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•ALL bituminous paving materials change with time in one way or another. This change 
is altered in form and/ or extent by different traffic and climatic environments. The 
material characteristics that resist these complex physicochcmical changes have been 
investigated since asphalt was first used as a binding agent. Asphalt is by no means 
an ideal binding agent because of these changes with time; however, it offers the requi
site cohesion and adhesion needed for the design of a stable mixture. The ability of the 
asphalt to retain its initial design durability characteristics during the service life of 
the pavement is of prime importance. 

Because the aging of the bituminous mixture is primarily due to the alteration of the 
properties of the binder, the greatest effort in the study of durability has been directed 
toward the evaluation and characterization of those properties that may be responsible 
for the aging phenomena. Asphalt technology has been marked by many achievements 
in the areas of rheology and of the fundamental approach to the behavior of the binder 
and the asphaltic mixture. With respect to durability phenomena, however, the greatest 
effort has been concentrated on understanding the mechanisms involved in the rheolog
ical and physicochemical changes occurring in the binder alone. This paper attempts 
to find a relationship between the fundamental aging mechanisms in the bituminous binder 
and the corresponding rheological response of the bituminous - aggregate system. 

FUNDAMENTALS OF AGING 

Bituminous mixtures are designed to support traffic-induced stresses and strains as 
well as adverse effects of climatic conditions. The ability of the pavement structure 
to resist these forces during its service life depends on the rheological properties of 
the pavement system, which in turn are related to the properties of the constituents of 
the bituminous mixture. Aging phenomena, when altering properties such as adhesion 
and ductility of the binder , n1ay result in instability of the pavernent structw~e un.de1· 
traffic and climatic conditions. In a rational approach to pavement design, it is of utmost 
importance to relate quantitatively these changes in the properties of the binder to the 
overall rheological response of the paving mixture. 

Aging of Binders 

The effect of aging on the properties of bituminous binder has been studied at great 
length in the last 50 years. These studies have searched not only for the cause of aging 
but also for the relative changes in the flow properties and their method of evaluation. 
Relating pavement cracking and distress to asphalt hardening due to aging, many em
pir ical and semi-empirical physical tests have been developed to measure the r ate of 
change of flow properties. Hubbard and Gollomb (1) and Powers (2) have utilized the 
penetration test a:s a criterion for pavement crackiiig. The relatiVe change in the duc 
tility characteristics of asphalts, measured by ductility tests as well as others such as 
softening point tests, has also been used as a measure of asphalt hardening (3, 4, 5). 

When the limitations of these empirical methods in rational pavement analysis are 
realized, the need for a more fundamental approach is apparent. The result of extensive 
field and laboratory evaluations has left no doubt at this time that aging results in the 
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hardening of the bituminous binder (6, 7, 8 ). This hardening and other alterations in 
the rheological properties are associated with physicochemcial changes in asphalt cements 
(9, 10, 11). Sisko and Brunstrum (12) reported that the changes in asphalt composition 
generally show a consistent trend with aging; that is, asphaltene content changes at the 
expense of resins and resins change at the expense of oils. However, their data re
vealed that only the asphaltene content increases consistently with increased aging. The 
variations in the other components were rather erratic. The data by Majidzadeh and 
Schweyer (13) and Schweyer and Chipley (14) similarly indicate that aging considerably 
increases the asphaltene content. The other components, such as light aromatic, heavy 
aromatic, and paraffinic-naphthenic content, increased or decreased depending on the 
type of asphalts studied. Similar conclusions have been reached by other investigators 
with respect to the effect of aging on composition (15, 16, 17, 18). From an engineering 
standpoint, we are not only interested in the physicochemical interpretation of these 
compositional changes, but also in their macro- and micro-rheological significance and 
their application to pavement design. With respect to the macro-rheological properties, 
research data indicate that both steady-state and dynamic response of asphalts are sig
nificantly affected by aging. Depending on the type and· composition of asphalt~ , aging 
generally results in an increase in viscosity and degr ee of non-Newtonian behavior (17, 
_!&). The aging index, which is a measure of relative increase in viscosity, has been 
introduced in specifications to safeguard against selection of materials susceptible to 
aging. The results of creep tests at low temperature also indicate that aging results 
in the development of an instantaneous elastic response and a decrease in the steady
state flow characteristics (13 ). Similarly, dynamic responses of the asphalts, such as 
storage modulus, loss modulus, and dynamic viscosity, indicate an increasing trend 
with aging (13, 12). 

