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The effect of aging of the asphaltic binder on the rheological 
response of sand-asphalt mixtures is studied. The experi
ment and the method of analysis follow procedures outlined in 
an earlier report (4). The creep response of sand-asphalts at 
various temperatures and aging have been analyzed, and the 
viscoelastic model parameter and overall response have been 
related to the asphalt aging index. Differences are shown in 
the aging susceptibility of mixtures prepared with different 
asphalts. Expressions are presented to show the effect of as
phalt aging index on the viscoelastic model parameter at vari
ous test temperatures. Analysis of activation energy has been 
carried out that show that there are certain limitations in using 
the activation energy concept in the study of aging. 

•BITUMINOUS mixtures are composite systems of a heterogeneous granular matrix 
and a viscoelastic binder designed to perform three major specific functions: provide 
structural stability under traffic load, withstand environmental effects and thus retain 
the desired structural stability, and withstand the effect of repeated wheel load appli
cations during the service life of the pavement. Besides these structural functions, 
there are also other requirements based on traffic safety considerations. 

In a rational approach to pavement design, the pavement ii; considered as a system 
incorporating the three structural functions to predict pavement performance at a des 
ignated service life . Developing this method of pavement analysis requires thxee sep
arate design criteria: stability, durnbility, and resistance to fatigue. Th SP. criteria 
are then incorporated into a unique three-dimensional relation expressed in terms of 
material properties. 

The ultimate objective in durability design is to develop relations expressing changes 
in the physical or rheological properties of mixtures as they relate to the basic prop
erties of the mix constituents. All bituminous mixtures change with time in one way 
or another, depending on the loading and environmental conditions. These changes are 
primarily associated with the aging susceptibility of the binder and its interaction with 
the mineral aggregate. 

The aging characteristics of the bituminous binders have been discussed in great 
length in previous reports (1, 2, 3, 4). It is generally agreed that exposure of bitu
minous materials to the service env:u-onment results in changes in the properties of 
the binder . Laboratory and field investigations indicate that the asphaltic binders 
harden during service life ( 5, 6, 7). 

It has also been reported-that asphalt hardening is associated with changes occurring 
in chemical constituents of the binder. It is generally agreed that binder aging results 
in an increase in the asphaltene content at the expense of the other components (_!!, !!_, .!Q). 

With respect to the changes in the rheological properties, it has been shown that the 
viscosity of the binder is also affected by U1e exposure to the aging environment (1). 
Viscosity may be represented by an Arrhenius form equation, -
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where 
'7 coefficient of viscosity, 
h Planck's constant, 
V molar volume, 
N Avagadro's number, 
~ entropy, and 
AE activation enerizy. 

-AS AE 
hN R eRT 

= v e 
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Therefore, the change in viscosity due to aging is a result of the change in activation 
energy, entropy, or the molar volume. Since the molecular weight of asphalt does not 
change significantly with aging, then it has been argued that the aging is related to the 
change in activation energy and entropy. Expressing the change in entropy in terms 
of heat, Aq, and aging temperature, Ta• it is shown that 

or 

"la 
hN 
v 

= dAS 

(
-ASu) (~) exp ~ exp RT a 

AE 
exp RT 

where indices a and u refer to aged and unaged conditions. 
The asphalt aging index, which is the ratio of aged to unaged viscosity, can be ex

pressed by 

AI 
'17a 

= 
'l7u [

(AEa - TASa) (AEu - T~u)] 
= exp RT - RT 

or 

AI (
AFa - AFu) 

= exp RT 

This equation indicates that the aging characteristics of the bituminous binder can be 
expressed in terms of changes in free energy. 

Other rheological parameters are also affected by aging. The investigation by Sisko 
(8) indicates that the complex shear modulus G* (w) and elastic and viscous dynamic 
moduli are affected by the aging process. Sisko also reported that the ratio of com
plex modulus Qlf (w) for aged and unaged conditions can be correlated with the field 
performance of pavements. It is reported that the high ratios of G* a/G• fu are asso
ciated with the cracking in the field, whereas the low ratios are related to roads ex
hibiting plastic deformations. 

With respect to the aging of bituminous mixtures, it was reported previously that 
the creep response of sand asphalt mixtures exhibit age dependency (3, 4). It has been 
shown that the temperature dependence function, aT, of the mixture slmTlar to the as
phalt binder is affected by the aging condition. There is also an apparent cor
relation between the aging susceptibility of the binder and the aging susceptibility of 
the mixtures measured by the mixture viscosity. In this report these observations are 
further substantiated by additional experimental data, and the age dependeqcy of vis
coelastic parameters and other pertinent parameters are discussed. 

