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The Department of Civil Engineering of Ohio State University 
has completed an analysis of the effects of temperature or 
asphalt viscosity on the mechanical properties of asphaltic
concrete. Constant-load compressive tests were performed on 
the cylindrical test specimens. The experimental stresses and 
temperatures were varied, respectively, from approximately 3 
to 79 psi and from 41 to 104 F. Using a standard creep testing 
program, the instantaneous elastic, the retarded elastic, and 
the viscous components of the total deformation were recorded 
and analyzed. Cyclic repetition of loading and unloading was 
studied. Kinematic viscosity of the asphalts used in the bitu
minous mixtures was measured, using a sliding plate micro
viscometer. 

Correlations between temperature, the original asphalt vis
cosity, the recovered binder viscosity, the asphaltic-concrete 
mixture viscosity, mixture rheological strength moduli, and 
mixture deformations under load have been developed for a 
wide range oI loading times. The application of apparent acti 
vation energy concepts, the linear viscoelastic theory, and 
the time-temperature superposition principle to define the 
mechanical properties of asphaltic-concrete mixtures under 
the conditions studied has been rigorously investigated and 
validated. The rheological and thermodynamic concepts ad
vanced may be used to (a) extrapolate and interpolate the data 
and evaluate the mechanical properties of the materials which 
cannot normally be obtained by laboratory experimentation, and 
(b) greatly reduce the number of experiments necessary to 
define the response of bituminous concrete. 

•BECAUSE the mechanical response of asphaltic-concrete mixtures is greatly influenced 
by the principal variables of environmental temperature and loadingtime, it is desirable 
to have a theoretical method to correlate these variables and alsoto define quantitatively 
the behavior of such materials. The apparent activation energy concepts, linear vis
c<::>~lastic theory, and time-temperature superposition concept advanced in this study 
are shown to be applicable to the asphaltic mixtures investigated as an engineering ap
proximation, and to ·provide several practical techniques to evaluate the complicated 
time and temperature-dependent behavior of such materials over extensive ranges of 
temperature and loading time. 

Previous research during the past few years at Ohio State University has demon
strated that asphaltic-concrete may be considered a linear viscoelastic material and, 
also, thermorheologically linear (1, 2). Recent studies on the mechanical properties of 
asphaltic-concrete by Monismith, Secor and Secor (~), Lal, Goetz and Harr (i), and 
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asphalts by Herrin and Jones (5) have shown that many rheologic and thermodynamic 
techniques ·are applicable to such materials and may be utilized by asphalt technologists 
in defining the characteristics of flexible pavement materials. It is possible that the 
material science type of approach used in the polymer and elastomer fields may only 
serve as an approximation to the response of asphalt-aggregate compositions under 
specified conditions analogous to the ideal gas laws which are applied to many materials 
to study their behiivior quantitatively. However, considerable information remains to 
be accumulated to establish the usefulness of the thermodynamic and rheological type of 
analysis in defining the mechanical properties of asphalts and asphaltic mixtures and in 
extending these concepts to the design and investigation of pavements as well as estab
lishing the limitations of these approaches. Although the concepts are limited to cer
tain materials and conditions at this time, they may very well form the 00.sis of future 
quantitative design procedures for highway pavements. 

a= stress, 
E: = i;;train, 
J = creep compliance, 

NOTATION 

E = creep modulus and elastic constants, 
aT =temperature shift factor, 

t =time, 
T =temperature, 
T = characteristic retardation or relaxation time, 
6 = deformation, 

T0 = standard reference to temperature, 
T1 = dashpot constants and asphalt viscosity, 
C = constant, 
e = 00.se of natural logarithms, 

Ea= a pparent activation energy, 
TIR = r ecovered asphalt viscosity, 
Tio = original asphalt viscosity, 

Tim = asphaltic-concrete mixtu.re viscosity, and 
p =density. 

OBJECTIVE 

The objective of this research was to explore methods of quantitatively correlating 
changes in environmental temperature with changes in the mechanical properties of 
asphaltic-concrete mixtures. The research shows that (a) the data obtained may be 
used to evaluate limits of testing temperature which will produce specified changes of 
rheological strength properties and deformations of the material, and (b) the procedures 
may be used to predict creep strength moduli and mixture .strain 00.sed on binder vis
cosity or temperature changes over a range of loading times. 

Typical applications are presented showing the percent change in the deformation and 
the strength properties of the materials, which are controlled by a change in tempera
ture or asphalt viscosity. 

PROCEDURE 

The experimental phase involved testing eight different asphaltic-concrete mixtures, 
comparable to several major categories used for road surfacing in which two aggregate 
types, two aggregate gradations, and two asphalt types were used. The two 85-100 
penetration asphalts used have been obtained from different sources: one has a high 
temperature-susceptibility as measured by microviscometer tests, the other has a 
relatively low temperature-susceptibility. One aggregate type is a ci:ushed river 
gravel and the other a limestone. Of the two aggregate gradations used, both within the 
Ohio T-35C specifications, one had a maximum size of% in., the other of% in. Test 
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Figure I. Asphalt viscosity vs temperature. 

specimens, 4 .in. in diameter and approximately 8 in. in height were prepared using a 
kneading compactor. The following series numbering system for the asphaltic-con
crete mixes (ABC) was used 

A = Asphalt type 
1. Low temperature-susceptibility asphalt 
2. High temperature - susceptibility asphalt 

B = Ohio gradation, type T-35C 
1. Ohio minimum specification 
2. Ohio intermediate specification 

C =Aggregate type 
1. Limestone 
2. Crushed river gravel 

Constant-load uniaxial compressive tests were performed on unconfined test cyl
inders. The experimental loads and temperatures were varied over a wide range. 
Using a standard creep testing program, the instantaneous elastic, retarded elastic, 
and viscous deformations were recorded and analyzed Kinematic viscosity of the two 
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Figure 2. Recovered asphalt viscosity vs temper
ature. 

