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Foreword 

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

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

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

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

v 
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Solvent Removal from Asphalt 

B. L. BURR, R. R. DAVISON, C. J. GLOVER, AND J. A. BULLIN 

Asphalt recoveries by the Abson and Roto-vap methods we.re 
performed at variou temperature and for everal asphalt v1s­
co ities. Solvent (trichloroe1 hylene, T E) concentra11ons after 
recovery were mea ured by gel permeation ch_roma1owaphy. 
Asphalt visco i1ies and residual olvenc concentra11011 dunng sol­
vent removal were determined for tank , oven-aged, and olvent­
exposed asphalt 10 evaluate the effectiveness of the procedu~e 
and operating parameters. mall am unt of solvenl caus 1g­
nificant decrea es in vi cosity . and present recovery me th d · do 
not remove olvent adequately. Jn general , recovery rate increase 
strongly with temperature in both methods. High vi. c ities and 
larger a phalt amples hinder solvent removal rare 111 the Abson 
method. Asphalt hardens signific.antly on .extended expo ure. to 
T E at both 200°F and 80°F. Thi hardening also occurs dur111g 
solvent removal processes, but removal at a reduced te~~erature 
through use of a vacuum in the early stages can mh1b1t 1t. 

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

HISTORY 

Extraction and recovery of asphalt have been practiced in 
some form since the turn of the century. In 1903, as discussed 
by Abson (/) , Dow extract d with carb n di ulfide S2) and 
reco.vered u ing imple di tillation . ln 1927 Bateman and 
Delp (2) centrifuge-extracted with 2 and removed the .sol­
vent by vacuum distillation. Soxhlct-type reflux ex tract10.ns 
u ing CS2 were common in this period. Several ~ther me.th­
od were developed through 1930 but none gamed lastmg 
accep tance (l ,3). . 

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

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

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

The Abson method involves recovering benzene-extracted 
asphalt at 300°F to 325°F with the aid of bubbling carbon 
dioxide (C02). Abson tested seven asphalts ranging in pen­
etration from 175 to 26. After being mixed with benzene, the 
asphalts were recovered to within 3 percent of original pen­
etrations. The method was designated ASTM Dl856 and 1s 
still the recommended method (1). Rotary evaporation meth­
ods became common in the mid-1970s. ASTM is considering 
a standard method for recovery using this apparatus. 

Through the years, several solvents have been used for 
extracting asphalt. CS2 was commonly used initially, but it 
was phased out because of its high volatility and flammability. 
Benzene became its primary replacement after Abson's method 
appeared . In the 1950s and 1960s chlorinated solvent became 
populaJ'. The most common were trichloroethylene (T E), 
11 1-trichloroclhane, and methylene chloride. In 1960, Abson 
tested several of these and found TCE to be as effective as 
benzene (4). Adding about 10 percent ethanol or methanol 
to benzene remo ed more asphalt from the aggregate (5). 
This practice has become quite popular among many research­
ers. Because benzene has been proven carcinogenic, its 
use has been phased out, and TCE has been the primary 
replacement. 

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

For example, in 1963, Lottman et al. (6) modified the 
extraction-recovery procedure because he was experiencing 
excess hardening (probably because of solvent aging). He 
replaced the O~ di tribution coil with a smaller one. This 
change lowered the hardening to 2 percent on test amples. 
However, wh n tudying hot-mix samples he discovered vis­
cosities lower than the originals, or negative hardening, during 
the mix proces ·. In the di cu ion of Lottman' paper, Rostler 
suggested that negative hardening was probably caused by 
residual solvent in the sample. 

A classic example of how incomplete solvent removal can 
ruin a massive research project was given by Carey and Paul 
(7) in a study of factors affecting asphalt in the extraction­
recovery proces . The project goal were to study the effect 
of time in TCE for aged and unaged a phalt , the effect of 
reduced asphalt concentration during recovery, intra- and 
interoperator variations the effect of solvent during primary 
distillation, and the effect of fine in aggregate mix on recovered 
asphalt properties. Carey and Paul performed Abson recov­
eries after 54 similar AC-30 samples and 54 artificially aged 
samples had spent different lengths of time in TCE. Using 
ANOVA, a statistical package, they concluded that the time 
in a solvent before recovery directly affected viscosity. This 
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result had been shown by other researchers . However, 22 of 
the 54 A - 30 samples bad lower viscosities after: so lvent aging 
and recove ry. The aged samples (30 ,000 to 200,00 p ise) 
softened 40 ou t of 54 time . 

ary and Paul noted this oftcning but gave no explanation 
for 'it 7). Re idua l solvent may have cau cd so ft ning and 
added enough scatter to th data that the variable of intere! t 
had negligible effects in compari ·on. Thi effect probably 
masked mo t of the effects of solvent aging also. Larger asphalt 
samples had lower vi co itie follow inR recovery, incl icaling 
incomplete olvent removal. 

In 1983, the Pacific Coast Users Group tested the Abson, 
Roto-vap, and two other recovery methods (8). On four dif­
ferent asphalts having vi. CO' ities from 4.000 to 50,000 p i e, 
they found that no met'hod outperformed the others . The 
Abson method had the lowest reproducibility rating and failed 
to remove the so lvent adequately from two of the four asphalts 
tc. ted. Consequently, the residues' viscositic were about 75 
percent of the original. The other methods caused excessive 
hardening on the other two asphalts tested. Viscosity increases 
were as high as 50 percent. 

Other authors have noticed or had data that indicated the 
presence of solvent removal problems. Roberts and Gotolski 
(9) , Sandvig and Kovalt (10), and Gietz and Lamb (11) noted 
viscositic. on recovered road samples that ometimes decreased 
with time on the road. This effect may actually occur , but 
decreasing viscosities are probably caused by an extraction­
recove ry problem. Noure ldjn and Manke (12) reported work 
in which recovered a phalt had been hardened by the recover 
proces . They l wered the Abson time and temperature and 
almost certainly compensated for solvent hardening by leaving 
residual solvent in the asphalt. 

The problem of incomplete solvent removal is not as simple 
as it sounds. First, direct verification of solvent removal is 
rarely performed. Usually, an asphalt of known properties is 
mixed with solvent , recovered, and tested again. The devia­
tions from original properties indicate the effectiveness of the 
recovery for that asphalt, which is assumed to be the same 
for sim.ilar asphalts. Petersen et al. (13) mention using infrared 
to detect solvent in asphalt. In 1936, Bussow (14) u ·ed odor 
and loss of heating as criteria for residual solvent concentra­
tion. Secondly, 1he mechanism of solvent evaporation may 
not be well unde rstood. In a di ·cussion of a paper by Hagen 
et al. (15), Pet r en state , "When dealing with lo\ concen­
trations of solvents left in re idues, boiling point is no longer 
a major factor and diffusion and molecular a ociations between 
asphalt and solvent become controlling factors for solvent 
removal ." 

EXPERIMENTAL PROCEDURES 

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

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

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

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

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

TCE Analysis by Gel Permeation Chromatography 

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

The GPC analyses were performed on an IBM Model LC-
9533 high-pressure Uquid chromatograph. A 100-µ.L sampl 
[7 weight-perce nt a phalt in tetrnbydrofuran (THF)l was 
injected into lhe carrier o l ent flowing at l mU min th.rough 
two Polymer Laboratories (PL) column in cries containing 
PL gel material or 500- (Column 1) aod 50- (Column 2) 
pore izes. The detail are de ·cribed by Donald -on et al. (16). 

Stnndnrd b.lcnds of TCE in THF were mad~ for calibration 
of the solvent analysis. Dilutions in THF equivalent to those 
that occur in GPC analysis of 5, 2, 1, 0.5, 0.1, and 0.05 weight­
percent TCE in asphalt were analyzed by GPC; the relative 
peak areas related linearly to the TCE concentrations with 
an r2 value of 0. 997. Analyses of TCE in asphalt samples were 
performed similarly . Solvent concentrations were determined 
using the calibration. Residual solvent concentrations in 
recovered asphalt ranged from 0 to 2.5 percent. 
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Asphalt Viscosity 

Asphalt vi c ities, measured according to ASTM D2171 were 
obtained at l40°F in anoon-Manning viscometer . All amples 
were melted and mixed well before viscosity measurement , 
because a phalt tends to stratify during cooling. Samples taken 
near the top while cool and hard tended to have much higher 
TCE concentrations because of this stratification. 

Fourier Transform Infrared Analysis 

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

Sampling 

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

Materials 

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

Abson Method 

The Abson method (ASTM D-1856-79) removes solvent by 
distillation with the aid of a C02 purge. About 150 mL of a 
concentrated solution of asphalt and solvent, containing 50 
to 100 g of a pha lt, are charged to a 250-mL widemouth, 
round-bottom flask. The flask is electrically heated. The liquid 
boils and is condensed and collected in a receiving flask. The 
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C02 flow is set at 100 mL/min once the temperature reaches 
275°F. When the temperature is 315°F, the flow is increased 
to 900 mL/min . The temperature is then maintained between 
320°F and 330°F for 15 min, or 5 min after the last drop has 
fallen, whichever is longer. In this study, the last drop had 
fallen within 10 min in every case but one, and that was only 
a few seconds over. In the case of material having a penetra­
tion less than 30, the method specifies 20 to 22 min. Therefore, 
the Abson time would be 15 min for all but the 200,000-poise 
material, and 20 to 22 min for these runs. 

Instructions set forth in ASTM Dl856 were adhered to 
trictly except for varying ample size, time , and temperature 

to tudy these parameters. The 0 2 flow was accurately metered 
nsing a Gilmont R- 012 flow meter. A variac and heating 
mantle supplied heat to the flask of asphalt and . ol ent. Tem­
perature control was found to be difficult from the beginning. 
Because of a lag in the response of the asphalt temperatures 
to heater action, significant excursions outside the specified 
limits were difficult to avoid. Consequently, an analysis of the 
heater system with r~specl to temperature control was per­
formed to obtain the sequence of heater settings that would 
give good control at 320°F, 340°F, or 380°F, as required. Man­
ual control of the variac using these setting profile made 
temperature control easier and more accurate. 

Roto-vap Method 

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

No formally ap1 roved R to-vap recovery procedure is 
available, but a tentative ASTM method and another used 
by the Pacific Coast User's Gr up (9) appeared identical 
and well studied. These methods formed the basis for the 
procedure. 

Initially, the oil bath is heated to 280°F. A 1,000-mL round­
bottom flask containing 150 mL of concentrated solution is 
attached to the Roto-vap. C02 is metered at 500 mL/min 
through a tube that touches the solution's surface. The flask 
rotates at 45 rpm in the oil bath. When the bulk of the solvent 
has been distilled, a 600-mm (Hg) vacuum is applied and the 
C02 flow is increased to 600 mL/min. These conditions are 
held for 15 min. In an alternate method studied, no vacuum 
is applied but the 0 2 flow is increa cd t 900 m min . 

Asphalt sampling wa ·imilar to thnt for the Abson method. 
The l ,000-mL flask wa modiried with the addition of a 24/ 
40 ground-glass fitting approximately 45 degree · from the 
flask 's neck. The co1rnection was closed with a ground-glass 
cap. During the recovery, the fla k rotation was · t pped, the 
cap was r moved, the Nalgene sample tube was inserted into 
the hole, and the sample was pulled using a pipetter. Imme­
diately afterward , the cap wa replaced and rotation resumed. 
This proce. took appr ximately 20 sec to pcrf rm when there 
was no vacuum and about 35 sec if a vacuum wa used. 
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RES UL TS AND DISCUSSION 

Extraction and Solvent Removal Effects on Viscosity 

F igure 1 shows the viscosity relative to initial vise sity (the 
hardening index) of asphal t during solvent removal proccsse. 
for three situations. The tank (AC-20) and oven-aged (rolling 
thin-fi lm oven test, RTFOT) asphalts were well di ssolved in 
TCE at room temperature, and solvent removal was initiated 
within 1 hr. The refluxed sample was a mixturt: uf approxi­
mately 25 weight-percent tank asphalt (AC-20) in TCE that 
was refluxed for 4 hr at 200°F before initiating solvent removal. 
This reflux procedure simulated the conditions of hot extraction 
methods such as ASTM D2172, Method B. 

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

Figure 2 shows that the solvent-hardening phenomenon also 
occurs at room temperature after extended exposure times . 
A series of Roto-vap solvent removals (asphalt recoveries) 
were conducted for mixtures of 7 weight-percent asphalt in 
TCE. Before recovery, however, the mixtures were allowed 
to incubate at room temperature for the lime · shown in Figure 
2. For short room-temperature incubati n times , hard ning 
caused hy vol~til e.s lo and solvent aging in the hot-rec very 
R t -v p mt:th d was from 14 to 18 percent . For extended 
times, hardening was in excess of 40 percent. For comparison , 
a sample was recovered immediately after dissolution using 
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a vacuum to obtain a reduced solution temperature of approx­
imately 100°F. This short, room-temperature exposure pro­
duced about 10 percent hardening , close to that caused by 
volatiles loss only. 

Abson Solvent Removal Method 

everal recove rie at tricl Ab on conditi a consistently 
resulted in ignificant T E pre e nce after the time requ ired 
by the method. The experiments also ·h wed Lile reprodu­
cibility of the Abson recove ry and sampling method u ed 
( · igure 3). Approximately 0.19 percent of the T E re mained 
in the asphalt after the Abson time on recoveries of 2,000-
poise asphalt. From Figure 1, this value implies about a 10 
percent decrease in viscosity. If the recovery procedure is 
calibrated with no TCE analysis technique and u ing tank 
a phalts , inadequate operating parameters are established 
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b cau e tank asphalts show n . viscosity decrease even though 
their residual TCE levels are about 0.1to0.2 p rcent, because 
the presence of solvent is offset by a las of volatile . 

Recovery temperature and asphalt visco .ity noticeably affect 
the Abson method' abi li ty tor move T E . Figures 4- show 
the TCE concentration profiles for recoveries of 2,000-, 
20,000-, and 200,000-p i e asphalt each at 325°F, 340°F, and 
380°F. Figure 7- 9 how the same data for each aspha lt grad . 
T he e data how, without fail that removal i · ach.ieved · oner 
for lower-visco ity and higher-temperatur material. The poor 
removal at high viscosities a t 325°F illu rrate tbe need to 
modify the existing conditi n . T he viscosity o'f the 20,000-
poise material wa lowered n arly 30 percent at completion 
of th pre ·cribed method . 

Changes in recovery temperature and asphalt visco ity should 
affect the method 's performance. As the olvent is removed, 
the ·olution behave like a pure molten a. phalt. The high 
viscosities of these materials lower the mobility of the solvent, 
because of increased diffusion resistance . This resistance slows 
the solvent in reaching the liquid-vapor inl rface where evap· 
oration occurs. So, although equilibrium may be maintained 
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FIGURE 4 Residual solvent concentrations versus Abson 
recovery time at three temperatures for a tank (AC-20) 
asphalt. 

1.5 

w 
0 
t-
::!! 

1.0 
0 

0.5 

0.0 
0 4 8 1 2 1 6 

TIME (MIN) 

20 

20 
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FIGURE 10 Residual solvent concentrations versus Abson 
recovery time for three sample sizes for 2,000-poise asphalt at 
325°F. 

at the asphalt surface, significant quantities of solvent remain 
in the bulk asphalt, its removal rate being limited by diffusion. 
Furthermore, higher-viscosity asphalts have lower diffusion 
ra tes, resulting in increa d difficulty in removing sol ent. 
Al o , the hi.gher a phalt viscosities reduce the mixing 
effectiveness of the o? purge. 

Figure 10 show that increasing sample ize detrimentally 
affects solvent removal. The Ab on procedure (ASTM 01 56-
79) , while al.lowing recovered asphalt quantities greater or 
le · than the pecified 7 to 100 g. states that this may aff ci 
the properties of the recovered material in which case , 75 to 
100 g should be recovered. T his pecification would appear 
to be incorrect. Figure 1 l how · how poorly rhe Ab n pro­
cedure removes solvent at higher ample izes (except at 3 0°F). 

Roto-vap Solvent Removal Method 

Figure l2- 14 show Roto-vap method residual o lvent pro· 
files for the A - 20, 20 000-poise and 200,000-p ise mate· 
rials respectively at three removal ternperatur~. Zero rime 
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FIGURE 11 Residual solvent concentrations versus Abson 
recovery time at three temperatures for a 100-g sample of 
200 000-poise asphalt. 
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FIGURE 12 Residual solvent concentrations versus Roto-vap 
recovery time at three temperature for an AC-20 asphalt. 

is that of the last-observed drop from the solvent condenser. 
Unless otherwise indicated, the Roto-vap method used was 
that without vacuum (i.e., with a C02 purge only). The pro­
files show pronounced temperature depend nee, but, sur­
prisingly, no discernible viscosity dependence. Also, the use 
of a gas purge alone seems to be as effective as that with a 
vacuum at 280°F (Figures 11 and 12). In most cases, the 280°F 
recoveries, vacuum or gas purged, left significant solvent res­
idues after the method ' ·ugge ted time of 15 min past the 
!<1st sign of condensation. However, the 325°F and 350°F runs 
showed complete removal after 15 min. 

The Roto-vap method appears to be less reproducible than 
the Abson method. Two separate recoveries of20-kpoise asphalt 
at 325°F gave drastically different solvent rem val profile , 
one having complet removal in less than 2 min. Thi differ­
ence may have been cau ·ed by the difficulty in determining 
when lhe la I ign of conden ate disappears, though other 
factors are likely co contribute. 

The u e of a vacuum during the initial recovery seems to 
reduce solvent hardening. Two A - 20 recoverie. wer per­
formed using a high vacuum , so that the boiling temperatur 
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was less than 100°F. Two others were run using no vacuum, 
and boiling points were about 200°F. Figure 2 shows that the 
vacuum-recovered asphalts hardened about 10 percent, which 
is barely above the hardening typically caused by volatiles 
loss. The hot-recovered samples hardened about 16 percent. 

Hot-Mix Recoveries and Volatiles Loss 

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

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

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

SUMMARY 

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

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

Experiment were al·o conducted on the Abson and Roto­
vap solvent removal method for the purpose of eva luating 
their effectiveness in remo ing solvents. The Abson method 
taken to its standard recovery time, can leave enough solvent 
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FIGURE 16 FT-IR spectra for the recovered hot-mix asphalt 
(top); for the volatile material recovered from the diesel-fired 
hot mix (bottom). 

to produc significan t ·oftening, especially for larger quan­
titie of recovered material and for hardened asphalts su h as 
those btained from aged pavement cores. Increasing the te m­
perature of th s lvent removal and the rec very time can 
reduce this residual olvent c ncentn1tion alr~ough the pre­
viou ly mentioned olvent-hardening e eets mu ·t be con id­
ered. The Roto-vap method appears to be less consistent and 
less repr ducible than the Ab ·on method, but it may have 
some advnn1ag s for solvenl removal. 

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

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

ACKNOWLEDGMENTS 

Support for this work by the Texas State Department of High­
ways and Public Transportation, in cooperation with the U .S. 

TRANSPORTATION RESEARCH RECORD 1269 

Departme nt of Transp rtarion FHWA , and by the Strategic 
Highway Re ·earch Program is gratefully ackn wl clged. 
T he technical contributions of Jo Button or the Texas 
Transportation Institute also are greatly appreciated. 

REFERENCES 

1. G. Ab. on . Method and Appara tus for the Recovery of Asphalt. 
Proc. A TM . Vol. 11 , 1933. pp. 704- 714. 

2. J. H. Bateman and . Delp. "The Recovery anrl Examin. ti n 
of the A pbalt in Asphalti P<1ving Mixture ," Proc. ASTM. Vol. 
II , 1927, pp. 465- 479. 

3. D. C. Broome. The Testing of Bi111mi11ous Mixtures, 2nJ eJ . 
Edward Arnold and Co., London , 1949. 

4. G. Abson and C. Burton. The Use of Chlorinated Solvents in 
the Abson Recovery Method. Proc .. Associmion of Ast>halt Pav· 
ing Tec/111ologis1 · Vol. 29, l. Paul , Minn .. 1960. pp. 246- 252. 

5. R. N. Trnxler. hange in Asphalt cments During Prepara tion, 
Laying and Service of Dituminou Pave111c11 L~ . Pro .. As:;ociario11 
of Asplw/1 Paving Technologi Is. Vol. 36,. l. Paul. Minn ., 1967. 
pp. 541-561. 

6. R. P. Lottman, S. K. onawula, and M. Al-Haboobi. hnnge of 
Asplrnlt Vi cosily During Mixing with Hot Aggregates. Proc., 
Associmion of A. p/11111 Paving Technologists. Vol. 32. t. Paul, 
Minn ., 1963. pp . 1- 36. 

7. D. E. Carey and M. R. Paul. Evi1hwtion of A phalt Cement 
Extmctioll and Recovery Methods: Final Report. FHWA/LA/82/ 
157. 1982. 

8. H. L. Davi . Progres Report: AR Grading Sy. tem Subcommit· 
tee to fnvestigate A. TM D 1856-75 , Abson Recovery Test Method. 
Pre enlcd at Paci fic oast User-Producer Conference 1983. 

9. J . M. Roberts and W. H. Gotolski. Paving Asphalt Properties 
and Pavement Durability. fn Transportation Researclr Record 
544, TRB , National Research ouncil Wa hington. D .. , 1975, 
pp. j -26. 

10. L. D. Sandvig and J . A. Kovalt. Penetrations and Viscosity Func­
tions in Bituminous Concrete. Proc .. Association of Asplwlt Pav­
i11g Tecl111ologists, Vol. 37, St. P;iul, Minn ., 1968. pp. 5 4-62 1. 

11. R.H. Gietz and D. R. Lamb. Age-Hardening of Asphalt emcnc 
and It Rel0tionship to Lateral Cracking of Asphalt .. Proc. , 
As.l'Oci111io11 of Asplwlt Paving TeclmologiM , Vol. 37, t. Paul , 
Minn ., 1968, pp. 141 - 15 . 

12. M. . Noureldin and .P. G. Manke. Study ofTransvcr e racking 
in Flexible Highway Pavements in Oklahoma. fn Tr<111s110r1111in11 
Uesetll'clr Record 695, TRB, ational Research oun.cil, Wash­
ington, D . ., 1978, pp. 28-32. 

13. J . . Petersen, H. Planchcr. • . K. En ·Icy, R. L. Venable, and 
G. Miyake. Chcmi. try l.'f phalt-Aggreg .te lnteraciions: Rcln­
ti n ·hip with Pi1vemc111 Moisture-Damage Prediction Tr.~r . ln 
Tra 11spona1io11 Research Record 843, TRB. at ional Re ea rch 
Council, Wru hingt'on, D ... 1982, pp. 95 - 104. 

14. . Bu ow. Otes on a Method of Recovering BiLumcn from 
Paving Materials. Proc., As ociario11 of Asphalt Paving Teclr-
11ologis1s, Vol. 7 , St. Paul, Minn ., 19 6, pp. 160-164. 

15. A. P. Hagen , R. Jone , R. M. 1-lofener, B. B. Rnndolph , and 
M. P. Johnson. haracreriz.1tion of sphalt hyS lubilhy Pr fil s. 
Pro ., Association of Asplr11ft P11 11i11g Tec/111ologist • Vol. 53. St. 
Paul . Minn., 1984, Ip. 119- 137. 

16. G . R. Dona ldson J. A. Bullin , R. R. Davi~on , . J . Glover, 
and M. W. Hlavinka. The U e of Toluene as a arrier olvent 
for Gel-P rmeation Chromatography Analyses of Asphalt. .ln11r­
nal of Liquid Clrro111at0graplry. Vol. 11, 1988, pp. 749-765. 

17. J . Fahre11fort. Attenumcd Total Rcnccti n: New Principle fo.r 
th Production of e(ul IJ1fm-red Reflection Spccrra of Organic 
Compounds. Specirochimica Ac/a, Vol. 17. 1961, pp. 698- 709. 

Tire co111e111s of the reporl reflec1 ihe view · of tire author , wlro are 
responsible for tire facts 1111d ihe accuracy of 1/ie data prese11ted lrer in . 
Tire co111ews do 1101 necessarily reflect the official views or policies of 
FHWA tll S1111e Deparrmelll of Higlrivtt)'S tmd Public Transpor1mio11, 
or rhe 1rmegic Nig/11vay Re~·<'llrch Progr<m1. 11iis repon does not 
co11s1i1111e "s1111ulard, specific111ion, or reg11lmio11 . 

Publication of this paper sponsored by Committee on Characteristics 
of 8illl111inous Materials. 



TRANSPORTATION RESEARCH RECORD 1269 9 

Asphalt Aging in Texas Roads and Test 
Sections 

K. L. MARTIN, R. R. DAVISON, c. J. GLOVER, AND J. A. BULLIN 

In 1982-1983, test sections were laid at three Texas locations 
using five asphalt ourc1::s and two grades. Not all combinations 
were used at all locations and two roads failed early, but results 
arc reported o.n J6 ection . These road were cored i11 1984, 
1985, and 1987. Vi o·itie . penetrations, voids gel permeation 
chromatography (GP ). and Fourier lran fo rm infrared (FT-JR) 
analyses were run. Voids and aging are ~1rongly correlated whether 
the aging is mea ured by a vise sity aging index , growth in car­
bonyl peak. or GP . Although GP . carbonyl peak , and sulf· 
oxide generally increase with age sulfoxide and other aging indexes 
are poorly correlated . Growth in sttlfoxide correlates weakly with 
sulfur comcm. Ln general, 1he number of void reveals large 
range. in asphalt performance. Asphalts showing nearly the ame 
aging index at low numbers of voids might differ several-fo ld at 
high numbers of voids. When compari on wa po ible , hi~her 
viscosity grades resulted in greater aging. Results also were obtamcd 
for several south Texas highways, ranging in age Crom 5 10 19 
year ·. Although original tank asphali , hot-mix , and early cores 
were not avuilable for tudy, recovered asphalt properries [rom 
highway-aged cores followed trends similar to those for the test 
section with respect to vi cosity, penetration FT-IR, and GPC 
measurements. 

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

The aggregate used at Dickens was mined near the site. 
The coarse and intermediate fractions were crushed siliceous 
gravel and the fines were imilar material. The Dumas aggre­
gate wa an absorptive cru ·hed limestone. he Lufkin aggre­
gate con i. ted of a mixture f lime tone and iron ore gravel 
plus field sand. 

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

Deparrment of hemical Engineering and The Texas Transportation 
Institute, Texas A&M Univcr ily, ollege Station, Tex. 77843-3122. 

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

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

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

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

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

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

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



TABLE 1 VISCOSITIES OF VIRGIN ASPHALTS AND CORE VOIDS 

Viscosity % Voids 
(Poise) 

140°F 275°F 1 week 1 year 2 years 

Dickens 
D.S. AC-10 1220 4.51 16.0 14.3 9.1 
D.S. AC-20 2175 7.15 13.4 10.0 12.7 
McM AC-20 2523 4.64 15.6 9.9 14.0 
EXX AC-20 2576 3.55 14.8 9.9 13.6 
Dorch AC-20 2151 4.53 11.7 14.1 13.0 
Cos AC-10 1264 2.55 14.4 14.5 10.6 
Cos AC-20 1515 2.87 15.0 10.5 12.3 

Dumas 
D.S. AC-10 958 4.65 20.4 7.2 2.1 
D.S. AC-20 2155 6.39 13.9 11.6 9.2 
McM AC-10 961 3.63 12.2 13.7 10.5 
EXX AC-10 1388 3.06 16.5 15.4 
Dorch AC-10 1030 3.21 12.6 12.2 8.6 
Cos AC-10 1038 2.48 20.4 13.8 7.3 
Cos AC-20 2354 3.17 17.1 10.5 10.2 

Lufkin 
D.S. AC-20 1728 5.05 8.6 2.6 
McM AC-10 932 3.63 4.8 6.2 
EXX AC-20 1811 3.19 6.6 3.0 
Dorch AC-10 1040 2.88 3.2 4.2 
Dorch AC-20 1913 3.96 7.4 2.2 
Cos AC-20 1858 2.83 6.5 3.2 

Diamond Shamrock (D.S.) McMillan (McM) Exxon (EXX) 
Dorchester (Dorch) Cosden (Cos) 

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

Percent 
Voids 

Dickens 
McM AC-20 8.0 
Dorch AC-20 13.0 
EXX AC-20 9.0 
D.S. AC-20 12.0 
D.S. AC-10 9.0 
Cos AC-20 11.0 
Cos AC-10 12.0 

Dumas 
McM AC-10 5.5 
D.S. AC-20 8.1 
Cos AC-10 9.5 
Cos Ac-20 8.5 

Lufkin 
McM AC-10 2.4 
Cos AC-20 1.8 
D.S. AC-20 2.1 
EXX AC-20 2.5 
Dorch AC-10 2.1 

McMillan (McM) 
D iamond Shamrock (D.S.) 

Viscositt 
140°F 275°F 

(Kilopoise) (Poise) 

159 
222 
900 
260 
48.9 
376 
342 

13.3 
32.5 
23.4 
55.6 

4.8 
5.4 
9.1 
3.9 
2.4 

23.1 
22.4 
70.7 
34.2 
17.9 
26.4 
18.2 

9.2 
18.9 
26.7 
11.7 

6.5 
5.7 

11.2 
5.8 
4.6 

Dorchester (Dorch) 
Cosden (Cos) 

Penetration Percent 
at 77°F Asphalt 
(0.1 cm) 

16 6.2 
10 4.6 
12 5.1 
18.5 
25 5.3 
10.5 4.0 
11.5 5.6 

38 5.5 
27.5 5.9 
18 5.9 
15.5 5.9 

39 6.6 
22 6.9 
30 6.5 
40.5 7.7 
38.5 5.6 

Exxon (EXX) 
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TABLE 3 PARAMETERS USED IN AGING CORRELATIONS 

Carbonyl Sulfoxide Percent Aging Index Aging Index 
Peak Peak LMS 140°F 275°F 

Height Height 

Dickens 
McM AC-20 34 23 33.6 63 5.0 
Dorch AC-20 29 18 25.4 103 4.9 
EXXAC-20 37 20.5 38.8 350 19.9 
D.S. AC-20 35.5 13.5 53.9 119 4.8 
D.S. AC-10 29.5 16.25 46.0 40 4.0 
Cos AC-20 32 18 26.8 247 9.2 
Cos AC-10 31 22 30.1 271 7.1 

Dumas 
McM AC-10 15.5 30 24.4 13.8 2.5 
D.S. AC-20 25 22.25 45.9 15.0 3.0 
Cos AC-10 17 29 19.6 22.5 10.7 
Cos AC-20 20.5 25 23.2 20.5 3.7 

Lufkin 
McMAC-10 10 13 33.7 10 1.8 
Cos AC-20 8.5 32.25 18.5 8.5 2.0 
D.S. AC-20 22 10.25 45.0 22 2.2 
EXXAC-20 8 25.75 23.5 8 1.8 
Dorch AC-10 5 19 23.5 5 1.6 

McMillan (McM) Dorchester (Dorch) Exxon (E:XX) 
Diamond Shamrock (D.S.) Cosden (Cos) 

TABLE 4 DAT A FOR SOUTH TEXAS ROADS 

Carbonyl Sulfoxide 
Peak Peak 

Highway Height Height 

FM 2925 23.5 26.75 

us 11121• 10.75 33 

us 77/16. 18 28.5 

SH 186/25a 30.75 36 

us 281 22 28.75 

SH 186/36a 30.75 23 

FM 1017 36.75 13.5 

a Milepost 
bYears Under Sealcoat 

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

%LMS Viscosi~ Penetration Age 
140oP 275oP 

(kpoise) (poise) (0.1 cm) (yrs) 

26.4 67.8 15.4 14 5 

25 27.5 12.3 23.5 5+1b 

24 43.3 12.5 14.5 6 

30.5 130 21.0 14 6 

26.4 22.0 8.5 22 6+3b 

29.7 282 23.5 10 8 

33.8 248 21.1 13 19 

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

PROCEDURES 

All of the cores were extracted by a modified ASTM D2172-
81, Method A, except at Lufkin, where all but the Cosden 
J\C- 20 were extracted by Melhuu B. The proc dure was 
changed after it was realized that McthC>d B can change the 
n ·phalt. ln both inst.nnccs, ethanol was addccl to improve 
removal from the aggregate. In the Method B procedure, a 
95 percent trichloroethylene, 5 percent ethanol mixture was 
usecl. For Method A , s era! ext racti n with 1richlorocthyt­
ene w re followed by a 90 percent trichlo.roethylene , 10 per­
cent ethanol mixcure. The small amouul uf t:than I consid­
erably enhanced removal of the remaining amounts of asphalt. 

Solvent was rem ved either by rJ1e Abson or by the Roto­
vap procedures. Gel permea tion chromatography (GPC) 
analy is of the recover>d macerial indicated thac many samples 
still contained s Iv nt, and additional !vent removal was 
required to avoid erroneously soft asphalt. (The time spec­
ified in the standard procedures wer frcqu ntly inadequat 
for complete sol t:nt removal, especially from viscou. cor 
material.) 

V ids and the percentage of a phalt w re calculated (see 
Table 2). Penetration · al 77°F using ASTM D <1nd viscositie ' 
at 140°F and 275°F using ASTM D2173 were run on the re­
covered material. These data are presented in Tables 2 and 4. 

GPC chromatograms were obtained using an IBM 9533 
Liquid hromatograph contro lled by an IBM 9000 comvuter. 
Two Polymer Laboratories chromatographic gel columns were 
used in series, a 500-A pore ·ize f I lowed by a 50- pore size. 
The detector was a Water R40 I differential refractometer. 
Purified tetrahydrofuran (THF) was used as the solvent. Asphalt 

* Dumas 

* Dickens 

Lufkin * 

FIGURE I Location of test sections near Dickens, Dumas, and 
Lufkin and of highways cored in south Texas District 21. 

TRANSPORTATION RESEARCH RECORD 1269 

samples were made to exactly 7 percent by weight in THF 
and sonicated for about 3 hr. The sonicalen m~terial was then 
filtered through a 0.45-µm filter to remove fines. The filtered 
material wa · placed in a 1.8-mL septum-capped vial and placed 
in an aut matic. ampler. A 100-µ.L 'ampli ng loop was used. 

fnfrared . pectra of 1he recovered material w re obtained 
on a Nicolet 60 SX B Fourier transform infrared (FT-IR) 
spectrometer. All the data were obtained by a K.Hr pellet 
procedur (2) , which , though time consuming, gives a trong 
reproducible ignal. In a precise man ner 0. 9750 g of KBr and 
0. 25 g fa phalL (frozen L enhance handling) were ground 
together in n mortar until the mixture wa homogeneous. 
T hen 0.30 g was taken to prepare a pellet. The mixture was 
placed in a pellet die and 34,000 lb of force was applied for 
30 sec. A blank of pure KBr was prepared at the ame time 
by the same procedure. Before sample preparation, the KBr 
was heated to about 700°F for 8 hr to remove moisture. 

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

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

RES UL TS AND DISCUSSION 

Properties of the 1987 test section cores and the extracted 
asphalts are presented in Table 2. Sulfoxide and carbonyl peak 

1.00 

w 0.75 (.) 
z 
ci: 
m peak height a: 0.50 0 en m 
ci: 

0.25 

0.00 4=---.-~~----~~-----------~ 
1800 1610 1420 1230 1040 850 660 

WAVENUMBER 

FIGURE 2 Example FT-IR spectrum showing the method of 
determining the sulfoxide band peak height near 1,000 cm- 1• 

The carbonyl peak height near 1, 700 cm - 1 is determined 
similarly. 
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heights from the IR analyses and LMS percentage from the 
GPC experiments are pre ent d in Table 3, along with vis­
cosity aging indexes at both 140°F and 275 . The aging i11dex 
is the ratio f the vi co ity of the l 7 core extract divided 
by the viscosity of the virgin asphalt from Table 1. Propertie 
of the asphalt extracted from the south Texas cores are presented 
in Table 4. 

Correlation of Voids and Aging 

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

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

fJl Figu re 3, carbonyl peak he ight is ploned versus per­
centage of void . These are voids from 1987 cores lhal give 
better re ults tlrnn averagi ng the void data. This is pr bably 
because of variation in voids within the roadbed, so that ear­
lier cores may not represent the core being tudied. Oxi­
dation a · reflected in the growth of the carb nyl peak increases 
rapidly with voids. The Dicken ection which are reprc­
. ented by the even highest carbonyl peaks, showed a greater 
respon. e than the Dumas sections. In gen.era.I. tho ·e sections 
cons tructed with the lower visco. ity grade were al oxidizing 
less rapidly . fn the Lhree direct comparisons with the same 
suppli e r and ite, Cosden at Dicken , Diamond hamrock at 
Dickens, and Cosden at Dumas, thi was the case. Though 
the Exx n at Lufk in appeared to be ox idizing no more than 
the other asphah · , the Exxon at Dickens was the most oxi­
dized of all. The data are not sufficient , however, to concl ude 
that any aspha lt is more , u. ceptible to xidation . 

1n Figure 4, the aging index at 275°F i plotted ver us the 
percentage of voids. The re ult are . imilar to those in the 
previou graph. The Exxon had a high aging index an.d a high 
carbonyl c otent. Both of the osdens appeared t be abnor­
mally aged at Dickens. Howev r Lhe Dumas- o den datum 
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FIGURE 3 Carbonyl aging versus voids for asphalt from 1987 
cores of the test sections. 
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FIGURE 4 The 275°F aging index versus voids for asphalt 
from 1989 cores of the test sections. 

1 4 

at 8.5 percent voids was inconsiste1lt with the 140°F data and 
with earlier cores and was pr bably in error. Figure 5 is a 
similar plot with 140"F aging index . Again the Exxon value 
was quiLe high, with high alues for the osd n. and perhaps 
for the McMillan. At Dumas both o dens ' ere near the 
curve. As mentioned earlier, the inherent problem in the 
study of voids ver us aging is that roadbed variability makes 
it impos ible to obtain an accurate void hi tOry of the I ar­
ticular core being tudied. 1987 voids were used i·ather 
than average voids, no doubt accounting for much of the 
scatter. 

Correlation of Carbonyl Content and Physical 
Properties 

Because both the viscosity aging index and carbonyl peak 
h ight correlate with voids, they should cross-correlate. Fig­
ure 6 and 7 indicate that they do. omewhat surpri ingly, 
however, viscosity seems to correlate as well as the aging 
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FIGURE 5 The 140°F aging index versus voids for asphalt 
from 1987 cores of the test sections. 
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40 

index, and this correlation allows the inclusion of the south 
Texas data, for which original viscosities are not available. 
At 275°F ( ·ce Figure 6), the Exxon Dickens \<alue was very 
high. Tht: high o den value is the suspect point previously 
discus ed. Otherwise. mo. t . outh Textl cl<1 ta fi t ve ry well. 

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

ln Figure 8, penetration: at 77°F arc plotted versu carbonyl 
peak height. Individual a phalts ar further separated , but 
·xxon and McMillan have almost merged with Diamond 
ha.mock whereas Cosd n has approximately joined the south 

Texas plot with an entire ly di fferent lope. The 19-year-old 
south Texas FM-1017 had only a slightly highe r penetration 
than the 5-year-olcl Dicke ns E xxon . everal of the Di kens 
roads were approaching dangerously low penetrations, as was 
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FIGURE 7 Viscosity at 140°F versus carbonyl peak height 
from J987 cores of the te t. sections and from the south Texas 
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FIGURE 8 Penetration at 77°F versus carbonyl peak height 
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FIGURE 9 Viscosity al 275°F versus carbonyl peak height for 
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Highway 186 at MP 36. This low penetration on Highway 186 
was consi tent with its high viscosity at both 140°F and 275°F. 

Except for this road and Highway 281 at MP 37.5, which 
had abnormally high penetration and low viscosities, the south 
Texas roads show remarkable conformity. In Figures 9 and 
10, viscosities of the south Texas roads are plotted versus 
carbonyl peak height at 27 °F and 140°F. The 140°F corre­
lation i particu larly good except fo r the two data r fe r.red 
to previou ly. All of these data tend to indi.cate that carbonyl 
peak height is a good measure of road aging for any particular 
asphal t with respect to both vi co ity and p netration and can 
probably be used as an effective parameter in laborat ry aging 
tests. However, ca rbonyl peak height cannot be related to 
road age in year ·, because the percentage of voids and prob­
ably other factors exert too much influence on aging. Orte 
of these other factors is almost certainly a pha lt compati­
bility (7), which could account for much of the divergence of 
individual asphalts noted. 

w 
en 
0 
0.. 
0 
...J g 
LI.. 

1000 ,.---~-....----.---.----..----.----.----.. 

SOUTH TEXAS ASPHALTS 

D D 

~ 100 

!;;: 
> 
I-
ii) 
0 
0 
en 
> 10 ,___.._ _ _.__...__...._ _ _.._ _ _._ _ __._ _ __, 

0 1 0 20 3 0 40 

CARBONYL PEAK HEIGHT 

FIGURE 10 Viscosity at 140°F versus carbonyl peak height for 
asphalts from the south Texas highway cores. 
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Effect of Sulfoxides 

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

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

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

Correlation with GPC 

Figure 13 shows GPC results for Cosden AC-20 at all three 
locations. The progressive aging with time and the higher 
aging at Dickens and Dumas are clearly shown. Figure 14 
shows a plot of the percentage of LMS versus carbonyl con­
tent. The correlation is not good, because the chromatograph 
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FIGURE 12 Carbonyl FT-IR peak height versus sulfoxide 
peak height from 1987 cores of the test sections and from the 
south Texas highway cores. 
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FIGURE 13 GPC chromatograms of the Cosden AC-20 asphalt as sampled before hot­
mixing (tank) and as extracted and recovered from a, Lufkin, b, Dumas, and c, Dickens. 
(continued 011 next page) 

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

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

the GPC chromatograms for south Texas. The chromatogram 
for this asphalt is anomalous, having the lowest shoulder but 
not the lowest LMS value. In Figures 17 and 18, vi co ity is 
plotted versus LMS percentage for the south Texas asphalts. 
Most of the points off the line are the same ones that did not 
correlate in the plot of carbonyl versus viscosity. In Figure 
18, the highest and lowest points are for the same asphalts 
that are off the line in Figure 10. The third point represents 
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FIGURE 14 GPC chromatogram of LMS fractions versus 
carbonyl peak height from 1987 cores of the test sections and 
from the south Texas highway cores. 

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

CONCLUSIONS 

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

CARBONYL PEAK HEIGHT 

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

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

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

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

A. SAMY NouRELDIN AND LEONARD E. Woon 

Evaluation of long-term performance and identification of non­
homogeneity , incompatibility, and hardening rate of hot-mix­
recycled bituminous p;1vement are described . The effects of arti­
ficial laboratory aging on a virgin binder (A -20) and thr e 
orher- exrracted and recovered- rejuvenated binders were 
determined. Laboratory ag.ing wa achieved by mean ()f the thin­
film oven te I (TFOT). Analy is and eva luali o of the test data 
reve~ led .o!ue important a.spects of hot-mix recycling. The Tf-OT 
was 1dennf1ed as a potential added cri ierion in identifying recy­
chnR agcn! that tend to cause a high rnte nf hardening, non­
homogeneuy, and none mpatibilj1 1 problem in recycled binders 
~iect1~g tile standard ·pecifica1ions of a virgin binder. This idcn­
t1fica11011 can be obtained by vi ually inspecting the residue after 
l~e Tf:OT and classifying their on istency using penetration and 
VISCOSJty tests. 

During the last 15 years, recycling of asphalt pavement has 
become an increasingly attractive rehabilitation alternative. 
The decreasing supply of locally available quality aggregate 
in some areas, growing concern over wa te di ·posal , geo­
metric difficulties of successive pavement maintenances, and 
unstable co l of asphalt cement and fuel have made recycling 
an environme ntally and economically attractive alternative. 

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

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

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

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

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

The effectiveness of a recycling agent is a function of its 
uniform dispersion throughout the pavement binder. This issue 
is important in the process of recycling, because changes in 
properties with time have been attributed to the fact that old 
binder and rejuvenating agents may not have been thoroughly 
mixed (5). Some research efforts have been conducted to 
establish the ability of mixing operations to produce a homo­
geneous mixture ( 4-6). The specifications for recycling agents 
proposed by the Pacific Coast User-Producer Conference (June 
1980) appear to be the best currently available to select the 
proper type of recycling agent for a specific project. However, 
these specifications alone cannot adequately identify incom­
patibility problems. Additional tests and criteria need to be 
developed to identify incompatibility (2, 7, 8) . 

If blends of <1ged asphalt and recycling agents are evaluated 
to ensure that they meet current ASTM or AASHTO spec­
ifications for virgin asphalt cements, viscosity and penetration 
measurements on samples of these blends after a thin-film 
oven test (TFOT) can help identify potential incompatibility 
(2,7 8) . 

To establish the time-temperature effect that three types 
of recycling agents have on aged asphalt binder, the TFOT 
was used to identify the rate of hardening in a we;:ith e.re.ci 
asphalt after it was treated with the following agents: AC-
2.5 (ASTM designation), AE-150 (Indiana designation), and 
Mobil ol-30 (a commercial type). Samples of virgin asphalt 
(A -20) were used for comparison purposes. The vari us 
samples were subjected to the oven exposure for three spccifo; 
periods, after which the residues were classified by means of 
penetration and viscosity tests. 

EXPERIMENT AL DESIGN 

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

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

2. Time of Oven Exposure ( T) . The four levels of this factor 
were the periods of time over which a specific type of binder 
was subjected to oven exposure in the TFOT (ASTM Dl 754). 
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The time spans were chosen to be 0 (no oven exposure), 2, 
5 (the standard time), and 10 hr. 

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

The following mathematical model was used to introduce 
the data: 

where 

PV 
M= 
B; 

~ 

(1) 

penetration or viscosity response for any sample, 
overall mean, 
binder-type effect (fixed and qualitative), 
time of oven exposure during the TFOT (fixed and 
quantitative), 
interaction effect, and 
experimental error (random). 

Indices i, j, k run over the number of samples. 
A completely randomized design with two factors each hav­

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

SAMPLING PLAN AND MATERIALS 

Salvaged Materials 

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

Virgin Materials 

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

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

TEST RESULTS AND ANALYSIS 

Salvaged Materials 

Samples of RAP were randomly chosen, reduced in size, and 
characterized. Asphalt extraction and recovery were con­
ducted u ·ing ASTM D2172-67, Method and the Ab·on 
method (ASTM Dl856); re pectively. The salvaged binder 
was cha racterized by means of penc1ration ofte11ing point , 
and visco ity tests. Amount of asphalt present was deter­
mined, and the salvaged aggregate obtained from extraction 
was characterized by sieve analysis. 

Tables 1 and 2 present the characteristics of the extracted 
hard asphalt and th gradati n f alvaged aggregate respec­
tively. The values were an average of I sample . The Indiana 
pecification for No. 12 urface were also included in Table 

2 for compari on purposes and for future d termination of 
the feasibility of using salvaged aggregate in a high-quality, 
hot-surface mix. The amount of hardening that occurred in 
the old binder was not significant when compared to previous 
recycling projects. In addition the ieve analysi of the sal­
vaged aggregate indicated a gradation within the specification 
for No. 12 ·urface (Indiana Department of Tran. portation 
Specifications), except for a small margin at No. 3/s sieve. 

Recycling Agents (Rejuvenators) 

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

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

TABLE 1 CHARACTERISTICS OF 
EXTRACTED HARD ASPHALT 

Test 

Penetration, 77°F, 100 gm, 5 sec. 

Viscosity, 140°F, Poises 

Kinematic vise., 275°F, c. st 

Softening Point, °F 

Asphalt Content (Total wt.) 

* Average of 10 samples 

* Value 

28 

20,888 

726 

137 

6% 
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TABLE 2 GRADATION OF SALVAGED AGGREGATE 

Sieve size 3/8 114 

• % Passing 93 78 

IND. spec. for 

1112 surface 96-100 70-80 

* Average nf 10 sample~ 

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

Asphalt Penetration Viscosity, 140°F, Poiee 

AC-20 65 1890 

AC-2.5 200 292 

AE-150 Residue 200 270 

TABLE 4 CHARACTERISTICS OF 
MOBILSOL-30 

"' Percent Asphaltenes 0 

"' Percent Polar Compounds 8 

"' Percent Aromatics 79 

"' Percent Saturates 13 

Percent solids in 
El!lllaificd Form 66.7 

• Flash Point 505 

• Kinematic Viscosity 
at 140°F, c .st. 164 

• Properties of Residue 

Determination of the Amount of Rejuvenator 

118 

62 

36-66 

Asphalt Institute curves ( 11) were used to determine an initial 
value for the percentage of rejuvenator (AC-2.5 and AE-
150) to be added to the old binder to restore the properties 
to an AC-20 range of classification. The curves suggest the 
rejuvenator percentage on the basis of its viscosity at 140°F, 
the old binder's viscosity at 140°F, and the required viscosity 
for the new rejuvenated binder at 140°F. The initial value for 
the percentage of Mobilsol-30 was chosen on the basis of 
previous recycling projects (5,10). 

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

1116 1130 1150 11100 11200 I 
44 28 15 7.5 5 

19-50 10-38 5-26 2-17 0-8 

Preparation of Samples for TFOTs 

RAP samples and the virgin aggregate were heated in an oven 
at 240°F for 30 min. The rejuvenators were heated in an oven 
at 180°F when they were used. RAP, virgin aggregate, and 
one of the rejuvenators were mechanically hot-mixed for 2 
min. The amount and gradation of virgin aggregate were 
selected in such a way thal lhe resulting binder content was 
6 percent of the total weight of mix (the original binder con­
tent in the RAP) and the resulting aggregate gradation was 
within the Indiana specification for No. 12 surface (typically 
used for producing hot-mix bituminous surface mix). The I e 
samples were stored in an oven for 15 hr at 140°F for curing 
and were directly extracted using Method A of ASTM D2172. 
Asphalt binders were then recovered separately using the 
Abson Method (ASTM D1R56). 

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

Results and Analysis of the TFOT 

Penetration and viscosity values at 140°F were obtained on 
recovered, rejuvenated asphalt samples (0 hr on TFOT) and 
on residues after 2, 5 (the standard time), and 10 hr in the 
thin-film oven. Identical conditions were applied to the AC-

TABLE 5 CHARACTERISTICS OF SALVAGED ASPHALT 
AND REJUVENATED BINDERS 

"' Binder Penetration Viscosity, 140°F 

Old Asphalt 28 20,888 

40% Old Asphalt 
+60% AC-2.5 62 2112 

45% Old Asphalt 
+55% AE-150 Residue 68 1994 

85% Old Asphalt 
15% Mobilaol-30 Residue 69 1974 

AC-20 spec. 60+ 1600-2400 

• Average of 10 samples 

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

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

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

TABLE 6 PENETRATION VALUES OF BINDER 
AFTER DIFFERENT TIMES OF OVEN 
EXPOSURE 

Time of Oven Exposure During TFOT 

Binder Type Zero 2 hours 5 hours 10 hours 

AC-20 65 43 33 25 

RAP+AC-2.5 64 48 38 29 

RAP+AE-150 62 34 26 18 

RAP+Msol-30 64 50 43 33 

Note: Values i ncluded are average of 3 replications. 

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

Time of Oven Exposure During TFOT 

Binder Type Zero 2 hours 5 hours 10 hours 

AC-20 1890 3920 8780 25,870 

RAP+AC-2.5 1980 3410 7890 15,080 

RAP+AE-150 2150 9770 18,740 62,340 

RAP-+Mobilsol-30 2220 4680 7490 14,880 

Note: Values included are averages of 3 replications. 

Relationship Between the Time of Oven Exposure and 
Consistency of' Binder 
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Regre si n analyse were c nducted co e. tablish stati tical 
relationships between the time of oven expo. ure during the 
TFOT (0 2.5 , and 10 hr) and the consistency of binder (A -
20, RAP + AC-2.5, RAP + AE-150, or RAP + Mobilsol-
30) represented by the penetration and the iscosity at 140° . 
Tables 8 and 9 present the regressi n equations for penetra­
tion and viscosity, respectively. The symbol x was used to 
repre ·ent the time pent in the TFOT. The regression param­
eter multiplied by x an be used as an indicator for the tend­
ency of the rejuvenated binder lO have a high hardening rate 
and hence create ho.rt-term aging and possible incompati­
bility and nonhomogeneity problem . 

Figures 1 and 2 sh w graphical representations of the sta­
ti tical relation hips for penetrati n and vi cosity at 140° 
versus the time of oven exposure. 

SUMMARY OF RESULTS 

The salvaged material was obtained from US-52, Indiana. The 
recycling agents applied to the salvaged material were A -
2.5, AE-1 ·o and a commercial type (Mobils 1-30). The virgin 
AC-20 used for comparison purposes was obtained from 

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

Binder Type Equation R2 

AC-20 Penetration .. 100 0 .999 
h . 45+l.35x 

RAP+AC-2.5 Penetration = 
100 0.9 99 

./2 .45+o . 9Sx 

RAP+AE-150 Penetration = 
100 0. 993 

h . 45+2 . 45x 

RAP-+Mobilsol-30 Penetration = 
100 0 .993 

./2.45+0.7Sx 

NOTES: "x" is the time of oven exposure during the TFOT. 
R1 is the coefficient of determination. 

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

Binder Type Equation R2 

AC-20 Viscosity a (4S.4+10x) 2 0.999 

RAP+AC-2 . 5 Vis cosity a (45.4+9x) 2 0.982 

RAP+AE-150 Vis cosity • (45 . 4+22x) 0 . 975 

RAP+Mobilsol-30 Viscosity • (45.4+8x) 2 
0.977 

NoTEs: 11x 11 ia the time of oven exposure duriD<J 
the TFOT. R' is the coefficient of determination. 
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FIGURE 1 Relationship between penetration and time of oven 
exposure during the TFOT. 
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FIGURE 2 Relationship between viscosity and time of oven 
exposure during th!! TFOT. 
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AMOCO Oil Company. A completely randomized de.-;ign was 
used for the de ign of the experiment and the analy i of data 
resulting from the TFOT (ASTM D1754). The analysis and 
evaluation of the test data revealed a number of important 
aspects of hot-mix-recycled bituminous pavement. However, 
the significant results obtained may be limited to the materials 
used and test conditions applied. 
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The main conclusions can be summarized as follows: 

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

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

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

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

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

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

NORMAN W. GARRICK AND RAMESH R. BISKUR 

he indirect tensile te t n asphalt oncrnt mixe. is a frequently 
u ed procedure for as es ing likely pavement performance . ur· 
rently , the indirect tensile te. t i. most commonly u ed for pr -
viding inf rmation on moi ture usceptibility. However, the indi· 
rect tensi le test may 11 lso be used t determine engineering 
propc rtie~ necde.d for ela tic and viscoe lastic an:1lyscs ;ind for 
evaluating thennal cracking, fatigue cracking, and pmcmial prol -
lem with tenderness. Given the import ance f this te t. there 
appear to be a lack of information on the facror that detemiine 
indirect tensile trength (IDT ) of aspha lt mixe . on equently , 
the effects f asphalt compo ition and physical properties on IDTS 
values were obtained. Mixe were made with 15 dif(erent type 
of asphalt and with 2 different types of aggregate (traprock and 
grave l). Asphalt compo it ion was characrerizcd by gel permeation 
chroma1.0grnphic analy i . Th penetrat ion of the thfo· film oven 
test residue and IDTS value w r trongly correlated. The lDTS 
values increa e as penetration decreases. Asphalt compo.ition 
also plays a significant role in determining the IDT values of 
traprock mixes. Asphall composi1i m seem t account for dif· 
ferenc s C)f up to 55 percent in JOTS values of traprock mixes. 
However, the effect of asphalt comp<> ition on gravel mixes appears 
LO be much less pronounced. 

The indirect tensile test on asphalt concrete mixes is com­
monly used to assess moisture susceptibility. However, the 
indirect tensile test may al be u ed to det rmine engineering 
properties needed for ela tic and vi coela ' lie analyse and 
for evaluatil1g thermal crackin~ and fat igue cm king (1). But­
ton and his associates (2) hav used this test as part of a system 
of evaluating mixes for problems with tenderness . 

Little information exists about the factors that determine 
indir ·t t n ile trength (TDTS) of a mix. Some reports (3-
5) have ex<tmined hO\ IDT values vary with mix properties 
such as air void and asphalt content. But few reports concern 
the rela tionship between asphalt properties and TOTS values 
(6). The possible effects of asphalt composition have not been 
examined at all. 

Some f the e factors , mainly the effects of asphalt prop­
erties on rDTS values, arc xamined here. he asphalt prop­
erties considered are con i tency and c mpo. ition. Mixe were 
made with 15 different asphalts from various sources nation­
wide. A phalt composition was characterized by gel permea­
tion chromatographic (GP ) analysis. 

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

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

ASPHALT CEMENT TEST PROGRAM 

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

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

GPC parameters were obtained from the GPC profiles using 
a modified form of a procedure that was developed at Purdue 
University (7). The procedure used in this project consisted of 
dividing the GPC profile into 12 equal-time segments, as opposed 
to the 8 unequal-time segments originally used (see Figure 1). 
The re. ulting GP parameters, designated Xl to Xl2, am the 
percentages of total area under the curve in each segment. 
Molecular size can be assumed to decrease from Segment 1 to 
Segment 12. The GPC parameters represent the proportion of 
asphalt molecules of a given size. This interpretation should be 
applied with caution, however, because many factors affect the 
apparent size of an asphalt molecule (7). 

ASPHALT CONCRETE MIX TEST PROGRAM 

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

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

Sieve Size 

'Ii in. 
3/s in . 
#4 
#8 
#50 
#200 

Percent Passing 

100 
80 
67 
52 
17 
5 

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

A11111l1111Hsi, !:.'!Ill£!!! SMlll!lllr SIBll 

NE5 AC·S New Bituminous Rhode Island 
NE10 AC-10 New Bituminous Rhode Island 
NE20 AC·20 New Bituminous Rhode Island 

DS AC·S Diamond Shamrock Texas 
D10 AC-10 Diamond Shamrock Texas 
D20 AC-20 Diamond Shamrock Texas 

AS AC·S Ashland Kentucky 
A10 AC-10 Ashland Kentucky 
A20 AC-20 Ashland Kentucky 

ES AC·S Edgington Callfornla 
E20 AC-20 Edgington California 

CAGS AC·S Guyott Connecticut 
CAG20 AC-20 Guyott Connecticut 

CP10 AC-10 Chevron New Jersey 
CP20 AC-20 Chevron Connecticut 
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FIGURE 1 Typical GPC profile. 

The IDTS value of each mix was determined at room tem­
perature (about 75°F) using the Mar hall test apparatu . The 
test frame for this procedure c nsi ted of two curved I ading 
strips each 0.5 in. wid . The load was applied at a rate of 2 
in./min , and the load at fai lure was recorded . 

RESULTS 

The results of the phy ical tests and the GP analy es for the 
15 asphalts are presented in Tables 3 and 4 respective ly. A 
sample of the GPC profiles is also hown in Figure I. Tables 
5 and 6 present the indirect ten ile test· results for the A 
mixes. 

Regression analysis was used to evaluate the relationship 
between IDTS and the asphalt properties . The results of these 
analys are u ed to discuss the effects of asphalt consi tency 
and composition on mTS in the following ection . TI1e effect 
of aggregate type and of asphalt and void content are als 
discussed. 

