The results derived 
from these analyses were used as the basis for de
velopment of relationships (mathematical models) be
tween the most promising combinations of variables. 

Single independent variable and multivariable re
gression analyses were conducted by using these com
binations, Initially, only linear-regression analy
ses were conducted. Consequently, few regression 
equations had correlation coefficients (R 2 ) in 
excess of 0.36. Subsequently, a considerable amount 
of effort was expended in plotting data to select 
potentially suitable transformations and performing 
additional regression analyses. 

TABLE 1 Basic Data for Test Sections 
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Some of the results obtained from these analyses 
are discussed in detail in the ensuing segments of 
this paper. Emphasis is placed on both the positive 
and negative aspects of the mathematical models. Al
though these models define the effects of variables, 
they should not be used indiscriminately. There are 
many pitfalls that may be encountered in using em
pirical models as an analytical tool or for adapta
tion to the design and evaluation of asphalt con
crete pavement systems. 

GENERAL DESCRIPTION OF TEST ROADS 

In Table 1 the basic data that describe the general 
characteristics of the different test sections are 
presented. Most of the test sections were in service 
for 7 to 9 years under medium traffic conditions 
(levels 3 and 4). Freezing index values ranged be
tween 1,500 and 3,000 degree days. Granular base 
thickness varied considerably, as might be expected 
when considering the diversity of soil types and 
climatic conditions. 

A typical section for pavements in the Province 
of Quebec is shown in Figure 1. 

ASPHALT CONSISTENCY RELATIONSHIPS 

Initial results from the cluster analysis indicated 
that penetration, viscosity, and softening point for 
recovered asphalts were related. Various transforma
tions were used to develop suitable mathematical 
models. In Table 2 the eight best regression equa
tions, and also Equation 9, which was mathematically 
derived from Equations 6 and 7, are listed. 

~ Traffic a Freezing Lal er thickness, inches Sub9rade 

Section Years Level Index, 0 dals Asehalt Cone . Granular Base b Soil Tiee c 

l 9 5 1800 2,5 15 6/7 

2 9 6 1933 3.3 28 5/11 

9 4 2000 4.4 18 4/10 

4 8 3.5 1800 4.4 48 1/24 

5 8 s 1500 3.5 21 1/5 

6 8 2 1850 4.0 41 1/6 

8 2 2000 4 .o 45 3/-

9 8 4. 5 2000 3.8 30 1/31 

10 2000 3.7 42 6/7 

11 9 2000 5. 5 42 3/-

12 1 2000 5.5 39 2/ 13 

14 3 1873 3.9 39 2/11 

15 7 3 1500 4.3 30 2/-

104 8 3 2800 3.0 41 1/18 

107 3000 4.0 42 6/8 

108 3. 5 3000 3.0 36 2/8 

109 8 4 3000 4.0 54 6/3 

110 8 4 3000 3. 5 42 6/8 

111 7 ;>250 3.0 25 6/6 

114 4 2250 4.0 30 4/8 

116 6 3 2000 4.0 15 4/ -

120 5 4 3000 3.0 24 6/4 

121 6 4 3000 3.0 28 1/ -

aTraffic ranges from hjgh (e.g., 1, Auto routes) to low (e.g., 5, rural highway, or 6, local streets). 
bincluded all granular material above subgrade that generally contains base, sub base, and sand (frost) Layers. 
ci = clay, 2 = clayey silt, 3 = sandy silt, 4 = silty sand, 5 = clayey sand, and 6 = sand. 

/w'i. 
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is a known fact that penetration-viscosity relation
ships for original asphalts can be considerably dif
ferent. This difference has been used in Canada as 
an indicator of temperature susceptibility and to 
establish asphalt specifications to minimize thermal 
cracking at low temperatures (!,ll• 

Data generated and reported by Lefebvre (3) were 
analyzed to establish a softening point-penetration 

penetrations up to 265. Regression analysis of 24 
different asphalts yielded the following equation 
with an R2 = 0.77: 

SP= 95.026(450/Pen)U.1232 

FIGURE I Typical pavement sections in the Province of Quebec. 

Comparison of this equation with Equation 7 indi
cates little difference between the constants and 
coefficients. Plots were prepared that demonstrated 
satisfactory agreement, except that the Lefebvre 
data tended to give lower snfhc.ning point valoes 
when the penetration was 80 or less. Although these 
results are not conclusive, they imply that parame
ters generated by using both penetration and soften
ing point, such as penetration index (PI) , are of 
questionable value. 

Figures 2-4 illustrate the data and the developed 
viscosity-penetration, softening point-penetration, 
and viscosity-softening point relationships, respec
tively. It is obvious that excellent correlations 
were obtained between these variables. 

The results suggest there is little need for more 
than one consistency measurement, provided the de
veloped relationships apply to original as well as 
to recovered asphalts throughout the diverse range 
of bitumens used by the paving industry. However, it 

The Quebec Ministry of Transport specifications 
for asphalt cements include a requirement for re
tained penetration using the residue from the thin
film oven test. Fiaure 5 shows the comoarison be
tween original a~d recovered penetr'ation with 
respect to the percent retained 
specifications. Seven of the 15 test 

TABLE 2 Relationships Between Consistency Parameters 

Eqn. 
No. 

1 (a) 

or: 

l(b) 

2(a) 

or: 

2{b) 

3(a) 

or: 

3(b) 

4(a) 

or : 

4(b) 

5 (a) 

or: 

5(b) 

8 

9 

Regression Equations for 
Different Consistency Parametersa 

Log(PEN) = 2,947 - 734,0E-7(SP)2 

(SP)2 = 38969 - 12896 Log(PEN) 

Log{PEN) = -0,96543 + 345.48(}p-) 

J- = 0.00299 + 0,00278 Log(PEN) 

Log(PEN) 4.0438 - 0.8692 Log(VIS) 

Log(VIS) = 4.0355 • 0.77183 Log(PEN) 

1 PEN= 0.001122 + 378.0E-7(VIS) 

VIS 

VIS 

SP 

VIS 

94.282 + 21602("PfN-) 

-2544.7 + 23.828(SP) 

110.89 + 0,03559{VIS) 

o. 7835 
13.053(~) 

0, 15 79 
SP - 91.812(~) 

VIS 105.66(~) 
4, 7843 

SP 4,9621 
VIS = 99,337 (-gr.ml (derived from 6&7) 

0.947 

0.958 

0.671 

0.815 

0.848 

0.940 

0,956 

0.937 

Note: Presented in this table are mathematical models deve)oped by statistical regression analyses to define 
the relationships between penetration at 25°C, viscosity at 275°F, and the ring and ball softening point 
temperature for bitumens recovered from cores in 1980. 
apEN = pcnOINl?lon at 25°C (77° F); VIS= viscosHy, centJstokes at 135° C (275°F)i and SP= softening 
point ternpan.ihJte (°F). 

penetration 
road binders 

;; 
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FIGURE 3 Ring and ball softening point
penetration relationship. 

had a retained penetration greater than 49 percent, 
which is considerably greater than the current Min
istry of Transport specifications. The remaining 
eight binders had a lower retained penetration than 
either the ASTM asphalt residue (AR) or the Ministry 
of Transport specifications. 

Although these specifications do not apply to re
covered asphalts, it is an indication that excessive 
hardening has occurred. The exact cause of the high 
degree of age hardening was not identified, although 
it was observed that the in-service air void content 
was greater than 4. 0 percent in seven of the test 
sections. These sections had the lowest retained 
penetration, which suggests that inadequate compac
tion was achieved during construction, the bitumen 
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FIGURE 4 Viscosity-ring and ball softening point 
relationship. 
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was damaged because of overheating, or the composi
tion of the bitumen promoted rapid age hardening. 

RELATIONSHIPS BE'IWEEN ASPHALT CONSISTENCY AND 
MIX PARAMETERS 

A review of the results from clustering and initial 
regression analyses indicated that (a) asphalt con
sistency values were affected by the air void con
tent of the mix and (b) both parameters influenced 
the tensile strength of cores obtained from the test 
section. Additional statistical analyses were per
formed, which resulted in the development of the re
gression equations given in Table 3. 



• 

58 Transportation Research Record 968 

TABLE 3 Relationship for Air Void Effects and Tensile Strength 

Eqn. 
No. Regression Equations for Different Parameters a R2 

9 VIS 531.74 (VV)0.2904 (sections 1 to 15) o. 762 

10 VIS 295 .87 (VV)0.3295 ( sect i ans 104 to 121) 0.692 

11 PEN 50 . ~3 (sections l to 15) o. 714 
~17 

12 PEN 
14•1. l~ 

(sections 104 to 121) 0.910 
( YV)u . 6J1:M 

13 6VIS 203.61 (VV)0.5716 (sections l to 15) 0.692 

14 6VIS 84.37 (VV)0.7068 (sections 104 to 121) o. 707 

15 6PEN 35.30 (VV)0.300 (sections l to 15) 0.488 

lli 6PEN 55 .41i (VV)0.357 (sections 104 to 121) 0."255 

17 ITS = 134.01 + 0.2461 (VIS) - 15.4203 (VV) 0.567 

18 Log ITS O.lili94 + o.lio31 Log (VIS) - 0.2479 Log (VV) 0.567 

Jg Log ITS 3.31015 - 0.48905 Log (PEN) - 0.2842 Log (VV) 0.471 

or: ITS = 2042 . 44 
(PEl'l)u . 411905 (W)o.2842 

Note: Presented in this table are mathematical models developed by statistical regression analyses to de
fine the relationships bet'.vecn tensile strength, air void content, and asphalt consistency parameters 
from cores in 19 80. 

ll VIS= viscos.lty @ 13 5° C, cs; PEN = penetration @ 2 5° C; VV = percent air void content; ITS = indirect 
urnille t troagth @ 0° C (32° F); 0,05 in,/min rate of loading. 

Asphalt Consistency 

Equations 9 and 10 (Table 3) indicate that viscosity 
at 275°F (135°C) would increase between 20 to 60 
centistokes for each 1, 0 percent increase in air 
void content for pavements that are about 7 to 9 
years old. A similar effect was obtained from Equa
tions 11 and 12, which predict a decrease in pene
tration of between 1 to 20 for each 1,0 percent in
crease in air void content. Figures 6 and 7 show 
these relationships and the plotted data for vis
cosity and penetration of the Abson recovered as
phalts versus the in-service air void contents. The 
trends illustrated in these figures suggest that the 
275°F (135°C) viscosity and the 77°F (25°C) pen
etration for recovered asphalts are primarily depen
dent on the grade of the ociginal asphalt cement and 
the air void content. Obviously, high air void con
tents after 7 to 8 years of traffic were the result 
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FIGURE 6 Recovered asphalt viscosity-air void content 
relationship. 
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FIGURE 7 Recovered asphalt penetration-air void content 
relationship. 

of inadequate compaction and insufficient densifica
tion due to traffic, Four of the 23 test sections 
had air void contents in excess of 6.4 percent. 
These sections were constructed with 60-100 penetra
tion asphalt cements and were among the nine sec
t ions exhibiting the most cracking. 

Relationships were developed for the actual 
change from original to recovered consistency values 
with respect to in-service air void content. Figure 
8 shows the data and resulting trend from regression 
Equations 13 and 14. Regression analyses were also 
performed to evaluate the change in penetration as a 
function of air void content. Equations 15 and 16 
define the change in penetration. Correlation coef
ficients for these equations were extremely low. 
However, the exponents in both equations are almost 
identical. This suggests that the effect of air void 
content on hardening is logarithmi cally linear for 
any grade of asphalt cement, and the constant in the 

;; 
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FIGURE 8 Effect of in-service air void content on 
asphalt hardening. 

equation denotes the shift factor to accommodate 
different grades, 

Air void and penetration data from an asphalt 
hardening study by Goode and Lufsey (4) were used to 
predict the oven age hardening effects. Their aging 
procedure used mixtures prepared with a 91 penetra
tion asphalt cement at different air void contents 
and processed for 12 and 63 days in a 140°F (60°C) 
oven. The penetration was obtained on asphalts re
covered from specimens with and without oven aging. 
The average penetration of the nonaged specimens was 
65.4. The difference between this value and the 12-
day oven-cured specimens was used to establish the 
following equation: 

6PEN c 9,66 (VV)0.372 

where 

6PEN 65.4 - PEN at 12 days, 
VV air void content (%), and 
R 2 = 0. 704. 

By using the following expression, 

RPEN = 65.4 - S(6PEN) 

where RPEN is the penetration of asphalt recovered 
from test road samples, and Sis the shift factor to 
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predict penetration of approximately 8-year-old 
pavements with 85-100 penetration grade asphalt. 

The shift factor obtained to predict the in
service penetration from the 12-day oven-aging data 
was 1.85. The shifted relationship is illustrated in 
Figure 7. The relatively good approximation provided 
by this procedure suggests that the methods used by 
Goode and Lufsey (il could be used to estimate the 
age hardening of asphalts and the resulting indirect 
tensile strength. This, of course, depends on the 
amount of hardening that occurs in mixing either in 
the laboratory or at the plant, as well as the dif
ference in climatic effects and composition of the 
asphalt. Additional experimentation will be required 
to determine if this procedure is valid or can be 
modified to accommodate different grades of asphalt 
cement and the effects of time exposure and harden
ing rate. 

Mix Tensile Strength 

Indirect tensile tests were conducted on cores at 
0°C (32°F) by using a 0.05 in./min (1.27 mm/min) 
rate of loading, The influence of asphalt viscosity 
and air void content on the tensile strength of 
these cores is defined in Table 3 by Equations 1 7 
and 18. Figure 9 illustrates the relationship pro
vided by Equation 17. The relatively low R2 values 
for both equations appeared to be caused primarily 
by excessive variation in tensile strength or air 
void content values or both. 

According to Equation 17, an increase in viscos
ity of 100 centistokes would increase the tensile 
strength at o•c by 25 psi. Similarly, a 1.0 percent 
increase in air void content would reduce the ten
sile strength by 15 psi. This reduction is approxi
mately equivalent to a 5 to 10 percent reduction in 
tensile strength. Other limited indirect tensile 
strength data from cores provided a 12 percent 
change per percent voids for air void contents be
tween 5.5 and 8.7 percent. Results by other investi
gators indicate that the dynamic modulus of asphalt 
concrete pavements is reduced by about 11.5 percent 
for each 1. 0 percent increase in air void content 
(_~). 