Viscosities were measured at several 
rates of shear over a range of tempera
tures from 50 to 113 F. Plate movement 
was recorded with a Varian Model G-14 
recorder. Tests were conducted in a 
water bath with± 0. 1 F variation in tem
perature. Typical plots of the recovered 
asphalt viscosities vs temperature are 
shown in Figure 2. Other identification 
tests performed on the original asphalts 
are given in Table 2. 

To obtain correlations between the 
original asphalt viscosities before mixing 
with the aggregates and the viscosity of the 
asphalts recovered from the tested sper.i 
mens, equations were derived for the 
linear regression line of viscosity vs tem
perature. These equations have the form 
y = mx + b where y is the log of the vis
cosity, 17, and x is the temperature (° F). 
The values of m and b of the equations are 
given in Table 3. The results of the micro
viscometer tests on all the asphalts indi
cate that approximate exponential rela
tionships should exist between both the 
original and the recovered asphalt vis -
cosities and temperature. A power 
relationship between the original asphalt 
viscosities and the recovered asphalt vis
cosities plotted on logarithmic scales is 
shown in Figures 3 and 4 for the 100 and 
200 asphaltic mixtures, respectively. The 
figures were developed by plotting the 
linear regression line of each series of 
recovered asphalt against the linear 
regression line of the appropriate original 
asphalt. The power relationship for all 
eight asphaltic mixtures has the form 

where 

T)R = recovered asphalt viscosity in 
poises, 

C = constant, 
170 = original asphalt viscosity in 

poises, and 
m = slope of experimental line 

Values of m and c between 11R and 7'/o 
for each asphaltic mixture series are given 
in Table 4. Using these values, correla
tions may be obtained between the vis
cosity of the original asphalts and the vis

cosity of the asphalts recovered from the mixes after testing. 
Figures 1 and 2 show that such a relationship should exist between '17R and 17o· The 

m~ny factors which significantly influence the final Viscosity of the recovered asphalts 
seem to have generally shifted the T)R curves vertically along the y-axis, approximately 



TABLE 2 

IDENTIFICATION TESTS ON ORIGINAL ASPHALTS 

Asphalt Penetration Limits 85-100 85-100 Source of Crude Oil Venezuela Low California High Temperature Susceptibility 

Penetration 77 F, 100 gm, 5 sec 99 
Penetration 39. 2 F, 200 gm, 60 sec 30 

Penetration ratio (.~ x 100) 30 a 
Flash point Pensky-Martens, ° F 455 
Flash point, Cleveland open cup, ° F 505 
Thin film oven test: 

Weight loss (%) o. 28 
Percent of original penetration retained 

at 77 F 57 
Ductility of residue (cm at 77 F) 150 + 

TABLE 3 

CONSTANTS FOR DERIVED EQUATIONS FOR 
BEST LINE OF VISCOSITY VS TEMPERATURE 

Series m b 

Original asphalt-high -0.05801 10.83605 
Original asphalt-low -0.05073 10.30745 

111-17 -0.04765 10.836 
112-avg. -0.05336 11. 07427 
121-16 -0.04622 10.766 
122-10 -0.04607 11. 0831 
211-17 -0.03706 10.028 

212-avg. -0. 06113 11. 99427 
221-4 -0.0531 11.171 
222-1 -0. 05369 11. 296 

TABLE 4 

CONSTANTS FOR DERIVED 
EQUATIONS FOR RECOVERED 

ASPHALT VISCOSITY VS 
ORIGINAL ASPHALT VISCOSITY 

Series c m 

111 14.2667 o. 93949 
112 1. 7076 1. 05185 
121 23. 7078 0. 91110 
122 52.788 0.90813 
211 1, 274. 6 0.63885 
212 3. 7390 1. 0541 
221 17.8704 0. 91536 
222 18. 4896 0.92553 

87 
21 

24 

475 
560 

0.24 

54.7 
150+ 

121 
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Figure 3. Recovered asphalt viscosity vs original asphalt viscosity for 100 series. 

parallel to the Tio plots. Such plots show promise in evaluating the aging and hardening 
of asphalts. 

Two aggregate types were used: a limestone and a crushed river gravel. An as
phalt content of 5. 7 percent was selected for all mixes as this value was close to the 
optimum asphalt content for stability of the materials tested. The aggregate graduations 
are given in Table 5. 

The asphalt and aggregate were proportioned on the ta.sis of weight, and the standard 
sample was prepared using a kneading compactor as described in detail in an earlier 
report(~). 

Description of Tests 

Each series of specimens was investigated at three major testing temperatures: 41, 
77, and 104 F. At each temperature, three low stress levels (compared to the 
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Figure 4. Recovered asphalt viscosity vs original asphalt viscosity for 200 series. 

unconfined compressive strength) were studied. The level of stress was different at 
each temperature as indicated in Table 6. 

All specimens were stored at room temperature until the thixotropic strength effect 
had become negligible, and were then tested The samples were submerged in a tem
perature-controlled water bath approximately eight hours before testing. Creep experi
ments were also conducted at 60 and 90 F to supplement the research program. The 
reproducibility of the test results was also checked. As described in the linear vis
coelastic theory (6), the stress and strain are proportional in the linear viscoelastic 
range. If the strain-time curves are reduced to a curve corresponding to a standard 
stress when values of the strain-time curves are multiplied by the ratio of the standard 
stress to the actual stress, a means of comparison is obtained. If the reduced strain 
functions obtained are within experimental error, then the definitions of linearity and 
reproducibility of test results are satisfied. In this research the strain-time curves 
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TABLE 5 

BITUMINOUS CONCRETE MIX PROPORTIONS 

Passing 
U. S. Sieve 

% in. 
% in. 

4 
6 

16 
30 
50 

100 
200 

85-100 Bitumen 

{,2 in. 
le in. 