MATERIALS AND PROCEDURES 

Four different types of asphalt cements were used in this investigation. They are 
the same materials that were used by Moavenzadeh and Stander (1) and Lottman and 
Rao (2) in a study of durability characteristics of asphaltic materials. These asphalts 
are designated as 60/70 penetration grade from a Venezuelan crude, two AC-20 as-
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TABLE 1 

TEST CHARACTERISTICS OF ASPHALT CEMENTS 

Test 60/ 70 B-3056 AC-20 B-2960 

Specific gravity 1,010 1.020 1. 034 

Softening point, ring and ball 123 F 127 F 125 F 

Ductility, 77 F 150"+cm 150°+cm 150"+ cm 

Penetration: 100 gm, 5 sec, 77 F 63 
200 gm, 60 sec, 39 .4 F 23.5 30 

Flash point, Cleveland open cup 455 F 545 F 515 F 

phalts coded B-2960 and B-3056 obtained from the Asphalt Institute and Bureau of Pub
lic Roads cooperative study of viscosity graded asphalts, and a third AC-20 asphalt 
cement. Test characteristics of these asphalts are given in Table 1. 

The aggregate used in this study was an Ottawa sand with a powdered silica filler. 
To prepare the aggregate, coarse-graded and fine-graded Ottawa sands were sieved 
into No. 16, 30, 50, 100, and 200 mesh, and then recombined to form the desired 
gradation (4). 

Aging ofthe asphalt binder was carried out with a modified thin film oven proce
dure developed by Valler ga (11) and described previously (3, 4, 1). For aging, the 
dishes containing the asphalt binder were placed on the shelves of the aging oven, which 
can maintain the desired temperature with ± 5 F accuracy . The following table gives 
the aging temperature and the duration of aging used. 

Test Temperature (F) 

325 

375 

425 

Duration (hours) 

3, 9 

3, 9 

7 

The sample preparation followed the procedures outlined earlier (4). Specimens 
were prepared using Harvar d miniature molds of 1.312 by 2.624 in. The sand-asphalt 
mixtures were compacted using a double plunger ar rangement and a static load of 
3,000 psi that was maintained for 2 min. A compression apparatus used for the Mar
shall test method was modified to provide the required compactlve effort. 

These specimens were then subjected to creep tests (3, 4) . Tbe creep experiments 
-;.;ere ccr.d~ct~d ::.t 15, 25, 45, a.'ld 60 C, '-~Sing s tref'! SflS of 20, 10; 5, and 2 psi through
out the investigation, except for the AC-20 asphalt at 45 C where stress was reduced 
to 20 .0 psi. 

ANALYSIS AND DISCUSSION OF RESULTS 

Asphalt Aging Index 

The primary objective of this investigation is to relate the durability characteristics 
of the asphaltic binders to the rheologic responses of the bituminous miXtures. To 
achieve such an objective, it is necessary that the age susceptibility of the binder used 
in the sand-asphalt mixture be determined as accurately as possible . In the investiga
tion conducted by Moavenzadeh and Stander (1), it was shown that the a sphalt aging in
dex measured at different temperatures and at various aging conditions could be us ed 
as a measure of age susceptibility of asphaltic materials. However, the experimental 
results presented by these investigators showed a relatively high degree of scatter at 
certain aging conditions. In order to verify the available data, the four asphalt 
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cements were aged, and the aging index at a given test temperature and aging condition 
was determined as 

AI = 11 aged 
Tl unaged 

The viscosity values in this equation were determined by plotting shear stress rates of 
shear data on a log-log plot and using the power input method of 7' ')' = 1,000. 

In Figures 1 and 2, the variations of asphalt aging index with temperature at vari
ous agings and for two different asphalts are shown. From these figures one could 
observe that, first, the aging susceptibility of asphalts increases With the degree of 
aging used, and second, for the same aging condition, as the test temperature de
creases the asphalt cements exhibit a greater degree of age susceptibility. Further
more, the aging index and temperature are related by 

AI = exp 
AFa - AFu 

RT 

These figures show that the change in the free energy due to aging, AF a - AF u, 
does not remain constant at different test temperatures. Moavenzadeh and Stander, 
by fitting a straight line through their data, attempted to show that AF a - AFu is a 
constant at different temperatures and is only affected by the degree of aging. The 
experimental data shown in Figures 1 and 2, however, indicate that, although at very 
high tempe1·atures this assumption may be an approximation, at low temperatures 
AF a - AF O is a temperature-dependent function. This phenomena is attributed to the 
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sharp increase in the activation 
energy at low temperatures, 
which is related to the decrease 
in the free volume of the system. 
It has been shown that the mobil
ity at any temperature primarily 
depends on the free volume avail
able, which in turn is related to 
the energy barrier required for 
the whole formation. 