The substantial difference between test tempera
tures for viscosity and indirect tensile tests may 
have a significant effect on the interpretation of 
these results. The viscosity and shear susceptibil
ity of these recovered asphalts at lower tempera
tures (e.g., 0°C) could possibly provide more real
istic and meaningful relationships. Unfortunately, 
only penetration values were available for analysis 

Air Vold 
Content 

fo'"'o ___ .,_ __ ~se-lo"'o---'----~1e-lo~o,----'----~e,-!co--=o---..._-

RECOVERED ASPHALT VISCOSITY, KINEMATIC, CS AT 275"F 

FIGURE 9 Effect of viscosity and air void content on indirect t ensile 
strength. 
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FIGURE 10 Effect of penetration and air void content on indirect tensile 
strength. 

at these lower temperatures. These values and cor
responding air void content values were used in a 
regression analysis that yielded Equation 19 and is 
shown with the plotted data in Figure 10. 11.lthough 
the correlation coefficient is low, it is obvious 
that the effect of air voids on tensile strength is 
almost identical for both Equations 18 and 19. 

to obtain low temperature viscosity data for as
phalts recovered from five test sections. The re
gression equation developed by using the 0°C viscos
ities is 

ITS= 0.6164 (VC) 0.2815 - 15.42 (VV) 

where 

ITS indirect tensile strength at 0°C (psi), 
VC = constant power viscosity (J = 100 w/m') at 

0°c (Pa.el, 
VV = air void content (%), ana 
R2 0.851. 

This equation predicts the indirect tensile 
strength within about 10 percent of the measured 
values. In this equation, a 1.0 percent change in 
air void content would decrease the indirect tensile 
strength 6 to 8 percent within the 180- to 280-psi 
range. 

The results of analyses for consistency and ten
sile strength indicate the need to attain a reason
ably low air void content in the compacted mix that 
will minimiz<> age hardeninq and the Potential for 
low-temperature cracking. In general, pavements with 
air voids in excess of 4 or 5 percent after l or 2 
years of service are likely to harden sufficiently 
to prevent any further traffic densification. This 
in turn can promote additional hardening of asphalt 
binders and eventually result in cracking. 

MIX PI\.RAMETERS RELI\.TED TO PI\.VEMENT CRI\.CKING 

Longitudinal pavement cracking was classified ac
cording to the lineal feet of simple or multiple and 
polygonal longitudinal cracks in the 3-km-long test 
sections. The amount of longitudinal cracking was 
insignificant and generally less than 100 lineal 
feet. Only four pavement sections exhibited longi
tudinal cracking in excess of 50 lineal feet. Two of 
these sections had extremely low penetration and the 
other two had exceptionally high pavement deflection 
values. 

Transverse cracks were classified as the number 
of simple or multiple and polygonal transverse 

cracks in a test section. 11.lso, the severity of 
transverse cracking was rated according to the class 
of cracking (class 1, 2, or 3). Except for sections 
5 and 15, the amount of class 1 cracking exceeded 58 
percent of the total transverse cracking. Twelve of 
the 23 test sections had less than 35 transverse 
cracks (1.2 cracks per 100 m). Cracking in the other 
sect i ons increased to a maximum of 176 transverse 
cracks (5.9 cracks per 100 m) for section 10. 

Efforts to develop correlations between long itu
d inal cracking and other parameters were unsuccess
ful primarily because of the lack of longitudinal 
cracking. 11.nalysis of the transverse cracking data 
resulted in the development of single and multiple 
variable relationships. Some of the regression equa
tions that were obtained from analyses of the trans
verse cracking data are given in Table 4. Equations 
20-22 have extremely low correlation coefficients, 
but suggest that penetration, traffic, and air void 
content affect the degree of pavement crac king. 

When plotted, transverse cracking and penetration 
data indicated that the data should be segregated 
according to traffic levels 3 to 6 (medium to light) 
and 1 to 3 (heavy to medium). The results of regres
sion analyses for each category of traffic yielded 
excellent results. Figure 11 shows the trends for 
regression Equations 23 and 24 and the corresponding 
data points. 

SectionR l ann 6 w<>r<> excluded from the analysis 
because they did not conform to the trends of other 
test sections. The thickness of the asphalt concrete 
in section 1 was only 2.5 in. (64 mm), which was 
le,:;,;-. t h;;n ;;ny ni' t'1e ot h,:. ,- pavements. Section 6 had 
extremely low Dynaflect deflections and an extremely 
hiqh subgrade modulus, which apparently produced 
considerably less cracking, even though the recov
ered asphalt penetration was 31. 

Multivariable regression analyses were performed 
in an attempt to improve the correlation by using 
combinations of those parameters considered to have 
a significant effect on pavement cracking. Equation 
25 defines transverse cracking (TC) on the basis of 
penetration and traffic. This equation format plus 
the interaction of the thickness and traffic gave 
Equation 26 (see Table 4). 11.lthough the correlation 
is mediocre (R 2 " 0. 68) , the effects of penetra
tion, thickness, and traffic appear to be generally 
reasonable. Figure 12 illustrates the effects of 
these variables. If traffic is lighter than levels 1 
to 3, the amount of cracking is minimal, particu
larly if the in situ binder penetration is greater 
than 40, as shown in Figure 11. Increasing pavement 
thickness from 3 to 6 in. (76 to 154 mm) when the 
penetration is greater than 40 reduces the amount of 
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TABLE 4 Relationships for Transverse Cracking 

Eqn. 
No. 

20 

21 

22 

23 

24 

25 

26 

Regression Equations for Different Parameters• 

Single Variable Correlations: 

TC 25.326 + 0.396(~) 3°
3 

TC -131.251 + 247 .84(TRA)-0.3 

TC 4.8471 + 10.035 (VV) 

TC 5.15 + 0.235(~) 3°
3 

(Light to medium traffic, Levels 6 to 3) 

1.206 
TC 21.58(~) 

(Medium to heavy traffic, Levels 3 to 1) 

Multlele Variable Correlations 

TC 

TC 

-129.37 + 0.323(~) 3°
3 

+ 218.57(TRA)-o. 3 

-2J9. 91 + 0.321(~) 
3

•
3 

+ 407.54(TRA)-0. 3 

17.05 THICK 
(TR A)-0 . 3 

27 TC -97.619 + 0.0682(VIS) + 263.96(TRA)-0.3_ 0.0228(FI) 

- 0.0426 (THICK)(ITS) 

Std. 
Error 

37 .8 0. 311 

33.8 0.449 

40.4 0.213 

0.933 

0.855 

27.6 0.650 

27.2 0.679 

27.9 0.682 

Note: Presented jn this table are mathematical models developed by statfaUcaJ regression analyses to de
fine the relationships between different parameters and transverse cracking. 
lljC :- to u,I :dm1,lt1, m ulr ip lt.,. and fr nnsverse cracks; PEN= penetration@ 25°C; TftA = traffic (1 = heavy, 
6 ~ li,g hl )t "(II IC K .::: lh l~k n'13)s of JJl!IPhalt concrete pavement (in.); Fl= freezing indc,x (' days); ITS= in
dtr,c,c t ton.11le 1rc.ni th nl 0°C. 

G) ® Teat Section Omitted From 
Regression Analysis 

/ 

EQN 24 - Medlm to Heavy Traffic 
(Levelo 1-3) 

2 

g 

3" AophllH Concrete 

TRAFFIC LEVEL 1 

FIGURE 11 
cracking. 

40 80 80 100 

PENE111AT10N OF RECOVERED ASPHALT AT 25"C 

Effect of hinder penetration and traffic on transverse 

cracking by about 40 percent for heavy traffic con
ditions (level 1). Furthermore, these results indi
cate that 3 in. of asphalt concrete with a binder 
penetration of 50 to 60 is essentially equivalent to 
6 in. of asphalt pavement with a 25 penetration as
phalt binder. 

11· ~-

40 60 80 

PENETRATION OF RECOVERED ASPHALT AT 25"C 

FIGURE 12 Effect of variables on transverse 
cracking. 
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Asphalt viscosity, traffic, freezing index, 
thickness, and indirect tensile strength parameters 
were evaluated to determine their effects on trans
verse cracking. The results of these analyses did 
not indicate any improvement over those expressions 
containing penetration as the asphalt consistency 
measurement. Equation 27 defines the best multiple 
variable correlation obtained using the viscosity. 
This equation indicates that cracking increases with 
viscosity and traffic, decreases with an increase in 

freezing index, and decreases with increasing thick
ness and tensile strength. The effect of these vari
ables on cracking is logical, but the effects of 
variables other than viscosity and traffic are rela
tively insignificant. 

The most important aspects of the transverse 
cracking analyses are the effects of traffic level 
and asphalt binder consistency. It is apparent that 
traffic contributes to the severity of transverse 
thermal cracking. Equally important is the extremely 
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significant effect of penetration, as shown in Fig
ure 11, which suggests that pavement cracking would 
be substantially reduced if in situ penetration was 
never less than about 40. 

PREDICTION OF TRANSVERSE CRACKING 

Two models were selected for evaluation and use in 
the prediction of transverse cracking and cracking 
temperatures. The Haas model (6) is intended for use 
in calculating a cracking index. The Asphalt Insti
tute procedure (.1) determines a critical temperature 
that may be compared with the minimum temperature in 
the winter to evaluate the potenlial for Lhermal 
cracking. The following discussion presents the re
sults and demonstrates that neither method appears 
suitable for transverse cracking predictions for 
highways in Quebec. 

A method for designing asphalt pavements to mini
mize low-temperature shrinkage cracking was proposed 
by Haas t6J. This mechod was empirically cieriveu oy 
using stiffness of the asphalt concrete pavement, a 
winter design temperature, and type of soil to pre
dict a cracking index (I). The cracking index is the 
number of transverse cracks per 500 ft of two-lane 
highway pavement. Transverse cracks that do not ex
tend across one lane are not counted. 

A computer program was written to facilitate com
putation of the cracking index. Data for the recov-

in~tcad cf data fer the 
original asphalt because of incomplete data. This 
produced computed stiffness and cracking index val-
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ues much greater than those that would have been ob
tained by using original asphalt properties. The ef
fect of age was evaluated by using the difference 
between cracking index values for in-service age in 
years and zero years (In - 10 ). This assumes 
that the in-service asphalt stiffness for input into 
the model does not change over the age of the pave
ment. 

The results of cracking index computations for 
the different test sections are given in Table 5. 
The predicted amount of cracking ranged from 394 to 
847 transverse cracks in a 3-km section as compared 
with 1 to 176 in the test road sections. Figure 13 
shows that the amount of predicted cracking is not 
related to the number of simple transverse cracks 
observed in 1980. It is obvious that the cracking 
index is not suitable for Quebec conditions. The 
extremely high degree of predicted cracking may be 
due to using the recovered asphalt properties. 
However, even the soft residues (e.g., 93 penetra
cion) gave exceeding l y nigh values of cracKing 
(e.g., 394 per 3 km). 

The Asphalt Institute has compiled the results of 
various researchers into design procedures to mini
mize low-temperature transverse cracking (l). Crit
ical temperatures (Tc) for cracking were computed 
for each section by using these procedures. The dif
ference between Tc and the minimum winter tempera
ture (~inl was used to compare the amount of 
.. ..-~ ... c:!!.,....,.,.a...,. ,.. .. '!!!,,..1,-1 ... g .; ... the .... .,..c:!!.. c:!! .......... " ....... c:!!. The data 

in Table 
Tc - Tmin• 

6 present 
Figure 14 

values of 
illustrates 

Tmin• 
there 

and 
was 

TABLE 5 Cracking Index Values (Haas method) 

In 19.69 (In-1 0 ) No. of Transverse Cracks 
Sect 1 on Io @ Age No. Cracks polygonal 

No. @ 0 xrsa ; n xrsa in 3km simele & multiele Total 

l 1016 1054 748 38 25 63 

2 1870 1913 847 34 11 45 

3 825 861 704 11 18 

4 749 784 689 9 9 18 

999 1037 748 27 23 50 

6 750 785 689 11 21 32 

8 1471 1450 650 17 83 100 

9 1321 1360 768 32 3 35 

10 2303 2337 669 107 69 176 

11 894 933 768 91 4 95 

12 923 953 591 28 59 87 

14 684 712 551 64 30 94 

15 934 965 610 59 38 97 

104 1626 1665 768 49 42 91 

107 1251 1281 591 23 9 32 

108 931 960 571 5 8 

109 1757 1794 729 4 6 10 

110 2391 2430 768 0 1 

111 1910 1942 630 4 11 

114 851 879 551 8 

116 825 850 473 35 12 47 

120 916 936 394 2 

121 956 983 532 10 

x 654 49.1 

Std. Dev. 111 44.6 

a Predicted number of transverse cracks in 500 ft, 

;;; 
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FIGURE 13 Comparison of predicted to measured 
transverse cracks. 

TABLE 6 Predicted Cracking Temperatures (Asphalt Institute 
method) 

Section 

6 

8 

11 

12 

14 

15 

104 

107 

108 

109 

110 

111 

114 

116 

120 

121 

Predicted Cracking 
Temp. (Tc)' oc 

-33 

-32 

-33 

-34 

-35 

-37.5 

-37 

-32 

-38 

-37 

-33 

-40 

-39 

-47 

-41 

-43 

-39 

-39 

-44 

-39 

-40 

-41 

Winter min, mum 
Temp., oc Tc 

-31. 7 

-35.0 

-30.0 

-31. 7 

-27 .8 

-37.2 

-37.2 

-30.0 

-31. 7 

-31. 7 

-3~.8 

-30 

-36.7 

-39 .4 

-39 .4 

-39 .4 

-43. 9 

-37 .2 

-27.2 

-27.2 

-39.4 

-39.4 

- Tmin 

-1.3 

+3.0 

-3.0 

-2. 3 

-7.2 

0 

0 

-2.0 

-6.3 

-5. 3 

0 

-10.0 

-2.3 

-7.6 

-1.6 

-3.6 

+4.9 

-1.8 

-16.8 

-11.8 

-0.6 

-1.6 

essentially no correlation between the number of 
transverse cracks and the predicted differential 
cracking temperature, These poor results may be due 
to insufficient range in data, inadequate methodol
ogy for computation of critical temperatures, or 
poor definition of minimum temperatures over the 
time period that the pavements have been in service. 

EVALUATION OF RIDE QUALITY 

The Mays meter is used extensively for evaluation of 
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FIGURE 14 Comparison of transverse cracking 
to predicted differential cracking temperature. 

the ride quality of pavements. Measurements were ob
tained on the test road sections during the summer 
and winter, Inspection of the Mays meter and trans
verse cracking values indicated that ride quality 
was not generally degraded by cracking, Little dif
ference was observed between summer and winter mea
surements. 

Regression analyses were performed to evaluate 
variables that had a significant effect on ride 
quality. Only three of the various combinations of 
variables were sufficiently significant to warrant 
further investigation. These three regression equa
tions are given in Table 7. 