4 
6 

16 
30 
50 

100 
200 

8 5-100 Bitumen 

Retained on Percent by Percent by 
U. S. Sieve Wt. of Agg. Wt. of Total Mix 

Mix 1 

%tn. 0 0 
4 25.44 24.0 
6 17.00 16.0 

16 25.40 24.0 
30 6.36 6.0 
50 5. 30 5.0 

100 7.42 7.0 
200 8.52 8.0 

4.56 4. 3 

100.00 94.3 
5.7 

100.0 

Mix 2 

% in. 4.24 4 
4 28.60 27 
6 17.00 16 

16 24.40 23 
30 7.43 7 
50 6. 35 6 

100 5. 30 5 
200 5.30 5 

1. 38 1. 3 

100.00 94. 3 
5.7 

100.0 

TABLE 6 

EXPERIMENTAL STRESS LEVELS IN THE 
LINEAR VISC OELASTIC RANGE 

Temperature Axial Stress Level (psi) 

(F) 
a1 a2 a3 

41 26. 3 52.6 78.9 
77 10.5 21. 0 31. 5 

104 3.5 7.0 10. 5 

Wt. per 
Mix (gm) 

0 
960 
640 
960 
240 
200 
280 
320 
172 

3,772 
228 

4,000 

160 
1, 080 

640 
920 
280 
240 
200 
200 

52 

3,772 
228 

4,000 
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Figure 5. Strain-time data of creep tests for asphaltic mix 211. 

were found to form a land, rather than to coincide exactly. Thus, the linearity and 
reproducibility of experiments were satisfied within a range of testing error. Due to 
inherent variation in all materials, some scatter was expected and occurred in the 
experimental results. The maximum deviation was approximately 15 percent for this 
research and is considered satisfactory for this type of experimentation. This research 
indicates that the mechanical response of asphaltic-concrete mixtures can be usefully 
approximated by the linear viscoelastic theory. 

RELATED THEORY AND EXPERIMENTAL RESULTS 

Creep Tests 

Typical experimental data of the constant-load creep tests for the 100 and 200 series 
of mixtures are shown in Figure 5, which contains the strain-time data of one complete 
series of an asphaltic-concrete mixture. Each curve shown is the average of six ex
periments, with the exception of those at 60 and 90 F which are the average of three 
tests. The six tests were performed at the same temperature under isothermal con
ditions after the samples had been previously conditioned by cycling the load (2). A 
different stress level was applied to two of the six samples. By application i:>fthe 
linear viscoelastic assumption, the six individual creep experimental results were re
duced to one curve, corresponding to a 10-kilogram loading at the experimental tem
perature indicated. The results, reasonably close to the average strain curve of the 
six creep tests, provide verification for applying the linear viscoelastic theory to the 
asphaltic-concretes investigated. 

For convenience, values of the creep compliance are also indicated on the right 
ordinate of Figure 5. The creep compliance, J, is defined as the time-dependent strain 
djvided by the constant stress. A constant load applied to a linear viscoelastic material 



6 

~ 
c 

"2 4 
M 

c 
E 3 
in 
·I .. z 

0 

$ 

~ 
'!1 • 

·~ 
;;; 
ll .. 

A 

0. 1 

MASTER CREEP CURVE 

Asphattic Mix 111 
Temperature 77 °F 
Lood 10 Kg 

. ..... ,_2 . ...3 ..... • ,,..,. 1n• 10' 

Loading Time ir Seconds (Logarithnic) 

Figure 6. Composite master creep strain curve for asphaltic mix 111 (temp. 77 F). 

MASTER CRE :::P CURVE 
AsptOhc Mi1 112 
Ter'l1*Qhn 77 9F 
Lood IO Ko 

0
0 1 l 10 I~ 10' ~ IC' t()t 10.,. 

LCIOdlncj r~ in SeCO'ds (LOQOl"iltwl*:) 

Figure 7. Composite master creep strain curve for asphaltic mix 112 (temp. 77 F). 

.... 
N 
0) 



~ 

~ . 
! 3 

! 

00~ 

.: 
<; 
c 

~ 
" . 
c 
·2 
u; 
:!! 
" <( 

7.-

' 6 

5 

4 

3 

2 

0 ur• 

000 

A 

0.1 

MASTER CREEP CUIVE 
-hcllicMill22 
T~n•F 
LOOI! IQ ICQ 

MASTER CREEP Cl.flVE 

Asphaltic Mix 121 
Temperatire 77 °F 
load IO Ko 

10 102 103 10• 

loodino Time in Seconds ! Logarithmic l 

Figure 8. Composite master creep strain curve for asphaltic mix 121 (temp. n F). 

E~ofStotePairft .. 
or 10 ... '°' ... 

Loading THM in Secorxts (L090r1tt.r.c) 

Figure 9. Composite master creep strain curve for asphaltic mix 122 (temp. n F). 

10$ 

" 

10' 10• 

10• 

10• 
I-' 
N 
-:J 



128 

' 

/ \ 
" \ 

"' ' ~ \ 
u \ 

~ \ 
:i; 

0 

"" 

q 0 0 0 0 
CD ~ ~ rri N 

'U!f'U! •. 01 x 1
1' 'U!DJJS ID!X\f 

.. 
:Sm 
0 
n. 

" 0 

iii 
<; 
c 

.!1 

1 
"" 

"9 

~ ,, 
u~ o c 

-~ 
<J) 

.5 

e 
>= 

_! 
0 
0 
_J 

....: 
N 

.~ 
E 
u 

..... 

... 
~ 
"' "'O 
0 

...c: ..... 
Q) 

E 

c: 

] 
"' 0.. 
Q) 

2! 
u ... 
.f! 
8 
E 
.f! 