Furthermore, the comparison 
of aging index temperature rela-'
tions of four asphalts at the con
stant aging conditions of 375-3, 
375-9, and 425-7 indicates that 
asphalt B-2960 exhibits greater 
aging susceptibility at almost all 
aging conditions, whereas the ag
ing susceptibility of the other as
phalts varies to such an extent 
that their comparisons are im
possible. 

Aging Response of Mixtures 

To investigate the effect of 
aging on the creep response of 
sand-asphalt mixtures, various 
components of time-deformation 
relations have been analyzed. 
These include the viscoelastic 

Figure 2. Relationship between aspha It aging index and parameters, creep curves, and 
temperature. the activation energy relations. 

In the following sections these 
analyses are discussed. 

Viscoelastic Parameters-The creep response of rheological systems such as 
asphalt-aggregate mixtures is governed by three deformation mechanisms: instanta
neous elastic, viscous flow, and retarded elastic. In viscoelastic analysis, the instan
taneous deformation is considered as a reversible process that can be fully recovered 
upon removal of external load. However, in asphaltic mixtures or in similar systems 
due to specimen seating or internal aggregate interlocking mechanisms, the instanta
neous deformation may also include some irreversible deformation. In this study the 
effect of seating conditions has been minimized by using special testing procedures (4). 
The 1:1ecumi deformation mechanism is viscous flow, which 1s proportional to the slope 
of the steady-state portion of the creep curve. Many engineers, based on field obser
vation, doubt that asphaltic mixtures reach a steady-state flow condition. 

These observations appear to be valid for dense graded mixtures. However, for 
sand-asphalt mixtures, the experimental data indicate that within the experimental 
errors a constant deformation rate is reached between 300 and 400 seconds. One 
should exercise great caution in the use and interpretation of these data. The extrapo
lation of the steady-state flow condition to times greater than the experimental time 
span is not recommended. 

The third portion of creep response is retarded elastic behavior. The observed de
layed deformation can be characterized by two separate means: the delayed deforma
tion can be represented by discrete numbers of retarded elastic mechanisms, each 
having a particular retardation time, or it can be assumed that an infinite number of 
retarded deformation mechanisms contribute to the creep process. In this case, the 
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retardation time is a continuous function of time and is represented by a distribution 
function of the retardation times. 

The mathematical expression for the creep response of sand-asphalt mixtures with 
discrete retarded elastic deformation mechanisms is given by 

i = n 

£ I: 1 ( -t/'r•) - 1 - e l 
Ei 

i = 1 
where 

o-
0 

= constant stress, 
E0 = modulus of elastic deformation, 
A0 = coefficient of viscous flow, 
Ei = elastic moduli of retarded deformation, 
Ai = viscous coefficient of retarded mechanism, 
T1 = retardation time = Xi/Ei, and 
n = number of discrete retarded mechanisms. 

In this analysis of tne number of discrete retarded deformation mechanisms as well 
as the viscoelastic parameters, Ei, Ai, E0 , and Ao, have been determined directly 
from the creep curves. The results indicate that the viscoelastic parameters are re
lated to the aging index of asphalt cements. These relations (Figs. 3 through 6) indi
cate that the viscoelastic parameters E0 , Ao, E

1
, E

2
, A

1
, and A

2 
can be expressed in 

terms of aging index by 
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Figure 4. Effect of asphalt aging index on viscoelastic parameters. 

where C is a constant corresponding to the viscoelastic parameters at unaged condi
tions (Al = 1.0). The r.onstant n is considered as the viscoelastic age susceptibility 
constant. The results, however, indicate that the parameter E0 is not significantly 
affected by aging. _ _ ___ _ _ _ 

These· analyses indicate that the viscoelastic age susceptibility constant n varies by 
temperature, type of asphalt, and deformation mechanism involved. As shown in Fig
ures 3 through 6, the constant n is generally increased with decreasing temperature, 
indicating that viscoelastic response of asphaltic mixtures becomes more dependent 
on the asphalt aging index at lower temperatures. At a constant temperature, the con
stant n varies among different viscoelastic parameters for different asphalts studied. 
For example, for the parameter Ao measured at 25 C, the susceptibility constant n at
tains the largest value for E-2960 asphalt (Table 2). Parameter Ao is deter mined from 
the steady-state portion of the creep curve and is indicative of viscous resistance of 
bituminous mixtures. 