The equations indicate that ride quality de
creases as the soil becomes more sandy and increases 
with freezing index, percent fill, depth of drainage 
ditches, and the amount of transverse cracking. 
Close inspection of plots of these parameters versus 
Mays meter values indicated that the bias created by 
the limited range and interaction of variables pro
duced a meaningless relationship. Only the percent 
fill has any basis for rational interpretation when 
considering trends of the plotted data. Improved 
ride in fill sections may be the result of better 
quality control and drainage conditions than en
countered in cut sections. The indication that bet
ter riding quality occurs with greater cracking is 
probably related to the design and quality control 
on major highway pavements that are subjected to 
heavy traffic, However, in some instances traffic 
can produce definite improvement in ride over that 
obtained immediately after construction. 

RUT DEPTH OBSERVATIONS 

Attempts to develop rational relationships to pre
dict rut depth from the available data were totally 
unsuccessful. This may be partly caused by the in
sufficient range in rutting depth values. Only 5 of 
the 23 test sections exhibited rutting in excess of 
0, 5 in,, and 10 sections had nonmeasurable, insig
nificant rutting, Therefore, it can be concluded 
that rutting is not a problem when similar asphalt 
mixtures and pavement designs are used for new con
struction in comparable climatic regions, 
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TABLE 7 Relationship Between Mays Meter (ride quality) and Other Parameters 

Equation No. Regression Equations for Different Parameters a 

28 MMW = 3.093 - 0.0049 (FI) - 0.0041 (PF) 0. 510 

- 0.0862 (ODD) - 0.0046 (TC) 

29 MMli 3.131 - 0.0059 (FI) - 0.0044 (PF) 0.585 

- 0.0910 (DOD) - 0.0047 (TC) + 0.063 (TYSOL) 

30 MMS 2.541 - 0.0037 (Fl) - 0.0029 (PF) 0.608 

- 0.075 (DOD) - 0.0043 (TC) + 0.079 (TYSOL) 

8 MMW = Mays meter (winter), MMS = Mays meter (summer), Fl = freezing index, degreee-days), PF= per
cent fJJl, ODD= depth of drainage ditches (ft), TC= total number of transverse cracks, TY SOL = type of 
soil: clay= 1.0, clayey silt= 2,0, sandy silt= 3.0, silty sand = 4.0, clayey sand = 5.0, and sand = 6.0. 

DYNAFLECT DEFLECTIONS AND SUBGRADE MODULI 

Dynaflect deflections were used to estimate the mod
uli of the pavement and subgrade. These subgrade 
modulus values were plotted versus the Dynaflect 
fifth-sensor (S-5) deflections, as shown in Figure 
15. These data were evalua ted by using r egression 
analysis, and the results were compared to the rela
tionship established by Majidzadeh (Bl. Figure 15 
shows that the estimated moduli are less than those 
obtained by Maj idzadeh for equivalent deflections . 
The slope of the line established by the regression 
equation indicates a greater difference between the 
Maj idzadeh and estimated modulus values at low de
flections (high modulus) • This may be attributed to 
the differences in pavement systems or to calibra
tion and accuracy of the Dynaflect deflections. 

An analysis was performed to tune the layer mod
uli and deflection basins for five of the test sec
tions that were selected to encompass a large range 
in recovered penetration and Dynaflect deflections 
values. Low-temperature viscosities were determined 
for recovered asphalts by using the Schweyer con
stant stress rheometer. The dynamic modulus of the 
asphalt concrete pavement was obtained by using 
these viscosities and a correlation between viscos
ity and dynamic modulus (2.l • The computed asphalt 
concrete moduli and the estimated base and subgrade 
moduli with their appropriate Poisson's ratio were 
used in a multilayer elastic stress analysis pro-

gram. 'l'he predicted deflection basins were compared 
with Dynaflect measured basins. The base and sub
grade moduli were adjusted slightly until the pre
dicted deflection response was essentially equal to 
the mean measured responoc, 

The subgrade moduli obtained from this analysis 

as illustrated in Figure 15. The slope of the line 
is parallel to the Maj idzadeh relationship and sug
gests that this trend may provide an excellent re
lationship for the prediction of subgrade moduli. 
Regression analysis of these data yielded the fol
lowing equation: 

Es= 5.3966(S5)-l.0006 

where 

Es • subgrade modulus (psi), 
s 5 • Dynaflect fifth-sensor deflection (in.), and 
R2 0.997. 

Other analyses were conducted in an attempt to 
relate deflections to transverse cracking. In gen
eral, the deflection data were stratified according 
to the hardness of the binder (penetration). There
fore, no improvement was obtained over the previ
ously presented transverse cracking predictions. 
There was a definite indication that pavement 
stresses were related to the degree of cracking. 

100, 

~~'- / AFTER MAJIDZADEH (REF. 8) 

'ilj 
a. ~', ELASTIC LAYER TUNED 

• ' ...._';/ USING 5 TEST SECTIONS 
' '(°'Es• 5.3966(S5)-1.0006 

' ', R2- 0.997 

/~~~, 
Es - 29.87(55)-0.7911 • ~ ' , 

R
2

- 0 .905 ~ ' 
' ' ., 

' ·' ' \ 
' .. ' ', 

IO,.OOG'-----=5E~--=5c----.,-1.~0E=----=. -----:2:-.0:'.:E:--4-:----'----1.--,5"'EL.-4~="--' 

DYNAFLECT DEFLECTION, SENSOR - 5 - INCHES 

FIGURE 15 Suhgrade modulus-Dynaflect deflection relationships. 



Keyser and Ruth 

However, this is also masked by the thermal stresses 
that were not evaluated because pavement cooling 
curves were not available. 

SUMMARY 

The results of analyses performed on data collected 
from 23 test road sections in the Province of 
Quebec, Canada, provided information on the effect 
that certain parameters have on the properties and 
performance of asphalt concrete. The most signifi
cant finding was that consistency of recovered as
phalts and traffic level defined to a high degree of 
significance the amount of transverse cracking on 
6- to 9-year-old pavements, 

The effects of air void content on asphalt hard
ening and indirect tensile strength at o•c (32°F) 
were identified. Relationships were developed by 
using the results of the Goode and Lufsey (4) inves
tigations, which compared voids and penetration by 
using the 60°C (140°F) oven aging test. A tentative 
procedure for prediction of in-service hardening of 
bitumens has been suggested for use in determining 
the effects of air void content and age on the in
direct tensile strength and consistency (penetration 
or viscosity) of the asphalt binder. 

Relationships developed between penetration, vis
cosity, and ring and ball softening point of re
covered asphalts demonstrate that these consistency 
measurements are related to such a high degree of 
significance that only one of these consistency pa
rameters is needed to characterize the asphalt, How
ever, viscosity-penetration relationships for orig
inal asphalts are not uniquely related and form the 
basis for selection of asphalts to minimize low
temperature cracking potential. 

Several existing models were used to predict 
transverse cracking and cracking temperature. Analy
sis of these values and the actual number of ob
served transverse cracks provided absolutely no cor
relation between predicted and actual cracking, The 
use of two categories of traffic level and the pene
tration (25°C) of recovered asphalt provided an ex
cellent relationship with the number of transverse 
cracks. 

The depth of rutting was insignificant, except 
for five sections that had ruts in excess of 0.5 in, 
No relationships were found to define the amount of 
rutting. 

Analysis of ride quality using the Mays meter in
dicated that fill sections provide a better ride 
than do cut sections. The amount of transverse 
cracking had little effect on ride quality. Other 
variables were considered in the analysis, but their 
effect on ride quality was marginal or not signif
icant, 
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A relationship was developed between subgrade 
moduli and Dynaflect fifth-sensor deflections. Data 
from five sections that had substantially different 
characteristics were used and adjusted in a multi
layer elastic stress analysis program until the pre
dicted deflection basin conformed to the mean or 
typical Dynaflect basin, The developed relationship 
compares favorably with the data generated to esti
mate subgrade moduli for the other test sections. 
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Laboratory Study of the Effects of Recycling Modifiers on 
A __ _ 1 A _ ·- L _ 1, r-1 . . . , f\.geu f\.spnan \...,emenL 

DAVIDE. NEWCOMB, BETTY J. NUSSER, BADRU M. KIGGUNDU, and DENNIS M. ZALLEN 

ABSTRACT 

An on-going research program to study the 
effects of recycling modifiers on aged as
phalt cement is described. So far nine modi
fiers and one aged asphalt have been inves
tigated. Blends of the modifiers and asphalt 

..... l. ...... ....... ~ ..... .... . ., ., . 

._,1cu1.a. .... c;;;i..1...1..:r 

both an unaged condition and after aging in 
a rolling thin-film oven. Chemical charac
terization included clay-gel compositional 
analysis, solubility testing, and high pres
sure gel permeation chromatography. Physical 
testing included penetration, viscosity, and 
ductility testing. The results indicate that 
the influence of the polar to saturate ratio 
(P/S) on t""nn~;c::t-,:.nt""y may nimini~h ~ith 
higher levels of aromatic fractions in the 
modifiers. Higher levels of P/S in the modi
fiers were also responsible for better prop
erties on aging of the blends. Clay-gel 
results revealed that the compositional ef
fects of modifiers are not additive in the 
blends. On aging, the blends increased in 
asphaltene content and decreased in polar 
content. Solubility test results revealed 
that the effects of different modifiers on 
aged asphalt can be detected. Solubility 
trends were also observed after aging of the 
blends. Blends with low aging indices were 
also found to have an increase in state of 
peptization after aging. 

Since the mid-1970s recycling of asphalt pavements 
has been a popular concept in the paving industry. 
As described by Epps et al. (1), recycling can be 
accomplished either in-place o~ in a central plant 
and can be either a hot or cold process. In any 
case, it almost always involves the use of some type 
of petroleum product to restore the asphalt binder 
to some acceptable level of consistency. These 
petroleum products may be soft asphalts, high polar 
content oils, or highly aromatic oils. Modifiers are 
added to the aged binders to 

1. Restore the recycled asphalt to a suitable 
consistency for construction, 

2. Restore optimal chemical characteristics to 
the aged asphalt, 

3. Provide sufficient additional binder to coat 
any new aggregate, and 

4. Provide sufficient binder content to satisfy 
mixture design requirements. 

The engineer must have a means of specifying the 
type and amount of modifier to be used for a partic
ular recycling project. The study presented in this 
paper was undertaken with this goal in mind for hot, 
central plant operations. 

Organizations such as ASTM and the west Coast 
User-Producer Group have recognized the need for re-

cycling agent specifications and are currently tak
inlJ a,;,tion to develop the11e 11pecification11. It i11 
widely acknowledged that modifiers should change the 
consistency of the recycled binder to an acceptable 
level and increase the life expectancy of recycled 
mixtures (l-.!) . Kari et al. (,!) have also stated 
that modifiers should disperse readily in recycled 
mixtures and produce uniform mixture properties from 

et al. (l) have concluded that modifiers should be 
compatible with the aged asphalts so that syneresis 
does not occur. Dunning and Mendenhall (}_) suggest 
that the modifiers should also serve to redisperse 
asphaltenes in the aged binders. 

Some of the more commonly used tests to chemi
cally characterize modifiers include the Rostler
Sternberg analysis (1,2-J!), clay-gel adsorption 
chrnm-:itngraphy (}): and refracti,_re index (.2,) = Recom
mended procedures for physical characterization 
include viscosity measurements at different temper
a tu res ( 2-5), flash point ( 2-6) , and rolling thin
film ove; (RTFO) parameters (l)-: 

The purpose of this research project was to iden
tify useful chemical and physical parameters by 
which to evaluate modifiers and blends of modifiers 
and aged asphalt binders. Further research will be 
conducted on laboratory recycled mixtures. 

The experiments in this study were based on clay
gel compositional analysis of the modifiers. The pa
rameters used were the ratios of polar to saturate 
fractions (P/S) and the percent aromatics in the 
modifiers. Figure 1 shows the test matrix. The 
levels of high, medium, and low for both parameters 
were selected arbitrarily according to the materials 
on hand. 

PHYSICAL CHARACTERIZATION 

Modifier Tests 

The modifiers were initially tested for flash point 
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and consistency at different temperatures. The flash 
point test was performed as a safety precaution for 
the laboratory. Viscosities were run at 100°, 140°, 
and 212°F to i nvestigate the temperature suscepti
bility of these P·roducts' . The viscosity at 140°F was 
also used to calculate the percentage of modifiers 
to be incorporated into the blends. 

Tests on Blends 

Different percentages of each modifier were blended 
with the aged asphalt and tested for viscosity at 
140°F to determine the final blend percentages for 
viscosities between 3,000 and 4,000 poises. Consis
tencies of the final blends were tested over a wide 
range of temperatures. Penetration values were ob
tained at 39.2° and 77°F in accordance with ASTM D 5 
( 9) • A temperature-penetration index (TPI) was es
tablished according to the following formula: 

TPI = (Pen at 77°F)/(Pen at 39.2°F) (1) 

Thus the greater the value of TPI, the more tempera
ture susceptible was the material at low temperature. 

Likewise, viscosity was measured at 39.2° and 
77°F in a constant pressure (Schweyer) rheometer. 
The principle and operation of this device have been 
described by Schweyer et al. (.!..Q_) • The information 
from this test can be used to compute the viscosity 
of a material over a range of shear rates. High tem
perature viscosities were measured at 140° and 275°F 
in accordance with ASTM D 2171 and D 2170, respec
tively. The viscosities at 275°F were used to evalu
ate the differences in high temperature behavior of 
the materials. 

The blends were subjected to conditioning in the 
RTFO as per ASTM D 2872 (2) • After this treatment 
they were tested for penetration at 39.2° and 77°F, 
viscosity at 140°F, and ductility at 77°F. The pene
tration values were also expressed as percentages of 
the unaged penetration values. The aging index for 
the viscosity at 140°F was calculated according to 
the following formula: 

Aging index= (Viscosity at 140°F after RTFO) 
+(Viscosity at 140°F before RTFO) (2) 

CHEMICAL CHARACTERIZATION 

Clay-Gel Composition 

The clay-gel compositional analysis ASTM D 2007 (11) 
was used in this study. Basically, this procedure 
involves separation of the asphalt into the four 
generic fractions of asphaltenes, saturates, aro
matics, and polars. Several modifications have been 
implemented in order to apply this procedure to a 
variety of asphaltic materials. These modifications 
are as follows: 

1. Stripping the silica column with 70 percent 
toluene/30 percent methanol (vol.%), 

2. Discarding the factor O. 88 in the calcula-
tions for polar compounds, 

3. Solvent amount to separate asphaltenes, 
4. Sample size, 
5. Solvent percentages to strip the polar frac

tion, 
6. Discarding use of separatory funnel and cal

cium chloride, 
7. Stripping the polar fraction with additional 

polar solvent, and 
8. Alternate solvent evaporation. 

Repeatability is a question that has been raised 
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with regard to the clay-gel compositional analysis. 
By using the modifications outlined, excellent re
peatability has been obtained on a variety of as
phaltic materials. With the exception of asphal
tenes, the clay-gel procedure has produced results 
within ASTM limits. The ASTM procedure was origi
nally developed for extender oils, which are very 
low in asphaltenes. The modifications outlined here 
have produced results within 0.6 percent in the as
phaltene fraction. 