1 
E 
0 
u 

produces a strain which increases with 
loading time. The previous compliance 
curves can now be described mathemati
cally by the following rheologic expression 
for the generalized Voigt (.!_, J_, !!_): 

1 t 
Jc(t) = E + J ip (t) + -

o Tio 

where 

The rheological model or material which 
it now represents is defined by 2n + 2 
quantities, the n + 1 dashpot coefficients, 
and the n + 1 elastic spring constants. An 
analogous procedure to specify the re
sponse of linear viscoelastic materials 
using operator equations (8) may be 
written as -

P (a)= Q (d 

where the linear differential operators are 
of the form 

and 

p 
p = :E 

r =o 

q 
Q = I; 

r=o 

Time-Temperature Superposition Principle 

The time-temperature superposition 
concept (1, 9, 10, 11) was used to obtain 
master creep strain- time curves at 77 F 
for each series of asphaltic-concrete mixes 
tested (Figs. 6 to 13). The composite 
master curves were derived from the 
creep strain-time curves comparable to 
li';n"l1-rto. !=;, h·u TYtO.l.'.linc nf hn,..;'7nnfi:::t.1 f'l"'".linalo:::>. _ ... ... b-.. ..... - .... J ............. - ................................... ..., ....... _ .. - .... _ ........... _ 

tions parallel to the time scale. The 
curves represent master plots of the creep 
compliances over an extended portion of the 
time scale. By calculation of time ratios, 
and also by inspection, values were deter 
mined for the temperature shift factor, 
aT, which permit horizontal shifting of the 
41, 60, 90, and 104 F data to coincide 
with the 77 F creep data, and thereby 
form a relatively smooth continuous master 
curve. 

An absolute temperature factor, 
Tc/T, and a density factor, p/ '" which 
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Figure 12. Composite master creep strain curves by two methods for asphaltic mix 221. 
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Figure 14. Log O!T vs temperature-linear regression line by method of least squares for all ten series. 

theoretically enter into the reduction scheme due to the theory of rubberlike elasticity 
(9), and density changes with temperature have been omitted from calculations as they 
are within experimental error and approach unity. These theoretical density and tem
perature corrections lead to very small vertical shifts of the experimental data. 
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TABLE 7 

TIME-TEMPERATURE SUPERPOSITION PROCEDURE SHIFT FACTORS 

OK 

Series 
278 

111 2. 660 
112 2.030 
121 3. 180 
122 3. 688 
211 3. 771 
212 3. 903 
221 3. 500 
222 2. 930 

E (t) 
Tc(t)500 

c 500 

1.000E 01 

8.000E 00 

.E s 6.000E 00 

8 
~ 
0 

" • c 
"! 
ii; 4 .000E 00 

2.000E 00 

278.4 282.4 288 . 6 

2.222 
1. 855 
1. 308 
1. 013 
1. 732 
1. 276 

2. 350 2. 195 
2. 900 2. 655 

+ 

Master Creep CurvH 
Asphalllc Mix 222 
Temp~ro tu r e as Indicated 
10 Kg. Load 

+ 

298. 0 305. 2 305. 8 313 

0 -1. 050 -3.362 
0 -1. 749 -3. 39 5 
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0 -1. 318 -2.737 
0 -1. 477 -2.653 
0 -0.340 -1. 978 
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Figure 15. Computer master creep strain curves for asphaltic mix 222. 
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The mean values of log aT obtained from the tests are plotted in Figure 14 and the 
individual values of log a T obtained from each series of tests are given in Table 7. 
The values obtained are in close agreement with those for another asphalt mixture 
(500 series) similar to the test materials investigated in this research (1). The circles 
indicate the sample mean, and the intervals indicate the 9 5 percent confidence limits. 
The straight line is the empirical regression line. 

Time-Temperature Superposition Procedure Experimental Results 

The typical results of the constant-load creep tests are shown in Figure 5 where the 
axial creep strain and compliance are plotted against time. The creep properties have 
been evaluated at five different temperatures varying from 41 to 104 F. The experi
mental loads and resulting deformations were sufficiently low to be in the linear vis
coelastic range for the bituminous-concrete mixtures used. As the temperature was 
increased it was necessary to reduce the stress level (Table 6) to remain within the 
range for which linear viscoelastic concepts are applicable to asphaltic-concrete under 
the conditions tested. 

Inspection of the master creep functions reduced to 77 F in the plots shows that a 
change in temperature had shifted only the position of the creep compliances parallel to 
the log time scale. This type of plot demonstrates that the mechanical response of 
asphaltic-concrete may be represented by thermorheologically linear materials, and 
the experimental data obtained in the time interval of 10 to 3, 600 sec may be used to 
expand the experimental time scale. Figures 6 through 13 are composite master creep 
curves at 77 F, evaluated from segments of the five creep functions obtained at dif
ferent temperatures. The master creep moduli have been translated parallel to the 
time scale to extend the curves to portions of the experimental range not normally 
accessible, and in extreme cases now reach from approximately 10- 3 sec to 2, 780 hr 
indicating that plots of this nature readily define the instantaneous as well as the long
term behavior of asphaltic mixtures. In this research, 77 F was arbitrarily selected 
as the reference temperature, T0 , to develop master creep curves although any ex
perimental temperature could have been used. By selecting the lowest experimental 
temperature as T0 , the master curve may be defined for long loading times up to 
approximately 32 years (Fig. 15), whereas sele.ction of the hi~3hest tempe~ature as T

0 
defines the instantaneous response of the material down to 10 sec, alerting the en
gineer that these concepts must also be used judiciously. The data for Figure 14 have 
been obtained directly from plots similar to Figure 5. Correlations developed between 
the aT functions suggest that all r heological functions are controlled by the same time
temperature relationship. Research at Ohio State University, using both creep and 
dynamic tests, has verified such approximate relationships for asphaltic-concrete 
under comparable test conditions (1, 12). 