TABLE 2 SPECIFIC GRAVITY AND ABSORPTION OF 
AGGREGATES 

Specific Gravity 
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Aggregate Type Bulk Apparent Absorption (%) 

Coarse fraction 
Trap 2.89 2.97 0.96 
Gravel 2.63 2.73 1.39 

Fine fraction 
Trap 2.84 3.03 2.27 
Gravel 2.60 2.69 1.26 

Effect of Consistency 

A summary of the re ults of regression analyses relating IDTS 
values to the various mea ure of con i tency is presented in 
Table 7. These results show that the penetration (at 77°F) 
and viscosity (at 140°F) f the original a phalt correlared with 
CDTS. The penetration (at 77"F) and vi cosity (at 140°F) of 
the thin-film oven le t (TFOT) residue also correlated ·ig­
nificantly . However the be t correlation (highest r2 value) 
was obtained using penetration (77°F) of the TFOT re idue 
for all eight mix types. 

From a theoretical point of view, these results are not unex­
pected. Becau e of the similarity in test temperature , pen­
etration at 77°F would be expected to give better correlations 
with ten ile trength than would vi cosity at 140°F. ln addi­
tion , the con istency of the TFOT residue is probably closer 
to that of the asphalt in the mix than i the con i ·tency of the 

riginal a. phalt. 
hese results though not urprising , do suggest that the 

relation hip betwe n aspha lt and mix propertie must be fully 
under tood in terms of the characteristics of the asphalt in 
the mix rather than those of the original asphalt. Unfortu­
nately, no tests were run on asphalts extracted from the mixes. 

More detailed results of the regre sio.n analy. e for pene­
tration of the TFOT residue and IDTS are presented in Table 
8 for the eight types of mixes. The relationship between these 
two variable is also shown in Figure. 2-9 for each of the 
mixes. In all cases, the regression functions show that IDTS 
increase a penetrati n decreases. However, the lope of this 
relation ·hip is ignificantly affected by aggregate type. The 
slope varied from 0. 74 to 0.82 for traprock, and from 1.00 to 

TABLE 3 PHYSICAL PROPERTIES OF TEST ASPHALTS 

Qrlglnal Asehelt TFOTRuldue 
AID!llll ~IZ eaOllClllOD ~ l!IDllCIUQD YlllAll1ll 

11111m.zz~ ~ l>.lllm.~ ~ 

NE5 187 588 109 1344 
NE10 110 1035 79 2155 
NE20 68 1945 58 3957 

05 203 424 133 753 
010 122 896 78 1551 
020 70 2237 57 3859 

A5 114 538 97 1033 
A10 96 1096 58 1816 
A20 74 2023 54 3837 

E5 140 547 88 1107 
E20 SS 1711 38 3572 

CAG5 177 481 126 1224 
CAG20 77 2149 54 4452 

CP10 117 1089 78 2947 
CP20 91 1926 55 5449 



TABLE 4 RESULTS OF GPC ANALYSES 

Asphalt No. X1 X2 X3 X4 X5 X6 X7 XS X9 X10 X11 X12 

NS 5.02 12.65 14.56 16.67 16.17 13.63 10.25 6.29 3.40 1.05 0.26 0.05 
TNS 5.38 13.80 15.14 16.54 15.91 13.30 9.89 5.89 3.08 0.87 0.17 0.03 
N10 4.18 12.62 15.26 17.68 17.15 13.94 9.70 5.53 2.82 0.86 0.19 0.03 

TN10 10.92 15.97 14.95 15.61 14.84 11.92 8.20 4.65 2.20 0.63 0.11 0.01 
N20 3.95 12.50 15.44 18.42 17.93 14.04 9.20 5.03 2.45 0.110 0.20 0.04 

TN20 8.59 16.01 15.46 16.43 15.89 12.42 8.03 <4.33 2.01 0.69 0. 13 0.02 

05 5.11 14.87 19.57 21.07 17.84 11.35 5.116 2.58 1.03 0.45 0.14 0.03 
T05 5.118 16.42 20.01 20.46 17.01 10.71 5.54 2.36 0.94 0.<41 0.12 0.02 
010 5.02 15.10 111.67 20.93 17.63 11.211 6.01 2.65 1.09 0.43 0.14 0.03 

T010 6.36 16.65 111.112 20.12 16.611 10.62 5.60 2.44 1.00 0.44 0.14 0.03 
020 5.44 15.38 111.63 20.63 17.35 11.19 5.98 2.66 1. 11 0.45 0.15 0.03 

T020 7.01 17.38 20.25 20.19 16.24' 10.00 5.30 2.22 0 .89 0.38 0.12 0.03 

AS 1.11 10.40 14.95 21.47 22.04 15.12 8.42 4.00 1.74 0.54 0.13 0.03 
TA5 3.11 11.74 15.48 20.61 20.9<4 14.35 7.87 3.66 1.56 0.53 0.13 0.02 
A10 2.64 10.30 1<4.10 19.15 20.40 15.60 9.60 4.95 2.30 0.74 0.16 0.03 

TA10 3.34 11.54 14.63 18.79 19.70 14.92 9.14 <4.71 2.14 0.87 0.19 0.03 
A20 4.55 12.38 14.99 18.21 111.44 14.21 9.10 4.90 2.29 0.74 0.16 0.03 

TA20 5.40 13.27 15.42 18.11 18.10 13.78 8.70 4.55 2.03 0.57 0.07 0.00 

ES 1.00 5.84 11.90 18.20 20.41 18.64 13.80 6.71 2.66 0.69 0.13 0.02 
lE5 2.28 9.25 13.74 17.57 18.11 17.01 12.43 5.15 2.25 0.68 0.12 0.02 
E20 1.27 6.16 12.41 18.83 20.98 18.73 12.118 5.10 2.20 0.59 0.12 0.02 

lE20 2.54 8.86 13.71 18.011 19.50 17.35 11.90 5.31 1.95 0.67 0.13 0.02 

CAG5 4.22 12.32 15.11 17.87 17.44 14.06 9.84 5.41 2.77 0.86 0.19 0.03 
TCAGS 5.35 13.49 15.15 17.28 18.77 13.51 9.22 5.23 2.80 1.12 0.23 0.04 
CAG20 4.18 12.11 14.54 17.00 18.58 14.02 10.44 8.S6 3.35 1.04 0.25 0.05 

TCAG20 5.47 13.86 15.11 16.60 15.90 13.31 9.77 5.15 3.01 0.89 0.19 0.03 

CP10 5.36 13.13 15.72 17.20 15.91 13.03 9.65 5.75 3.01 0.96 0.23 0.05 
TCP10 9.26 15.22 15.48 15.88 14.83 12.02 8.84 5.15 2.58 0.80 0.15 0.02 
CP20 4.73 12.93 15.64 17.21 16.21 13.52 9.84 5.70 2.94 0.94 0.27 0.05 

TCP20 6.95 14.62 15.66 16 .64 15.44 12 .64 D.14 5.28 2.64 0.80 0.18 0.03 
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TABLE 5 IDTS OF TRAPROCK MIXES 

Indirect Tensile S1rength(e:!ll 
Asphalt 11"/~olds 6°&.llillds 
Number 4.8%AC 5.5%AC 4.8%AC 5.5%AC 

NES 38 37 37 39 
NE10 57 62 59 58 
NE20 62 62 70 69 

05 39 36 45 42 
010 55 58 66 57 
020 86 86 85 80 

AS 39 33 41 33 
A10 74 54 67 59 
A20 77 77 87 85 

ES S7 S2 49 48 
E20 106 99 111 108 

CAGS 48 46 so 43 
CAG20 S8 6S 67 66 

CP10 46 48 so 43 
CP20 7S 72 78 78 

Average 61 S9 64 61 

TABLE 6 IDTS OF GRAVEL MIXES 

Indirect Tensile Strength (psi) 
Asphalt 8%Volds 6%Volds 
Number 4.8%AC 5.S%AC 4.8%AC S.S%AC 

NES 6S S2 62 63 
NE10 91 71 78 71 
NE20 101 93 108 103 

OS 4S 39 40 38 
010 80 77 7S 83 
020 136 132 142 129 

AS 49 47 48 47 
A10 74 76 78 83 
A20 101 96 72 108 

ES S7 48 61 60 
E20 179 1SS 138 133 

CAGS 4S 42 42 42 
CAG20 97 112 120 121 

CP10 S8 so 67 67 
CP20 108 89 100 103 

Average 86 79 82 83 

TABLE 7 RESULTS OF REGRESSION ANALYSES: 
IDTS VERSUS ASPHALT CONSISTENCY 

E1-1auartd IQ! h1sf1mad1ol !l1t11b:la 

Penotretlon Vlsco1lly ~ntlrtllon Viscosity 
... Ttp! zrF. Ot!pJnal 1400f Ct!QIOl l n •f IfOT 14()"E.JF!lT 

T .... 0.69 0.60 0.78 0.50 
8%voldt, 4.8%AC 

T .... 0.71 0.73 o.n 0.65 
8%voldt, 5.5%AC 

T .... 0.7S 0.71 0.81 0.62 
6"'voldt, 4.8"'AC 

T .... 0.72 0.75 0.81 0.66 
6"'vold1, 5.5%AC 

Gravel 0.76 0.75 0.82 0.66 
8%vold1, 4.8"'AC 

Gravel 0.84 0.82 0.86 0.67 
8"'voldt, S.S%AC 

Gravel 0.76 0.80 0.80 0.71 
6"'vold1, 4.8%AC 

Gravel 0.81 0.89 0.89 0.79 
6"'voldt, 5.5%AC 
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1.11 for the gravel mixes . To a smaller extent , the slope was 
also affected by a phalt content . Larger slope values were 
obtain d for those mixes with the higher a ·phalt content (5.5 
percent). 

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

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

Mix Type 8'9reaalpn Mpdol r-sguart0 

Trap log(IDTS) = ~.74' log(RPEN77) + 7.23 0.78 
8%volds, 4.8%AC 

Trap log(IDTS) = ~.78. log(RPEN77) + 7.38 o.n 
&%voids, 5.5%AC 

Trap log(IDTS) = ~.76 'log(RPEN77) + 7.39 0.81 
6%volds, 4.8%AC 

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

Gravel log(IDTS) = ·1.02' log(RPEN77) + 8.76 0.82 
8%,volds, 4.8%AC 

Gravel log(IDTS) = ·1.11•1og(RPEN77) + 9.02 0.86 
8%volds, 5.5%AC 

Gravel log(IDTS) = ·1.00' log(RPEN77) + 8.61 0.80 
6%voids, 4.8%AC 

Gravel log(IDTS) = ·1 .07' log(RPEN77) + 8,92 0.89 
6%voids, 5.5%AC 

Nots: log(IOTSJ Is /he~ al Tens/lo Slrtnglh 
l og(f!PENT7) is 1ne tll./JlailR.O of TFOT PoilfJtrB/iOn 

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

Mix Typo Rpgres:s1on Modgl f·S QUQfCd 

Trap log(IDTS): • 0.046' XS· 14.37' X12 
8%volds, 4.8%AC • 0.7S' log(RPEN77) + 8.64 0.90 

Trap log(IDTS) = • 0.096 'XS· 17.42 ' X12 
8%volds, 5.5%AC · 0.83 ' log(RPEN77) + 9.92 0.93 

Iw log(IDTS) = • 0.075' XS· 16.55' X12 
@yo!ds 4.B%AC • 0.79' log(RPEN77) + 9,47 0.95 

Trap log(IDTS) = • 0.089 ' XS· 16.43 • X12 
6%voids, 5.5%AC · 0.86 ° log(RPEN77) + 9.93 0.95 

Gravel log(IDTS) = -0.030 ' XS 
&%voids, 4.8%AC • 1.0S' log(RPEN77) + 9.41 0.84 

Gravel log(IDTS) = • 0,024 ' XS 
8%volds, 5.5%AC • 1.12' log(RPEN77) + 9,52 0.87 

Gravel log(IDTS) = -0.046 • XS 
6%volds, 4.8%AC - 1.03 ' log(RPEN77) + 9.58 0.85 

Gravel log(IDTS) = • 0.041 ' XS 
6%voids, 5.5%AC -1 .11 "log(RPEN77) + 9.93 0,94 

ExamplP: Calculal/on of Composition Index for mix, Trap:6%volds:4.8%AC 

COMPOSITION INDEX= -0.075 • X5 -16.55 • X12 
(GPC parameters, XS and X12, are llsted In Table 4 tor each asphalt) 
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Effect of Composition 

Stepwise regress10n analyses were conducted to determine the 
best regression model that incorporated both consistency data 
and compositional data . The best results for the traprock 
mixes were obtained with a model containing (a) TFOT pen­
etration, (b) GPC parameter XS , and (c) GPC parameter Xl2. 
The best model for the gravel mixes was the one with (a) 
TFOT penetration and (b) GPC parameter XS. 

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

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

TABLE 10 COMPOSITION INDEXES FOR TRAPROCK 
MIXES 

Composition Index 
Asphalt !1%ll11lll3 li~ollllill:i 
Number 4.8%AC 5.S%AC 4.8%AC 5.5%AC 

NE5 ·1 .46 ·2.42 ·2.04 ·2.26 
NE10 -1 .22 -2.17 -1 .78 -2.02 
NE20 -1.40 -2.42 -2.01 -2.25 

OS -1.25 -2.24 -1 .83 -2.08 
010 -1 .24 -2.22 -1 .82 -2.06 
020 -1 .23 -2.19 -1.80 -2.04 

AS -1 .4S -2.64 -2.1S -2.4S 
A10 ·1.37 -2.48 -2.03 -2.31 
A20 -1 .28 -2.29 -1 .88 -2.13 

ES -1.23 -2.31 -1 .86 -2.1S 
E20 -1.25 -2.36 -1.90 -2.20 

CAGS -1.23 -2.20 -1 .80 -2.0S 
CAG20 -1 .48 -2.46 -2.07 -2.30 

CP10 -1 .4S -2.40 -2.02 -2.24 
CP20 -1 .46 -2.43 ·2.04 -2.2G 

Range -1 .4810 -2.64to -2.1Sto -2.4Sto 
-1.22 -2.17 -1.78 ·2.02 

TABLE 11 COMPOSITION INDEXES FOR GRAVEi. 
MIXES 

Com(!oslllon Index 
Asphalt 8%Voids &%Voids 
Number 4.8%AC 5.5%AC 4.8%AC 5.S%AC 

NES -0.49 -0.39 -0.74 -0.76 
NE10 -O.S2 -0.41 -0.79 -0.81 
NE20 -O.S5 -0.43 -0.83 -0.84 

OS -0.54 -0.43 -0.82 -0.84 
010 -O.S4 -0.42 -0.81 -0.83 
020 -0.53 -0.41 -0.80 -0.82 

AS -0.67 -O.S3 -1 .01 -1.04 
A10 -0 .62 -0.49 -0.94 -0.96 
A20 -O.S6 -0.44 -0.8S -0.87 

ES -0.62 -0.49 -0.94 -0.96 
E20 -0.64 -0.SO -0.97 -0.99 

CAGS -O.S3 ·0.42 -0.80 -0.82 
CAG20 -0.SO -0.40 -0.76 -0.78 

CP10 -0.48 -0.38 -0.73 -0.7S 
CP20 -0.49 -0.39 -0.7S -0.76 

Range -0.67 lo -0.S3 lo -1.01 to ·1.04to 
-0.48 -0.38 -0.73 -0.75 
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mixes, much of this scatter or devia tion from the prediction 
line is related to differenc !i in r.omp ition. 

[n order to better illustrate the ff ct of compo ition, a 
compo ition index was calculated by c n idering th contri­
bution f the P parameters to the regre si n functions in 
Table 9. Value of comp ition indices for the mixes are pre­
. ented in Tables 10 and 11. In additi n, the amount of devia· 
Lion Crum the regression line in Figures 2-9 was determined 
for each data point. The pl t of deviation ver. u · comp ition 
index indicates the contribution f composition in determining 
TDTS. The e plots are hown in Figures 10- 17. 

In general, there is a significant degree of correlation between 
deviati n and composition index for the traprock mixes but 
not for the gravel mixe . Thi correlation confirms that asphalt 
compo ition i imp rtant in determining the IDT of the 
trapr ck mixes . 

The maximum difference in composition index for a given 
type of mix can also be considered to be the maximum dif­
ference (on an exponential scale) in IDTS values that is attrib­
utable to composition. For the traprock. this range in IDTS 
values was about 0.45 for two of the four mixes . This result 
means that for two asphalts of the same penetration. diff.er-
nce · in composition would cause a maximum difference in 

TOTS valu f about 55 percent fi .e., the ID value of Asphalt 
A was 4.00 (55 psi), the lDTS value of Asplrnll B wa. 4.4S 

7 psi).]. For the grave l mixes, Lhe range of composition index 
was les than 0.29 in all four case . 

For the trnprock mixes the cl via l ion fr 111 the line increases 
in a positive direction as com po ition mdex increa . (Figures 
10-13) . In other words, the penetration m d I undere li­
mates the 1 DT of mixes with a phalt of relatively high values 
of compo ·ition ind x (a combination of low values for the 
XS and Xl2 parameters). Also, the comp sition indexes for 
aspha lt s from the ame source were n l necessarily of similar 
magnitud >. 

The previou ly discussed resu lts for c nsi. tency ugge, ted 
the need for determining tlie ~unsistency of the actua l asphalt 
in the mix to better unde rsta nd th relation hip between a phalt 
properties and the A mix propenie ·. imilarly, the com­
positional data h uld be that of the actual i1 ·phalt in th mix 
rather than that of the original asphalt. As stated before, 
however, no extraction was done . 

D espite the • horicomings of using compositional data f r 
the riginal asphalt , th results give some indication of the 
e ffect of compo ition o.n rhi mix pr perty. The same tech­
niques could be u. ed in studying the actual asphalts from 
pavements to determine hO\ c hanges in a phalt pr pcrties 
affect pave ment properties such a JOTS. However. the com­
p it ional data might not be required if the a tual consistency 
of the a pha ll in the specim ~n is used in the regre ·si n . This 
hyporhesi can only be v rified by further re earch. 

Effect of Aggregate Type, Air Voids, and Asphalt 
Content 

Aggregate type . ignificantly a f~ cts the relationship between 
pene tration ancl IDT value, in that the s lope of the rela· 
tionship is larger for gravel than for a crapr ck mix. In effect, 
the gravel mix is more usce ptible to te mpe rature chang s 
than an equivale nt traprock mix with the ame aspha lt. 
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Another important difference is that the average tensile 
trength ( ee Table 5) was higher for gravel (82 I i) than for 

r.raprock (62 psi). These average were approximately the 
same for each of the four combinations of air v id · and asphalt 
content. However, the differences between gravel and trap­
rock were not uniform for all asphalts. For example, the IDTS 
value of mixes with asphalt D5 was about the same (41 psi) 
using either gravel or traprock · however, for asphalt NE5 
the trength of the gravel mix wa ignificantly higher (61 
versus 38 p i) . Many other example. of this kind of variability 
can be observed in Table 5. 
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The mix properties examined in this project were air void 
(6 and 8 percent) and asphalt content (4. and 5.5 percent) . 
In general , tensile strength decrea ed a · air void. and a phalt 
content increa ed ( ee Tab! 3) . The di(ference wer mall , 
and the amount varied from a ·pha lt to asphalt. Th differ­
ences were also smaller than have been reported in some other 
studie (3 ,4). 

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

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

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

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

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

Overall, the IDTS of a given mix is clearly related to 
the consistency and composition of the asphalt. GPC is an 
effective method for characterizing the effects of asphalt 
composition on tensile strength. 

ACKNOWLEDGMENTS 

The authors would like to thank the Connecticut Department 
of Transportation (DOT) for sponsoring this project through 
the Joint Highway Research Advisory Council of the Con­
necticut DOT and the University of Connecticut. The authors 

39 

would also like to thank the Institute of Material Science at 
the University of Connecticut for allowing them to use the 
GPC system in their laboratories. 

REFERENCES 

1. T. W. Kennedy, D . Lillie. H . L. Von Ouintus , and J . Sche rocman . 
Devel pmenl of Asphah-Aggrcgate Mi:l:ture Analy is System. Proc., 
Associmio11 of Asphalt Paving Tet/111ologis1s , Vol. 57. t. Paul, 
Minn ., 1988, pp. 262- 290. 

2. J . W. Buuon, D . N. Little , B . M. Gallaway, and J. A . Epps . 
N HRP Report 268: /11fluence of Asphalt Temperature Suscepti­
bility 0 11 Pavemelll Construc1io11 and Performance. TRB, National 
Re earch Council. Wa hingt n. D ... 1983. 

3. P. E. Graf. Factors Affecting Moisture Susceptibility of Asphalt 
Concrete Mixes. Proc., Association of A sphalt Paving Technolo­
gists , Vol. 55, St. Paul , Minn ., 1986, pp . 175-212. 

4. E. L. Dukatz , Jr. and R . S. Phillip . The Effect of Air Voids on 
the T en ile trenglh Ra tio. Proc . . Associmio11 of ll splwlt Paving 
Teclmologi ts, Vol. 56. St . Paul. Minn . , 1987 . pp. 5 17- 554 . 

5. H. W. Busching, . N. Amirklrnni<111 . J. L. Burnli, J . M. Alewine. 
and M. 0 . Fle tcher. E ffects of Selected Asphalts and Antistripping 
Additives on Tensile Strength of Laboratory-Compacted Marshall 
Specimens-A Moisture Su ·ccptibility Study. Proc. , Associatio11 
of A p lwlt Paving Tech11ologists , Vol. 55, St. Paul , Minn . , 1986, 
pp. 120- 148. 

6. P. S. Kandhal. Evaluation of Six AC-20 Asphalt Cements by Use 
of the Indirect Tensile Test. In Transportation Research Record 
712, TRB, Na tional Research Council, Washington, D.C., 1979, 
pp. 1-8. 

7. N. W. Garrick and L. E. Wood. Relationship between High­
Pressure Gel Permeation Chromatography D a ta and the Rheo­
logical Properties of A sp.ha lts. In Tra11sporlfltio11 Re earch Reco,.d 
1096, TRB, National Research Council, Washington, D.C., 1986. 
pp. 35- 41. 

Publication of this paper sponsored by Commillee on Characteristics 
of Bituminous Materials . 



40 TRANSPORTATION RESEARCH RECORD 1269 

Use of HPGPC with UV Detection for 
Determination of Molecular Size 
Distribution of Asphalt Cement After 
Quantitative Corrections for Molar 
Absorptivity Variation and Saturated Oils 

S. W. BISHARA AND R. L. MCREYNOLDS 

A method is de cribed for calculating molecular iz.e dis tribution 
(M D) o a phall cement usi ng ullrnviolet (U V) l tection . A 
5-p.m. 50 A phenog I column is u ed to racrionate a known 
amoum of a whole a phalt sample. Tetrahydr furan :pyridine (95:5) 
. erves as mobil pha e. £t r pa sing through the UV detect r 
at 345 nm. the el uen r is frncti nated at arbitrarily elected inter­
val . The fract ions are ollected in weighed petri dishes and le ft 
to dry. A computer generate · a slice report ·howing percent 
material eluting at successive retention times. The injection is 
repeated and e luting fractions collected in volumetric na k . Arter 
rcmo ing th column , a knc>1 n volume f a given fraction is 
injei;tcd aml 1hc maximum absorbance reading tor each fracrion 
is recorded . The sec nd et of fraction i then p ured into the 
petri di he containing the fractions from the fir r inje tion. Then. 
the molar absorptivity a i calculated. Using ASl'M Meth d D4124-
86(B), the percent aturat is determined. The saturates are 
injected. a differential rcfracti c index clerector is used to get an 
M D va lue. and " computer generate. a lice repon. The data 
genera ted for tbe whole a phal t ample are treined rmu hemati­
cally, firsr , to account for va riation of a and , second. [or unde­
tectabil iry nf s~ 111 rn1cs by UV. For six sample , compnrison of 
darn rcndily avail able from th · slice repun with those obtained 
<l fter tre·nment revea l differences of up to 65 p..:rc nl fo r ome 
fraction . Reproducibility of th~ y rem and of chc prop e I method 
proved . ati facto ry. Excluding the sepnra tion of . atu ra tes. the 
proposed method con. urnes 7 10 8 hr; in seric · les. than 4 hr. 

The revival I' liquid hr ma tography in it · mode rn version. 
high-performance liquid chro matography (I-IPL ) , has paved 
the way for scieocists to inve. tigate highly complex rgani 
and inorganic ystems. ompaoics using p lymer a raw 
mate rial re ly primari ly n high-p rforman e gel permeation 
chromatography (HPGP ) to fingerprin t an incoming batch 
of polymer. F r a batcb to be accepted , th m I cular size 
distribution (MSD) pr file of the raw material has to match , 
by overlay, the profile already available for an ideal batch. 
HPGPC serves as well for quality control of the finished 
polymer product. 

HPL and HPGPC have been used t study the chemistry 
of a phalt cemem (A ) (J - 9) . The two teclrnique , together 
with o the r inv stigation · n th rhe I gical behavior f mate­
ria ls (e.g., peeling, viscoela ticime try and vi. co ity of ulrra­
thin films) how that A s with the same ·pccification. may 
in fact have sub tantially different chemica l compo ·irions and 

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

rheological behavior (5). Brule (3-5), the refore, has empha­
izecl the practical application of phy. icochemical methods 

such as HPGP for the characterization of road asphalts. 
In the HPGP study of asphalt, two main types of detection 

are generally used-namely, the differential refractive index 
(RI), and ultraviolet (UV) absorption. The RI detector has 
the advantage of being able to ana lyze a lmost all type f 
organic tructures , including the satnrat ed oils (satura tes) . 
T hi advantage , however i ffset hy drifting f the ba ·eli ne 
low sen itivity, and , more ignificant the lack of reproduci­
bility (4). The UV detector. on the ther hand , i character­
ized by ltigh ensi tivity, stability , excellent reproducibility 
and a wide range of app licability. For the ana lysis of road 
asphalts, however , two difficulties arise. 

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

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

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

EXPERIMENTAL 

Apparatus 

A Waters HPLC consisting of a Waters 600 multisolvent deliv­
ery system a U6K injector , a UV-visible liquid chromato­
graphic spectrophotometer (Lambda-Max, Model 481) and 
a Water differential refractometer, Model R 401 · and a 
Phenomenex, 5-µ.m, 500A phenogel semipreparative column 
(300 x 22.5 mm) with tetrahydrofuran (THF) as the solvent 
were used. The data were received by a Waters 840 data and 
chromatography control station, consisting of a Digital Equip­
ment Corporation (DEC) computer(Professional 380), a· DEC 
LA Printer, and a Waters ystem interface module (SIM) . 

Materials 

• THF, Optima HPLC-grade, freshly distilled and filtered 
through 0.2-µ.m membrane; 

• Pyridine, distilled and filtered through 0.2-µ.m mem-
brane; 

• n-Hexane, distilled; 
•Helium gas, 99.9 percent pure for sparging; 
•Nylon 66 membranes, 47 mm in diameter, 0.2-µ.m, for 

solvent and sample purification; 
• Whatman Glass microfiber filters, GF/F, 4.25 cm in diam­

eter, for separating the asphaltenes as specified in ASTM 
D4124-86(B); 

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

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

Procedures 

Step I-Separation of Saturates 

The ASTM method D4124-86(B) was followed to separate 
the saturates. The rest of the sample, i.e., the naphthene aro-
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matics and polar aromatics, were then eluted out of the column. 
The percent of saturates was determined gravimetrically, as 
usual. 

Step II-Molecular Size Distribution of Saturates 

The saturates were dissolved qualitatively in about 10 mL of 
THF and filtered through a 0.2-µ.m membrane. About 150 
µ.L of the solution were injected into the HPLC and a mobile 
phase composed of 100 percent THF was used at a flow rate 
of 6.0 mL/min. The phenogel column was maintained at ambient 
temperature, and the RI detector was activated. A detailed 
slice report was programmed that showed the percent satu­
rates eluting, e.g., every 0.1 min. From the slice report, the 
percent saturates eluting within the arbitrary time intervals 
T1 (4.5 to 7.5 min), T2 (7.5 to 8.5 min), T3 (8 .5 to 9.5 min), 
T4 (9.5 to 10.5 min), and T5 (10.5 to 14.0 min) following 
injection were obtained. Once selected , these intervals had 
to be maintained throughout the rest of the procedure. 

Step III-Molecular Size Distribution of Whole 
Asphalt 

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

1. An exact aliquot (100 to 200 µ.L) chosen to contain 6 to 
8 mg of the asphalt sample was injected. A mobile phase 
composed of 95 percent THF and 5 percent pyridine was used 
at a flow rate of 6.0 mL/min . The phenogel column was main­
tained at ambient temperature. The wavelength of absorption 
on the UV detector was set to 345 nm. The eluting material 
was collected in a series of five small, glass, accurately weighed 
(to within 0.01 mg) petri dishes at the same set of time inter­
vals used in Step II. Petri Dishes 1 to 5 were set aside to allow 
for the solvent to evaporate. A detailed slice report that showed 
the percent of material eluting, say, every 0.2 min, was pro­
grammed. From this slice report, the percent of asphalt mate­
rial eluting in each fraction, F, through F5 , was determined . 

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

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

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

was recorded and used to substitute for the absorbance A in 
Beer's law 

,1 = abc (1) 

where a = molar absorptivity, b = optical path length, and 
c = concentration. Becau ·e the same sample cell was used 
in all the work, and because relative ra ther than absolute value 
of molar absorptivity was sought, the 01 tical path length could 
be eliminated, and the equation simplified to 

A= ac (2) 

or 

a= Ale (3) 

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

2. Calculation of c and a. The contents of each volumetric 
flask collected in Step III, Part 2, was poured into the cor­
responding petri dish from t p 111 Part I. and rinsed quan­
titatively. The petri dishes were set aside until dry , then heated 
in an oven a t 160° for 90 min. They were cooled in a des­
iccator until weight was constant. Setting S = weight in mil­
ligram of saturates in the sample volume injected in Step III, 
Part 2, 

W x 1.000 x TV x P s = ----- ----v x L,000 x 100 
(4) 

where 

W = sample weight (g), 
IV = injection volume (µL), 
PS = percent saturates(%), and 
V = total volume (Step III) (mL). 

For example, setting s1 = weight in milligrams of saturates 
in Volumetric Flask 1, 

s x PSI 
100 

(5) 

where PS 1 is the percent saturates eluting in time interval T1 

in Step II. 
The weight in milligrams of UV-absorbing material in Vol­

umetric Flask 1 is given by 

(6) 

where W1 is the weight in milligrams of material in Petri Dish 
1 from Step IV, Part 2. 
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Therefore, 

.\'.1 x l 000 x 30 
v, x 1.000 

(7) 

where c1 is the concentration of absorbing material in the 
(IV1 = 30 µL) injection volume and v, is the volume in 
milliliters of Volumetric Flask 1. Equation 3 was used to 
calculate the corresponding value of a. Similarly, c and a were 
calculated for the rest of the fractions. 

Calculation 

Correction for Molar Absorptivity 

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

Correction for Saturates 

For the whole asphalt ample under consideration, the percent 
uf UV-absorbing material was calculated by subtracting the 
percentage of saturates ( tep I) from 100.0. F r ea h fracti n, 
lhe interim percent material was multiplied by the percent of 
UV-absorbing material and divided by the sum of interim 
percent materials to get the correct percent material in this 
fraction i.e., co get rhe percent f absorbablc components 
present in the given fraction . The um of c rrect percent 
material of the five fractions was the percent of UV-absorbing 
material in the given <1~µlrnll sample. 

RES UL TS AND DISCUSSION 

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

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

Development and Limitation 

Preliminary inve tigations to se lect the highest possibl sam­
ple load n the column, without much loss f resolution , 
revealed tha t a 6- to 8-mg ·ample , run at a solvent flow rate 
of 6.0 mL/min, is optimum (Figure 1). As mentioned before, 
the method depe11dcd on fractionizing a wh le a phalt ' ample 
into a number of fractions. Obviously , the higher the number 
of fractions collected, the closer would be the results to the 
actual values. However, the following limitations applied: (a) 
the maximum sample load allowed, which was a function of 
the column packing and dimension , and (b) the capability of 
the balance used for weighing each fraction. As a lradeoff to 
these limitations, five fractions were selected as a reasonable 
number. However, to have fraction weights large enough to 
be accurately weighed by the balance available at the time of 
this study , rhe whole-asphalt sample injection had to be done 
twice. To facilitate computations, the tw injection volumes 
were identical. 

That the time elapsed between dissolution and injection 
might affect the MSD profile of an asphall . ample was already 
known. Figure 2 show three runs for the . ame ample injected 
at 1, 2, and 4 hr from di solution . urve B demonstrates that 
after 2 hr the large molecular-weight region (111 = 6 t:o 7 min) 
exhibited a slight decrease in detector response that later on 
(4 hr from dissolution, Curve ) led to a corresponding increase 
at the small-molecular-weight region (t11 = 11 to 12 min). The 
dissociation of larger molecules into smaller ones over time 
has been described by Brule ( 4). Therefore, the time interval 
between dissolution and injection was kept to a minimum, 
preferably 2 hr. 

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

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

Sonification for 15 min at room temperature proved ade­
quate for quantitatively di ·so.lving any of the sample. under 
investigation. To e lute an asphalt ample of 6 to mg out of 
the 300- X 22.5-mm semipreparative GPC column a mobile 
phase of THF flowing at 6.0 mL/min was u ed at first. But 
the chromatogram was found to extend beyond the total col­
umn void volume, i.e., outside the useful range of separation 
by GPC. Some of the smaller molecules , particularly the strongly 
polar ones, are retained within the co.lumn by an adsorption 
mechanism. Us of a mobile pha e composed of 95 percent 
THF plus 5 percent pyridine overcame the forces of adsorption, 
and enhanced elution. 

The importance of asphaltenes in the asphalt macro truc­
ture model of Yen (14) is known. Interactions between the 
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'7T electrons of the pericondensed polynuclear aromatics pro­
vide cohesion for the sheets to form the asphaltene micelles. 
Under favorable conditions, these combine to form aggre­
gates. PolynucleaT aromatics are therefore important, and 
use of a long wavelength (345 nm) of UV ab rption was 
warranted. 

Analysis of Samples 

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

A expected, th result show that the molar absorptivity 
depend on retention time. For some samples e.g., Sample 
85-1147 the range of variation was 0.1 to about 0.6. Thi 
value also varies from one sample to the other. These vari­
ations highlight the significance of including the value of molar 
ab orptivity in M D calculations. For the six sample ana­
lyzed, the percent a tu rates ranged between 10 and 23. Re li­
able in forma tion abou t the MSD of an asphalt sample usi ng 
UV detection should account for the amount as well as the 
MSD of the saturates themselves within the sample in question. 

Comparison between the treated and untreated data (those 
readily generated by the computer) in Table 1 reflects the 
influence that the molar absorptivity and saturates may exer­
cise on the MSD data. Apart from Fraction 5, the difference 
was detectable for all fractions of the six samples analyzed, 
and was quite significant for some samples and for certain 
fractions reaching about -65 percent for F, of Sample 88- 1043 
and about + 60 percent for F3 of Sample 86- 4292. 

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

Reproducibility 

To test reproducibility of the HPGPC system, a set of six 
poly tyrene tandards and toluene, run 11 days apart, were 
compared (Table 2). In either case, 100 µ,L of about 0.25 

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

Molecular 
Retention Time (min) 

Standard Weight 1st Day 12th Day 

F-2 16,700 5.66 5.66 
F-1 10,300 6.16 6.16 
A-5000 6,200 6.78 6.78 
A-2500 2,800 7.59 7.58 
A-1000 950 8.70 8.70 
A-300 402 9.75 9.75 
Toluene 92 12.28 12.28 

Correlation 0.9999176 0.9999195 
Standard 0.16848 0.16358 

error of 
estimate 



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

Sample 
No. 

8 5-2754 

85 - 1147 

85-2357 

86-4292 

88-1043 

85-3890 

Fraction Percent 
Satur­
ates * 

6.9 

0.7 

0 . 1 

0.0 

Total 9.9 

3 .2 

3.3 

4. 1 

2. 1 

0.0 

Total 12.7 

4.2 

8.5 

3 . 9 

0.0 

o.o 

To tal 16. 6 

1. 5 

10 . 3 

2.6 

0.3 

0.0 

Total 14. 7 

1. 4 

14. 1 

6.6 

0.7 

0.0 

Total 22.8 

See Table 3 

Molar Percent Whole Asphalt 
Absorp - . ____ ....,M_...a...,ter i al -- ----
ti vi ty * * Untrca cd Interim Treated 

Data Data Data *** 
0.200 49.3 246.5 31 . 3 

0.098 1 7 . 2 175 . 5 22.3 

0.089 16 . 7 187.6 23.7 

0. 1 84 1 4 . 3 77.7 10.0 

0. 1 06 2.5 23 .6 2.8 

100.0 710 .9 90 . 1 

0.308 44. 1 143. 2 21. 6 

0. 1 03 1 7. 7 1 71 . 8 26.0 

0.098 17.8 1 81 . 6 27.5 

0.242 1 9. 4 80.2 12 . 1 

0. 572 1 . 0 1 . 7 0 . 3 

100.0 578.5 87.5 

0.210 58.4 2 78. 1 33.9 

0.089 1 7. 8 200.0 24.3 

0. 096 14. 5 151 . 0 18.~ 

0. 1 66 9.0 54.2 6.6 

0.283 0.3 1 .1 0 .1 

100.0 684.4 83.3 

0.297 43.7 14 7. 1 21. 5 

0. 124 1 9. 3 155.6 22.7 

0.093 19.3 207.5 30.3 

0.238 1 3. 7 5'/. 6 8.4 

0.246 4.0 16.3 2.4 

100.0 584. 1 85.3 

0.307 23.3 75.9 8.5 

0.301 23.0 76.4 8.6 

0.065 23.7 364.6 41. 0 

0. 150 23.0 153.3 17.2 

0.397 7.0 1 7. 6 2.0 

100.0 687.8 77.3 

•calculated as percentage of the whole asphalt sample. 

** These are not absolute values. 

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

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

mV 

0 15 
Minutes 

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

Frac- Pe.t:Ct:!nt Molar Absorp- Percent Whole Asphalt Material 
ti on Satur- tivity ** ' 1 l + !Ul+ 

ates * (i) + (ii)+ Untreated Treated Untreated Treated 
Data Data ++ Data Data ++ 

F1 1. 2 0.237 0.231 36.7 20.2 37.0 19. 1 

F2 2.2 0. 124 0.099 21. 7 22 . 9 21 . 2 25.5 

F3 4.4 0 . 088 0.079 21. 3 31 . 7 21 . 1 31. 8 

F4 2.5 0 .169 0.176 16. 9 13 .1 17. 5 11. 9 

F5 0.0 0.256 0.259 '3. 4 1. 7 3.2 1 . 5 

Total 10.3 100.0 89.6 100.0 89.8 

* Calculated as percentage of the whole asphalt sample. 

** These are pot absolut~ values. 

+ (i) Test run the first time; (ii) test run ten days later. 

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

material. 

percent polystyrene solutio n wa injected , o.ne sooA phe nogel 
column (300 x 22.5 mm) maintai ned at ambien t temperature 
wa used and THF at 6.0 mL/min served as 1he m bile phase 
(the inclu ion of 5 pe rcent pyridine i·n the mobile pha e did 
not seem to affect the retention time and the refore was dis­
pensed with). On the first day , the UV detector at 272 nm 
was used ; on the 12th day, the Rl detector was used. 

To test reproducibility of 1be propo ed method ample 
85- 3890 was tested twice under the ame condition but with 
10 day · separa ting the two run ·. For each n m, however, a 
fre h sample weight was used . Table present the 1wo sets 
of measurement . All of the figures, with one exception , 
revealed a atisfacto ry level ofreprod.ucibility. Only Fraction 
2 showed a deviation of 2 .6 pe rcent (ab olute). This deviati n 
occurred although the fraction weight was praccically the sam e 
for the two tests (4.45 mg for the first run compared with 4.58 
mg for the second run , with a r la ti e e rror of 2.9 pe rcent) . 
T he injected ample weights were also practica lly identical 
(16.55 and 16.54 mg, respectively wi th a 0.06 percent dif­
ference). The differe nce in the values of A however, wa 
unexpectedly high , with 25 perce nt re lative e rror (Table 3) . 
Therefore, the devia tion of the re ult · of Fraction 2 was 
attributed to an odd reading of the ab orbance. 

CONCLUSION 

In the study of the MSD of asphalt cement using HPGPC 
with UV absorption for detection, two difficulties have to be 
considered. First , the saturated compounds (usually 10 to 25 

percent of ample) d n absorb electromagnetic radiation in 
the UV region. Second b ca11-e of the chemical complexity 
of asphalt, the mola r absorpti ity varie with th re tention 
time . The da ta provided by the slice report depicting the 
percent mate rial eluting a l ucce ive retenci n times (a nd 
corre pondingly of necreasing molecula r weights) has to be 
treated mathematically to accoun t for the e d iffi cullies. To 
achieve tbi , a whole a phalt sample is fractionated, and the 
mola r ab orptivity determined for each fractio n. The saturates 
are separated , and their tviSD is determined . 
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Adsorption of Asphalt and Asphalt 
Functionalities onto Aggregates 
Precoated with Antistripping Agents 

CHRISTINE W. CURTIS, JEONGHYEON BAIK, AND YOUNG w. ]EON 

The adsorption beh<wior of asphalt and r:u nctionalities representa­
tive of those pre ·en t in asphalt on aggrega1 e · prec ated with 
antistripping ~1gc nts was investigated . The amount f adsorption 
obtained wa compared with that f un oated aggregate. The 
aggregate used were a high-surface-a rea synr~1e1ic _s ilica and I w­
s11 rfAce-area actual . iliceous aggregates; Warrior River . and from 
Alabama ; and greywacke from aJi[ornia. The aggregates were 
precoated with commercial polyamine an1is1rip1 ing agent . The 
acidic functionalitie benz ic acid and phenol demonstrated 
enhanced adsorption with th anti tripping agen t precoating, 
wherea th nonacidic functiona litiei phenyl ·uJfoxide, benzyl ­
benzoate, bcnzophe1JOne, 1uinoline, and pyt'.ene did not. The 
lid rptlon of A -20 asplrnlt onto precoated ilica and Wllrrior 
River sand howed dccre<1sed adsorption compared to that on 
the uncoated aggregate. The ad rpti >n of - 10 n prccoated 
greywack.t: <1 lsu showed decreased adsorption compared to uncoated 
greywacke. The ranking of the A - 20 adsorprion on different 
uncoated aggregate when aggregate surface llrca wa tnken into 
account wa Warrior River ·and > ilica > greywacke. Likewise, 
A - 20 ad orbed more on precoat d Warrier River sand than on 
precoated silica. Desorption of A - 20 asphalt from precoated 
silica using distilled water appeared to be Jess than that from 
uncoated silica. 

A phall' ~erves as the binder for aggregates in road pavements. 
The aclhe ·ion of the binder LO the aggregate is of utm st 
importance for achieving and maintaining long-lived, well­
perforrning pavements . Adhe ion of th a phalt to the aggrc­
gat' can be examined i11 Lite laboratory using liquid-phase 
adsorption of a phalt onto different aggregate surfaces. Pr -
vious work performed by Plancher et al. (1) and Petersen et 
al. (2) has indicated the importance of the polar functionalities 
pre nt in asphalt for providing a bindi ng, s trongly ads rbing 
layer at the interface between a phalt and aggrega te . Plancher 
et a l. (J) found that benzoic acid ad rbed most c n all of the 
aggregates used wherea quinoline wa. preferentially adsorbed 
with acidic aggregate (q uartzite and granite). Phenyl ulfox­
ide , benzopJ1enone aud phenol were favorabl adsorbed onto 
either acid ic or basic aggregate (limestone) ~ herea the ther 
functionalities, benzylbenzoate, 1,2,3,4-dibenzanthracene, and 
naphthalene, showed little affinity for any of the aggregates. 
Curtis et al. (3) examined the competitive adsorption of het­
eroatomic model compounds onto dry and moist silica sur­
faces. The comperitive affinity b erved for dry silica wa in 
the order of phenylsulfoxide > quinoline > phenol > bcnzoi 
acid, whereas for moist silica the order was phenylsulfoxide 
> phenol > benzoic acid > quinoline. 

Chemical Engineering Department, Auburn University, Auburn, Ala. 
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Fritschy and Papirer ( 4) examined the adsorption of asphlllt 
onto diff~rent surface area Aerosils that are nonporous pyro­
genic silicas. Multilayer adsorption of the asphalt was observed 
with the most strongly adsorbing fraction appearing to be 
asphaltenes. Curtis et al. (5) examined the adsorption of asphalt 
with different degrees of oxidation onto model and actual 
aggregates. AC-20 achieved a higher level of adsorption on 
all of the aggregates than did the more highly oxidized asphalts. 
Moisture on the aggregate surface had different effects on the 
amount of adsorption, depending on the type of aggregate used. 

The stripping or removal of asphalt from the aggregate 
because of water penetrating between the layer of asphalt and 
tbe aggregate surface cau e. man pav ments to fail. Many 
di£ferent antistripping agents have been developed over the 
years to reduce the stripping propensity of different aggre­
ga tes; however. many of them are composed of polyamines 
(for example Mathe\ s (6), Dybalski (7), Kartashevskii et al. 
(8), Brown and Swidler (9)]. Mathews (JO) reported that using 
cationic surfactants as antistripping agents promoted adhesion 
between asphalt and aggregate and effectively reduced water 
damage. The action of these cationic surfactants is to migrate 
to the aggregate surface and render the surface lipophilic for 
facile adsorption of asphalt. Dybalski (1 J) proposed a method 
of directly applying aritistripping agents to the surface . This 
method would obviate the possibility that the po!yamine anti­
stripping agents would react with acidic components in the 
asphalt and be rendered inactive. However, the best method 
for introducing antistripping agents is still in question . 

This study inve tigated L11e effect of ads rbed antistripping 
(AS) agents on the chemi try and adsorption behavi r of 
asphalt and a phah functi nalitie at the a phalc-aggrega te 
interface. The primary objective ~ a to ascer tain the ad orp­
tion behavior of asphalt and asphalt functionali tie. onto ·yn­
thetic and actual aggregates precoated with AS agents and to 
compare their adsorptive behavior without AS agents. The 
asphalts used in this study were an AC-10 and an AC-20. 
The aggregates used were Warrior River sand; a greywacke; 
and a high-surface-area, porous silica. The model function­
alities representing chemical functionalities present in asphalt 
selected for this study were carboxylic acid. repre ented by 
benzoic acid, phenolics by phenol, sulfoxicles by phenylsulf· 
oxide, nitrogen bases by quinoline, ketones by benzophe­
none, esters by benzylbenzoate, and polynuclear aromatics 
by pyrene. Commercial polyamine antistripping agents were 
used to precoat the aggregates. Asphalt adsorption was per­
formed from toluene solution using a continuou system , 
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whereas the asphalt functionalities were adsorbed from 
cyclohexane solutions using batch adsorption. 

EXPERIMENTAL 

Materials Used 

Two commercially ava ilab le polyamjne A agent (ASl and 
A 2) were used as received. The A -10, labeled in the fig­
ures as AAD-1, wa produced from California astal crude· 
the AC-20, obtained from Hunt Oil, was produced from 18 
percent Maya crude, 65 percent Mi sissippi-Alabama pipeline 
crude, and 17 percent Bo ·can crude. The seven model com­
pounds represenring chemical functionalitie pr ent in aspha.lt 
used were benzoic acid (purity > 99 percent), quinoline (> 9 
percent) phenylsulfoxide (97 percent), phenol (> 99 percent). 
benzophenone (> 99 percent), benzylbenzoate (> 99 percent) 
and pyrene (> 99 percent) , all upplied by Aldrich . The organic 
olvents used were dichloromethanc (> 99 percent spectro­

photometric grade. Aldrich) for adsorption of the AS ag nts, 
cyclohexane (> 99 percent, spectrophotometl"ic grade, Ald­
rich) for ad. orption of the mod I compounds, and toluene 
( pectra11alyzed grade, Fi her) for ad orption of the a phalts. 
Distilled water wa · also used as a de ·orption olvent for asphalt. 
The liqui.d model compounds and the organic solvents were 
dried before use by adding activated Type 4A molecular 
sieves, whereas the solid compounds were dried in a vacuum 
desiccator. 

The adsorbents used were Warrior River sand, an aggregate 
from Alabama· a greywacke, a siliceou aggregate obtained 
from Kaiser Sand and Gravel, Plea ~nton, alifornia; and a 
Hica gel purchased from AJltech A sociates Inc. , and man­

ufactured by Davi on Chemical Division, W. R . Grace and 
Company. The aggregate surface areas, obtained u ·ing mul­
tipoint nitrogen adsorption, are as follows: 

Aggregate 

Warrior River sand 
Grcywacke 
Silica 

Surface Area (m2/g) 

0.6 
2.5 
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The aggre.gatcs were dried before use at 150° for 24 hr to 
remove physi orbed water and volatile organics. 

Equipment 

The asphalt ad orption experiments were performed using a 
continuou system described previously [Curti et al. (3)] 
con i ting of a thermo jacketed column containing the aggre­
gate and toluene circulating through the system . Tile column 
temperatme was maintained at 25°C and the change in con­
centration wa monitored by vi ible spectro copy. The A 
agent and model functionalities were adsorbed from di­
chloromethane and cyclohexane, respectively, using batch 
adsorption. Their change in concentration wa monitored by 
ultraviolet (UV) spectToscopy. The ad orption vessels were 
agitated u ing a Model 3528CC microproce or-controUed orbiL 
shaker manufactured by Lab-line In ·truments . Ad orption 
temperature, speed, and agitation time were controlled at 
2~°C ± 0.65°C, 250 ± 10 rpm and 60 min, respectively. 
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Preparation of Precoated Aggregate 

Each AS agent was dissolved into dichlorom thane to make 
solutions with initial concentrations ranging from 0.5 to 10 
g!L. The insoluble fraction con isling of about S percent of 
the AS agent was removed by vacuum filtering the olution 
through a Whatman 934 AH gla ·s microfilter. The solution 
concentration was c rrected by ubtracting the insoluble frac­
tion from the initial amount of the AS agent introduced. The 
flasks containing AS agent solution were placed in the orbit 
shaker for 1 hr to allow equilibration of the solution to 25°C. 
Then, 2 g of dried aggregate was introduced into 95 mL of 
AS agent solution, and the solution mixture was stirred for 1 
hr, which was sufficient for attaining equilibrium for adsorp­
tion. Samples of 5-mL aliquots were taken before and after 
ad orption by filtering them through 0.22-µm MSI Teflon 
membrane filters. The weakly adsorbed ASl fraction on siJica 
was removed by washing the silica three times with 100 mL 
of pure dichlorornethane. 

When precoated silica was prepared for the asphalt adsorp­
tion stud ies only 1 g of silica was introduced to the ASl 
solution resulting in a somewhat higher ASl monolayer amount 
than with 2 g. When Warrior River sand and greywacke were 
precoated, 5 g of each material was added to each ad orption 
flask for precoating with ASl. Neither Warrior River sand 
nor greywacke was washed with dichloromethane . After 
precoating, the aggregates were dried for 24 hr at room 
temperature in a vacuum desiccator. 

Adsorption of Model Compounds onto Precoated 
Silica 

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

Analysis 

Samples taken in the ad orption exp · riments were analyzed 
by UV-visible spectroscopy using a Model 250 G il ford UV­
visible spectrometer. The characteri tic wavelength u ed for 
each compound are as follows: 

Test Compound 

AS! 
AS2 
Quinoline 
Phenylsulfoxide 
Phenol 
Benzoic acid 
Benzophenone 
Benzylbenzoate 
Pyrene 
AC-10 
AC-20 

Solvent 

Dichloromethane 
Dichloromethane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Cyclohexane 
Toluene 
Toluene 

Wavelength (nm) 

270 
270 
274 
252 
271.5 
274 
250 
247 
295 
410 
375 
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Quantitation wa based on Beer's law , A = abc, where A, 
a b, and c denote UV or vi ible absorbance , absorptivity 
(Llg-cm) , cell patblength (1 cm) , and . olution concen tration 
(g/L) , re pectively. T he ca libration CLLrve for the a phalt , 
AS agent , and model compounds were developed using stan­
dard olutions of known concentrati.ons. From the absorbance 
readings, the solution concentration as well as the amount 
adsorbed was calculated by using the equations given in the 
following paragraphs. 

AS Agent Loading on Silica from Dichloromethane 
Solution 

CIC0 = Abs/Abs0 

AW= V(C0 - C) 

DW = VC0 = V(Abs0 /ab) 

rJ =A - D 

where 

C0 = initial solution concentration (g/L), 
C = equilibrated solution concentration (g/L), 

Abs0 = UV absorbance of initial solution, 
Abs = UV absorbance of equilibrated solution, 

(1) 

(2) 

(3) 

(4) 

A = amount adsorbed per gram of silica (g/g silica), 
W = quantity of silica used (g), 
V = solution volume (L), 
D = amount desorbed per gram of silica (g/g silica), 

C0 = solution concentration resulting from washing (g/L), 
Abs0 = UV absorbance of wash solution, 

a = absorptivity of AS agent (L/g-cm), 
rJ = amount of AS loading on silica obtained after 

removing the weakly adsorbed fraction (g/g silica), 
and 

h = cell p<lthlength (cm) . 

Model Compound Adsorption from Cyclohexane 
Solution 

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

Adsorption of Asphalt onto Aggregate 

Asphalt solutions were prepared using dry spectrnanalyzed 
toluen . The concentration ranges used were from - 0.4 to 
53.5 g/L for ilica, 0 .02 to - 1.4 g/L for Warrior River irnd 
and 0.02 to 0.54 g/L for greywacke. The asphalt in toluene 
solution wa int roduced to the coJumn and allowed to equi­
librate for approximately 5 min. The flow rate of 0.5 mL/ 
sec was then set without aggregate in the column. Aggregate, 
both precoated and uncoated , consisting of 1 g of ilica or 5 
g of either Warrior River sand or greywacke, was then added 
to the column and the experiment begun. The visible absorb­
ance reading was obtained at the wavelengths presented in 
Table 2 (the last two entries) after each solution had reached 
equilibrium. The equilibrium time was 8 hr for silica and 
Warrior River sand and 12 hr for greywacke. 
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Desorption of AC-20 from Precoated Silica and 
Uncoated Silica 

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

Asphalt Adsorption and Desorption on Aggregate 

Adsorption 

C/C0 = Abs/Abs0 

AWA = V(C0 - C) 

A = VC0 (Abs0 - Abs)/WAAbs0 

Desorption 

DwWA = VwCw = Vw(Absjawb) 

Dw = Vw(Absjaw)IWA 

where 

WA = quantity of aggregate used (g), 
Vw = solution volume used for extraction (L), 

(5) 

(6) 

(7) 

(8) 

Dw = amount of asphalt desorbed per gram of aggregate 
(gig) 

Cw = solution concentration after extraction (g/L), 
Absw = absorbance of extracted solu.tion , and 

aw = ab orptivity of asphalt in toluene solution (L/g­
cm). 

RESULTS AND DISCUSSION 

Adsorption Isotherms of AS Agents on Silica 

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

The Langmuir equation having the form 

C/q = Clq,,, + llb'q,,, 

where 

C = equilibrium concentration, 
q = amount adsorbed per gram of silica, 

qm = saturated monolayer amount, and 
b' = a constant, respectively, 



Curtis et al. 

was applied to the adsorption isotherms (12). The monolayer 
amounts obtained for ASl and AS2 on silica, when 2 g of 
silica was introduced, were 138 and 139 mg per gram of silica, 
respectively. 

The adsorptions of ASl on dry and moist silica were also 
compared as shown in Figure 1. In this case, only 1 g of silica 
was introduced to the ASl batch adsorption flask compared 
to the 2 g in the above experiments. The moisture content of 
silica was -4.6 weight-percent moisture , a value that was 
obtained by placing dry silica in a humidifying chamber con­
taining distilled water. The adsorption behaviors of ASl on 
the moist and dry silica were similar although the amount of 
ASl adsorbed onto moist silica appeared to be higher than 
that onto dry silica. The data, when fitted to the Langmuir 
adsorption model, yielded monolayer values of265.5 and 217.8 
mg per gram of silica with correlation coefficients of 0.991 
and 0.981 for moist and dry silica, respectively . 

Adsorption of Model Compounds on Precoated Silica 

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

Table 1 presents the effect of precoated silica on the adsorp­
tion of model functionalities on the basis of the amount adsorbed 

.-
II 
Cl = 200 rt.I 

--........ 
rt.I 
l:Q 
0.. 

-.150 
! 
"Cl 
II 
.:i ... 
Q 

~ 100 
-< 
.... 
c 
::i 
Q 

.. 

'b 
D 

a 
a ! 50 .. 

.. 
a 

a 

'l'et SWca .. 
a 

a 
a Dri•d SWce 

a 

.. 
D 

a D 
D 

0-1-~~~ ..................................... .....-~~~~~ ............... ....-.....-~ 
0 5 10 15 20 

Equilibrium Concentration (g/L) 

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

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

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

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

Adsorption of Asphalt onto Precoated and Uncoated 
Silica 

The adsorption behaviors of AC-20 asphalt onto dry, uncoated 
silica and onto silica precoated with 8 to 9 percent ASl agent 
were compared. The adsorption isotherms developed for these 
two silicas are shown in Figure 2. The isotherm for the uncoated 
silica followed the Freundlich model better than the Langmuir 
model, whereas that for the precoated followed the Langmuir 
model. However, because the correlation coefficients for the 
Langmuir model were high for both-0.984 for uncoated and 
0.993 for precoated-the Langmuir model was used to obtain 
the amount of asphalt monolayer coverage for both materials . 
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TABLE 1 THE EFFECT OF PRECOATED ANTISTRIPPING AGENTS ON SILICA 
ON THE ADSORPTION OF ASPHALT MODEL FUNCTIONALITIES 

Amount Adsorbed (g/g silica)1 

Asphalt Functionality 
Uncoated 6 -7 wt% ASl 

Silica Coated Silica 

Benzoic Acid 0.105 0.140 
(Carboxylic Acid) (33%)2 

Phenol 0.120 0.150 
(Phenolic) (25%) 

Quinoline 0.145 0.012 
(N-Base) (-92%) 

Phenylsulfoxide 0.185 0.034 
(Sulfoxide) (-82%) 

Benzophenone 0.095 0.010 
(Ketone) (-89%) 

Benzylbenzoate 0.103 NP3 
(Ester) 

Pyrene 0.030 0.003 
(Polynuclear Aromatic) (-90%) 

1 Determined at an equilibrium concentration of 5 g/L and 25°C 
2 % Change in Adsorption = [(B-A)/A) x 100 

where A = Uncoated silica adsorption 
B "" AS agent coated silica adsorption 

3 NP • not performed 
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FIGURE 2 Adsorption of asphalt onto dried silica and silica 
precoated with antistripping agent. 

FIGURE 3 Adsorption of antistripping agent onto ground 
WRS and unground WRS. 
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The Langmuir equation was applied in the same form as was 
stated earlier. The monolayer amount obtained for AC-20 
asphalt adsorbed by uncoated silica was 214 mg/g, whereas 
that for the ASl-precoated silica was 75 .7 mg/g. A decrease 
of nearly 65 percent in the monolayer amount of AC-20 
adsorbed was observed with the ASl precoating of the 
aggregate. 