These phenomenological observations cannot reveal the micro-mechanisms involved 
in the deformation process. To investigate the effect of internal structure and com -
position on the aging phenomena, the micro-rheological approach is of greater promise. 
One of the classical flow theories used in asphalt rheology is the Eyring rate processes, 
which relates the movement of molecules to the potential energy barrier required for 
the formation of suitable "holes" or environment. The Eyring equation relating the 
shear strain rate, y , and shear stress, T, is written' as 

• ti KT (-AF) . ti ti2 tis 
'Y = 2 fu h exp RT smh 2 KT T 

or (1) 

y = A sinh BT 

where K, h, and Rare respectively the Boltzmann, plank, and universal gas constants; 
A F is the free energy change, ti is the distance between equilibrium position which 
molecules would occupy, and ti1, ti2, and tis are center-to-center distances along 3 axes. 
A molecular parameter of great interest in this equation is the term Vf = ti1 ti2 tis, known 
as volume of flow units. The Herrin and Jones (19) study indicates that this parameter 
decreases with increasing temperature. Majidzadeh and Schweyer (20) have reported 
that the volume of the flow units varies among asphalt cements. However, recently 
Moavenzadeh and Stander have presented data quite contrary to the previous indepen
dent observations of Herrin and Majidzadeh. Their results not only showed an increase 
of flow volume with temperature, but also that there was no significant difference among 
various aged and unagedasphalts. They state, "There is a possibility that the values of A and 

B (B = 2 ~1) are dependent on this particular evaluation procedure .... "However, it 

appears that their conflicting viewpoint should be interpreted cautiously at this time. 
Particularly, Eyring and Ree (21) have recently generalized their approach by assum
ing that the flow system might be composed of more than one flow unit type, eacli char-
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acterized by a different set of A and B constants. The viscosity is then given by the 
summation of these flow mechanisms as 

~ Xn An sinh-1 Any 
T/=£.J-B- A. (2) 

i 1 n n Y 

where X is the fraction of flow surface occupied by the flow unit. It is quite probable 
that a liquid such as asphalt would possess two Newtonian and one non-Newtonian flow 
mechanisms and/ or other combination needed to explain the micromechanics of deformation. 

It appears that extensive work is needed to clarify the confusion arising from the 
Moavenzadeh and Stander paper and to explore the application of the modified Eyring 
equations to asphalt cements. 

Another micro- rheological approach for the study of asphalt flow characteristics and 
aging phenomena is the application of the kinetic reaction rate principle as postulated 
by Denny and Brodkey (22). According to this concept, a non-Newtonian fluid undergoes 
a structural breakdown and reformation represented by 

unbroken k1 broken --
ka 

which bas the kinetic reaction equation 

_ d(l-F) _ ( )n m 
dt - k1 1-F - k?. F (3) 

where k1 and k2 are forward and backward reaction rates and F is the broken portion of 
the structure; m and n in this equation are constants. Denny and Brodkey have shown 
that the ratio of ki/k2 = K, known as the equilibrium constant, is related to shear stress, 
T, and shear susceptibility, P, given by 

(4) 

Majidzadeh and Schweyer (20) have shown that equilibrium constant, K, varies consid
erably among different asphalts. It appears that there is a certain correlation between 
K and asphaltene content, volume of flow unit, and other rheological properties of as
phalts. However, sufficient research data are not available to permit development of a 
sound hypothesis with respect to the flow of asphalt and the aging phenomena. 