Solution Properties 

Heithaus (12) defined the solution properties of an 
asphalt system in terms of asphaltene peptizability 
(Pal, Maltene peptizing power (P0 ), and the 
state of peptization (P). The properties defined by 
Heithaus are considered important in describing the 
mutual solubility of asphalt fractions. Waxman et 
al. (!ll have correlated solubility parameters for 
asphaltic materials to solubility parameters of var
ious solvents. They also observed that removing 
resins from an asphalt reduced the solubility char
acteristics of the asphalt. 

Venable and Peterson (l!l evaluated a series of 
fresh and aged asphalts as well as recycling agents 
by using Heithaus parameters. They found that varia
tions in these parameters were dependent on the type 
of material and the conditions of the test. Venable 
and Peterson observed that asphaltene peptizability 
was inversely related to the polar functionality 
content of the asphalt system. 

The solubility evaluation technique used in this 
study was designated the Heithaus/Waxman approach. 
This technique was chosen because the test proce
dures are similar, except for the following items. 

1. The data handling and interpretation are dif
ferent. 

2. The nonpolar solvent used for titration is 
different. Heithaus used n-heptane and Waxman used 
n-dodecane. In this study n-dodecane was used. 

3. The microscope magnification is 400X in the 
Heithaus procedure and 88X in the Waxman procedure. 
Observations in this study were made at 100 to 150X. 

The Heithaus/Waxman procedure was generally the 
same as that used by Venable and Peterson (l!l with 
some additional modifications. These modifications 
included reducing the sample size to 1.00 ± 0.05 g 
for five data points, weighing the samples to ±1 
mg, and maintaining constant polar solvent (toluene) 
volumes throughout the test program. A finite and 
consistent wait time was instituted before testing. 
All testing was conducted at 77° ± 5°F. The modi
fications to the procedure by Venable and Peterson 
were made in order to conserve asphalt, reagents, 
and time without reducing the reliability of the re
sults. 

The Heithaus parameters are obtained from the 
following relationships (l!l: 

Flocculation ratio (FR) (Volume of toluene) 
+[Volume (toluene 
+ n-dodecane)] (3) 

Dilution ratio (X) [Volume (toluene+ n-dodecane)] 
+ (Weight of asphalt) ( 4) 

The calculations from these equations are presented 
graphically as FR versus 1/X. The extension of this 
plot leads to FRmax and 1/Xmin as the ordinate 
and abscissa intercepts, respectively. These values 
are used to compute the Heithaus parameters: 
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FIGURE 2 Schematic showing Waxman parameters. 

(5) 

(6) 

(7) 

asphaltenes, and 
S = volume of solvent per gram of material. 

The Waxman parameters are shown in Figure 2. The co
tangent of the angle~ is defined as: 

The value of T0 is considered to be a measure of 
the stability of the complex collodial micellar as
phaltenes in the asphalt. It has the same function 
as the lfmin term in the Heithaus procedure. 

Cot~= (T - Tol / S 

where 

(B) 

T volume of titrant (mL) per gram of material, 
T0 volume of titrant per gram of material re

quired for precipitation of the least soluble 

TABLE 1 Modifier Properties 

Modifier Clay-Gel Compositional Analysis, percent 

Designation Asphaltenes Saturates Aroma ti cs Pol a rs 

MBD-1 0.25 84. 34 12.68 2.74 

MBD- 2 20.35 20. 78 23 . 19 35 . 48 

MBD-3 9. 78 15 . 96 24.34 49.87 

MBD-4 0 . 73 50 . 49 43. 95 4.97 

MB0-5 0 . 20 23 .46 49. 02 27.73 

MBD-6A 23. 79 15.22 26.37 34. 63 

MBD- 7A 0. 24 22. 17 62 . 40 15.55 

MBD-BA 0. 30 17.78 60.20 21. 98 

MBD-9 0.1 2 6.44 64. 50 29.07 

High Pressure Gel Permeation Chromatography 

The high pressure gel permeation chromatoqraphy (HP
GPCJ technique separates components of a sample 
based on molecular size. P.W. Jennings at Montana 
State University is currently involved in a 17-state 
project investigating this technique as a possible 

Viscosity Viscosity Viscosity Fl ash 

P/S at I00°F. at 140°F. at 212°F. Point 

poises poises poises COC, °F 

0.03 0 . 77 0 .25 0 . 07 420 

1. 72 15,300 490 14 555 

3. 12 20,000 540 9 . 7 535 

0 . 10 0.19 0.08 0.03 325 

I. 18 16 2.8 0 . 25 435 

2.28 5,400 300 9. 8 460 

0. 70 6.2 1.0 0.1 5 445 

1. 24 9.9 1.8 0 . 24 480 

4.51 27 2.3 0. 19 420 



Newcomb et al. 

TABLE 2 Pope AFB Recovered Asphalt Properties 

Property 

Ponctra1ion ~I 39.2°F, 100 g, GO sec, 0.1 mm 
Penetra!Jon ,1 77° T', I 00 g, S sec, 0.1 mm 
Viscosi ty al 39.2°1', 0.05 s~c· 1 (poises) 

hc~r suscoptibiULy (c) :it 39.2° F 
Vfacosi ty at 77°F, O.OS scc· 1 (polscs) 
cal 7?

0 1' 
Viscosity at l 40°F (poises) 
Viscosity at 275°F (cSt) 
Clay-gel composition(%) 

Asphaltenes 
Saturates 
Aromatics 
Polars 

Value 

11 
22 
1.2 X 109 

0.71 
2.4 X 107 

0.61 
56,800 
1,413 

43.57 
10.79 
12.78 
32.82 

tool in the evaluation of asphaltic materials. The 
samples in this study were sent to Jennings for 
analysis. 

The results of the initial work by Jennings et 
al. (15) suggest that molecular size distribution is 
characteristic of each asphalt and may be a valuable 
tool in designing pavement recycling projects, as 
well as defining excellent to poor pavements. 
Jennings suggests that HP-GPC analysis along with 
physical tests and additional chemical tests such as 
compositional analysis may lead to a reasonable 
explanation for the performance of pavements. 

The HP-GPC chromatograms are divided into three 
regions: large molecular size (LMS), medium molecu
lar size (MMS) , and small molecular size (SMS) • The 
calculated areas are based on elution time and a 
standard asphalt sample. Jennings has stated that 
the LMS region along with the asphaltene content is 
significant in predicting pavement performance. This 
was based only on data from the Montana study. 

MATERIALS 

Materials used in this study included nine composi
tionally different modifiers and one field-sampled 
aged asphalt. Figure 1 shows that two highly paraf
finic oils and two soft asphalts were included along 
with five commercially available recycling agents. 

TABLE 3 Physical Properties of Unaged Blends 

Pen at Pen at n at 39.2°F, 

% 39. 2°F 77°F 

-1 
Blend Modi- 200 gm, 100 gm, 0. 05 sec 

fier 60 sec, 5 sec, 

0.1 mm- 0.1 mm X 107 poises 

MBD-1 16 50 70 3.3 

MB0-2 65 35 65 11 

MB0-3 36 19 58 68 

MB0-4 10 37 63 5.8 

MB0-5 13 37 68 13 

MBD-6A 43 34 73 8.9 

M8D-7A 13 37 71 10 

MBD-8A 16 36 68 13 

fo!B0-9 12 36 74 16 

Control 0 11 22 120 

69 

The compositions and physical characteristics of the 
selected modifiers are given in Table 1. The level 
of aromatics ranged from 12. 7 percent for MBD-1 to 
64.5 percent for MBD-9. MBD-1 also had the lowest 
P/S value (0.03). MBD-9 had the highest P/S level 
(4.51). Although MBD-3 is marketed as a recycling 
agent, it exhibits viscosities comparable to the 
soft asphalts included in the study. 

The aged asphalt used in this study was extracted 
f ram pavement samples obtained at Pope Air Force 
Base (AFB), North Carolina. The pavement feature was 
a taxiway that had been constructed in 1941. The 
taxiway was so severely fatigued that it was re
cycled immediately after sampling. The aged paving 
mixture had the characteristics of high void content 
and a large amount of fine material in the grada
tion. The properties of the extracted asphalt are 
given in Table 2. 

RESULTS AND DISCUSSION 

Physical Properties of Asphalt-Modifier Blends 

The physical properties of the unaged blends are 
given in Table 3. Some of these data are shown in 
Figures 3-5 with respect to the P/S in the modifi
ers. This parameter appeared to have more of an in
fluence on the physical behavior of the blends than 
did the level of aromaticity in the modifiers. 

Figure 3 shows the effect of modifier P/S on the 
temperature-penetration index of the blends. The ef
fect of modifier P/S is greatest at the low level of 
aromatic fractions ranging from 1.40 at a P/S of 
0.03 to 3.05 at a modifier P/S of 3.12. Modifiers in 
the medium level of aromaticity (<50 percent) 
sha,,ed a less dramatic increase in blend TPI. Blends 
made with high aromatic modifiers (>50 percent) 
sha,,ed no difference in TPI according to the modi
fier P/S. Therefore, at modifier aromatic contents 
of less than 50 percent, the low-temperature suscep
tibility of the blends increased with the increasing 
P/S's of the modifiers. 

Shear susceptibility of the blends at 39.2°F, in 
general, decreased with an increasing P/S, as shown 

n at 77°F, 

'' c'" at "' c " at n n 

0.05 
-1 at 140°F , at 275°F, sec 

39.2°F 77°F poises est 

X 106 poises 

0. 43 3.3 0. 53 3,970 277 

0. 62 3.6 0.53 3,340 414 

0.96 3.7 0.86 3,470 426 

0. 52 3.0 0.64 3,500 350 

0.66 3. 2 0.73 3,990 405 

0. 65 2.3 0.76 3,420 497 

0.68 2.7 0. 72 3,260 350 

0.68 2.6 Io. 75 3,760 405 
I 

0.79 2.4 Io. 80 3,500 424 

0. 71 24 0.61 56,800 1413 

V1 seas 1 ty 
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FIGURE 4 Effect of modifier P/S on shear susceptibility at 39.2°F. 

in Figure 4. As the value of c approaches 1, the 
flow becomes more Newtonian. As c decreases from 1, 
the nature of the material is more psuedoplastic 
(shear susceptible). Again, those blends that have 
modifiers low in percent aromatics showed the most 
dramatic differences, ranging from a c value of 0.43 
at a low P/S level to 0.96 at a high P/S. These same 
trends were noted for the shear susceptibility 
values at 77°F. 

Figure 5 shows that the viscosities at 275°F for 
blends made with low P/S modifiers all had values 
less than 400 est. Increasing P/S's in the modifiers 
led to increased viscosities at 275°F. 

The properties of the blends after conditioning 
in the RTFO are given in Table 4. Some of these data 
are presented in Figures 6-8. The P/S's of the modi
fiers had even greater effects on the aged blends 
than on the unaged blends. 

The percent of penetration retained after the 
RTFO increased with increasing modifier P/S at 77°F, 
as can be seen in Figure 6. In this test the level 
of aromaticity in the modifiers did not have the 
dampening effect on the modifier P/S as noticed for 
the unaged blends. At 77°F the percentage of re
tained penetration ranged from a low of 24 percent 
for MBD-4 to 57 percent for MBD-2 and MBD-3. 
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FIGURE 5 Effect of modifier P/S on viscosity at 275°F. 

TABLE 4 Physical Properties of Blends After R TFO 

Pen at 39 . 20F, 200 gm , Pen at 77°F, IOOgm, Ductility 
Viscosity at 140°F 

Blend 60 sec 5 

Percen t of 
0.1 mm 0 .1 mm 

Unaged 

MBD-1 19 38 28 

MBD-2 17 48 37 

MB0-3 14 74 33 

MB0-4 5 14 15 

MB0-5 8 22 20 

MBD-6A 20 59 38 

MB0-7A 9 24 21 

MBD-BA 21 58 39 

MBD-9 18 50 37 

Contra l 3 27 8 

Figure 7 shows that as the P/S of the modifiers 
increased, the aging index decreased in a logarith
mic fashion. The aging index was highest for the 
blend made with MBD-4 at 63 and lowest for the MBD-3 
blend at 3. This appears to be a useful parameter 
for evaluating recycled blends, as does the ductil
ity after RTFO, as shown in Figure 8. It is shown 
that blends with high P/S modifiers all exceeded 100 
cm in the ductility test at 77°F. Blends made with 
low and medium P/S modifiers had ductilities consid
erably less than 100 cm. 

Clay-Gell Analysis and Solution Properties 

Based on the percent modifier added to the aged as-

sec at 77°F, 

Percent of 
Poises Aging Index cm/min, cm 

Una ged 

40 118,700 29. 9 4 

57 23 ,620 7. I 10 

57 10,220 2.9 100+ 

24 222,000 63. 4 4 

29 57,470 14. 4 8 

52 13,520 4.0 100+ 

31 43,020 13.2 9 

53 14,040 3. 7 59 

51 12 ,420 3. 5 100+ 

36 534,000 9. 4 4 

phalt to prepare the blends used in this study, the 
respective percentages of asphaltenes, saturates, 
aromatics, and polars were calculated to see if the 
effect of the modifier was additive. Without excep
tion, the actual percent asphaltenes was lower and 
the polar percentage was higher. This indicates that 
the effects of the modifiers were not additive. The 
modifiers increased the solubility of the maltene 
phase and redispersed the asphaltenes into the mal
tene phase. The data in Table 5 give three examples 
that illustrate this phenomenon. On RTFO aging, 
there was an increase in the asphaltene content and 
a decrease in the polar content. The saturate and 
aromatic fractions remained essentially the same. 
The clay-gel data for each blend unaged and aged are 
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given in Table 6. The trends seen in the clay-gel 
analysis of the blends completed so far in this 
project correlate well with physical data obtained 
on aging. 

The data in Tables 7 and 8 present the solubility 
data of the aged and unaged blends, re spec ti vely. 
The results for one of the blends, MBD-3, are shown 
in Figures 9 and 10. These figures show the curves 
for the control asphalt (Pope AFB), the unaged 
blend, and the RTFO-aged blend. Figure 9 is a 
Heithaus plot and Figure 10 is a plot of the Waxman 
data. 