Adsorption of ASl on Warrior River Sand and 
Greywacke 

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

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

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

In q = In K + (lln) In C 

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

Adsorption of AC-20 on Warrior River Sand 

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

Adsorption of AC-10 and AC-20 onto Greywacke 

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

Comparisons of Different Asphalt-Aggregate Systems 

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

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

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

Desorption Behavior of AC-20 Asphalt 

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

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

Aggregate Asphalt Pretreatment 

Silica Hunt AC-20 Uncoated 

Warrior River Sand Hunt AC-20 Uncoated 

Greywacke Hunt AC-20 Uncoated 

Greywacke AC-10 (AAD-1) Uncoated 

Silica Hunt AC-20 Precoated 

Warrior River Sand HuntAC-20 Precoated 

Greywacke AC-10 (AAD-1) Precoated 

1 % Difference = [(B-A)/A] x 100 
where A = Monolayer of Uncoated Aggregate 

B = Monolayer of Precoated Aggregate 

2 NA = Not Applicable 

Monolayer 
(mg/g) 

213.9 .±. 9.2. 

0.98 .±. 0.04 

1.17 .±. 0.04 

1.01 .±. 0.02 

75.7 .±. 3.48 

0.25 .±. 0.01 

0.39 .±. 0.20 

Monolayer 
(mg/m2

) 

0. 73 .±. 0.03 

1.63 .±. 0.07 

0.47 .±. 0.02 

0.40 .±. 0.01 

0.26 .±. 0.01 

0.42 .±. 0.01 

0.16 .±. 0.08 

% Difference from 
Uncoated Aggregate1 

NA2 

NA 

NA 

NA 

-64.6 

-74.5 

-61.4 



Curtis et al. 

2.a -.---------------------., 

"a' 1.5 

~ s --a 
G 

'f 
0 1.a 
~ 
j 
0 

! 
a.5 

a 
a 

• 

a 

a a 

a a 

a 

o o a o o RH-Greywacke (AC-2~ 
• • • • • RH-Greywacke (AAD- 1 
a a a a a Warrior River Sand (A -2a) 

• •• • • 

a.a -i-........ ...,.....,.....,.....,....,,.....,...,......~ ........................ ...,....,,.....,...,......~,.....,.....,...,,.....,.....,....,-1 

a.a a.5 1.a 1.5 
Equilibrium. Concentration (1/L) 

FIGURE 6 Adsorption of AC-20 and AAD-1 asphalts onto 
Warrior River sand and RH-greywacke on the basis of surface 
area. 

SUMMARY AND CONCLUSIONS 

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

Substantial reductions in the asphalt adsorption onto aggre­
gates precoated with AS agents were also observed. Because 
the amount of asphalt adsorbed decreased for the precoated 
aggregate compared to the uncoated, the functionalities 
involved at the uncoated interface most likely were composed 
of nonacidic as well as acidic functionalities. The presence of 
some asphalt adsorption indicated that some of the bonding 
functionalities were acidic or at least were able to replace the 
AS agents on adsorption sites on the aggregate surface. 

SS 

Insights were gained into the chemistry occurring at the 
asphalt-aggregate interface when AS agents are present. The 
AS agent changed the chemistry at the interface. Less asphalt 
was adsorbed with precoated aggregate but less asphalt was 
desorbed also. Recommendations for actual practice must 
await further research investigating the asphalt-aggregate bond 
and its link to performance. 
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Comparison of Dolomitic and Normally 
Hydrated Lime as Antistripping Additives 

MARY STROUP-GARDINER AND DAVID NEWCOMB 

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

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

Lime is produced from high-calcium or dolomitic limestone. 
High-calcium limestone is almost pure calcium carbonate, 
whereas dolomitic limestone is a combination of calcium and 
magnesium carbonates (1). These differences in chemical 
composition require that each type of limestone be processed 
specially to obtain the final product of lime. 

High-calcium limestone is calcined (i.e., burned) to pro­
duce calcium oxide (quicklime, CaO). The quicklime is then 
hydrated lo pruum:e hy<lrateu lime. Lime produced in this 
manner is marketed as Type N lime. 

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

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

RESEARCH PROGRAM 

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

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

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

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

MATERIALS 

Aggregotes 

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

1. Helm's Construction Company, Sparks, Nevada; 
2. Interstate Highway 70 (IH-70), Utah ; 
3. Redmond pit, Utah; 
4. Staker pit, Utah; and 
5. Weaver Canyon , Utah. 

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

All aggregate stockpiles were separated into 10 individual 
fractions: V2-in., %-in., No. 4, No. 8, No. 16, No . 30, No. 
50, No . 100, No. 200, and passing No. 200. Aggregates for 
each sample were then recombined into the gradations pre­
sented in Table 2, which are representative of typical highway 
construction projects for both states. 

Asphalt Cement 

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

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

One type of asphalt cement was selected for each aggregate 
source. 
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TABLE 1 PHYSICAL PROPERTIES OF AGGREGATES ON THE BASIS OF RECOMBINED 
GRADATION 
====================================================================== 
Aggregate Bulk Bulk Apparent Absorption 
Source Specific Specific Specific Capacity 

Gravity Gravity Gravity ( % ) 

=;====·=='=============-- -
Helm's 

Fines 2.478 
Coarse 2.542 

Weaver 
Fines 2.572 
Coarse 2.534 

Staker 
Fines 2.785 
Coarse 2.803 

IH-70 
Fines 2.644 
Coarse 2.543 

Redmond 
Pines 2.427 
Coarse 2.432 

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

Lime 

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

The chemical compositions of the limes were not available. 

SAMPLE PREPARATION AND lESTING 
PROGRAM 

The research was performed in two phases: 

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

ious mixtures. 

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

The various combinations of asphalt cements and aggre­
gates selected were 

• AC-20R and IH-70 aggregate (Utah), 
• AC- 10 and Redmond pit aggregate (Utah), 
• AC-10 and Staker pit aggregate (Utah), 
• AC-10 and Weaver aggregate (Utah), and 
•Witco AR-4000 and Helm's aggregate (Nev.). 

(SSD) 

2.602 2.795 4.36 
2.596 2.705 2.31 

2.597 2.637 0.95 
2.577 2.648 1. 71 

2.811 2.859 0.93 
2.818 2.845 0.53 

2.690 2. 771 1. 72 
2.594 2.680 2.00 

2.520 2.627 2.58 
2.504 2.621 2.97 

TABLE 2 AGGREGATE GRADATIONS USED FOR 
PREPARING LABORATORY SAMPLES 

- --=-=-=-========== 
Sieve 
Size 

Cumulative Percent 
Passing 

==========s:================= 
3/4-inch 
1/2-inch 
3/8-inch 
No. 4 
No. 8 
No. 16 
No. 30 
No. 50 
No. 100 
No. 200 

Optimum Asphalt Content 

100 
92 
80 
57 
40 
28 
20 
12 

8 
4 

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

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

Sample Preparation for Temperature and Moisture 
Susceptibility Specimens 

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



TABLE 3 PHYSICAL PROPERTIES OF ASPHALT CEMENT 
=========:============================================================== 
Test Witco 

AR4000 Ar. 10 AC~ 2 OR 
====-----------~-----------------------------::=·===========·=-==== 

Viscosity: 
140F, Poise 
275F, est 

Penetrations: 
77F, 100g/5sec. 

Ductility, cm 

Toughness and 
Tenacity 

(20-in./min in. lb.) 

After Aging: 
Viscosity: 

140F, Poise 
275F, est 

Penetrations: 
77F, 100g/5sec. 

Ductility, cm 

2184 
268 

54 

3880 
345 

34 

100+ 

Not Available 

Not Available 

TABLE 4 RESULTS OF MARSHALL MIX DESIGNS 

1071 

85.7 
75.2 

3427 

31 

================================================================= 
Aggregate/ 
Asphalt 

Marshall 

Stability Flow 

Air 
Voids 

(lbs.) (0.01 in.) (%) 

Unit Asphalt 
weight Content+ 

(pcf) (%) 

================================================================= 
Helm's Agg. 
AR 4000 1350 8 7.4 137 .2 5.5 

1410 8 6.2 138. 0 6.0 
1678 11 4.7 139. 2 6.5 
2354 11 3.4 140.3 7.0 
1569 11 0.32 138. 9 7.5 

IH-70 Agg. 
AC 20R** 2325 14 11. 2 138.8 4.5 

2464 15 8.2 144.8 5.0 
2471 17 7.8 141. 5 5.5 
2007 14 6.7 141.1 6.0 
1912 13 5.9 135. 4 6.5 

Redmond Agg. 
AC 10 1275 14 5.5 139.0 4.5 

1498 16 4.4 139. 7 5.0 
1378 14 2.6 141.6 5.5 
1360 13 1. 6 142.0 6.0 
1299 16 0.5 142. 8 6.5 

Staker Agg. 
AC 10 1757 12 4.4 150.7 4.5 

1654 11 3.1 151.5 5.0 
1514 14 2.4 151. 6 5.5 
1338 20 1. 3 152.1 6.0 
1242 18 0.6 152.3 6.5 

Weaver Agg. . 
AC 10 1335 10 7.7 138. 9 4.5 

1586 12 5.3 141. 5 5.0 
1385 10 4.4 141. 9 5.5 
1335 10 3.7 142.0 6.0 
1242 11 3.1 142.1 6.5 

* Asphalt cement content chosen as optimum 

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

+ By dry weight of aggregate. 

* 

* 

* 

* 

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

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

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

ANALYSIS OF TEST RES UL TS 

Temperature Susceptibility 

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

Figures 2 and 3 show examples of typical resilient modulus 
versus temperature for two of the mixtures. The changes in 
temperature susceptibility vary between mixtures. Figure 2 
shows that the mixtures with Helm's aggregate and AR-4000 
varied at temperatures less than 77°F, and exhibited little 
change at 104°F. Figure 3 shows trends exhibited by the 

59 

remammg materials-addition of lime slightly stiffens the 
mixtures, regardless of type or percentage of lime. 

Moisture Susceptibility 

The addition of lime has various effects both on the absolute 
values of the resilient modulus and on tensile strengths, with 
either initial or Lottman conditioning (see Table 6). In two 
cases (see Figures 4 and 5) there is a slight softening (i.e., 
decrease in resilient modulus) of approximately 50 ksi from 
the initial material stiffness. However, this decrease may not 
be significant . Figures 6-8 show a slight-to-moderate increase 
of 75 to 250 ksi in initial material stiffness when either lime 
is added. The absolute value for resilient modulus after con­
ditioning shows improvement in all cases (see Figures 4-8). 

Both the initial and conditioned tensile strengths generally 
exhibit trends similar to those for resilient modulus. A slight 
initial decrease in resilient modulus with the addition of lime 
results in a corresponding trend for the tensile strength (see 
Figure 4) . The addition of lime increases the after-conditioned 
tensile strengths (see Figures 4-8) for all mixtures , regardless 
of type of binder or aggregate source. These increases varied 
from as little as 15 psi to as much as 50 psi over the original 
values. 

Overall moisture sensitivity, as determined by the ratios, 
decreased for all mixtures regardless of binder type or aggre­
gate source. Figure 4 shows an improvement of 30 to 40 per-

Resilient Modulus, 
77F 

I 
Moisture cone1it 1on ing 

Vacuum Saturate (>90~) 

Freeze, OF (15 Hours) 

Thaw, 140F Hater Bath 
(24 Hours) 

Resilient Modulus, 77F Het 

Tensile Strength, 77F Wet 

Heights 

Bulk Specific 
Gravity (SSD) 

FIGURE I Flow chart of testing sequence. 

l 
iempera1ure Series 

Resilient Modulus, 
0,34, and 104F 

Tensile Strength, 77F 

Theoretical Maximum 
Specific Gravity 
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TABLE 5 TEST RESULTS FOR LOTTMAN-ACCELERATED CONDITIONING 

========================================================~---~~====~====== 
Aggregate Resilient Modulus, 1000 psi Tensile Strength, psi 
Source --------------------------- ---------------------------11F rt'F Ratio 11F rt'F Ratio 

Dry Wet Dry Wet 
======================================================================== 
Helm's-AR 4000 

No Lime 474 262 
Dolomitic 

1. 0 Percent NA NA 
1. 5 Percent 400 341 

Normally Hydrated 
1. 0 Percent NA NA 
1. 5 Percent 430 414 

IH-70-AC 20R 
No Lime 167 52 
Dolomitic 

1. 0 Percent 148 91 
1. 5 Percent 122 104 

Normally Hydrated 
1.0 Percent 178 116 
1.5 Percent 235 153 

Redmond-AC 10 
No Lime 228 121 
Dolomitic 

1. 0 Percent 346 232 
1.5 Percent 309 244 

Normally Hydrated 
1. 0 Percent 273 220 
1. 5 Percent 304 279 

Staker-AC 10 
No Lime 214 64 
Dolomitic 

1. 0 Percent 288 158 
1. 5 Percent 317 182 

Normally Hydrated 
1. 0 Percent 273 132 
1. 5 Percent 434 159 

Weaver-AC 10 
No Lime 110 24 
Dolomitic 

1.0 Percent 137 94 
1. 5 Percent 179 131 

Normally Hydrated 
1. 0 Percent 162 126 
1.5 Percent 168 143 

cent for either resilient modulus or tensile strength ratios for 
mixtures with the Nevada aggregate and AR-4000 binder. 
Figure 5 shows an improvement of over 50 percent for either 
ratio for mixtures with a Utah aggregate (IH-70) and a latex­
modified AC-20R binder. Figures 6-8 show improvements 
of 20 to 60 percent for either ratio for mixtures with various 
Utah aggregates and an AC-10 binder. 

In summary, all mixtures show a Sl,\bstantial decrease in 
moisture susceptibility with either dolomitic or normally 
hydrated lime. The magnitude of improvement appears to 
depend on both the quantity of a particular lime and the 
specific aggregate-asphalt mixture. 

54 168 89 53 

NA 159 123 78 
85 155 131 84 

NA 134 104 78 
96 157 140 89 

31 59 32 54 

62 56 46 82 
88 67 65 97 

66 63 63 101 
65 64 72 112 

53 78 46 59 

67 78 85 101 
79 72 62 89 

80 65 59 92 
92 64 68 105 

30 80 23 30 

65 87 59 68 
58 83 59 71 

49 78 53 69 
37 189 67 36 

23 66 34 52 

69 82 72 88 
74 78 76 98 

78 91 92 101 
85 102 87 85 

CONCLUSIONS 

The following conclusions can be drawn from this research: 

1. The addition of either dolomitic or normally hydrated 
lime, in the quantities covered by this research program, appears 
to cause a slight increase in mixture stiffness. 

2. All mixtures studied had a significant decrease in mois­
ture sensitivity when either dolomitic or normally hydrated 
lime was added, regardless of the various aggregates sources 
(Nevada and Utah) and binder types (AR-4000, AC-20R, 
AC-10) used in this study. 
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FIGURE 2 Resilient modulus at various test temperatures for mixtures prepared with 
Helm's aggregate and various types of lime. 
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FIGURE 3 Resilient modulus at various test temperatures for mixtures prepared with 
Redmond aggregate and various types of lime. 



TABLE 6 RESILIENT MODULUS VALUES AT VARIOUS TEST TEMPERATURES-HELM'S 
AGGREGATE WITH AR-4000 

========== 
Aggregate 
Asphalt 

Resilient Modulus, 1000 psi 

rfF 
============================================================= 
Helm's-AR 4000 

No Lime 
Dolomitic 

1.0 Percent 
1.5 Percent 

Normally Hydrated 
1.0 Percent 
1.5 Percent 

IH-70-AC 20R 
No Lime 
Dolomitic 

1.0 Percent 
1.5 Percent 

Normally Hydrated 
1.0 Percent 
1.5 Percent 

Redmond-AC 10 
No Lime 
Dolomitic 

1.0 Percent 
1.5 Percent 

Normally Hydrated 
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FIGURE 5 Test results after Lottman conditioning for IH-70 aggregate. 
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3. The magnitude of the improvement appears to be unique 
to each aggregate-a phalt-lime ystcm. 
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Comparative Study of Manganese-Treated 
and Conventional Asphalt Concrete 
Mixtures and Pavements 

J. LUDWIG FIGUEROA AND KAMRAN MAJID ZADEH 

A typical reh abilitation alternative of roadways that have reached 
their erviceability level i the co11s1ruction of asphah cOnl·re te 
(AC) overlays on either rigid r flexible pavement . H wever, 
overlay· c:mnstrucled with conventioual AC tend tu reflect 1he 
cracking and joi.nting pattern · of existing pavement. a ho rt time 
aitcr their placement. Other typical dist res ·es observed i.n con­
ventiona l A mixture arc fatigue cracking stripping, and mois­
t.ur damage. A manganese-based AC additive ( Tl - 101. 

hernkrete) has been claimed to tninimize . omc or these prob­
lems. The Ohio hemkretc test ec1ion was built flt a location 
ubjectcd to average climatic and tra ffic condit ions. Whetber the 

additive led ro any beneficia l performance gain or, at least to 
equal perfo rmance for th same co. l of conventional A overlays 
was studied. The study compared ondition urvey {consistil)g 
of pavement condi tion rating and crack surveys) , Dynaflect 
defl ction measurements, and lab<>ratory te ting or field-procured 
·pecimens that obta.jned values of resilient modulu . Marshall 
tabi.Lity in.direct tensile trength , fracture toughncs , creep com-

pliance, and fatigue. Result of Laborntory tests perfo rmed on 
field-procured cores indicated better performance by conven­
tional A specimens than by the hernkrete-trea ted specimen . 
On the basis of re ults of core te ting, VES YS lTI computer model 
rut depth calculation predicted that rut deprh would be approx­
imate ly twice the magni tude along the hemkrerc-treated section 
than along rhe cm1trol section . Dynaflect deflecrion mea ure­
ments indicated a lightly better performance on the con.t rol sec-
tion than on the hemkrete-t reated section. ignificant gain 
in the engineering properties of A mixtures are obtained with 
the addition of Chemkrete. 

Prolonging the ervice life of pavements has been a ·ubject 
of majo r concern for highway and materia l engineer . As the 
expansion of the highway n twork reached it apparent limit 
in the United States , and with the increased amount f traffic 
on most of these roads, attention has been directed towards 
maintenance and rehabilitation . 

A typical rehabilita tion a lterna tive is the construction of 
asphalt concre te (AC) overlays on e ither rigid or flexible 
pavements th at have reached their minimum acceptable er­
vicea bility leve l. However a short tim.e afte r their placement 
overlays constructed with conve ntional A tend to reflect 
the cracking and jointing patterns of the existing pavements. 
Other typical di. tresse ob erved in co nventional AC mix­
tures are fatigue cracking, tripping and moisture dam age . 
Some of these problems may be minimized with the u e of 
additive in the AC. T hese addit ive a re claimed to affect the 

J. L. Figueroa, Doparunent of Civil Engineering, Case Western 
Reserve University, levcl11ncl, Ohio 44106. K. Majidzadeh , Resource 
International , Inc., Westerville, Ohio 43081. 

pr perties of the A by producing mixture · in which soft r 
asphalts can be used without impairing the high-temperatur 
stability of the mixture , wh.ile not becoming a. brit1le a t low 
temperatures (/ ) . 

A ma ngane e-based AC additive (CTI-101) developed by 
hemkre te Techno logies , Inc., has been claimed to produce 

these beneficial effects (1,2). The apparent success in improv­
ing de ·irable properties in the laboratory . reported by several 
authors, has encouraged state highway offi cials to set up 
experimental pavement section. c nta ining lhi · additive to 
determine whether or not pavement performance improvements 
result under actual working conditions (1 ,3-6) . 

Several test sections containing CTI-101 (Chemkrete) as 
an additive , as well as adjacent control sections containing 
conventional AC, have been built in several states, with mixed 
performance re ·ults . T he Ohio hemkrete te t section was 
built at a location subjected to averag climatic and traffic 
conditions. The objective of the study was to determine whether 
the additive led to any beneficial performance gains or, at 
least, equal performance for the same cost of AC overlays. 

PREVIOUS LABORATORY EXPERIENCE 

E xtensive laboratory te ting of hemkre te-m dified and con· 
ventional A ·pecimens wa undertaken by eve ral research­
ers to de te rmine if the addition of Chemkre te produced any 
significant impr v me nt in the physical and engineering 
properti e of a phalt concre te mixtures (/,4,6). 

Chemkrete-modified A mixture had a more desirable 
behavior than conventional AC mixtures when tested in the 
laboratory . However, a ignificant amount of curing time was 
required before the e be nefi cial properlie m aterialized . This 
result may have ome implica tions on pl tcement c nditions 
as well as on the length of time before allowing traffic on a 
new con truction project. Tbe most important gain , in me 
cases, were a reduction in the temperature su ceptibility , a 
indicated by a flatte r temperature-vi co ity relation hip and 
the possibility of u ing marginal-quality aggregates in the 
preparation of AC mixtures. 

PREVIOUS FIELD EXPERIENCE 

Experimental pavement sections using Chemkrete have been 
built in several ·tates with various degrees of ucce, (7- 10). 
Moulthrop and Higgins (3) also reported a total of 44 projects 
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containing Chemkrete-modificd asphalts built in a variety of 
climatt!; in the United rntes between January 1980 and August 
1984. 

In previous studies, it was expected that the addition of 
Chemkrete to AC mixtures would result in a reduction of 
their temperatuse susceptibility leading to less rutting or shov­
ing at high temperatures and less thermal distress at low tem­
peratures . Other benefits would include (a) a longer pavement 
life because of grealer load-carrying capacity as a result of 
resilient modulus and indirect tensile strength increases at 
high temperature, (b) lower cost because of reduced section 
thickness for equal performance, and ( c) the possibility of 
using less costly aggregates. These studies indicat d that 

hemkrete-modified A yielded more de irable prope rtie 
than conventional A when subjected to adequate currng in 
the laboratory. onventional A pavement sections however, 
performed substantially better than Chemkrete-modified AC 
pavement sections when subjected to identical curing, climatic , 
and traffic conditions. 

PROJECT DESCRIPTION 

The Ohio Chemkrete test section is located on US-23 near 
the Delaware-Marion county line. Al that locatio11, US-23 is 
a 4-lane, divided highwa carrying an average daily traffic of 
18,425 vehicles, with a dfrection distribution fac tor f 50 
pe rce nt , and 23 perce nt of the traffic consisting of trucks. 

Two Ch •m.kr te test ections were placed in July 1984; a 
2-mi-long section in the travel lane of the northbound direc­
tion, and a 1-mi-long section, also in the travel lane, of the 
southbound direction . The original plans called for the passing 
lant:s in both direction · to be used as control sections; how­
ev r, because of the difference in the number and compo ition 
of traffic this procedure was changed to select the control 
sections on the trrwel lanes (northbound and southbound), 
following the Chemkrete-modified sections. 

T h t:xisti11g pavement consisred of 9 in . of badly cracked 
portland cement concrete pavement on 6 in. of gra nul:ir sub­
ba e placed on a gently rolling terminal moraine deposit. The 
project called for the placement of a 3-in .-thick overlay con­
sisting of a I V..-in. -thick wea ring our e {Ohi Department of 
Transportation Typ 404) on a 1 V.1-in.-thiek I veling ourse 
(Type 402). Approximately 25 percent of the joint we re full­
dcpth repaired befofe ov1:: rlay. 

Mixture and Placement Characteristics 

Limestone aggregate was mixed with AC-5 asphalt cement 
treated with 4 percent of Chemkrete (CTI-101) for the 
Chemkrete test section, whereas AC-20 asphalt cement was 
mixed with the same aggregate for the control section. A 
laboratory analysis of the AC-5 asphalt cement treated with 
4 percent of Chemkrete yielded a dynamic visco ity equal to 
250 poise: . The test was conducted all40"Ffollowing AASHTO 
T202 ·peci fications. 

The grain size distribution for the aggregate used in the AC 
for the wearing course met Ohio 848, Type I, specifications. 
The g-ra in ize distribution for the aggregate used in the AC 
for the leveling cour met Ohio 84 Type ll, specifications. 
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The maximum-sized aggregate was limited to 1 in . for the 
leve ling cour ·e and to \'2 in. for the wearing course. 

Mix Lu rt t.lt:sign , by th Marshall method 111dicated required 
A content of 5.9 percent by weight for the wearing course 
and 5.1 percent by weight for th lev ling cour c . A recom­
mended 4 percent Chemkrete d age by weight of binder 
yielded an average 0.089 percent mangane. e content by weight 
of binde r (after testing representative ·amples) . a c mpared 
t a target of a 0.08 percent content. Tested sample. ranged 
from 0.082 to 0. 104 p rcent in manganese content by weight 
of binder. 

Construction Procedure 

The construction procedure for Chemkrete-modified AC 
pavements is imilar to that of conve nlional AC pavements . 
The only variation is the addition f he mkrete to the AC 
before blending it with the aggregate. The Chemkrete AC 
blending may be done in a heated storage tank that requires 
prol aged mixing or at the nozzle before spraying the AC on 
the heated aggregate. 

The AC used in the construction of the test section was 
prepared with the specified proportions at a mixing plant and 
transported to the site where it was compacted with a pneu­
matic breakdown roller, followed by a vibratory intermediate, 
and a heavy, tandem finish roller. 

Temperature during placement ranged between 255°F and 
275°F. Minor cracking was noticed in the northbound 
Chemkrete ection after rolling; however , overnight traffic 
knitted the pavement together. The southbound section showed 
heavy segregation and low AC content, leading to raveling 
when traffic was permitted onto this section. The section wa 
immediately removed and repaved (2). 

Initial Performance Observations 

Initial performance observations obtained 5 months after 
overlay placement are presented in Table 1 (2). Before the 
first winter ; the conventional .. A..C paveinent section \va:; per­
forming better than the Chemkrete-treated AC pavement sec­
tion. No apparent drainage-associated distress was observed 
at either the Chemkrete or the control sections. Although 
some of the most distressed joint were full-depth repaired 
along both the Chemkrete and the control section , reflection 
cracking still occurred at these joints, showing not one but 
two reflected cracks. 

TESTING PROGRAM AND ANALYSIS 

The inve tigation of Chemkrete-modified AC pavements 
included the comparison of their performance with that of 
conventional AC pavements. The comparison included PCR 
and crack condition surveys, Dynaflect deflection measure­
ment , and the laboratory testing of field-procured specimens 
to obtain perbnent phy ical and engineering properties . 

The foll wing di cu ion will be limited to the pre entation 
of test results and the identification of any noticeable and 
consistent behavioral trends of field-obtained, Chemkrete-
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TABLE 1 INITIAL PERFORMANCE OBSERVATIONS 

Control Section 

Texture Good 

Edge Cracking None 

Reflective Cracking Many Joints 

Average Crack Spacing 98.3 

Spacing (ft) 

• Approximate Joint Spacing 

Chemkrete Section 

Good 

None 

Almost every Joint 

• 58.9 

modified and conventional AC specimens, as well as of the 
actual field test sections. 

Condition Survey 

The field condition survey included periodic PCR determi­
nations and crack surveys to ascertain the pavement overlay 
performance with time and an increased number of vehicles, 
for both Chemkrete-treated and untreated pavement sections. 

Reflection cracking surveys were conducted in December 
1984, in May and October 1985, and in April 1986, leading 
to the results presented in Table 2. Pavement condition sur­
veys were also performed on May 17, 1985, and April 7, 1986 
(see Table 3). 

Comparisons can be made between the PCR obtained on 
the Chemkrete and the control sections. Results of the earlier 
PCR determination indicated that the Chemkrete-treated sec­
tion was performing slightly better than the control section. 
The second and more detailed (on a joint by joint basis) PCR 
determination, obtained approximately 1 year later , indicated 
slightly better performance on the control section than on the 
Chemkrete section. 

Dynaflect Deflection Measurements 

Dynaflect deflection measurements, provided by ODOT, were 
used as an added method to measure the relative performance 
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TABLE 3 AVERAGE PAVEMENT CONDITION RATINGS 

MAY 1985 APRIL 1986 

CH EMK RETE (Northbound) 

20.0 - 20.5 (DEL) 93.0 84.0 

20.5 - 21.0 (DEL) 90.0 89.0 

21 .0 - 21.5 (DEL) 91.0 82.0 

00.0 - 0.5 (MAR) 90.0 89.0 

CONTROL (Pass-Northbound) 

0.5 - 1.0 (MAR) 89.0 87.0 

LO - 1.5 (MAR) 89.0 89.0 

DEL = Refers to Delaware County Log Mile on US-23 

MAR = Refers to Marion County Log Mile on US-23 

of Chemkrete-treated AC pavements with respect to the per­
formance of conventional AC pavements. Existing data, how­
ever, do not distinguish between deflection measurements 
obtained at the joint on the approach or leave slab or at 
midslab, making it difficult to draw any conclusions regard­
ing pavement performance with respect to time or seasonal 
variations. 

Dynaflect deflection measurements were obtained on two 
different occasions: September 27, 1984, and December 4, 
1985. Figures 1 and 2 show the deflection measured with the 
first sensor (Wl), and the spreadability (SPR%) defined by 
the equation 

SPR% = Wl + W2 + W3 + W4 + W5 x 100 (1) 
5 WI 

where Wl, W2, W3, W4, and W5 are the deflections measured 
with the first, second, third, fourth, and fifth sensors, 
respectively. 

Measurements at the two different times have been pre­
sented to determine whether there are any significant changes 

TABLE 2 REFLECTION CRACKING SURVEY 

DATE CHEMKRETE CONTROL 

December, 1984 Low Very Low 

May, 1985 Low-Medium and Extensive Medium and 

Extensive 

October, 1985 Medium and Extensive Medium and 

Extensive 

April, 1986 Medium and Extensive Medium and 

Extensive 
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in the relative performance of the Chemkrete and control 
sections with time and additional traffic. 

The observation of the deflection measurements obtained 
with the first sensor, Wl (see Figure 1), generally indicated 
that higher deflections (less favorable) were obtained on the 
Chemkrete-treated section than on the control section. Near 
the boundary between the Chemkrete and control sections, 
the variations in Wl and spreadability were less than at sta­
tions farther apart. This result may indicate the influence of 
subgrade variability on the Dynaflect deflection measure­
ments. Spreadability values were, in general, lower on the 
Chemkrete section (also less favorable) than on the control 
section as shown in Figure 2. Dynaflect testing results indicate 
slightly more favorable values on the conventional AC than 
on the Chemkrete-treated section. 

Laboratory Testing of Field Cores 

Field-extracted cores from both the Chemkrete-modified and 
control sections were subjected to resilient modulus, Marshall 
stability, indirect tensile strength, fracture toughness, creep 
compliance, and fatigue tests. All extracted cores were 4 in. 
in diameter and extended through both the wearing and lev­
eling courses. In some cases, it was difficult to drill through 
the leveling course because some of the cores crumbled during 
extraction, probably from lack of adequate compaction during 
construction or lack of adequate curing. Wearing course 
specimens, in some cases, were also thinner than 1 in., 
which presented difficulties in the testing of the disc-shaped 
specimens. 

The diametrical modulus of resilience is commonly applied 
to asphaltic mixtu res. A dynamic load of known duration and 
magnin1de {below the indirect tensile strength of the ample) 
is applied across the vertical diameter of a Mar hall-sized 
specimen, and the ela tic deformation acros the horizontal 
diameter is measured with displacement transducers. The 
resilient modulus M, is calculated using the equation 

M = P (µ + 0.2734) 
' flt 

where 

P = magnitude of dynamic load, 
µ = Poisson's ratio, 
t = specimen thickness, and 
~ = total deformation . 

(2) 

The ultimate strength of asphaltic mixtures under an indi­
rect tensile stress field is obtained after diametrically applying 
a vertical load, at a rate of advance of the load piston of 0.065 
in./min, until the maximum load (yield strength) that the spec­
imen is able to withstand is reached. The indirect tensile strength 
ay is calculated using the equation 

2P 
(]' =--

y 'ITDt 

where 

P = maximum load (lb), 
D = specimen diameter (in.), and 

t = specimen thickness (in.). 

(3) 
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Both resilient modulus and indirect tensile strength tests 
were conducted at 40°F, 70°F, and 100°F to account for tem­
perature influences expected during the life of the pavement. 

Some f the specimens tested for resilient modu lus and 
indirect tensile strength were subjected to Lottman's accel­
erated moisture damage system to determine their durability 
under freezing and thawing. The procedure consists of the 
vacuum saturation of Marshall-sized specimens after which 
they are subjected to freezing at 0°F for 15 hr while the spec­
imens are wrapped, followed by their submersion in a 140°F 
distilled water bath for 24 hr. 

The Ohio State University procedure was used to determine 
the fracture toughness K1c of Marshall-sized specimens. The 
method consists of cutting a right-angled wedge into a 
Marshall-sized specimen and initiating a crack (usually 0.25 
in. long) at the apex of the notch. The specimen is set on a 
base with the notch pointing upwards, and a vertical load is 
applied to it through a three-piece set-up consisting of two 
plates (placed against the sides of the wedge) and a semicir­
cular rod placed between the two plates to transmit the load 
by wedging to the sides of the notch. The results of tests 
conducted at room temperature allowed the calculation of K,c 
from the equation 

p 
K1c = t (0.92 + 0.284c + 0.552/) 

where 

P = maximum applied load (lb), 
t = specimen thickness (in.), and 
c = initial crack length (in.). 

(4) 

The fracture toughness test provides pavement engineers 
with an additional parameter for evaluating cracking potential 
(one of the controlling asphalt pavement design criteria). Kie 
is a material constant independent of crack geometry, loading 
conditions, or other physical variables (11) . 

The creep compliance and permanent deformation tests 
have been developed to determine the long-term effects of 
static and dynamic loads on the behavior of asphaltic mixtures. 
The contribution of asphaltic layers to rutting is measured in 
the laboratory by testing cylinders in dynamic compression or 
static creep, as specified in the VESYS II User's Manual (12). 
The procedure includes an incremental static-dynamic test in 
which specimens measuring 4 in . in diameter by 8 in. in height 
are used to determine the primary response, expressed as the 
creep compliance function, and the permanent deformation 
properties of asphaltic mixtures. 

The permanent deformation properties are derived from 
incremental static-dynamic compression tests to define the 
fraction of the predicted total strain that is permanent, as a 
function of load cycles. The permanent strain, measured dur­
ing the test, is plotted versus the number of load repetitions 
on a log-log scale, and a straight line is drawn to approximate 
the permanent strain within the expected range of loading. 
The permanent deformation properties are characterized by 
the parameters µ and a, defined as 

a= 1 - s (5) 

Is 
µ (6) 
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where 

s = slope of the drawn line, 
I = intercept at one load repetition , ~!lrl 

E200 = resilient strain at the 200th load repetition. 

The standard-sized specimen designated by the VESYS II 
procedure (cylindrical specimen , 4 in. in clit1meter l>y 8 in. 
in height) ha been modified to accommodate fie ld cores using 
specimen 4 in. in dia meter by lY4 lO 131.t in. in height. Value 
obtained from creep compliance and permanent deformation 
test are used in conjunction wich rhe VESYS Ill computer 
model to predi r the amoun t of rutting in the treated and 
untreated pavement after a defined period of time. 

Fatigue te ts are useful in developing damage functions for 
th design of A pavements when pavement failure by fatigue 
is identified a. th de ign control facwr. Result of fa tigue 
te ting were . tati tically analyzed to develop regression 
eq uations for damage function · of the form 

Nt = K(l/cr)" (7) 
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where 

Nf = number of load applications to failure, 
u = a.pp1ie;<l Stu:;::,!), cu1U 

K, n = regression constants. 

Three sets of cores each were obtained at the Chemkrete 
and control sections to determine changes in engineering 
properties with time and traffic. The c res were obtained in 
September 1984, October 1985, and October 1986. It was 
particularly d ifficult to obtain enough intact cor sin eptem­
ber 1984, becau e they crumbled during xtraction . As pre­
viously indicated, this behavi r probably result from insuf­
ficient curing of the mixture. Table 4 and 5 present the resuJt 
of laboratory testing of cores obtained in October 1985. The e 
tables represent typical behavior observed at different sam­
pling p riods. A complete summary of all testing conducted 
at each sampling period ha been provided by ODOT (13). 

Te t re ulls indicate that pecimen obtained .from the con­
trol section yield, in general, slightly more desirable results 
than specimens obtained from the Chemkrete-treated section. 

TABLE 4 PHYSICAL AND ENGINEERING PROPERTIES OF FIELD CORES 
AND WEARING COURSE CORES OBTAINED OCTOBER 1985 

PARAMETER UNTREATED 

Average Value 

Th ickness (in) 1.36 NB 

1.08 SB 

Unit Weight (pcf) 142.1 NB 

141.4 SB 

MR @ 40°F (xJ06psi) 2.19 

MR@ 70°F (x106psi) 1.39 

MR @ 70°F (xl06psi) (a) 1.31 

MR @ 70°F (x106psi) (b} 0.69 

MR@ I00°F (xl06psi) 0.26 

uy @ 70°F (psi) 193 

17 @ 70°F (psi) (a) y 208 

rry @ 70°F (psi) (b) 117 

K 1 c (psi Jin) 917 

(a) Vacuum Saturation Only 

(b} Freeze and Thaw (Lottman's Procedure) 

NB = Northbound Lane Specimens 

SB = Southbound Lane Specimens 

CHEMKRETE TREATED 

Average Value 

1.36 NB 

1.35 SB 

142.3 NB 

143.9 SB 

1.32 

0.76 

0.75 

0.38 

0.14 

96 

109 

60 

419 
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TABLE 5 PHYSICAL AND ENGINEERING PROPERTIES OF FIELD CORES 
AND LEVELING COURSE CORES OBTAINED OCTOBER 1985 

PARAMETER UNTREATED CHEMKRETE TREATED 

Average Value Average Value 

Thickness (in) 1.81 NB 

2.37 SB 

Unit Weight (pcf) 143.1 NB 

MR@ 40°F (xl06psi) 1.84 

MR@ 70°F (xl06psi) 1.10 

MR@ 70°F (xl06psi) (a) 0.91 

MR @ 70°F (xl06psi) (b) 0.76 

MR @ J00°F (xl06psi) 0.28 

ay @ 70°F (psi) 171 

a @ 70°F (psi) (a) y 190 

ay @ 70°F (psi) (b) 114 

K le (psi y'in) 600 

(a) Vacuum Saturation Only 

(b) Freeze and Thaw (Lottman's Procedure) 

NB = Northbound Lane Specimens 

SB = Southbound Lane Specimens 

This conclusion is based on the comparison of test results of 
resilient modulus, indirect tensile strength, fracture toughness, 
and Marshall stability. 

In addition to testing, field-obtained cores were subjected 
to fatigue testing to compare the relative performance of the 
Chemkrete-treated and conventional AC pavement sections. 
Fatigue testing was performed on leveling and wearing course 
cores and the results are shown in Figures 3 and 4 for cores 
obtained in October 1986. Similar trends were observed on 
the fatigue testing of cores obtained in October 1985, and the 
corresponding results have also been provided by ODOT (13). 
No fatigue testing was performed on cores obtained in Sep­
tember 1984 because of the difficulty in obtaining sufficient 
intact specimens. Regression equations following the form of 
Equation 7, their coefficient of determination R2

, and their 
standard error of estimate Sx are shown next to the corre­
sponding curves, when appropriate. These curves indicate 
that cores from the control sections performed substantially 
better than cores from the Chemkrete-treated sections. These 
cores already had some accumulated fatigue damage from the 
applied traffic between the time of construction and the time 
of testing. 

1.82 NB 

145.7 NB 

1.87 

0.90 

I.OJ 

0.60 

0.15 

121 

171 

70 

418 

Pavement deformation characteristics of field-compacted, 
Chemkrete-treated, and conventional (control) AC were 
investigated through creep compliance and permanent defor­
mation tests, as previously described. The average results of 
three specimens tested for each type of mixture are presented 
in Table 6. These results were used in conjunction with the 
VESYS III computer model to obtain expected rut depths 
versus time along the Chemkrete-treated and control sections. 
Layer properties used in the VESYS III analyses are pre­
sented in Table 7. The control section generally exhibited 
more desirable permanent deformation characteristics than 
the Chemkrete-treated section. The calculated rut depths 
(through VESYS III analyse · and shown in Figure 5 along 
the hemkrete-treated ection are approximately double the 
magnitude of those of the control section. 

SUMMARY AND CONCLUSION 

Results of laboratory tests performed on field-procured cores 
indicated better performance of the control specimens than 
that of the Chemkrete-treated specimens. Properties such as 
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FIGURE 4 Fatigue curves (leveling course cores obtained October 1986). 



TABLE6 CREEP COMPLIANCE TEST RESULTS 

Course Section i200 a 

•10-6 •10-6 

Chemkrete 3.47 0.49 3.95 0.43 0.51 

Wearing 

Control 0.91 0.56 2.32 0.22 0.44 

Chemkrete 4.17 0.47 4.32 0.45 0.53 

Levelling 

Control 1.23 0.31 2.30 0.17 0.69 

• Refer to Equations 5 and 6 for Symbol Equivalencies. 

TABLE 7 MATERIAL PROPERTIES FOR VESYS III ANALYSES 

Layer Thickness Mr µ. Q 

(in) •106 (psi) 

Chemkrete 1.25 1.06 0.43 0.51 

ODOT 404 

Control 1.25 1.27 0.22 0.44 

Chemkrete 1.75 0.63 0.45 0.53 

ODOT 402 

Control 1.75 0.99 0.17 0.69 

PCC 9.00 3.60 0.10 0.95 

Gravel Base 6.00 0,07 0.05 0.60 

Subgrade Semi- 0.02 0.0075 0.85 

Infinite 

• Refer to Equations 5 and 6 for Symbol Equivalencies 
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FIGURE S Predicted rut depth (VESYS III analyses). 
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modulus of resilience, indirect tensile strength, and fracture 
toughness were consistently higher on the control specimens 
than on the Chemkrete-treated specimens. Control ection 
cores also exhibited longer fatigue life and more desirable 
creep and permanent deformation characteristics than 

h mkretc-treated eetion cores . VESYS m computer model 
rut depth ca lculation also indic:Hed predicted rut depths of 
app·roximately twice the magnitude along the Chemkrete­
treated section than along the control section. 

Dynaflect deflection measurements als indicated a slightly 
better performance on the control section than on the 
Chemkrete-treated section. The difference, however, was 
almost imperceptible in measurements obtained near the 
boundary of the two section . Subjective field observations 
(PCR) also indicated a slightly better performance of the 
control section than that of the Chemkrete-treated section. 
Because both Chemkrete-treated and control sections had the 
arne overlay thickness, no apparent beneficial gains are 

obtained in the performance of A mixtures with the addition 
of Chemkrete to the AC. 

No significant gain. in the engineering propertie · of A 
mixtures are obtained with the addition of hemkrete, con­
sistent with experience in other tales, as previously di cu sed. 
T .aboratory testing of field-obtained core subjected to simil r 
climatic and traffic conditions indicates that Chemkrete appears 

TRANSPORTATION RESEARCH RECORD 1269 

to adversely affect the engineering properties of AC. This 
behavior may be attributed to the lack of proper curing within 
a reasonable period of time before the road is opened to 
trathc. 
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Some Effects of Rubber Additives on 
Asphalt Mixes 

R. ]. SALTER AND]. MAT 

The effects of three types of rubber on the behavior of asphnltic 
concrete (A ) mixes have been inve ligated by first determining 
the changes that rubber additive$ have on U1c properties of the 
bitumen binder. hange in penetration , oftening point , and 
penetration temperature susceptibility with rubber-bitumen blend 
are reported. Force ducti l·ity tests were al o ca rried out to inves­
tigate the change in the properties of rubber-modified binders 
at low temperature . 111e Marshall method wa. u ed to determine 
changes in optim um binder content con equent to incoL·poriuion 
of rubber into the mix . Flexural testing of beam . pecimcns wa 
carried out using cyclic loading to investigate the changes in the 
fatigue properties of AC mixes caused by the addition of rubber. 
Within the limitations of the experimental work, the incorpora­
tion of the rubber into binders generally improved the properties 
of binders and mixes as determined by laboratory testing. 

Increasing traffic flows and associated increases in axle load­
ing experienced on highway systems in the developed and 
developing world together with demands that maximum life 
and minimum maintenance costs be achieved have led high­
way engineers to investigate how the properties of asphaltic 
highway pavement materials might be improved by the use 
of additives. 

The effects of rubber were investigated as an additive to 
asphaltic mixes, a topic of particular interest to highway engi­
neers in Malaysia. The following three types of natural rubber 
were used in the experimental work: 

1. Pulvatex, manufactured in Great Britain by Rubber Latex, 
is an unvulcanized rubber powder manufactured from con­
centrated natural latex, of composition 60 percent natural 
rubber powder and 40 percent separator. 

2. Crusoe Standard, manufactured in Great Britain by Har­
rison and Crossfield, is an unvulcanized spray-dried rubber 
powder containing approximately 6 percent silica filler and 1 
percent calcium stearate as a partitioning agent. 

3. LCS Revertex, manufactured in Great Britain by Rev­
ertex, is an unvulcanized latex concentrated by evaporation 
to 68 percent solids and stabilized with potassium hydroxide 
and soap. 

The experimental work investigated the following effects 
of addition of natural rubber powders: 

1. Effects on physical properties of the bitumen , 
2. Effects on design of asphaltic concrete (AC) mixes 

(investigated using the Marshall method) , and 

R. J . Salter, University of Bradford, Emm Lane, Bradford , England. 
J. Mat, University of Technology, Jalan, Gurney, Kuala Lumpur, 
Malaysia 54100. 

3. Effects on fatigue life of AC beam specimens when tested 
under constant strain. 

BINDER PROPERTIES AND RUBBER BITUMEN 
BLENDS 

Materials used in the experimental investigation were selected 
so as to be similar to those used in Malaysian practice and to 
comply with current Public Works Department specifications. 
The bitumen, supplied in Great Britain by Croda Hydrocar­
bons, had a penetration of 98 at 25°C and a ring- and ball­
softening point of 47°C. Blends of natural rubber-bitumen 
were prepared using concentrations of 3, 5, and 7 percent by 
mass of rubber to bitumen. The blends were prepared in the 
laboratory with the blend at a temperature of approximately 
135°C; stirring of the rubber into the bitumen took place for 
30 min. 

All prepared blends were given separate designations for 
identification in subsequent testing. Details of the mixes used 
are presented in Table 1. 

Penetration tests were carried out on the rubber-bitumen 
blends and on the control of unmodified bitumen. The results 
are presented in Table 2 and indicate decreasing penetration 
with increasing rubber content, the greatest reduction in pen­
etration being obtained from Revertex . Table 2 also presents 
the softening points of the blends , which increased with 
increasing rubber content for all blends , the greatest increase 
in softening point occurring with the use of Revertex as an 
additive. 

For the blends tested, the maximum reduction in penetra­
tion, which occurred with 7 percent blends, was 29.5 percent 
for blends containing Pulvatex , 22 percent for blends con­
taining Crusoe Standard, and 35 percent for blends containing 
Revertex . Comparison of softening point values indicated an 
increase of 28 percent in softening point obtained with the 
liquid latex Revertex with 7 percent additive. 

Penetration indices for the blends were also calculated 
because this index was considered a good indicator of the 
temperature susceptibility of the blend . The index proposed 
by Pfeiffer has been commonly used in rubber-bitumen 
investigations. The calculation was carried out in two stages, 
the first stage determining the penetration temperature 
susceptibility (PTS) from the relationship 

PTS = log 800 - log p 
t - 77 

where p is the penetration (25°C, 100 g, 5 sec) and t is the 
softening point (°F). 
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TABLE 1 RUBBER-BITUMEN BLEND DESIGNATIONS 

Additive 
Binder Content 
1Jes1gnation Additive (percent) 

PlOO none 0 
PVT3 Pulvatex 3 
CST3 Crusoe 3 
LCR3 Revert ex 3 
PVT5 Pulvatcx 5 
CST5 Crusoe 5 
LCR5 Revertex 5 
PVT7 Pulvatex 7 
CST7 Crusoe 7 
LCR7 Re vertex 7 

TABLE 2 PENETRATION AND SOFTENING POINT 
VALUES FOR RUBBER-BITUMEN BLENDS 

Binder Softening 
Designation Penetration Point (0 C) 

PlOO 98 .0 47.0 
PVT3 81.5 51.4 
CST3 84.0 50.2 
LCR3 78.2 51.8 
PVT5 73 .1 53.6 
CST5 79.l 52.4 
LCR5 67.4 54.6 
PVT7 69.1 57.l 
CSTI 76.0 55.0 
LCR7 63.6 60.0 

TABLE 3 PENETRATION TEMPERATURE 
SUSCEPTIBILITY AND PENETRATION INDEXES FOR 
RUBBER-BITUMEN BLENDS 

Binder 
Designation PTS PI 

PlOO 0.0230 -0.236 
PVT3 0.0209 0.409 
CST3 0.0216 0.183 
LCR3 0.0210 0.389 
PVT5 0.0202 0.650 
CST5 0.0204 0.587 
LCR5 0.0202 0.658 
PVTI 0.0184 1.281 
CSTI 0.0190 1.084 
LCR7 0.0175 1.669 

The second stage of the calculation determined the 
penetration index PI from the relationship 

30 
PI = -1- -90_P_T_S - 10 

Calculated values are presented in Table 3. 
The indices presented in Table 3 show a reduction in tem­

perature susceptibility over all the blends used when com­
pared with the control binder. Because the penetration sus-
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ceptibility index is the slope of the log penetration versus 
temperature curve for the respective penetration p and tem­
perature t, its values indicate that the slope becomes less steep 
as the amount of rubber increases. This effect is similar to 
that described by Bokma (J) for the influence of rubber on 
penetration at varying temperature. In these experiments, the 
slope of the penetration-temperature curve decreased as the 
amount of rubber in the mix increased. These relationships 
demonstrated that rubber-bitumen blends are harder at higher 
temperatures and softer at lower temperatures than unmodi­
fied binders. The decreased temperature susceptibility, 
decreased penetration, and increased softening point are the 
major benefits of the use of rubber-bitumen blends. Al­
Abdullah and Mesdary (2) found that the addition of natural 
rubber to 60170 Kuwaiti bitumen results in a binder equivalent 
to heavy-duty bitumen, as recommended by the Transport 
and Road Research Laboratory for carrying heavy commer­
cial vehicles in Great Britain. Heavy-duty bitumen has a 
penetration of 40 ± 10 and a softening point of 58°C to 68°C. 

FORCE DUCTILITY TESTS 

In addition to penetration and softening point tests, force 
ductility testing was carried out on the rubber-binder blends. 
The test measured tensile load-deformation characteristics of 
binders. The test apparatus consisted of apparatus for the 
ductility test (ASTM Dll3) using briquet specimens of the 
binder that were pulled apart by a tensile force while immersed 
in water at 4°C. The apparatus was modified by adding a load 
cell mounted in series between the drive mechanism and the 
sample. The force generated in the sample was measured 
using a data logger and microcomputer. 

Force ductility results were reported as load required to 
cause elongation of the briquet sample. During the first 30 
mm of elongation, the load was measured at every 1 mm of 
elongation and thereafter at every 10 mm of elongation until 
the specimen ruptured. A typical plot of the results obtained 
is shown in Figure 1, where the behavior of the specimen 
under load can be clearly seen. As the sample is pulled apart, 
the force increases until it reaches a peak; then the force 
decreases as the elongation of the specimen increases and 
finally becomes zero when the specimen ruptures. Figure 1 
shows the force versus elongation relationship obtained for 
blends containing 7 percent additive. 

Results of the force ductility tests, including the maximum 
tensile force, elongation of the specimen at maximum force, 
and elongation at rupture, are presented in Table 4. 

The results indicate that rubber-modified binders exhibit 
higher maximum tensile load than the control binder except 
for blends containing 5 and 7 percent Crusoe Standard addi­
tive. The bleml t:unlaining 7 percent liquid rubber (Revertex) 
demonstrated a 63.5 percent increase in strength. 

MARSHALL TESTING PROCEDURE 

An investigation into the effect of rubber blends on AC mix 
design was carried out using the Marshall mix design proce­
dure as used by the Malaysian Public Works Department. 
This method is the only mechanical mix design test in current 
Malaysian practice. 
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FIGURE I Force ductility test graphical output. 

TABLE 4 RESULTS OF THE FORCE DUCTILITY TESTS 

Elongation 
Maximum at Elongation 

Binder Tensile Maximum at 
Designation Force (N) Force (mm) Rupture (mm) 

PlOO 76.735 9 60 
PVT3 79.330 10 70 
CST3 83 .795 9 60 
LCR3 82.944 9 100 
PVT5 96.475 8 70 
CST5 75.993 8 70 
LCR5 93.231 8 120 
PVT7 102.776 8 60 
CSTI 61.536 9 70 
LCR7 125.482 9 120 

Materials for the AC mixes were typical of those used in 
Malaysia; limestone was used for both fine and coarse aggre­
gate, and rubber-bitumen blends and control binder were used 
as previously described. Nominal size of the aggregate was 
25 mm; the grading was in accordance with the Malaysian 
Public Works Department grading for binder courses. 

Testing of the rubber-bitumen and control bitumen mixes 
was carried out in accordance with the Marshall procedure. 
The following parameters were related to binder content: unit 
weight, stability, air voids , voids in the mineral aggregate , 
and flow. Best-fit curves were obtained. A typical example 
for mixtures containing a 7 percent blend of Pulvatex and 
hitumen is shown in Figure 2. 

For AC, mix design requirements of the Roads Division of 
the Malaysian Public Works Department specify values of 
stability, flow, voids in the total mix, voids filled with bitumen, 
and residual stability. Table 5 presents specified values for a 
binder course. 

The binder contents corresponding to maximum stability, 
maximum unit weight, and midpoint (5 percent) of allowable 
air voids were determined. Optimum binder content was the 
average of these binder contents read from the smoothed 
curves of which Figure 2 is an example. Tables 6 and 7 present 
a summary of the mix design results for the rubber-bitumen 
blends and the control binder . 

The Malaysian method of determining optimum binder con­
tent, previously described, differs from the method used in 
Great Britain ( 4) for hot-rolled asphalt wearing course. In the 
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TABLE 5 REQUIREMENTS OF THE MALAYSIAN PUBLIC 
WORKS DEPARTMENT FOR AC BINDER COURSES 

Stability (kg) 
Flow (11100 cm) 
Voids in total mix (percent) 
Voids filled with bitumen (percent) 
Residual stability (immersed percent) 

Not less than 500 
20-40 
3-7 

65-75 
Not less than 75 

TABLE 6 DETERMINATION OF OPTIMUM BINDER 
CONTENT BY THE MALAYSIAN METHOD 

Binder Binder Binder Optimum 
Content Content Content Binder 

Binder at Maximum at Maximum at 5 Percent Content 
Designation Unit Weight Stability Air Voids (percent) 

PlOO 5.5 5.6 5.4 5.5 
PVT3 5.7 5.8 5.2 5.6 
PVT5 5.9 6.0 5.1 5.7 
PVT7 6.0 5.5 5.0 5.5 
CST3 5.7 6.0 5.5 5.7 
CST5 6.0 5.8 6.0 5.9 
CST7 6.2 6.0 6.1 6.1 
LCR3 5.8 6.0 5.3 5.7 
LCR5 6.0 6.2 5.1 5.8 
LCR7 6.1 6.5 5.0 5.9 

British method, evaluation of the design binder content is 
based on the average of the binder contents at maximum 
stability, mix density, compacted aggregate density, and flow, 
together with the addition of a factor depending on the coarse 
aggregate content of the mix. The difference between the two 
methods for determining optimum binder contents is obtained 
by comparing Tables 6 and 8. Except for the control mix and 
those containing Crusoe Standard, the British method yield 
higher optimum binder contents. 
· The basic difference between the methods is that the Malay­

sian approach is suited to the design of an AC mix in which 
voids are of considerable importance. Too high a binder con­
tent and a low voids content will lead to excess binder's reach­
ing the surface of the pavement under traffic action in Malay­
sian climatic conditions. On the other hand, excessive air voids 
will lead to low durability. Sufficient binder should be used 
to produce air voids between 3 and 5 percent. The behavior 
of AC is sensitive to this figure; different target values should 
be used for different climatic and traffic conditions. 

Within the limitations of the tests performed, the addition 
of rubber to the binder did affect the optimum binder content. 
For Pulvatex, the increase was inconsistent and relatively small. 
For 7 percent rubber-bitumen blends, no increase was observed, 
while at 3 and 5 percent a small increase was noted using the 
Malaysian method. Using the British method, a small increase 
was noted at all rubber concentrations. For Crusoe Standard 
and LCS Revertex, the optimum binder was increased for all 
rubber concentrations as determined by both the Malaysian 
and British methods . 

Addition of rubber significantly affected the unit weight of 
the compacted mixes. For mixes containing Pulvatex and LCS 
Revertex, increasing the rubber content generally caused an 
increase in unit weight. For the samples containing Crusoe 
Standard, the unit weight decreased with increasing rubber 

83 

TABLE 7 MARSHALL QUOTIENT VALUES ON THE 
BASIS OF THE MALAYSIAN METHOD 

Stability Flow Marshall 
Binder at Optimum at Optimum Quotient 
Designation Binder (kN) Binder (mm) (kN/mm) 

PlOO 11.0 3.6 3.06 
PVT3 11.6 3.8 3.05 
PVT5 12.5 4.7 2.66 
PVT7 13.4 5.0 2.68 
CST3 11.1 4.3 2.58 
CST5 11.3 4.6 2.46 
CST7 9.8 5.0 1.96 
LCR3 11.8 4.3 2.74 
LCR5 12.7 5.2 2.44 
LCR7 12.8 6.1 2.10 

TABLE 8 DETERMINATION OF OPTIMUM BINDER 
CONTENT BY USING THE BS 598 METHOD 

Binder 
Content at 

Binder Binder Maximum Optimum 
Content Content Compacted Binder 

Binder at Maximum at Maximum Aggregate Content 
Designation Unit Weight Stability Density (percent) 

PlOO 5.5 5.6 4.9 5.3 
PVT3 5.7 5.8 5.3 5.6 
PVT5 5.9 6.0 5.6 5.8 
PVT7 6.0 5.5 5.7 5.7 
CST3 5.7 6.0 5.4 5.7 
CST5 6.0 5.8 5.7 5 8 
CST7 6.2 6.0 5.9 6.0 
LCR3 5.8 6.0 5.5 5.8 
LCR5 6.0 6.2 5.9 6.0 
LCR7 6.1 6.5 6.0 6.2 

content, an effect considered to be caused by the coarser grading 
of the rubber particles, which affected the compatibility of 
the specimens. 

Rubber content also affected the Marshall stability. For 
Pulvatex and LCS Revertex, stability increased as rubber con­
centration increased. For Crusoe Standard, increase in sta­
bility was not observed; the specimens containing a 7 percent 
blend had decreased stability, an effect associated with the 
decreased unit weight of these specimens. 

Addition of Pulvatex and LCS Revertex caused air voids 
to decrease as the rubber content increased, while for spec­
imens containing Crusoe Standard blends air void contents 
increased with increasing rubber contents . 

Voids in the mineral aggregate (VMA) has been the most 
important mix design parameter affecting the durability of an 
AC mix (5). Except for Crusoe Standard, the addition of 
rubber reduced the VMA values compared to the control mix. 
In Malaysian practice, to satisfy the requirement for voids 
filled with bitumen indicated in Table 5 the minimum VMA 
value is about 14 percent. All the mixes investigated had a 
value that exceeded this minimum. 