Aging of Mixtures 

The purpose of previous rheological and physicochemical analyses of asphaltic binders 
was to reveal the mechanical response of a mixture under i11duced external conditions . 
However, to incorporate the r esults of these analyses into bituminous mix design, one 
should recognize that the behavior of the binder in a compacted mix differs from that of 
bulk asphalt. This difference, which is due to the thickness and the induced boundary 
ef ects, has been reported by many investigator s. Mack (23) and Majidzadeh and Herrin 
(24) have shown that the rheological properties of asphalts~depending on thickness, vary 
from the behavior of a solid to that of a liquid. Krokosky et al (25), in the analysis of 
viscoelastic r esponse of a n asphalt-aggr e.gate combination, pointS out the effect of ag
gregate interference and the interlock phenomena on the temperature dependency of the 
mixture. Majidzadeh and Herrin (26) have als o shown that the induced boundary condi
tion in a solid- asphalt- solid systemalters the temperature dependency of the binder. In 



TABLE 1 

PROPERTIES OF ASPHALT CEMENTS 

Property 

Specific gravity, 77 /77 F 

Softening point, ring and 
ball, deg F 

Ductility, 77 F, cm 

Penetration, 100 gm, 5 sec, 
77 F 

Percent asphaltene, unaged 

Percent asphaltene, 375-3 hr aged 

Percent asphaltene, 375-9 hr aged 

Percent asphaltene, 425-7 hr aged 

60/70 

1. 010 

123 

150+ 

63 

18. 75 

24.38 

27.00 

31. 51 

B3056 

1.020 

250+ 

15.88 

18.85 

28.25 

30.44 
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light of these differences in the rheolog
ical behavior of asphalt in bulk and as a 
binder present in a mixture, the correla -
tion of the aging mechanism in the two 
systems may bear certain theoretical 
difficulties. 

In a fundamental approach to the aging 
of mixtures, Moavenzadeh and Sendze 
(27) have applied the rheological tech
nique to measuring the change in material 
response. It has been shown that aging 
reduces the rate of creep as evidenced 
by an increase in the magnitude of mix
ture viscosity. However, this study 
does not attempt to interrelate the aging 
of the binder to that of the mixture. The 

importance of such an interrelation is quite obvious, since it could aid in the prediction 
of the pavement response and thus aid the adoption of proper guidelines for material 
selection. 

MATERIALS AND PROCEDURES 

Materials 

In this report the results of an investigation on two asphalt cements are documented. 
These asphalts are a 60-70 penetration grade from Venezuelan crude and the AC-20 
grade designated as B3056, used in the Asphalt Institute-Bureau of Public Roads coop
erative study of viscosity graded asphalts. In Table 1 the test characteristics of these 
asphalts are given, along with the asphaltene content at unaged and 3 different aging con
ditions. The shear stress-rate of shear relations of these materials as previously re
ported are also shown in Figures 1 and 2. The results of rheological tests on these as-

·•!-, - ---;r-- -+-- ----t4- -""l------

LogShearSLrees (T), dynee/ cm2 

Figure 1. Shear rate vs shear stress on log
log sea le for the 60-70 penetration grade as

phalt at al I test temperatures. 

phalts indicate that, at temperatures be
low 45 C, B3056 is much more non-New
tonian than the 60-70 asphalt. 

The aggregate used in this study was 
an Ottawa sand with a powdered silica 
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Figure 2. Shear rate vs shear stress on 
log-log scales for the B3056 asphalt at 

al I test temperatures. 
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Sieve 
No . 

16 

30 

50 

100 

TABLE 2 

GRADATION OF AGGREGATE 

ASTM Specification Selected Gradation, 
D 1663-59T Percent Passing 

85-100 100 

70-95 75 

45-75 45 

20-40 26 

filler. The sand was sieved andrecombined 
in proportions putting it within the speci
fication limits of ASTM D 1663-59T for sheet 
asphalts; it had the gradation shown in Table 
2. The specific gravity of the aggregate 
was determined to be 2.65. 

Procedures 

200 9-20 15 Mixing of the aggregate and asphalt was 
done manually under infra-red lamps to 
maintain a mixing temperature of 275 F. 
The mix batch was 750 gm aggregate and 

6 percent asphalt cement, sufficient to make six samples. Mlx1ng was continued until 
a uniform coating of all particles was achieved. The batches were then stored in sealed, 
carbon-dioxide filled cans until needed for further testing. · 

Aging of the materials was carried out by two different methods, aging of the asphalt 
cement only and aging of the sand-asphalt mixture. The asphalt cement was aged in a 
tilted-rotating shelf oven according to the procedure used by Moavenzadeh and Stander 
(17) for five different degrees of aging as follows: 325 F for 3 and 9 hours, 375 F for 3 
and 9 hours, and 425 F for 7 hours. 