The results given in Table 7 reveal a decrease in 
asphaltene peptizability and cot <!> values from the 
control sample in all blends except MBD-6A. Ac
cording to Venable and Peterson (l!), MBD-6A may 
have a lower polar functionality and a more homage
nous molecular system than the other unaged blends. 
The general trend noted in these results was also 
observed by Venable and Peterson, even when modi
fiers were added to fresh asphalts. The state of as
phaltene peptization and the maltene peptizing power 
were improved through the addition of the modifiers. 
This is further evidenced by the value of T0 and 

TABLE 5 Examples of Compositional Effects of Modifiers on Aged Asphalt 

ASPHALTENES SATURATES AROMA TI CS POLARS 

POPE WHOLE 
43. 57 10.79 12. 78 32 .82 

AGED ASPHALT 

MBD-1 16% 0. 25 84.34 12. 68 2.74 

CALCULATED 36.64 22.56 12.76 28.01 

ACTUAL 32. 90 20.94 15 .14 29. 74 

MBD-6A 43% 21. 47 15.07 33.56 29.44 

CALCULATED 33. 71 12.80 22.33 31. 45 

ACTUAL 30.32 11. 09 15. 86 42.59 

MBD-9 12. 5% 0.12 6.44 64.50 29. 07 

CALCULATED 38.15 10.27 19. 56 32.49 

ACTUAL 32 .68 10.09 17 .00 39. 90 



74 

iii 

TABLE 6 Clay-Gel Analysis of Blends 

B12ri.d 

MBD-1 

MBD-2 

MBD-3 

MBD-4 

MBD-5 

MBD-6A 

MBD- 7A 

M8D-8A 

MBD-9 

Contra 1 

As pha ltenes Saturates Aromatics Polars 

Unaged Aged Unaged Aged Unaged Aged Un aged 

32. 90 34.24 20. 94 22. 51 15. 14 13.39 29. 74 

26.56 28.01 14.79 15.55 16.82 15.53 41. 53 

26 .12 30. 92 11. 39 14.34 14.26 15.24 48. 15 

35.86 39.10 13.29 12.79 17. 60 18.75 ~3. 38 

33. 76 35. 95 12. 27 13.16 16.99 16.98 36. 79 

30. 32 33. 15 11. 09 12.38 15.86 16. 06 42. 59 

31. 98 34. 95 11. 93 11. 24 21. 33 20.40 34. 76 

30.81 33. 69 10. 60 11. 56 22.31 23.86 36. 28 

32. 68 33. 20 10.09 11. 42 17.00 18. 65 39. 90 

37.70 40. 34 11. 75 12.31 15. 72 12. 72 36. 25 

TABLE 7 Solubility Test Results (unaged) 

Material Heithaus Parameters Waxman Parameters 

Type Pa p 0 p X 
min 

T Cot ~ 
0 

MBD-1 0. 204 1. 750 2 .199 1.199 l. 252 0.224 

MBD-2 0. 313 l. 678 2. 441 l. 441 1.117 O.S9G 

MBD-3 0.259 2.085 2.816 l. 816 l. 798 0. 358 

MBD-4 0.207 1.884 2. 374 l. 374 1.465 n ?no v, ,;.vu 

MBD-5 0. 237 1.800 2. 358 1. 358 l. 355 0.302 

M8D-6A 0.370 l. 673 2. 655 1. 655 l. 274 0.760 

MBD-7A 0.338 1.476 2. 230 1.230 1.411 0.420 

M8D-8A 0. 290 2 .179 2.691 1. 691 1. 757 0 .191 

MBD-9 0.419 1.070 1.842 0.842 0. 911 0. 713 

CONTROL a o. 356 1. 316 2.044 1.044 0.901 0.623 

Note: Unaged = RTFC aging. 

aAged recovered asphalt treated in the same manner as the 
blends. 

Aged 

29.86 

40. 53 

39.50 

29. 36 

33. 54 

38.41 

33. 41 

30.90 

36. 68 

34.63 

ii 



TABLE 8 Solubility Test Results (aged) 

Material Heithaus Parameters Waxman Parameters 

Type p p p 
Xmin T Cot ~ a 0 0 

MBD-1 0.193 1.636 2.026 1.026 1.068 0.207 

MBD-2 0.267 1.892 2.580 1.580 1.497 0.397 

MB0-3 0. 308 1. 995 2.882 1.882 1.887 0.438 

MBD-4 0.161 2 .113 2.518 1.518 1.546 0.178 

MB0-5 0.119 2.074 2.355 1. 355 1.250 0.165 

MB0-6A 0. 215 2.197 2.797 1. 797 1.814 0.264 

MBD-7A 0.153 1.868 2.206 1. 206 1.140 0.216 

MBD-8A 0. 392 1. 019 1.676 0.676 1.438 0.318 

MB0-9 0.193 2.213 2.742 1. 742 1. 711 0.248 

CONTROL a 0. 224 1. 942 2.503 1.503 1.586 0.243 

Note: Aged= RTFC aging. 

aAged recovered asphalt treated in the same manner as the 
blends. 
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the rightward shift of the curve for MBD-3 in Figure 
10. The leftward shift of the curve for MBD-3 in 
Figure 9 further confirms this observation. 

The solubility test results given in Table 8 re
veal a decrease in asphaltene peptizability except 
for MBD-3 and MBD-BA. A similar trend may be noted 
in the cot ~ values. According to Venable and 
Peterson (14), an incre~cc in acphaltene peptizabil
ity after-;;-;:; oxidation process implies that the pep
tizing components from the maltenes are being con
verted to asphaltenes. This also implies that the 
maltene peptizing power decreases. 

The result of T0 for MBD-3 indicates an overall 
improvement in the solvency characteristics after 
RTFO aging. It is interesting to note that MBD-3 
also had the lowest aging index, the highest re
t;ii nPil p1rnE>tration, and a ductility value greater 
than 100 cm after aging. This blend also showed a 
large gain in its aromatic fraction and a lower P/S 
after aging. 

Blend MBD-BA showed decreases in Xm;n and T~ 
on RTFO conditioning. This may indicate "ii" degrada-

1.00 

LMS MMS 
, 

t ion of the blend. The drastic decreases in Xmi n 
for MBD-BA is evidenced by a sharp decrease in the 
peptizing power of the maltenes. 

BP-GPC l\nalysis 

Jennings et al. (15) report that there are five fea
turec to examine in the HP-GPC chromatogramR for in
terpretation: 

1. Elution time of the largest molecules, 
2. Height of the curve in the LMS region, 
3. Elution time of the curve maximum, 
4. Height of curve maximum relative to height in 

LMS and SMS regions, and 
5. Height of the curve in the SMS region. 

Figure 11 illustrates three overlayed chrcm~tc
grams. The three curves represent Pope AFB whole as
phalt, the modifier MBD-3, and the MBD-3 blend. It 
can be seen that the Pope AFB whole asphalt has a 

' 
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FIGURE 11 Effect of modifier on molecular size distribution of blend. 
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large amount of LMS material, whereas the modifier 
has little LMS. When the modifier is added to the 
whole asphalt, it reduces the area of the curve in 
the LMS region, which is a desirable effect. It is 
speculated that the modifier is breaking the aggre
gation of molecules that add to the LMS region and 
that separate as asphaltenes in the compositional 
analysis. This same trend is also evident in the 
compositional analysis. Currently, only a trend can 
be seen in the HP-GPC data, and that is a reduction 
of the LMS region when a modifier is added. 

CONCLUSIONS 

From the nine modifiers and one aged asphalt used in 
this study, the following conclusions are made. 

1. As the modifier P/S increased at the low and 
medium levels of modifier percent aromatic content, 
the low-temperature susceptibility of the blends in
creased. However, as the level of aromatic content 
increased, P/S had less influence on the low-temper
ature susceptibility. 

2. As the modifier P/S increased, less shear 
susceptibility was exhibited by the modified blends 
at 39.2° and 77°F. 

3. As the modifier P/S increased, so did the 
blend viscosity at 275°F. 

4. The penetration of the blends retained after 
RTFO increased and the aging index of the blends de
creased with increasing modifier P/S. The ductility 
of the blends after RTFO increased with increasing 
modifier P/S. 

5. Modifiers do not have a compositionally addi
tive effect to aged asphalt fractions. 

6. On RTFO aging of the blends, there were in
creases in the asphaltene contents and decreases in 
the polar fractions. The saturate and aromatic frac
tions did not change markedly. 

7. Solution properties as determined by the 
Heithaus/Waxman procedure can be used to character
ize the effects of modifiers on aged asphalts. The 
results of this test can be used to infer variations 
in polar functionality. 

8. The most sensitive physical parameters with 
regard to the effects of modifiers on the aged as
phalt cement were the aging index and ductility at 
77°F after RTFO conditioning. 
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Evaluation of Recycled Mixtures Using Foamed Asphalt 
FREDDY L. ROBERTS, JOHANN C. ENGELBRECHT, and THOMAS W. KENNEDY 

ABSTRACT 

The economic pressure from higher fuel, as
phalt, and material price&, along with the 
growing use of milling equipment for smooth
ing pavement profiles and the problems of 
bridge clearances, have worked together to 
provide an abundance of salvaged roadway ma
terials that are available for recycling. 
This material availability and the appear-
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cycled materials on heavily traveled road
ways have led to the consideration of using 
these salvaged roadway materials on low
volume roads. The laboratory study reported 
in this paper evaluated the feasibility of 
using foamed asphalt to recycle asphalt mix
tures and compared the properties of foamed 
mixtures with those of conventional cold 
mixtures. The study involved an initial 
evaluation of the foamed process using two 
field sands. Additional tests were conducted 
by using salvaged pavement materials mixed 
with a foamed asphalt cement (AC-5) and with 
a cutback (MC-800) and two emulsions (EA-llM 
and AES-300). Specimens were prepared, 
cured, and tested under both dry and wet 
conditions. The wet strengths were less than 
approximately one-half the dry strengths, 
but in almost all cases the foamed AC-5 pro
duced strength values equal to or higher 
than those using either the cutback or emul
sions. In addition, the asphalt content for 
the foamed asphalt specimens was lower than 
for the cutback or emulsions. Overall, the 
foamed asphalt materials appear to offer a 
possible option for use in cold recycled as
phalt mixtures for low-volume roadways. 

Because of the continued price escalation for both 
energy and asphalt cement there is a continuing in
terest in producing asphalt mixtures by using cold 
mixing techniques, especially for lower volume 
roads. In addition, substantial volumes of surface 
material from the growing use of cold milling as 
well as the use of salvaged materials from existing 
roadways represent high-quality materials that can 
be recycled with the proper technology. Because 
there have been conflicting reports on the perfor
mance of foamed asphalt mixtures, a laboratory eval
uation was conducted to determine the properties of 
foamed asphalt mixtures and to compare these proper
ties with those of cutback and emulsion mixtures. 
Properties evaluated were indirect tensile 
strengths, static moduli of elasticity, and Hveem 
stabilities. 

FOAMED ASPHALT PROCESS 

In 1957 Csanyi (_!) of Iowa State University demon
strated the effectiveness of preparing low-cost mixes 
by stabilizing ungraded local aggregates such as 
gravel, sand, and loess with foamed asphalt. Con
trolled foam was produced by introducing saturated 

steam into heated asphalt through a specially de
signed nozzle. The reduced viscosity, increased vol
ume (±2,000 percent), and reduced surface energy 
in the foamed asphalt allowed intimate coating when 
mixed with the C'old, wet ag')regateli. Foamed as;phalt 
allowed materials normally considered unsuitable for 
hot plant-mixed applications to be used in stabil
ized bases and surface mixtures for low-volume roads. 

In 1968 the patent rights for the Csanyi process 
were acquired by Mobil of Australia (1). Mobil modi
fied the steam production process by blending 1 to 2 
percent cold water with the hot asphalt b~fnr~ miY

ing with cold, mineral aggregate. 

MATERIALS SUITABLE FOR USE 

Aggregates 

Bowering and Martin (2) tested foamed asphalt mix
tures comprised of materials ranqinq from a sandv 
clay to a well-graded gravel. Test r~sults indicated 
that the low-plasticity materials with a relatively 
large percentage of fines (-200 sieve) were best be
cause the asphalt tends to coat the fines and partly 
coat the larger particles (3). Acott (4) suggested 
adding fines to increase lo; stabiliti~ of foamed 
asphalt mixtures made with both clean and dirty 
sands. Fine material must be present to enhance the 
ability of the foam to produce uniform, thin coat
ings on a large surface area. Soils that benefit the 
most from the addition of foamed asphalt also show 
significant strength loss when tested wet. 

In addition to using natural aggregates, foameil 
asphalt mixtures have been prepared with salvaged 
asphalt materials. Lee (2_) prepared foamed asphalt 
mixtures by using two recycled materials. The re
claimed materials were blended with virgin aggre
gates of the type and amount normally specified in 
Iowa for hot recycled mixtures. 

Brennan et al. (~) produced a foamed recycled as
phalt mixture by using salvaged material from a 
state road near Wabash, Indiana, that had an asphalt 
content of 5.4 percent and a penetration of 20. The 
material was crushed, graded, separated into four 
sizes, and recombined to produce a 100 percent re
cycled mixture. 

These studies (j,~) demonstrate the feasibility 
of using salvaged mater1a1. i:o produce a foamed, re
cycled mixture with or without virgin material. Gen
erally, the mixture properties were reported to have 
improved when fines were added to the salvaged ma
terial. 

Asphalt 

The percent asphalt included in a foamed asphalt 
mixture is a function of the soil type and moisture 
content and the desired mixture properties. Gener
ally, foamed asphalt mixtures can be prepared at 
lower asphalt contents and can obtain about the same 
properties as conventional cold mixtures at higher 
asphalt contents (_!,]). Typical asphalt contents for 
foamed mixtures range from 3 to 6 percent. When the 
films are too thick, the asphalt simply lubricates 
the aggregate particles. When the films are too 
thin, there may not be enough asphalt for coating, 
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with a resulting decrease in mixture stability and 
high strength loss when tested wet. 

Brennan et al. (6) reported excellent Marshall 
stabilities by addin~0.5 and 1.0 percent asphalt by 
total weight to salvaged material with stabilities 
peaking at l percent asphalt. The amount of water 
absorption and the effect of water on stability de
creased with increasing asphalt content. 

Most asphalt cement (.I) can be foamed, but Abel 
(]) reported that the lower viscosity asphalts 
foamed better than higher viscosity asphalts, but 
the higher viscosity asphalts produce better aggre
gate coating. 

Shackel et al. ( 8) reported that mixtures made 
from higher penetration asphalt (lower viscosity) 
experienced lower strains under repeated loading, 
but also had lower resilient moduli. 

CONSTRUCTION CONSIDERATIONS 

Pr ewe t ting Aggregate 

Brennan et al. (_&) reported that it is necessary to 
add a small amount of water to the aggregate before 
mixing so that the foamed asphalt would thoroughly 
coat and adhere to the particles. Best mixing oc
curred at the fluff point: that is, the point at 
which the loose material occupies the maximum volume. 

The amount of moisture was reported to be fairly 
critical because the proper amount of water aids in 
the distribution of the asphalt, whereas insuffi
cient water results in a mixture that cannot be laid 
(9). Too much water increases curing times and re
duces both density and strength of the compacted 
mixtures. 