Increasing rubber content increased flow values. All the 
specimens containing rubber, except PVT3, had flow values 
that exceeded the maximum specified for Malaysian condi­
tions. As the unmodified control specimens had flow values 
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approaching the maximum, a revised grading may have reduced 
the extent of the excess flow values . 

Values of the Marshall quotient indicate the effect of addi­
tion of ruttei" tu the rnix. Tlit: iucre;;ase<l vaiues of flow cause 
a decrease in Marshall quotient despite increased values of 
stability . 

FLEXURAL TESTING 

Following the Marshall test procedure, a series of beam flex­
ure tests were carried out on AC lab ratory-prepared spec­
imens to determine the effects of natural rubber powders ;md 
latex on fatigue life and dynamic modulus. 

TABLE 9 EFFECT OF RUBBER-BITUMEN BLENDS ON 
FATIGUE LIFE OF AC BEAM SPECIMENS 

Mean Number of 
Cycles to Percentage Increase in 

Fatigue Severe Fatigue Severe 
Sample Life Cracking Life Cracking 

PlOO 23 ,568 27 ,500 
PVT3 28,825 35,625 22.3 29 .6 
PVT5 40,321 49,997 71.1 81.8 
PVT7 44 ,359 50,010 88.2 81.9 
CST3 29,725 36,876 26.1 34. l 
CST5 36,251 43 ,672 53.8 58.8 
CST7 35,285 44,997 49.7 63.6 
LCR3 33,277 41 ,250 41.2 50.0 
LCR5 37,753 50 ,718 60.2 84.4 
LCR7 41,516 50 ,013 76.2 81.9 

........._ 

100 

- ---z 
50 ---

TRANSPORTATION RESEARCH RECORD 1269 

Constant-strain testing was adopted because it simulated 
strain conditions for pavements with relatively thin bitumi­
nous layers over granular bases . Sinusoidal loading was used 
with a frequency of 2 Hz; test temperature was 20°C :±: l 0 C. 
Binder and aggregate type and grading were as for the pre­
viously described Marshall testing program. Binder content 
was the optimum determined by the Malaysian method. 

Specimens were prepared in the laboratory with a proce­
dure similar to that used by the California kneading compac­
tor. This method of specimen compaction simulated actual 
rolling conditions on the highway . Originally compacted to a 
size of 100 x 100 x 375 mm, specimens were cut to produce 
finished beam specimens measuring 37.5 x 37.5 x 375 mm. 

Because the main objective of the testing program was to 
study the effect of natural rubber powders and latex on the 
fatigue life of the AC specimens under repetitive constant 
strain conditions, the criterion of failure was defined as the 
number of strain repetitions corresponding to a reduction in 
the load applied to the beam to half its value after the first 
200 repetitions of load . 

Four beams of each mix type were tested. The application 
of sinusoidal load was continued until cracking was observed 
in the beam specimens. Results of the test are presented in 
Table 9, in which considerable increases both in fatigue life 
and in cycles to cracking can be seen. 

During testing, the variation in applied load with increasing 
cycles of applied load was noted. Relationships between load 
and repetitions are shown graphically in Figures 3-5, in which 
the behavior of specimens containing the three types of rubber 
additive and the control mix is compared. 
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CONCLUSIONS 

During the testing, the addition of all three types of rubber 
addiiin: l:auM::J a Je1.:rease in penerrarion and an increase in 
softening point compared to the unmodified binder. Little 
variation in these properties was observed between the three 
types of rubber additive. An investigation into the tempera­
ture susceptibility of rubber-bitumen blends demonstrated 
decreased susceptibility compared to the unmodified binder. 

Force ductility tests on modified and unmodified specimens 
at 4°C indicated that rubber-modified binders, with the excep­
tion of blends containing Crusoe Standard additive, exhibited 
higher maximum tensile loads during testing. 

The Marshall testing program revealed a small increase in 
optimum binder content for most of the rubber-bitumen blends 
tested. The addition of rubber increased Marshall stability 
values for Pulvatex and LCS Revertex blends, but not for 
blends containing Crusoe Standard additive. Flow values were 
increased by the addition of rubber, a factor that should be 
considered in the overall design of mixes. 

In a series of fatigue tests using beam bending to constant 
strain, the increase in fatigue resistance for rubber-bitumen 
blends was clearly indicated. When beam failure was defined 
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as the reduction in applied load to half its initial value, 
improvements of up to 88 percent were noted in fatigue life. 
Similar improvements were found when the point of failure 
ot specimens was defined as the onset of crack formation in 
the specimens. 
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Moisture Damage Cutoff Ratio 
Specifications for Asphalt Concrete 

ROBERT p. LOTTMAN AND STEPHEN BREJC 

Moisture susceptibility of asphalt concrete (AC) mixtures is iden­
tified by performing laboratory tests on dry- and wet-accelerated 
conditioned specimens. Excessive moisture susceptibility is asso­
ciated with low ratios of wet-to-dry mechanical properties. High­
way itgencies use values of cutoff wet-to-dry ratios for resilient 
modu.lu and for indirect tensile strength as specirications. Mix­
tures having wet-to-dry ratios lower than the cutoff ratios have 
excessive moisture susceptibility and require treatment before 
paving. Currently, most highway agencies apply either a re ·ilicnt 
modulus cutoff ratio of 0.70 or an indirect tensile strength cutoff 
ratio of 0.75. The University of Idaho AC moisture damage anal­
ysis system (ACMODAS) program · on field performance are 
applied to predict cutoff ratios, compare predicted cutoff ratios 
to currently used ratios, classify AC mixture moisture suscepti­
bility, and recommend cutoff ratios to be used in practice. Two 
cutoff ratios are necessary to control moisture susceptibility both 
for fatigue cracking and for wheelpath rutting field distresses. 
These cutoff ratios are 0.80 for resilient modulus and 0.85 for 
indirect tensile strength, and both should be applied simultane­
ou ly. [Simultaneous application of the (lower) currently used 
cutoff rati may only control fatigue cracking.] Applying indi­
vidual cutoff ratio values to each material, about 25 percent of 
mixtures , which cannot be treated by conventional additives or 
other means to obtain desired fatigue cracking performance because 
of water-induced brittleness, have cutoff ratios > 1. However, the 
other mixtures can be treated, if need be, to obtain desired perfor­
mance; their cutoff ratios are < 1. Identification of these mixtures 
is discussed. 

Moisture damage in asphalt concrete (AC) mixtures as pave­
ments occurs in many locations and results in loss of perfor­
mance life. Application of related control specifications is a 
strong factor in AC mixture design for highway agency lab­
oratories . Cutoff ratios will continue to be used in the near 
future as moisture damage specifications. 

Controlling fatigue cracking distress in the design of AC 
mixes is based on a resilient modulus cutoff ratio as well as 
a tensile strength cutoff ratio. In addition, a resilient modulus 
cutoff ratio is necessary to control wheelpath rutting distress. 
Each mixture and pavement situation provides specific values 
and a unique relationship between these cutoff ratios. 

Most highway agencies currently use only one cutoff ratio 
to control moisture damage. A two-ratio control method is 
necessary to minimize field damage from the occurrence both 
of fatigue cracking and of rutting when pavements become 
wet . Routine ability is needed to perform both the indirect 
tensile strength and resilient modulus tests in highway agen­
cies . Fortunately , these test activities are increasing steadily 
because of awareness of other uses for these test data for the 
evaluation of AC mixtures. 

Department of Civil Engineering, University of Idaho , Moscow, Idaho 
83843. 

The objective is to predict cutoff ratios and to combine 
them in a practical form that will provide rational specifica­
tions to control the field distresses of fatigue cracking and 
wheelpath rutting. 

Cutoff ratios obtained through the ACMODAS prediction 
models are related to ratios currently in use that have been 
based on experience. The simpler approach to specifications 
is the application of universal cutoff ratio values rather than 
of specific cutoff values associated with each type of AC 
mixture. 

Use of cutoff ratios implies that decisions of satisfactory 
field performance are based on comparative or relative behav­
ior. A cutoff ratio defined for AC moisture sensitivity is the 
value of the mechanical property of the wet specimen divided 
by the value of the mechanical property of the dry specimen . 
Ratios much lower than 1.0 indicate high moisture sensitivity 
and a potential for severe loss of field life when the AC 
becomes wet. 

Magnitudes of cutoff ratios should be independent of the 
laboratory wet-accelerated conditioning test used . These ratios 
are specifications that set a standard for limiting moisture­
induced damage in the field to a predetermined level. Sep­
arately, the laboratory test procedure is developed on the 
merits of producing adequate moisture damage potential for 
AC mixtures . The test-obtained mechanical property ratios 
are compared to the cutoff ratios. 

Application of cutoff ratios as specifications is several dec­
ades old. Early tests screened AC mixtures in the laboratory 
before paving by using unconfined compressive strength. 
Specimens were wet-accelerated conditioned by soaking for 
24 hr at 140°F. On the average, the specific AC mixture was 
satisfactory if its wet-to-dry ratio or cutoff ratio was equal to 
or greater than 0.85. Currently, indirect tension tests are being 
used from which wet-to-dry resilient modulus ratios (MrR) 
and tensile splitting strength ratios (TSR) are applied for con­
trol before paving. These biaxial stress tests bring out adhe­
sion effects more readily than the unconfined compressive 
strength tests. Also, the wet-accelerated conditioning is a forced 
saturation by vacuum on which is superimposed a freeze-thaw 
cycle or a 24-hr, 140°F water soak, or both , producing some­
what more severe conditioning than in the unconfined com­
pressive strength test. These factors have led highway agencies 
to establish cutoff ratios of 0. 70 for MrR and 0. 75 for TSR, 
lower than the 0.85 value for the unconfined compressive 
strength test. These cutoff ratios vary by ± 0.05 around the 
country, depending on the experience of the highway agency. 

Highway agencies use only one cutoff ratio , either an MrR 
or TSR value. The approach of this study is based on the 
simultaneous application of both ratios. 



88 

Further discussion of cutoff ratios, including quantitative 
relationships, has been provided by Lottman et al. (J). 

PERCENTAGE ALLOW AHLE REDUCTION 

The universal acceptance of using cutoff ratios lower than 1 
by highway agencies implies a philosophy that there is an 
acceptable loss of pavement performance life (i.e., AC mix­
ture durability) caused by moisture damage. The acceptable 
loss of life can be translated into percentage allowable reduc­
tion (of all-dry performance life) (PAR). At present, PAR is 
determined subjectively, but results of life cycle cost and per­
formance determination procedures will improve the selec­
tivity of PAR. The average highway agency PAR is 10 per­
cent, with range from 0 to 20 percent. For example, suppose 
PAR is 10 percent and an all-dry performance life is assumed 
to be 12 years, then the maximum allowable wet performance 
life of the AC must be no less than 10.8 years. 

The cutoff ratio is a function both of PAR and of the asso­
ciation of the field performance life relationship with AC 
mechanical properties. 

Evaluation of PAR with cutoff ratios indicates that 

1. Efficient programming for pavement life cycle costing 
will require that PAR be small; 

2. Practicalities, including imperfect treatments of moisture­
sensitive AC mixtures, will keep PAR greater than zero; and 

3. Severity of the laboratory specimen wet-accelerated con­
ditioning is independent of establishing values for the cutoff 
ratios when considering the application of PAR. 

In this study, PAR = 10 percent is used to develop the 
cutoff ratios. 

ANALYSIS PROGRAM 

The ACMODAS programs were developed several years 
ago by the University of Idaho for predicting relative wet­
pavement performance life of moisture-sensitive AC. The 
programs are mechanistically based. The program inputs are 
wet and dry mechanical properties of resilient modulus and 
tensile splitting strength for a specific AC mixture, PAR, and 
pavement climate factor. The mechanistic models in the pro­
grams translate the laboratory-determined mechanical prop­
erties to performance life, in years. They are also used to 
predict the MrR and TSR cutoff ratios. Technical background 
and application of the programs were described by Lottman 
and Frith (1 ,2). 

ACMODAS C consists of two programs, one each for the 
two prominent field distresses related to moisture sensitivity: 

1. ACMODAS 2, for effect of moisture on wheel load (or 
fatigue) cracking; and 

2. ACMODAS 3, for effect of moisture on wheelpath 
permanent deformation or rutting. 

The Idaho Research Foundation, Moscow, Idaho, provides 
the ACMODAS C diskette and operator manual in response 
to inquiries. 

Using ACMODAS C, cutoff ratios are obtained for MrR 
and TSR for fatigue cracking, and for MrR for wheelpath 
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rntting. Values of the three ratios are usually not the same, 
even for a specific AC mixture. 

For fatigue cracking, both cutoff ratios of MrR and TSR 
are required to controi or limit the moisture sensitivity because 
the ACMODAS 2 model incorporates relative fatigue strength 
and toughness as a measure of moisture resistance, which, in 
turn, is related to both stiffness and strength. For wheelpath 
rutting, an MrR cutoff is used without a TSR cutoff because 
the ACMODAS 3 model incorporates relative shear strain 
permanent deformation, which, in turn, is related to stiffness. 
Because these field distresses are different physically, the MrR 
cutoff ratios from ACMODAS 2 and 3 have different values. 

The ACMODAS 2 and 3 programs of ACMODAS C were 
applied to develop cutoff ratios for specific AC mixtures con­
taining different asphalt binders and aggregates. These 
mechanistic-based, predicted cutoff ratios are independently 
determined. 

AC MIXTURE VARIABLES 

AC mixtures from the following two categories were inves­
tigated: 

1. Highly strippable aggregate from a constant source with 
variable asphalt binders [three asphalt sources, approximately 
25 asphalt treatments (antistripping additives, i.e., liquid 
chemicals and lime), polymeric modifiers, and combinations 
of additives and modifiers]. The total amounted to 58 different 
AC mixtures. Further description of the variables and prop­
erties was provided by Lottman and Mesch (3). The wet­
accelerated conditioning in NCHRP Report 246 ( 4) (90 per­
cent saturation by vacuum plus freeze and 24 hr, 140°F water 
soak) was used. 

2. Variable strippable aggregate from a nonconstant source 
with specific asphalt for each aggregate. Mixtures were made 
with and without additives. Further description of the vari­
ables and properties was provided by Brent Rauhut Engi­
neering (5). Both NCHRP Report 246 (4) wet-accelerated 
conditioning and AASHTO T-283 wet-accelerated condition­
ing (67 percent saturation by vacuum plus freeze and 24 hr, 
140°F water soak) were used. 

Specimens representing each of these AC mixtures, having 
different input wet and dry mechanical properties, provided 
a varied-population data base from which to predict and eval­
uate cutoff ratios using ACMODAS C. The variation of pro­
portionality between modulus and strength properties in both 
wet and dry conditions affected the magnitude of cutoff ratio 
predicted for a specific mixture. The type of wet-accelerated 
conditioning test used did not seem to be a factor in changing 
the proportionality; the test mainly is responsible for the 
magnitude of these input mechanical properties. 

GROUPING OF RESULTS AND EXAMPLES 

Moisture Effect Categories 

As previously mentioned the cutoff ratios determined by the 
ACMODAS C program are related to specific field distresses 
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of fatigue cracking and wheelpath rutting. The results , there­
fore, are separated as follows: 

Distress 

Fatigue cracking 
Wheelpath rutting 

Cutoff Ratios 

MrR,TSR 
MrR 

Also, the cutoff ratios obtained by the ACMODAS C pro­
gram can be separated into three mixture-moisture effect cat­
egories, each with a specific relationship to specifications and 
control. These categories are as follows: 

1. Cutoff Ratios > 1.0. No conventional routine mixture 
improvement, e.g., additive application, will make MrR and 
TSR > 1.0. Thus, mixtures requiring cutoff ratios > 1.0 will 
not perform in the field to the level of the designated PAR. 

2. Cutoff Ratios < 1.0 with MrR Cracking Cutoff Larger 
Than MrR Rutting Cutoff. When quality additive application 
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is necessary , ratios equal to or larger than the cutoff ratios 
can be produced so that these mixtures will perform at PAR 
in the field for both distresses. Control set by the MrR and 
TSR cracking cutoffs becomes the specification; the MrR 
rutting cutoff is automatically achieved. 

3. Cutoff Ratios <1.0 with MrR Rutting Cutoff Larger Than 
MrR Cracking Cutoff. Quality additive application should 
also produce input ratios equal to or larger than cutoff ratios 
to perform at PAR for both distresses. A cutoff-setting pro­
cedure is required . The TSR cracking cutoff is increased to 
retain relative wet-mixture toughness because the larger MrR 
cutoff, the one for rutting, controls . The MrR cracking cutoff 
is increased to equal the MrR rutting cutoff, thus the TSR 
cracking cutoff is also increased. 

Figure 1 is a specification chart giving example cutoff ratios 
for a specific AC with given mechanical properties and a PAR 

FIELD DISTRESSES 

CRACKING 
RESISTANCE 

STRENGTH 

RUTTING 
RESISTANCE 

+- +- +- +- +- CUTOFF C 
RATIO 

w t 
_J t 
<( t EXAMPLE u ......, 

ACTUAL c: MODULUS (./) Q.) STRENGTH +- +- +- +- +- +- +- +- +- CUTOFF @ E RATIO 

MODULUS 1 
RATIO 

0 Q.) 

~ > 
0 

<( L.. 

n::: a. 
E +- +- +- +- +- CUTOFF @ 

RATIO 

EXAMPLE 
ACTUAL 
MODULUS 
RATIO 

0 

FIGURE I Interactive cutoff ratio specifications. 
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specified by a highway agency. Here, MrR and TSR obtained 
from the specimen tests reflect excessive moisture damage 
because the ratios are smaller than the corresponding cutoff 
r~tios !~q1.!!!ed far e;!ch d!~t!"e~~- The ch~ugc tc be effected 
in this asphalt concrete before paving requires a specimen 
MrR increase to satisfy the MrR rutting cutoff A. The MrR 
cracking cutoff becomes equal to the MrR rutting cutoff (B 
increases to A), because the same mixture (i.e., specimen) 
cannot possess different values of the modulus ratio at the 
same time. The TSR cracking cutoff now must increase to a 
value > C to satisfy the required proportionality between cut­
off ratios B and C. This B-C proportionality maintains sat­
isfactory resistance against onset of cracking fatigue and crack 
propagation, which will be quantified in a following section. 
In order to meet the cutoff ratio specifications for both field 
distresses, the AC in this example will require a new mixture 
design, or inclusion of additives, to achieve the required MrR 
cutoff A and the new TSR cutoff value that is larger than C. 

Examples of Categories 

Table 1 contains examples of ACMODAS C predicted cutoff 
ratios for five different AC mixtures using a PAR value = 
10 percent. 

The interactive requirements when using the cutoff ratios 
as specifications are illustrated by the following brief evaluation, 
in detail, for each pavement mixture specified in Table 1: 

• Pavement C. To meet the MrR cutoff for rutting of 0.88, 
the standards for cracking must increase , so that MrR cutoff 
for cracking increases from 0.45 to 0.88; the associated TSR 
cutoff of 0.65 must increase in proportion. The net result on 
the pavement will be that the AC will perform better than 
PAR for cracking and equal to PAR for rutting. 

• Pavement M. To meet the MrR cutoff for cracking of 
1.09, the standard for rutting must increase so that MrR rut­
ting cutoff increases from 0.69 to 1.09. In the pavement, this 
increase will result in the AC having a better performance 
than PAR for rutting and equal to PAR for cracking. (This 
situation is theoretical, because an MrR cutoff of 1.09 cannot 
practically be met because it is larger than 1.) 

• Pavement T. Because both MrR cutoff values are about 
the same, PAR for both rutting and cracking will be met by 
achieving an MrR cutoff of 0.77 and a TSR cutoff of 0.83 . 

• Pavement V. Similar evaluation to Pavement C. 
•Pavement W. Similar evaluation to Pavement M. 

The AC for pavements Mand W will have a wet life smaller 
than the allowable 10 percent life reduction because of mois-

TABLE 1 EXAMPLE OF ACMODAS PREDICTED CUTOFF 
RATIOS 

Pavement 

c 
M 
T 
v 
w 

Fatigue Cracki ng 

TSR Cutoff 

0.65 
0.95 
0.83 
0.80 
0.97 

MRR Cutoff 

0.45 
1.09 
0.76 
0.72 
1.03 

Wheelpath Rutting 
MRR Cutoff 

0.88 
0.69 
0.77 
0.85 
0.72 
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ture damage (or PAR). This result follows from the proble­
matic wet-to-dry strength-modulus relationships that exist in 
these ACs that cannot be easily remedied without chemical 
111uJifil,;aLiuu. 

VALUES OF CUTOFF RATIOS AND PRACTICAL 
IMPLICATIONS 

Average values of cutoff ratios determined by the ACMO­
DAS C program are listed by cutoff ratio category in this 
section, along with related findings. 

Cutoff Ratios > 1 

Approximately 25 percent of the mixtures required cutoff 
ratios > 1 for the control of fatigue cracking. 

It is not practical to treat or improve these mixtures to get 
an MrR or TSR value > 1 to achieve PAR = 10 percent. 
Unfortunately, one has to settle for PAR value > 10 per­
cent, perhaps 20 or 25 percent, for the reduction of dry life 
(determined by fatigue cracking) caused by moisture damage. 

These mixtures should be screened out, especially if they 
are problematic regarding other performance criteria. They 
can be identified because their MrR values are larger than their 
TSR values. This effect seems to be caused by water-induced 
brittleness . 

However, the value of the MrR cutoff for wheel path rutting 
is almost always <1, which is always practically achievable, 
so that a PAR = 10 percent can be reached for controlling 
wheelpath rutting. 

Cutoff Ratios < 1, with MrR Cracking Cutoff Larger 
Than MrR Rutting Cutoff 

Approximately 30 percent of the mixtures are in this category. 
Moisture sensitivity control is achieved through the fatigue 
cracking cutoff ratios of MrR and TSR. Because the MrR 
cracking cutoff is larger than the MrR rutting cutoff, wheel­
path rutting is automatically controlled by using the larger 
MrR cutoff value, which is for fatigue cm.eking. 

An example for a specific mixture is MrR cracking cutoff 
= 0.78, TSR cracking cutoff = 0.84, and MrR rutting cut­
off = 0. 74. In application, MrR cutoff = 0. 78 and TSR 
cutoff = 0.84 would be used for the moisture sensitivity 
control of this mixture. 

In this category, for all the mixtures tested the average 
cutoff ratios were found to be MrR cracking cutoff = 0.85, 
TSR cracking cutoff = 0.80, and MrR rutting cutoff = 0.75. 
The MrR cracking cutoff of 0.85 and the TSR cracking cutoff 
of 0.80 would be simultaneously applied for overall control 
in this category. 

Cutoff Ratio <1, with MrR Rutting Cutoff Larger 
Than MrR Cracking Cutoff 

Approximately 45 percent of the mixtures are in this category. 
They will require the B-C TSR cutoff shift as shown in Figure 
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1. In this case, the MrR cutoff is based on rutting. Because 
it is requiJ'ed that Lhe value of Lhe MrR cracking curoff be 
equal to that of the M1·R rutting cu toff, tl1e TSR cracking 
cutoff is shift d to a larger value . The value of the larger T R 
cutoff can be calculated from the following equation: 

(1) 

where 

TSR2 new, larger required TSR cracking cutoff, 
TSR 1 original TSR cracking cutoff, 
MrR1 = original MrR cracking cutoff, and 
MrR2 = required MrR cutoff ( = MrR rutting cutoff). 

Equation 1 has r2 = 0.95. In the equation, MrR Subscript 
1 and 2 correspond to A and B, respectively, in Figure 1, and 
TSR Subscript 1 corresponds to C in Figure 1. 

Average values of the cutoff ratios obtained for all mixtures 
in this study are (a) fatigue cracking cutoffs of MrR 1 = 0.65 
and TSR, = 0.75 (corresponding to MrR 1 and TSR 1 in Equa­
tion 1), and (b) wheelpath rutting cutoff of MrR2 = 0.80 
(corre ponding to MrR2 in Equation 1 . 

If only the fatigue cracking cutoff ratios f MrR, and T R 1 

(0.65 and 0.75 respectiv ly) are used for control, rutting will 
not be controJled to the desired level (:JO percent) of PAR. 
The loss of rutting life will be greater than required. On the 
other hand, if the MrR2 cutoff ratio is used with TSR 1 (0.80 
and 0.75, respectively), cracking will not be controlled to the 
desired level of PAR because TSR 1 is now too low. Thus, a 
higher-strength cutoff ratio is required, i.e., T R2• Substi­
tution of MrR,, MrR2 and TSR 1 into Equation J yields TSR2 

== 0.85. Therefore, the control of both cracking and rut­
ting in this category to achieve PAR = 10 percent requires 
an MrR cutoff of 0.80 and a TSR cutoff of 0.85 to be 
simultaneously applied for overall control. 

RECOMMENDATION 

The preceding result of the evaluation of individua l cutoff 
rntio categorie brained from th A MODA program 
are now overviewed f r current practice. This examination 
requires that MrR and T R values obtained by laboratory 
test for a specific A mixture be compared to overall pre­
determined cutoff ratios. The recommended approach is as 
follows: 

1. Determine if the AC mixture is in the minority category, 
cutoff ratios > 1. These mixtures can be identified by MrR > 
TSR after wet-accelerated conditioning. Treatment may reduce 
the water sensitivity of these mixtures, but they still would 
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remain more water sensitive to fatigue cracking than the limit 
set by PAR = 10 percent. 

2. Remaining mixtures will have cutoff ratios < l. They can 
be conventi nally tre. tcd and improved. The recommended 
approach i to make . ure that the MrR and T R values are 
equal to or greater than overall predetermined cutoff ntios 
to achieve control both of cracking and of rutling at PAR == 
10 percent (10 percent los · of dry performance life). The 
values of these cutoff rati · are (a) MrR cu toff == 0.80, and 
(b) TSR cutoff == 0.85. 

Both cutoff ratios should be simultaneously applied, i.e. , 
at the same time for the same mixture. If MrR and TSR input 
values are smaller than the cutoff ratios, then treatment or 
different mixture constituents to reduce the water sensitivity 
will be required. Because of the need to control wheelpath 
rutting as well as fatigue cracking, the values of the recom­
mended cutoff ratios are 0.10 higher than the values currently 
used by most highway agencies. 
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Laboratory Evaluation of Recycled Aspl1alt 
Pavement Using Nondestructive Tests 

A. SAMY NouRELDIN AND LEONARD E. Woon 

Many te ·t. have been devised for measuring the characteristics 
of bituminou materials. These tests can be divided into four 
categories: (a) destructive tests that are associated with funda­
meutal elastic and vi copla tic behavior such as the indirect tensile 
test ; (b) de tructive te t that ure arbitrary (in the sen. e that 
their usefulnes lies in the correlation of their re ulls with field 
performance), such as the Marshall and Hveem stability tests; (c) 
nondestructi e tests that are associated with fundamental elastic 
and viscoplastic behavior uch a the re ilient modulu test; mid 
(d) nondestructive tests thnt are arbitrary, uch as th " onic pul e 
velocity te t. The nondestructive re ·i!ient modulu · and onic pulse 
velocity test · were used for characterization of hor-mix recycled 
asphalt paving mixtures. A phalt specimens were te. ted f r pulse 
velocity, re ·iiient modulus. and Marshall stability . Analy ·is and 
eva luation of the te 1 data indicated sensi tivity of the resi li 111 
modulus tb mix de. ign parameters. The test wa identified ·1s an 
addit ional criterion for design and evaluation of hot-mix recycled 
asphalt pavement. Pu! e velocity data were not sensitive to the 
mix design used. However, the modulu. of elastici ty estimated 
fr m the test indicated low . tati tical vnriation , suggesting the 
11 e of test value as input for pavemem thickne design related 
10 layered the ry ·olutions. ' tiffnes and tr ngth characterist ics 
o.f the recycled mixtures were comparable to tho eof a companion 
virgin biruminous mix , with no recycled materials. 

Hot-mix bituminous pavement recycling is a process in which 
reclaimed bi tuminous pavement material · reclaimed aggre­
gate materials, or both are com ined with new bitumen , 
rejuvenating agents, or virgin aggregate, as nece . . ary , r·o pro­
duce hot-mix paving mixtures that meet standard material 
pecification and construction requirements for the type of 

mixture being produced. 
The increase in recycling operations has resulted in an 

incrna ·ed awareness that the recycled material · must be prop­
erly characleti:leu Lu ensure a high-quality pavement. The cost 
and energy savings obtained during onstruction may be lost 
through exces ive maintenance if the recycled pavements 
und rgo evere deterioration. Initial indication a re that a 
high-quality recycled pavement is being constructed using 
conventi nal design methods. However, there are several fun­
damental questions still unanswered in the area of hot-mix 
recycling that require re. earch. These include its homogene­
ity. compatibility , amt r<tte. of hardening of a recycled mix 
when compared t a virgin mix . ln addition. assurance is 
needed that weathering actions, long-term behavior, mechan­
ical pr perties f compacted recycled mixtures, and the effect 
of repeated loads on recycled pavements are not problems. 

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

A laboratory investigation was performed to characterize 
the performance of the hot-mix recycled asphalt pavement in 
comparison with a virgin mix. A virgin mixture and three 
recycled mixtures were evaluated. Marshall size specimens 
were prepared and evaluated using the pulse velocity, resilient 
modulus , and Marshall stability tests. Subjective conclusions 
were established for the performance of recycled mixtures 
under various conditions. 

Study results will provide the highway engineer with a better 
understanding of the effect of different factors on the resilient 
characteristics of hot-mix recycled bituminous paving mixtures. 

SAMPLING PLAN AND MATERIALS 

Recycled Asphalt Pavement 

A st ckpile of representative salvaged asphalt pavement was 
obtained for laboratory evaluation . The material used was 
milled from US-52, a highway ·outh of 1ndianapolis, Indiana, 
that wa randomly selected and wa under th upervision of 
the Indiana D · partment of I lighway per onnel for the 
purpose of this study. Sampling of th e lab ratory-created 
·tockp.il.e was also randomly selected to btain statistically 
repre entalive asphalt materials for the study. 

Sample of the Recycled A phalt Pavement (RAP) were 
randomly cho en, reduce I in size, '1n<I characterized. Asphalt 
extraction and rec very was conducted u ing ASTM 0 2172 
method A and the Abson method, ASTM 01856. The sal­
vaged binder was characterized by mean of penetration, oft­
en ing point. and vi ·cosity tests. Amount of a phalt pre ent 
was determined, and the sa lvaged aggregate obtained from 
extraction was characterized by sieve analysis. 

Tables 1 and 2 present the characteristics of the extracted 
hard asphalt and the grada tion of alvaged aggregate, re pec­
tively. The Indiana State Highway umdard Specification (1) 
[or No . 12 urface ' ere also included in Table 2 f r compar­
i on purpo es and for future determi1rntion of the feasibility 
of the salvaged aggregat f r u ea a high-quality hot surface 
mix . Th recovered aggregate con i ted mainly o.f cru hed 
limestone a coar e aggr gate (material retained .n No. 4 
ieve) and crushed and a · fine aggregate (material pa ing 

No. 4 sieve) . The sieve analy i f the alvaged aggregate 
indicated a gradation that is within the specification for 1 fo. 
12 surface. 

Recycling Agents (Rejuvenators) 

Three types of recycling agents were selected for use in com­
bination with the age-hardened salvaged asphalt binder. The 
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TABLE 1 CHARACTERISTICS OF EXTRACTED HARD 
ASPHALT 

Test Value 

Penetration, 77°F, 100 gm, 5 sec. 28 

Viscosity, 140°F, Poises 20,888 

Kinematic vise., 275°F, c. st. 726 

Softening Point, "'F 137 

Asphalt Content (Total Wt.) 6% 

selections were based on their previous usage in other recy­
cJjng techniques, wide variation between their nature , and 
knowledge of their physical and chemical propertie . . The 
following recycling agents were used: 

• AC-2.5, ASTM designation, produced by Amoco Oil 
Company. 

• AE-150, Indiana-designated high-float, medium-setting­
type asphalt emu! ·i n supplied by Mc onnaughy, Inc. 

• M bilsol-30, ASTM-de ignate I T pe 101 oil, produced 
by Mcconnaughy, Inc. 

Tables 3-5 present the characteristics of AC-2.5, AE-150, 
and Mobilsol-30. 

Virgin AC-20 

The three recycling agents were to be used to restore the old 
binder present in the RAP to the AC-20, ASTM designation, 
classification range. A virgin AC-20 was obtained from Amoco 
Oil ompany to use in comparing virgin and recycled hot 
mixe . Virgin A -20 wa not u. ed in any combination with 
recycled mixture ·. Table 6 give the characteristics of AC-20. 
The choice f A -2 wa based on its usage in Indiana to 
produce hot-mix asphalt pavements. 

Virgin Aggregate 

Crushed limestone and crushed sand were selected to repre­
sent the coarse and fine aggregate material for the virgin 
aggregate, the same as for recovered salvaged aggregate. 

TABLE 3 CHARACTERISTICS OF AC-2.5 

Test Value 

Penetration, 100 gm, 77 ° F, 5 sec., 0.1 !IDll 200 

Absolute viscosity, 140° F, Poise 292 

Specific Gravity, 77°F 1.024 

Ductility, 77°F, S cm/min., cm. 150+ 

TABLE 4 CHARACTERISTICS OF AE-150 

Test 

Residue by Distillation 

Penetration of Residue 

100 gm, 5 sec, 787 ° F, 0.1 !IDll 

Specific Gravity of Residue, 77°F 

Float, 1140° F, sec. 

Absolute Viscosity of Residue, 

140° F, Poise 

DETERMINATION OF THE AMOUNT OF 
REJUVENATOR 

Value 

68% 

200 

1. 01 

1200+ 

270 

93 

The Asphalt Institute urves (2) were used to determine an 
initial value for the percentage of rejuvenator ( -2 .5 and 
AE-150) to be added to the old binder to resto re the prop­
erties to AC-20 range of classification. The /\. -20 classifi­
cation range was a target for its wide usage in producing 
high-quality hot-mix pa ing mixtures in Indiana. The curves 
suggest the rejuvcnator percentage on the ba i of its vi ' c ily 
at 140°F the old binder vi co ity al 140°F, and the required 
viscosity for the new rejuvenated binder at 140°F. The initial 
value for the percentage of Mobilsol-30 was chosen on the 
basis of previous recycling projects (3 ,4). 

A series of extraction and recovery tests were conducted 
to justify these initial values. Table 7 shows the characteristics 

TABLE 2 GRADATION OF SALVAGED AGGREGATE 

Sieve Size 3/8 #4 #8 #16 #30 #50 #100 11200 

% Passing 98 74 62 44 28 15 7.5 5 

IND. spec for 

#12 Surface 96-100 70-80 36-66 19-50 10-38 5-26 2-17 0-8 
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TABLE 5 CHARACTERISTICS OF MOBILSOL-30 

Percent Asphaltenes* 0 

Percent Polar Compounds* 8 

Percent Aromatics* 79 

Percent Saturates* 13 

Percent Residue in Emulsified Form 66.7 

Flash Point*, °F 505 

Kinematic Viscosity* at 140°F, c.st. 164 

Specific Gravity* 0.974 

*Properties of Residue 

Note: Constituents were obtained using Clay-Gel Analysis 
(ASTM 02007-75) 

TABLE 6 CHARACTERISTICS Of AC-20 

Test Value 

Penetration, 100 gm, 5 sec., 77°F, 0.1 l!DD 65 

Absolute Viscosity, 140°F, Poise 1890 

Softening Point, °F 122 

Ductility, 77°F, 5 cm/min., Cm 150+ 
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of alvaged asphalt , the rejuvenators, and the three reju­
venated binders, together with the amount of rejuvenator 
being used . 

TESTING PROGRAM TO EVALUATE 
COMPACTED HOT-MIX RECYCLED ASPHALT 
PAVEMENT 

Virgin mixtures containing virgin AC-20 and No. 12 surface 
virgin aggregate were compared with three other recycled 
mixtures . Salvaged binders present in recycled mixtures were 
restored to AC-20 range of classification by using (60 percent 
AC-2.5 + 40 percent old asphalt), (55 percent AE-150 + 45 
percent old asphalt), and (85 percent Mobilsol-30 + 15 per­
cent old asphalt). Salvaged and virgin aggregate combinations 
in recycled mixtures were adjusted to have the gradation of 
No. 12 surface. This adjustment was not complicated because 
the gradation of the salvaged aggregate was within No. 12 
surface specification limits, and the virgin aggregate gradation 
was selected to be the specification midpoint of No. 12 
surface. 

The four mixes prepared were designated as (AC)0 , (AC-
20)1, (AC-20),, and (AC-20h All mixtures had the same 
aggregate gradation (No. 12 surface) and binders satisfying 
AC-20 specifications. The only difference was that the first 
was a completely virgin mix and the other three were recycled 
mixtures with AC-2.5, AE-150, and Mobilso!-30, respectively, 
as rejuvenating agents. 

Three asphalt contents were used in mix preparations: 5.5 
percent, 6 percent (original asphalt content present in RAP), 
and 6.5 percent by total weight of mixture. The mixtures were 
compacted using the kneading compactor and evaluated using 
the pulse velocity, resilient modulus , and Marshall stability 
tests. 

TABLE 7 CHARACTERISTICS OF SALVAGED ASPHALT 
REJUYENATORS AND REJUVENATED BINDERS 

Binder Penetration Vis. 140°F, Poises 

Old Asphalt 28 20,888 

AC-2.5 200 292 

AE-150 Residue 200 270 

40% Old Asphalt + 60% AC-2.5 62 2112 

45% Old Asphalt + 
55% AE-150 Residue 68 1994 

85% Old Asphalt + 
15% Mobilsol-30 Residue 69 1974 

AC-20 spec. 60+ 1600-2400 

Note: Mobilsol-30 characteristics are given in Table 5 . 
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Preparation of Specimens 

Sample of the recycled asphalt pavement (RAP), v1 rgm 
aggrega te, and virgin A -20 were hea led in an oven at 240°F 
for .I hr. TIP rejuvenators A -2.5 AE-150, and MobiLol-30 
were heated in an oven at 180°F. The RAP, virgin aggregate, 
and one rejuvenator were mechanically hot-mixed for 2 min. 
Absolute virgin mixtures containing AC-20 and virgin aggre­
gate were hot-mixed similarly. 

The loose samples containing 5.5, 6, and 6.5 percent asphalt 
binder for (AC-20)0 and (AC-20) 1, (AC-20)2 , and (AC-20)3 

specimens were stored in an oven at 140°F for 15 hr. The 
mixture were then reheated to 240°F ~md compacted using 
the standard California kneading compactor, ASTM D1561, 
to form specimens of 4-in . diameter and approximately 2.5-
in. height. 

Tests on Compacted Specimens 

The merit in using conventional design indices such as the 
Marshall or the Hveem stabilities exists in the need for 
similarity of design procedures for the recycled mix and 
conventional mixtures. 

Pieces of equipment used were the pulse velocity, resilient 
modulus, and Marshall testing equipment. 

Pulse Velocity Test 

Pul e velocity tests have been used since the 1940s for I! al­
uating the elastic pr p rties of solid composite materials such 
as rocks and concrete blocks (5). 'onic testing ha been u ·ed 
for tudying the elas tic con tant · of bi tuminou · mixtures over 
fl wide range of temperature (6) . The pul e velocity procedure 
has not been widely u ed for evaluating conventional bitu­
minous mixtures and investigators have not reported its use 
for characterizing recycled mixtures. Some studies, however , 
show that this procedure may be suitable for studying changes 
taking place in asphalt mixtu res with Lim (7) . 

The pulse velocily determination c nsi ·ts of measuring the 
rate of propagation of sound waves in a cesl ·pecimen. The 
sound wave velocity for elaslic materials i a fun ction of elastic 
modulus, Poisson ratio, and density (5,7) and can be deter­
mined from the following equation: 

E = v2d/c 

where 

E = material elastic modulus, 
d = material density, 
v = pulse velocity, 
c = 1/(3 - 6µ) + 2/(3 + 3µ), and 
µ = Poisson ratio . 

(1) 

The material modulus can be estimated using this relationship, 
the pulse velocity mea urements, and a proper mea urement 
or assumption of the Poisson ratio. Correlations have been 
found between the concrete modulus estimated by the pulse 
velocity measures and from the flexural strength test (5) . 

Bituminous materials are viscoelastic and experience var­
iations in their modulus and Poisson ratio with time and tern-
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perature. However, the change in Poisson ratio is not so great, 
relatively, as is the change in the modulus . A single value can 
be assumed for the ratio so that the modulus estimation can 
be used to obtain comparative values between different bitu­
minous mixtures although no exact value can be determined. 
In addition, pulse velocity may be used directly as the criterion 
for evaluating asphalt mixtures and thus need not be converted 
to a modulus value (7). 

The pulse velocity test is independent of the size and shape 
of the specimen being tested (5). Thus , the procedure is poten­
tially adequate for both laboratory and field testing applica­
tions. The test is simple, inexpensive, and more important, 
nondestructive. Additional testing can be conducted on the 
same sample in the laboratory. 

The pulse velocity test equipment used in this study is the 
same as that required in the standard test on rocks, ASTM 
D2845 . The equipment briefly consists of a sample holder (a 
Marshall-type specimen can be used) , two transducers, and 
a pulse generator with a timing unit. The sample height divided 
by the time measured is the pulse velocity . 

The transducers are to be connected to the transmitter and 
receiver nodes of the pulse generator. The pulse generator is 
allowed to send mechanical pulses through the transducer 
connected to the transmitter node. These pulses pass through 
the compacted specimen and are received by the transducer 
connected to the receiver. The time taken by this pulse is 
displayed on the timing unit screen, read, and recorded. 

The test was conducted at room temperature, 72°F. Asam­
ple holder was used to maintain contact between the trans­
ducers and the specimen. In addition, a thin coating of starch 
gel enhanced the contact between the sample and transducers. 
For pulse velocity computations, sample height was measured 
to the nearest 0.1 mm. Specimen weight and height were used 
to estimate the unit weight of the compacted mixtures. 

The following parameters (response variables) were used 
to characterize the compacted mixtures: 

V = 32.81 Hit 

where 

V = pulse velocity (ft/sec/1,000) , 
H = specimen height (cm), 

t = time displayed on screen (µsec), and 
32.81 = constant for units adjustment. 

E = V2d/C 

where 

E = instantaneous elastic modulus, 
V = pulse velocity , 
d = density, 
C = 1/(3-6µ) + 2/(3 + 3µ), and 
µ = Poisson ratio. 

(2) 

(3) 

To estimate the instantaneous elastic modulus a value for 
µ was assumed. The theoretical value ranges between 0 and 
0.5 and depends on the materials property. Asphalt mixtures 
are believed to have values in the range 0.25 to 0.45. Schmidt 
(8) used a value of 0.35 at ambient temperature in the compu­
tations of the diametral re ilient m dulu . Mamlouk (9) indi­
cated difficulties in laboratory determination of the Poisson 
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ratio value; instead, he assumed values forµ of 0.3, 0.35, and 
0.4 at 50°F, 75°F, and 100°F, respectively . 

The estimation of E from pulse velocity test results of this 
:;tudy ·v·ias basc:d (HI '15~uu1i11g a Puissun ralio of 0.35 for a test 
temperature of 72°F. Using this assumption and adjusting the 
units, Equation 3 can be expressed as 

E = V2dl7 ,442 at 72°F (4) 

Resilient Modulus Test 

The resilient modulus, the modulus of elasticity when the 
theory of elasticity is applied to bituminous mixtures to ana­
lyze the stress-strain relationship, is the ratio of the applied 
stress to the recoverable strain when a dynamic load is applied . 

The resilient modulu for an asphalt mix can be dete rmined 
in the laboratory using the diametral compression mode in 
which Marshall-sized specimens can be used. The test method 
is based on the fact that when a viscoelastic material is loaded 
for a short duration of time, its response is mainly elastic. 

Schmidt (8) developed a procedure in which a pulsating 
load is applied aero the ve rtical diameter of a Marshall 
specimen every 3 sec with 0 .1-sec duration and the corre­
sponding horizontal deformation is recorded. The fact that 
the test is not only sensitive, but also rapid an d nondestructive 
makes it an excellent tool for design and characterization of 
hot-mix recycled asphalt pavement. 

The re, ilicnt modulu test equipment used in thi tudy 
consi ts main ly of a load cell , specimen restraint, diat hrngm 
air cylinder, s0urce of compressed air , . ole noi I valve sy-tem , 
two transducers , and a control panel. The compressed air 
ource is c nnected to the diaphra 111 air cylinder thJ ugh the 
~o l enoid vtl lve ystem. The · lenoid valve i · e ledricall acti­
vated and turned Qn for a durcrtion of 0.1 se ·ver 3 . ec. 
causing u pulse of compre '"ed air t pas through the ai r 
rylinder and to er ate u pulse load along !he vertical diame ter 
of the test specimen. 

The magnitude of the pulse load is controlled through 
adjustment of !he compressed air. The horizontal deformation 
of the specimen is measured by the two transducers that are 
adjusted to lie on opposite sides of the horizontal diameter 
of the specimen. The magnitude of the load and resultant 
deformation are displayed on a detector on the electronic 
control panel. They can be read easily and recorded. 

The horizontal transducers were moved until they just con­
tacted the properly aligned specimen. The load was applied 
across the vertical diameter of the specimen using two curved 
loading strips of 0.5-in. width and 2-in. radius (same as the 
specimen). The magnitude of the applied load was controlled 
by adjusting the pressure regulato1 fur the compressed air to 
35 and 50 lb . Horizontal deform ations corresponding to each 
of the applied loads were displ ayed on the recorder screen 
and recorded. 

Resilient modulus MR values corresponding to each load 
ma •nitucle and resulting deformation were computed using 
the fol lowing equation: 

/l(µ. ' Oi7J.! J 
MR = __ h_D __ (5) 
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where 

P = compressed air pressure (lb), 
~,'!:TI. 1c.sili~11.t it:1uJuius (µsi), 

h = specimen height (in.), 
D = deformation (in.), and 
µ = Poisson ratio, assumed to be 0.35 at a test temper­

ature of 72°F. 

Marshall Stability Test 

The autographic Marshall testing apparatus was used to con­
duct the Marshall stability tests on the recycled mixtures. The 
recorde r provides a continuous load-deformation plot as a 
specimen is being loaded to failure. Load at failure is the 
specimen stability , while total deformation at failure is its flow 
in units of 0.01 in. 

The Mctr hall stability test was conducted on (A -20)0 (A -
20) 1 (A -20)2 , and (A -20 'Pecimens previously tested by 
the nondestructive pul ·e velocity and re ilicnt modulus te ts. 

CHARACTERISTICS OF COMPACTED 
SPECIMENS 

Pulse Velocity Test 

Pulse Velocity 

T able$ pre ' e1Hs pul e velocity values for different compacted 
mixtures at diffe rent ru;phalt content . T h analy is f varianc 
( N VA) results suggested that the re we re n significa nt 
differe11ces between the pulse velocity values caused by change 
of a ·phaJt content. However, the mean value at 6.5 percen t 
was slightly lower than those values at 5.5 and 6.0 percent. 
Pulse velocity values of compacted recycled mixtures (AC-
20)2 with AE-150 as a recycling agent were ·lightly lower than 
tho e values for a bsolute virgin mix (A -20)0 . Othe r recycled 
mixtures , (A -20) 1 and (A -20) ... did not dem n ·crate sig­
nificant d iffe rence in th e pu l c velocity values compared to 
the (A -20)0 mix. 

Density 

Tabl 9 presents d n ity value · for the different compact d 
pecimen •ll asphalt content of 5.5, 6.0. and 6.5 percent. 

Analy. i of variance indicated no ·ignificanl difference b tween 
density alue a t the three a phalt content . The den ity was 
determined by mca ·uring the pc ime n weight and average 
pecimen h.cight. The limited accuracy fr hi me thod in deter­

mining densi ty could be a factor in the lack of variation in 
density with change in asphalt content. In addition , the three 
asphalt contents (5.5, 6.0, and 6.5 percent) may be at or 
around the nptimum c ntent for max imum den ·it y, explaining 
rhe resulting insignifican t diffe rence . The stali lical ana lysis 
also indicated ti ·ligh t diffe rence between den ity value of 
the virgin and two rec cled mix tures. This difference might 
indicate better compactibilit y of recycled mixtures prepared 
u ·ing A E- JSU and Mobilsol-30 as recyclin agents. 



TABLE 8 PULSE VELOCITY (x 1,000 ft/sec) AT 72°F FOR COMPACTED 
MIXTURES AT DIFFERENT ASPHALT CONTENTS 

Mixture Types 

%A.C. {AC-20) 0 {AC-20)i (AC-20) 2 (AC-20) 3 Mean 

11.14 10.66 11.25 10.69 

5.5% 11. 55 11.24 10.49 10.65 10.99 

11.16 10.99 11.10 11.00 

11.09 10.86 10. 71 11.19 

6.0% 11. 27 11.23 10.63 11.28 11.04 

10.74 11.36 10.87 11.28 

10.84 10.53 10.52 10.90 

6.5% 11. 21 10.79 10.98 10.51 10.80 

11.19 11.11 10.37 10.62 

Mean 11.13 10.97 10. 77 10.90 

TABLE 9 DENSITY (g/cm3) FOR COMPACTED MIXTURES OF DIFFERENT 
ASPHALT CONTENTS 

Mixture Types 

%A.C. (AC-20) 0 (AC-20)i (AC-20) 2 {AC-20):. Mean 

2.33 2.35 2.39 2.40 

5.5% 2.39 2.37 2.39 2.41 2.38 

2.35 2.35 2.39 2.41 

2.37 2.34 2.36 2.40 

&.0% 2.36 2.37 2.39 2.40 2.37 

2.35 2.34 2.37 2.39 

2.36 2.32 2.36 2.40 

6.5% 2.37 2.38 2.38 2.40 2.37 

2.35 2.37 2.37 2.38 

Mean 2.36 2.36 2.38 2.40 

Note : (1) Density values were rounded to two decimal places. 

(2) Statistical Analyses were based on non-rounded data. 
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Modulus of Elasticity 

Table 10 presents the estimated modulus of elasticity values 
for the absolute vin1in mix t11 e fAC-20)., :md !h 0 ~e:::1d::d 

mixtures (A -20)1, (A -20)i. and (A '-20)3 al 5. - , 6.0, an.d 
6. 5 percent binder contenls . The ANOV A uggest tha t the 
modulu, F eta ticity estimation by pulse velocity is neither 
en itive to the binder type nor to th change in asphall con­

tent. N ignificant di fferences were de tected at o. = 0.05. 
However, recycled mixtures, especially those m difi d by AE-
150, provided slightly lower modulus values than those of 
virgin mixtures. In addition mixture containing 6.5 percent 
binder content also provided slightly lower modulus values 
than those containing 5.5 and 6.0 percent. 

Resilient Modulus Test 

The diametral resilient modulus test was conducted on the 
am specimen t ·ted by the nondestructive pulse ve l cit y 

rest. Table 11 pres nts the modulus values corre ponding 10 

5.5, 6.0, and 6.5 perce nt binder content ·mtl the variou 
mixture types. The test was sensitive both to binder content 
and to binder type present in the virgin and recycled mixtures 
(unlike the pulse velocity test) , and igni ficant diffe rences 
were de tected . Aspha lt content of 5.5 percent appears to be 
the optimum conte nt for maximum modulus values. The 
increase in a pha lt content from 5.5 to 6.0 percent resulted 
in a significant decrease in the modulus value . Resilient mod­
ulus values at 6.5 percent a phalt c ntent were also slightly 
lower than those values at 6.0 percent , but ignificantly lower 
than the modulus alues at 5.5 percent. 

Virgin mixture (AC-20)0 showed higher modulus values 
over recycled mixtures , as indicated in Table 11. Virgin mix-
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ture (AC-20)0 provided the highest modulus values, followed 
by recycled mixture with Mobilsol-30 as rejuvenator ; (AC-
20)3; and the recycled mixtures containing A -2. 5 and AE­
lSD, ·wit:1 (A C-20) 1 mtu (AC-20)2, respecciveiy, as moct111ers. 
(AC-20)2 mixtures provided the lowest modulus value . The 
tr nd is identica l to that obta ined for pulse velocity and mod­
ulu of e la ticity e ·ti mated from pulse velocity tests. However, 
the ta tistical significance wa de tected herein , whereas it wa 
not detected from pulse velocity test results . 

Marshall Stability Test 

Specimens tested by the nondestructive pulse velocity and 
resilient modulus tests were loaded to fa ilure by the Marshall 
loading mechanism, after placing them in an oven at 140°F 
for 2 hr. 

Table 12 presents the Marshall stability values for virgin 
and recycled mixtures . Marshall stability values were sen itive 
to binder type in the various mixture as well as the a phalt 
content, and significant diffe rences were detected by A OVA 
re. ult . Virgin mixture (AC-20)0 provided the highest Mar­
sha ll tability values, foll wed by RAP modifi d by Mobil ·o l-
30 RAP modified by AC-2.5 and RAP modified by AE- 150. 
Flow values whkh were almost identicaJ for all mixtures , 
ranged between 11.0 and 14.0 (in 0.01 in .). 

DISCUSSION OF RESULTS 

Some empirical value are presented that can give a gene ral 
idea ab ut the characteristics of asphalt paving mixtures . The 
usual judgm nt of a highway engineer is that for tw asphaltic 
mixtures lrnving Marsball stabilities of 700 and 2 000 lb to be 

TABLE 10 MODULUS OF ELASTICITY ( x 106 psi) AT 72°F FOR COMPACTED 
MIXTURES AT DIFFERENT ASPHALT CONTENTS 

Mixture Types 

'tA.C. (AC-20) 0 (AC-20} 1 (AC-20) 2 (AC-20)3 Mean 

2.421 2.234 2.531 2.302 

5. 5't 2.612 2.505 2.205 2.290 2.408 

2.452 2.375 2.469 2.439 

2.447 2.316 2.274 2.515 

6.0't 2.513 2.502 2.262 2.555 2.423 

2.266 2.!:i32 2.346 2.S4b 

2.326 2.159 2.191 2.387 

6.5't 2.499 2.316 2.404 2.224 2.317 

2.462 2.454 2.133 2.250 

Mean 2.451 2.377 2.313 2.390 



TABLE 11 DIAMETRAL RESILIENT MODULUS ( x 106
) AT 72°F FOR 

COMPACTED MIXTURES AT DIFFERENT ASPHALT CONTENTS 

Mixture Types 

%A.C. (AC-20}o (AC-20), (AC-20}2 (AC-20}3 Mean 

0.755 0.653 0.675 0.671 

5.5% 0.936 0.648 0.706 0.697 0.717 

o. 717 0.659 0.736 0.752 

0.690 0.440 0.466 0.610 

6.0% 0.689 0.510 0.404 0.645 0.590 

o. 738 0.596 0.556 0. 739 

o. 726 0.434 0.353 0.635 

6.5% 0.615 0.594 0.462 0.466 0.543 

0.642 0.593 0.336 0.658 

Mean 0.723 0.570 0.522 0.653 

NOTES: Least significant difference between means, mixture type= 0.07 
* 10' psi. 
Least significant difference between means, %AC= 0.06 * 10 6 psi. 
a= o.os. 

TABLE 12 MARSHALL STABILITY AT 140°F FOR DIFFERENT COMPACTED 
MIXTURES 

Mixture Types 

%A.C. (AC-20} 0 (AC-20}1 (AC-20b (AC-20h Mean 

2450 2050 1850 2150 

5.5% 2500 2150 1900 2350 2138 

2550 1950 1750 2000 

2250 1850 1700 1900 

6.0% 2200 1750 1600 1800 1929 

2300 1950 1750 2100 

2000 1650 1500 1900 

6.5% 1950 1750 1550 1700 1721 

2050 1600 1400 1600 

Mean 2250 1856 1667 1944 

Notes: 

•L.S.D., Mix Type = 91 pounds 
*L.S.D., % AC = 79 pounds 
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u. eel in pavement co nstruc1ion , the first i gene rally <• poor 
mixture and the econd i gene rally a go d mixture. H weve r 
famili arity witb other mechanical prope rty values is n t lh 
sam as to r the bette r-kn own Mar halI s ta bility values. The 
following empirical va lue · the overaJI means of the various 
response variable obtained in this . tud , can give a r ugh 
idea about othe r mechanical prop rly values. Aspba lt mix­
tures with a Marsha ll s tability va lu in the ra nge o f .L 400 
to 2,550 lb and I 930 lb a rage value, ha ro ughly the 
foll owing mpirica l value at a mbient tempera ture (72°F) : 

• Pulse ve locity through compacted specimen is in the range 
10 500 to 11 ,500 ft/se with an averag value of 11 ,000 ft/s c. 
This value for . tructural concre te is roughly l5 000 ft /sec. 
Sonic pul e ve locitie · a re approxima tely J I 00 and 17 ;000 ft/ 
ec in air and steel , respectively. 

•Modulus of el asticity in the range 2.1 to 2.7 x 106 psi 
with an ave rage of 2.4 x 106 psi. 

• Resilient modulus in the range of 340 to 940 ksi with an 
average of 620 ksi . 

The to ta l va riation fro m the mean wa. approximate ly ± 4.5 
pe rcent fo r put ·e measurements, ± 12.5 pe rce nt for modulu. 
of e las ticity c<>rnputa ti ons, ± 30 pe rce nt for Mar hall s ta bilit y 
measurement , and _ 47 pe rceut for re ilieut modulus mea­
surements . That the compacted specimens were identical in 
grada tion and bind r consistency cha racteristics implied that 
the re ilient modulu. test was the mo t sensitive to binder 
type (virgin or recycled) . However , the sensiti ity of the Mar­
·ba ll stability t ·t was a l o good enough to identify mixtures 
with higher strength ( ·ta bility . 

Lower variation in sonic pulse v locity and modulus of 
el asticity values- estimated from pulst: velocity measure­
ment- suggest them as be tter cand ida tes fo r pavement thick­
ne ·s design . Both measurements are close r to the e las tic range 
of b.itumin u materia ls than is the re ili ent modulus and 
the re fo re they may be more appropriate for the application 
of elastic laye red theory solution · for pavement thickness. 

SUMMARY OF RESULTS 

Thre hot-recycled bitumj11ou~ mixture in the c rnpacted tatc 
we re characte rized u ing the pulse velocity , resilient modulu , 
and Mar hall ·ra bility test . The recycled mixtures contained 
binde r with the ame eonsi ·teney as A -20 and th e aggregate 
gradation of N . 12 suiface . The three recyclin a ents used 
in the mixtures were A -2.5, AE-150 and Mobil o l- 0. very 
recycled mixture contained old asphalt , ·a lvage aggrega te, 
virgin aggregate and only one of these recycling agent . A 
virgin mixture containing virgin aggregate and virgin A -20 
was characterized by the ame test fo r compara tive purposes. 
Binder contents in th mixtures were 5.5, 6.0 and 6.5 percent 
by total weight of the mix. Th main finding a r ummarized 
as foilows: 

•Virgin mixture stiffness (resilient modulus) and strength 
values (Mar hall s tability) were in general higher than those 
of recycled mixtures. 