The importance of the time-temperature relations becomes more apparent when one 
considers the complicated dependence of the mechanical properties of asphaltic-con
crete on the principal variables of time and temperature. These independent variables 
have been separated to obtain a viscoelastic function of time alone at a standard ref
erence temperature and a function of temperature, a T· These functions completely 
define the response of material at any time and experimental temperature within the 
tested range. By a few tests the complete time- and temperature-dependent creep 
response of the material can be evaluated. The creep modulus or its reciprocal, the 
creep compliance, each a function of time and temperature 

Ec (t, T) = E (t~ T) 

can now be reduced in this case to a function of the combined quantity, X, or reduced 
time 

Ec (ln t, T) = Ec (X) 



134 

where 
X = ln t - f (T) 

The function Ee (X) is the master creep curve of the mater ial, whereas the temperature 
function, f (T), is used to establish the position of the modulus curve on the time scale. 

Apparent Activation Energy Method 

The foregoing experimental data, the dependence of the viscoelastic creep functions 
on loading time and temperature as well as the temperature dependence of a T seem to 
indicate that the response of asphalt-aggregate compositions is similar to that of many 
high polymers. 

The fact that the method of reduced variables is applicable to asphaltic-concrete 
indicates that the apparent activation energy, Ea, of each of the processes occurring 
ou defo1•mat1011 is conti·olled to the same extent by a change in experimental tempera 
ture. A form of t he a ctivation energy equation, which has energy units (Kcal/mole) 
applicable to this study, can be obtained from the fundamental Arrhenius equation (Q_) 

dlnaT 
=R--,,-

d..!_ 
T 

where R is the universal gas constant. Thus, the slope of the experimental plot shown 
in Figure 14 of log aT vs T can be used to evaluate Ea. 

From the compressive creep measurements made on the asphaltic-concrete mixes, 
and the subsequent evaluation of time-temperature shifts, the activation energy was 
approximately 59 Kcal/mole for the combined 100, 200 and 500 series of asphalt-con
c r etes using the linear regression line between log o: T and T . Individual values of Ea 
calculated for t he 100, 200 and 500 series of asphaltic mixtures were 67, 59, and 57 
Kcal/mole, respectively. Using the linear relationship in Figure 14, the magnitude 
of Ea seems to be independent of t he exper imental te mperature for the conditions 
studied. The values of Ea obtained are in close agreement with the results obtained 
by Herrin and Jones (5) and • Moavenzadeh and Stander (13) for asphalts. 

Thus, having established.that a change of experimental temperature and a parallel 
translation of the creep functions on a logarithmic time scale are approximately equiva
lent (or at least a good engineering approximation) for asphaltic-concrete mixes, the 
implications of this equivalence should be discussed. The numerical value of a T• which 
is essentially a measure of the temperature susceptibilit y of a mater ial, is dependent 
on the choice of T0 ; however, the apparent activation energy, Ea, calculated from aT, 
is not. To study the temperature-dependent mechanical properties of materials, it 
may be expedient in many cases to choose Ea as a b'asis for material comparisons 
rather than log o:T vs T plots from which Ea is derived. 

The existence of time and temperature equivalence means that all processes occur
ring under loading are accelerated or retarded to the same extent by a change of tem
perature (7). Quaiitativeiy, this iact may be inh~rpreied i.u mea.n that tht: a ctivation 
energy of all these molecular processes is roughly the same, and can be eva luated 
from a form of the Arrhenius equation. It seems that Ea may be used to gain insight 
into the complex mechanical response of asphalt-aggregate compositions because the 
apparent activation energies are more fundamentally related to the direct molecular 
response of the material. Whereas such Ea values and r elationships are more quali
tative at this time, they may form the basis for future quantitative research on the 
rheologic properties of asphaltic - concrete and the design of pavements. 

The equivalence of time and temperature, even when approximated, means a signif
icant simplification to the highway technologist who tests asphaltic materials over a 
large range of temperatures. Three-dimensional plots of time, temperature, and 
rheological characteristics can now be reduced to two functions, the master creep 
modulus and the temperature dependence of a T• which can better define the response 
of the material than parameters specified by present methods. 
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Master creep functions were a lso eva luated for the four 200 series of asphaltic mix
tures, using the previous apparent activation energy r elationships, and they, as well as 
the results of the time-temperature superposition method, are plotted in Figures 10 
through 13. The o: T values for the individual mixes were estimated by calculating Ea 
values for the four asphaltic-concretes directly from plots of log time vs 1/T at a con
stant compliance (9) similar to the typical plot for the 221 series mix (Fig. 16). Aver
age values of Ea, utilizing the constant modulus method for the 100, 200 and 500 series 
of mixtures, were 77, 52 and 53 Kcal/mole, respectively. These values of Ea are in 
reasonable agreement with the Ea values obtained from the time-temperature shift 
functions. A form of the Arrhenius equation 
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was then applied to calculate values of log o: T at the five experimental temperatures 
investigated in this study. When T = 298 K, o:T = 1 and log o:T = O. Therefore, at 
298 K, log A = Ea/2. 303 RT. Values of Ea were substituted in the foregoing expression 
and log A evaluated Appropriate values of T were then used to evaluate log o: T for the 
temperatures of interest. The calculated values. of log o: T and the experimental creep 
functions comparable to the data in Figure 5 were then used to determine additional 
master creep compliance curves plotted in Figures 10 through 13 which are very similar 
to the master curves developed by the t-T superposition procedure. Using the sam:e 
procedure, similar results were also obtained for the four 100-series of asphaltic 
mixtures. The data indicate that the apparent activation energy relations may also be 
used to evaluate accurately the complex time- and temperature-dependent response of 
asphaltic paving mixes. 

Newtonian Flow Methods 

Calculations were also performed to determine whether the temperature shift func
tions of the asphaltic mixtures could be obtained immediately from the dependence on 
temperature of: (a) mixtur e viscosity, T71J1' (b) original asphalt viscosity, 170 , and (c) 
recover ed asphalt viscosity, T7R· Ferry t9) has suggested, for certain types of 
polymers and elastomers, that the temperature shift factor, o:T, may be obtained from 
equations of the form: 

where 17~ and p0 are the viscosity and density at temperature T0 and 17 and pare vis
cosity and density at temperature T. Density changes with temperature were omitted 
from the calculations as they approached unity and were within experimental error of 
tests. 