In recalling the_variation of asphalt aging index with temperature for various as
phalts shown in Figures 1 and 2, it is observed that B-2960 asphalt is also the most 
age-susceptible binder. This indicates, apparently, that for the same deformation 
mechanism it is possible to interrelate the age susceptibility of binder and that of bitu
minous mixture. However, when a similar comparison is made between the param
eters E 1 and E 2, A1 and A

2 
at a given temperature (Table 3), it is observed that B-3056 

exhibits greater age susceptibility n than other asphalts (larger n values). On the other 
hand, the AC-20 asphalt has the least age dependency with smaller n value:;. 

In short, from the viewpoint of the effect of aging on viscous deformation, B-2960 
is the most age-susceptible, whereas with respect to the retarded deformation, B-3056 
exhibits the greatest effect. 
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TABLE 3 TABLE 2 

VISCOELASTIC AGE SUSCEPTIBILITY 
CONSTANT n FOR >.0 = C (Al)n 

CONSTANT n FOR RETARDED DEFORMATION PARAMETERS 
AT 25 C 

Asphalt n at 25 C n at 45 C Asphalt E,, psi E 2, psi .1.,, psi-sec >. 21 psi-sec 

B-2960 0.4641 0.2141 B-3056 0.4738 0.5035 0.4685 0.2497 

60/70 o. 2059 0.1192 60/70 0.2974 0.3074 0.3173 0.2131 

B-3056 0.1690 0. 1514 B-2960 0.3183 0 . 0981 0. 2478 0.010 

AC-20 0.02 o. 1080 AC-20 0.0892 0.20 0,0992 0.12 

As pointed out, the delayed viscoelastic effect can be represented by a distribution 
function of retardation times. The mathematical expression for the creep response 
with a continuous function of retardation time is given by 

({t) = O'o + O'o t + cr
0

/+co L (ln T) (1 -e-t/T) d (ln T) 
Eo Ao 

- co 

The distribution function L (ln T) determined by using the first-order graphical approxi
mation technique discussed by Alfrey (12) and Ferry (..!!) has been used in this study to 
show the effect of aging on the bituminous mixtures. Figure 7 shows a typical distribu
tion function L (ln T) for one asphalt at various aging conditions. This figure indicates 
the degree of aging effects on the distribution of retardation time. 

Creep Response-In this section the effect of aging on the overall creep response i s 
presented. In a previous report (4) the creep response of two asphalts at different tem
peratures and various aging conditions was shown. The creep response of other as-
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phalts at all temperatures and aging follows a similar pattern (Fig. 8). This indicates 
that, at a given temperature, the stiffness of the mixture increases with an increase 
in the degree of aging. That is, the compliance of mixture defined as J(t) = E(t)/cr

0 
is 

affected by the degree of aging. 
These results also indicate that the creep curves are arranged in a logical order 

with respect to the effect of aging. However, it should be pointed out that a statistical 
analysis has not been carried out to show whether there is any significant difference 
between the individual creep curves. In fact, it appears that certain aging conditions 
may be considered to have the same effect on the creep response. For example, the 
difference between the creep curves for 375-3 and 325-9 is not very large, and the sta
tistical analysis may show that these differences are not statistically significant. 

In the experimental characterization of viscoelastic data, the results are often pre
sented in the form of a master curve in which data corresponding to various tempera
tures are reduced to a reference temperature scale. The technique of determining a 
master curve has been discussed in detail in the literature. It primarily consists of 
measuring the shift necessary to make creep curves at different temperatures coincide 
to the reference temperature, T 0 . In Figures 9 and 10, the master creep curves for 
asphalts studied are shown. As observed, B-3056 asphalts yield a slightly stiffer mix
ture corresponding to a smaller compliance, J(t). In Figure 9 the master creep curves 
of these asphalts at 425-7 are compared. Note that the stiffness of AC-20 asphalt mix
tures is not greatly changed. However, there is a definite reduction in the creep com
pliance of the other three asphalts, with B-3056 showing the greatest reduction. In the 
previous section related to viscoelastic analysis, it was pointed out that the age sus
ceptibility constant n varies among asphalts. The results presented in Figure 10 also 
confirm such observations, and show that AC-20 asphalt is the least and B-3056 is the 
most age-susceptible asphalt. 