In order to age the sand-asphalt mixture under conditions more closely associated 
with natural conditions, each batch of the mixture was placed in an oven in two pans so 
that the mixture had a loose depth of approximately 1 % in. The mixture was stirred 
each hour, and aged at three degrees as follows: 325 F for 3 and 9 hours, and 375 F for 
3 hours. It was found that the other two aging degrees, 375 F for 9 hours and 425 F for 
'i hours, produced a mix too highly aged to compact properly when made into test 
specimens. 

Figure 3. Creep setup. 
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To compact the specimens, Harvard miniature molds, 1.312 by 2.624 in., were heated 
in a water bath, removed, dried, and oiled The sand-asphalt mixture was put in the 
mold in three layers; each layer was spaded 25 times. Compaction was done using a 
double plunger arrangement and a static load of 3000 psi maintained for two minutes. 
Compaction temperature was 27 5 F and enough material was used to make a sample 
2. 624 in. in height. After compaction the sample was ejected and allowed to air-cool 
to room temperature. The average height and bulk specific gravity of each sample was 
determined and they were stored in dark carbon-dioxide filled cans until needed for testing. 

The sand-asphalt samples were tested in creep at 15, 25, 45, and 60 C, and at ap
propriate stresses to give an approximate strain of 0. 5 percent after 10 minutes. The 
temperature was maintained in an environmental cell (Fig. 3) to ± 0. 1 C. An L VDT and 
a Varian Model G-14 recorder were used to establish the time-deformation curve of 
each specimen. Because it was necessary to determine the elastic deformation of the 
sample, a preconditioning of the sample was carried out. The load to be used was ap
plied for a period of 1 minute, then removed for 5 minutes. This seated and somewhat 
mechanically conditioned the samples so that consistent results could be obtained during 
the creep test. 

A number of viscosity tests were run on both the aged and unaged asphalt cements 
to determine their basic flow characteristics. These tests were run with a sliding
plate microviscometer and a Haake Rotovisco. Their operation and procedures are 
explained in detail elsewhere (17) and are not given here. 

ANALYSIS AND DISCUSSION OF RESULTS 

Creep Data 

The creep response of rheological systems is governed by three deformation mech
anisms-instantaneous elastic, retarded, and steady state-each affected by the aging 
phenomena to some extent. To investigate the effect of aging on the creep response of 
asphaltic mixtures, aged and unaged specimens, as described in the previous section, 
were tested in creep under controlled laboratory conditions. Figures 4 and 5 show the 
resulting strain-time data for one of the asphalt cements at various aging conditions 
and at two test temperatures. These figures clearly indicate that the creep compliance 
of bituminous mixtures decreases as the degree of aging increases. The greatest aging 
effects are shown by the asphalt mixture in which the binder was aged at 425 F for 7 
hours and the asphalt mixture that was aged as a mixture. It should be pointed out, how
ever, that the aging of asphaltic binders at 375 F for 3 hours and 9 hours has a lesser 
effect on the creep response of mixtures at high temperatures. 

From the changes in the rheological parameters corresponding to the three deforma
tion mechanisms, it appears that the instantaneous elastic response is not significantly 
affected by aging. This observation is supported by previous rheological analyses of 
asphalt binders and mixtures. At the test temperatures selected in this study, the as
phalt cements are not expected to exhibit any significant elastic response. Thus, the 
observed instantaneous elastic deformation is primarily attributable to the aggregate 
effect. 

The second mechanism, retarded deformation, appears to be somewhat affected by 
aging. However, a detailed discussion relating to this effect awaits a computer analysis 
and the determination of the distribution function of relaxation and retardation times. 

The third mechanism, which is also affected by aging, is the steady-state deforma
tion represented by the slope of the creep data. Figures 4 and 5 indicate that this slope 
decreases as the degree of aging increases. 