Anderson et al. (7) reported different optimum 
water contents for strength, density, minimum mois
ture absorption, and minimum expansion. Anderson et 
al. concluded that because mixing generally controls 
the construction process, the selected optimum mois
ture content should be controlled by that value. Lee 
(5) recommended that 65 to 85 percent of the AASHTO 
optimum moisture content be used for mixing and 
stressed that the moisture content before mixing was 
the most important design factor that affected the 
construction of foamed asphalt mixtures. 

Construc t i on and Curing 

Most foamed asphalt mixtures have been mixed in a 
conventional pugmill, fitted with a special spray 
bar for mixing the water and asphalt to produce foam 
(10). After mixing, the material can be placed and 
compacted with conventional equipment and traffic 
may be allowed on the pavement shortly after compac
tion. Brennan et al. (6) indicated that most of the 
mixing water had to ev;porate before best compaction 
could be achieved. Curing of foamed asphalt mixtures 
occurs as the water evaporates (},2) and is consid
erably longer than that for emulsion mixtures. Dur
ing the curing period the mixture can be reworked 
and relaid with no apparent detrimental effects (j). 
Laboratory test results indicate that the method of 
curing and length of the curing period significantly 
affect the properties of the foamed mixture. Bower
ing (11) stressed the importance of curing and re
porte~ that laboratory specimens developed full 
strength only after a large percentage of the mixing 
water was lost. 

LABORATORY STUDIES 

A preliminary laboratory study was conducted first 
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to evaluate the effects on tensile strength and 
Hveem stability produced by curing methods, moisture 
content, and asphalt content. Subsequently, the main 
laboratory study to evaluate the characteristics of 
foamed recycled mixtures was conducted. 

Specimens we r e prepared with both the field sands 
and the salvaged asphalt material by using a cutback 
and two emulsions in order to compare properties of 
foamed specimens with those prepared by using tradi
tional cold-mixed procedures. The asphalts used in 
the laboratory study are given in Table 1, along 
with the properties of the recycled asphalt. 

All mixtures were tested to obtain indirect ten
sile strengths and moduli of elasticity and Hveem 
stabilities. 

TABLE I Asphalt Used in Laboratory Study 

Asphalt Used 

Tests on residual asphalt 
Recycled project 
Penetration (77°F) 
Ductility (cm) 
Viscosity at l 40°F (Stokes) 

Tests on new asphalt 
No. 399 , cutback MC-800 (prod ucer : 

Cosden Oil & Chemical Co ,) 
Penetration (77° F) 
Kinemati c viscosity (140°F) 

No. 395, AES-300 (producer : Texas 
F.mulsions Jnc.) 

FuroJ vL<cOsily '77°F ) 
PencLroLion (77 F) 

No. 398, EA- I J M (producer : Texas 
Emulsions, lnc.) 

Furol viscosity ~sc.c @ 77° F) 
Pcnc.trnlio u (77 F) 

No. 274, AC-5 (producer : Dorchester) 
Penetration (77°F) 

Preliminary Laboratory St udy 

Value 

37 
141 
5,592; 5,549 

208 
1,266 

180 
300 

74 
134 

208 

The sand consisted of a fine white sand and a 
coarser sand that were blended in equal parts to 
produce a gradation with 100 percent passing the No. 
10 sieve, 73 percent passing the No. 40 sieve, 31 
percent passing the No. 80 sieve, and 10 percent 
passing the No. 200 sieve. 

The curing c ycle consisted of oven curing for 4 
days at 140°F followed by either the wet or dry 
3-day cure at 75°F. The wet cure consisted of 2 hr 
of 26-in. vacuum saturation followed by 3 days of 
soaking at 75°F. Bowering (11) previously concluded 
that the moisture content of the specimen reaches 
equilibrium after 3 days of curing at 140°F. 

Specimens prepared at different asphalt and ini
tial water contents and tested in the Hveem stabi
limeter at 140°F and indirect tensile test at 75°F 
(l.QJ gave the following results. 

1. There was a significant increase in tensile 
strengths as curing temperatures increased from 75° 
to 140°F. 

2. Specimens tested after wet curing had less 
than 50 percent of the strength of those tested 
after dry curing. 

3. Stabilities of all specimens were low, which 
is typical of sand-asphalt mixtures, and the stabil
ity decreased with increased asphalt content. 

4. Stabilities of foamed asphalt-sand specimens 
were higher than those of sand mixtures mixed with 
MC-800 cutback and AES-300 and EA-llM emulsions. 

5. Tensile strengths for the foamed sand asphalt 
were subatantially higher than those for either the 
cutback or the emulsions. 
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Details of this preliminary analysis can be found in 
Roberts et al. (12). 

A laboratory study was conducted to evaluate the 
characteristics of salvaged materials recycled using 
foamed asphalt. The purposes of the study were to 
evaluate the properties of foamed recycled materials 
and to compare those properties with the properties 
of more traditional cold mixtures prepared with the 
same salvaged material using the two emulsions and a 
cutback. 

Specimen Preparation 

The salvaged material was sieved into two sizes and 
recombined with 40 percent of material passing the 

the No. 4 sieve: material larger than 3/4 in. was 
discarded. This gradation is shown in Figure 1. In 
preparing the foamed asphalt materials, the mixing 
water varied from zero to approximately 2 percent by 
weight of aggregate. 
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FIGURE 1 Gratlaliun uf Halvaged pavement materials from 
TSO HP'I' o;.tr; ... t l 3. 

Experimental Program 

The first series of tests was performed on speci
mens prepared from salvaged materials that had no 
water added before mixing. These specimens were 
cured for 7 days, including 4 days at 140°F with 3 
additional days at 75°F either dry or submerged in 
water (wet). 

A second series of tests was conducted to evalu
ate the effect of mixing water content and curing 
temperature on the strengths of the foamed, recycled 
asphalt mixtures. The water content before mixing 
varied from zero to 2 percent. The curing tempera
tures ranged from 140° to 75°F for the initial 4-day 
cure and the final 3 days of curing was at 75°F 
either dry or submerged in water (wet). 

A third series of tests involved using the sal
vaged material to prepare specimens with two emulsi
fied asphalts and one cutback asphalt. Test results 
from these specimens were used to compare the prop-
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erties of foamed, recycled specimens with those of 
specimens prepared by using traditional cold-mixed 
processes. To ensure accurate comparisons, curing 
conditions for all specimens were kept constant. 

Specimens were tested by using the indirect ten
sile and Hveem stability tests. In addition to engi
neering properties, various other standard tests 
were conducted on specimens to determine specific 
gravity, density, air void content, asphalt content , 
and gradations to evaluate the characteristics of 
foamed, recycled asphalt specimens and to compare 
those results with specimens prepared by using other 
techniques or materials. 

Series 1: Test Results-No Mixing Water 

Specimens were prepared at asphalt contents varying 
from zero to 2 percent and tested at 75°F after the 
dry and wet curing periods. Because of the foaming 
p rocea3, th~ amount of waL~, ir1 the mix varied from 
about 0.5 to 1.0 percent, averaging about 0.8 per
cent at the time of compaction. 

Figure 2 shows tensile strength results for dry
and wet-cured specimens. The dry-cured specimens 
show a definite optimum at O. 5 percent foamed as
phalt, whereas the wet-cured specimens achieved a 
maximum tensile strength at about l percent. In gen
eral, the strengths of the wet-cured specimens were 
less than 50 percent of the strengths of the dry
cured specimens. Strength lossi>s of this magnitude 
are fairly typical for specimens of foamed asphalt 
mixtures tested wet (.§.,11). 

Hveem stabilities for dry-cured specimens are 
shown in Figure 3 along with the stabilities for 
specimens of salvaged material heated and compacted 
at 320°F without the addition of new asphalt. 

These data indicate that only specimens with 
around 0.5 percent foamed asphalt would meet the 
Texas State Department of Highways and Public Trans-
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portation (TSDHPT) Type B stability requirement of 
30. However, it should be noted that the stabilities 
of the foamed specimens compare favorably with those 
of the salvaged material that was only heated and 
compacted. Because stability tests are performed im
mediately after curing and because no soaking is 
prescribed in the procedure, stability tests were 
performed only on the dry-cured foamed asphalt spec
imens. 

The static moduli of elasticity of both dry- and 
wet-cured foamed, recycled asphalt specimens and of 
recycled mixtures that were heated to 320°F before 
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compaction and testing are shown in Figure 4. The 
static moduli were fairly constant for both dry- and 
wet-cured foamed asphalt specimens for asphalt con
tents between 0.5 and 1.5 percent. The static moduli 
decreased significantly at values greater than and 
less than this range. In the asphalt content range 
between o. 5 and 1. 5 percent the static moduli for 
the dry-cured specimens were at least 3 times the 
moduli for the wet-cured specimens, indicating again 
the significant effect of moisture on the engineer
ing properties of foamed asphalt mixtures. The 
static moduli for the recycled mixtures that were 
only heated before compaction and testing were 
higher than those for the foamed asphalt specimens 
and the strength loss was much less for the wet 
specimens. 

Figure 5 shows the relationship between foamed 
asphalt content and density for both the wet- and 
dry-cured specimens. The optimum asphalt content for 
both sets of data indicates that about the same den
sity was achieved between 0.5 and 1.5 percent as
phalt. The percentages of theoretical maximum den
sity achieved for the dry-cured specimens ranged 
from about 93 to 95 percent for added asphalt con
tents ranging from 0.5 to 1.5 percent. The density 
for the recycled mixtures that were only heated be
fore compaction and testing was significantly higher 
than that for the foamed, dry-cured specimens. 
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FIGURE 5 Relationship between density and 
percentage of foamed asphalt with no water 
added before foaming. 

Series 2: Test Results-Effect of Mixing Water on Properties 

Specimens were prepared at O. 5 and 1. 0 percent as
phalt with the water content at compaction varying 
from zero to slightly greater than 2 percent. Both 
the foaming process and the premixing water contrib
uted to the total water in the material at compac
tion; therefore, water contents were determined from 
the weights of specimens immed i ately after compac
tion and after curing 4 days at ±40°F. 
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The effect of mixing water content and asphalt 
content on tensile strength is shown in Figure 6, 
For both those specimens tested wet and those tested 
dry the total liquids at optimum were about the same 
(i.e., the percent water in the specimens with 1. 0 
percent asphalt is about O. 5 percent less than for 
the specimens with 0.5 percent asphalt). In addi
tion, the loss of tensile strength between the dry 
and wet specimens is consistent with that previously 
shown in Figure 2 and in the preliminary testing, 
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FIGURE 6 Comparison of results of foamed 
specimens at different mixing water and 
asphalt contents. 

There was no significant difference in density 
for the wet specimens at either 1.0 or 0,5 percent 
asphalt. The increased wet tensile strength at 1.0 
percent asphalt 18 probably caused by the protection 
provided by the extra asphalt. 

Figure 7 shows the effect of both asphalt content 
and moisture content at compaction on Hveem stabil-

the f or 
specimens prepared with 1. 0 percent foamed asphalt 
because at the same water content the total volume 
of liquids is larger than for 0.5 percent asphalt, 
producing additional lubrication and hence lower 
stability. The optimum moisture content appears to 
be slightly lower for the 1.0 percent asphalt curve 
than for the 0.5 percent asphalt, although the lat
ter is not well defined. The optimum stability for 
both curves may well occur at about the same total 
liquids content. 

The effect of temperature during the initial 
4-day curing period on the tensile strength of spec
imens tested dry and wet is shown in Figure 8, These 
specimens were compacted from a different mixture. 
Because of variations in asphalt concrete (AC) con
tent of the salvaged material, the results are dif
ferent from those obtained in series 1 (Figure 2). 
The foamed asphalt content varied from zero to 1,0 
percent. For the specimens tested dry, the optimum 
foamed asphalt content was 0.5 percent, However, for 
the specimens tested wet, the tensile strength con
tinued to increase as the asphalt content increased. 
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For the specimens tested wet, however, the effect of 
curing temperature was much mer~ aignificant than 
the effect of asphalt content, indicating the tre
mendous impact of curing conditions on the proper
ties of this type of pavement material. These re
sults indicate that the higher the initial curing 
temperature, the less the effect of moisture for the 
wet tests and the lower the strength loss due to 
wetting. For the specimens tested dry, the effect of 
asphalt content was much less than for those tested 
weti however, a well-defined optimum asphalt content 
occurred at 0.5 percent. 

The effects of temperature and length of the cur
ing period on tensile strengths were also investi
gated and the results from specimens tested wet 
after curing are shown in Figure 9. These specimens 
were prepared from a different mixture. Because of 
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variability of AC content of salvaged material, re
sults are somewhat different from those of Figure B. 
These results indicate that the higher the tempera
ture during curing, the higher the tensile strength, 
but that about 75 percent of the strength was devel
oped after 4 days of curing for all curing tempera
tures. After curing begins, if the curing tempera
ture is increased to 140°F, the tensile strength 
also increased, but at a lower rate than for spec
imens that began curing at 140°F. 

Series 3: Test Results-Comparison with Emulsions and Cutbacks 

To evaluate the engineering properties of foamed as
phalt specimens, a series of comparison tests was 
conducted on cold-mixed specimens prepared by using 
selected emulsions and a cutback asphalt. The foam
ing process caused a moisture content of ±1 per
cent at compaction. Premixing water of 1 percent was 
added to the emulsion mixes for consistency. Spec
imens were prepared and cured in the same manner as 
for the foamed asphalt specimens: one set at 140°F 
for 4 days followed by 3 days of either wet or dry 
curing at 75°F, and a second set at 75°F for 4 days 
and then either wet or dry cured for 3 days at 75°F. 
The specimens were then tested immediately after 
curing at 75°F1 those that were tested after dry 
curing were designated as tested dry, whereas those 
tested after wet curing were designated as tested 
wet. 

Test results for the specimens prepared with EA
llM and AES-300 emulsions are shown in Figures 10 and 
11, and the results for specimens prepared with the 
MC-800 cutback are shown in Figure 12. The same 
basic trends as for the foamed, recycled asphalt are 
evident in these relationships. The tensile strength 
of the dry specimens cured at 140°F for 4 days ex
hibited a fairly well-defined optimum asphalt con
tent of O. 5 percent for both the dry-tested spec
imens and the wet-tested specimens cured at 140°F. 
Generally, the strengths of the specimens prepared 
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with emulsions and cutbacks compared favorably with 
those of similar specimens prepared with foamed as
phalt. However, as shown in Figure 13, the tensile 
strengths for the specimens prepared with foamed as
phalt were consistently higher than those for spec
imens prepared with either of the other asphalt ma
terials; the differences were as significant for the 
specimens cured at 75°F for 4 days, wet cured 
(soaked) at 75°F for 3 days, and then tested. 