•The stiffnes. and trenglh values f the recycled mixture 
with AE-150 as a rejuvcnaL r we re remarkably low. A ~ -150 
may be a poor choice of rejuvcnator for ho t-mix recycling. 
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• Pulse velocity test parameters were neither sensitive to 
binder content nor to the binder type present in the mix­
h_1 ri:- ~ - This !'e£u!t ~C!!!d be Gtt1ibutcd tu tt~ ~iff1ii~u lty between 
all mixtures in the elastic range caused by rhe high rate of 
application of pulses. 

• Resilient modulus test results were sensitive to both binder 
content and type . The test can be used for the design of asphalt 
mixture (virgin or recycled) and the evaluation of recycling 
agent used . 

•The conventional Marshall stability test was appropriate 
enough to identify binders (virgin or recycled) with potential 
to produce mixtures with higher strength (stability). 

• Low statistical variations obtained from pulse velocity and 
modulus of elasticity measurements may suggest their use for 
pavement thickness design on the basis of layered elastic 
theory solutions. 
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Development of the Pressure Method for 
Determining Maximum Theoretical 
Specific Gravity of Bituminous Paving 
Mixtures 

COLIN A. FRANCO AND K. w AYNE LEE 

The viabi.lity of using an air meter (Type B) for determining the 
maxi mum theoretical specific gravity (MTSG) or a phalr mhrure 
wa evaluated. The air meter normally has been used for deter­
mining the percentage fair in fr h portland cement concret . 
A eries of experiments were performed using this new method 
(herein called the "pressure method") and the current standard 
(Rice) method .. The primary experimen t involved ' determining 
MTSG by two method. on 1011. phalt mixtures with varying a phalt 
contents. There was good correlation and no significant difference 
in the performance or precision between the two methods. There 
was Ii tile difference i11 obtaining the optimum asphalt content by 
the two methods. The result of the additional experiments ' ith 
aggregates from threu different source indicated no ditference 
in precision between methods or operntors. uggestions were 
made for modifying and improving the air merer for pres ·u.re 
method testing to add versatility in the option for determining 
the MT G of asphalt mixtures (and other materia l of a p rou 
or water-absorbent nature) . 

T he maximum theoretica l ·pecific gravity (MT G) of asplrnlt 
co.ncre te (A ) i the specific gravity a t which zero air void 
are pre ent in the mixLUre (J ,2) . MTSG is one of the most 
important properties of an aspha lt mixture· n t on ly doe it 
provide an uppe r limit for the pos ibl.e compacti n in the field 
but it cl termination is a l o critica l in later computing the 
voids in the compacted a phalt pavement ( 4). MT G i!l also 
used in the computa tion of voids filled with asphalt (VFA) 
which i a mea ure of asphalt cement coating on the min ral 
aggregate. The e two parameters play important role in 
dete rmining e ngineering properties of asphalt mixtures and 
in eva lua ting J' tential for pavement di tress modes uch as 
rav ling filloving rutting flushing, and cracking. 

In a ddition the Marshall method f a phalt mix desigu 
requires that the optimum asphalt content (OA ) be found 
using Lhe voids criteria, among other which require th 
determination of the MTSG. 

Proper and precise determin ation oft he MTSG i' important 
in the asphalt mix design procedure and in eva luating perfor· 
mance of asphalt pavement , which make up approximately 
70 percent of the nation ' highway y tern. 

The current experimental me thod i the Rice method 
(AASBTO T-209 and ASTM 0 204 L-7 ), which uses a vol-

C. A. Franco, Materials ect ion. Division of Public Works, Rhode 
lsla.nd Depiirtmcnt ofTransportalion, Providence R .1. 02903. K. W. 
L~e, Department or Civi.I Engineering, Univer ity of RJ1ode Island , 
Kmgston, R .I. 02881. 

umetric fla k vacuum apparatus, and \ ater (see Figure 1). 
The Rice method is primarily a di placement method in which 
a known mass of prepared a phalt mixture i introduced into 
an empty fl ask of kn wn volume which is rhen filled with 
water. Air entrapped within the asphalt and water mixture in 
the fla k i expelled by a vacuum. The MT G i then calcu­
lated by computing the displaced volume of water. All of the 
a ir i not expelled during the application of the vacuum, po • 
sibly because of the affi nity of air for the asphallic compounds 
in the mixture. The new method does n t have thi. problem, 
because the entrapped air is accou nted for in the computalion. 

The new method , he re in called the " pressure method .' 
make use of the Type Bair meter (AASHTO T-152- 2 and 
ASTM C2Jl-80), which works on the principle of Boyle's law 
i.e. the operational principle of this meter consist of eq ual­
izing a known volume of air at a known pre ·sure in a ealed 
air chamber with an unknown volume of air in Lhe ample of 
asphalt mixture and water. Tbe di al on the pre. sure gauge i · 
calibra ted in term of percent f a ir fo r the ob erved pres ure 
at which equalizat ion take · plac (see igure 2). 

In the pre ure method a weighed sampl of prepared 
a phalt mixture is introduced into the bowl of the air met r , 
and the meter is fiUed to capacit y with water. o attempt i 
made to remove any e ntrapped air. The filled air meter is 
weighed and the weight of water obtained. The air content 
of the meter i then determined in accordance with the me t11od 
in AASHTO T-152. Back calcu lations are performed and th 
volume of the sample of asphalt mixture is fou nd . The MTSG 
is then the weight in grams of the sampl divided by its volume 
in cubic centimeters. 

The objectives of this study were 

1. Evaluation of the viability of the pressure method to 
detennine MTSG (Experiment 1), 

2. Confirmation of the viability of the method using various 
types of aggregates from three different sources (Experiment 
2), and 

3. Verification of the precision and repeatability of the 
pressure method (Experiments 3A and 3B). 

EXPERIMENT AL PROGRAMS 

Experimental programs included the sampling and processing 
of the aggregates (both coarse and fine), producing the asphalt 
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FIGURE 1 Schematic diagram of the experimental setup for the Rice method. 
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FIGURE 2 A cross section of an air meter indicating main components. 
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mixtures, fabrication of Marshall core specimens when required, 
testing of specimens, comparative analysis of the methods 
used, and drawing conclusions. 

Materials 

For Experiment I, aggregate were ob1ained from one up­
plier and sieved into individual izes in suffici nt quantity to 
produce enough material for LO ets of core . For "xpcriment 
2, aggregates were obta ined from lhree different ·upplicr 
and ·ieved into individual sizes in sufficienr quantity to 
produce enough material for 4 sets of cores. 

Mineral Aggregates 

Coar e aggr gates from 1hrce local supplier · were u ed. Two 
o.f the aggregate source were of fine-~rained, trap r ck with 
low absorption characteri tic . The other omce was a crushed 
gravel which als had low absorption characteristics (see Table 
1) . The aggregates were sieved into their individual sizes. Th 
fine aggregates consisted f cru hed- t ne Md natural . and ; 
their characteristics are presented in Table 2. The aggregates 
were sieved into individual-sized fractions as presented in 
Column C of Table 3. Both crushed and fine aggregates were 
blended to have the gradation of Rhode Island Class I-1 
standard-surface course mix with a maximum size of % in. 

Asphalt Cement 

AC-20 from a single source was used; it was obtained in a 
number of quart-sized containers. 

Plant Asphalt Hot-Mix 

In conducting Experiment 3, a production mix from one of 
the three suppliers, consisting of the same class of asphalt 
mixture, i.e., Class 1-1 surface course, was used. 

TABLE 1 PHYSICAL PROPERTIES OF COARSE AGGREGATE 

I I I I 

Aggregate J Apparent Absorption I Unit weight I Bulk I 
Supplier I Specific (percent) (lbs./ I Specific! 

I Gravity cu. ft.) I Gravity 

------------!----------- --~--------- 1 -------------1---------- 1 

Gammino 
Inc. 

Forte 
Bros. 

Cardi 
Corp. 

I 2.757 1.10 I 102.90 ! 
I I I 

I 
2.789 0.97 I 100.73 I 

I I 

2.674 

2.715 

I I I I 2.668 1.16 I 94.80 II 

I I 
2.588 

I I I 

TABLE 2 PHYSICAL PROPERTIES OF FINE AGGREGATE 

Aggregate I Apparent I Absorption 1 Unit Wt. I Bulk '1 

Supplier I Spec~fic I (percent) I (lbs./ I Specific 

,---------- 1-::~~==:--1------------ 1-=~: -~::~-1 ------------! 
I I I I I I Gammino 2.738 J 1.10 117.14 I 2.659 I 
I Inc. I I I I 

Forte 
Bros. 

Cardi 
Corp. 

I I I I 
I 2.777 I o.45 119.10 I 2.750 I 
I I I l 
I I I I 
I 2.668 II 0.71 121.9 I 2.618 I 
I I I 
I I I I 
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TABLE 3 GRADATION OF RHODE ISLAND CLASS I-1 MIX FOR SURFACE 
COURSE 

: (A) I (B) I (C) ! (0) I 

• Sieve I Percent I Aggregate 'j Percent of I 
I Opening 1 Passing I Size Individual Size

1 1---------- -----------------------------------------------! 
I 3/4 11 100.0 I 3/4" - 1/2 11 10.0 I 

I 1/2" 90.0 I 1/2 11 
- 3/8" 10.0 I 

I 3/8 11 80.0 I 3/8" - #4 20.0 I 

I :: :::: ! :: ~ ::0 :::: I 
l #30 23.5 ! #30 - #50 5 . 5 I 

I #50 18.0 I #50 - #100 6 . 0 I 
l uoo 12. o I uoo - #200 6. 5 I 
I #200 5.5 I passing #200 5.5 I 
I I I 

Testing Programs 

Experiment 1 

Asphalt cores were made by combining the coarse and fine 
aggregate together with the AC. In 10 different sets of four 
cores each, the asphalt content val ues were. 4.0, 4.3, 4.6, 4.9, 
5.2, 5.5 , 5.8, 6. L, 6.4. and 6.7 percent. The bulk specific 
·gravity was determi ned for each et of core according to 
Method B of AASHTO T-166. T he core were then tested 
for stability and flow according to Sections 4 and 5 of AASHTO 
T-245. 

Preparation of Samples. T he four cores of the set were 
heated in an oven at 105°C to remove traces of moisture and 
to separate the particle of the sample · de cribed in the 
Rice method procedures. The separated sample was then plit 
into two portions, wi th tile:: port ion for the Rice method 
weighing approximately 1,500 to 1,600 g. 

Rice Method. T he MTSG wa determined according t 

the Rice method procedure (AASHTO T-209 Section 6.7 
Flask Determination). This ample portion wa · then retained 
air-dried , and rerun to obtain a econd re. ult . T he av rag 
f two results was taken for ana ly i and comparison. 

Pressure Method. The MTSG was determined for the sec-
ond portion of samples according to the following procedures: 

1. The air meter to be used was cleaned, calibrated, 
and weighed. The initial air line was determined before 
commencement of the experiment. 

2. The volume of the air meter was ascertained by fil ling 
the bowl with distilled water and introducing additional water 

into the petcocks until overflow occurred. The temperature 
of the water was noted, as well as the weight of the air meter 
filled with water. From the differences in weight, the amount 
of water required to fill the meter was determined. Then , 
using the temperature correction factor for the water, the 
volume of the air meter was calculated to the nearest 0.1 mL. 
The water was then discarded, and the meter was dried 
completely . 

3. The sample was weighed accurately in the dry bowl of 
the meter to the nearest 0.1 g. 

4. Distilled water was introduced to the bowl with the 
sample, and the bowl was agitated by tapping on the sides to 
expel large air bubbles. 

5. The top of the meter was then placed securely to the 
bowl, and additional water was inserted through the petcocks 
until overflow occurred. 

6. The pump was primed until the needle rested on the 
initial pressure line. 

7. The petcocks were closed, and the meter was wiped dry 
so as not to leave any overflow water on the outside. 

8. The air meter, water, and sample were then weighed 
to the nearest 0.1 g. 

9. The air valve was opened to equalize the pressure between 
the chambers , and the percentage of air was read on the dial 
(AASHTO T-152, Section 7.3). 

10. This procedure was repeated twice to obtain two more 
air percentage readings. 

11. The pressure was then released, and the temperature 
of the water in the meter was recorded. 

12. The sample was saved, air-dried, and retained to obtain 
the second set of air percentage readings. 

13. The MTSG was calculated with temperature correction . 
The reported MTSG was then the average of the three results. 
A form for determination of specific gravity by the pressure 
method is shown in Figure 3. 
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Air Meter I: ______ _ Date: ____ _ 

Balance I: Name of Tester: ___ _ 

Sample I & I.D.: ____ _ Sampled By: _____ _ 

Test Procedure 

1) Wt. of Air Meter (dry) 
2) Wt. of Air Meter & Asphalt Sample 
2b) (zero or tare the balance) 

____ gms. 
____ gms. 

2c) (fill meter with water) 
3) wt. of water in Meter 
4) Temp. of Water 
4b) (correction factor F) 

5) Air Reading (percent) 

Run 1 Run 2 Run 3 

6) Wt. of Air Meter & Water (full) ____ gms. 

Calculat ions 

7) Vol. of Air Meter 
[ ( 6 ) - ( 1 ) J / ( 4b ) 

8) Vol. of Water in Air Meter 
(3)/(4b) 

9) Vol. of Air 
(5)X(7)/11Hl% 

10) Wt. of Asphalt Mix 
(2)-(1) 

11) Vol. of Asphalt 
(7)-(8)-(9) 

12) Specific Gravity 

[ C 10 l I c 11 l J / C 4b l 

Run 1 Run 2 Run 3 

-'----'----__,, ___ __.. ml 

-'----'----__,, ___ __._ gm 

-'-- - -'---_ __,, ___ ....... ml 

Maximum Specific Gravity of Mix (Avg. of Runs) = 

FIGURE 3 A form for the determination of specific gravity by the pressure 
method. 

Experiment 2 

Aggregate materials from three different uppliers were 
obtained and proces ed. Asphalt mix designs for the tandard 
RI Class 1-J mix were made for each of the materials , u i.ng 
the Marshall method. Four sets of four cores were made for 
each mix de ign at asphalt contents of 5.0 5.5, 6.0, and 6.5 
percent. The average bulk specific gravity for each et was 
determined . The cores were then tested (AASE-JTO T-245) 
and each set of cores was dried and prepared (AASHTO T-
209). The tests were performed by both the Rice and pressure 
methods and repeated after the samples were thoroughly 
air-dried. 

The mix de ign results were plotted for each of the three 
different mixes, and a voids analysi was carried out using 
the MTSG obtained by the Rice and pressure methods. 
Comparative analysis of results determined the following: 

• Confirmation of viability of the pressure method and results 
obtained in Experiment 1, and 

•Any significant impact on the mix design (i.e., whether 
the OAC values were more or less the same). 

Experiment 3 

Experiment 3A. A standard RI la s 1- l production mix 
ample was obtained weighing approximately 100 kg and pre­

pared as previously (J). This production sample wa then 
ubdivided into 17 lots u ing a sample plitrer. Each lot was 

further divided to provide two test samples, of approximately 
1,500 to 1,600 g for the Rice method and of approximately 
3,400 to 3,500 g for the pressure method. 

The sample for this series of 17 dual tests were run only 
once with the following stipulations: 

• The tests were run on two different sets of apparatuses 
for both methods, 

• Two operators were interchanged midway during the test 
programs, and 
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• The two methods were run simultaneously on the same 
day and within 1 hr of each other. 

Experiment 38. Two out of 17 subsamples were tested 
repeatedly (eight times) following the same test procedures 
as described previously, except that the operators were not 
interchanged; each test method had a unique operator. 

RESULTS 

Experiment 1 

The results of Experiment 1 are presented in Table 4, and 
further analysis was carried out, as follows: 

• Statistical Comparison. A statistical comparison of the 
results obtained by the two methods indicated that there was 
no significant difference in performance between the Rice and 
pressure methods. Figure 4 shows a comparison of MTSG 
results from these methods. 

• Precision. The analysis did not detect a difference in 
precision between the two methods. 

• Sensitivity. The Rice method was more sensitive to the 
change in asphalt content becau. c a the a pha lt on tent 
increased, th.e MT. G of the mix decreased at a relatively 
un iform rate. For the pres ·ure method , the MT G did n l 
always decrease at a uniform rate with increase of asphalt 
content (see Figure 5). 

•Marshall Mix Design. The difference in the OAC values 
determined by the air void obtained by the Rice and pressure 
method. was about 0.1 percent. 
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Experiment 2 

T;:ihlP. ';; pres~!!!S !hr~e supp!!e!"s cf ~ggr,...gatc:;, usµha!t conte:11t 
of each of the mixes, calculated MTSG, two Rice method 
results, two pressure method remits, and the average of results. 
Further analysis was performed as follows: 

• Average Values. The average values of the MTSG obtained 
by the Rice and pres ure method were within 0.08 percent 
of each other. The cal.cu lated average value for the MTSG 
was 0.8 percent lower than for the other methods. Table 6 
presents the voids analysi for the mix design by calculation, 
Rice, and pressure methods. 

• Standard Deviations. The standard deviation for the cal­
culated MTSG was lower than that for the Rice and pressure 
methods. The standard dev.ialio.n. for the Ri.cc and pressure 
methods were of the ame magnitude. 

• Performance. No difference in performance was detected 
from individual Rice method runs, individual pressure method 
runs, or runs between two methods (see Table 7). 

• Correlation. There was good correlation between the three 
methods (see Table 7). 

•Mix Design. Figur 6 show a typical Marshall properties 
plot for one of the three different mixes used to determine 
OAC values. The OAC value determined by the three 
methods did not vary by more than 0.1 percent. 

Experiment 3A 

Tables 8 and 9 present the subsamples, operators, apparatus, 
and MTSG obtained by the Rice and pressure methods, 

TABLE 4 MTSG OF BITUMINOUS MATERIALS-RESULTS OF RICE 
AND PRESSURE METHODS FOR EXPERIMENT 1 

a) Results of Rice Method 

I Day l AC i-----------~~==-~=th~~--------- -------~--1 
1-----t-~~:-1-~~~~--t--~~~:---t--~~~:-----t-~~'------~ 1 
II 1 I 4. u I 2. 553 I 2. 552 I 2 . 553 I 0. 001 I 

2 I 4.3 I 2. 574 I 2.510 I 2.512 I 0.004 I 

I 3 I 4. 6 I 2. 561 2. 559 1' 2 . 560 I 0. 002 I 
I 

4 I 4.9 II 2.545 2.542 2.544 l 0.003 I 
I 5 I 5.2 2 .542 2.539 I 2.541 1' 0.003 I 

I 
I I I _ I 

6 I 5.5 I 2 .521 2.522 I 2.522 I 0.001 I 

7 I 5. a I 2. 519 2. 519 2. 519 o. ooo I 
I 8 I 6.1 I 2.504 2.505 II 2 . 505 1-0.001 I 
I
I 9 I 6.4 I 2.494 2.495 2.495 1-0.001 I 

I I I I I I lo I 6.1 I 2.493 2 .491 I 2.492 I 0.002 I 
I I I I I I 

Note: d 1_2 = Result of Run 1 - Result of Run 2 
(continued on next page) 



TABLE 4 (continued) 

b) Results of the Pressure Method 

•1 'I Pressure Method I 
AC ---------- - ------------- -----------~---

I _::~~l-~:~ __ l_:::~ __ l_:::: ____ l_~::~ ____ l __ :~:------~ ' 
I I I I I I I 
I 1 I 4 . 0 I 2. 565 ! 2. 563 ! 2. 564 I 0. 002 l 
I 2 I 4 : 3 l 2.566 I 2.567 I 2.567 1-0.001 I 
I I I I I I I 3 I 4.6 I 2.549 I 2.548 I 2.549 I 0.001 I 

I 4 I 4.9 I 2.555 l 2.552 l 2.554 I o.003 '! 

I 5 I 5.2 II 2.525 1 2.524 '1 2.525 l 0.001 

I 6 I 5.5 I 2.520 I 2.530 I 2.525 l-0.010 I 
I 7 I 5.8 I 2.528 I 2.528 l 2.528 I o.ooo I 
I 8 I 6.1 l 2.517 l 2.510 I 2.514 I 0.007 l 
I 9 l 6. 4 

1 
2. 502 l 2. 503 j 2. 503 j-o. 001 I 

I 
I I I I I I 10 I 6.7 I 2.494 I 2.493 I 2.494 I 0.001 I 
I I I I I 

Note: d 1_2 = Result of Run 1 - Result of Run 2 

Maximum Specific Gravity 
2.5 .--~~~~~~~~~~~~~~~~~~~~~~~~~~~---, 

2.58 

2.56 
+ 

2.54 

2.52 

2.5 

2.48 

0 

Legend 

--+ Rice 

--O Pressure 

2.46 ~~~~~~~~~~~-~~~~~~~~~-~~~..___. 

3.8 4.3 4.8 5.3 5.8 6.3 6.8 
Percent Asphalt 

FIGURE 4 Maximum specific gravity versus asphalt content for Experiment 1. 
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l<'IGURE 5 Total air voids versus asphalt content using the three different methods for 
Experiment 1. 

TABLE 5 TESTING RESULTS OF RICE AND PRESSURE METHODS FOR 
EXPERIMENT 2 

a) Results of Rice Method 

I I I I Cale. I Rice I 

!supplier I AC I I !---------------------- ---------' 
I ! ( % ) l I 1 FL I Rl I R2 I Avg. R I 
1-:::::---1- :~:1:-:~ :~:-1-::-1- :~:::--:~:::-,---: ~:::---! 
I I 5.51 1 2.452 I I I 2.450 2.434 I 2.442 I 
1 1 

6.0
11 

2.434 I II 
1 

2 . 421 2.421 2.421 
1 I I 6.5 ! I 2.417 I ! 2.419 2.419 I 2.419 I 

I Forte I 5 o ! I 2.567 I II 2.572 2.562 I 2.567 I 
I I . I I I 

I 
5.5 ,, 2.547 I I 2.547 2.542 I 2.545 I 

I 6.0 11 2.527 II I 2 . 525 2.551 I 2.538 I 

I 
6.5 ,, 2 . 508 I I 2.527 2.531 I 2.529 I 

I II I I I I Garnrnino 

1 

5.0l I 2.532 I II I 2.591 2.592 I 2.592 I 
5.5 ,, 2.513 I I I 2 . 583 2.575 I 2.579 I 

I 6.0 ,, 2.494 I II 2.562 2.570 I 2.566 I 
I 6.5 , 2.475 I I 2.553 2.544 I 2 . 549 I 

----:------- - -11-:~:::-r----1-:~::: r-: ~:::-r---:~:::-- -i 
s ! I o.0462 ! , o.0645 1 0 .0662! 0.0651 ! 

Notes: FL Flask number. Rl 
R2 =Results of Run 2. 

Results of Run 1. 

(continued on next page) 
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TABLE 5 (continued) 

b) Results of Pressure Method 

1 1 I Cale. 1 -----~Pwr~. e~s~s=u~r~e=---------t-l Supplier I(~~ I I FL Pl. I P2 i I Avg. P 

I l 
1
1 I I ii 

11
cardi 

5
5 .. 0

5 
2.470 

1 

III 2.452
1 

2.452
11 2.452 2.4411 2.4211 1 

2.460 
2.431 
2.416 
2.410 

I 6.0 2.434 I II 2.4231 2.409'1 
I 6.5 2.417 I I 2.415 1 2.4041 

!Forte 5.0 2.567 

1

1 III 2.578! 2.566! I 
I 5. 5 2. 541 2. 591

1 
2. 569 I I 

I

I 6.0 2.52"/ I II 2.5441 2.52211 

2.572 
2.580 
2.533 
2.520 6.5 2.508 I I 2.5281 2.511 1 1 

IGammino 5.0 2.532 I II 2.5251 2.6011 
I 5.5 2.513 I I 2.5761 2.5701 1 

2.563 
2.573 
2.576 
2.533 

I 6.0 2.494 I II 2.6031 2.548 I 
I 6.5 2.475 I I 2.5361 2.53011 
1~~~-+-~-4-~~~1~--1-~~~1~~-+-l-·~~~~-

I I I n 12 I I 12 12 I I 
I I 11 

12 

2.495 I I 2.518 1 2.510 ' I 
0 .04 62 1 lo.0678!0. 068 6! I 

x 

s 

2.514 

0.0664 

Notes: FL = Flask number. Pl 
P2 =Results of Run 2. 

Results of Run 1. 

TABLE 6 MIX DESIGN VOIDS ANALYSIS FOR EXPERIMENT 2 

1

1Spec. 
Set 

!No. * 

I 
Al 
A2 
A3 

I A4 
I Bl 
I B2 
I B3 
I B4 
I Cl 

I 
C2 
C3 

I C 

Al 
I A2 
I A3 

A4 

I ~; 
I B3 

B4 jg 
I 

C3 
C4 

Asphalt 
Content 

% 
5.0 
5.5 
6.0 
6.5 
5.0 
5.5 
6.0 
6.5 
5.0 
5.5 
6.0 
6.5 

Bulk 1--T=h,.,_e=o=r"-'e=-t=i=· c=a"-'l._.S~p""e""c,_, • ......,,G~r=a'-"v-=i=t"-"y __ _ 
S.G. I Cale. Rice Pressure 

Method Method Method 
2.371 2.471 2.442 2.460 
2.382 1 2.453 2.442 2.431 
2.382 2.436 2.421 2.417 
2.3821 2.418 2.419 2 .4 10 
2.483 1 2.570 2.567 2.572 
2.476 2.550 2.545 2.572 
2.486 2.531 2.538 2 . 533 
2 .4 87 2 . 1 2.52 2.520 
2.4601 2.534 2.592 2 . 563 
2.486 2.515 2.579 2.573 
2.493 2.496 2.566 2.576 
2.50D 2.472 2.549 2.533 

Asphalt Bulk 1 --~T~o~t=a~l_V~o=i~·d~s,,_,i~n_,__..M~i~x.._ _ _ ___ _ 
Content S. G. I Cale. Rice Pressure 

5.0 
5.5 
6.0 
6.5 
5.0 
5.5 
6.0 
6.5 
5.0 
5.5 
6.0 
6.5 

2.371 1 
2.382 1 
2.3821 
2.3821 
2.4831 
2.476 1 
2.4861 
2.4871 
2.4601 
2 . 486 1 
2.493 1 
2.500 

Method Met od Method 
4.05 2.91 3.62 
2.89 2.46 2.02 
2.22 1.61 1.45 
1 .4 9 1 .53 1.16 
3.38 3.27 3.46 
2.90 2.71 4.03 
1.78 2.05 1.86 
0. 96 l. 67 1. 31 
2.92 5.09 4.02 
1.15 3.61 3.38 
0.12 2.84 3.22 

-0.93 1 .9 2 1.30 

* A - Cardi, B - Forte, c - Gammino 

Note: Cardi, Forte, and Tilcon Gammino were the three 
aggregate suppliers used in this study. 
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TABLE 7 COMPUTATIONS FOR PERFORMANCE ANALYSIS FOR 
EXPERIMENT 2 

1supplier AC I Rl-R2 I Pl-P2 R-P l R-C l P-C l 
jcardi 5.o l 0.0060 j -0.0150 l -o.0115 j -o.028o j -o.0105 j 
I 5.5

1 
0 . 0160 I 0.0200 I 0.0110

1
-0.0100

1
-0.0210

1 

I 6.o
1 

0 . 0000 j 0.0140 I 0.0050
1
-0.0130

1
-0.0180 

I 6.5 1 0.0000 0.0110 I 0.0095 1 0.00201-0.0075 

IForte 5.01 0 . 0100 I 0.0120 
1
-o.0050 ! 0 . 0000 1 0.0050

1

1 
I 5.5

1 
0.0050 I 0.0220 

1
-0.0355

1
-0.0025

1 
o.o33o 

I 6.0 ,-0.0260 I 0.0220 I 0.0050
1 

0.0110

1 

0.0060

1 

I 6.5 - 0 . 0040 I 0.0170 I 0.0095 1 0.0210 0.0115 

IGammino 5.0 1-0.0010 I - 0.0760 1-0.02851 0.05951 0.03101 
I 5.5 , 0 . 0080 I 0.0060 I 0.0060 1 0.0660 1 0.0600 1 
I 6.o -0 . 0080 I 0.0550 -0.0095 0.0120

1 
0.0815

1 l 6.5
1 

0 . 0090 I 0.0060 I 0.0155

1 

o.0135 I o.os8o 

I n I 12 I 12 I 12 I 12 I 12 

I
I ,I 0 . 0013 ' 0 . 0078 ! 0.0019 1 0.0210 0.0191! 

Xd I I I I 

I

I 
1
1 

1
1 

1
, 

1
1 

1
1 

1
1 

1
1 

1
1 

1
1 

,
1 

I sd ,

1 

0 . 0109 
11 

0.0309 
11 

0.0161
11 

0 . 0367 0 . 0336
11 

I u I 0 . 0069 l 0.0196 I 0.0106 1 0 . 0233 0.02131 

I 
r;>ifference I I II I I 
in I I 

1 rerformanc~ No I No I No I No No I 
I I I I I I ,---------------------------------------------------------1 

Note: R indicates results of Rice Method 
P indicates results of Pressure Method 
c indicates results of Calculation Method 

If :xd/<u, a difference in performance is not indicated. 

respectively. The statistical analysis of the results is presented 
in Tables 10 and 11. 

• Precision. T he statistical analysis did not detect any dif­
ference in the precision between the two n1 thods or between 
the four sets of tests, i.e., 2R, 13R, 2A, and 13A (see Table 
14 and the Appendix). •Average Value . The difference in the average MTSG 

values between the two methods was 0.14 percent. 
• Standard Deviation. The standard deviation of the MTSG 

for the pressure method was greater than that for the Rice 
method. 

• Performance. No significant difference in performance 
between the two methods (see Table 10) was discernable. 

• Precision. The analysis detected a difference in precision 
between the two methods. Though the Rice method was more 
precise , the difference was not significant (see Table 11) . 

Experiment 3B 

Tables 12 and 13 present results of the single-operator pre­
cision study for better methods. Further analysis was carried 
out as follows: 

•Average Values. The differences in average MTSG 
values for samples 2R and 13R were 0.21 and 0.25 percent, 
respectively . 

• Standard Deviation . The standard deviation for the 
pressure method was greater than for the Rice method. 

DISCUSSION OF RESULTS 

Comparison for the Time and Performance 

The Rice method is simple, but needs a laboratory setup 
primarily because of the necessity of a vacuum . Relatively 
easy to perform, the Rice method requires a moderate amount 
of technique to obtain good consistency. It has a 15-min actual 
run time for the expulsion of air from the· flask and requires 
an additional 5 to 10 min to prepare the weighing of the sample 
and water in the flask. Shoulci the method need to be repeated, 
20 to 25 min would be added. Generally , one run of the test 
after sample preparation takes between 25 and 30 min. 

The pressure method requires the use of a calibrated air 
meter and balance accurate to 0.1 g. This method does not 
require a laboratory setup and could be easily used in the 
fie ld, mak ing it a versatile method for comp·uting the MT G 
of an asphalt mix. I t is r latively ea y to perform and doe. 
not require much skill , except that care should be taken to 
ensure that the weights and temperatures are recorded 
accurately. 
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FIGURE 6 A typical Marshall mix design plot for the Cardi mix for 
Experiment 2. 

TABLE 8 OVERALL PRECISION ANALYSIS FOR THE RICE 
METHOD FOR EXPERIMENT 3A 

Sample l Operator I Date I Flask l Spec~f ic j 
1 1 1 Gravity I 

--- ~----~--~-----~~~=;~:;;~----~~------;~~~;---1 
2 110-31-88 1 r 2.481 I 
•3 110-31-88 II 2.485 I 
4 10-31-881 I 2. 493 I 
5 111-01-00 I II 2. 506 I 
6 ! 11-01-00 1 r 2.482 I 
7 111-01-88 1 II 2.472 I 
8 11-02-88 I 2.492 
9 111-04-88 II 2.488 I 

10 111-04-881 I 2. 496 I 
11 2 111-07-881 II 2. 482 I 
12 1. 11-07-881 I 2.479 I 
13 11-09-88 I 2.389* 
14 l 11-09-881 II 2. 499 I 
15 11-09-88 I I 2. 489 
16 11-10-881 II 2 . 491 I 

1 11-10-00 I I 2. 505 ! 
Note: Samples with 6% asphalt content from Forte 

(supplier) were divided into 17 subsamples. 

Note: Sample No. 13 is an outlier- Therefore sample 
No. 13 was not included in computation. 