In Figures 6 and 7, the relative effects of aging on two different asphalts are shown. 
Previous analysis on these asphalts had indicated that B3056 asphalt was more non
Newtonian than 60-70 penetration. The comparison of the creep response of these two 
asphalts (unaged) at 45 C similarly exhibits significant differences. However, as a 

· result of aging, the differences in the deformation of the mixtures become less signif
icant. This indicates that 60/70 asphalt is much more susceptible to aging than B3056. 
A similar conclusion has been reached from the comparison of the creep curves at all 
temperatures and aging conditions. 
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Figure 4. Creep response of 60-70 asphalt mixture at 15 C. 
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Figure 7. Comparison of creep response at 45 C. 

The comparison of the creep data in Figures 4 and 5 also brings out the effect of the 
aging environment on the deformation of bituminous mixture. It is clearly shown that 
the sand-asphalt mixture aged at 375 F for 3 hours is much stiffer than the mixture 
prepared with an asphalt aged at 375 F for 3 hours. That is, for the same temperature 
and exposure period, the presence of aggregate during the aging process has a great in
fluence on the rheological response of the bituminous material. From a practical stand
point, aging of the binder always occurs in the presence of aggregate; therefore, the 
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Figure 10. Effect of temperature on mixture 
viscosity. 
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Figure 11. Effect of temperature on mixture 
viscosity. 

foregoing observation bears much engineering significance. At the present time, sim
ilar analyses are being carried out for other aging conditions. The results of this work 
will be presented in subsequent papers. 

Aging Index 

In the previous section, it was shown that the creep response of asphaltic miXtures 
depends on the type of material and the aging conditions used_ In order to J;"elate aging 
susceptibility of mixtures to durability characteristics of binders, rheological tests were 
conducted on both aged and unaged asphalt cements. In Figures 8 and 9, the calculated 
aging indices for two asphalt cements at different test temperatures and aging conditions 
are shown. The test results are represented by solid data points and the open points 
correspond to the values of aging indices reported by Moavenzadeh and Stander (17). As 
shown, the newly calculated aging indices, except for aging at 425 F for 7 hours 1 confirm 
the previously reported relations. The analysis of the data for the 60-70 penetration 
a sphalt at 425 F and 7 hour s aging has not been completed at this time. In thes e figur es , 
the aging index-temperature relationships are represented by smooth curves, which 
appear to be more justified than the straight- line relations used previously (17). The 
point of interest is that comparison of these figures shows a slightly higher aging sus
ceptibility for the 60-70 asphalt over the B3056 asphalt. The same phenomenon was also 
observed from the analysis of creep data. 

Since the ag-ing- mechanism affects the steady-state deformation of asphaltic mixtureA, 
the mixture viscosity was calculated to show the relative significance of this parameter. 
The mixture viscosity is defined by 

or 

).-~ 
- d d dt 

(5) 
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where d£ldt is the slope of strain-time data for a = a0 = constant. In Figures 10 and 
11 the calculated mixture viscosities at different agings and test temperatures are shown. 
These figures indicate that the mixture viscosity increases as the degree of aging in
creases. The greatest effects of aging on mixture viscosities correspond to the sand
asphalt mixtures aged at 375 F for 3 hours and aging of the asphaltic binders at 425 F 
for 7 hours. To compare the aging susceptibility of these mixtures, the mixture aging 
indices of these two asphalts at various temperatures are calculated. This index 

A aged 
Mixture aging index = >.. unaged (6) 

In Figure 12, the mixture aging indices of these asphalts at different aging conditions 
are compared. It is again evident that the 60-70 asphalt cement, despite of its lesser 
non-Newtonian response, is more susceptible to aging than B3056. At the present time, 
two other asphalts with different rheological properties are also being tested to further 
substantiate the differences in aging susceptibility in relation to the rheological response 
of binders. 

Temperature Effect 

Recent extensive investigations of the rheological properties of bituminous mixtures 
have indicated that these materials are temperature-dependent. This temperature de
pendency, similar to that of polymeric systems, can be expressed by a unique function 
representing the effect of temperature on all viscoelastic parameters. In the introduc
tion to this paper it was pointed out, however, that the temperature dependency of the 
asphaltic binder is expected to differ from that of the bituminous mixture. This is due 
to the presence of aggregate and induced boundary conditions. 