Hveem stabilities from specimens prepared with 
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FIGURE 11 Comparison of tensile strength at 
various percentages of emulsion AC and curing 
effects AES-300 (70/30). 



;;; 

84 

90 

70 

·;;; 60 
a. 

!: 
g' 
~ ~(J 

iii 
.! 
"' " 40 "' f-

30 

20 

10 

Tested Dry ~ 

Tested Wet 

/ 
/ 

/ 

/ 

/ / 
.K' 

d-------

/ 

~140°F 

75'F 

__.[,Jl40°F 

/ 

/ &1 75° F 

/ 

o o.~ 1.0 
Percent Asphalt Added ta Recycled Mix 

0 0 ,56 II 
Percent MC-BOO Added 

FIGURE 12 Comparison of tensile strengths at 
various percentages of cutback MC-800. 

foamed AC-5, EA-llM, AES-300, and MC-BOO and then 
dry cured are shown in Figure 14. Specimens prepared 
by using the foamed AC-5 and EA-llM asphalts showed 
higher stabilities than those prepared by using AES-
300 and MC-BOO. Except for the MC-BOO specimens, the 
optimum asphalt content for stability occurred at 
O. 5 percent. Stabilities were low at both zero and 
1. 0 percent added asphalt. When no new asphalt was 
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added, the air void content was around 7 percenti at 
an asphalt content of 1.0 percent, the voids ranged 
from about 4.3 to 6.5 percent, as shown in Figure 
15. It is obvious that the foamed asphalt specimens 
were compacted to a higher density than were spec
imens prepared with either the emulsions or the cut
back. Th is ease of compaction could have resulted 
from better distribution of the asphalt because of 
the thinner films produced by the foaming process 
and from the lubricating effects of extra water in
troduced into the foamed materials from the cold 
water that produced the foaming of the asphalt. 

CONCLUSIONS AND RECOMMENDATIONS 

Based on the data collected in this limited lqbora
tory study using one salvaged pavement material, one 
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blend of field sands, an AC-5 asphalt cement, two 
emulsions, and one cutback, the following tentative 
conclusions and recommendations were prepared. 

Conclusions 

1. Curing temperature, length, and moisture con
ditions dramatically affected the strength of foamed 
asphalt mixtures prepared by using both the sand and 
the salvaged pavement materials. 

2. The stabilities of dry-cured foamed asphalt 
and sand mixtures were equivalent to that of a hot 
sand-asphalt prepared by using the same sand and as
phalt cement. However, when the foamed asphalt-sand 
mixtures were tested wet, the strengths were reduced 
to less than 50 percent: however, all specimens lost 
at least 50 percent of their strength when tested 
wet as compared with the strengths when tested dry. 

3. The foamed asphalt specimens prepared from 
both the salvaged pavement materials and the sand 
exhibited equivalent or superior engineering proper
ties to specimens prepared by using either the emul
sions or the cutback. 

4. The engineering properties of the foamed sal
vaged asphalt specimens were substantially less than 
the properties of mixtures prepared by heating the 
salvaged materials before compaction; however, spec
imens prepared from the heated materials were com
pacted to much higher densities than were achieved 
for any of the cold-mixed materials. 

5. Within the range of values investigated, in
creases in asphalt content for specimens of foamed 
asphalt-recycled materials increased the strength of 
the specimens tested wet but decreased the strength 
of the specimens tested dry. 

6. Hveem stabilities were significantly affected 
by the total volume of liquids added to the salvaged 
materials, with these changes being more pronounced 
at higher asphalt contents. 

Recommendations 

1. In those situations where cold-mixed materi
als are being considered for use in bases or sub
bases, foamed asphalt may be a feasible alternative, 
especially if available materials include silty 
sands and gravels that are otherwise considered mar
ginal. 

2. The foamed asphalt process probably can be 
used with salvaged pavement materials to produce 
base courses and paved shoulder surfaces. However, 
at this time the use of these materials as a per
manent surface on any road is not recommended. 

3. Field experience should be well documented 
because, to date, reports on the performance of 
foamed asphalt mixtures have been conflicting. 
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Effect of Mix Conditioning on Properties of 
Asphaltic Mixtures 

OK-KEE KIM, C. A. BELL, and R. G. HICKS 

ABSTRACT 

The serviceability of asphalt pavements is 
controlled by many factors, such as expected 
load, mixture, and environmental variables. 
In order to provide satisfactory service
ability, an asphalt mixture must have sev
eral characteristics: stiffness, tensile 
strength, resistance to fatigue, permanent 
deformation, and resistance to water damage. 
Recently, water-induced damage of asphalt 
mixtures has caused serious distress, re
duced performance, and increased maintenance 
for pavements in Oregon. The information 
from tests performed at Oregon State Univer
sity concerning three projects built between 
1978 and 1980 was used to determine rela
tionships between asphalt concrete pavement 
performance as indicated by resilient mod
ulus, indirect tensile strength, fatigue 
life, and mix level of compaction for both 
as-compacted and conditioned samples. It was 
found that the rate of water-induced damage 
of asphalt mixtures was strongly related to 
aggregate quality and air void content of 
the mixture--the higher the air void content 
and the poorer the aggregate, the larger the 
loss of strength. 

The performance of asphalt pavement materials is af
fected by many factors, including type of mixture, 
degree of compaction, stress level, rate of loading, 
and environmental factors. Currently, the effects of 
the environment under which pavements serve, includ
ing both climatic and loading factuni, au~ receiving 
increased notice. For ex~mple, several studies have 
recently been performed to investigate the effect of 
water on asphalt pavement performance, including the 
effec t of aUditlv~ti to L~Uuct muist~re damaqe {l-.1) • 
The loss of adhesion between the asphalt cement and 
~ggrego.te surface, •,'lhich affects the asphalt mixture 
properties, is primarily due to the action of water. 
Decreases in strength and modulus because of mois
ture reduce the performance of the asphaltic mix
tures and, consequently, should be considered in 
pavement and mixture design practice. 

The purpose of this paper is to (a) summarize the 
test results for three recent projects in Oregon, 
(b) obtain a better understanding of the causes of 
the pavement problems with respect to moisture, and 
(c) develop relationships between mixture perfor

mance (resilient modulus, fatigue life, and indirect 
tensile strength) and the different mix variables 
for as-compacted and conditioned samples. 

PROJECTS EVALUATED 

The projects studied were North Oakland-Sutherlin 
(NO-S), Castle Rock-Cedar Creek (CR-CC), and Warren
Scappoose (W-S). These three projects were con-

structed between 1978 and 1980 in Oregon, and each 
project used an Oregon class B mix (Table 1). The 
construction reports of top lift and base lift of 
the pavement indicated that several mix variables 
were ranging within a very wide band, which indi
cated quality control problems during mixing (as
phalt content, gradation) and during compaction (air 
void content) (6-8). The pavement cross sections are 
illustrated in F igure 1. · 

TABLE 1 Aggregate Gradation for Oregon Class B Mix for Each 
Project 

Job Mix Tolerance 

Sieve Size Opening (mm) NO-S CR-CC W-S 

I in. 25 100 100 
3/4 in. 19 95-100 95-100 92-100 
1/2 in. 12.5 80-92 81-93 82-94 
3/8 in. 9.5 73-85 
1/4 in. 6.25 54-66 57-69 54-66 
No. 4 4.75 46-56 
No. 10 2.00 21-29 22-30 26-34 
No. 40 0.425 8-16 8-16 8-16 
No. 200 0.075 3-7 3-7 2.6-6.6 

1979 I" c. - m1:ii: 

Base & 2· Wear Surface 
B • mh· 

1~78 Base Li ft 2" s • mix 
! !!!!!!r 19S· l 

Existing 
Pav-nt 3. 5" 

::;ovf!fflbel"', 1~59) 

.. ~\5. S" Stone Base 

(a) NO-S 

Wearing Surfac• l. 7" 

... Existin9 ~itLJninous Surface 

(b) CR-CC 

2" 
Final Asphalt Concrete 

Wearin<) Courso 

Layers 
2" 

Asphalt Concrete 
Studied Hearin9 Course 
in this As pha 1 t Concrete Project 2" Bast! Course 

• .. 10" Cel'lent TrQate<I Base 

.. " 6" L ir.,e Treated Sub~rade 

( c) W-S 

FIGURE 1 Cross sections of projects studied. 
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North Oakland-Sutherlin Project 

The North Oakland-Sutherlin (NO-S) project is a sec
tion of Interstate 5 located approximately 12 miles 
( 19 km) north of Roseburg, Its overall length is 
3.21 miles (5.14 km). The recommended asphalt con
tent was 6.9 percent of an AR 8000 asphalt cement 
treated with O. 85 percent "pavebond" (an anti strip 
agent). The asphalt concrete base on this project 
was paved in October through December 1978 and 
showed problems of ravelinq and potholing shortly 
thereafter. An investigation performed by the Oregon 
Department of Transportation (ODO'!') indicated that 
the reduced quality of the pavinq was basically the 
result of using varying amounts of unsound and non
durable aggregate in the mix. The aggregate used in 
this project was a submarine basalt that contained 
seams of sulfate compounds of calcium, sodium, and 
magnesium. Soundness test results for produced ag
gregate used in the paving ranged from 4.16 to 38.94 
percent loss for coarse aggregate and 11.56 to 48.23 
percent loss for fine aggregate (il, 

Castle Rock-Cedar Creek Project 

The Castle Rock-Cedar Creek (CR-CC) project, built 
in 1979, is a section of the Hebe-Valley Junction 
Highway located in Tillamook and Yamhill counties, 
The overall length is 11.7 miles (18.7 km), Asphalt 
contents of 6.1 percent for wearing surface and 6. 7 
percent for the base course were recommended, The 
average for the as-constructed thickness is 2, O in, 
(5.1 cm) for the base course and 1.7 in. (4.3 cm) 
for the wearing surface. The asphalt grade recom
mended was an AR 4000. Progressive pavement ravel
ing and potholing was noticed during the months 
following construction of this project. In this case 
the ODOT investigation indicated that the reduction 
in pavement life resulted from excess variability in 
aggregate gradation, inadequate asphalt coating of 
aggregate, and high air void content er>. 

Warren-Scappoose Project 

The Warren-Scappoose (W-S) project is a section of 
the Columbia River Highway located in Columbia 
County. The overall length is 5,05 miles (8.13 km). 
The base course was constructed in 1979 and the 
wearing surface was constructed in 1980, The recom
mended asphalt content was 5,1 percent for the wear
ing surface and 5.7 percent for the base course. The 
asphalt grade recommended was an AR 4000. Progres
sive pavement raveling and potholing were noticed in 
the base course during the months following con
struction. The core data obtained for this project 
indicated that the reduction in pavement life re
sulted from high air void content and variability in 
aggregate gradation (,!!_), 

SAMPLE PREPARATION AND TEST METHODS 

Laboratory samples were prepared at Oregon State 
University to determine the resilient modulus, ten
sile strength, fatigue life, and permanent deforma
tion of the asphaltic mixtures. For each project the 
percent passing the No. 200 sieve material was 6 
percent and the asphalt contents were as follows: 
NO-S = 6.0 percent, CR-CC = 6,0 percent, and w-s = 
5,5 percent. 

For each project samples were prepared at the 
range of compaction levels given in Table 2. All 
tests were run on standard laboratory samples by 
using the repeated load indirect tensile test. 

TABLE 2 Range of Compaction Levels Considered 

Extent of Laboratory Compaction 

2nd compaction' 
1st compactiona 
95 blows at 100 psi, 500 psi leveling load 
30 blows at 100 psi, 300 psi leveling load 

3See Laboratory Manual of Test Procedures (9). 

Sample Preparation 

Percent of Maximum 
Compaction 

NO-S 

100 
96 
92 
91 

CR-CC 

100 
97 
92 
90 

87 

W-S 

JOO 
97 
93 
90 

Following the standard ODOT procedure (_2), 4-in.
diameter (100 mm) by 2.5-in.-high (63 mm) samples 
were fabricated for each project by using the same 
materials (asphalt and aggregate) employed during 
construction. Sixteen samples were prepared for each 
mix condition. Eight samples were tested as com
pacted and eight samples were tested after moisture 
and freeze-thaw conditioning (Figure 2), All samples 
were tested in the d iametral mode for elastic mod
ulus, fatigue life, and permanent deformation. M'l'S 
equipment was used for measurement of indirect ten
sile strength. The results of permanent deformation 
tests are not included in this paper. 

Test Method 

Dynamic diametral tests were run to obtain the data 
of modulus, fatigue life, and permanent deformation. 
The dynamic load duration was fixed at 0.1 sec and 
the load frequency at 60 cycles per minute. All 
tests were carried out at room temperature [22° ± 2°c 
(71.6 ± 3,6°F)], The Lettman conditioning proce
dure (.ll was used to evaluate the influence of mois
ture and freeze-thaw conditioning. The main steps of 
this conditioning procedure are as follows: 

1. Determine the resilient modulus of the as
compacted samples; 

2, Vacuum saturate [26 in. (66 cm Hg)] the sam
ples for 2 hr; 

3. Place the saturated samples in a freezer at 
-18°C (0°F) for 15 hr; 

4. Place the frozen, saturated specimen in a 
warm water [60° ± 2°C (140° ± 3. 6°F)] bath for 
24 hr; 

5. Place the specimen in a water bath at room 
temperature [22.8° ± 1°c (73° ± l,8°F)] for 3 
hr; and 

6. Rerun the modulus test along the same sample 
axis as the as-compacted modulus was measured (step 
1) [22.8° ± 1°C (73° ± l.B°F)]. 

RESULTS 

All tests were run at horizontal tensile strains 
ranging between 50 and 150 microstrain. The bulk 
specific gravity and air void content corresponding 
to each level of compaction for the three projects 
are given in Table 3. 

Resilient Modulus 

The following equation was used to determine the 
modulus (1.Q.l : 

MR= [P/(6H X h)] (0,2692 + 0,9974v) (1) 
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FIGURE 2 Test program. 

TABLE3 Bulk Specific Gravity and Air Void Content 

Degree of Bulk Specific Gravity Air Void Content(%) 
Compaction 
(%) 

100 
97 
92 
90 

where 

NO-S CR-CC W-S 

2.41 2.30 2.45 
2.31 2.23 2.38 
2.22 2.11 2.29 
2.19 2.08 2.20 

resilient modulus (psi), 
dynamic load (lb), 

NO-S CR-CC 

3.3 5.3 
7.3 8.2 

10.9 13.2 
12.0 14.4 

horizontal elastic tensile deformation 
sample thickness (in.), and 

v = Poisson's ratio. 