TABLE 9 OVERALL PRECISION ANALYSIS FOR THE PRESSURE METHOD FOR 
EXPERIMENT 3A 

jsam­
le 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

/oper- 1 

'ator Date 
2 

1 

10-31-88 
10-31-88 11 

110-31-88 
I 11-01-88 I 
j 11-01-88 I 
11-01-88 1 

1
11-02-88 I 
11-02-8s j 

111-04-88 
111-04-88 1 
11-09-88 1 

111-09-88 1 
'11-09-88 1 
I 11-10-88 I 
I 11-10-88 j 
111-10-88 
I 11-14- 881 I I 

Meter 
F947 
F947 
F947 
F947 
F947 
F947 
F947 
F947 
0676 
0676 
0676 
0676 
0676 
0676 
0676 
0676 
0676 

~~~~~ Readinqs 
1 

2.491 
2.449 
2.476 
2.493 
2.509 
2.484 
2 . 481 
2.462 
2.487 
2.520 
2.490 
2.510 
2.494 
2.504 
2.481 
2.487 
2 .4 91 

2 I 

2.486 
2.446 
2.475 
2.492 
2.481 
2.482 
2.478 
2.464 
2.489 
2.504 
2.486 
2.500 
2 . 488 
2.505 
2.476 
2.483 
2 .488 

3 
2.486 
2.450 
2 .477 
2.485 
2.508 
2.486 
2.475 
2.463 
2.488 
2.505 
2.485 
2 .511 
2.487 
2.502 
2.480 
2.483 
2.488 

1Avera el 
2.488 
2.448 
2.476 
2.490 
2.499 
2.484 
2.478 
2.463 
2.488 
2.510 
2.487 
2.507 
2.490* 
2.504 
2.479 
2.484 
2 . 489 

Notes: Samples were 6 percent asphalt content from Forte 
supplies and were divided into 17 subsamples. 
Sample No. 13 is an outlier. Therefore sample No. 13 was not 
included in computation. 

TABLE 10 COMPUTATIONS FOR PERFORMANCE ANALYSIS 
FOR EXPERIMENT 3A 

' Sam- 1 Rice 
lple I 

n I 
I 

x I 
I 

s I 
I 

u I 
I 

2.492 
2.481 
2.485 
2.493 
2.506 
2.482 
2 .472 
2.492 
2 . 488 
2.496 
2.482 
2.479 
2.389* 
2.499 
2.489 
2.491 
2 . 505 

16 

2.490 

0.00930 

Pressure 

2.488 
2.448 
2.476 
2.490 
2.499 
2.484 
2.478 
2.463 
2.488 
2.510 
2.487 
2.507 
2.490* 
2.504 
2.479 
2.484 
2.489 

16 

2.486 

0.0158 

-0.004 
-0.033 
-0.009 
-0 . 003 
-0.007 

0.002 
0.006 

-0.029 
0.000 
0.014 
0.005 
0.028 

0.005 
-0.010 
-0.007 
- 0. 016 

16 

-0.003625 

0.01494 

0.007959 

xd/<u . Therefore, the pressure method does not differ 
from the Rice Method in performance. 

Note 1: Forte sample with 6% binder was divided into 
17 subsamples. 

Note 2: Sample no. 13 is an outlier. Therefore, 
sample no. 13 was not included in computation. 
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The size and weight of the air meter with sample plus water 
(approximately 17 to 18 kg) could be a problem to an perator 
of slight build . The acwal run time i. approx imately 5 to 7 
min , including securi ng the top of the meter ro the bowl, 
fi ll ing up the petcock with water, wiping the meter dry, pump­
ing up the chamber and setting the needle to the initial pre ·­
sure line tak ing a reading weighing the meter wi th the ample 

TABLE 11 STATISTICAL ANALYSIS RESULTS FOR 
OVERALL PRECISION FOR EXPERIMENT 3A 

I Rice I Pre ssure I 

I I I 
I I I 

x I 2 . 49 0 I 2.4 8 6 I 
I I I 
I I I 

s I 0.00930 I 0.0158 I 
I I I I 

sz ,1 I I 

I 8.64EE-5i 2. 49EE-41 

F-Test for comparison of variances, a = 0.05 

F 2.49EE-4 
8.64EE-5 

Fa12 ,15 ,15 2.86 

2.884 

F > F0.025 15 ,15 . Therefore, the F-Test has 
detected' a dif f e r ence in preci s i on. Pressure 
Method is less precise than the Rice Method. 
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and water, and noting the temperature of the water. The 
repeated runs take approximately 4 to 5 min each, and 1he 
who! experiment can be accomplished in 15 to 20 min. 
Although this method is faster, it also reduces the potential 
for procedural error, because no agita tion of the meter is 
required. (With the Rice method, the flask has to be agitated 
for 2 min every 15 ± 2 min). 

The air meter should be accurately calibrated before begin­
ni ng the experiment; otherwise, the resul ts will be erroneous. 
For this project the calibration was performed bef re the 
start of each series of experiments. The pressure method 
apparatus also is capable of rough handling because there are 
no delicate components. Hence, it is suitable for field use. 

Interpretation of Results 

• Performance. The average values of the MTSG obtained 
by the two methods were in close agreement, inferring that 
implementation of the pressure method would be a viable 
alternative . Confirmed by the statistical analysis, there is no 
significant difference in performance between the two 
methods. 

• Precision. The results and analysis also show that there 
was no significant difference in precision between the Rice 
method and the pressure method. 

• Sensitivity. Experiment 1 indicated that the Rice method 
was more sensitive to change in asphalt content than the 
pressure method; the Rice method results were also more 
consistent than those of the pressure method. 

TABLE 12 SINGLE OPERATOR PRECISION ANALYSIS FOR THE RICE 
METHOD FOR EXPERIMENT 3B 

1oper- I 
ato r I 

2 I 
I 
I 
I 
I 
I 
I 

Sam- ' I I 

p le I Date IFla s k l 

2R 11-10-881 I I 
2R !11-15-881 I I 
2R 11-15-88 I I 
2R 11-16-88 1 I I 
2R 111-17-88 II I 
2R 11-17-88 1 II I 
2R 11-18-88 1 II I I I 

13R !11-09-88 1 I I 
13R 11-10-88 II 
13R 111-15-881 II I 
13R 111-15-88 II II 

13R 111-16-88 I 
13R 111-17-88 IV 
13R 111-18-88 IV I 
13R 111-10-081 IV I 

I I 
I I I 

I l l 
I I I 
I I I 

! ! I 

Specific 
Grav ity 

2.483 
2.483 
2.486 
2.484 
2.477 
2.476 
2.471 

2.389* 
2.496 
2.494 
2.498 
2.508 
2.505 
2.502 
2.503 

~ : ~:~~~42 I 
s 2 

= 2.93EE-5 :: 

Omitti ng t h e 
outlie r value 
2.389: 

x = 2.501 
s = 0.00505 
s 2 = 2. 55EE-5 

I ncluding t he 
Value 2. 389 : 

-x = 2.487 
s = 0.0398 
s 2 = 0. 00159 

I 
I 

I 
I 

Note: Forte samples 2R and 13R are from a larger sample 
of RI Class I-1 mixture with 6% binder content. 
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TABLE 13 SINGLE OPERATOR PRECISION ANALYSIS FOR THE 
PRESSURE METHOD FOR EXPERIMENT 3B 

I 
i oper-i Sam- i Readina 
a t o r le I Date Me t er i I 2 I 3 

I 
1 

I 
2A 11-14-88 0676 ,2.478 2.477,2.475 
2A 111-17-88 F947 
2A 111-18-88 1 F947 

,2.468 , 2.471 2.469 

I I 2A 111-21-88 1 F947 
,2.48512.480 , 2.488 1 

I I 2A '11-22-88 F947 
12.477,2.476,2.478 1 

I I 2A I 11- 22 - 88 F947 
, 2.488 2.486,2.4841 

I I 2 111-23-881 f 9 47 
, 2.46912.470,2.463 

I I 
, 2 . 462 , 2 . 462,2 . 46 41 

I 
I I 

13A 11-09-88 0676 ,2.494 12.48812.487 1 2.490 
13A 11-17-88 F947 2.503 

I I 13A 11-18-88 F947 
, 2.506 2.504 2.5001 

2.492 
I 13A 11-21-88 F947 

,2.493,2.492,2.4911 
2.508 

I I 11-21-88 I 1
2.510

1
2.508

1
2.506

1 13A F947 ,2.49412.498,2.493 1 2.495 
13A 11-22-88 F947 2.478 

I 13A 111-23 - 88 F9 47 
, 2.473 2.482,2.4801 

2 . 4 6 I 2.4 6 2.497 .4 

Note: Forte sample 2R, 13R are from a larger sample of 
RI Class I-1 mixture with 6% binder content. 

Note: 
Sample x 1 s s 1 

---====---if------=----i1- -=-----+--=--- '1 

2A 

13A 

2A + 13A 

TABLE 14 ANALYSIS FOR SINGLE OPERATOR 
PRECISION FOR EXPERIMENT 3B 

2 .475 

2. 495 

2 . 485 

j ~~~~-.,.~-"'R=i=c=e~~M=e=t~h=o=d'---~-.,.-.,.~~-.,.---1- 'I 
1 ' Repeat 1 

I I I 2 ,1 ,1 

1

o er~tor Sam le Runs x s 

1 
2R 7 2.480

1 
2.93EE-511 1 

I Flasks: I 13R 7 
1
2.501

1 
2.55EE-5l2I 

II . II . IV ,2R+13R 14 ,2 . 49 0 l . 42EE- 4,31 

1 Pressure Method 
I 1Repeatj lo e r a t or Sa lei Runs 

2 2A 7 
I Meters: I 13A 7 
l o67 6 . F947 ! 2A+l3 A 14 

, 2.4751 
,2.49511 
, 2.4851 , 

I I 

I I 
I I 

6 2 I I 
7.56EE-5 14 1 

9.26EE-5l5 I 
1. 84EE-4 I 6 ! 

Suggested Improvements for the Apparalus uf lh~ 
Pressure Method 

Some improvements for the apparatus of the pressure method 
are as follows: 

1. The air meter is a cumbersome piece of equipment 
weighing approximately 8.3 kg empty and approximately 17.5 
kg filled. Reducing its size and weight would allow smaller 
samples to be taken and decrease the physical strain on the 
operator, making the testing effort much easier. 

I I 
I I I 
1
o.00864I 7 . 56ee-5

1 
I I I 
I I I 
1
o.00962 I 9 . 26ee-s

1 

10. 136 I l. 84ee- 4l 

2. The air meter dial has a logarithmic scale running from 
0 to 100 percent. In this experiment, the air percentage read­
ings were in the range of 0 to 2 percent. It would be an im­
provement if the range of the air meter could be reduced to 0 
to 5 percent , and spread out over the present scale. The inter­
mediate graduations could also be given to the nearest 0.01 
percent, which would increase the accuracy of the reading. 
Interpolation was used to determine the air percentage to the 
nearest 0.01 percent. This process is difficult because it is more 
natural to interpolate arithmetically than logarithmically. 

3. The pressure-sensing mechanism consists of a curved, 
hollow tube connected to the air chamber at the open end , 
which deflects under change of pressure in the chamber. At 
the closed end, a ratchet system is connected to the spring 
dial, which then reads the air percentage in the chamber on 
a logarithmic scale. In order to obtain more consistent and 
precise readings , mechanical improvements to this system 
should be further investigated. 

CONCLUSIONS AND RECOMMENDATIONS 

The pressure method is a viable tool for the determination of 
the MTSG of asphalt mixture . With the current apparatus, 
the pressure method would be appropriate for use in the 
Marshall mix design procedures, acceptance testing, and as a 
rapid test method in the field. For research and where sophis­
ticated evaluation of the MTSG of an asphalt mixture is desired, 
the Rice method could be used concurrently. The pressure 
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method could also be used to determine the MTSG of mate­
rials that have an affinity for air when immersed in water, or 
have a porous structure from which all the free air would have 
to be expelled to dete rmine the specific gravity, e.g., aggre­
gates, porous concrete products, and bottom ash. This topic 
could undergo future re earch. 

Efforts should al be made to improve the consistency and 
sensitivity of the air meter to attain greater precision in results. 
These efforts, which would requ ire s me research into 
mechanical aspects of the air meter, would be challenging for 
the mechanically inclined. In any case, the scope of the project 
will be broadened by soliciting other laboratories in the area 
to run MTSG tests by the pressure method so that interlab­
oratory results can be obtained and analyzed. The fi nal goa l 
is to have the pressure method accepted as an alte rna tive to 
the Rice method for determining MTSG of asphalt mixtures. 
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APPENDIX-THE F-TEST 

To test the significance of variance differences; i.e ., to test 
the null hypothesis S~ = S1: 

(A-1) 

where 

S~ = the larger variance estimate, n - 1 degrees of free­
dom, 

S1 = the smaller variance estimate, n - 1 degrees of free­
dom, and 

a = 0.05, 95 percent confidence level. 
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2.93EE - 5 
S?, sr F = 2.55EE - 5 1.151 

< Foo25.6.6 5.82 (A-2) 

Therefore, no difference in precision . 

9.26EE - 5 
S~, S~: F = 7 .56EE - 5 1.226 

< Fa 025.6 ,6 5.82 (A-3) 

Therefore, no difference in precision. 

7.56EE - 5 
si, Si: F = 2.93E . _ 5 = 2.576 

< Fo.oi5.6,6 5.82 (A-4) 

Therefore, no difference in precision . 

52 52 . F = 9.26EE - 5 
5

' 
2

· 2.55EE - 5 
3.635 

< Fo.025.6,6 5.82 (A-5) 

Therefore, no difference in precision . 

S2 52. - l.84EE - 5 29 
6' 3 · F - l.42EE - 5 1. 2 

< Foo25.JJ.1J = 3.12 (A-6) 

Therefore, no difference in precision. 
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Use of a Loaded-vVheel Testing iviachine 
To Evaluate Rutting of Asphalt Mixes 

JAMES S. LAI AND THAY-MING LEE 

A loaded-wheel t ting macbine i used 1 evuluate the rutting 
characteristics of asphall mix s. The 3- x 3- x 15-in . asphalt 
beam ampl used for rhe tes t can be prepared by kneading 
compaction or by srntic com pres ion. T he rutting t ·t Hre nor­
mally cond ucted a t an elevated temperature between 95°F and 
105°F. The repeated londing on 1he beam ample i generated by 
a pressurized rubb r ho e placed lengthwise on top of the beam 
sa mple <md a loaded wheel riding back and fort h at 44 cycle!llmin 
along the rubber hose . The pre ure in the hose is maintiLi ned at 
100 psi, and the magnitude of the wheel load is 100 lb. The rut 
depth developed n the beam . ampl ·1 long the wheel path under 
the rubber ho e is meusured at differen t number. o f reperlti ns 
and i used for v;l luating the rutring potenti11I of the asphalt 
mixes. This repeated-load mechani m has several advantage over 
the conventional wheel-trncking mcchH11ism. Aspha l.t mixe of 
lhe Georgia Department of Transporta tion tandard T pe B mix , 

oarse B mix, ba e mix, and two other modiffcd mixes using 
thr e diffe rent aggrega te source were t ted by the propo ed 
method to eval uate the effect of mix grada li n and aggregate 
our es n rutling resistance . The r ults showed si nifican tly 

different rutting resistance among the asphalt mixc tested. 

Rutting on asphaltic pavement has become more serious as 
the wheel I ads and tire pressure f lruck traffic on highways 
have increased. Rutting reduces road serviceability and cre­
ates the problem of hydroplaning caused by the accumulation 
of water on the rutted wheel paths. Methods to eradicate 
rutting on asphaltic pavement usually involve a phalt concrete 
(A ) overlay. This re habilitation proces i c tly and pro­
vides n assurance that the ve rlayed pavements will not rut 
again . 

An asphaltic pavement can develop rutting because of inad­
equate s tructural capacity a a result f improper de ·ign , 
improper constructio11 µrn ctices, or in. rabi li ty of the a phal l 
mix u ed in the pavement. urrently ava ilable mechanistic 
flexible pavement design and analysis procedures can be used 
to design a flexible pavement structure with adequate struc­
tural capacity to minimize rutting. But rutting still occurs 
because of lack of stability. Poor resistance to deformation 
of the asphalt mix itself must be mitigated by having a better 
a ·phalt mix design procedure through which asphalt mixes 
wi th better rutting r si. rnnr.e can be obta ined . 

Two commonly used methods for the design of a phalt 
mixes are the Marshall and the H veem mix design methods. 
Alth ugh these two methods can probiibly screen lll extremely 
unstable mixes, there is no as urance tha t an a ph:J lt mix with 
properties satisfying the design criteria of either of these meth­
ods will not develop rutting under normal traffic conditions. 

J. S. Lai, Sch I or ivil Engineering. Georgia In. titute of Tech­
nology, At lanta !I . 30332. T.·M. Lee, a1 iom1l Expressway Engi­
neering 13urcau, Taipei , Taiwan. Republic of China . 

Rece nt tudies by Lai (1 - J) demonstra ted the inability of the 
Marsha ll me thod to asse ·s the ruttio • potential of asphalt 
mixes. Many testing me thod have bee11 propos d to improve 
prediction of the rutting potentia l f a phalt mixes. These 
include the triaxial repeated-load l t and th creep test. Some 
of the test methods hav achieved varying degrees f success 
in predicting the rutting pote nti al fa pha lt mixc-. 

In a recent study conducted by Lai (1) for the Geo rgia 
Departme nt f Transporta ti n (GaDOT), the loaded-wheel 
testing (LWT) machine was demonstrated to be capable of 
evaluating the rutting characteri tics of AC. Results of the 
LWT method were more compatible with the rutting char­
acteristics normally experienced in asphaltic pave me nts under 
vehicular loading than results achieved by the permanent 
defomiation of the ·ame asphalt mixes tested under the triax­
ial r pealed-load test and the creep test. In the second study 
(2) , the LWT machine was u ed to a ·sess the rutting potential 
of GaDOT Type B aspha lt mixe and ·ix diffe rent m dified 
mixes using aggregates from three different sources. The mixes 
u ed fillers wi th diffe rent gradati ns and particl hape and 
ize distribution . One of the mixes also contained polymer 

modifier. Although a ll. 21 of the aspha lt mixes met the Mar­
shall mix criteria, they exhibited significantl y different rutting 
characteristics under the L WT machine. rom these test results , 
certain modified mixe that have the potential to give better 
resistance to rutting were identified . 

In the third study (3), the same test method was used to 
evaluate Lhe rutting p te t1tial of six asphalt mixes for potential 
use in base course . The gradation of the mixes varied in the 
maximum aggregate size and the fine aggregate portion. Again, 
the re ults from the L WT showed significant diff ren ce in 
rutting resistance among the mixes, even though all the mixes 
satisfied Marshall mix criteria. The LWT machine and the 
testing procedure are described in the following section , and 
some rutting characteristics of a ·phalt mixes determined by 
this testing procedur are pr ent ed . 

UESCRIPTION OF LOADED-WHEEL TESTING 
MACHINE 

The riginal ver ' ion of the LWT machine was developed by 
B nedicl Slurry Sea l Inc., f r evaluating certain propertie, 
of a ph It slurry sea ls. A sLmil ar machine ha been used e lse­
whe re to evalua te th rutting potential of A (4 ,5) . T he o rig­
inal machine wa m difi d (J ,2) to make il more applicable 
for evaluating the runing behavior of a phalt mixes under a 
laboratory environment. 
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Figure 1 shows the main features of the modified LWT 
machine. The 3- x 3- x 15-in. beam ampl (A) i placed in 
the sample-holding mold (B). The beam sample and the 
sample-holding mold are shown more clearly in Figur 2. The 
base of the sample-holding mold includ a removable 3- x 
15- x Y2-in. steel plate to simulate a rigid base-course con­
dition. This steel plate can be replaced by an equally thick 
resilient rubber pad to simulate a flexible base. The sides and 
ends of the sample are partially confined by steel brackets. 
A pressurized rubber ho. e (C) also hown in Figure 2, is 
placed on top of th sample and is partially re trained at the 
ends. In addition to the loading wheel (D sbown in Fig11re 
1, the components of the loading system consist of a VJ-hp 
motor (G), 12-in. reciprocating-stroke arms (£and F), and 
the weight-holding box (H). The machine is equipped with 
dual counters, a resettable mechanical counter (/), and an 
electric counter activated by a photographic relay for re­
cording the number of repetitions. The electric counter was 
installed on top of the environmental chamber lid, so that the 
number of cycles during the test can be read when the envi­
ronmental chamber lid is closed. The entire testing machine 
is enclosed in this environmental chamber, which can maintain 
a constant temperature of up to 120°F throughout the test 
period. Details of the environmental chamber and the pre-

A: Beam Sample E 

B: Sample Holding Hold G: 

C: Pressurized Rubber Hose H: 

D: Loading Wheel I: 

& F: 
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heating box (for preheating the test samples) and other features 
of the LWT machine were described by Lai (6). 

DESCRIPTION OF WHEEL-LOAD GENERATING 
SYSTEM 

The original 1-in.-wide aluminum loading wheel had a 3-in. 
diameter and was fitted with a hard rubber tire. The tire would 
exert nonuniform contact pressure on the surface of an AC 
sample, particularly for the coarser mixes. It was decided that 
the hard rubber tire should be replaced with an inflatable tire, 
so the contact pressure could be more controllable. 

At first, an approximately 1-in.-wide, off-the-shelf tire with 
tire pressure up to 120 psi was sought. No suitable tire could 
be found, so a loading wheel with the specified characteristics 
was developed in the laboratory. 

The first version was an 8-in.-diameter aluminum wheel 
with a 1-in.-diameter high-pressure rubber hose wrapped 
around the rim. The hose could be pressurized and maintained 
at a controlled pressure up to 100 psi through an air-pressure 
system and a pressure regulator. This wheel assembly was 
fitted on the L WT machine, along with other necessary mod­
ifications to make the system compatible. Several preliminary 

B 

Reciprocating Arms 

1/3 hp Motor 

Weight Holding Box 

Restable Counter 

FIGURE 1 Modified loaded-wheel testing machine. 
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ruuing tests were performed on 3- x 3- x 15-in . asphalt 
beam samples. The wheel assemblage itself performed sat­
isfactorily, with pressure in the hose kept relatively constant, 
but sever~! prcbL. .. n~~ '.Vere cb:;crvcd during the tests. The 
reciprocating action of the loaded wheel, which occurred at 
the end of each stroke, caused the rubber hose to generate 
excessive skidding against the rough surface of the sample 
near the ends of the stroke. The skidding caused excessive 
wear of the rubber hose and, more importantly, excessive 
rutting on the asphalt samples near the ends of the beam. 
Furthermore, because of the excessive ruts developed there, 
the wheel had fh tendency to pu h near these region . in tead 
of just rolling along the wheel path. Shoving became evident 
along these regions and slowly progressed toward the center. 
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For these reasons, this version of the wheel system was 
abandoned. 

To overcome these problems, a rather novel concept of 
gtau:ialiug muving-wheei iuad was conceived. This ioading 
system consisted of a flexible linear tube made of a high­
pressure rubber hose, and a 3-in.-diameter aluminum wheel 
(see Figures 1 and 2). The rubber hose was pressurized to the 
prescribed pressure and placed on top of the AC specimen. 
The hose was stationary, loosely held in position on both ends 
by end clamps to maintain the longitudinal alignment along 
the center of the beam. The concave shape of the rim would 
keep the aluminum wheel on top of the rubber hose . The 
wheel was attached to the reciprocating arm of the machine. 
During the rutting test, the loaded aluminum wheel rode along 

FIGURE 2 Linear-tube loading system. 

15 in. 

f--A---.B-. f ,t,.j 
-- F ----G -· ~ io 

Longitudinal center line 
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FIGURE 3 Rutting profile along the longitudinal centerline. 
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the pressurized rubber hose; at the point of contact, it generated 
pressure on the surface of the beam sample. 

The linear-tube c.:oncept was tested, and the performance 
was satisfactory. The excessive rutting at both ends of the 
asphalt beam sample was substantially reduced. The magni­
tude of rutting at the end regions was still greater than that 
at the middle region (see Figure 3), probably because the 
total duration of loading was longer at the end regions than 
at the middle region because of the wheel's reverse movement 
at the end of the reciprocating action. 

Because of the novelty of the linear-tube loading concept, 
some questions still needed to be answered. One concerned 
the nature of the contact pressure exerted on the test speci­
men. The other involved the effect of the stiffness of the 
rubber hose on the rutting of beam samples. 

In order to evaluate the effect of the stiffness of the rubber 
hose, the imprints of the contact area between the rubber 
hose and the asphalt beam sample were measured for the two 
types of rubber hose, one relatively stiff and one relatively 
flexible, under 100-psi inflated pressure and at 100-lb weights . 
The imprints are shown in Figure 4. The stiffer rubber hose 
generated a more elongated and narrower contact area, whereas 
the more flexible hose generated a shorter and wider contact 
area. This information alone implied that the use of the stiffer 

A. Flexible Hose 

B. Stiffer Hose 
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hose may generate a greater rutting on the beam sample than 
the less-stiff hose would. A series of rutting tests was per­
formed on the same asphalt mix using these two rubber hoses. 
The results (presented in Table 1) indicated that the flexible 
hose generated a slightly greater rutting on beam samples 
than the stiffer hose did. No direct measurement of the contact 
pressure between the rubber hose and the asphalt beam 
surface was taken. 

ASPHALT BEAM SAMPLE PREPARATION 
PROCEDURE 

In the previous studies (1-3), the 3- x 3- x 15-in. asphalt 
beam samples used for the rutting test were fabricated using 
a kneading compaction machine . The typical procedure was 
as follows. A Marshall mix design for an asphalt mix was 
followed; 50-blow compaction per side was used for preparing 
the samples. The optimum asphalt content for the mix was 
determined on the basis of air voids in the mix at approxi­
mately 4.5 percent. On the basis of the bulk density of the 
mix at the optimum asphalt content from the Marshall mix 
design and the known volume of the 3- x 3- x 15-in. beam 
mold, the weight of the aggregate samples for one-third beam 

FIGURE 4 Contact imprints of the rubber hoses with asphalt beam sample at 100-lb load and 
100-psi pressure. 
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TABLE 1 RUT DEPTHS USING FLEXIBLE AND STIFFER 
HOSES 

Flexible Hose Stiffer Hose 

Number of Test 1 Test 2 Test 3 Test 4 
Cycles (in.) (in .) (in.) (in.) 

500 0.106 0.087 0.080 0.086 
1,000 0.126 0.106 0.103 0.101 
8,000 0.189 0.210 0.177 0.193 

sample volume was calculated and batched. The heated aggre­
gate sample was mixed with the predetermined amount of 
asphaltic cement, and the mix was placed in the heated beam 
mold. The 3- x 1-in. loading foot of the kneading compactor 
was activated to compress the asphalt mix placed in the mold . 
The asphalt mix was compacted in three lifts. After the third 
batch of the mix was in the mold and was compacted to 
approximately the required height, a heated 3- x 15-in.-thick 
plate was placed on top of the beam and high pressure was 
applied to compress the mix in the mold to the final required 
height, flush with the 3-in.-high mold . After the beam sample 
was allowed to cool, it was removed from the mold. The bulk 
density was determined 

A simplified procedure to fabricate the beam samples by 
static compression using a universal testing machine was suc­
cessfully developed (6). The potential advantages of using a 
static compression procedure are a simpler and shorter pro­
cedure and more readily available equipment. Because only 
about 50,000 lb of static compressive load are needed for 
fabricating 3- x 3- x 15-in . beam samples and most testing 
laboratories are equipped with a universal testing machine 
with a larger capacity (usually 100,000 to 200 ,000 lb), larger 
AC beam samples can be made. The static compression pro-
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cedure is presently being used by GaDOT for fabricating 
asphalt beam samples for the rutting tests. 

In the course of this investigation, some mixes (e.g., the 
base mix described in the next section) used a maximum 
aggregate size of 11/i in . This size appeared to be too large in 
relation to the beam size. For aggregate of this size, a large­
beam cross section would be preferred. 

RUTTING TEST PROCEDURE AND RESULTS 

The rutting tests were conducted at temperatures ranging from 
95°F to 105°F. In the previous studies (1-3), the testing machine 
was placed in an environmental room with the temperature 
controlled to the prescribed testing temperature . To make the 
testing machine more portable, an environmental chamber 
attached to the testing machine and a sample-preheating box 
were designed and constructed (6). The beam samples could 
be preconditioned in the preheating box for about 6 hr and 
then transferred to the testing machine for testing. 

The following procedures were used for the rutting test. 
The preheated beam sample was placed in the sample-holding 
device. The initial sample surface elevation was measured 
using the rutting-profile measuring device (see Figure 5). Then 
the rubber hose was placed on top of the beam sample and 
the end of the hose were loosely clamped down. The hose 
was pressurized to the preset pressure level of up to 100 psi. 
The loading assembly, including the aluminum wheel, was 
lowered so that the wheel rested on the rubber hose; appro­
priate weights were placed in the weight-holding box. The 
environmental chamber lid was then closed, and the testing 
machine was turned on. The reciprocating action of the machine 
caused the loaded aluminum wheel to move back and forth 
along the rubber hose, generating repeated loading on the 
beam sample. When the repeated loading reached the pre-
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FIGURE 5 Rutting-profile measuring device. 



Lai and Lee 

N= 0 
0 

20 

.; .... 
.... 
0 40 0 

0 

,,,· ., 
"" 60 Q) 
~ 
I ., 
" 0:: 

80 

N= Number of Cycles 

100 
0 1 3 

Distance, in. 

FIGURE 6 Typical transverse rutting profiles. 

scribed number of repetitions, the machine was stopped, the 
environmental chamber lid was lifted, the weights were 
removed, the loading wheel was propped up, and the rubber 
hose was removed. The rut depths on the beam sample at 
three reference locations along the wheel path (directly under­
neath the rubber hose) were measured. If it was necessary to 
continue the test, the rubber hose was put back on top of the 
beam sample, the wheel was lowered, and the weights were 
put back in the weight-holding box. The chamber cover was 
lowered, and the ma,chine was restarted . 

In the initial investigation (J), transverse rutting profiles 
were taken at seven reference positions (A to G) along the 
centerline of the beam samples. Figure 6 shows the typical 
transverse rutting profiles at different cycle numbers, and 
Figure 3 shows the typical longitudinal centerline rutting pro­
file. The longitudinal profiles show uneven rutting, with the 
heaviest rut developed at the rear end of the beam (closest 
to the pivot of the reciprocal arm). Excessive rutting at the 
end regions does not represent the normal rutting character­
istics of the asphalt mix under repeated moving wheel loads. 
Rutting at the middle region (Reference Positions C, D, and 
E in Figure 6) was usually quite uniform. On the basis of 
these findings, the results of subsequent rutting tests were 
represented by the averaged value of the rut depths measured 
at these three positions, provided that the three readings were 
consistent. 

In the initial investigation (J), four types of asphalt mixes 
were selected. These mixes had been used by GaDOT in four 
separate paving projects, and the pavements had shown vary­
ing degrees of rutting. In order to determine the best com­
binations of pressure and wheel-load magnitude, which would 
yield the most usable test results, two levels of pressure (75 
and 100 psi) and three levels of loading (50, 75, and 100 lb) 
were used . The combination of 100-lb load and 100-psi pres­
sure produced significant differences in rutting among the four 
mixes (see Figure 7); at 50-lb wheel load and 75-psi pressure, 
however, the effects of mix types on rutting became almost 
indistinguishable. 
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FIGURE 7 Loaded-wheel test results, rut depth versus load 
application. 

EFFECT OF AGGREGATE GRADATION ON 
RUTTING OF ASPHALT MIXES 

Segregation of AC paving mixtures has been an annoying 
problem in asphalt paving construction. These problems have 
become more noticeable since the advent of drum-mix plants 
with large-capacity storage silos. Other factors , such as place­
ment procedures and coarse-mixture gradations, also affect 
the degree of segregation. One method of minimizing seg­
regation is to reduce the largest size of aggregate particles 
normally used in a particular mixture. Although this approach 
may minimize the segregation problem, changing the size of 
coarse aggregate used could affect the properties of the asphalt 
mixes produced. Among the asphalt mix properties that could 
be affected by the change and have significant effect on the 
performance of asphalt pavements is the rutting resistance . 

GaDOT initiated a research project to evaluate the effects 
that varying the maximum nominal-aggregate size and the 
fine-aggregate portion of asphalt mix gradations have on the 
rutting resistance of the asphalt mixes . Three aggregate sources 
commonly used for asphalt mixes in the Atlanta area were 
selected. Five different gradations, including the standard gra­
dation for the Type B binder course, base course, Coarse B 
mix , and two modified gradations for each aggregate source, 
were prepared. The gradations were identified as follows: 

Percent 
Maximum Passing 
Aggregate No. 8 

Type Designation Size (in.) Sieve 

Standard Type B B 1 38 
Base mix BA 1 Y2 35 
Coarse B mix CB 1 33 
Modified X mix x 'I• 30 
Modified XX mix xx 'I• 38 

All the mixes had 1 percent lime as a part of the filler . The 
coarse aggregate used in this study was 100 percent crushed. 
The fine aggregate used in all mixes was also 100 percent 
crushed, and no natural sand was used. 

Marshall mix design (using 50 blows per side) was followed 
for the 15 mixes. Results of the Marshall mix design are pre­
sented in Table 2. The asphalt contents used for preparing 
the beam samples for each mix were based on the Marshall 
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mix design results at about 4.5 percent air voids. The actual 
air voids content in the corresponding Marshall mixes for the 
15 mixes varied between 4.5 and 4.7 percent. 

On the basis of unit weights and the asphalt contP.nt ~t 4 5 
percent air voids (determined from the Marshall mix design), 
three 3- x 3- x 15-in . beam samples were prepared for each 
mix . Following the procedure described in the previous sec­
tion , rutting tests using the LWT machine were performed. 
The following test conditions were used: 

Temperature 
Load 
Hose pressure 
Frequency 

105°F 
100 lb 
100 psi 
44 cycles/min 

During the test, rutting profiles of the beam samples along 
the wheel path were measured initially, at 200, 500, and 1,000 
cycles, and at every 1,000-cycle increment up to 8,000 cycles. 
Figure 8 shows the results of rut-depth growth versus number 
of load repetitions for the five gradations . The rut depths 
developed at 2,000- and 8,000-load repetitions for all the mixes 
are presented in Table 2. Additional test results and analyses 
of the results were described by Lai (3). Some of the more 
significant results from this study are presented in the follow­
ing section . 

COMPARISON OF MODIFIED X AND MODIFIED 
XX MIXES 

Both the modified X and modified XX mixes have 3/4-in. 
maximum aggregate size, which is smaller than the top aggre-
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gate size of the three other mixes (B, BA, and CB) commonly 
used for a binder course. The difference between the X mixes 
and the XX mixes is the percentage of fines. The X mixes 
h!lve 30 percent pf!ssi!!g No. 8 sieve; the XX mixe~ ha'.'e 38 
percent passing No. 8 sieve. These two percentages represent 
the extremes of the fines among the five mixes. The amount 
of fines between X and XX mixes has a significant effect on 
the rutting resistance of the mix. Table 3 presents the results 
of the rut depths measured at N = 8,000 cycles for these two 
mixes among the three aggregate sources. 

These results clearly indicate that the X mixes , which con­
tain 30 percent fines, can resist rutting much better than the 
XX mixes, which contain 38 percent fines. The results are 
consistent with what would normally be expected for asphalt 
mixes containing aggregates with a top size of% in. 

When the Marshall stability and flow values of the mixes are 
analyzed, as presented in Table 3, a different picture emerges. 
The stability values of the XX mixes are consistently higher than 
those of the X mixes. The flow values of these mixes are not 
significantly different. A comparison of the rut depth and the 
Marshall stability value of the five mixes from the same aggre­
gate source (Figure 9) shows the advantage of using the L WT 
method to assess the rutting potential of asphalt mixes. 

COMPARISON OF DIFFERENT AGGREGATE 
SOURCES 

The purpose of this analysis was to determine whether aggre­
gates from different sources affect the rutting characteristics 

TABLE 2 MARSHALL MIX DESIGN AND RUTTING TEST RESULTS FOR 
DIFFERENT ASPHALT MIXES 

Agg . Marshall Mix Desi~n Results 
Source Stab. Flow Air Voids Unit Wt. 

& 
Mix lbs. 0.0111 % pcf 

Type 

D-BA 2140 11.6 4.6 156.5 

D-B 2130 10.0 4 . 5 153.0 

D-CB 1880 10.7 4.5 155.2 

D-X 1810 12. 2 4 . 5 153.5 

D-XX 2120 11.0 4.3 155.4 

K-BA 3000 10.2 4.7 153.4 

K-B 3170 12.7 4.6 153.3 

K-CB 2810 11.0 4.6 153.0 

K-X 2880 11.6 4.6 152.5 

K-XX 3010 11.8 4 . 6 152.3 

L-BA 2970 10.8 4.6 145.9 

L-B 2930 10.4 4.6 144.6 

L-CB 2740 12.0 4.6 145.2 

L-X 2580 10.0 4.5 144. 5 

L-XX 2710 9.6 4.6 144.2 

Aggregate Sources: D=Dalton, GA 
K2 Kennesaw, GA 
L=Lithia Springs, GA 

Kutting Test Results 

Opt. AC Rut-Depth, in. 

% N=2000 N=8000 

4 . 5 0.118 0.182 

4.7 0.133 0.229 

4.8 0.152 0 . 222 

5 . 2 0.138 0.218 

5. 1 0.147 0.294 

4.8 0.100 0 . 184 

5.0 0.127 0 . 208 

4.9 0.136 0.193 

5.3 0.097 0.163 

5.3 0.128 0.217 

4.8 0.124 0.218 

5.3 0.113 0.184 

5. 1 0.139 0.211 

5.5 0.109 0.162 

5.3 0.137 0.220 
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TABLE 3 COMPARISON OF X MIX AND XX MIX 
PROPERTIES BY AGGREGATE SOURCE 

MixX Mix XX Difference 

Top aggregate size (in .) % 'I• 
Percent passing No. 8 sieve (%) 30 38 
Rut depth at N = 8,000 

(0.001 in.) 
D 218 290 76 
K 163 217 54 
L 162 220 58 

AC content(%) 
D 5.2 5.1 
K 5.3 5.3 
L 5.5 5.3 

Stability (lb) 
D 1,810 2,120 
K 2,280 3,010 
L 2,580 2,710 

Flow (0.01 in.) 
D 12.2 11 
K 11 11.8 
L 10 9.6 

NoTE: D (Dalton Springs), K (Kennesaw), and L (Lithi a Springs) are 
aggregate sources. 
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of asphalt mixes. Using the results presented in Table 2, the 
averaged rut depth values of the five mixes from the same 
aggregate source at N = 8,000 were calculated, as follows: 

Rut Depth at Asphalt Marshall Marshall 
N = 8,000 Content Stability Flow 
(0.001 in.) (%) (lb) (0.01 in .) 

Dalton 229 4.86 2,016 11.1 
Kennesaw 193 5.06 2,974 11.3 
Lithia Springs 199 5.2 2,786 10.6 
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FIGURE 9 Comparison between Marshall stability 
value and rut depth of asphalt mixes. 

The mixes using aggregates from Dalton showed signifi­
cantly greater rutting than the mixes using the other two 
aggregates. The average rutting betwe n mixe using aggre­
gate from Kennesaw and mixc using aggregates from Lithia 

prings wa not significant ly different. The averaged larshall 
stability of the mixes u. ing Da lt n aggregate was I wer than 
that of the mixes using the other two types of aggregates. 
These effects can be explained by the particle shape and the 
surface texture of the aggregates. The aggregate from Dalton 
is limestone type, and the particles of the coarse aggregates 
are more elongated and flaky, whereas the aggregates from 
Kennesaw and Lithia Springs are granite, the particles are 
more cubical, and the surface textures are rougher than the 
limestone from Dalton. 

CONCLUSION 

The modified LWT machine described in this paper has been 
used in several studies to evaluate the rutting resistance of 
aspha lt mixe . The studies have ·hown that the L WT machine 
is relatively imple to operate in a laboratory environment and 
that the test can be used to assess the rutting characteristics of 
asphalt mixes. 
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Overview of a Rational Asphalt Concrete 
Mixture Design for Texas 

KAMYAR MAHBOUB AND DALLAS N. LITTLE 

A rational asphalt concrete (A ) mix de ign and analysi me th­
odology wit developed . The term ' rational'' meant that the mate­
rial properties evaluated in the mixture de ign and analysis could 
be u ed with a layered-ela tic pavement model and mcchanislic­
empirical formu lation that relate to pavement performance. The 
procedures proposed in this srudy were intended to be u ed in 
conjunction wir11 the current Texas State Department of Highway 
and Publi Transp nation method or mix design in a c mpte­
mentary fa hion. Three 1nc1jor modes of pavement distrcs -
(a) rutting, (b) flexural fatigue, and (c) low-temperature crack­
ing- were addressed. In addit ion t'O mixture properties , struc­
tural ~trrangement of pavement layers and envir mnental ractors 
have s i gnific~n t effect, on the performance f A mixture . 
Therefore a comprehensive mix de ign sh uld n t be performed 
independent of pavement structural design. A phnlt mix design 
and pavement structural design p<tram ter · w re brought toge th r 
in an integrated fashion. 

Hot-mix asphalt (HMA) mix design has long been a trial-and­
error process. Two major empirical methods of mix design 
have emerged as those most commonly used by the asphalt 
community. The Hveem (ASTM D1560) and Marshall (ASTM 
D1559) methods have evolved over the past four decades. 
They are both regarded as empirical methods. There are many 
variations of these basic methods (see Figure 1) in use among 
state highway agencies (1). Texas State Department of High­
ways and Public Transportation (SDHPT) has its own unique 
method of mix design, which is basically a modified Hveem 
procedure (2). 

According to the Asphalt Institute (3), all mix design pro­
cedures must provide the following: 

1. Sufficient asphalt to ensure a durable pavement ; 
2. Sufficient mixture stability to satisfy the demands of traffic 

without distortion or displacement; 
3. Sufficient voids in the final compacted mix to allow for 

a slight amount of additional compaction due to traffic load­
ing; sufficient voids for expansion of asphaltic cement without 
flushing, bleeding, and loss of stability; and low enough voids 
to keep out harmful air and moisture; and 

4. Sufficient workability to permit efficient placement of 
the mix without segregation or shoving. 

Historically, the Hveem and Marshall methods have served 
well; however, they are often used beyond their originally 
intended realm of empiricism. That is precisely why these 
methods have proven to be inadequate in addressing today's 

K. Mahboub, Kentucky Transportation Center, University of Ken­
tucky, Lexington, Ky. 40506 . D. N. Little, Texas Transportation 
Institute, Texas A&M University, College Station, Tex. 77843. 

in-service performance problems. Such problems are associ­
ated with variations in the crude source and refining processes, 
use of additives and modifiers ( 4), type of mix (e.g., large­
stone or open-graded) (5), and current trends toward heavier 
traffic loads and higher tire pressures (6). 

Serious shortcomings of current methods of mix design have 
led researchers to search for mix design methods on the basis 
of mechanistic parameters . Recently, a study was funded by 
Texas SDHPT with the objective of developing a rational mix 
design and analysis procedure to address different modes of 
pavement distress in terms of HMA mechanistic parameters. 

TEXAS MIX DESIGN METHODOLOGY 

In Texas' present method of mix design (2), the basic phi­
losophy is to produce a mix with adequate Hveem stability 
and a target air voids of 3 percent. The latter, which represents 
the void content in the pavement after its second summer in 
service, also requires that the aggregate have adequate polish 
resistance and a minimum of crushed surfaces. 

The Texas gyratory-shear method of compaction is used in 
specimen fabrication. This method closely simulates the 
kneading action of roller compactors and further densification 
caused by traffic . As part of a study called "Asphalt Aggregate 
Mixture Analysis System (AAMAS)," sponsored by NCHRP, 
researchers (7) noted that the Texas gyratory-shear compactor 
was better at producing the densification and material prop­
erties similar to those developed through field compaction 
than the processes of the Marshall method. 

RESEARCH APPROACH 

The philosophy behind this improved mix design procedure 
is to design an HMA that will provide an adequate level of 
stiffness to protect the vulnerable subgrade by proper distribu­
tion of vertical compressive stresses. There is a tradeoff between 
the stiffness of HMA and its flexibility. An adequate level of 
flexibility must be demonstrated by the HMA for it to resist 
a load-induced, flexural fatigue mode of distress. Once the 
stiffness and flexibility properties are determined to be accept­
able, the permanent deformation potential of HMA can be 
assessed by means of a constant-stress creep analysis. 

Finally , the low-temperature fracture potential is evaluated 
on the basis of the HMA's stiffness and tensile strength. The 
temperature susceptibility of the HMA stiffness is character­
ized by variation of the diametral resilient modulus induced 
by changes in temperature . The HMA tensile strength is also 
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FIGURE 1 Distribution of mixture design methods common in the United States (1). 

Thick Flexible Thin Flexible 

10 In. HMA 
3 In. HM A 

6 In. CLS 

12 In. CLS Subgrade 

Sub grade 

Intermediate Flexible Overlay 

4 In. HMA 6 In. HMA 

12 In. CLS 8 In. PCCP 

Sub grade Subgrade 

FIGURE 2 Four distinct pavement structural categories. 

evaluated diametrally, over a range of temperatures and at a 
slow rate of loading to simulate the slow thermal contraction 
and fracture process in the pavement. 

The most important aspect of this improved mixture design 
approach lies in its direct link to pavement structural design. 
The rationale is that the mal ~rial properties that determine 
the success or failure of a pavement structure cannot be ade­
quately assessed without full consideration of the pavement 
structural conditions. 

A system of pavement structural categoric was arranged to 
identify four distinctive categorie. of pavement ·1ructure 
commonly encountered in the field. The four pavement struc­
tures listed in the following paragraph represent the pave­
ment types u ed in the d velopment of mixtu re acceptance 
criteria. Therefore, asphalt mixtures can be eva luated on the 

basis of mechanical conditions present under a selected set of 
pavement structural arrangements. 

The structural categories and their representative pavement 
cross sections (Figure 2) were as follows: 

•Thick flexible pavement: 10-in. HMA, 12-in. crushed 
limestone base (CLS), and subgrade (weak, moderate, or 
soft). 

• Thin flexible pavement: 3-in. HMA, 6-in. CLS, and 
subgrade (weak, moderate, or soft). 

• Intermediate flexible pavement: 4-in. HMA, 6-in. CLS, 
and subgrade (weak, moderate, or soft). 

• HMA overlaying a portland cem nt concr te pavement 
(H MAJP CP): 6-in. AC, 8-in. P CP, and subgrade (weak, 
moderate, soft). 

OVERVIEW OF METHODOLOGY 

The methodology is based on a series of mechanistic material 
characterization procedures that relate directly to the pave­
ment distress modes. The hierarchy of this design and analysis 
approach may be expressed as the following: 

l. Mixture design in accordance with a standard procedure 
(e.g., Texas method); 

2. Mixture stiffness characterization related to threshold 
resilient modulus for subgrade protection and stiffness and 
flexibility analysis for flexural fatigue evaluation; 

3. Permanent deformation potential analysis; and 
4. Thermal cracking analysis. 

An overview of this mechanistic methodology is presented in 
the following sections. 
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Stiffness Characterization 

In flexible pavements, the HMA is normally the stiffest layer 
and thus the layer that contributes most effectively to distribu­
tion of vertical compressive stresses. A high level of subgrade 
protection can be achieved through the use of a stiff HMA 
layer. However, a life cycle cost penalty is associated with 
this simplistic approach; that is, the stiffest HMA layer may 
not be desirable from a flexural fatigue point of view. The 
tradeoff situation that exists between subgrade rutting and 
fatigue cracking will be discussed in the following sections . 

Subgrade Rutting 

Flexible pavements are usually designed with the stiffest and 
highest-quality material on the top layer, and with a gradual 
transition to softer and lower-quality material in the layers 
below. A methodology was developed for selecting the proper 
level of HMA stiffness (the HMA threshold resilient modulus) 
to protect the subgrade from excessive rutting . The criterion 
was based on earlier work (8) synthesized by Monismith and 
Finn: 

(1) 

where 

N 18 = number of 18-kip axle passes to cause a %-in. subgrade 
deformation , and 

t 3 = vertical compressive strain (in.fin.) at the top of the 
subgrade. 

There are other subgrade rutting models similar to this 
criterion (Figure 3). All of these models are empirical; how­
ever, they are performance based, and input parameters are 

Subgrade Strain (micro in/in) 
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mechanistic. Therefore, the approach may be regarded as 
mechanistic-empirical. Figure 4 shows a schematic repre­
sentation of a subgrade protection criteria chart. A flow chart 
illustration of the subgrade protection criterion is shown in 
Figure 5. 

Flexural Fatigue 

Once a minimum level of HMA stiffness is determined through 
the subgrade protection criterion, the fatigue resistance of the 
mixture is analyzed to ensure a proper balance between stiff­
ness and flexibility . The term "fatigue life" is defined as the 
magnitude of traffic, expressed in terms of the number of 18-
kip equivalent single-axle loads (ESALs), that a pavement 
structure can handle before a certain amount of distress, usu­
ally defined as a percentage of cracking in the wheel path 
area, is observed. 

Finn et al. (9) developed a fatigue model on the basis of 
laboratory and field data from the AASHO Road Test (JO) 
to predict up to 10 percent cracking in the wheel path area. 

1ogN1 = 15.947 - 3.291 log(t,) - 0.845 log(~:) (2) 

where 

N1 = number of cycles (18-kip ESALs) to failure, 
t, = repeated ten ile strain (in .fin . x 10- 6

) , and 
E* = complex modulus (psi) of HMA, approximated by 

the resilient modulus. 

Monismith et al. (11) stated that stiffness moduli deter­
mined from the ratio of applied stress and the recoverable 
strain (commonly known as the resilient modulus) should pro­
vide essentially the same moduli as that determined from 
creep and sinusoidal loading (commonly known as the com-
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FIGURE 3 Excessive subgrade deformation criteria (8). 
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plex modulus). Hence, the substitution of resilient modulus 
for complex modulus in Equation 2 is assumed to be valid. 

Equation 2 was obtained through laboratory testing fol­
lowed by shifting of the laboratory data to match the AASHO 
Road Test (10) observations. The resulting shift was about 
1,300 percent, which suggests that the actual fatigue life of 
the pavement in the field was approximately 13 times greater 
than the laboratory-based predictions. The following 
explanations could explain this interesting phenomenon: 

• Rest periods between traffic loadings, viscoelastic relax­
ation, and chemical rebonding and healing of asphalt; 

• Kneading and surface-crack closing actions of tires; or 
• Buildup of residual compressive stresses. 

The first step in this rational fatigue analysis approach calls 
for the evaluation of HMA stiffness at the mean annual pave-
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FIGURE 6 Determination of the resilient modulus at the 
mean annual pavement temperature. 

ment temperature (Figure 6). On the basis of this selected 
value of HMA stiffness, measured in terms of resilient mod­
ulus, the induced tensile strain at the underside of the HMA 
layer is evaluated. Repeated load-induced tensile strain, the 
primary cause of fatigue cracking, is evaluated from a series 
of charts developed for each category of pavement structure 
(Figure 7a). These charts used the results of over 100 com­
puter runs of layered-elastic pnvcmcn.L. The final step in fatigue 
life evaluation is shown schematically in Figure 7b, which was 
developed from solutions of layered-elastic pavement runs 
and Equation 2. Figure 8 is a flow chart representation of the 
fatigue analysis procedure. 

Permanent Deformation 

The proposed methodology calls for a static creep-recovery 
test for evaluation of resistance to permanent deformation 
potential. The data from this simple test are collected in terms 
of deformations, both recoverable and irrecoverable, as a 
function of time. The irrecoverable portion of deformation is 
responsible for rutting. 

A rutting model using the information obtained from tne 
creep-recovery test was developed. This model was based on 
some earlier work on creep and rutting by Shell researchers 
(12 ,13). The original Shell rutting model assumes that a linear­
elastic relationship (Hooke's Law) is capable of characterizing 
deformation processes that are by nature not only inelastic 
but are also viscoelastic, viscoplastic, and plastic. Because of 
this serious invalid assumption (i.e., using Hooke's Law for 
characterization of permanent deformation). Shell research­
ers had to incorporate a composite correction factor into their 
model. 

The relationship between stress level and permanent defor­
mation is not linear (14-18). These observations led to the 
development of a refined version of the original Shell equa­
tion. The modified version of the Shell rutting equation does 
not depend on empirical correction factors; it accounts for 
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FIGURE 7 Schematic diagrams representing a , the 
evaluation of fatigue tensile strain, and b, fatigue life. 

plasticity trends and nonlinearity of such deformations in the 
following format: 

h = H Z<To lro Evp(t) 
( )

! 61 

0'101.> 
(3) 

where 

h = calculated rut depth (in.), 
H = asphaltic layer thickncs (in.), 
Z = vertical stress di. tiibution factor derived from lay­

ered-elastic solutions (13), 
cr,;,. = average tire contact pressure (psi), 
cr1ab = stress level (psi) at which the creep test is con­

ducted in the laboratory, and 
evp(t) = viscoplastic trend (in.fin.) of the mixture measured 

by the creep test . 
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FIGURE 8 Flow chart describing fatigue analysis subsystem. 
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FIGURE 9 Schematic diagrams describing procedures for 
character ization of permanent deformation. 

In Equation 3, the ratio of field to laboratory compre sive 
stresses is rai ed to the exponent 1.61 to account for defor­
mation processes that are nonlinear (i.e., doubling of tres 
level will triple the rutting). The magnitude of this exponent 
was determined from several high- and low-stress creep tests 
and !her ources (14 15,18). 

Rutting criteria charts were developed on the basis of thi. 
new rutting model and a stiffness parameter called the "vis­
copla tic tiffnes . " The new tiffness parameter is a stress­
normalized viscopla tic train function. Figure 9 sh.ows che­
matically the procedure by which nonrecoverable train are 
characterized a a function of time. Similar to creep stiffness, 
viscoplastic stiffness has a power-law decay exponent mea­
. ured by many re earcher (15,17,18) to be in U1e range of 
-0.25 to - 0.27. A et of rutting severity limit (19) and 
as urned power-law- type rutting accumulation rates of 0.25 
to 0.27 (the ign change is due to the inverse relationship 
between strain and stiffness) were the basis for developing a 
set of rutting criteria charts for specific pavement categories 
and layer moduli. Figure 10 how a schematic of a rutting 
criteria chart. A flow chart representation of the rutting 
analysis procedure is shown in Figure 11. 

Thermal Cracking 

This mode of distress occurs as the result of thermally induced 
tensile stresses developing in pavement layers. Most methods 
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FIGURE 10 Schematic rutting criteria char t. 

for calculation of thermally induced stresses are based on 
a!gorilhms ·imilar to tbo e used in the computer program 
COLD (20) . Thi program was originally dev loped by Chris­
tison (21) at the Univer ilyof Alberta. On the ba i f thermal 
properties of the pavement, ol11r radiation <u1d air temper­
ature, the program OLD generates a erie. of temperature 
profiles through a one-dimensional finite element routine. 

The temperature drop with time induces thermal stresses 
that could potentially exceed the tensile strength of HMA and 
induce cracking. Induced tensile stresses are calculated as 
follows: 

f,
,, 

ax(t) = S(lit,T)-a·dT(t) 
to 

(4) 

where 

t = time; 
T = temperature; 

ax(t) = induced thermal stress; 
S( lit, T) = mix stiffness, time- and temperature-depen­

dent; 
lit = t1 - t0 ; and 
a = coefficient of thermal expansion. 

The current ver ion f the COLD program characterize · 
the HMA tiffnes in terms of resi lient m dulus input over a 
rnnge of temperaturei . On the ba i f the relati nship between 
resilient modulus and temperature the HMA is clas ified a 
being within a certain response zone (Figure 12). The response 
zone were estab]ished using an extensive body of existing 
resilient modu !.i versus temperature (22). Thermally induced 
stresses are then calculated on the basis of the resilient mod­
ul us response zone cla sification and climatic conditions (e.g., 
temperature drop rate or solar radiation). These induced 
conditions are shown schematically as a set of tensile stress 
boundary curves (Figure 13). 

Finally, the thermally induced stresses and the tensile strength 
of the HMA are compared over a range of temperature in 
a failure envelope format (Figure 14) . A flow chart repre­
sentation of the low-temperature cracking characreriza.ti n is 
shown in Figure 15. 
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FIGURE 11 Flow chart describing rutting analysis subsystem. 
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FIGURE 14 Procedure for evaluating thermal cracking 
potential using the indirect tensile failure envelope concept. 
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FIGURE 15 Flow chart describing thermal cracking analysis 
subsystem. 

CONCLUSIONS AND RECOMMENDATIONS 

HMA can be designed and analyzed using a rational approach. 
The methodology accounts for different modes of pavement 
distress (subgrade rutting , fatigue cracking, rutting, and low­
temperature cracking) using fundamental engineering param­
eters. By using these mechanistic parnm ter in the mix de ign, 
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FIGURE 16 Integration of mix design and pavement design 
by using rational mixture characterization methodologies . 

structural pavement design may be integrated with the HMA 
rnixi ure design (Figure 16). 

Thi ' procedure ·hould be implemented on an interim basis, 
and the ucc ss or failure rates hould be monitored. Standard 
procedures are needed for resilient modulus characterization 
of flexible pavemen t materials . Also , standards should be 
developed for a creep and permanent deformation test. 
Wheneve r po sible, the creep test should be conducted at 
temperatures repre entative of field conditions. Shift factors 
should also be developed and used . 
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Evaluation of Surface Mixtures of Steel 
Slag and Asphalt 

A. SAMY NouRELDIN AND REBECCA S. McDANIEL 

The demand for good-quality highway materials continues to 
increase whereas economical source. a.re becoming more limited. 
This dema nd may become more critical , especially with rhc policy 
(adopted by some state highway department ) of banning some 
aggregate type that have been frequent ly used in the past for 
produ.cing paving mixtures. Steel slag aggregates have not yet 
been u ed exten ively in pavement layers , even though they h< ve 
been u ed succes fu lly in the past. Steel lag ha performed well 
in a num ber of surface-course applications subject tO high. traffic 
volumes (when such mixtures have been properly designed and 
constructed). Research, development, and demon ·tration work 
are till required to ensure the full exploitation of reel lag. The 
uitability of steel slag aggregate in combination \ ith natural 
and wa evaluated for use in bituminou pavement surface layers 

constructed to serve high-volume, high-speed , and heavy-load 
traffic. This evaluation was made through a literature earch, a 
field investigation , and a laboratory characterization of bitumi­
nous mi:xtures prepared with various gradations and proportion 
of steel slag aggregate. Marshal.I-sized specimens were tested in 
the laboratory for tensile characteri. tics expansive properties after 
freeze-thaw cycling and Marshall stabi lity. The field inve tigation 
included a surface condition survey and skid resistance m.easure­
ments. U of steel ·lag in asphaltic mixes is ' till highly localized 
ln steel production areas. Some highway agencie d not permit 
its use, although the performance record of steel slag mixtures is 
reported to be excellent. Some inputs should be con idered in 
further evaluation of teel lag asphaltic mixture . This proce 
may lead to the development of technical pecifications and 
recommendation for more exten ive u e of tee! :lag aggregates 
in pavement layers. 

Many highway departments in the United States and anada 
are taking actions to reduce and possibly prevent a phaltic 
pavement rutting on their highway systems. These actions are 
warranted because of the increa. ed occurrence of rutting in 
pavements that have performed satisfactorily for several years. 
These increases are the results of ever-increasing truck vol­
umes, gross weight , and tire contact pr ures. Truck gross 
weights of over 500,000 lb and tire pres ures of over 120 psi 
have been frequently reported. 

Major change. in materials, together with some chart e · in 
mix design and construction procedure for asphalt pav ment 
re mfacing and overlays, are current ly recommended and 
appljed. The use o.f ome aggregate materials ha · been severely 
limited, if not prohibited. atural sand , for example, i of'ten 
prohibited from being u ed as a fine aggregate material in 
producing bituminous surface mixtures. 

A. S. Noureldin, Public Works Department, Cairo University, Cairo, 
Egypt . Current affililltion: Ministry or ommunicarions. King Abdel 
Aziz Road, Riyadh 11178, Saudi Arabia. R. S. McDaniel. Indiana 
Department of Transportation, Di:vision of Re earch, West Lnfay­
ette, Ind. 47906. 

The policy of banning the use of various aggregates to obtain 
higher-quality asphaltic mixtures has its drawbacks, because 
it usually results in higher construction, maintenance, overlay, 
and resurfacing costs. Asphalt pavement mix design, thickness 
design, and construction procedures have to be developed to 
adapt to the use of poor-quality as well as good-quality 
aggregates. 

Quality assurance specifications of most state highway 
departments (including Indiana) are getting tighter and 
tighter. Minimum Marshall stability (as an example) for 
accepting an asphalt mix is 1,200 lb in Indiana. Other state 
highway departments are using 1,500 lb as a minimum accept­
able value . Minimum values of 2,000 lb are used in Canada 
and are currently recommended for use by some state highway 
departments. However, no well-known criteria have tied the 
Marshall mix design (or any other mix design procedure) to 
pavement thickness design of asphaltic surface mixtures. If a 
specific thickness was designed for a mixture with a Marshall 
stability of 2,000 lb, a greater thickness could be designed for 
a mixture with a 1,200-lb Marshall stability value and, simi­
larly, a lower thickness could be designed for a mix with a 
2,800-lb stability value. 

Asphaltic mixtures composed of steel slag as coarse aggre­
gate, natural sand as fine aggregate, and AC-20 asphalt cement 
were evaluated. Natural sand is considered a poor-quality 
aggregate and can produce tender asphaltic mixtures subject 
to rutting. Steel furnace slag is considered an acceptable 
aggregate type by the Indiana Department of Transportation's 
Standard Specifications (1). However, most contractors tend 
not to use it because of its relatively high cost. The cost per 
unit weight of steel furnace slag is almost the same as that of 
any other coarse aggregate type used in Indiana. However, 
the pavement thickness produced by a ton of steel slag is 
considerably smaller than that produced by any other coarse 
aggregate type, because of the high specific gravity (3.4) of 
the steel slag. 

Asphaltic mixtures containing different proportions of steel 
slag and natural sand were produced and evaluated using 
Marshall stability and indirect tensile tests (indirect tensile 
strength, stiffness, and deformation). Other Marshall mix design 
parameters (air voids, voids in mineral aggregate, and voids 
filled with bitumen and density) were also investigated. 

The combination of natural sand and steel slag produced 
an asphaltic paving mixture (in the laboratory) with good 
stability and stiffness. In addition, high stiffness values of 
laboratory-compacted cores containing steel slags suggest that 
its relatively high cost could be compensated for by either 
using it with inexpensive, low-quality fine aggregate or reduc­
ing the thickness of asphaltic paving surface layers in which 
steel slag is used. 
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REVIEW OF LITERATURE 

Ferrous Slags Production 

Ferrous slags are by-products of the ir n- or teel-making 
process . Formation begins when iron ore, coke and a flux 
(either limestone or do.lomite) are melted toge ther in huge 
furnaces. When the metallurgical smelting process is com­
plete, the lime in the flux ha been chemically combined with 
the aluminates an I si licate 0f the ore and coke ash to form 
a nonmetallic product called slag. 

During the period of cooling and hard . ning fr0m th molten 
state, the slag can be treated to form everal specific types, 
which can in turn be crushed or screened to isolate diver ·e 
grades and izes. The vari u types of ferrous slag can be 
classified under four basic headings (2 ,3): 

1. Air-Cooled Blast Furnace Slag is produced by pouring 
molten . lag into pits or bank and permitting it to cool and 
, olidify lowly under atmospheric conditions. It can be pro­
cessed, crushed, and screened into sizes. It is a relatively light­
weight type of aggregate. 

2. Expanded Bia 1 Furnace Slag i produced by applying a 
controlled amount of water ·team or compre sed air t 
molten slag. 11 is also a light-weight type of aggrega te. 

3. Granulated Blast Furnace lag is produced by udden 
quenching of molten slag in water. .Lt is a noucry. talline , light­
weight, grauu lar material. 

4. Steel Slag a by-product of the steel-making pr ces (using 
open hearth, electric, r oxygen tee l furnaces), has a higher 
pecific gravity (3.2 to 3.6) than blast furnace slag. beca~1 e 

of its high iron content. teel slag may be recycled to produce 
more iron product and one of the three iron bla r furnace 
slag·. However, this recycling procedure is usually not 
economical. 

Table 1 presents the chemical composition of steel slag together 
with that of iron blast furnace slags for comparison 
purposes (3) . 

General Characteristics of Steel Slag Aggregates 

Steel lag consis ts uf crushed angular particle with rough, 
irregular surfaces. It has essentially no fl at or elongated pieces 
an.d ha a rougher ·urface texture than gravels and crushed 
stones. Steel slag is highly resistant to weathering, as are the 

TABLE 1 COMPOSITION OF IRON BLAST FURNACE 
SLAGS AND STEEL SLAG (3) 

Iruu Blast 
Compound Furnace Slag (%) Steel Slag (%) 

Calcium oxide 36-45 25-42 
Silicon dioxide 33-42 i5-17 
Aluminum oxide 8-16 2-3 
Magnesium oxide 3-16 6-10 
Iron (FeO and Fe20 3) 0.3-2 20-26 
Calcium sulfate 1-3 
Manganese oxide 0.2-1.5 8-12 
Titanium dioxide 0-1 0-1 
Free lime 0-1 2-4 
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iron blast furnace lags . Freezing and thawing effect and 
sulfate soundness los es are reported to be excepti nally low 
3,4). 

Rough-su rfa.:ed , 111~ular panicles of steei iag develop high 
internal friction and good particle interlock, which contribute 
to high stability when used as aggregate for bituminous mixes. 
Crushed steel slag typically has an angle of internal friction 
in the range of 45 to 50 degrees (2). 

The hardness of steel sing, as measured by Mo.h 's miner­
alogic scale, is usually 7, ompared with value of 6 for air­
cooled blast furnace slags and 3 to 4 for dolomite and 
limestone (2 ,3). 

The abrasion characteristics of steel lt1g aggrega te are also 
distinctive. Typical Los Angeles abrasion values (ASTM 13 l ) 
are in lhe range of 20 to 25 percent, compared with 35 to 40 
percent for air-cooled blast furnace ·lag and natural dolomite 
(2 ,3). Therefore the change in gradation (degradation) under 
traffic would be negligible if teel lag wa u ed for urface 
paving layers . Table 2 presents a compari on of ome prop­
erties of steel lag aggregate and air-cooled bla t furn ace lag. 

Th weight per unit volume f slag is significantly higher 
rhan that of iron blast furnace slag · and all natural aggregates. 
Bituminou paving mixture pr duced using teel . lag aggre­
gates will display high den icy values and generally grea ter 
tability and stiffuess values than bituminou mixes u ing any 

other type of aggregate material. 
Th di tinctive color and texture of steel slag paving mix­

tures may also be usefu l in di tinguishing traffic l<mes from 
shoulder and keeping highway u ·er alert to impending stops 
and highway width changes. Rum bl trip can be constructed 
with tee! lag to warn driver of approaching inter ecri n . 

hese may help reduce accident rate al inter ection with a 
high accident frequency and may prevent rutting. 

TABLE 2 TYPICAL CHARACTERISTICS OF STEEL SLAG 
AND AIR-COOLED RT.AST FURNACE SLAG (2,3) 

Air-Cooled 
Parameter Blast Furnace Steel Slag 

Bulk specific gravity 2.1-2.5 3.2-3.6 
Porosity(%) Up to 5 Up to 3 
Rodded unit weight 75-90 100-120 

(lb/ft3) (ASTM C28) 
Los Angeles abrasion 35-45 20-25 

(%) (ASTM Cl31) 
Sodium sulfate losses (%) <12 < 12 

(A TM C88) 
Angle of internal friction 40-45 40-50 

(degrees) 
Hardness (Moh's scale of 5-6 6-7 

mineral hardness)" 
California bearing ratiob Up to 250 Up to 

(%) 300 
Unit weight of Marshall 125-145 160-190 

compacted bituminous 
mix (lb/ft3

) 

Polarity Alkaline Alkaline 
(pH 8-10) (pH 8-

10) 
Asphalt content Up to 8 Up to 6.5 

requirements in dense 
graded mixes (%) 

"Hardness of dolomite measured on same scale is 3 to 4. 
•Top size 3/4 in. Typical CBR value for crushed limestone is 100 percent. 
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Steel Slag Use in Asphaltic Paving Mixtures 

Steel slag aggregates have been used successfully in asphaltic 
surface mixtures in Europe, Canada, Australia, and parts of 
the United States (4,16). No major problems with the quality 
and durability of steel slag a plrnltic concrete (A ) pavem · nts 
have been reported. Steel ·Jag has also been u ed in h t mixe 
for winter patching. It retain. heat very well, and it high unit 
weight and tability tend to hold patches in place. 

Bituminou lest sections were constructed in 1974 on High­