Activation Energy-The experimental and theoretical analyses indicate that creep of 
material bodies is controlled by the thermally activated processes. These processes 
in turn are dependent on temperature and activation energy AE, which corresponds to 
the energy barrier required for deformation process. Depending on the complexity of 
the creep phenomena and the number of micro-mechanisms involved, the activation 
energy may attain a wide range of values. When two micro-mechanisms operating 
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depend on each other, the process with the largest activation energy controls the de
formation. On the other hand, the reverse is true when the micro-mechanisms are 
independent of each other. Therefore, in a complex body it may not be possible to 
determine explicitly the activation energy AEi for each process. Instead, an apparent 
activation energy can be determined to represent the deformation of the material body. 
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In viscoelastic materials such as bituminous mixtures, it is often assumed that the 
material is thermorheologically a simple system. That is, it is considered that the 
deformation process is only governed by a single thermally activated process. This 
assumption simplifies the analysis of creep and flow in rheological bodies. 

In this study, the activation energy has been calculated by using two different ap
roaches. In the firs t method, the temperature-dependence function aT determined 
from the superposition of creep curves was used. This function, which is 1·elated to 
the relaxation and retardation processes, can be expressed by 

where 
To 
T 
R 

AE 

( 
_!_ - __!__) 
T T 0 

reference temperature °K (298 C was used in this study); 
test temperature °K; 
universal gas content = 1.986; and 
activation energy, cal/mole. 

In the second method it is assumed that creep deformation can be expressed by 

E" = f (o-, 8) 

where cr is the applied stress and 0 is the temperature-dependence term of creep strain 
given by 

Assuming that AE is independent of time, then 

8 ~ t exp(~) 
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To determine .6.E, creep tests are conducted at various temperatures and the creep 
compliance, J(t) (strain per unit stress), is plotted against experimental time for vari
ous temperatures. Then the experimental times ti corresponding to a constant com
pliance at various temperatures Ti can be recorded. According to the equation, for a 
constant stress and constant compliance, the time ti and the temperature Ti are re
lated by 

a constant 

or 

t (
+AE) = C exp RT 

That is, when a plot of log ti and 1/T is prepared, the slope of the resulting straight 
line is equal to (.6.E/2.303 R) 

To show the utility of the activation energy for durability analysis of mixtures, a 
comparison has been made between the activation energy of mixtures and those of bitu
minous binders. The results of this comparison have been inconclusive. Further
more, a plot of mixture activation energy against the asphalt aging index shows that 
the observed relation is not very promising (Fig. 11). The failure of activation energy 
to provide a durability criterion for the bituminous mixture can be attributed to many 
factors. First, the activation energy may not be independent of time and temperature 
as stated in the theory of rate processes. Second, the aged bituminous mixture may 
not be controlled by a single thermally activated process; instead, a number of micro
mechanisms with different activation energies might be involved in the deformation 
process. Therefore, it is probable that the values reported here are merely a crude 
approximation of the actual activation energies that contribute to the deformation of 
aged and unaged specimens. 

SUMMARY AND CONCLUSIONS 

In this study the rheological properties of four asphalts at various aging conditions 
and test temperatures have been investigated to verify previously reported relation
ships between asphalt aging index and temperature. The creep response of Ottawa 
sand mixtures at various temperatures and aging conditions has been analy:t1ed, and 
viscoelastic model parameters and overall response of asphalts at various ages have 
been compared. The use of the activation energy concept as a tool for durability char
acterization of asphaltic mixtures has been studied. The following are the major con
clusions of this study: 

1. The asphalt aging index-temperature relation, when extended to low tempera
tures, deviates from linearity. This deviation is attributed to the temperature-depend
ency of asphalt's activation energy at low temperatures. 

2. For a constant aging condition, B-2960 asphalt, among the four asphalts, is the 
muisl :su:sceptible io aging. Pronounced differences in aging characteristics oi other 
asphalts could be observed by using the aging index as the measure of aging effect on 
asphalt properties. 

3. The viscoelastic parameters calculated for sand-asphalt mixtures are related 
to the aging index of asphalts. These results indicate that the various viscoelastic pa
rameters obtained from creep are affected by the degree of aging, type of asphalt, and 
test temperature. Based on the overall creep response, it is also shown that the sand
asphalt mixture becomes stiffer with increasing degrees of aging. The change in mix
ture stiffness represented by the creep compliance is affected by the type of asphalt, 
degree of aging, and test temperature. 

4. The activation energy of bituminous mixtures has been calculated by using two 
separate methods. Activation energy does not provide a simple tool for the analysis 
of aging. It is postulated that the time and temperature dependency of activation energy 
as well as possibility of involvement of a number of thermally activated processes com
plicates the interpretation of results. 
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