W-S 

1.6 
4.4 
8.0 

11.6 

(in.), 

Poisson's ratio was as s umed constant and equal to 
0 .3 ~, which ~implifies Equation 1 to 

MR= (PX 0.61B3)/(6H x h) (2) 

Moduli values of as-compacted and conditioned 
samples from all projects are given in Table 4. In 
order to determine the effect of conditioning on 
mixture performance, two parameters--RCLmod and 
RlOOmod--were computed for each level of compac
tion; they are also given in Table 4. These param
eters are defined as follows: RCLmod is the ratio 
of retained stiffness at the same compaction level 

I 8 Samples 
As-Coapacc"d 

2 Samples 6 Samples 
As-Compacted As-Compacted 
• Tensile • t-t>dulus 

Str.,ngth • Fatigue Life 
• Permanent 

Defonnation 

[ (Modulus of conditioned sample) -:- (Modulus of as
compacted sample)], and Rl00mod is the ratio of 
retained stiffness compared to the modulus at 10 0 
percent compaction of as-compacted samples [(Modulus 
of conditioned sample) -:- (Modulus of as-compacted 
sample at 100 percent compaction)]. The moduli of 
as-compacted and conditioned samples and the values 
of RCiniod for the North Oakland-Sutherlin project 
were the lowest, whereas those for the warren
Scappoose project for each compaction level were the 
highest. The Warren-Scappoose project also exhibited 
higher bulk specific gravities or lower air void 
content than the others (Table 3) and had lower as
phalt content. 

Figure 3 shows the variation of resilient modulus 
with air void content. As indicated for both as
compacted (Figure 3a) and conditioned samples (Fig
ure 3b), the diametral modulus has a strong linear 
relationship to the air void content. The coeffi
cients of determination of each project are around 
1.0. In general, a~ the air void content decreased 
from 10 to 4 percent, the moduli increased about 
twofold for both as-compacted and conditioned sam
ples. 

Val •Je,s fer ~lOOmod , "'':"!' 0 ~ 0 ~ :.C! ~-fie- .=., r vo i_d 
content decreases (Figure 4). As would be expected, 
RlOOm~.a has a stronq linear relationship with air 
void"'c~ntent. Values' for RC1,nod are giv-en in Fig
ure 5. As indicated, most of the RCLmod for the 
North Oakland-Sutherlin project are less than 70 

percent, whereas those for the others are greater 
than 70 percent. The RCLmod less than 70 percent 
for the North Oakland-Sutherlin project is a result 

TABLE 4 Resilient Modulus and Retained Resilient Modulus Ratio 

Resilient Modulus (xl03, psi) 

Degree of As-Compacted Conditioned RCLmod RIOOmod 
Compaction 
(%) NO-S CR-CC W-S NO-S CR-CC W-S NO-S CR-CC W-S NO-S CR-CC W-S 

100 488 710 1,082 435 638 1,008 0.89 0.90 0.93 0.89 0.90 0.93 
97 389 466 887 214 357 688 0.55 0.77 0.78 0.44 a.so 0.64 
92 220 238 736 126 147 610 0.57 0.62 0.83 0.26 0.21 0.56 
90 191 163 265 109 139 312 0.57 0,85 1.18 0.22 0.20 0.29 



Kim et al. 

1200 

i1000 

... 
~ 800 " .. 
i 600 

.. 400 C 

-~ 

j 200 

1000 
900 
000 .. 700 

~ 

... 600 

~ 
" 

SJO 

.. 
" 

400 
-; .,, 

300 i ... 
C .. 

200 .. .. .. 

0.....-....... ~ 

~ CR-CC(r2=.98) 

0-•••-<> W-S ( r 2•. 94) 

...... 
......... 0 

~'"D 

2.0 4 . 0 6.0 0.0 10.0 12.0 14.0 16 . 0 

o.,. 

Air Void Content, (:) 

(a) -As - Compacted 

.... .... .... 
o", 

~- NO-S(r
2

=1.01 

~ CR·CC(r2=.99) 

o----o w-s ( r2 •. 93) 

100 ,___..i... _ _._ _ _._.....JL--..__...._ _ _._ _ _.__, 
0 2.0 4 . 0 6.0 8.0 lll.O 12.0 14.0 l6 . J 

Air Void Content (~) 

(b) Conditioned 

FIGURE 3 Influence of air void content on resilient 
modulus for each project. 

of using poor quality aggregate. Hence the parameter 
RCLmod demonstrates clearly that with poor quality 
aggregate there is a rapid loss of performance if 
satisfactory compaction is not maintained. The pa
rameter RlOOmod shows the importance of mixture 
compaction more strongly than RC1mod, but it does 
not indicate the influence of aggregate quality. In 
summary, the effect of moisture conditioning on the 
stiffness of the three projects is significantly af
fected by the quality of aggregate used and has a 
linear relationship to air void content. 

Indirect Tensile Strenqth 

Values for indirect tensile strength of as-compacted 
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FIGURE 4 Influence of air void content on 

RlOOmod for each project. 
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FIGURE 5 RCLmod for each project at four 
compaction levels. 
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89 

and conditioned samples of each project are given in 
Table 5 together with their ratios of retaine d indi
rect tensile strength (i.e., RlOOts and RCLts>. 
For the North Oakland-Sutherlin project, the indirect 
tensile strength of as-compacted and conditioned 
samples are generally lower than the other two proj
ects. Also, RCLt s and RlOOts for the Nor t h Oakland
Sutherlin project are lower at all c ompact ion lev
els. The Warren-Scappoose project again exhibits the 
highest strength and RlOOts value, particularly at 
high levels of compaction. Figure 6 shows that indi
rect tensile strength of both as-compacted and con
ditioned samples have strong linear relationships 

TABLE 5 Indirect Tensile Strength and Retained Indirect Tensile Strength Ratio 

Indirect Tensile Strength (psi) 

Degree of As-Compacted Conditioned RCL1,' RlOO,/ 
Compaction 
(%) NO-S CR-CC W-S NO-S CR-CC W-S NO-S CR-CC W-S NO-S CR-CC 

100 199 230 362 109 227 371 0.55 0.99 1.02 0.55 0.99 
97 123 142 273 84 170 321 0.68 1.20 1.18 0.42 0.74 
92 113 67 108 50 105 105 0.44 1.57 0.97 0.25 0.46 
90 95 71 65 27 84 75 0.28 l.J 8 1.15 0.14 0.37 

a RCLts::: retained indirect tensile strength ratio at same compaction level= (Tens il e strength of condWoned sample) -i- (Tensile strength of as-compacted 
sample). 

bR 100ts = retained indirect tensile strength ratio compared to 100 percent of as-compacted sampl~s = (Tensile strength of conditioned sample) + (Tensile 
strength of as-compacted sample at 100 percent compaction). 

W-S 

1.02 
0.89 
0 ,29 
0.21 
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FIGURE 6 Influence of air void content on indirect 
tensile strength for each project. 

with air void content. Like RlO<\nod• there is a 
strong linear relationship between RlOOts and the 
air void content (Figure 7). In general, as the air 
void content decreases from 12 to 4 percent, the in
direct tensile strength increases about twofold in 
both as-compacted and conditioned samples. Figure 8 
shows RCLts of each project at all compaction lev
els tested. Again note that values of RCLts for 
the North Oakland-Sutherlin project remain less than 
70 percent, whereas those of the other projects rise 
greater than 100 percent; that is, the retained in
direct tensile strengths of conditioned samples are 
greater than those of as-compacted samples in the 
test of the Castle Rock-Cedar Creek and warren
Scappoose project for each compaction level. 

The data in Figure 9 indicate that indirect ten
sile strengths of as-compacted and conditioned sam
ples also have fairly linear relationships with 
resilient modulus at the corresponding air void con
tent. In summary, the results of the indirect ten
sile strength of each project are similar to those 
of resilient modulus; that is, the effect of aggre
gate quality on RCLts is similar to RCI.inod• For 
poor quality aggregate, RCLts is consistently less 
than 70 percent, whereas for good quality aggregate 
RCLts is greater than 70 percent. 
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FIGURE 8 RCL18 for each project at four compaction 
levels. 

Fatigue Life 

Fatigue life is characterized by the number of load 
applications reauired to cause failure of the sam
ple. Attempts to relate the number of load applica
tions to the state of stress or strain have shown 
that the best correlation exists between the tensile 
strain and the number of load applications, as fol
lows: 

where 

Nf = number of load repetitions to failure, 
Et initial elastic tensile strain, and 

K,m regression constants. 

(3) 

The fatigue life of a specific mix is, therefore, 
defined by the constants K and m. Both K and m are 
affected by the mix variables. The horizontal ten
sile strain for the diametral test specimen is cal
culated from the following equation (10): 

Et= H X ((0,03896 + 0.1185v)/(0.0673 
+ 0.2494v)] (4) 
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FIGURE 9 Relationship between indirect tensile strength and 
resilient modulus for each project. 

Assuming that the Poisson's ratio is constant and 
equal to 0.35, Equation 4 becomes 

£t = H X 0.5203 (5) 

Horizontal tensile strains versus number of load 
repetitions to failure of each project are shown in 
Figures 10-12, together with the level of compac
tion. The results for both as-compacted and condi
tioned specimens show a substantial decrease in fa
tigue life when the level of compaction drops. For 
the North Oakland-Sutherlin project, the fatigue 
relationship is affected significantly at a low 
level of compaction and is not affected greatly at a 
high level of compaction. This may be due in part to 
the low quality aggregate used on this project. For 
the Castle Rock-Cedar Creek and Warren-Scappoose 
projects, good quality aggregates were used. The fa
tigue life after conditioning generally increased 
compared with that of the as-compacted samples. This 
is due in part to the fact that the load applied for 
conditioned samples, in order to maintain the ini
tial strain, was lower than that for the as-com
pacted samples. The samples from the Warren
Scappoose project had the highest moduli and 
generally the shortest fatigue life for both compac
tion levels. Although the North Oakland-Sutherlin 
project gave lowest moduli at a compaction level of 
96 percent, the fatigue life was shorter than that 
for the Castle Rock-Cedar Creek project. In addi
tion, the fatigue life for the North Oakland
Sutherlin project at 50 microstrain and compaction 

91 

150 .. 
'··. 

.\s ~ornoacted 

,-
;: . 

100 

·= 
~ 
~ . 
] 

t : 

50 It: 

103 

\ .•. 

\\ 
\\. 

~ ... 

96: comoac: ion 
91: compaction 

I t\ 

··. .. , ... ~ 

'• 

It 

qepet i tions to FJ1 l ur"e 

Cona ; t ; oned 

FIGURE 10 Horizontal tensile strain verBUs number of load 
repetitions: North Oakland-Sutherlin. 
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FIGURE 11 Horizontal tensile strain versus number of load 
repetitions: Castle Rock-Ceder Creek. 
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FIGURE 12 Horizontal tensile strain versus number of load 
repetitions: Warren-Scappoose. 

level of 96 percent decreased slightly after condi
tioning, but at a low compaction level it decreased 
drastically at all strain levels even though the 
conditioned samples had lower moduli than as-com
pacted ones. This result is due principally to the 
quality of aggregate used. 

The initial tensile strain, air void content, and 
aggregate quality are predominant factors to the fa
tigue life. This result indicates that the durabil
ity of asphalt pavement is dependent on the quality 
of aggregate, the load applied and the level of 
compaction, or the air void content. 
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DISCUSSION OF RESULTS 

The results of tests on mixtures from the three 
Proiects indicate that damaqe to the pavement is in
creased with the low values of tensile strength and 
resilient modulus, or with relatively large drops in 
strength after conditioning the sample. The data 
from the tests demonstrate that values of modulus 
and indirect tensile streng th for the North Oakland
Sutherlin project are considerably lower than those 
for the Castle Rock-Cedar Creek and Warren-Scappoose 
projects. The fatigue life for each project gener
ally increased after conditioning for each compac
tion level and initial tensile strain. The exception 
was the North Oakland-Sutherlin project, for which 
the fatigue resistance decreased especially at a low 
c ompactio n level. 

Fatigue life is expressed as a function of mod
ulus, initial tensile strain, and air void content. 
Thus fatique life can lie us ed as a valuabl e mix 
characteristic to evaluate the effect of condition
ing. One possible parameter is the conditioning ef
fectiveness factor (CEF). CEF represents the effects 
of material used and conditioning in reducing the 
modulus and prolonging the mixture life. When good 
quality aggregate was used (Castle Rock-Cedar Creek 
and Warren-Scappoose projects), the modulus after 
conditioning decreased and the fatigue life in
creased at the same initial tensile strain used for 
measuring modulus before conditioning. When poor 
quali ty aggregate was used, the fatigue life as well 
as the modulus of conditioning samples decreased, 
compared to as-compacted samples, as occurred in the 
North Oakland-Sutherlin project. A high value of 
CEF, therefore, represents poor materials and a low 
value represents good materials, and are less sus
ceptible to conditioning. From the results of the 
test, the CEF for the North Oakland-Sutherlin proj
ect is l. 61, whereas the CEF for the Castle Rock
Cedar Creek and Warren-Scappoose project is 0.37 and 
0.43, respectively (Table 6). The CEF clearly shows 
the effect of the quality of aggregate with condi
tioning. 

TABLE 6 CEF at 90 Percent Compaction and 50 Microstrain 

Project 

NO-S 
CR-CC 
W-S 

RCLmod 

0.57 
0.85 
1.18 

Fatigue Life 

As-Compacted 

79,142 
23,084 
20,684 

Conditioned 

28,006 
52,8)1 
57,331 

iCEF = conditioning effectiveness factor= RCLmod + (Nr, conditioned/Nf, as
compacted). 

CONCLUSIONS 

CEF' 

I 61 
0.37 
0.43 

Performance of as-compacted and conditioned mixtures 
used in the construction of three Oregon State proj
ects was evaluated by using dynamic testing of lab
oratory-compacted samples. Mix resilient modulus, 
indirect tensile strength, and fatigue life of as
compacted and conditioned samples were determined 
for samples prepared within the follow i ng range of 
variables: 

1. Mix level of compaction: 100, 97, 92, and 90 
percent1 

2. Asphalt content: 6 percent1 and 
3. Percent passing No. 200 sieve: 6 percent. 

The following major conclusions are drawn from 
the findings of this study: 
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1. There is a strong linear relationship between 
air void content and the properties of the condi
tioned as well as the as-compacted samples1 

2. At lnw ~ir un i d cnntent as-comp acted and con
ditioned samples of each project have high values of 
resilient modulus, indirect tensile strength, and 
fatigue life1 

3. The resilient modulus, indirect tensile 
Stre ngth, and fatigue life o f ~nnA;~innoA Samples 
are affected by the quality of aggregate used and 
the air void content1 

4. The results of this study indicate the impor
tance of obtaining good quality aggregate and a low 
level of air void content in mixture through a high 
level of compaction1 and 

5. The CEF is used for evaluating the quality of 
aggregate and the effectiveness of conditioning: a 
high CEF represents a mix ture more susceptible t o 
moisture damage. 
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