
Temperature-Flow Functions for 
Certain Asphalt Cements 
S. K. SHOOR, K. MAJIDZADEH, and H. E. SCHWEYER 

Engineering and Industrial Experiment Station, University of Florida, Gainesville 

•ASPHALT CEMENTS and the intimately associated mineral aggregates which are 
used in paving operations are subjected to environments ranging from subzero to above 
ambient temperatures. In such extreme mixing and service conditions, the perform
ance of the road surface may be controlled by the response of the bituminous binder to 
induced temperature gradients . To analyze the anticipated behavior of the bituminous 
binder caused by temperature variations, parameters describing its rheological re
sponse must be determined. 

Among the parameters of great theoretical significance are temperatures at which 
flow regimes are greatly altered. One such characteristic temperature is the glass 
transition temperature, below which viscoelastic substances exhibit glassy, brittle 
behavior. The great reduction in the mobility of asphalts below this temperature re
sults in excessive brittleness which may be a critical factor in reducing the durability 
of asphaltic concrete or other bituminous highway pavements. 

In this paper the theoretical significance of glass transition temperature and its re
lation to a proposed temperature-flow function for certain asphalt cements will be 
presented. 

REDUCED VARIABLES 

Literature Background 

The method of reduced variables which was initiated as an empirical technique for 
construction of composite curves has been applied successfully to polymeric systems 
as presented by Ferry (12) and Tobolsky (30) in the last decade. This method, which 
is now strongly supported by molecular theories, also has been used successfully by 
many investigators for materials other than polymers. For asphaltic materials the 
first investigations using this principle were made by Brodnyan (6) and Gaskins et al. 
(13) who showed the similarity between the behavior of asphalts -and some viscoelastic 
polymers. The latter-authors also used the Williams-Landel-Ferry relation (commonly 
referred to as the WLF equation) to reduce viscoelastic measurements to a common 
temperature. They suggested that the ASTM ring and ball softening point is very simi
lar to the temperature of equal corresponding states on which to base the WLF equation. 
Among other similar work is that of Sisko (28), where the significance of this method 
in interpretation of rheological data was demonstrated. Similarly Wada and Hirose (33) 
found that the dilatometrically measured glass transition temperature was an import:
ant parameter for asphalts. They showed that the temperature- time dependence of 
asphalt retardation times obeys the WLF equation. The same dependence for a dynamic 
modulus of asphalt has been indicated by Sakanoue (25). 

Theoretical Development of Method of Reduced Variables 

Although the use of reduced variables developed empirically, it can be shown as a 
logical consequence of the Rouse theory (21, 12) where a molecule is considered as 
subdivided into N submolecules, each with some monomer units. The resistance en-
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countered by a submolecule junction moving through its surroundings is characterized 
by a friction coefficient. It is assumed that an average value can be used for all such 
junctions. It was shown that relaxation or retardation time of any relaxation or retarda
tion process is given by 

( 1) 

where 

r, steady flow viscosity, 
p summation index for all contributions to relaxation or retardation, 
n number of molecules per cc, 
rr 3. 1416, 
k Boltzmann's constant, 
T absolute temperature, and 
t; relaxation or retardation time. 

The ratio of t~ at temperature T to that at an arbitrary standard temperature TO can 
be shown to be given by 

(2) 

where aT(T) is called the shift factor, and p and Po are densities at T and T0, respec
tively. 

The effect of temperature increase from TO to T on a logarithmic plot of a visco
elastic function is to shift the curve upward by log p0 T 0/ aTpT and horizontally by log 
aT. It is assumed here that every contribution to the steady flow viscosity is propor
tional to pRT, R being the gas constant. Thus, the reduced variables are defined as 

nTT ro 0 

For reduced viscosity, and for reduced rate u.f shear 

(3) 

(4) 

The datum temperature TO serves to designate a standard reference state somewhat 
analogous to the standard state used in thermodynamics. A series of experimental 
measurements at several different temperatures, when each is reduced to TO using the 
appropriate value of aT, should superpose to give a single composite curve representing 
r, at T0 . If n is known at T0 it can be readily obtained at any other temperature by 
reversing the procedure. 

The molecular theories based on flexible chains (12) for polymers predict that a 
single composite curve will be obtained if a single average friction coefficient governs 
the motions reflected in the measured quantity. To apply this method it is necessary 
that the shapes of curves originally determined at different temperatures, each over a 
substantial range of the time variable (rate of shear), be similar. Further, the tem
erature dependence of the shift factor should be consistent with the past experience on 
polymers. 