way 401, Toronto By-Pa s, anada, as part of a program to 
determine the most suitable material to improve dri ing qual­
ity (5 7 16). Highway 401 i con idered one of the bu ·iest 
freeways north of Tor nto . ection con tructed with . tee! 
slag gave the highest kid number during the 4-year study 
period . In addition teel slag a phallic mixtures displayed 
higher Marshall tability values (3 500 lb from laboratory­
compacted specimens and 3 650 lb from field cor s) than all 
other a phalt mixtures used in 18 differenl test sections. Steel 
s lag asphaltic mixtures provide superior kid resi rnnce. The 
wet-road accident rate did not igni.ficantly exceed the dry­
road accident rate for steel slag AC surfacings, whereas the 
opposite wa generally true for all other surfacings. 

Highway trials u ing a blend of air-cooled blast furn ace slag 
(coar e( portion) and steel slag (finer p nion) in A urface 
cour~-e. have proven most ati factory; exce llent skid re i -
tance was developed. This type of mix would allow a much 
fuller use of the finer steel slags (3). 

Steel slag aggregates have also been used for pavement 
bases and subbases, shoulders, fills, and berm stabilization. 
Its use for pavement layers in parking lots and high-speed 
turns is currently being considered (3,4,9-12). 

There has been interest in Europe and Australia concerning 
the use of steel slag in stabilized bases. Stabilized bases con­
sisting of 60 percent blast furnac slag (0 to 60 mm) , 25 percent 
steel slag (0 to 15 mm) and 15 perc nt granulated blast fur­
nace slag have been placed and compacted with standard 
highway equipment (at approximately 10 percent water 
content); the results were reported to b excellent. 

Factors To Be Considered When Employing Steel Slag 
Aggregates 

When using steel slag aggregate materials for road construc­
tion the following factors should be considered. 

Variations in Characteristics 

Variations in the characteristics of steel slag and iron blast 
furnace slags may be expected, because both types are by­
products of the iron- and steel-making process, not a slag 
aggregate-making proces . The economic worth of steel slag 
for return to blast furnace. burden for recycling. and potential 
application of steel slag as a fertilizer may help ause these 
variations between plants and even within the am plant and 
furnace (open hearth , basic oxygen , and electric arc). Although 
not much variation in aggregate gradation may be expected 
because of processing and screening procedures, variations in 
specific gravity and other characteristics may be expected (3 ,6). 
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Unit Weight 

The weight per unit volume of steel slag is significantly higher 
than that of blast furnace slag and of most natural aggregates. 
As a result, a larger tonnage of steel slag is required to produce 
a given volume of bituminou mix or to cover a given area 
of pavement with a specific thickne s. This factor bee mes 
important where long hipping distances ar involved in 
obtaining sufficient materials for construction. 

Expansive Nature 

Although blast furnace slags are stable, teel ·lags have a 
potentially expansive nature (volume change of up to 10 
percent). Thi expansion can be attributed to the hydration 
of calcium and magne ium oxides (2). Because serious dam­
age may re ult from the indiscriminate use of steel slag in 
confined applications, potential long-t rm volume hanges 
must be checked before such use . Obviou ly , tee I slag should 
not be used i11 portland cement c ncretes (unless sh wn ther­
wise by a deta i.led valuation), becau: expansion will re ·ult 
in rapid destruction of the concrete. Howe er, the expansion 
can be tolerable when ontrol led by uitablc aging or treat­
ment of aggregate with pent acid , or when the steel lag 
particle· are properly coated with an asphaltic binder (2 ,5). 

The expan ive nature of steel lags can be traced back to 
the steel-making process in which the conver ion of pig iron 
t t el involves the contTolled adjustment of variou impur­
ities and the addition of small quantities of constituents that 
give special properties to the steel. Although the steel slag 
constituents are similar to those of blast furnace slag, the 
proportions are different (Table 1) . Tbe calcium and mag­
nesium oxides are not completely combined in steel slags, and 
there i general agreement in the literature that the hydration 
of un laked lime (free aO) and magne ium oxid (MgO) in 
contact with moisture is largely re pon ible for the expansive 
nature of most steel slags. The unslaked lime hydrates rapidly 
and can cause large olume changes in a few weeks. MgO 
hydrates more slowly and contributes to long-term expan ion 
that may take several years to develop in the fie'ld . Becau e 
teel-making slags arc reduced in ·ize and wate r i involved 

during proce sing aO hydration may occur and Lhe aging 
process may be accelerated , thu decreasing short- or long­
term expansion. 

Steel slags must be checked for potential expansion, because 
even aging for long periods in large dumps does not guarantee 
the elimination of expansive behavior (particularly if the slag 
i. unprocessed and large lumps are involved). 

A simple economi.cal and rapid test procedure for eval­
uating the cxpan ·i 11 potential of steel slag wa reported by 
Emery (3 16) . The procedur involved preparing ' tee! slag 
pecimen and a nonexpan ive control u ing the standard 

proctor t st. Stainles steel molds with perforated base plate 
allowed for moisture movement during an immer-ion period. 
The specimens were totally immer ed in a water bath at 82°C 
± 1°C and the amount of vertical expansion was monitored 
over time. The 82°C test temperature was selected on the 
basis of the initial expansion test series at 60°C. Expansion 
levels of 5 to 9 percent observed at 82°C (about three times 
that at 60°C) were similar to the levels of long-term expansion 
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often observed in the field . A hort monitoring period of 1 
to 7 days appeared adequate t predict potential expansive 
b havior in the fie ld. Surcharge weights can b used to im­
ulate overburden conditions. Adoption of the l:ihnr<1tory­

accelerated expansion te ts at 82°C was given suppo1i by a 
erie of long-term expan ion tests at 20°C ± l°C. After 475 

days at 20°C, expansion was about half of that observed in 7 
days at 82°C. 

This test series illdicated that aging in stockpiles (1 referably 
after pr cessing and in small quantities), spent acid treat­
ment , and the u e of coarser sizes all tend to limit the poten­
tial expansion of steel slags. The.<;e results are in qualitative 
agreement with field observations. Aging steel slag in large 
heaps or piece i not very effective, becau e ste l ·lag remains 
expansive for extremely long period · if not directly expo eel 
to weathering (3 16) . 

The discussion in this section has been concerned with the 
potential expansion of steel slag that has not been coated with 
asphaltic cement. The use of tee! lag in A generally results 
in an accept •. ble product , bec;.iu e the a phaltic cement film 
coating the steel lag limits potential expansion. H wever , 
the question often arise concerning the need for aging teel 
. lag before use in A . Uthe finer izes are u ·ed (< 13 mm) , 
prior aging is not critical because the watering and ·creen 
proce sing during travel through the asphalt plant dryer and 
screens allow fo r any immediate expan ion . However a min­
imum aging pe·riod of 30 days i still recommend d by many 
authorities particularly for lhe coar er (> 19 mm) a ·phalt 
mixes (3,16). 

Steel sla may continue to be put mainly to uch uses as 
rai lway ballast, pavement bases for shou lders, fills , and ice 
control gri ts. However , the ec nomic of handling and u ing 
a heavy aggregate, the virtua l eliminatio n of any expansion­
related problem by the a. phaltic cement coating, and the 
p tentially excellent perf rmance of steel lag AC mixe mak 
tbe u e of steel slag aggregate more practical. 
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FIELD CONDITION SURVEY OF STEEL SLAG 
BITUMINOUS SURFACE LAYERS IN INDIANA 

Stee! s!~g ~~d ~~ph~H r11ixtu1cs -wci"- U='eJ iu µ1ovlc..h: " 1- LO 
l.25-in .-thick urfac layer for a number of roadway in Indi­
ana between 1979 a nd 1981. Ttible · 3 a1id 4 present the pave­
ment performi1 nce history f thes laye rs (discu sed later in 
detail) together with traffi informati n. 

Skid Resistance Measurements 

Skid resi tance numbers (friction numbers) measured using 
ASTM E-274 are pre ented in Table 3. Initial friction num­
bers, obtained in the year of con truc1ion were excepli nally 
high (between 50 and 70). In addition f ur out of five road­
way section di played a reduction of only 0 t 3 percent/year. 
The r adway ection on U -231(Table3) was the only cction 
to di play a large reduct ion in fricti n numbers (12 percenr/ 
year). Thi ection wa · over layed in L985 bef re the begin­
ning of thi tudy) <Ind the cause o f the drop in friction 
number could not be determined (Table 3). 

Friction numbers obtai1ied from the roadway section pre­
sented in Table 3 also match those superior values obtained 
for teel lag u ed in ther state and countries (5 ,15) and 
cou ld be attributed to the low abra i n and high hardness 
characteri tic of the steel lag (Table 2). 

Visual Inspections 

Sections of Indiana's SR-55, US-6, and I-80/90, which were 
constructed u ing steel ·lag aggregates in the 'Urface layers, 
were visually inspected or surface de ficiencie during August 
1988. Pavement surface deficiencies on the th re ection · were 
similar and followed identical patterns (Figure 1) . 

TABLE 3 SKID RESISTANCE AND LIFE CYCLE INFORMATION OF STEEL SLAG ASPHALT SURFACE LAYERS IN 
INDIANA 

Initial 
Indiana Contract Section Construction Overlay Life Friction 
Hf ghwax Number Length Date Date cxcle Number 

US-231 RS-12551 7 .40 mi. 1980 1986 6 years 59.0 

SR-55 RS-13065 6.63 mi. 1981 7 years 50.4 

US-6 RS-11898 11. 70 mi. 1979 9 years 69.9 

US-20 RS-12422 7.70 mi. 1980 1986 6 years 64.4 

US-35 RS-12337 5.97 1980 1986 6 years 67.2 

US-12 RS-13062 2.80 mi. 1981 1987 6 years 

1-80/90 Toll Road 17.80 mi. 1980 8 years 

NOTES: 1. Type of overlay was sand seal. 

2. Friction Numbers (Skid Resistance Numbers) are measured using ASTM E-274, Brake 
Force Trail er. 

Updated 
Friction 
Number 

23.9 (1985) 

50.4 (1984) 

55.6 (1986) 

59.9 (1984) 

59.6 (1984) 
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TABLE 4 FIELD INFORMATION OF STEEL SLAG ASPHALT SURFACE LAYERS IN INDIANA 

Indiana Contract Directional Directional Surface Crack 
Highway Number No of Lanes 

US-231 RS-12551 1 

SR-55 RS-13065 1 

US-6 RS-11898 1 

US-20 RS-12422 2 

US-35 RS-12337 1 

US-12 RS-13062 3 

I-80/90 Toll Road 2 

*ADT is the average daily traffic in equivalent 

FIGURE 1 Cracking pattern observed on US-6, SR-55, and 
1-80/90: a, top view; b, longitudinal view. 

ADT* Thickness, Inch Intensity 

3110 1.00 overlaid 

7238 1.00 high 

2425 1.00 high 

4765 1.25 overlaid 

3460 1.25 overlaid 

7500 1.00 overlaid 

7000 1.25 high 

passenger cars (1983 information). 

Interconnected cracks forming a series of large polygons 
with sharp corner or angles and extending along the entire 
roadway portion were ob erved (typica l map cracking). No 
indications of base failure or reduction in resilience of the 
underlying pavement layers were observed, and only crack 
a ociated with tbe pavement surface were present. In addi­
tion the pavement surface di played ome white-to-gray di -
colorations (Figure 2) at or near these cracks (similar to those 
obtained in tile laboratory after succe · ive freezing and thaw­
ing). However, absolut ly no raveling, rutting or shoving wa 
observed at any location on those three roadway sections, and 
the pavement urface appeaxed to maintain its resilience after 

yeaI of traffic. 
The map cracking cou ld be attributed to age hardening (the 

pavement was year Id), weathering and shrinkage of the 
a phallic urface under climatic condition . These conditions 
may have been complicated by the po sible insufficiency of 
asphalt content and pavement thickness for the surface layer. 
The pavement surface thickness ranged between l and 1.25 
in. The design asphalt content wa 5.5 percent, and ome 
cores displayed an extracted a phall c ntent of only 4.7 
percent. 

Another important factor is the possible accelerated hard­
ening of the a phalt binder caused by the ferr ic and ferrous 
oxide present in steel lag particles (20 to 26 percen t, Table 
1). Ferric .and ferrous components are typically used a cata­
lysts to accelerate oxidation of a phalt in the production of 
air-blown asphalts. Air-blown a ·phalt have higher viscosity 
and . oftening point , and lower penetration ductility , and 
adhe ivenes than regular, straight-run distillation asphalt . 
Their use in paving mixture. i limited because of their potential 
for causing cracking. 

Pavement Surface Temperature 

Su.rface temperatures were recorded on portions of Indiana 
US-6, paved with a steel lag a phaltic surface on the west­
bound side and a natural aggregate (cru. bed limest ne and 
natural sand) asphaltic surface on the eastbound side. The 
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FIGURE 2 urface discoloration, probably caused by 
hydration of free lime present in steel lag aggregates. 

main objective wa. to investigate the effect of the large 
amounts of iron (ferric and fen us oxide) present in steel slag 
aggregate and the dark black color of paving surfaces con­
structed with steel slags on tJ1e re ulting pavement surface 
temperature. 

An infrared noncontact-type field thermometer was used 
to mea ure and record temperat11re al.ong tbe cross section f 
the eastb und side (natural aggregate) and the westbound 
side (steel lag). A simple statistica l analysi of variance 
(ANOYA) indicated that n ignificant difference in tem­
perature existed between points within the cross section of 
the eastbound side. The same result was obtained along the 
westbound side. Significant differences, however, were obtained 
b tween the two . ides. The surface constructed using tee! 
slag di ·played a surface temperature 5°F to 10°F higher than 
Ll.te other surface. This could be attributed, in parl, to the 
very low specific heat of th ferric and ferrous component 
in steel slag aggregate resulting in a greater increase in pave­
me1\l urfuce temperature (at the same amount f heat) 1han 
other aggregate type . 

This factor bee m important when considering the age­
hardening rate of asphalt binder, which may be acceleraled 
because of thi. phenomenon especially during hot weather. 
On the other hand , because of the low pecific beat of steel 
slag, the low amount of heat available during winter may be 
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enough to keep pavement surfaces warmer and hence decel­
erate ice formation during cold weather. 

MATERIALS USED AND LABORATORY 
EVALUATION PROCEDURES 

The materials used in the laboratory evaluation were (a) steel 
slag coarse aggregates (meeting the Indiana specified grada­
tion requirements for No. 11 coarse aggregate), provided by 
Heckett Slag Products, Harsco Corporation, (b) Hanna nat­
ural sand (meeting the Indiana specifications for 23 sand), 
and (c) ASTM-designated AC-20 (Amoco Oil Company, 
Inc.). Table 5 presents the gradations of the steel slag coarse 
aggregate and Hanna sand, and Table 6 presents the 
characteristics of the AC-20. 

Six combinations of coarse and fine aggregate were selected 
to produce mixtures with a wide range of gradations and 
proportions of steel slag coarse aggregates: 

•Mix 1: 100 percent coarse aggregate (steel slag) and 0.0 
percent natural sand (Hanna sand). This mix met the Indiana 
specifications for No. 11 bituminous-coated aggregate. 

• Mix 2: 87 percent steel slag coarse aggregates and 13 
percent sand. The amount of sand was the maximum per­
centage to keep the mix within specification of No. 11 
bituminous-coated aggregate. 

• Mix 3: 73 percent steel slag coarse aggregate and 27 per­
cent natural sand. This mix contained the minimum amount 
of sand required to keep the mix within Indiana specifications 
for No. 11 binder mix. ' 

• Mix 4: 59 percent steel slag coarse aggregate and 41 per­
cent natural sand. This mix contained the largest amount of 
sand required to keep the mix within Indiana specifications 
for No. 11 binder mix. 

•Mix 5: 47 percent steel slag coarse aggregate and 53 per­
cent natural sand. This mix met the Indiana specification for 
No. 11 surface mix using the minimum amount of sand. 

• Mix 6: 40 percent steel slag coarse aggregate and 60 per­
cent natural sand. This mix met the Indiana specification for 
No. 11 surface mix using the maximum amount of natural 
sand. 

Table 7 present · the gradations of Mixes 1 through 6, and 
Table pre. en ts the I ndia1ia specificati n for No. lJ. surface 
No. 11 binder and N . 11 bituminou -coated aggr gate. 

Marshall mix design pr cedures were c nducted n each 
of 1he ix mixes using 75 blows per face for specimen com­
paction . Each pecimen's unit weight percentage fair voids 
(AV), percentage of voids in aggregate mas. (YMA) and 
percentage of voids in aggregate mass that Rre filled with 
bitumen (VFB) were determined in addition to Marshall 
stability and flow values. 

ix specimens were used to repr sent each asphalt cont nt . 
hree of those specimens were used for the Marshall mix 

design procedure . The indirect tensi le test ( ·plit ten. i n) wa · 
conducted al 75°F on the other three specimen. to obtain 
ten ile charactcri tics of Mixes 1 through 6 at differen t asphalt 
contents. 

The average height of the specimens tested for Marshall 
stability was measured, and those specimens were exposed to 
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TABLE 5 GRADATION OF STEEL SLAG COARSE AGGREGATES AND HANNA 
SAND 

Sieve 
Size 

1/2" 

3/B" 

#4 

#B 

#16 

#30 

#50 

#100 

#200 

'Is Passing 
Steel Slag 

100 

83 

12 

3 

2 

2 

2 

2 

1 

Specification 
Limits" 

100 

75 - 95 

10 - 30 

0 - 10 

'Is Passing Specification 
Hanna Sand Limits" 

100 100 

98 95 - 100 

91 80 - 100 

82 50 - BS 

60 25 - 60 

11 5 - 30 

1 0 - 10 

0 0 - 3 

•specification limits are for #11 coarse aggregate and #23 sand, IDOH 
Standard Specifications (16). 

TABLE 6 CHARACTERISTICS OF AC-20 

Test Value 

Penetration, 100 gm, 5 sec., 77°F, 0.1 mm 65 

Absolute Viscosity, 140°F, Poise 

Softening Point, °F 

Ductility, 77°F, 5 cm/min., Cm 

30 successive cycles of freezing and thawing (17 hr of freezing 
at -10°F and 7 hr of thawing by soaking in a water bath at 
75°F) . Average heights were remeasured after the freeze-thaw 
cycling. 

LABORATORY TEST RESULTS AND DISCUSSION 

Marshall Mix Design Data 

Tables 9-14 present the asphalt mix properties for the six 
designed mixtures . The amounts of natural sand and steel slag 
coarse aggregate used are given for comparison purposes. 

Asphalt Content 

Mixes 3 through 6 displayed maximum density and stability 
at asphalt contents of 5.0 percent, 5.5 percent, 6.5 percent, 
and 7 .5 percent, respectively. The increase in the amount of 
natural sand (27 percent for Mix 3, 41 percent for Mix 4, 53 
percent for Mix 5, and 60 percent for Mix 6) increased the 
surface area of the mix and consequently increased the amount 
of asphalt required for proper coating. However, this was not 

1890 

122 

150+ 

TABLE 7 GRADATION OF MIXES 1 THROUGH 6 

Sieve 
Percent Passing 

Size Mix 1° Mix 2" Mix 3" Mix 4• Mix 5' Mix 6c 

Y2-in. 100 100 100 100 100 100 
3/s-in. 83 85 88 90 92 93 
#4 12 23 35 47 58 64 
#8 3 14 27 39 50 56 
#16 2 12 24 35 44 50 
#30 2 10 18 26 33 37 
#50 2 3 4 6 7 7 
#100 2 2 2 2 1 1 
#200 1 1 1 1 0 0 

0 #11 bituminous coated aggregate. 
•#11 binder. 
' #11 surface. 

true for Mixes 2 and 1, consisting of 13 and 0.0 percent natural 
sand, respectively. Mixes 2 and 1 displayed maximum density 
and stability at asphalt contents of 5.5 and 6.0 percent, respec­
tively, although they contained less than Mix 3. The use of 
high percentages of rough-surfaced steel slag apparently 
increased the asphalt requirement. 

Asphalt mixes containing 100 percent steel slag coarse 
aggregate may require relatively high asphalt contents to peak 



TABLE 8 INDOT SPECIFICATIONS FOR #11 SURFACE, #11 BINDER, 
AND #11 BITUMINOUS-COATED AGGREGATES 

Sieve 
Size 

1/2" 

3/8" 

114 

118 

1116 

1130 

llSO 

11100 

11200 

1111 Bit. Coated 
Aggregate 

100 

7S - 100 

10 - 3S 

0 - lS 

0 - 6 

1111 Binder U l Surface 

100 100 

78 - 98 8S - 98 

3S - so S7 - 67 

20 - 4S 31 - 62 

11 - 36 17 - so 

6 - 26 8 - 37 

2 - 18 3 - 2S 

0 - 11 0 - 14 

() - 3 0 - 3 

TABLE 9 CHARACTERISTICS OF MIX 1-100 PERCENT STEEL SLAG COARSE 
AGGREGATE, 0 PERCENT NATURAL SAND 

AC (%) 

4.S s.o s.s 6.0 6.S 

Unit Weight, PCF lSO.S lSl.l lSl. s 1S2.0 lSl.8 

\ Air Voids 21.6 20.S 19.41 18.3 17.S 

\ VMA 34.0 33.3 32 . 7 31.9 32.0 

\ VFB 36.S 38.4 40.7 42.6 4S.3 

Max.th.Density, PCF 192.0 190.0 188.0 186.0 184.0 

Marshall Stability, 1400 lSSO 1600 2100 17SO 
Lbs. 

Flow, 1/100 inch 8.0 A.O 9.0 10 10 

S.,,, Psi 112 124 126 133 126 

e.,, 0 . 004 o.oos 0.006 0.007 0.008 

E, 10" psi 7.0 7.0 7.0 8.0 8.0 

Freeze-Thaw 6.7 s.s s.o 0.1 0.0 
Cycling Effect 

NOTE: 1. Effect of successive freezing and thawing cycles was measured 
by the percent incr~ase in average specimen height before and 
after exposure to 30 cycles. 

2. ST, e.,, and E are tensile strength, strain and stiffness modulus 
respectively. 



TABLE 10 CHARACTERISTICS OF MIX 2-87 PERCENT STEEL SLAG COARSE 
AGGREGATE, 13 PERCENT NATURAL SAND 

Unit Weight, PCF 

% Air Voids 

% VMA 

% VFB 

Max.th.Density, PCF 

Marshall Stability, 
Lbs. 

Flow, 1/100 inch 

E, 104 psi 

Freeze-Thaw 
Cycling Effect 

AC (%) 

4.5 

156.2 

16.5 

29.5 

44.1 

187.1 

1800 

10 

121 

0.006 

7.0 

5.5 

5.0 5.5 

156.5 157.0 

15.5 14.4 

29.2 28.3 

46.9 49.1 

185.2 183.4 

2500 2600 

11 12 

144 146 

0.006 0.007 

8.0 10.0 

4.0 2.6 

TABLE 11 CHARACTERISTICS OF MIX 3-73 PERCENT SLAG STEEL 
COARSE AGGREGATE, 27 PERCENT NATURAL SAND 

Unit Weight, PCF 

% Air Voids 

% VMA 

% VFB 

Max.th.Density, PCF 

Marshall Stability, 
Lbs. 

Flow, 1/100 inch 

E, 104 psi 

Freeze-Thaw 
Cycling Effect 

AC (%) 

4.5 

159.5 

10.0 

23.4 

57.3 

177 .2 

2000 

9.0 

148 

0.007 

8.0 

5.4 

5.0 5.5 

162.0 158.4 

9.2 8.9 

23.0 22.9 

60.0 61.1 

175.6 173.9 

2850 2650 

9.0 10.0 

160 158 

0 . 007 0.007 

11.0 10.0 

3.6 0.9 

6.0 

156.9 

13.6 

29.0 

53.1 

181.6 

2200 

15 

137 

0.008 

8.0 

0.1 

6.0 

157.8 

8.5 

23.3 

63.7 

172.4 

2250 

11.0 

156 

0.008 

9.0 

0.1 



TABLE 12 CHARACTERISTICS OF MIX 4-59 PERCENT STEEL SLAG COARSE 
AGGREGATE, 41 PERCENT NATURAL SAND 

AC (%) 

4.5 5.0 5.5 6.0 

Unit Weight, PCF 152.2 152.3 154.0 153.6 

\ Air Voids 11.6 10.7 9.1 8.4 

\ VMA 23.6 23.2 22.8 22.9 

\ VFB 50.8 53.9 60.1 63 . 4 

Max.th.Density, PCF 172.2 170.6 169.2 167.7 

Marshall Stability, 1400 1800 2100 1900 
Lbs. 

Flow, 1/100 inch 6.0 6.0 8.0 8.0 

s.,, Psi 148 156 158 156 

e., 0.007 0.007 0.007 0.007 

E, 104 psi 8.0 9.0 10.0 10.0 

Freeze-Thaw 4.2 3.6 0.8 0.0 
Cycling Effect 

TABLE 13 CHARACTERISTICS OF MIX 5-47 PERCENT STEEL SLAG COARSE 
AGGREGATE, 53 PERCENT NATURAL SAND 

AC (%) 

5.5 6.0 6.5 7.0 

Unit Weight, PCF 145.0 145.7 148.0 147.7 

\ Air Voids 11. 7 10.6 8.5 7.9 

\ VMA 24.4 24.3 24.0 24.1 

\ VFB 52.0 56.5 64.6 67.4 

Max.th.Density, PCF 164.2 162.9 161. 7 160.4 

Marshall Stability, 1350 1450 1500 1400 
Lbs. 

Flow, 1/100 inch 6.0 6.0 8.0 8.0 

S.,, Psi 140 147 155 140 

e., 0.006 0.007 0.007 O.OO!l 

E, 104 psi 6.0 6.0 8.0 7.0 

Freeze-Thaw 0.5 0.1 0.0 0.0 
Cycling Effect 
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TABLE 14 CHARACTERISTICS OF MIX 6-40 PERCENT STEEL SLAG COARSE 
AGGREGATE, 60 PERCENT NATURAL SAND 

AC (%) 

6.0 6.5 

Unit Weight, PCF 145.0 145.4 

% Air Voids 8.8 8.0 

% VMA 22.2 22.0 

% VFB 60.4 63.6 

Max.th.Density, PCF 159.0 158.0 

Marshall Stability, 1200 1200 
Lbs. 

Flow, 1/100 inch 7.0 7.0 

ST, Psi 140 144 

eT 0.007 0.008 

E, 104 psi 6.0 6.0 

Freeze-Thaw 0.1 0.0 
Cycling Effect 

in density and stability. The addition of natural sand (to a 
certain extent) may reduce the required amount of asphalt 
for maximum density and stability, as shown in Figure 3. 

Unit Weight 

Natural sand was used with steel slag coarse aggregate to 
produce asphalt mixtures with unit weights lower than those 
obta ined when using steel slag and. Use of steel slag sand 
can also result in high shipping costs. The steel slag surface 
mixture (containing steel slag coarse and fine aggregates) used 
on US-6 displayed a unit weight of 186 lb/ft3

, which is at least 
30 percent higher than any other No. 11 surface mixes pro­
duced using natural aggregates. Mixes 1 through 6 (Tables 9-
14) displayed unit weights of 145 to 162 lb/ft3, only 5 to 15 
percent higher than No. 11 surface mixture produced without 
steel slag aggregate . The use of more open graded mixes 
when using smaller amounts of natural sand is another 
alternative to avoid the high-density disadvantage of steel slag. 

Marshall Stability 

Although the high specific gravity of steel slag aggregates is 
a disadvantage when considering shipping cost, it helps create 
the ·uperior tability that may be expected fr m tee! lag 
asphaltic mixtures. Marshall tabilities of 3,500 to 4 000 lb 
have been frequently reported for steel slag mixture · 
containing both coarse and fine steel slag aggregates ( 5 7). 

Natural sand use in asphaltic surface mixtures i generally 
limited and is banned by some state highway departments. 
Natural sand combined with dolomite (coarse aggregate) pro-
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o.o 0.0 0.0 

duced asphalt mixes (with different gradations and asphalt 
contents) with Marshall stabilities of no more than 1,250 lb at 
optimum asphalt content. Minimum acceptable Marshall sta­
bility, by Indiana Department of Transportation specification, 
is 1,200 lb. 

Tables 9-14 present Marshall stability values for Mixes 1 
through 6. A stability of at least 1,200 lb was obtained for all 
mixes at any asphalt content. The use of natural sand (known 
to produce tender mixes) not only compensated for the high 
specific gravity of the steel slag coarse aggregate but main­
tained good stability in combination with steel slag. Mix 3 
displayed the largest stability (2,850 lb) and density at an 
asphalt content of 5 percent (Figures 4 and 5). 

Aggregate Gradation Curves 

Figure 6 shows the aggregate gradation curves for Mixes 1 
through 6, together with the curve for maximum density. 
Higher Marshall stability values were obtained (at optimum 
asphalt content) as the mix gradation got closer to the Fuller's 
maximum density curve, for Mixes 1, 2, and 3. However, 
lower stability values were obtained for Mixes 4, 5, and 6, 
which crossed the maximum density curve; these mixes may 
have been too densely graded. Mixes 4, 5, and 6 had more 
material passing No. 16 and No. 30 sieves (i.e., they may also 
have been over sanded). 

The gradation curve for Mix 3 suggests that this mix may 
have had more materials passing the No. 8, No . 16, and No. 
30 sieves than were needed, as indicated by the hump in the 
gradation curve in that region. The same observation can be 
made for Mix 2, but this mix may have had insufficient amounts 
of material passing the No. 50, No. 100, and No. 200 sieves. 
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Indirect Tensile Characteristics 

The indirect tensile test was conducted at 75°F. The following 
indirect tensile test parameters were used to characterize steel 
slag asphalt mixtures in the compacted state (17-23): 

Sr = O.l556p ;;x 

where 

Sr = tensile strength (psi), 
H = specimen height (in.), and 

p max = load at failure (lb). 

where 

er = total tensile horizontal strain at failure, 

(1) 

(2) 

Xv = recorded vertical deformation at failure (in.), and 
K = 0.09 at test temperature of 75°F. 

E = 3.56 S 
H 

where 

E = stiffness modulus (psi), 

(3) 

S = slope of initial tangent of the load-deformation plot 
(lb/in.), see Figure 7, and 

H = specimen height (in.). 

Paving mixtures with low tensile strength values have a 
tendency Lo develop low-temperature cracking problem in 
the field, especially when used for urface mixtures. An indi­
rect tensile strength of 150 psi at 75°F is usually considered 
an average value for asphaltic surface mixtures (23). Values 
of more than 150 psi generally reflect good crack resistance, 
whereas values of less than 150 psi may be considered low. 
Paving mixtures with low tensile strain values also tend to be 
less resistant to cracking, whereas those with high strain values 
may tend to develop rutting di tres . A strain value of 0.008 
at 75°F can be con idered an average value for a phalt surface 
mixtures. 

The stiffness modulus E measured using the indirect tensile 
test generally averages 0,000 psi for a phalt surface mixtures. 
Conceptually, pavement thickness for paving surface mixtures 
can be reduced when using mixes with a large stiffness mod­
ulus or increased when using mixes with a small stiffness 
modulus. 

Tables 9-14 present indirect tensile characteristics for Mixes 
l through 6. Indirect tensile strength values peaked with the 
, ame a 'Phall c ntents thar provided maximum den ity and 
·tabi lity (Figure ) . They followed almost the ame trend a 
the Mari>hall stability values displaying a peak lrength at a 
natural sand content of 27 percent (Mix 3). Except for Mixes 
3, 4, and 5, all other mixtures indicated average or below­
average tensile trengths for a bitumin u surface mix (with 
150 p i generally con idered average). Ln addition , the tensile 
strength value of Mixe: 3, 4, and 5 did not exceed the pre­
viously specified average value by a significant margin. 

Failure tensile strains for all six mixtures (Tables 9-14) 
displayed average or below-average values for a surface mix-
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ture (with 0.008 generally considered average) . Low tensile 
strength and failure tensile strain could be attributed to the 
lack of dust (materials passing No. 200 sieve) in the six mix­
tures and the resulting lack of total binder (asphalt plus filler) 
content . 

Stiffness modulus values (Tables 9-14) for the six mixtures, 
unlike tensile strength and strain characteristics, were up to 
80 percent higher than a typical average value obtained from 
natural-aggregate AC surface mixes (60,000 psi). The largest 
values were obtained at the asphalt contents corresponding 
to maximum density and stability. Mix 3 displayed the largest 
modulus value followed by Mixes 4, 2, 1, 5, and 6 (Figure 9) . 
Elastic analysis techniques for pavement thickness design indi­
cate the use of an at least 15-percent thinner asphalt surface 
layer containing steel slag and natural sand. This thinner layer 
could play an important role in compensating for the 
high-density disadvantage of steel slag asphalt mixtures. 

Freezing and Thawing Effect 

All specimens tested for Marshall stability were exposed to 
30 successive cycles of freezing and thawing (17 hr of freezing 
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at -10°F and 7 hr of thawing by soaking in a water bath at 
75°F). Average specimen height was measured for each 
specimen before and after exposure to freeze-thaw cycling. 

Tables 9-14 also present the percentage of change in spec­
imen height caused by freezing and thawing at different asphalt 
contents for the six steel slag and natural sand mixtures. Val­
ues given are the average of three replications. Statistical 
analysis of variance (ANOV A) for the complete data indi­
cated a significant percentage im:rease in specimen height 
after freezing and thawing (up to 6.7 percent increase). 

Larger increases were found to be associated with speci­
mens displaying lower asphalt contents formed by using larger 
percentages of steel slag. In addition, randomly positioned, 
white-to-gray, powderlike veins were observed on the surface 
of specimens exposed to freezing and thawing. These veins 
were probably caused by the hydration of free lime in steel 
slag aggregates. Veins were also observed in the field at or 
near surface cracking in the steel slag paving surface mixes. 

SUMMARY OF RESULTS 

Analysis and evaluation of the laboratory test data combined 
with the literature search and field investigation provided insight 
into the characteristics of steel slag and asphalt surface mix­
tures containing steel slag and natural sand. The test results, 
however, may be limited to the materials used and test 
conditions applied in this study. 

The main findings can be summarized as follows: 

1. The use of steel slag aggregate in asphalt surface mix­
tures provides pavement surfaces with good skid resistance. 

2. Asphaltic paving mixtures using steel slag aggregates 
display exceptionally high stability, which may prove to be 
rut resistant when used in pavement surface layers. 

3. The potential expansive characteristics of steel slag 
aggregate may be controlled by using a relatively large asphalt 
content to provide a thick coating of asphalt arouml tht: sled 
slag particles, thus reducing or possibly preventing direct 
exposure to moisture. Another alternative is to replace steel 
slag sand with natural sand. The stability reduction caused by 
the addition of more asphalt, more natural sand, or both, is 
tolerable. 

4. The use of natural sand with steel slag coarse aggregate 
not only compensates for the high specific gravity and expan­
sive potential of steel slag aggregate but also maintains good 
stability for the mixture. 

5. The presence of ferrous and ferric oxides in steel slag 
aggregates may accelerate the hardening of the asphalt binder 
in the paving mixture and hence aggravate low-temperature 
cracking of the pavement surface. The use of softer asphalts 
(AC-10 or Indiana designated asphalt emulsion AE-90, instead 
of AC-20 and AE-60) is a possible alternative to counteract 
the accelerated hardening rate. 

6. The high unit weight of steel slag mixtures can be sig­
nificantly reduced by using more open pavement surface mix­
tures and by replacing steel slag fine aggregate with natural 
sand. 

7. Asphalt paving mixtures produced in this study from 
steel slag and natural sand displayed average or below-average 
tensile strengths and failure strain. 
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8. Asphalt paving mixtures produced in this study from 
steel slag and natural sand displayed exceptionally large stiff­
ness modulus values. A large stiffness value is an indicator of 
the possibility of using a reduced pavement thickness. 

9. The effect of successive freezing and thawing on 
laboratory-compacted mixtures of steel slag and natural sand 
was generally marginal. 

10. As a net result, the replacement of steel slag sand by 
natural sand , designing the asphalt mix slightly opened, using 
a slightly larger asphalt content than the optimum value, using 
softer grades of asphalts, and probably using reduced-design 
thickness may be recommended for steel slag asphalt surface 
mixtures to compensate for their large unit weight, expansive 
nature, tendency to accelerate the hardening of the asphalt 
binder, and relatively large cost. Performance of paving mix­
tures using these recommendations should be verified under 
actual field conditions. 
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Monitoring Asphalt Concrete Performance 
at High Altitudes in the Peruvian Andes 

JACOB GREENSTEIN, Y. HERRERA, AND ALBERTO GARCIA 

Thermal cracking in Peru usually occurs in roads with elevations 
higher than 3,700 meter above sea level (MA L). Asphalt pave­
ments at elevations between 3,700 and 4,300 MA Lu ually develop 
thermal cracki ng, but thi typ of di ·tres is more severe at even 
higher altitudes, e pecially with the combined effects of the large 
amount of solar radiarion , daily temperature cycle, and relatively 
large amounts of precipitation. The asphalt concrete (A ) thick­
ness of 8 to 12 cm in the La Oroya-Cerro de Pasco Road was 
de igned to carry traffic of approximately 1,000 trucks per day. 
When the a phalt mixture wa cle igned and construqed accord­
ing to standard practice and specifications, severe longitudinal 
cracking appeared 5 to 8 month after completion of construction. 
In order to reduce thi Lhermal cracking, the following material 
characteris1.ics and con truction procedures were analyzed: (a) 
engineering propertie of the top ·rude and the asphalt cement· 
{b) engineering properties of aggregate . particularly those used 
for fines and filler materials; (c) optimum heating temperature 
of the asphalt aggregates before mixing; (cl) minimum air tem­
p rature at which A can be laid and compacted ; (e) measures 
taken to protect the prime coat and base course; (f) types of 
asphalt cements used and rheir respective engineering properties; 
(g) tensi.le ·trength and workability characteristics of the A mix­
ture ; and (h) type and quantities of adclilivcs . Preliminary con­
clusion of specification modification have been adopted by the 
Peruvian road authorities ,to improve asphalt performance at high 
altitudes. 

Thermal cracking is the major cause of distress in asphalt 
concrete (AC) in the higher altitudes of the Peruvian Andes . 
The main factor causing such cracking is the daily extreme 
temperature variation that results in repeated tensile stresses 
and strains, causing rapid thermal fatigue. The Andes cross 
Peru in a north-south direction at elevations between 2,000 
and 5,0UU meters above sea level (MASL). 

Daily variation in air temperature at altitudes of over 3,700 
MASL is between - 5°C and + 30°C and is accompanied by 
strong solar radiation. The 120-km asphalt road that connects 
La Oroya and Cerro de Pasco is located at elevations between 
4,100 and 4,350 MASL. Typical hourly and daily air temper­
ature changes at 4,100 MASL are shown in Figures 1 and 2. 
Figure 1 shows the hourly temperature changes recorded from 
April 26 to 28, 1982, and indicates that the daily air temper­
ature is above the freezing point for only about 8 to 10 hr, 
resulting in alternate freezing and thawing. 

The 1\.C in the La Oroya-Cerro de Pasco Road was 8 to 12 
cm thick. The 12 cm of AC was designed to carry traffic of 
approximately 1,000 (mostly overloaded) trucks per day. 
Although the pavement structure and material properties for 
the road conformed to AASHTO and ASTM standard design 

Louis Berger Inc., 100 Halsted St., East Orange, N.J. 07019. 

procedures and specifications (1-3), severe cracking appeared 
5 to 8 months after construction. This cracking usually occurs 
in the form of longitudinal cracks, combined with some trans­
verse cracking. Longitudinal cracks usually appeared after 5 
to 6 months, and usually in the lane or road center as shown 
in Figure 3. This thermal cracking was not associated with 
traffic stresses. After 3 to 5 months, transverse cracking 
appeared on the road surface, as shown in Figure 4. Two 
years after construction, the road surface was severely cracked, 
as shown in Figure 5. With no modification of the specifica­
tions or construction procedures, pavement that was designed 
for 15 to 20 years was completely cracked after approximately 
3 years, as shown in Figure 6. In order to reduce this thermal 
cracking, the following material characteristics and construction 
procedures were analyzed: 

• Engineering properties of the top crude and asphalt cement; 
• Engineering properties of aggregates, particularly those 

used for fines and filler; 
• Optimum heating temperature of the asphalt aggregates 

before mixing; 
• Minimum air temperature at which AC can be laid and 

compacted; 
•Measures taken to protect the prime coat and base course; 
•Types of asphalt cements used and their respective 

engineering properties; 
•Tensile strength and workability characteristic of the AC 

mixture; and 
• Types and quantities of additives. 

ENGINEERING PROPERTIES OF TOP CRUDE 
OIL AND ASPHALT CEMENT 

The original design of the AC specifies the use of an 85 to 
100 penetration (in 0.1 mm) of asphalt cement. The asphalt 
cement actually used in the road has a penetration of 90, 2.5 
percent of wax, and fulfills the specification requirements of 
AASHTO M20-70. The AC produced with this cement 
developed 3- to 4-mm widths of longitudinal and 1- to 2-mm 
widths of transverse cracking 5 to 8 months after the com­
pletion of construction. In order to better understand and 
identify the reasons for such cracking, the chemical properties 
of the crude oil were analyzed. 

The asphalt cement in Peru is produced by the government's 
national petroleum company, Petro Peru. A mix of crude oil 
produced by Petro Peru comes mainly from the Peruvian 
Amazonian region and is used to produce the asphalt cement. 
The crude obtained from the primary distillation used for 
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the asphalt production for high altitudes has the properties 
presented in Table 1. 

The American Petroleum Institute (API) crude density value 
of 18. 7° presented in Table 1 indicates that the crude is chem­
ically classified as Naftanic (4). Because the crude API is less 
than 35°, it is adequate for production of asphalt cement for 
normal environmental conditions (5,6). Petro Peru also pro­
duces crude oil with an API density of over 35° (7) that was 
not used to produce asphalt cement for high altitudes. 

The Watson characterization factor Kw ( 4,5) is used to 
analyze the adequacy of the topped crude to produce the 
appropriate asphalt cement. 

where 

Kw = Watson characterization factor, 
T8 = crude fermenting temperature in °R, and 
G = crude specific gravity at 60°F. 

(1) 

Tests by Petro Peru show that T8 = 1,304°R and G 
0.9421 (Table 1); therefore, according to Equation 1, Kw = 

Air 
Temperature 
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6am 6pm 6am 6pm 6am 
FIGURE 1 Changes of hourly air temperature, Oroya-Cerro 
de Pasco Road at 4,100 MASL, April 26-28, 1982. 
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FIGURE 2 Typical changes of daily air temperature, 
Oroya-Cerro de Pasco Road at 4,100 MASL. 
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11.6, which is less than 11.8, the permissible upper limit (5 ,6). 
Therefore, the two Peruvian topped crude quality indicators, 
API < 35° and Kw< 11.8, indicate that this crude is adequate 
for asphalt cement production (5 ,6). This conclusion was ver­
ified in Peru only for asphalt pavement constructed below 
3,700 MASL. The asphalt thermal cracking is far less severe 
at altitudes below 3,700 MASL. Because of the extensive 
thermal cracking at altitudes higher than 4,100 MASL with 
this asphalt cement, the Peruvian Road Authority decided to 

FIGURE 3 a, Typical longitudinal cracking; b, typical 
longitudinal joint cracking. 
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FIGURE 4 Typical transverse cracking. 

FIGURE 5 Typical pavement cracking, 2 years after 
completion of construction. 
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FIGURE 6 Typical pavement cracking, 3 years after 
completion of construction. 

use a combination of mix crude with Kw < 11, and preferably 
Kw = 10.0 to 10.5. This crude contains mainly pure aromatic 
(Kw = 10) or Naftanic (Kw = 10.5). The road authority also 
decided that although trucks in Peru are usually overloaded, 
120-150 penetration (in 0.1 mm) asphalt was more appro­
priate than 85-100 AC for reducing thermal cracking with no 
significant increases in surface rutting. Implementation and 
monitoring of these conclusions are scheduled after new asphalt 
road and highway projects are completed in the Peruvian 
high-altitude region. 

ANALYSIS OF THERMAL CRACKING 

Severe temperature variations that cause stiffness changes in 
the asphalt layers are known to develop thermal cracking 
(8-12). In order to analyze the relationship between thermal 
cracking occurring after the completion of some road sections 
and asphalt properties, the relationship between the asphalt 
stiffness changes in the road and its penetration index were 
investigated . The penetration index (PI) is used as an indicator 
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of the asphalt cement's elastic viscous properties. The inves­
tigation in Peru was carried out with three 85 - 100 penetration 
(in 0.1 mm) asphalt cements with penetration index values of 
-0.15, -0.50, and +0.90. The extreme asphalt stiffness 
changes occurring in high altitudes were calculated using the 
extreme representative temperatures of - 5°C and + 20°C for 
maximum and minimum asphalt stiffness in the La Oroya­
Cerro de Pasco Road. The stiffnesses of both the original 
asphalt cement and the residue after the thin-film oven test 
(TFOT) were determined (8-10). For all three asphalts, the 
maximum and minimum stiffnesses were determined for load­
,ing periods of 0.01and0.1 sec, respectively . Table 2 presents 
the relationship between the asphalt penetration index, asphalt 
stiffness changes, and actual road surface cracking. 

Table 2 indicates that surface cracking in high altitudes 
occurs earlier and more severely when (a) the value of the 
penetration index is 0.9, and (b) the calculated stiffness changes 
after TFOT are greater than 4,000 kg/cm2

. Significantly less 
cracking occurred when the stiffness changes after TFOT were 
less than 3,000 kg/cm2 • This conclusion was verified in moun-
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tainous areas, below 3,700 MASL. In these lower altitudes, 
stiffness changes in residue from TFOT were less than 3,000 
kg/cm2• No thermal cracking occurred at altitudes below 3,700 
MASL. 

The relative inferiority of asphalt with the higher penetra­
tion index of 0.9 was also determined by testing asphalt sam­
ples extracted from the La Oroya-Cerro de Pasco Road pave­
ment at an elevation of 4,100 MASL after 11 months of service. 
The asphalt properties are presented in Table 3. The conclu­
sion from this study adopted by the Peruvian Road Authority 
was that for high altitudes the asphalt stiffness changes and 
the penetration index should be limited. The absolute value 
of the penetration index was limited to 0.5 or less . The Peru­
vian findings and conclusions are equivalent to the finding of 
Marks et al. (11) that the use of a highly temperature­
susceptible asphalt cement produced severe transverse crack­
ing. Marks et al. analyzed the relationship between temper­
ature susceptibility of asphalt, its stiffness, and the frequency 
of transverse cracking, by using the Pen-Vis number (PVN) 
developed by McLeod (12). PVN values represent the rela-

TABLE 1 PROPERTIES OF THE PERUVIAN TOPPED CRUDE 

ASTM 

Test Description 
Crude Test Specification 

Result Designation 
Minimum Maximum 

API Gravity (0 API) + 18.7 D 287 15 35 

Specific Gravity (60°Fl + 0.9421 D3142 0.865 0.99~ 

Viscoslty,Saybolt Furol (210°F) + 99 E 102 - -
Kinematic Viscosity (210° Fl + 25 D2170 - -
U nlversal Say bolt Vlscosi~y ( 210° F) + 122 D216 I - -
Draining Point (° Fl +70 D 97 14 -
Salts ( lb/1 1000 barrels) 50 D 3220 5 150 

'1 - Heptane lnsolub le (%) 0.96 D 3279 0.9 16 

Solublllty In Trlchloroethylene (%) 99.7 02042 99 -
ln~u of Acidity (mg KOH/yr) 0.175 D 664 - 1.0 

TABLE 2 RELATIONSHIP BETWEEN ASPHALT STIFFNESS CHANGES, PENETRATION 
INDEX, AND SURFACE CRACKING (AC: 85-100) 

Asphalt Stlffneu Changes Period After Completion 
Penetration (kg/cm ) of Construction with MI nor 
lndu -s•c,0.01 sec+20°c,o.1sec or No Cracking 

I. Orlglnal AC: leas than 2,000 
-0.15,-0.50 

2. AC After TFOT: less than 3,000 
3 years 

I. Original AC: CYer 3,000 
+ 0.9 

2. AC After TFOT1 over 4,000 
5-8months 
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TABLE 3 ASPHALT PROPERTIES BEFORE AND AFTER USE IN THE ROAD 
AFTER 11 MONTHS ON THE ROAD 

A. .... 9'.,.I.& l\ .. t-•--• ''-'··-,,_t'll••ll I Vll'wllll\oll 'IUIYV 

Proper.ty (Before Use) 

Penetration 90 

Softenlno Point 49•c 

{ +0.90 Penetration Index 
-0.15-0.50 

tionship between the asphalt viscosity at 140°F and the pen­
etration at 77°F. McLeod established that PVN = 0 represents 
an excellent AC with low temperature susceptibility. PVN = 
0 is equivalent to the penetration index's being zero; PVN = 
1.5 represents an AC with high temperature susceptibility. 

AGGREGATE AND MATERIAL PROPERTIES 

The aggregates commonly used both for base course and AC 
are partially crushed gravel that meets AASHTO and ASTM 
standard specifications for road construction. The aggregate 
chemical analysis had the following composition: CaC03 (60 
percent), MgC03 (6 percent), Si02 (29 percent), and other 
materials (5 percent). The aggregate absorption to water and 
asphalt was 1.0 to 1.6 percent and 0.3 to 0.5 percent, respec­
tively. When thermal cracking commenced 5 to 8 months after 
construction, the road authorities started to monitor and com­
pare the asphalt surface conditions with the construction and 
quality control records. These records indicated that less ther­
mal cracking occurs when the base course and AC materials 
have the following two properties: 

1. The base course is open-graded nonplastic that was prime 
coated immediately after compaction. Proper coating was 
defined when the prime coat penetrated 20 mm or more into 
the base course materials. With good pavement drainage and 
proper surface sealing, less humidity was present in the base 
course and the daily freeze and thaw were reduced. Because 
it is almost economically impossible in the Peruvian mountain 
area to construct an open base course that meets a minimum 
California bearing ratio (CBR) of 80, zero plastic index, and 
zero passing sieve 200, the road authority decided to limit the 
plastic index and the percentage passing sieve 200 to 2 and 5 
percent, respectively. 

2. The AC fine aggregate material passing sieves 40 and 
200 is nonplastic. The construction record shows that this 
conclusion is less significant if an additive in the form of 
hydrated lime is added to the AC mix. 

CONSTRUCTION CONSIDERATIONS 

Heating Temperature 

The temperature range for heating the AC in Peru followed 
standard practice that specifies Sabolt Furol viscosity of 75 to 

"'---.t.--•'· - ·-~- F11n11traiion imi1111. ramurulJYll mueA 

.o.9 -0.15-0.5 

28-41 50-60 

1~-100°c -
5.2-6.6 -

- 2.0-2.5 

150 SSF to achieve proper coating. This criterion has been 
appropriate for achieving adequate aggregate coating at alti­
tudes below 3,700 MASL. At altitudes above 4,100 MASL, 
where the air pressure is about 0.6 atmospheres, relatively 
poor coating was achieved when asphalt viscosity during stan­
dard mixing procedures in the asphalt plant was 120 SSF or 
more. Better aggregate coating was achieved when the asphalt 
viscosity range during mixing was narrowed to 75 to 100 SSF. 
These viscosity limits occur at temperatures of 145°C and 
140°C, respectively. Because reducing the heating tempera­
ture in the high altitude also reduces asphalt oxidation, for 
better control the asphalt heating temperature should be 
established at 140°C to achieve adequate coating at viscosity 
of 100 SSF. 

Compaction of AC 

The standard practice in Peru of compacting AC mixtures 
permits breakdown at 100°C to ll0°C, and compaction is 
completed before the mix temperature drops to 70°C. This 
compaction temperature control permits the achievement of 
adequate density. The air voids in the compacted mixture 
range between 3 and 6 percent. Implementation of this tem­
perature compaction control in high altitudes resulted in lower 
density and significantly higher air voids in the compacted 
mix, mainly between 8 and 11 percent. Only a slight reduction 
in air voids in the compacted mix, with no significant reduction 
in stability, was obtained when the amount of asphalt cement 
in the mixture was increased beyond the optimum determined 
according to the Marshall design procedure. From the expe­
rience obtained on the La Oroya-Cerro de Pasco road project, 
it was concluded that proper density and air voids can be 
achieved only if the compaction breakdown is done when the 
mix temperature is 115°C to 130°C and compaction is com­
pleted before the asphalt mixture temperature in the road 
drops to 90°C or 85°C. Difficulties in obtaining the proper 
density and percentage of air voids were recorded when the 
ambient air temperature dropped to 15°C or less. Road sec­
tions where the AC mixture was laid when the ambient air 
temperature was between 12°C and 15°C show relatively lower 
densities or higher air voids of approximately 5 to 8 percent 
and were associated with accelerated surface cracking. Severe 
surface cracking occurred when compaction was carried out 
in an ambient air temperature below 12°C. On the basis of 
this experience, the Peruvian Road Authority specified that 
in high altitudes the AC can be laid when the ambient air 
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temperature is above l2°C as it rises and above 15°C as it 
drops. This severe requirement significantly limits the daily 
AC construction period to about 5 to 6 hr, which naturally 
increases construction costs. 

Longitudinal Joint Construction 

Standard construction procedures such as sawing, tack coat­
ing or beating failed to prevent joint cracking along the La 
Oroya-Ccrro de Pasco Road, as hown in Figure 3b. This type 
of distress can be reduced when the fu ll a phalt road width 
is constructed simultaneously. 

In the Juliaca Airport asphalt pavement project constructed 
at an elevation of 3,890 MASL, thermal cracking had not 
developed 2 years after construction. In this project ( ee Fig­
ure 7), the conclusions obtained from the La Oroya- erro de 
Pasco highway were implemented. 

AC MIXTURE ADDITIVES 

In order to improve asphalt pavement performance, the Peru­
vian Road Authority studied the use of different additives for 
asphalt mixes. For Peru, the most practical and easy-to-use 
asphalt additives are portland cement and hydrated lime. These 
additives are usually used when the quantity of mineral filler 
is insufficient or when the fine material or AC does not meet 
standard specifications. Usually 1.0 to 1.5 percent of the mix 
of hydrated lime, or 2 to 3 percent of portland cement , is 
sufficient to improve the AC mix and to fulfill Marshall design 
procedures and immersion compression strength criteria. Using 
hydrated lime was especially successful and was in accordance 
with the findings of the National Lime Association (13) and 
Plancher et al. (14). The conclusions of the Peruvian experience 
in using lime in asphalt mixtures are as follows: 

• Lime, which reduces stripping of asphalt from aggregates, 
absorption of water , and swell, makes the pavement more 
waterproof. 

FIGURE 7 AC surface condition-Juliaca Airport at 3,890 
MASL. 
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•Lime increases strength, stability, and resistance to water 
immersion; improves durability; raises the asphalt viscosity· 
eliminates tender mixes; and helps to achieve ·pecifiecl 
densities. 

• Lime neutralizes acid aggregates and permits the use of 
local submarginal aggregates . 

• Lime improves surface conditions and reduces oxidation 
and surface aging. 

Lime treatment removes polar viscosity-building compo­
nents and reduces the susceptibility of the asphalt to labo­
ratory oxidative hardening. The benefit · of lime treatment in 
reducing asplrnJt oxidativ hardening are atlr ibuted to two 
ynergistic effect : (a) lime reduces the formation of oxidari n 

product by removing oxidation catalyst. or promoters, and 
(b) lime reduces the ensitivity of the asphalt to these oxi­
dation product by removing polar molecules that would 
otherwise interact with the oxidation products to cause an 
increase in viscosity. 

The first road section between La Oroya and Cerro de 
Pasco was constructed without any lime in the AC mix because 
the local filler was nonplastic with 60 percent of CaC03 and 
both the aggregate and the AC mixture fulfill the AASHTO 
and ASTM tandard specification (2 ,3). When surface ther­
mal cracking de.veloped only 5 to 8 months after construction, 
authorities studied the use of hydrated lime in the aspha lt 
mix. They decided to use hydrated lime as 2 p!'! rcent of the 
total weight of the filler, even though the materials met th 
pecifica1ion . Use of lime in the A mixture and the other 

implementations mentioned significantly improved the per­
formance of asphalt pavement at 4,160 MASL. Figure 8 show 
a typical improved pavement section 2 years after construc­
tion. After this performance period, the width of a typical 
thermal crack was 1 mm (Figure Sb). A typical road condition 
5 years after construction is shown in Figure 9. After this 
period, the typical crack width is about 2 mm. 

A visual survey of the road in the spring of 1986 showed 
that after 5 years of service the thermal cracking reached 
stable conditions. In the last year or so , no significant dete­
rioration or new thermal cracking has occurred and the typical 
crack width is still 2 mm, as shown in Figure 9. Riding quality 
is good and in the first approximation the ex i ·ting 1 to 2 mm 
of thermal cracking does not affect the pavement riding qual­
ity along the La Oroya-Cerro de Pasco Road at altitudes of 
4,100 to 4,300 MASL. 

Other additives that might reduce thermal cracking at high 
altitudes are amine and latex. Adding about 0.5 percent of 
amine or 5 percent of latex by weight of asphalt cement reduces 
the penetration index by slightly increasing the asphalt pen­
etration, reducing the softening point ring-and-ball temper­
ature, and increasing ductility after TFOT. The calculated 
stiffness changes in residue after the TFOT were 2,500 kg/ 
cm2 or less, which, according to Table 2, indicates an improve­
ment in reducing thermal cracking. Nevertheless , because of 
the relatively high cost of amine and latex additives, their use 
in Peru is still limited. 

SUMMARY AND CONCLUSIONS 

The following preliminary conclusions were reached after 5 
years of asphalt surface performance monitoring of the La 
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FIGURE 8 a, Road surface 2 years after completion ol 
construction (with 2 percent hydrated lime); b, typical 1-mm 
thermal crack, 2 years after completion of construction (with 2 
percent hydrated lime). 

Oroya-Cerro de Pasco highway located at altitudes of 4,100 
to 4,300 MASL in Peru's mountainous region. 

I. The preferable topped crude used for a ·phalt produc­
tion for high altitude should contain mainly pure aromatic 
or Naftanic with the Wat on characterizati n factor Kw value 
between 10.0 and 10.S. 

2. Road sections in which the asphalt cement absolute 
penetration index (PI) is equal to or less than 0.5 show less 
cracking than other sections, in which the asphalt cement had 
a PI value of 0.9. A 120 to 150 penetration (in 0.1 mm) grade 
asphalt cement with a Pl value of less than 0.5 is recommended 
for use in high altitudes, even for extremely overloaded trucks. 

3. The asphalt stiffness changes in residue of the TFOT 
reflect the resistance of the asphalt mixture to thermal crack­
ing. When the calculated stiffness changes after the TFOT 
are greater than 4,000 kg/cm2, severe thermal cracking is 
expected. Significantly less cracking occurred when the stiff-
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ness changes were less than 3,000 kg/cm2 . The stiffness changes 
were calculated for the representative extreme conditions (a) 
temperature of - 5°C and loading period of 0.01 sec, and (b) 
temperature of + 20°C and loading period of 0.1 sec. Another 
indicator that reflects the resistance of the asphalt mixture to 
thermal cracking is the ductility of the residue of the TFOT. 
The use of additives is required when the ductility of the 
residue is less than 75 percent of the original ductility. The 
use of 0.5 percent of amine or 5 pen.;t:nl uf latex by weight 
9f asphalt cement is effective in increasing ductility and redu -
ing thermal stiffness changes and surface cracking. 

4. To reduce thermal cracking in the P ruvian high­
altitude region the foll wing engineering properties and con­
struction procedures of the base course materials were specified: 

• Open grading with less than 55 percent passing sieve 200, 
Pl < 2, and generally good drainage conditions. 

•A phalt prime coat laid immediately after the completion 
of the ba e course and with penetration into the base course 
of 20 mm or more. 

• Coated base course carefully maintained to limit rainfall 
penetration. 

5. Natural and crushed gravel were adequate for the asphalt 
mixture when the material passing sieves 40 and 200 was 
nonplastic. 

6. When the asphall cement and A mixture produced in 
the high altitudes of Peru were heated to 140° better aggre­
gate coating and le s oxidation and tbermal craclcing ccurred 
in the road. These conclusions were compared to the road 
sections in which the heating temperature was about 160°C. 
The 140°C temperature corresponds to tbe Sabolt Fural vis­
cosity of 100 SSF and is found to be the optimum asphalt 
heating temperature in road projects at such high altitudes . 

7. Compaction of the dense AC mixture was better achieved 
when breakdown temperatures were 115°C to 130°C and the 
required degree of compaction was obtained before the mix 
temperature in the road was reduced tu 85°C or 90°C. 

FIGURE 9 Typical 2-mm thermal crack, 5 years after 
completion of construction (with 2 percent hydrated lime). 
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8. When the ambient air temperature drops to 15°C, con­
struction should stop. Road sections in which AC was laid at 
an ambient air temperature of 12°C to 15°C show relatively 
poor performance and severe cracking occurred when the 
ambient temperature had dropped to 12°C or le s. 

9. Road sections constructed in full width show less lon­
gitudinal cracking than when each lane i · constructed . eparately . 

10. Road sections with 1 to 2 percent of hydrated lime 
enriched with CaO or 3 percent of portland cement show less 
thermal cracking. Also , the hydrated lime improved worka­
bility , reduced stripping of a ·phaH from aggregate reduced 
absorption of water and increased stability and re istance to 
immersion . In general , use of hydrated lime contributed to 
performance of the AC in the road. 
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Relating Hot-Tvlix Properties to l'roperties 
of Conventional or Polymer-Modified 
Binders 

DAVID F. ROGGE, CHARLES IFFT, AND LEWIS G. SCHOLL 

lncrea ing use of a phalt binders altered with eta tomeric or plas­
tic modifiers makes the specification of binders a difficult task. 
Ideally , a generic pecificaiion would allow variou ·uppliers and 
additive. t c mpete on the basis of expected performance dif­
fere nces in the hot-mix pavem nt · resulting from the use of th e 
binder . Unique characteri tics of polymer-modified hot mix wer 
investigated , and binder test and properties that could be u ·ed 
to predict mix performanc wh.eth r c nventional or modified 
binders are used were determined. Two mix designs iltcorporating 
three conventiona l a phalt and ix different modified asphalts 
were tested in two phases. The objective was to dete rmine which 
binder test had promising correlation with important mix prop­
ert ies. Fraass point and Pen-Vi numher showed the most promi e 
fol" controlling temperature u cepribil ity of the ho t mix ·it low 
temperatures. Penetration at 25° and force duct ility a rea , par­
ticularly peak area showed the m st promi c for predicting strength 
properties of mixes. T he best prediction of fatigue li fe and per­
manent deformation , a measured by diametral testing, re. ulted 
from a combination of penetration at 25° and force ducti lity 
area value as independent variables in mu ltiple regression 
analy i . 

Highway agencies have the opportunity to improve asphalt 
pavement performance through the add ition of various pol­
ymer additive. to conventional asphalts . Polymer a.ddilives to 
asphalt materials are being advocated as having high potenti al 
for improving long-term pavement performance through the ir 
abi lity to improve the properties of the asphalt binder and 
the resulting asphalt concrete mix. Claims have been made 
that polymer additives to asphalt can improve adhesion and 
cohesion, temperature susceptibility, modulus, resistance to 
fatigue, resistance to rutting, and durability (1) . Improve­
ments to these qualities in hot -mix paveme nt have the poten­
lial ro lengthen pavement service life. Becau e these additives 
are relatively new to hot-mix pavement construction in the 
United States, it was necessary to determine their effect on 
asphalt pavements, identify appropriate properties that relate 
to performance, select testing procedures to aid in design and 
construction of these pavements , and investigate tests to 
predict the long-term behavior of the pavements. 

Ideally , binder tests and properties would be identified that 
could predict mix performance, regardless of whether binders 
were conventional or modified with polymer~. Gfl0'1riph r2) 
correlated binder propertie with important properties of hot 
mix prepared with the bind rs. Three conventiona l and two 

D. F. Rogge and C. Ifft , Department of Civil ·ngineering, Oregon 
State University, Corvallis, Oreg. 97331. L. G. choll , Materials and 
Research Section, Oregon Department of Transportation, 800 Air­
port Road, S.E., Salem, Oreg. 97310. 

polymer-modified binders were used. In many respects, the 
present research replica ted G drich's work , expanding the 
num e r of binder and mix tests and prop rties as well as the 
number of binders and design mixes. 

The objectives of this research were to 

1. Conduct a literature revi won the use of, t st prm;t::durcs 
for, and specificati n u ed in the design of polyme r-modifi d 
asphalt hot mixes; 

2. Identify the important properties required f r polymer­
modified h t mixes and determine the best measuring method ; 
and 

3. Recommend interim specifications and test methods for 
polymer-modified asphalt and polymer-modified hot mixes . 

RESEARCH METHODOLOGY 

The litera'tllre search was conducted using the Transporta­
tion Research fnfonuation Service (TRIS) data base, as well 
as from reference lists of various publications and repo rts 
dealing with po lymer-modified asphalts. Promis ing docu­
ments were obtained and reviewed. A synthesis on polymer 
types, polymer-modified asphalt hot-mix properties, and test­
ing procedures was formulated and presented in an interim 
report (3). 

The laboratory investigation wa conducted in two phases. 
The preliminary testing program foc u ed on u ing tests that 
were identified in the literature as likely to predict field perfor­
mance of polymer-modified asphalts. The initial testing included 
all promising binder t sts and the mix tests rcx1uired for the 
validation proce. s. After the initial t sting, the mo t prom­
i. ing binder tests were selected for furth r examination in a 
program using fewer tests, but more binders. Different aggre­
gate sources and gradations were used for the two testing 
programs. 

During the laboratory testing program, three conventional 
binders and six binders using elastomeric and plastic modifiers 
were tested. At the conclusion of the final laboratory testing 
program, correlations of various binder test properties with 
mix-test results were made for both the preliminary and fin al 
testing programs. Binder properties were sought that corre­
lated well with important mix properties for the two different 
mix designs represented by the preliminary and final testing 
programs. 

More deta iled reports of this research were provided by Ifft 
(4) and Rogge et al. (5). 
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TESTING PROGRAM 

The laboratory testing program was conducted in two phases: 
preliminary and final. Table 1 presents the mix-testing pro­
cedures used to evaluate mix performance. Table 2 presents 
the binder test procedures used to develop binder properties 
to relate to the mix-test results. 

The preliminary testing program was conducted with a broad 
range of mixture and binder tests using one conventional and 
four modified binders. One aggregate source and mix design 
was used. The dense-graded mix used lime-treated sand and 
gravel from eastern Oregon , with a 5 percent binder content. 
The tests selected for inclusion in the preliminary testing pro­
gram were chosen on the basis of the extensive literature 
review; a questionnaire completed by experts on polymer 
asphalt; and a survey of practical limitations of equipment, 
funding , and staffing. 

The final testing program presented a narrower focus for 
testing procedures, but expanded the number of binders to 
two conventional and eight modified binders. The larger num­
ber of binders allowed for more data points for correlation 
between binder properties and mix properties. A different 
aggregate source and design mix was used. and and gravel 
fr0m a Willamette Valley pit were used without lime treat­
ment. The asphalt content of this dense-graded mix was 5 
percent. 

All conventional and modified binders for both testing phases 
were intended to approximate an AC-20 grading. All mod­
ified binders were blended and furnished by the suppliers. In 
reality. several of the binders did not meet an A - 20 spec­
ification . Table 3 presents the binders used in preliminary and 
final testing. 

RESULTS OF THE TESTING PROGRAM 

Ideally, using binder te ·ts chat predict mix performance in the 
field is preferable. Becau e the scope and duration of this 
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project did not allow for field testing, the best mix perfor­
mance indicators that could be obtained were mix test results 
from laboratory testing. The combination of the preliminary 
and final testing programs provided the opportunity for one 
or more binder tests to illustrate their ability to predict impor­
tant mix properties for two different aggregates and mix designs, 
regardless of the conventional or modified binder used. The 
preliminary testing employed five different binders and there­
fore generated a maximum of five data points for correlation 
of binder and mix properties . Some correlations only involved 
four data points. The final testing, which employed 10 dif­
ferent binders, produced a maximum of 10 data points for 
correlation. 

Variations in Polymer-Modified Binders 

The binders modified with styrene-butadiene (SB), styrene­
butadiene rubber (SBR), and styrene-butadiene-styrene (SBS) 
were each supplied for the preliminary and final testing pro­
grams by the same suppliers to the same specifications. For 
example, the SB specification and supplier were the same for 
both the preliminary and final testing programs. Nevertheless, 
large variations in properties occurred for the SB- and SBS­
modified binders between materials supplied for the prelim­