The temperature dependence function aT of asphalt cements, deducted from the Rouse 
theory, is written as 

(7) 

where T p is the relaxation or retardation of the molecular system given by 

(8) 

in which M is the molecular weight and p2 is the summation index. Then the aT function 
can be written as 

T/Po To 
aT -

T/oPT 
(9) 

This equation, which is based on the movement of submolecules in their surroundings, 
obviously cannot be used for a rheological system such as the asphalt-aggregate com
position. The Al-Ami (28) results have similarly indicated that the aT functionderived 
from asphalt viscosity does not satisfactorily superimpose creep data. The use of mix
ture viscosity for the derivation of an aT function is also technically unsound. This 
method, which is based on the analogy between the mixture viscosity >.. and the asphalt 
viscosity T/, is expressed by 

APo To 
aT (mixture) = ---

Ao PT 
(10) 
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It is obvious that the molecular mobility concept of the Rouse theory, which is the 
basis of the above equation, cannot be applied to the deformation of asphalt mixtures. 

In Figures 13 and 14 the aT function calculated by these two methods and the function 
obtained by graphical techniques are compared. These figures and the similar results 
obtained for other aging conditions confirm the previous observation that the tempera
ture dependency of bituminous mixtures cannot be explained by asphalt viscosity or mix
ture viscosity. Furthermore, aT functions for different aging conditions, when calculated 
by these methods, do not appear to be significantly affected by aging. On the contrary, 
however, the aT functions obtained by graphical superposition exhibit considerable varia
tion due to aging (Fig. 15). 

Al-Ami (28) has shown that there is a very good agreement between the values of aT 
obtained by graphical superposition and by use of activation energy. The results shown 
in Figure 14 similarly confirm this observation. Work is in progress to calculate the 
temperature dependence function by use of an Arrhenius form equation and to show the 
effect of aging on the activation energy function. 

In Figures 16 and 17, the master curves obtained from the superposition of creep 
curves are shown. These figures clearly show the effect of aging on the deformation 
response of the bituminous mixtures. As has been noted previously, the 60-70 penetra
tion asphalt, although less non-Newtonian than the B3056 asphalt, is more age-suscep
tible. Another point of practical significance may also be taken from these figures. The 
B3056 asphalt may be aged at 375 F for at least 3 hours with no discernible change in 
creep characteristics; however, somewhere between 3 hours and 9 hours at this tem
perature a major amount of aging takes place. For the 60-70 asphalt, the major amount 
of aging at 375 F takes place in less than 3 hours, and little further aging is noticed for 
times up to 9 hours. Of importance here is not the individual interpretation of each as
phalt, but that the effects of aging times and temperatures may be interpreted using the 
master creep curves. 

SUMMARY AND CONCLUSIONS 

This is a progress report of a study concerned with the durability characteristic of 
asphalts and asphaltic mixtures. In this paper the rheological response of sand-asphalt 
mixtures prepared with two different asphalt cements and tested at various temperatures 
and aging conditions were studied. The aging conditions consisted of two methods: aging 
the asphalt binder alone, and aging the sand-asphalt mixture. 
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Figure 16. Master creep curve of 83056 at different aging conditions. 
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Figure 17. Master creep curve of 60-70 asphalt mix at different aging conditions. 

The following conclusions are reached from this study: 

1. Aging affect.s the creep response of bituminous mixtures. The greater the degree 
of aging the greater the effect on the creep responses; that is, there is a correlation be
tween the degree of aging and the deformation of the sand-asphalt mixtures. 

2. There is an apparent correlation between the aging susceptibility of asphalt cements 
and the aging susceptibility of bituminous mixtures. 

3. The rheological response of aged bituminous mixtures appears to differ signifi
cantly from the response of mixtures prepared with aged asphaltic binders at identical 
aging conditions. Further study is in progress to reveal the mechanisms involved. 

4. The temperature dependence function, aT, of sand-asphalt mixtures is affected by 
the aging conditions. 

5. For these asphaltic mixtures and these aging conditions, the master creep curves 
could be a valuable tool in interpreting the effects of aging on the creep response of the 
mixtures. 
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