Significance of Shift Factor 

The function log aT when plotted against temperature gives a smooth curve with no 
gross fluctuations or irregularities. These empirical values can be fittl:'d to ;i_n expres-
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sion which has proved to be widely applicable for polymers. The equation is 

0 
-C 1 (T - T0 ) 

(5) 
c? + (T - T 0 ) 

c? and C? are constants corresponding to T0 , T0 = reference temperature. 
The values of log aT, if compared for different viscoelastic substances all based on 

the same T 0 , generate a family of curves crossing at the same T 0 , but differing in 
their slope. However, if a separate reference temperature Ts is suitably chosen for 
each system and log aT is expressed as a function of T - Ts, this function turns out to 
be identical for a wide variety of polymers and a variety of organic and inorganic glass
forming substances over a wide temperature range above the vitrification point noted by 
Williams, Landel and Ferry (34). 

The function expressed analytically is 

-8.86(T- T5) 

101.6 + (T - Ts) 
(6) 

where Ts is a characteristic temperature which when properly selected permits all the 
asphalt cements studied to superimpose on a single curve according to Eq. 6. Williams 
(35) and Payne (20) also have shown from a study of many materials that temperature 
Ts lies 50 C above the glass transition temperature T g, with an average deviation of 
±5 C. Brodnyan (6), and Gaskins et al. (13) have founa the above relationship to hold 
for certain asphalts. Further, they foundthat the reference temperatures Ts are very 
similar in value to the ring and ball softening points. 

Wada and Hirose (33) found that the temperature dependence of steady flow viscosity 
as well as retardationtimes obey the Williams-Landel- Ferry equation when the refer
ence temperature is taken 56 C higher than the glass transition temperature Tg. Barran 
et al. (1) calculated the viscosities of certain asphalts with this expression. The agree
ment between the calculated and experimental values was fairly good for reasonably 
wide temperature ranges. 

Bueche (7) has shown that the WLF relation for glass-forming substances at temper
atures somewhat above the glass transition temperature is not only an empirical rela
tion, but that it has a firm theoretical foundation. The constants in the relation have 
been shown to have the significance assigned to them by WLF. Further, the author 
states that the existance of the WLF relation, together with the fact that it can be de
duced from previous concepts of the glass transition region, is a very strong indication 
that the basic concept is correct. It would, therefore, appear that the anomalous be
havior observed for materials near Tg is primarily the result of the fact that molecules 
within the melt must move by a cooperative effort with their neighbors. 

GLASS TRANSITION TEMPERATURE 

The close similarity between the behavior of asphalts and the behavior of viscoelastic 
polymers suggests that the glass transition temperature may be an important charac
teristic parameter for asphalts. Several investigators have shown the usefulness of this 
temperature in reducing the rheological measurements to a single temperature. Wada 
and Hirose (33) determined glass transition temperatures for some asphalts, and they 
then showed1Tiat asphalt behaves viscoelastically above T g · They also demonstrated a 
definite relationship between glass t r ansition temperature and asphaltene content of 
asphalts. Barran et al. (!) determined glass softening points (Tgsp), which could be 
discussed interchangeably with T~, by a differential thermal apparatus and maintained 
that this temperature was a funct10n of both the asphaltene and peh·olene conte11t of the 
asphalt. 
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Definition and Significance 

By d0finition tho (;hcc t:r[l.n!:'-ition point is th8 t8mpArahirA at. whi ~h a_ suhst:an~f! shows 
a marked change in its physical , mechanical, and optical properties (4) . One concept 
of the glass transition temperature is that it is the temperature below- which there is 
insufficient space between the molecules for them to rotate or move except for in-place 
vibration. This means that there is very little tendency for the material to flow ( 1), and 
the elastic modulus is very high. Below this temperature the substance is characterized 
mainly by dimensional stability and a tendency to be relatively brittle. Above this tem
perature , creep and rubber like properties make their appearance. The presence of 
crosslinking and orientation complicates the situation. In general the transition tem
perature is the dividing line between plastic and rubber like properties (j ). 