Therefore, if the temperature susceptibility of the material can be determined by 
similar equations, we need not obtain aT empirically. By utilization of the previous 
relation we may have additional methods for determining the master creep functfons. 

In this phase of the study, asphaltic-concrete mixture viscosity, original asphalt 
viscosity, and recovered asphalt viscosity were used to evaluate o:T for the temperatures 
of interest. The values of the temperature shift factors, evaluated by the five different 
methods, are given in Table 8. The values of log aT have been tabulated for all eight 
mixes at five different temperatures. Figure 17 is a typical plot' of the log o: T vs 
temperature curves obtained from the five methods for the 211 series asphaltic mix. 
The mix viscosity for the eight mixes was determined from the creep data in the time 
interval from 3, 000 to 3, 600 sec. Table 8 and Figure 17 reveal that these Newtonian 
flow methods have poor success in describing the temperature susceptibility of 
asphaltic-concrete. 

However, the graphical time-temperature reduction method and apparent activation 
energy approach both show significant promise in evaluating the temperature-dependent 
response of asphaltic-concrete. 

Future studies should explore methods of quantitatively predicting changes in the 
stress-strain-time characteristics of asphaltic-concrete mixtures from aT functions 
evaluated from the asphaltic phase of the system determined by microviscometer tests 
over a range of strain rates and temperatures. 

ENGINEERING APPLICATIONS 

Previous sections of the research have developed relationships to evaluate the time
and temperature-dependent deformation and the strength properties of asphaltic-con
crete mixtures. In this section, typical examples are presented of the practical utility 
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TABLE 8 

TEMPERATURE SlllFT FACTORS FOUND BY 
FIVE DIFFERENT METHODS 

Temperature 
Series Method 

41 F 60 F 77 F 90 F 104 F 

Original 
low 3 1. 856 0.876 0 -0.670 -1. 391 

Original 
high 3 2.119 1. 000 0 -0.764 -1. 588 

111 1 2.660 0 -1. 050 -3. 362 
2 4.606 2.085 0 -1. 500 -3.008 
4 1. 746 0.825 0 -0.630 -1. 308 
5 0. 185 0 -0.430 -0.800 

112 1 2.030 0 -1. .749 -3. 395 
2 4. 334 1. 962 0 -1. 421 -2.887 
4 1. 951 0. 921 0 -0.704 -1. 462 
5 -0. 530 0 -0.420 

121 1 3.180 2.222 0 -1. 630 
2 3. 571 1. 617 0 -1.171 -2.379 
4 1. 694 0.7996 0 -0. 611 -1. 269 
5 0.470 0.188 0 -0.433 

122 1 3.688 1. 855 0 -1. 318 -2.737 
2 3.898 1. 765 0 -1. 278 -2.596 
4 2.017 0.7996 0 - 0. 611 -1. 269 
5 0.567 0.272 0 0.003 -0.237 

211 1 3. 771 1. 308 0 -1. 477 -2.653 
2 3.574 1. 618 0 -1.172 -2. 381 
4 1. 364 0.644 0 -0. 492 -1. 022 
5 0.854 0 1. 012 -0.260 

212 1 3. 903 1. 013 0 -0. 340 -1. 978 
2 3.079 1. 394 0 -1. 009 -2.051 
4 2.231 1. 053 0 -0.805 -1. 672 
5 0.468 0 -0.417 -0. 374 

221 1 3.500 1. 732 0 -0. 940 -1. 601 
... 2.478 1. 121 0 -0.812 -1. 65 c. 

4 1. 942 0.917 0 - 0. 731 -1. 455 
5 0. 377 0 1. 044 -0.243 

222 1 2. 930 1. 276 0 - 0.491 -1.143 
2 1. 838 0.832 0 -0.603 -1. 224 
4 1. 963 0.927 0 -0.708 -1. 471 
5 0.453 -0.085 0 0.105 -0.036 

Method 1. Time-temperature superposition method. 

Method 2. Activation energy method, ay. = Ae 
EjRT . 

77T 
Method 3. Newtonian flow method,ay. = ---T, original asphalt viscosity. 

1b 
Method 4. Newtonian flow method, recovered asphalt viscosity. 
Method 5. Newtonian flow method, mix viscosity. 



TABLE 9 

TABULATION OF 17R' 17 , r, J, AND PERCENT CHANGE OF J FROM 77° VALUES BY GRAPHICAL PROCEDURES 
o (100 Series) 

---
Time = 30 seconds Time= 100 seconds Time = 1000 seconds 

Series 
Temp. AT 17R 170 Log aT * (F) (F) (in poises) (in poises) £ x 10-• J x 10-• % Change £ x 10-• J x 10-• % Change £ x 10-• J x 10-• % Change 

(in. / in.) (1/ KSI) (in J & £) (in. / in.) (1/ KSI) (in J & r) (in. / in. ) (1/ KSI) (in J & £) 

111 55 -22 2. 30 x 108 3. 55 x 107 +2.40 0.38 0.48 69.1 0.53 64. 2 64.2 0.84 1. 06 58.0 
64 -13 7. 55 x 107 1. 42 x 107 +1. 41 0.66 0.83 46. 3 0.84 1. 06 43.2 1. 29 1. 62 35. 5 
77 0 1. 50 x 107 2. Bl x 106 0.00 1. 23 1. 55 o.o 1. 48 1. 86 0.0 2.00 2. 52 o.o 
90 13 2. 95 x 106 5. 70 x 105 -1. 45 1. 96 2.47 59. 3 2.04 2.57 37 . 8 2. 71 3.41 35. 5 

104 27 5. 19 x 105 1. 13 x 105 -3. 00 3.04 3. 82 147.0 3. 52 4.43 137. 8 4. 91 6. 18 145. 5 