inary and final testing. Possible explanations are that the 
blending of small quantities of these materials makes it dif­
ficult to develop uniformity , or that the modifiers were not 
completely compatible with the base asphalts. 

Problems with Conventional Viscosity Tesls 

Problems occurred when conventional viscosity measure­
ments were made with polymer-modified binders at 60°C 
and possibly at 135°C. In some cases, absolute viscosity 
measurements resulted in clogging of tubes. As discussed by 

TABLE 1 PRELIMINARY AND FINAL MIX-TESTING PROGRAMS 

Performance 
Fatigue Life 

Rutting Resistance 

Low-Temperature Crack 
Resistance 

Temperature Susceptibility 

Long-Term Durability: 
Moisture Resistance 

Heat/Oxygen Resistance 

Modulus @ 25°C 

Tensile Strength @ 25°C 

!1ill Tests Prel. Final 
Diametral Fatigue x x 
Uniaxial Creep x 
Permanent Deformation x x 
Ind. Tens. @ o•c, .05 in ./min . x 
Ind. Tens. @ -1o·c, .05 in./min . x x 
Modulus @ O'C x x 
Modulus @ -1o·c x x 

Modulus vs Temp. , -1o·c , o·c, x x 
2s·c 

Modified Lettman Conditioning x 

Pressure Oxygen Bomb x 
Forced Draft Oven for 14 Days x 

@ 60°c 

Diametral Resilient Modulus x x 
Indirect Tensile Test @ 25'C, x x 

2in/ min . 
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TABLE 2 PRELIMINARY AND FINAL BINDER-TESTING PROGRAMS 

Performance Binder Tests Prel . 

Consistency 

Load Resistance 

Durability: 
Mix Prep. Aging 
Long-Term Aging 

Fraass Brittle Point x 
Penetration @ 4•c x 
Penetration @ 2s·c x 
Softening Point 
Viscosity at 6o·c x 
Viscosity at 135"C x 
Force Ductility@ 4·c x 
Force Ductility@ 25'C x 
Toughness and Tenacity (25"C) x 
Dynamic Mechanical Analysis x 

RTFO x 
POB x 

TABLE 3 BINDERS USED IN PRELIMINARY AND FINAL TESTING 

Preliminary Testing: 

~ 

Al 
Bl 
Cl 
01 
El 

Final Testing: 

~ 

A2 
82 
C2 
02 
E2 
F2 
G2 
H2 
12 
J2 

Binder Type 

AC-20 (conventional) 
EVA modified 
SSS modified 
SBR modified 
SB modified 

Binder Type 

AC-15 (conventional) 
AR-2000 (conventional) 
polyethylene fiber modified 
EVA modified 
SBR modified 
SB modified 
SBS modified 
neoprene modified 
EVA modified 
SBS modified 

Comments 

Comments 

Same supplier 
Same supplier 
Same supplier 

Same supplier 
Same supplier 

G2 

as 
as 
as 

as 
as 

Final 

x 
x 
x 
x 
x 
x 
x 
x 

x 

01 
El 
Cl 

Bl 
Cl & 

Shuler and Pavlovich (6), this difficulty is caused by the shear­
thinning properties of polymers. One solution is to move away 
from conventional vi co ·ity te ting toward constant-power 
viscosity {7) or another metbod of con tant- tres · viscosity 
measurement when polymers are used . 

could be obtained , they could not. A temperature of 25°C is 
not good for force ductility testing. Most binders cannot be 
taken to failure at this temperature in force ductility te ·ting 
because of extension limit~ of the testing equipment. Different 
stra in rates may also confuse the issue. Toughnes and tenacity 
testfog u e 20 cm/min, whereas force ductility te ting uses 5 
cm/min. 

Binder Strength Tests 

The question of whether tests such as force ductility and 
toughness and tenacity are required was io be answered by 
the testing programs. On the basis of preliminary and final 
testing, the answer was maybe-the tests did show promise 
for predicting mix properties and provided the best predictive 
ability for mixture strength and modulus properties. 

Although the preliminary test program ran both of these 
tests at the same temperature (25°C) to see if similar results 

Toughness and tenacity testing splits the total area under 
the load deformation curve into two areas (see Figure 1). 
Toughness i defined as the total area, and tenacity i · defined 
as the tail of the curve_ The best correlation for toughne 
and tenacity properties w re not for toughness or f r tenacity , 
but ratJ1er for the area tbat represented the difference of these 
two areas, herein called "peak area." Developing areas anal­
ogous to toughness, tenacity, and peak area for the force 
ductility stress-strain curves also produces good correlations 
for peak area. However, peak area is strongly related to engi-
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neering str s, which i easier to compute. Because the two 
properties showed relation. hip to each other with R2 > 0.95, 
computing peak area may not be worth the exlra effort. 

Long-Term Aging 

Another question that the testing prngrams attempted to answer 
was whether tests of long-term aging effects are required when 
polymers are used. Time and budget constraints permilted 
the inclusion of only a small-scale aging test in the preliminary 
te ting program . Because of a combination of procedural errors 
and some values that looked questionable it is uncertain 
whether the results of this testing are reliable. The polymer­
modified binders seemed to be affected more adversely by 
pressure xygen bomb (POB) conditioning than was the con­
ventional binder. This testing, therefore, does nothing to alle­
viate conce rns regarding the long-term durability o r polymer 
rai ·ed by Goodrich (2), Bu lion and Little (8) and Krivoh­
lavek (9). If polymer binders degrade more quickly than con­
ventional binders perceived pre ·em benefit could quickly 
di appear. ome typ " of pccificalion binder test shouJd be 
developed that can be used to reject binders t.hat may be 
subject to accelerated aging. The P B, long-term durability 
(LTD) test 2) and tanning b oth d scribed y Krivo hlavek 
(9) are po sibilitie . More re earch i need cl. 

Predicting Mix Properties From Binder Tests 

Using results of binder and mix testing from both the prelim­
inary and final testing programs, attempts were made to cor­
relate all binder properties with all mix properties. Promising 
correlations were identified. A relationship was considered 
promising when the coefficient of determination (R2) was ~o. 70. 

Because of the larger number of data points in the final 
testing, the analysis was focused on promising relationships 
from this testing. Because preliminary testing only resulted 
in four or five data points, those results were not given much 
weight. Preliminary testing served primarily to aid in planning 
final testing. The approach taken is that a high R2 value on 
preliminary testing can serve as supporting evidence for high 
R2 on final testing, but that low R2 on preliminary testing does 
not necessarily rule out a relationship or negate high R2 values 
for final testing. This result follows from the dramatic vola­
tility of R2 when only four or five data points are involved 
(see Figure 2) . The R2 value for the final test data shown in 
Figure 2 is 0.75 and the relationship is positive or direct. If 
only A2, C2, D2, and £2 had been selected for testing, the 

Peak Area "A (in-lb) 
Tenacity = B (in-lb) 
Toughness " A+B (in-lb) 

Extension (in) 

FIGURE I Typical toughness and tenacity curves. 
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FIGURE 2 Fatigue life versus original force ductility total 
area-final testing. 

R2 value would have been 0.10 and the relationship would 
have been inver e. If only these four data point had been 
generateci, a . light hift of A2 upward and to the right could 
even re ult in a high R1 value for an inv rse relationship . 

The individual binder properties which appear to b the 
be L predictors of mix performance on the ba is of imple 
linear regression are presented in Table 4 and discus ed in 
the following paragraphs. Multiple regres ion results are 
discussed later. 

Predicting Fatigue Life 

The only ingle-binder propertie that howed promise for 
prediclive ability in the final re ting were the original force 
ductility total 11rea (R2 = 0.75) and it· component area force 
ductili.ty tenacity (R2 = 0.73). The . cnttergram for fatigue 
cycle to failure ver us original force ductility total area for 
final testing is shown in Figure 2. 

Predicting Rutting Resistance 

The two mix tests aimed at predicting rutting resistance were 
40°C uniaxial compression creep (preliminary) and permanent 
defomiation data from 25°C diametral fatigue testing (prelim­
inary and final) . No promising correlation · were obtained for 
uniax ial c mpre ion creep testing in th preliminary te t­
ing. Thi test was dropped from the final testing program . 
No promising correlalions were obtained for permanent 
deformation data in the final testing. 

Predicting Resistance to Thermal Cracking 

Low-temperature low- train-rate indirect tensile testing was 
the mix-testing procedure hosen to provide an indication f 
the ability of a mix to resi. t thermal cracking. Probably the 
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TABLE 4 PROMISING CORRELATIONS FROM FINAL TESTING-R2 VALUES 

Performance 

Fatigue Life 

Rutting Resistance 

Low-Temperature Crack 
Resistance 

Temperature Susceptibility 
at Low Temperature 

Modulus at 2s·c 

Tensile Strength at 2s·c 

N/T Not Tested 
* > 0.70 in preliminary testing 

Mix/Binder Properties 

Diametral Fatique 
o~ig FD Total Area 
Orig FD "Tenacity" 

Uniaxial Creep 
Permanent Deformation 

Final 

Ind. Tens. Stress @ -1o·c, .05 in/min 
Orig. Penetration (25°C) 
Orig. FD Engr Stress (4°C) 
Orig. FD Peak Area (4°C) 
Orig. PI 
RTFO Penetration (25°C) 

Modulus @ o·c 
Orig. FD Engr Stress (4°C) 
Orig. FD Peak Area (4°C) 
Orig. T&T Peak Area 
Orig. Fraass Pt 
RTFO FD Engr Stress (4°C) 
RTFO FD Peak Area (4°C) 

Modulus @ -1o·c 
Orig. T&T Peak Area 
Orig. FD Engr Stress (4°C) 
Orig. FD Peak Area (4°C) 
Orig. PVN 
Orig. Fraass Pt. 
RTFO FD Engr Stress 
RTFO FD Peak Area 

Modulus Difference, -1o·c, 2s·c 
Orig. FD Engr Stress (4°C) 
Orig. FD Peak Area (4°C) 
Orig. PVN 
Orig. Fraass Pt. 
RTFO FD Engr Stress (4°C) 
RTFO FD Peak Area 

Diametral Resilient Modulus 
Original Penetration (25"C) 
Orig. T&T Peak Area 
Orig. FD Engr Stress (4°C) 
Orig. FD Peak Area (4"C) 
Orig. PI 
RTFO Penetration (25°C) 
RTFO T&T Peak Area 

Indirect Tens. Stress @ 2s·c, 2in/min 
Orig. Penetration (25°C) 
Orig. FD Engr Stress (4°C) 
Orig. FD Peak Area (4°C) 
Orig. PI 
RTFO Penetration (25°C) 

.75 

. 73 
N/T 

<.70 

.88 

. 71 

. 78* 

.83 

.81 

.80 

.82* 

.70 

.78* 

.76* 

. 71* 

.70 

.83 

.91 

.72 

.80 

.89 

.84 

.76 

.84 

.74 

.82 

.89 

.83 

.87 

.70 

.74 

.79 

.78 

.82 

. 77* 

.86 

.74 

.80 

.82 

.84 

best indicator that could be obtained from this test would be 
tensile strain at failure. Laboratory equipment restraints made 
it impractical to measure this property. Instead, maximum 
tensile stress, maximum compressive strain, and work to 
failure were determined. 

the relationships between penetration at 25°C and force 
ductility peak area with indirect tensile stress at - l0°C. 

Modulus values at 0°C and -10°C could also be considered 
indicator of re ·istance to low-temperature thermal cracking. 
Low modulus at low temperature i. preferred . Force ductility 
(4nC) propertie were found that predicted these properties 
in final testing. These propertie. were original and RTFO 
peak area and maximum engineering stress. These properties 
also served as reasonabie predictors of strength and modulus 
at 25°C. In these relationships, Jar er force ductility values 
imply larger mix property values. At cold temperatures, because 
low modulu is desired, lower force ductility va·lues are better. 
Therefore it would be preferable to find a differ nt predict r 
of low-temperature modulu . riginal PVN showed s me 
nromise at - l0°C, but Fraass brittle point of original binders 

Final testing produced no promising predictors for com­
pressive strain or work to failure. However, many promising 
predictors of tensile stress at - l0°C were found. These are 
original fR 2 = 0.88) i!nri r'"'lling thjn-film oven (RTFO) 
(Ra = 0.81) penetration at 25° original penetration index 
(Pl) (W· = 0.83), and tbe original force ductility (4°C) e ngi­
neering tres (R1 = 0.71) and peak area (R2 = 0.78) . Con­
sidering results from preliminary testing original and RT 0 
penetration at 25° and original force ductility peak area 
look most promising. Figures 3 and 4 show scattergrams for 
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wa a promi ing predictor of modulu ar both 0°C and - 10° . 
Hence, the u e of Fraass poi·nt to predict cold-temperature 
properties i · preferred over force ductility pr perties. Figure 
5 shows a scattergram for Fraa s point ver u mix modulu 
at 0°C. 

Fraas · point fo r RTFO residues, POB Fraas point, lo s 
tangent at 40° , and force ductility true str . s at 25° had 
promising prediction of low-temperature properties in the 
preliminary testing, but , for various reasons, were n t part 
of the final testing program. 

Predicting Low-Temperature Temperature 
Susceptibility 

To further evaluate potential for thermal cracking, an eval­
uation of the sensitivity of mix modulus to changes in tem­
perature at low temperatures was made . To accomplish this, 
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FIGURE 3 Tensile strength ( -10°C) versus penetration at 
25°C-final testing. 
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change in modulus values between - l0°C and 25°C was com­
puted for each mixture. Binder properties were then corre­
lated against these mixture values. Three binder properties 
warrant discussion: PI , PVN, and Fraass brittle point. 

The two most accepted measures of temperature suscep­
tibility of asphalts are PI and PVN. These measures concen­
trate on binder consistency at temperatures of 25°C and above. 
They do not use measures of consistency below 25°C. None­
theless, if the plot of consistency on a bitumen test data chart 
(BTDC) is linear , PI and PVN values should also predict low­
temperature temperature susceptibility of mixtures. When 
correlations were made with mixture modulus change, PVN 
correlated better than PI. Original PVN had an R2 value of 
0.73 for the final test program and favorable correlation in 
the preliminary program. Because significant problems were 
encountered in measuring viscosity by conventional means 
for some of the polymers , PVN correlations would be better 
if a more accurate means of determining viscosity is used. 
PVN, with both original binders and residues, correctly iden­
tified the two most low-temperature-sensitive mixes from both 
the preliminary and the final testing programs. 

Fraass brittle point for original binders (RTFO residues 
were not tested in either phase) was a better predictor of the 
low-temperature sensitivity of the resulting mix as predicted 
by modulus-versus-temperature curves. Final test R2 value 
was 0.82 with favorable preliminary correlation. A scatter­
gram of this relationship is shown in Figure 6. Until routine 
viscosity testing for polymer-modified asphalts can be improved, 
Fraass brittle point appears to be an acceptable method for 
predicting rate of change of mix modulus at low temperatures . 

Original RTFO force ductility engineering stress and peak 
area also showed promise for predicting modulus change . 
PVN and Fraass point are of more interest because they 
provide indicators separate from strength properties. 

Predicting Stiffness at 25°C 

Modulus at 25°C, which is used in mechanistic pavement design, 
is considered a measure of quality of asphalt concrete pave-
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ment, and is used to predict other mixture properties. Cor­
relations of all binder properties were made with modulus 
values at 25°C. The most promising binder properties (and 
their fiuul .1.T?.

2 ... v·aluc3) ¥\•ere original p~11et1aliu11 al 25'='C 
(R2 = 0.87), RTFO penetration at 25°C (R 2 = 0.82), original 
force ductility peak area at 4°C (R2 = 0.79), and RTFO 
toughness and tenacity peak area (R2 = 0.77). 

Predicting Tensile Strength at 25°C 

Tensile strength at 25°C, which is considered an important 
measure of quality of asphalt concrete, is used to predict 
fatigue life. Correlations of all binder properties were made 
with tensile strength values at 25°C. The most promising pre­
dictors were original and RTFO pen tration at 25°C with final 
R2 values of 0.86 and 0.84. 

Predicting Mix Properties by Multiple Regression 

The five data points of the preliminary testing program were 
clearly inadequate for multiple regression analysis. The max­
imum 10 data poi1us provided by the final testing are marginal 
for mu ltiple regre sion ; 20 points would be preferred. Never­
theless , analysis was attempted for the fin al testing program 
selecting pairs of binder tests as predictor variabl s. 

Penetration at 25°C was the most helpful variable in explaining 
variabili ty when paired with other binder properties in mul­
tiple regression analysis. Two results are worthy of discussion . 

T he combination of pene lrati n at 25"C and force ductility 
tota l area showed promise for predicting fatigue life (original 
R2 = 0.79; RTFO R2 = 0.82) . However , the pl r of force 
ductility area versus penetration at 25°C for RTFO residues 
(see Figure 7) shows the problems in writing a specification 
on the basis of this relationship . On the plot , 100 percent 
represents the binder with the longest fatigue life in the final 
testing program and the remaining percentages show the rel­
ative fatigue lives of the other binders. The two best per­
formers can easily be isolated with a maximum-penetration, 
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FIGURE 6 Modulus change versus original Fraass point­
final testing. 
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minimum-area requirement , bu1 separating m derate p r­
fo rmer from p r pe rfo rmers is not as tra ightforward . When 
the pre liminary te t data a re no rmalized and added to the 
plot , th- us-fuln · I tii · re ia tion ili p breaks d wn turther. 
The 10 and 20 percent performers bee me intermingled with 
50 and J 00 percent perfo rmer . 

The combination of pcne1rati011 at 25° and fo rce ductility 
tenacity r tail area howed promi e fo r predicting r sistance 
to permanent deformati n ( RTFO W - 0.90) . F igure shows 
a plot of force ductility te nacity ve r u penetration at 25° 
fo r RTFO residu . Aga in , the top two perfo rme r may easil 
be parated with a maximunF pen tra ti n. minimum-area 
requirement. The midrange perfo rmer. ve n show ome ep­
aration from 1he poorest performer . However. when prelim­
inary test la ta are added to the plot , the relation hip break 
down with a 12 percent perf rm r intermingled with 100 ;md 
50 percent performe rs. 
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A word of caution is in order. Permanent deformation data 
were generated from the diametral fatigue test. Permanent 
deformation results are closely correlated with fatigue lives. 
Therefore, predicting diametral fatigue life is equivalent to 
predicting permanent deformation. 

Only in th area of f'atigue and perman nt dcformati.on I s 
multiple regres ion analysis indicate that f rce du tility te. ting 
contributes more to predicting mix prop rtie than doe · im­
ple binder tests already in common usage . ombinations of 
RTFO penetrati n at 25° , visco ·ities a t 60° and 135°C and 
ri11g-11nd-ball ·oftening p int produced R? value approxi­
mating 0.89 or better form dulus at all temperatures ( - l0°C , 
0° , 25°C) and maximum indirect tensil.e stres at - 10° 
and 25°C. 

Correlation Summary 

Pen tration at 25° and force ductility peak area and maxi­
mum ngincering tres appear to be the be t predictor o'f 
strength and tiffne sat all temperatures. In addition, Fraass 
point and l'VN show promise for predicting low-temperature 
temperature susceptibility and low-temperature stiffne s. Force 
ductjlity total aJ'ea (toughn s ) and tenacity or tall area show 
some promi e for pr dieting fat igue life , particularly when 
paired with penetration tlt 25° . F rce ductility tenacity h w 
some promi. e for predicting permanent deformation at 25°C 
when pai red with penetration at 25° . 

Another way to evaluate relationships is t determine which 
individual correlation h wed promi. ing R2 relati n. hips both 
in preliminary and final te ling. When d ne , the only binder 
properti pr ducing W value > 0.70 in imple linear regre -
sion in both Le ting program were as follows: 

1. Original force ductility ( 4°C) peak area's predicting indi­
rect tensile stress at - l0°C, 

2. Original force ductility ( 4°C) peak area's predicting mod­
ulus at 0°C, 

3. RTFO force ductility ( 4°C) peak area's predicting mod­
ulus at 0°C, 

4. RTFO force ductility (4°C) maximum engineering stress' 
predicting m dulu · at 0°C, 

5. Original Fraass point's predicting modulus at 0°C, and 
6. RTFO toughne. and tenacity peak area's predicting 

modulus at 25°C. 

Of these, Relations 2 and 6 showed the strongest correlations. 
Five out of six of these predictions are for low-temperature 
mixture properties. Four of these same five predictors use 
low-temperature binder tests. Four of the predictors used 
force ducti lit y testing. 

In additi n. RTFO loss tangent at 40°C might have been 
promising in both preliminary and final testing, had it been 
included in final testing. However, the equipment required 
for dynamic mechanical analysis On which the computation 
of loss tangent is ba ed is not common ly available for highway 
·1gency use. 

Although force ductility peak area showed better correla­
tion than maximum engineering stress, the two are closely 
related. In fact , simple linear regression of these two prop­
erties produced R2 values that were >0.95. Because maximum 
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engineering stress is easier to compute, it is questionable 
whether the extra effort of obtaining peak area is worthwhile. 

Recommendations for Specification Testing Based on 
This Research 

On the basis of the laboratory testing performed for this research 
project, the following binder properties show promise for 
inclusion in a generic premium binder specification: 

• Consistency: 
-Fraass brittle point, 
-Penetration at 25°C, and 
-PVN. 

• Strength characteri tics: 
-Force ductility testi"ng at 4°C for peak area, total area, 

tenacity area, and maximum engineering stress. 

The results of this research are consistent with the prepon­
derance of literature in concluding that polymer modification 
can improve the temperature su ceptibilit y of asphalts. This 
tudy was only interested in temperature susceptibility at low 

temp rature . Pl and PVN the two most accept d methods 
of mea -uring temperature su ceptibility are ba eel on consi -
!ency measurements on ly at temperature ~25° and pre ent 
problems when po.lym r-modified a phalfs are encountered. 
Some of the. e binder have nonlinear curve when con. istency 
data are plotted on BTD s (see Figure 9). onventional vi -
cosily mea urements pr duce mi leading re ults becau e f 
the ·hear usceptibility of polymers. Neverthele s even with 
questionable vi cosity values the use of PVN correctly iden­
tified the binders that were mo t temperature su ceptible at 
low temperatures. 

Fraa s brittle point showed better correlations with mix low­
tempernture temperature ·usceptibility than did PV . Fraass 
brittle point offer an alternative to the use of PVN for control 
of low-temperatur temperature susceptibility- an alternate 
that avoid the problem of viscosity measurement for polyrner­
modified asphalts and concentrates on the l w-temperature 
end of the temperature con ist ncy curve. U. e ofFraa brittle 
point in co11junction with penetrati n grading would com­
p.letely eliminate the need for visco ity te ting in binder spec­
ifications. Proper u e of PVN or Fraa s point in bi11der pec­
ification h uld en ure the u. e of either a conventional or 
modified asphalt with low-temperature susceptibility at low 
temperatures. 

From a strength standpoint, force ductility testing appears 
to offer the most potential for predicting mix performance. 
This statement is based on limited test data, and is not uni­
versally agreed on in the literature. For the laboratory testing 
in this re earcb however, it does show promise f r predicting 
strength and tiffnes of mixtures particularly at low tem­
_peratures and particularly if binders with very IO\ values (brit­
tle materials) are rejected. Penetration at 25° , a much im­
pler test, showed promi e for predicting strength at both I w 
and moderate temperature ·. 

In ummary, PVN and Fraa point may be used to control 
low-temperature temperature usceptibility of hot mix. F rce 
ductility areas may be used to elimimite bri ttle binders, and 
how promi. e for controlling stren th and tiffne properties 
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of hot mix (give n a pecific aggregate s urce and grad< lion). 
Penetration at 25°C was a good overall indicator of . lrength 
and stiffnes and , when combined with force ductility area 
values, sho'.ved premise of predicting fatigue life and permanent 
deformation as measured by diametral testing. 

CONCLUSIONS AND RECOMMENDATIONS 

The recommendations that follow are ba ed on limited testing 
involving three c nventional and six p lyme r-modified bind­
ers with two different aggregate and design mixes. For the 
binders and mixes tested, the fol lowing conclusions are war­
ranted: 

1. Force ductility tota l area and tenacity area for original 
binders show some promise for predicting fatigue life as deter­
mined by diametral testing. The combination of penetration 
at 25°C and force ductility total area for RTFO residues show 
the most promise for predicting fatigue life. 
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2. Mix permanent deformation resistance , as defined in 
this study, cannot be predicted with any single binder test 
studied. The most promising basis for predicting permanent 
ddu1111aiiu11 n:sisiance of rhe mix is the combmat1on ot force 
ductility tenacity or tail area with penetration at 25°C . 

3. Improvements in low-temperature temperature suscep­
tibility can be predicted with either Fraass brittle point 
or PVN. 

4. The area under the primary peak of the force ductility 
stress-strain curve or the toughness and tenacity force­
extension curve ha better predictive ability of mixture prop­
erties than either the total area (toughne ) or tail area {tenac­
ity) . However , thi peak is only a marginally better predictor 
than maximum engineering stress, which is easier to compute. 

5. With the exception of low-temperature modulus pre­
diction, more force ductility peak area is better. 

6. Force ductility ( 4°C) testing of RTFO residues clearly 
identifies the more brittle binders. 

7. Penetration at 25°C shows promise for predicting mod­
ulus at 25°C and indirect tensile strengt~ at 25°C. 

Oregon State University 
Dept. of Ci vi 1 Engineering 

Bitumen Test Data Chart f or 
Plotting Asphalt Consisten cy Data . 
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8. Only for liamctral fatigue and permanent de fomiation , 
mu ltiple regres ion analy i. indicate-s that force ductility Le t­
ing contribute more to predicting mix properties than do 
impl binder tests already in common u ·agc. Pairings fRTFO 

penetrat ion at 25° , vi ·c itic at 60°C and l35° , and ring­
an.d-ba ll softening point pr duce R2 value of 0. 9 or higher 
for modulus at all temperatures ( - l0°C, 0°C, 25°C) and max­
imum indirect tensile stress at - l0°C and 25°C. 

9. The shear susceptibility of polymer modifiers creates 
problems when conventional viscosity measurements are mad . 
Other types of viscosity mea urement should be explored . 

10. Testing of long-te rm aging e ffec1 on polymer-m difi d 
binders is needed. 

11. The limited dynamic mechanical testing of binders per­
formed in this research project showed promise for predicting 
mix propert ies. 

12. Properties of the ·et me modified binders upplied at 
different times for preliminary and final testing show d wide 
variations in physical propenie . 

13. The diametral fatigue testing results for SES-modified 
binders in this research project showed much poorer perfor­
mance than the generally outstanding beam fatigue results 
reported for these binders in the literature . 
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Fatigue Characteristics of Aiaskan 
Pavement Mixes 

NICK F. COETZEE AND BILLY G. CONNOR 

Mechani Lie anal.ysi procedure for pavement evaluation have 
been simplified wilh recent devclopme11l in microcomputer ·. These 
procedure require pavement fatigue models to make them u c.ful 
for evaluation of pavement life. Although numerous models ex1 t, 
their applicability l cold climate require.s further inv.csti~~tion. 
The purpose of this st udy was to dctenm~e t.he ~pphcab1hty of 
existing fatigue models in Aln ka, determine 1f different asphalt 
concrete mixe used in Alaska differed in performance , and det · r­
mine whether laboratory-prepared samp)e perform dHfon:ntly 
than aeld-c mpacted samples. Testing consi ted f three-point 
bending re ts wirh temperatur · ranging from 80°F to -1,5°F. A 
materials testing ·y tem modified for the test procedure was u . d 
with computerized data acqui ilion y ·terns. All rem were dis­
placement controlled . Non of the existing fatigue relation hips 
were adequate. As a result, a new equation was devclo~ed t!i~t 
better fits A -2.5 and A -5 at tempera.cures below 45 F. 1 lus 
equation is much more sensitive to strain than t~ ~sphalt Insti­
tute equations. A -2.5 and A -5 performed . 1mrlar~y. at tc~­
perature below 20°F. At temperatures as I w a - 15 F. no dif­
ference in perforrnanc · w;i noted. Laboratory-prepared sa~pl~s 
and field ·1mples ·howed equivalent performance. The data 111d1-
cated a difference between the time at which the maximum loud 
occurred and the time at which the maximum strain occurred. 
This djffercnce, or pha e lag , was great st at the b~ginning of 
the test and almost in plm e at the end of the test. Tlus phenom­
enon should be explored further , becau. e it may provide a method 

f determining remaining life. 

Application of state-of-the-an mechani tic analy is proc -
dures to pavement design and evaluation have been implifiecl 
with development in micr computers. These procedures are 
based on fundamental engineering principles that rcqui1·e a 
knowledge of material response parameters. The approach is 
oftt:n ust:d for estimating remaining life for existing pavements 
and expected life of new pavements, based on fatigue con­
cepts. A number of sources of fatigue relationships for asphalt 
concrete (AC) are available (J-6). However, it is not clear 
if these relationships are applicable in Alaska during low­
temperature periods. This project investigated the applica­
bility of typical fatigue relationships to th pavement de ign 
process in Alaska. The project also investigated whether 
laboratory-compacted samples provided similar fatigue results 
to field-compacted samples. The generated fatigue equa tions 
have been compared with the relationship developed by the 
Asohalt Institute (Anh a use this relationship is widely u~ed. 

Preliminary an~lys~s were performed on the generated data 
in terms of simplistic energy or work approaches to fatigue 

N. F. Coetzee, Dynatest Consulting, Inc., P.O. Box 71, Ojai, Calif. 
93024. B. G. Connor, Alaska Department of Transportation and 
Public Facilities, 2301 Peger Road, Fairbanks, Alaska 09709-5316. 

in asphalt concrete. On the basis of limited data from these 
initial analyses, this approach holds promise for future 
development. 

TESTING EQUIPMENT AND PROGRAM 

A modified material testing system (MTS) universal testing 
machine was used to perform the cyclic loading te ts. A load 
application system was developed to use with the MTS load 
frame to apply third-point bending to beam specimens. Envi­
romnental control chamber dimensions restricted specimen 
size to 2 x 2 x 15 in. 

The basic equipment consi ted of a model 810 MTS system, 
with a model 413 master control panel, 442 controller, and 
410 digital function gen rator. A trigger generator act ing a 
gate to the MTS function generat r produced the load pulse­
a 0.1- ec haversine load cycle with a 0.9-se re t peri d . The 
relaxation period f 0.9 sec was ch en to ensure that full 
recovery was achieved b lhc material between applied load . 
Load were applied in the typical third-p int l adi ng u ed for 
thi · type of te t , n uring a constant bending moment ver 
th middle third of th beam. T ts were run in a displacement 
control mode using a displacement gauge to monitor center 
deflections of the beam. Thi information provided fe dback 
for the MT load system contr l. Loads were measured u ing 
a 5,00 -lb load cell. train were mea ut'ed directly using an 
extensometer attached to the beam with adhesive. Stresses 
were calculated from load, deflection, and beam dimensions 
using beam theory. Modulus was calculated from computed 
stress and measured strain. 

During testing, strain was measured only in the tension 
region of the beam. Initial tests using two extensometers to 
measure strains on both sides of the beam confirmed that the 
system was functioning adequately. Stresses based on these 
measurements were compared with theoretical calculations, 
as plotted in Figure 1, and show good agreement, with minor 
errors developing mainly in Lhe failure zone at approximately 
375 p i. Additional as umption. were checked during this 
phase. Calculated modulu. , plotted againsl tres · level , 
remained relatively insensitive to stress level for most of the 
stress range. As expected, major deviations occurred during 
failure. Variations also occurred in the calculated modulus at 
the low end of the stress scale because of a number of factors, 
including load system friction. 

Load, deflection, and strain measurements were monitored 
and recorded using a Hewlett-Packard HP 5 microc mputer 
and HP7090A mea, urement plouing system, or recording 
plotter. This plotter can monitor three channels at one time 
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and has the ability to record, digitize, and store approximately 
1,000 data points per channel per scan. The computer was 
programmed to scan and record a 4-sec window, covering the 
0.1-sec load pulse plus 0.9-sec rest period, at specified load 
strokes throughout a test sequence. 

Strokes for recording were closely spaced initially, but the 
intervals increased as the test progressed . The HP85 recorded 
a complete digitized record for each specified stroke on mag­
netic tape. The data were then transferred to a microcomputer 
diskette. Data can be plotted directly by the recording plotter 
or computer. Resolution as shown in Figure 2 is excellent, 
but is affected by the base length of the record, because the 
points sampled remain constant at 1,000. 

The time lag between load and response peaks, shown in 
Figure 2, is an interesting feature of the test record. A lag is 
not unexpected because of the viscoelastic nature of the AC 
being tested, a factor observed by other researchers. The time 
lag decreases as damage accumulates until load and response 

400 

-
]: 300 

I'll 
I'll 

~ 200 .... 
"' 

100-

.,,.' 
0 I' 

0 

I ,· , . 
•• 1· 

•••••• ••••• • • • . :. : ..... ... .. ... . ........ 
• •• •• =· •• .: • 
•Measured Tensile 
• Measured Compressive 
• Theoretical 

(Tensile or Compressive) 

I 

.05 .10 
Center Deflection (in.) 

FIGURE 1 Comparison of measured (computed) and 
theoretical stresses. 

.15 

169 

are in phase at failure. This finding may be useful for deter­
mining condition of in-service pavement materials in terms of 
total accumulated damage, and for estimating remaining life. 

Testing included two grades of asphalt cement, AC-5.0 
and AC-2.5, which are commonly used in Alaska. The range 
of temperatures focused on lower temperatures to provide 
information for the Alaskan pavement design process. The 
program involved tests under the conditions presented in 
Table 1. 

The intent of this program was to 

• Determine if typical existing fatigue equations are appli­
cable at low temperatures, and if not, to develop such equa­
tions. 

• Determine if typical AC mixes used in Alaska perform 
significantly differently at low temperatures. 

• Determine if laboratory prepared samples perform dif­
ferently than field-compacted samples. 

Originally, the intended minimum temperature was - 40°F 
for the project. The maximum that could be achieved within 
the project budget was - l5°F. However, the -15°F appears 
to be adequate, because the data collected seemed to indicate 
that both AC-5.0 and AC-2.5 mixes behave similarly below 
about 20°F . 

An axial extensometer, a displacement gauge, and a ther­
mocouple were used with test specimens. The extensometer, 

TABLE 1 TEST PROGRAM 

Temperature Asphalt Grade 
(°F) AC 5.0 

80 
40 
20 
10 

-15 

Field samples 
Field and lab samples 
Field samples 
Field samples 
Field samples 

AC 2.5 

Field samples 
Field samples 
Field and lab samples 
Field samples 
Field samples 
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FIGURE 2 Typical data record. 
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used to measure tensile strain, was affixed with contact cement 
to the top surface of the specimen. The displacement gauge 
was used to measure and control the center deflection . Spec­
i:i.l-n and lo<ld frarnc temperatures were 1no11ltureti usi ug ther­
mocouples. The cooling equipment was activated, and suffi­
cient time was allowed for the sample and load system to 
reach thermal equilibrium. At low temperature , monitoring 
loads induced by thermal contraction f the steel testing fix­
ture and adjusting the position of the center clamps were 
necessary. Testing began after the load assembly had reached 
thermal equilibrium. The system was preprogrammed to deliver 
a predetermined deflection at the center of the AC once every 
second. 

TEST PROCEDURE 

Typical AC samples and materials were collected from Fair­
banks and Anchorage. Testing focused on AC-5.0 hot-mix 
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material using Fairbanks Sand and Gravel (FSG) aggregate, 
and AC-2.5 material using EarthMovers (EM) aggregate . Both 
field- and laboratory-compacted specimens were tested. Field 
compaction involved the use of forms at the paving site , into 
which the job-mix was placed and compacted using rollers . 
Laboratory compaction involved the use of a Cox kneading 
compactor and a laboratory duplication of the job-mix specifi­
cations, following the ASTM D3202 test procedure. Both lab­
oratory and field samples were sawed into 2- x 2- x 16-in. 
nominal samples for testing. 

Equipment was programmed to record arr Information in 
the stroke sequence 1, 11, 30, 62, 126, 254, 510, 1022, 2046, 
4094, 8190, 16382, etc. Test data are shown in Figure 3. The 
load-deflection curves are not produced, but the energy values 
are listed. These energy or work values are the areas under 
the load-deflection curves shown, in in.-lb, and are a measure 
of the work done on the sample during a load pulse. The first 
curve in Figure 3, or Energy Input (1), is a measure of the 
work done by the load from the undeflected position to the 
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point of maximum deflection. E nergy Input (2) in igure 3 
i the area with in th · hyster is loop, which assumes that the 
machine provides Energy Input (1). However, the elastic 
reb und of the sample uses up stored energy to return to its 
origina l position . Ther fore only the net work represented 
by the hysteresis lo p area i. imparted to the sample during 
the load cycle. hi n work contributes to accumulated dam­
age. T hi may be the case for A at low temperature where 
th vi cous componen t of the viscoelastic respon e is min.C>r. 
A third energy , now shown in Figure 3, wa al o calculated. 
The loading arrangement is uch that the MTS loading ram 
applies the desired deflection , and then p rforms a posit ive 
return to the undeflected po it io n. A I ad cycl f 0.1 ec can 
allow a significant vi cous train to occur in A at higher 
temperatures . A · a result, the ample has work perfo rmed 
on it again by the machine posi tive return stroke in restoring 
it to the undeflected posit ion. Energy Input (3) i · considered 
t be representative of this situati n , and is calculated fr m 
the equation "nergy 3 = 2 • (Energy I) - Energy 2. Thi 
energy relates to the work done in deforming the beam plus 
the additionaJ work r qui red t re turn it to the undeformed 
hape . For any A ample, not one of these \ ork estimates 

would reflect exactly th · sample and system interaction. How­
ever, they do provide a beginning point to consider th,e mate­
rial behavior. ome preliminary analyse · indicated good cor­
relation between energy, strain, and the number of cycles to 
failure. 

All essential fatigue data are available, as shown in Figure 
3, including meC1sured load , strains and deflections, and cal­
culated moduli. Two sets of maximum value for load, strain, 
and deflection are recorded, and these are related to the phase 
angle. 

Because there is a time lag between applied load and result­
ing strain r sponse, load and strain peaks ccur at different 
times. The two sets of recorded values correspond to these 
two times. On the basis of behavior of the specimens tested, 
this time lag, quantified by the phase angle, reduce as damage 
accumulates. The tests were performed under def! ction c n­
trol and the requi red load monitored. Fat igue failure was 
chosen as the point where the appl ied I ad dropped to 50 
percent of the ini tia l load r quired to generate a given strain 
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leve'J. At this point, the phase angle, or time lag, wa typically 
zero (i.e., the load and response peaks occurred at the same 
ti me). 

This phenomenon warrants additional study t · determine 
if it i · pos ible toe ti mate the amount of accum ulated damage 
for in- ervi e material by measuri ng the time lag between 
load and re pon e. The data from individual tests provide 
·ome in ight into materia l behavior duri ng testing. Figure 4 
show · data from an A -S mix tested at 20°F. Thi test illu -
trates, for instance, that the choice of 50 pel'cent of original 
load as a failure criterion is reasonable, because rapid dam<1ge 
appears to occur in that region. All three measure of work 
or energy are h wn in f igure 4, and all exhibit imilar char­
acteri tic. to the I ad curve. Although these tests are referred 
to as strain control, the control variable is deflection, and 
some strain variation is typical. The large strain variation in 
Figure 4, however, is atypical. 

DATA ANALYSIS 

The expe rimenta l data were u eel to deve lop fatigue re lation-
hip a a function of the number of repetitions the initial 

applied strain and modul us. Figure 5- 7 how typical log of 
initial train versus log of load repetition plots developed 
from the test data. As expected, the plots show relatively 
consistent linear relationships between log strain and log rep­
etition for pecific temperature range . The correlation coef­
fic ients for Equati ns 1- 6 (Table 3) supp0rt this. Actm1I data 
analysis sequence i · indicated by the regre sion equati 11 num­
ber . equencc hown in Tables 2 and 3. Analy is involved use 
of a sta'ti ·tks oftware package for microcomputers to perform 
multiple linear regl'es 'ion analys (7). 

For instance , each of Equation 1- 6 (Table 3) considered 
a set of A -5 te t data at a pecific temperature , while Equa­
tion 7 (Table 3) combined A -5 field and laboratory sample 
with A -2.5 samples a ll at 40°F. T hi ·equential analy is 
allowed combination of the data set · whi led termining whether 
obvious differences exist between data sets . In ome cases, 
decisions were ba ed o,n visual in pection of plotted data. 
A an example, a combined plot of the data for Equation 4 
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Equation 1 (Equation 1, Table 3) and the Asphalt 
Institute equation. 
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and 5 revealed little or no difference between field- and 
laboratory-compacted AC-5 samples at 40°F. Further, inclu­
sion of AC-2.5 data at 40°F (i.e. , the data used for regression 
r:qualiun 7, Tabie 3) indicates that these 1111xes respond . im­
il arly at this temperature, with a correlation coefficient of 
0.922 for Equation 7 (Table 3). 

The complete analysis sequence provided the following gen­
era l conclu ions: 

1. Laboratory- and field-compacted samples responded 
similarly. 

2. Below about 20°F, the AC-5 and AC-2.5 mixes responded 
similarly. 

3. Fatigue behavior below about 20°F is not significantly 
affected by temperature, which is consistent with the wor.k 
reported by Salam ( 8). 

Two basic relationships are available as current common 
approaches in the literature (1-3): 

where 

N = load repetitions to failure, 

(1) 

(2) 

E = tensile horizontal strain resulting from each load 
application, and 

a,b,c = material constants found by regression analysis. 

Fifteen combinations of the data were considered. The results 
are shown in Tables 2 and 3 for Equations 1 and 2, respec-
tively, while the relevant relationships are also plotted on 
Figures S- 7. The AI equation, which is commonJy used for 
design purposes, has also been plotted for comparison pur-
poses. This equation takes the form 

where 

C = lQM 

M = 4.s~(vv 1; vb - 0.69 ) . 

N = number of load repetitions to failure, 
E = tensile strain (in.fin.), 

E* = dynamic modulus (psi), 
Vv = volume of air voids in mix ( % ) , and 
Vb = volume of asphalt cement in mix (% ). 

(3) 

For thi project, V., and Vb came from th mix design infor­
mation. The plot in Figures 5-7 show that generally, th 
equation developed for this project tend to ba e a signifi­
cantly flatter ·lope than th comparable Al relati.on hip, and 
that the estimates are more conservative for low repetitions 
(less than approximately 1 million) and less conservative at 
high repetitions. The derived slopes decrease to some extent 
with temperature and the match with the Al relationship is 
better at higher temperatures Utan at lower temperature . 
Table 3 indicates generally higher correlation coefficients rhan 
Table 2. This is not surprising because Equation 2 includes a 
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modulu term £ t'h<tt i higbly correlated with temperature 
and can thus deal e ffectively with data set · containing data 
fr m test. with widely varying temperature conditions, whereas 
Equation 1 does not. On the ba is of these findings , the equa­
tions in Table 2 should be di carded and those in Table 3 
retained . T pically, Equation 1 thr ugh 15 (Ta bl 3) mat h 
the experimental data as shown in Figures 5-7, and fr m the 
correlation coefficients in Table 3. 

DISCUSSION OF RESULTS 

Testing Capabilities 

The fatigue testing equipment developed and used for this 
project hampered, to some extent, the process of data col­
lection. However, at this point, the system is functional, reli­
able, and capable of producing high-quality data that can 
provide useful information for application in mechani ti de ign 
p rocedure . A c ntinuing fa tigue testing program h uld be 
initiated. Of particular intere. t. would be tests on samples from 
in- ervice pavements that would allow inv ligation of agi ng 
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effects, including the effect of freeze-I haw cycles on pavement 
materials, as well as those of damage accumulation during 
service. 

Fatigue Analyses 

Data were analyzed using statistical regression methods, and 
a series of regression equations was developed that are pre­
sented in Tables 2 and 3. It is recommended that only Table 
3 be considered for use in design applications. The simplest 
approach would be to use Equation 15 (Table 3) as a general 
equation, i.e., 

N= (3.364 x 1Q6)E - 7.370£-4470 

where 

e = tensile strain, and 
E = modulus (psi). 

(4) 

Equation 4 has the advantage of being based on the largest 
data sample, but it should be noted that additional verification 
testing is desirable. There is a difference between the mea­
sured data and typical fatigue equations, such as the AI equa­
tion, particularly at lower temperatures. A number of factors 
could contribute to this difference, such as the effect of air 
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voids. The AI equation takes this effect into account, but the 
values assumed in the AI equation for comparison purposes 
were design air void at optimum asphalt content, because no 
air void measur ments were made during the project. Typical 
measured densities were close to design densities so that the 
a, sumption appears reasonable. lnclu ion of mca ured void 
data could bave a significant effect. Al o, the fatigue data 
measured during the project were predominantly at lower 
temperature , which i not the case for the AI equation. Fur­
ther, the project data base of approximately 65 tests was 
smaller than that for the Al equation which should thus be 
generally more reliable than the developed equations. How­
ever, for low-temperature analysis, the developed equari ns 
may be more applicable, but fie ld verification is neces ary. 
In particular , the hi ft factor between laboratory and field 
re p n e need to be determined and verification at a higher 
number of load cycles, i.e. in excess f one million cycles or 
more, would be desirable. It is recommended that Equa­
tion 15 be applied only in cases where the resilient 
modulus of the asphalt concrete exceeds 1,500,000 psi. 

Energy or Work Approaches 

A few prelimi"liary analyses were performed considering total 
energy input to (or work done on) the ·ample. The approach 

TABLE 2 REGRESSION EQUATION COEFFICIENTS FOR EQUATION 1 

Data Equation Correlation Asphalt Institute 
# a b coefficient a b 

AC S(-15°F) 16 S.74lxl0·16 -S.333 .55S 

AC S(l0°F) 17 7.396x10·30 -9.303 .682 1.480xl0-<I -3.29 

AC S(20°F) 18 4.315x10·29 -9.261 .622 l.848x10-<1 -3.29 

AC S(40°F) 19 7.367x10·10 -4.004 .890 3.330x10-<I -3.29 

AC S(40°F) (lab) 20 4.9()C)x1Q•l2 -4.623 .9Sl 3.330xl0-<I -3.29 

AC 5(80°F) 
ACS (40°F - field 21 S.74lx10 .. -4.462 .9S9 l.58Sxl0" -3.29 

& lab) 

AC 2.5( 40° F) 22 6.933x10·15 -5.487 .922 3.330xl0-<I -3.29 
ACS (10°F) 

AC 2.5(10°F) 23 6.353xt0·19 -5.977 .679 1.480xl0-<I -3.29 
AC S(l0°F,20"F) 

AC S(l0°F,20°F) 24 3.508x10·Zl -7.507 .576 Varies -3.29 

AC 2.5(10°F) 25 l .87Sxl0"19 -6.461 .656 Varies -3.29 
AC S(-15°F,20°F) 

ACS 
(-15°F,10°F,20°F) 26 4.477x10·11 -S.142 .54S Varies -3.29 

AC 2.5(10°F) 27 1.94Sx10·17 -S.843 .S93 Varies -3.29 
AC S(40°F,80°F) 

AC 2.5(40°F) 
ACS 28 1.542x1<>2 -0.600 .213 Varies -3.29 

(20° F,40° F,80° F) 

AC2.S 29 l .535x1<>2 -0.544 .175 Varies -3.29 
(20°F,40°F) 

ALL DATA 30 1.271xl<>2 -0.491 .120 Varies -3.29 
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is simple, how sign ificant promi e, and is conceptually 
appealing from a fundamental material behavior standpoint. 
It is possible that the id a can e related to bond energy and 
fracture considerations. From an applicali n p int of view. 
use of work r en rgy per unit strain in a mechanistic de ign 
procedure is no more diffi ult than the use of strain alone. A 
correlation between this work or energy approach and som 
of tbe existing empirical pavement deflection basin parameter 
approaches would not be urpri ing, but i pure conjecture. 

SUMMARY AND RECOMMENDATIONS 

Flexural fatigue tests were perform d at various tempern­
tu,rcs on AC beams manufactured from typical Alaskan paving 
mixtures. Both AC-5 and A -2.5 mixe: were tested at t m­
peratures ranging from - l5°F to 80°F. Laboratory- and 
field-compacted specimens were used. 
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On the basis of the test data, it was concluded that 

1. Laboratory- and field-compacted samples responded 
simil!!r!y in the tests, 

2. The AC-5 and AC-2.5 mixes responded similarly below 
approximately 20°F, 

3. Fatigue behavior below approximately 20°F does not 
appear to be significantly affected by temperature, and 

4. The measured fatigue data are different. from behavior 
predicted by typical fatigue equations such as the Asphalt 
Institute relati n hip. 

A number of fatigue relation hip developed from the test 
data are presented in Tables 2 and 3. It is rec mm nded that 
Equation LS in Table be u ed for low-temperature appli­
cations in Alaska, but field verification needs to be carried 
out. A shift factor may be necessary to calibrate laboratory 
data to fie ld condition . 

TABLE 3 REGRESSION EQUATION COEFFICIENTS FOR EQUATION 2 

Eq. Correlation The Asphalt Institute 
Data # a b c coefficient a b c 

AC S(-lS"F) 1 0.7S13 -8.215 -3.720 .672 .ss93 I -3.29 I -.854 

AC S(l0°F) 2 2.897x1012 -11.343 -7.620 .776 

AC S(20°F) 3 1.324xl017 -8.0SS ~.501 .799 

AC S(40°F) 4 3.292xlc>3 -4.S77 -2.411 .9S4 

AC S(40°F) s 9 .528x10·52 -S.201 6.324 .9Sl 
(lab) 

AC S(80°F) 
AC S(40°F - 6 6.36Sx10·5 -4.739 -0.783 .961 
field & lab) 

AC 2.5(40°F) 7 1.241x10"15 -S.464 0.137 .922 
AC S(lO"F) 

AC 2.S(l0°F) 
ACS 8 6.040xla2° -12.926 -9.792 .825 

(l0°F,20°F) 

ACS 9 1.24Sx1019 -9.131 -7.40S .7S7 
(10° F,20° F) 

AC 2.5(10°F) 
ACS 10 3.006x1011 -10.840 -7.156 .79S 

(-1S"F,20°F) 

ACS 
(-1S°F, 11 11.S3 -8.673 -4.312 .714 

10"F,20°F) 

AC 2.S(lO"F) 
ACS 12 12.71 -9.015 -4.S20 .730 

(40°F,80°F) 

AC 2.S(40°F) 
AC S 

(20°F,40°F, 13 6.56Sxla6 -S.164 -3.640 .90S 
80°F) 

AC2.S 14 2.152xla6 -6.047 -3.700 .866 
(20°F,40°F) 

ALL DATA 15 3.364xla6 -7.370 -4.470 .703 
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Evaluation of une Sand and Asphalt 
Mixes Containing Different Amounts of 
Crusher Waste Dust 

JAMAL A. ALMUDAIHEEM 

AD attempt was made to characterize the dun sand and a phalt 
mixe containing cn1 her wa te dust . Dune sand and aspha lc mixes 
were found to be weak , easily deformabl and to c ntain a con-
iderable amount o( air void . The optimum asphalt content l'rom 

results of Marshal l stability nnd split tensile ·trength tests wa 
about 12 percent by weight of and. he pr perries of such mixes 
were improved to a great extem by introducing cru. her wa te 
du t into the blend. Five p rcent ge f du.st by w~ight of dune 
and were used; namely, 10 20, 30, 40, and 50 percent. Not nly 

the cont nt of air void and the optimum a ·plrnll content were 
reduced by the du t, but also the stabilJty, split tensile strength, 
and resilient modulu were significantly increased. The m dified 
s~1nd mixes thnt ' ere developed have a great potential f r being 
used in low- or medium-volume road particularly in areas where 
good-q uality aggregat is carce and dune sands are abu ndant . 

In the last decade and a half, the Kingdom of Saudi Arabia 
has passed through a period of extremely rapid rate of infra­
structural developments. Construction of hundreds of kilo­
meters of freeways, urban arterials, and agricultural roads is 
an important sector of such development. Growth in socio­
economic and indu tri al sectoJS has a lso generated a great 
deal of intra- and intercity vehicle transportation. 

The Kingdom of Saudi Arabia has nearly completed the 
construction of principal highway and expre way that link 
maio cities . The development of paved highway (primary , 
secondary, and feeder over the period J97 to 1987 i shown 
in Figure I (1). The length of paved highway ha. tr m n­
dou ly increased ver tbi period . The increase in the I ngth 
of agricultural roads for the snm pcri d is shown in Figure 
2 (1). The majority of exist ing low-volume road · are dirt 
tracks (unpaved) that are hazardous and require c ntinuou · 
maintenance. One suggestion for improving and upgrading 
the quality of these roads was to co er them with a ·phalt 
concrete layers. The .high percelllages of these low-volume 
roads that run through ·and dune areas, coupled with the high 
co t of scarce good-quality aggregate that i · imported from 
other loca licies, nee ·itate th upgrading of the locally 
available dune sands for such construction purpo es. 

The primary objective of thi research was to volve ·uitable 
techniques for using locally available marginal aggregates for 
construction of low-volume roads. 

Sand and asphalt mixes made with wind-blown sands are 
characterized by high content of voids and low strength. One 

King Saud University, College of Engi neering, Civil Engineering 
Department, P.O. Box 800, Riyadh. audi Arabia, 11421. 

approach for improving the strength of such mixes is to alter 
the gradation and hence modify the voids ratio by introducing 
crusher waste dust into the dune sand and asphalt mixes. 

MATERIALS USED 

Dune Sand 

Dune sand is available in abundant quantities in Saudi Arabia. 
The dune sand selected was obtained from the Al-Thumamah 
area northeast of Riyadh. The sand consists of rounded, sub­
rounded, and subangular grains with a hard, smooth surface 
texture. The sand is essentially a single-sized material with a 
nominal maximum size of Sieve #30 and almost no materials 
finer than Sieve #200. The sand has a uniformity coefficient 
of about 2. The grain size di tribution for this sand is h wn 
in Figure 3. The physical properties of the dune sand used 
are presented in Table 1. 

Crusher Waste Dust 

The crusher waste dust materials were collected from a crusher 
·itc in Al-Dariyah , n rch f Riy, dh. T his material is a by­
product of aggregate calping and cru hing of limestone boul­
ders which are weak . Th' material i produced in va t quan ­
tities, creating a disposal problem. The gradation of the cru her 
waste dust and results of the tests conducted on such materials 
are presented in Tables 2 and 3. 

Asphalt 

Asphalt cemenr of grade 60nO pen trari n , which is widely 
u ed for hot mixes in Saudi rabia was used throughout this 
study. Result or variou · tests perfo1 m~u on the a phalt are 
pre ented in Table 4. When !he te t results were compared 
to A TM pecification , th results indicated that the a phalt 
used wns within the pccificd limits. 

SAMPLE PREPARATION 

Six different percentages of crusher waste dusts were blended 
with dune sand: 0, 10, 20, 30, 40, and 50 percent of crusher 
waste dusts by weight of sand. These blends are hereafter 
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designated as blends SF-0, SF-10, SF-20, SF-30, SF-40, 
and SF-50, respectively. 

The precalculated wcigbt f combined aggregate was adjusted 
to produc a c mpacted Marshall specimen that was heate l 
in an oven at I 0°C ± 2°C for at I.east 4 hr. The a pha lt was 
heated in small containers to 155°C ± 3°C in an electric oven 
for not more than 1 hr. These two temperature values were 
used to ensure that the mixing and compaction temperatures 
were 155°C ± 4°C and 144°C ± 4°C, respectively. The mixing 
and compaction temperatures were establi ·hed from the vis­
co ity versw temperature chart for lhe asphalt cem nts u ed , 
which corresponded to viscosities of 170 ± 20 and 280 ± 30 
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centistokes, respectively (2). The hot-aggregate mix (sand and 
desired portion of cru her waste du ·t) was dumped into a 
preheated mixing bowl and mixed U1oroughly by hand. The 
required amount of heated a phalt was then added to the 
aggregate mix. Mixing wru performed with a mechanical kitchen 
mixer type Hobart N- 50 mixer at medium peed for about 
L.5 min to ensure a uniform disper ion of a phall . The hot 
mixture was then compacted in Marshall molds using a Mar­
shall electric compactor consisting of a 10-lb hammer falling 
through a height of 18 in. Fifty blow on each side were 
applied. This number of blows was appropriate for the traffic 
category (i.e. , for road of low traffic volume). 
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FIGURE 3 Gradation of dune sand (ASTM C-136). 

TABLE 1 PHYSICAL PROPERTIES OF DUNE SAND USED 

Property 

Bulk specific gravity: 

Oven dry condition 

ASTM 
Designation 

Value 

Saturated surface dry condition 
C-128 
C-128 

2.653 
2.663 

Apparent specific gravity C-128 2.680 

Water absorption (%) C-128 0.370 

Sand Equivalent value (%) D-2419 77 

Centrifugal kerosene equivalent (CKE) 4.5 

LABORATORY TESTS 

The prepared specimens of the entire mixes were evaluated 
u ing Mar hall tability , unit weigh! and v ids '1naly ·i , static 
te ting to determine the indirect tensile strength and dynamic 
testing to determine resiHent modulus. Tests for a ll mixes were 
run on Marshall-sized specimens, 4 in. in diameter and 2.5 
in . in height fabricated at different ratios of asphalt contents 
and filler to sand. Two duplicates of each sample were u ed 
throughout this study. 

Samples to be tested for indirect tensile strength were pre­
pared and maintained at 25°C for at least 2 hr to ensure 
constant temperature through the ·ample . The samples were 
then tested al a stroke rate of 2 in./min until fai lure . The 
ultimate load was recorded to determine the indirect tensile 
strength from the following equation (3-5): 

a, = 2Phrdt (1) 

where 

<J, = split tensile strength (psi) , 
P = total applied load at failure (lb), 
t = specimen thickness (in.), and 

d = specimen diameter (in.). 

For each mix, the average a, value for each set of two 
samples was calculated. 

The diametral resilient modulu i obtain d from a dynamic 
test response by which the ela. tic modulu of aspha lt mixes 
can be determin d . The tc t consists of pplying H cpctitiv 
dynamic load diamctrally on the specimen and measuring the 
corr ponding horizontal resilient strain by us of linear var­
iable differential transformers (LVDTs) at vari us numbers 
of load repetition . Th y ' tern used to tc. t the pecimen 
was that for the r peated diametral te t described in A TM 
D4123. Loads and strains were recorded with a two-channel 
oscillographic recorder. The specimens were tested using a 
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pulse load duration of 0.1 sec applied at a frequency of 0.5 
Hz. A seating load of 10 lb was used to prevent hammering 
action and to hold the specimen in place. Four levels of pulse 
loads, 50, 100, 150, and 200 lb, were selected. These loads 
were selected to ensure that the applied load could engage 
10 to 50 percent of the tensile strength of the specimen, as 
recommended by ASTM D4123. Room temperature was 
maintained at 25°C throughout the test period by conducting 
the test inside a controlled-temperature chamber. 

The resilient modulus M, was calculated using the following 
equation ( 6): 

P,(ii., + 0.2734) 
M, = t·t::.H 

where 

P, = applied dynamic pulse load (lb), 
µ, = Poisson ratio ( = 0.35 for asphaltic materials), 
t = specimen thickness (in .), and 

t::.H = total horizontal elastic strain (in .). 

(2) 
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Before taking any reading, 50 or more load applications 
were applied to properly seat the loading strips on the 
specimen (7), and to allow the deformation to stabilize. 

TEST RESULTS AND DISCUSSION 

A presentation of the entire results for the mixes investigated 
would be lengthy. The shapes of the curves found for the 
different types of mixes were identical and in general agree­
ment with the normal shape of the curves for Marshall sta­
bility, density, voids ratio, voids in mineral aggregate (VMA), 
tensile strength, and resilient modulus. Typical mix design 
results for mix SF-30 are shown in Figures 4-6 . A summary 
of the properties of the sand and asphalt mixes at optimum 
bitumen content, as a function of filler content, is indicated 
in Table 5 and Figure 7. The optimum asphalt content values 
were obtained from results of the Marshall stability, split 
tensile, and resilient modulus tests . 

TABLE 2 HYDROMETER ANALYSIS FOR CRUSHER WASTE DUST 

Particle diameter (D)' mm % Finer 

0 . 075 100.00 

0.0488 96.7 

0.0356 90 . 8 

0.0260 84.9 

0.0189 78.9 

0.0137 73.1 

0.0100 67.1 

0.0072 59.8 

0.0048 49. 7 

0.0035 38.5 

0.0013 21.1 

TABLE 3 CHARACTERISTICS OF CRUSHER WASTE DUST 

Property Result 

Apparent Specific Gravity 2. 715 

Atterberg Limits: 

Liquid Limit (%) 22.80 

Plastic Limit (%) 17.20 

Shrinkage Limit (%) 15.82 

Plasticity Index 5.60 
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The following trends summarize the basic properties of the 
mixtures: 

1. Marshaii Stabiii1y. The resuits generaiiy indicated that 
stability tends to increase when the crusher waste dust content 
is increased . The stability values of dune sand and asphalt 
mixes did not exceed 73 lb at an asphalt content of 12 percent. 
This low stability at such high and uneconomic asphalt content 
has been increased by more than 4- and 40-fold by the addition 
of 10 and 50 percent by sand weight, respectively , of crusher 
waste dust at even lower optimum asphalt contents. However, 
the optimum asphalt content monotonically increases with 
increasing percentage of dust in the range investigated. This in­
crease is explained by the increase in surface area contributed 
by dust particles with the increase of dust percentage. 

The addition of 10 percent crusher waste dust does not 
improve the stability value to a satisfactory level to sustain 
traffic loading [specified by the Asphalt Institute to be a min-
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imum of 500 lb for conventional mixes (2)] even under low­
traffic conditions. This mix is still weak and does not satisfy 
the minimum criteria of stability. Hence , no further tests were 
conducted on this mix. 

High stability values were possible by increasing the dust 
content beyond 10 percent. As indicated in Table 5 and Figure 
7, stability values greater than 800 lb were obtained by the 
addition of 20, 30, 40, and 50 percent by sand weight of 
c1 usher waste dust. The stability is linearly proportional to 
the dust content as shown in Figure 7. 

The addition of crusher waste dust does not affect the flow 
values appreciably in the range of asphalt contents investi­
gated. This fact indicates that the stiffness of mixes is not 
affected by introducing dust. 

2. Density. The density of a compacted mix depends on the 
density of its constituent materials and the percentage of air 
voids. Because the percentage of air voids is reduced with 
increasing dust percentage, the density of mixes increases, as 

TABLE 4 CHARACTERISTICS OF ASPHALT CEMENT USED 

Property 

Qri<Jinal Asphalt 

Penetration (0 . 1 mm) 
@ 25cc (100 g, 5 second) 

Kinematic viscosity, 
est (135CC) 

Absolute viscosity by 
vacuum capillary 
viscometer, poises 
(60CC) 

Ductility, cm 
(25cc, 5 cm/min) 

Flash point (CC) 

Fire point (CC) 

Specific gravity 

Softening point (CC) 

Loss on heating (%) 

Res i due from TFOT 

Penetration (0.1 mm) 
@ 25cc (100 gm, 5 sec) 

Retained penetration, 
% of original 

Kinematic viscosity, 
est (135CC) 

Ductility, cm 
(25cc, 5 cm/min) 

MOC* 
ASTM Specification 

Designa- Result Min. Max. 
tion 

D5 60 60 70 

D2170 403 200 

D2171-85 2459 

Dll3 100+ 100 

D92 340 232.2 

D92 370 

D70 1.035 

D36-86 50.2 

D6 0 . 016 0 . 8 

DS 41 

68 . 3 52 

D2170 553 

Dl13 65 50 

*MOC Ministry of Communications, Kingdom of Saudi Arabia 
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shown in Figure 7. The addit"ion of 50 percent dust causes 
aboul a 15 pt:rcent increase in the density. The curve tends 
to peak at 50 percent dust content because there is no more 
ai1 iu ue repiaced by dust. This behavior is clear from the 
curve of percentage air voids versus dust content where the 
curve starts to level off beyond 40 percent dust content. 

3. Air Voids and VMA. Air voids content in dune sand 
and asphall mixes i extremely high, ranging from 23.5 percent 
at 5 percent aspha lt content to 9 pen.:ent at 15 pt:rcen t asphalt 
content becau e the mixes are single-size aggregates having 
uniform textures. The low percen tage fair voids content at 
optimum asphalt content indicated in Table 5 is attributed to 
the high optimum a phalt content value of 12 percent. The 
dusL decreases the percentage of air voids by fil ling the void 
spaces between the sand particles, hence producing denser 
mixes. 

The addition of 40 percent dust or more produces mixes 
with percentage of air void that is be low the specified per­
centage . Tber fore using such high du t p rcentag hould 
be avoided. 

VMA al. o decreases with increa ing dust percentages. The 
VMA curve how the same trend as the air voids curve in 
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the sense that it starts to level off when air voids replacement 
becomes impo ible. 

4. Split Tensile Strength. From Figure 7, the tensile strength 
increases as the dust content increases. The dune sand and 
asphalt mix without any improvement of crusher waste dust 
had low strength. The strength was improved many times by 
adding dust. 

Mixes with 30 percent or more crusher waste dust had strength 
values comparable wi th the strength of conventional mixe . . 
Figure 7 also shows that there might be an optimum dust 
content for tensile strength because the curve tends to level 
off, suggesting that the dust in excess of the optimum reduces 
the free binding agent. Huschek and Angst (8) found that the 
maximum split tensile strength for a pavement mix showed 
a tendency to peak at an effective filler concentration of 
approximately 0.6. 

5. Resilient Modulus. Results of resilient modulus values 
for the designated mixes SF-20, SF-30, SF-40, and SF-50 
are shown in Figure 7 at their optimum asphalt content values. 
As the dust content increases, the resilient modulus increases 
because the increase in ·tiffness of asphalt mixes is directly 
proportional to the stiffne s of the binder (9). 

TABLE 5 PROPERTIES OF SAND AND ASPHALT MIXTURES AT OPTIMUM ASPHALT CONTENT FOR VARIOUS 
AMOUNTS OF FILLER 

Filler 

Content 
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(lbs) 

73 
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1037 
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6 a 
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10 

FIGURE 5 Split tensile strength versus asphalt 
content for SF -30 mixes. 
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CONCLUSIONS 

1. Dune sand and asphalt mixes are weak, unstable, and 
easily deformed under light loads. The mixes are character­
ized by a considerable amount of air voids content . 

2. The dune sand used in this study had an optimum asphalt 
content of 12 percent by weight of sand. This value was obtained 
from results of Marshall stability and split tensile strength. 

3. The introduction of crusher waslt: <lust to the dune sand 
and asphalt mixes at different ratios improved the mix prop­
erties. The modified sand mixes that were developed have a 
great potential for use in low- or medium-volume roads, espe­
cially in desert-like areas where the dune sands are available 
in abundant quantities and hot-asphalt concrete mixes are 
uneconomical . 

4. The air voids content of the dune sand and asphalt mixes 
was reduced by introducing crusher waste dust. The per­
centage decrease in air voids is directly proportional to the 
amount of dust added. 

5. The optimum asphalt content of sand and asphalt mix 
was substantially decreased by the introduction of crusher 
waste dust. 
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