Methods of Measuring Glass Transition Temperature 

Numerous experimental methods have been used to determine glass transition tem
peratures. In each case variation with temperature of some physical , optical or me
chanical property is followed. The temperature at which the particular property shows 
a sudden change is taken to be a glass transition temperature. Some of the more im
portant properties include specific volume (4, 3), specific heat (2), viscosity (31), ther
mal expansion (1, 5, 9, 17), differential pressure (16), differential thermal analysis 
(8, 18, 27 , 29),-and penetration (10, 11, 14, 22, 2~24) . 
- Mostof these methods are either complicated in operation, or require costly ap
paratus. The penetrometer method is an adaptable and inexpensive apparatus for this 
purpose. The results obtained are of reasonable accuracy. Therefore, this method 
was used for exploratory research in determining the glass transition temperature of 
the eight asphalt cements used in this study. 

The use of the penetrometer to determine melting points and glass transition tem
peratures of polymers has been described by Edgar and Ellery (10, 11) . Rynbikar (22 , 
23 , 24) also used the peneb.·ometer to obtain the temperatures fortheonset of viscous 
flow of the amorphous polymer. Grieveson (14) used the same technique to obtain glass 
transition temperatures for linear polymers and concluded that they were above 5 C 
above the dilatometric glass transition temperature Tg. 

MATERIALS AND TESTING PROCEDURE 

In this investigation eight 85 to 100 penetration grade asphalt cements (AC-8) have 
been used. The selected group of materials includes asphalts obtained from different 
sources and with expected different chemical compositions; they were used as part of 
a research program for the Florida State Road Department. Two air- blown asphalts 
have also been included in this group in order to obtain properties on a type of material 

TABLE 1 

PROPERTIES OF ASPHALT CEMENTS 

Asphalt Penetration Softening 
Ductility 

Specific Percent Percent 
Sample Source and Type 77 F , Point , 

77 F. cm Gravity Sulfur Hexasphaltene 
No. 100 g/5 sec F 60 F / 60 F 

S63-4 Smackover 90 116 125 1. 021 3,56 12. 9 
S63-5 Steam refined 

Venezuelan blend 96 115 150+ 1. 021 3.06 12. 0 
S63-6 Florida AC-8 95 118 140+ 1,037 5 . 83 19. 4 
S63-9 Steam refined 

inter mediate 92 115 200+ 1.033 4, 24 16,8 
S63-12 Steam refined gulf 

coast naphthenic 99 114 166 1.001 0,70 9,8 
S63-13 Air blown, low 

sulfur naphthenic 100 119 170 0, 988 0,69 12,8 
S63-14 Air blown, high 

sulfur 92 120 160 1. 017 3. 94 18, 7 
S63-15 Steam refined 90 113 200+ 1.016 3_54 8.7 
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Figure 1. Schematic diagram .of penetrometer for glass transition point. 
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demonstrating different flow characteristics from normal steam-refined asphalts. The 
test characteristics of these asphalts are given in Table 1 (19). 

In this study the rheological data have been determined attemperatures of 15.5 C, 
25 C, 35 C, 40 C and 50 C by utilizing a Shell sliding plate microviscometer described 
by several investigators (15, 26, 32). The testing procedure followed the recommended 
method described by the manufacturer. The samples were tested at different rates of 
shear. The velocity of movement was measured on a Varian recorder. 

Glass Transition Temperature Measurement 

A schematic diagram of the apparatus is shown in Figure 1. A silicone liquid (Dow
Corning 200 fluid) bath was used to control the temperature of the asphalt sample. It 
was made of Plexiglas and had dimensions of 8 in. square by 5½ in. deep. It was in
sulated with ½-in. Styrene plastic insulation. The bath was kept uniformly stirred. An 
immersion heater was used to heat the bath. The rate of heating was controlled by an 
autotransformer. A 4-in. high and 3-in. square platform was made as a support for 
the sample tray. The top perforated plate of the platform was fitted to the base plate 
by four bolts at the four corners. This arrangement was also used for levelling of the 
sample tray. The sample tray was % in. in diameter and¼ in. in height and was made 
of stainless steel. A screw fitted to the bottom of the tray was used to center the tray 
in a hole in the center of the top plate of the platform. The penetration readings were 
recorded by means of an Ames dial (0.001-in. divisions). The needle used was a 
standard penetrometer needle which had been ground to produce a right cylinder instead 
of a needle. Initial low temperatures were reached using dry ice. 