112 55 -22 1. 80 x 108 3. 55 x 107 +2.62 - - - 0.46 0. 58 67. 8 0.74 o. 93 61. 5 
64 -13 4. 60 x 107 1. 42 x 107 +1.16 0. 71 0.89 39. 8 0.88 1.11 38. 5 1. 36 1. 71 29 . 2 
77 0 9. 35 x 106 2. 81 x 106 0.00 1. 18 1. 48 0.0 1. 43 1. 80 o. 0 1. 92 2.42 0.0 
90 13 1. 80 x 106 5. 70 x 105 -1. 14 1. 75 2. 20 48. 3 2.06 2. 59 44. 1 2.82 3. 55 46.8 

104 27 3. 25 x 105 1. 13 x 105 -2. 40 2.67 3. 36 126. 3 3.07 3. 86 114. 7 3. 97 4.99 106. 7 

121 55 -22 2. 45 x 108 3. 55 x 107 +1. 65 0.70 0.88 54.2 0. 86 1. 08 56. 1 1. 42 1. 79 48. 0 
64 -13 8. 20 x 107 1. 42 x 107 +O. 96 0.89 1. 12 41 . 8 1. 22 1. 53 37.8 1. 97 2.48 27.8 
77 0 1. 65 x 107 2. 81 x 106 0. 00 1. 53 1. 92 0. 0 1. 96 2.47 0. 0 2.73 3. 43 0.0 
90 13 3. 35 x 106 5. 70 x 105 -0.99 2. 34 2. 94 52.9 2. 74 3. 45 39. 8 3. 74 4. 70 37. 0 

104 27 5. 99 x 105 1.13 x 105 -2. 05 3.18 4.00 107.8 3.82 4. 81 94.9 4. 91 6. 18 79 . 9 

122 55 -22 2. 30 x 108 3. 55 x 105 +2. 34 0.48 0.60 63.4 0.63 0.79 62. 5 o. 92 1. 16 62. 8 
64 -13 7. 55 x l07 1. 42 x 107 +1. 38 0.76 0. 96 41. 9 o. 93 1.17 44.6 1. 43 1. 80 42. 1 
77 0 1. 50 x 107 2. 81 x 106 0.00 1. 31 1. 65 0. 0 1. 68 2.11 0. 0 2.47 3.11 0.0 
90 13 2.95 x l06 5. 70 x 105 -1. 36 2. 34 2. 94 78. 6 2.82 3. 55 67. 8 4.20 5. 28 70.0 

104 27 5. 19 x 105 1.13xl05 -2. 87 4. 16 5. 23 217. 5 4. 91 6.18 192. 3 6.76 7.88 153. 0 

*Best straight line through experimental points. 

..... 
~ 
co 



TABLE 10 

TABULAT ION OF 17R' 17 , f, J, AND PERCENT CHANGE OF J FROM 77° VALUES BY GRAPHICAL PROCEDURES 
0 (200 Series) 

Time = 30 seconds Time = 100 seconds Time = 1000 seconds 
Temp. ll.T 11R Tio Log a T * Series (F) (F ) (in poises) (in poises) ( x 10-• J x 1 o-• % Change ( x 10-• J x 10-• % Change ( x 10-• J x 10-• % Change 

(in. / in.) (1/KSI) (in J & d (in. / in. ) (1/ KSI) (in J & () (in. / in.) (1/ KSI) (in J & () 

211 55 - 22 3. 25 x 108 4 . 79 x 107 +2. 18 0. 38 0. 47 62.0 o. 49 0.67 59 . 6 0.73 0. 91 61. 5 
64 -13 1. 05 x 108 2 40 x 107 +1. 29 0.43 0. 54 57.0 0.70 0.88 40.0 1.09 1. 37 47.6 
77 0 2. 10 x 107 3 51 x 106 0.00 1. 00 1. 13 0.0 1. 20 1. 50 0. 0 1. 90 2. 38 0.0 
90 13 4. 10 x 106 4 53 x 105 -1. 35 1. 70 2.13 70.0 2. 25 2. 81 87. 5 3.47 4.43 82. 6 

104 27 7. 00 x 105 1. 50 x 105 -2.65 3.15 3. 94 215.0 3. 83 4.78 219.0 4.90 6.13 157.0 

212 55 -22 4. 60 x 108 4. 79 x 107 +1. 75 0.43 0. 54 58.7 0.53 0.66 60.4 0.91 1.14 55. 8 
64 -13 1. 30 x 108 2. 40 x 107 +1. 07 0. 59 0.74 43. 3 o. 77 0. 96 42.5 1. 34 1. 68 34.9 
77 0 2. 05 x 107 3. 51 x 106 0.00 1. 04 1. 30 o.o 1. 34 1. 68 0.0 2.06 2. 58 0.0 
90 13 3. 10 x 106 4. 53 x 105 -0. 97 1. 68 2.10 61. 5 2.03 2. 54 51. 5 3.06 3. 83 48. 5 

104 27 4. 10 x 105 1. 52 x 105 -2.05 2. 58 3. 23 148. 1 3. 16 3. 95 135.8 4.18 5. 23 102. 9 

221 55 -22 2. 80 x 108 4. 79 x 107 +1. 93 0.50 0.63 56. 5 0.62 0.78 60. 3 0. 95 1.19 59.8 
64 -13 7. 90 x 107 2. 40 x 107 +1. 14 0. 68 0.85 40.9 0.85 1. 06 45. 5 1. 46 1. 83 38. 1 
77 0 1. 25 x 107 3. 51 x 106 0.00 1. 15 1. 44 0. 0 1. 56 1. 95 o. o 2. 36 2. 95 o. 0 
90 13 1. 95 x 106 4. 53 x 105 -1.17 2. 10 2.63 82. 6 2. 50 3. 15 60. 3 3. 50 4. 38 48. 3 

104 27 7.65 x l05 1. 50 x 105 -2.44 3.26 4.08 183. 5 3.74 4.65 140.0 

222 55 -22 3. 80 x 108 4. 79 x 107 +1. 54 0. 57 0. 71 59. 3 0. 77 0. 96 58.6 1. 40 1. 75 52. 5 
64 -13 1. 05 x 108 2. 40 x 107 +0.91 0. 85 1. 04 40.7 1. 13 1. 41 39. 2 1. 97 2.46 33. 2 
77 0 3. 40 x 107 3. 51 x 106 0.00 1. 40 1. 75 0. 0 1. 86 2. 33 0.0 2. 95 3.69 0.0 
90 13 2. 50 x 106 4. 53 x 105 -0. 94 2. 34 2. 93 67. 1 2. 86 3. 58 53.8 3. 91 4.89 32. 5 

104 27 3. 20 x 105 1. 50 x 105 -1. 93 3.80 4.75 171. 0 3.84 4.80 106.5 

*Best straight line through expe rime ntal points. 