The asphalt sample was gently heated in a 3-oz. can; care was taken that the sample 
was not oxidized. The sample wa s then poured into the sample tray to about 3/iG in. 
height and the sample was allowed to cool to room temperature. The sample was then 
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placed in the silicone bath cooled to at least 30 deg below the expected glass transition 
temperature. The foot of the loaded penetrometer was placed on the quenched sample 
a.Her avvruximalely Leu miuule::,. Tl1e ualh wa::, Lhen healed al a cu11::,La11L lemµeralure 
rate of 2 F /min. The readings of the dial gage were taken at every 2 F rise in tem
perature and the corresponding temperatures were recorded. A load of 50-200 gm is 
required to obtain the desired penetration readings. However, for the asphalt cements 
studied with this method, the optimum load required was found to be 200 gm. 

RESULTS AND EVALUATION 

Viscosity vs Rate of Shear 

Figure 2 shows a plot of viscosity against rate of shear at different temperatures for 
a low sulfur naphthenic asphalt cement. The procedure adopted to reduce all viscosity
rate of shear data at different temperatures to an arbitrarily chosen reference tempera
ture T0 is the same as described by many investigators (28, 34, 35). 

The reduced curves (Fig. 3) obtained are almost straight linesTn the intermediate 
range of rate of shear, but tend to bend down at high rates of shear. The curves for 
asphalt cements S63-13 and S63-14, which are air-blown samples, have higher slopes 
than those of others. This indicates that they show greater non-Newtonian flow charac
teristics. In all cases the range of rate of shear has been increased because of plotting 
the data in terms of reduced variables. 

The Shift Factor 

The values of shift factors [ a T(T)] obtained at different temperatures have been 
tabulated in Table 2. They were plotted against temperature on semilog paper. The 
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Figure 2. Rheological diagrams for air blown, low sulfur naphthenic asphalt cement, 563-13. 
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TABLE 2 

VARIATION OF aT (T) FUNCTION WITH TEMPERATURE 

Asphalt 
Sample 15.5 C 25 C 35 C 40 C 50 C 

No. 

S63-4 1. 695 X 101 1.0 1. 333 X 10-l 4 . 019 X 10-2 7,047 X 10-3 

S63-5 1. 393 X 101 1.0 1,034 X 10-1 3 . 932 X 10-2 7 .415 X 10-3 

S63-6 1. 300 X 101 1.0 1,273 X 10-l 4 . 427 )( 10-2 8.180 X 10-3 

S63-9 1. 210 X 101 1.0 9. 754 X 10-2 3 . 405 X 10-2 1.010 X 10- 2 

S63-12 1. 870 X 101 1.0 9. 781 X 10-2 3 . 187 X 10- 2 5.495 X 10-3 

S63-13 1 . 650 X 101 1.0 1. 252 X 10-1 4.239 X 10-2 6.033 X 10-3 

S63-14 1,340 X 101 1.0 1,235 X 10-l 5 . 560 X 10- 2 7 .396 X 10-3 

S63-15 2 . 337 X 101 1.0 9.437 X 10-2 4 . 084 X 10-2 5. 775 X 10-3 
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S63-13. 

TABLE 3 

DIFFERENCE BETWEEN CHARACTERISTIC 
TEMPERATURE (Ts) AND GLASS 
TRANSITION TEMPERATURE (Tg) 

Asphalt 
Sample 

No. 

S63-4 
S63-5 
S63-6 
S63-9 
S63-12 
S63-13 
S63-14 
S63-15 

Ts 
(deg C) 

38.0 
37.5 
36,0 
34.0 
40.0 
39.0 
37.0 
41.0 

Tg 
(deg C) 

- 11. 8 
- 12.7 
- 12.2 
- 13. 9 
- 9.7 
- 10. 8 
- 12.8 
- 12 .1 

49 . 8 
50.2 
48 . 2 
47.9 
49. 7 
49.8 
49.8 
53.1 

curves obtained were in general smooth 
with a value of unity at the reference tem
perature TO • Figure 4 shows such a plot 
for one of the asphalt cements (S63-13). 
These curves show that the temperature 
dependence of the function aT(T) is of a 
form which is in agreement with previous 
experience on polymers. In accordance 
with the observations of other investiga
tors (6, 13, 33), it was found that the WLF 
Eq. 6- holds good for the AC-8 asphalt ce
ments used in this study. To fit the ex
perimental aT(T) data to the above equa
tion, and to determine the characteristic 
temperature Ts (34), the experimental 
plots of log aT against temperature were 
matched against the standard plot of Eq. 6 
with horizontal and vertical adjustments 

to obtain the best conformance in shape. The values of T and T - Ts were read at any 
vertical line from which values of Ts were obtained. The values of Ts for different 
AC- 8 asphalt cements are given in Table 3. Figure 5 shows how closely aT(T) data 
obey the WLF equation when it is reduced to a standard temperature Ts. 
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Figure 5. Comparison of asphalt data on asphalt cements with the Williams, Landel and Ferry relation. 