..... 
""' 0 
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of rheological techniques in the analysis of engineering applications to such materials 
as asphaltic-concrete. By using the measured compressive compliances or deforma
tions of eight asphaltic mixtures over a range of temperatures and utilizing the concept 
of time-temperature superposition, we can predict moduli and deformations for as
phaltic mixtures. In addition, the predicted and measured compliances and deforma
tions are, as an engineering appr oximation, in agreement and thus lend support to the 
concepts utilized. Tables 9 a nd 10 for t he 100 and 200 series of asphaltic mixtures, 
r espectively, indicate a typic.al application of the principles advanced. They give the 
percent change of the strains and compliances of the mixtures for a range of loading 
times and temperatures. Graphical procedures have been utilized for quick evaluation of 
the s trains and co mpliances of eight a sphaltic mixtures at five temperatures (55, 64, 
771 901 a nd 104 F) and three loading times {30, 100, and 1000 sec). Actually, any 
values of temperature and loa ding time in this range could have been selected. The 
graphical time-temperature superposition procedure has been applied to evaluate E: and 
J caused by a change of the original asphalt viscosity, recovered asphalt viscosity, or 
temperature for the conditions studied. The percent change in these calculations is 
based on the values of E: and J at 77 F as the arbitrary standard. Values of '1R and 17

0 
are also listed for reference. 

Values of log o:T were obtained directly from the graphical time-temperature 
superposition shift of axial str ain vs log time curves for each asphaltic mixture at five 
temperatures. The 77 F axial strain or creep compliance curve is selected as the 
reference curve at which log o:T equals zero. The log o:T-T function was obtained by 
using a straight line passing through the experimental points to approximate the func
tion. Five master creep strain or compliance curves similar to Figure 15 were defined 
on the same log time scale. Values of E' and J were evaluated at three loading times 
for the eight asphaltic mixtures and tabulated. The percent change of E' and of J with 
changes of temperature or asphaltic viscosity were evaluated and also listed. Because 
J = 0. 4 1T E, the percent change of E' and of J are identical for a given change in tem
perature. If the actual experimental points of log o:T were used instead of the approxi
mate linear relation between log a T and T, values of E: and J could be predicted within 
5 percent of the experimentally measured values. 

Values of percent change of J vs the percent change of 17 R for loading times of 30, 
100, and 1000 sec at AT's of -22, -13, 0, 13, and 27 F were plotted. For all eight 
series of asphaltic mixtures, the graph has the same general shape at each AT and 
loading time. This seems to indicate a relationship between An Rand C.J; however, no 
simple equation could be obtained for such plots using combinations of arithmetic or 
logarithmic plots. The percent change in J is quite large compared to the percent 
change in 7J R when tempe1·ature, T, i s greater than 77 F, whereas for lower T, the 
percent change in ~ R is quite large compared to the small percent changes in J. 

The following general tr ends are indicated in Tables 9 and 10: 

1. For a given AT and loading time, the percent change of J is significantly greater 
above 77 F than below 77 F. 

2. Although -C.T max= 22 deg and AT max= 27 deg for a 5-deg difference in 
absolute values, the percent change of J for AT max is of the order of 2 to 3 times 
greater than percent change of J for -AT max, indicating that the percent change in J 
is highly susceptible to increases in temperature above 77 F. 

3. For a given asphaltic mix series and AT, the percent change in J generally de
creased as loading time increased. 

SUMMARY AND CONCLUSIONS 

The major objective of this study was to relate changes of temperature to changes in 
the strength and deformation properties of asphaltic-concrete. Research has shown 
that quantitative relationships between these properties can be obtained. By a relatively 
few tests, temperature shift functions allow the mechanical properties of asphaltic-con
crete to be described over a wide range of loading times and temperatures. The re
search presented in this paper represents a critical evaluation of the applicability of 
several rheological techniques for analyzing the performance of paving materials used 
over a wide range of environmental and loading conditions. 
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For the materials and conditions studied, the major conclusions of this investigation 
are the following. 

1. The experimental data indicate that both the time-temperature superposition 
principle and linear viscoelastic theory are applicable to the bituminous-aggregate 
compositions tested at a satisfactory level of approximation. 

2. The use of apparent activation energy concepts to evaluate the response of these 
highly temperature-susceptible materials more 00.sically on the molecular level has 
been advanced. The constant-load test method is also well-suited for the study of the 
time and temperature dependence of the viscoelastic properties of asphaltic-concrete. 

3. Quantitative relationships between loading time and temperature can be derived 
from apparent activation energy relationships, using data evaluated from creep experi
mentation. 

4. Newton flow methods utilizing the original asphalt viscosity may be used to 
evaluate, very roughly, the temperature-dependent response of asphaltic mixtures. 
However, consistent and realistic results could not be obtained when using either the 
asphaltic mix viscosity or the recovered asphalt viscosity. 

5. Correlations have been established between temperature, original asphalt vis
cosity, recovered asphalt viscosity, and the strength and deformation properties of 
asphaltic-concrete mixtures. These relationships have been applied as research tools 
to evaluate the temperature- and time-dependent behavior of asphaltic-concrete. 
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