The Glass Transition Temperature 

To evaluate the glass transition temperature, penetration readings were plotted 
against temperature. Figure 6 shows a typical plot. In all cases the curves consist of 
three portions-the lower and the upper portions which are approximately straight lines 
and the intermediate portion where the change in penetration with temperature is grad
ual. This intermediate region is a transition region. The lower and upper portions 
were extended so as to intersect each other. The point of intersection of the two straight 
lines was taken to be the glass transition temperature. It may be concluded from these 
curves that there is a definite transition in the properties of these asphalt cements, 
although this is somewhat gradual rather than sudden and sharp. The relevant tempera
tures obtained by this method have been given in Table 3. (To obtain greater sensitivity 
with the available equipment, the experimental data were determined in degrees Fahr
enheit. The glass transition temperatures were then converted to degrees centigrade 
as listed in Table 3 for subsequent use.) 

To check the glass transition temperature obtained by this method with the more 
usual dilatometric measurements, one of the asphalt cement samples (S63-14) was sent 
to the California Research Corporation for test. The volumetric expansion vs tempera
ture curve indicated a temperature of -12. 5 C corresponding to the upper discontinuity 
in the data obtained. This agrees quite closely with the glass transition temperature of 
-12. 8 C (9. 0 F) obtained by the penetrometer method used in this study (Fig. 6). 

Relation Between Ts and Tg 

In accordance with the findings of other workers (6, 13, 33) it was found that the dif
ference between Ts and Tg, i.e., Ts - Tg, was very close to 50 C for all the asphalt 
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Figure 6. Typical glass transition temperature evaluation, air blown, high sulfur asphalt, S63-14. 

cements used in this investigation (Table 3). This further supports the concept that 
discontinuities obtained in penetration vs temperature curves and by dilatometric meth
ods represent true glass transition temperatures of the asphalt cements. It may be 
pointed out that the glass transition temperatures of all the asphalt cements tested lie 
quite close to each other. It has been found by Wada and Hirose (33) that the glass 
transition temperature increases with the asphaltene content for certain types of as
phalts. Barran et al. (1) maintain that this is true if the asphalts are produced from 
the same source. Those authors suggest that the reverse is more likely to be found 
because, usually where a high asphaltene content is found in a given grade of asphalt, 
the petrolenes will have a much lower viscosity (and a correspondingly lower molecular 
weight) to compensate for the high specific viscosity of asphaltenes. Such results on 
asphalts having a high asphaltene content and a low Tgsp, as indicated by Barran et al. 
(1) would be explained by the presence of the lower molecular weight petrolenes having 
correspondingly lower viscosities. The results for the asphalts used in this study are 
not sufficiently broad to discuss this variable . The hexasphaltene contents of the dif
fere nt asphalt cements have been tabulated in Table 1 for information. 

CONCLUSIONS 

The method of reduced variables has been applied to viscosity-rate of shear data 
obtained at different temperatures for eight AC-8 aspha lt cements (85 - 100 penetration) 
having different physical and chemical properties. The data superpose fairly well to 
give composite master curves for each asphalt cement . The shift factor has an antici
pated temperature dependence . The data fit reasonably well with the analytical expres
sion of Williams, Landel and Ferry which evaluates a characterizing temperature (Ts) , 
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A penetrometric technique has been used to determine the glass transition temperature 
(Tg) of the asphalt cements. The (Tg) obtained by this method agrees quite closely with 
the dilatometric glass transition temperature for one asphalt run in another laboratory. 
The difference between the characterizing temperature (Ts), which permits the super
position of all aT(T) data, and the glass transition temperature (Tg) is found to be 50 ± 
3 C. This constant difference checks the accuracy of Tg obtained by the penetrometric 
method. Since the other investigators have found the same magnitude for the difference 
with other polymeric systems, this emphasizes that the glass transition temperature 
may be an important characteristic temperature for viscoelastic substances such as 
asphalt. 
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