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The performance in service of asphalts in various systems depends both
on the influence to which the material is subjected and the intrinsic pro-
perties of the asphalt itself. A wide variety of asphalts has been investi-
gated with respect to (a) their rheological behavior under both static and
dynamic load, (b) their breaking properties, and (c) other properties
such as water permeability, photochemical decomposition, etc.

The rheological data are condensed to generalized curves of both the
dynamic storage and loss moduli versus frequency, the temperature de-
pendence of these curves, and the dependence of the initial viscosity on
temperature. By the use of the softening point and penetration, it is shown
how, with the aid of the stated curves and empirical relationships, to find
the whole rheological behavior of an asphalt.

Several prototype examples of engineering problems are solved, and
are evidence that asphalts, no less than metals, can be dealt with as engi-
neering materials. A flow problem is solved with the aid of the curves of
initial viscosity versus temperature. Use of the two rheological moduli
in solving engineering problems is shown for the case of the attenuation of
vibrations. Also the method of extending classical elastic theory to these
visco-elastic materials is outlined, with the particular case of a bending
beam given in detail. Finally, the problem of whether thermal changes
will cause cracking of an asphalt is investigated.

@ THE performance in service of asphalts in various systems depends both on the influ-
ence to which the material is subjected and the intrinsic properties of the asphalt itself.
A wide variety of asphalts have been investigated with respect to these properties: (a)
their rheological behavior under both static and dynamic load, (b)their breaking proper-
ties, and (c) other properties such as water permeability, photochemical decomposition,
ete.

The rheological data, obtained under the direction of W. Philippoff at The Franklin
Institute, was condensed to generalized curves of both the dynamic storage and loss moduli
versus frequency, the temperature dependence of these curves and the dependence of the
initial viscosity on temperature. By the use of the softening point and penetration, it
was shown how, with the aid of the stated curves and empirical relationships, to find the
whole rheological behavior of an asphalt.

Several prototype examples of engineering problems were solved, and are evidence
that asphalts, no less than metals, can be dealt with as engineering materials. A flow
problem was solved with the aid of the curves of initial viscosity versus temperature.
The use of the two rheological moduli in solving engineering problems was shown for the
case of the attenuation of vibrations. Also the method of extending classical elastic
theory to these visco-elastic materials was outlined, with the particular case of a bend-
ing beam given in detail. Finally the problem of whether thermal changes will cause
cracking of an asphalt was investigated.

MATERIALS INVESTIGATED

The asphalts investigated were chosen to give as wide a variety as could be obtained.
The conventional tests of these NARC asphalts, when they were received, are given in
Table 1. Three years later, when A.S. Orr had the asphalts checked at Gulf Qil's Re-
finery Technology Laboratory in Philadelphia, most had not changed much, but the MD
and GC asphalts had hardened significantly. The results of a Sternberg-Rostler (5) analy-
sis provided by F.G. Gzemski of the Atlantic Refining Company are given in Table 2.
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The gel asphalts were Mid-Continent air-blown stocks, the Medium asphalts were
Venezuelan air-blown asphalts and the Sol asphalts were straight-run distilled residues
from Santa Maria Valley, California crude, except that Sol D is propane extract asphalt
from a different crude which is essentially the resin fraction alone.

The different types can be distinguished by their softening point—penetration ratios.
If the log of the penetration for 100 g acting for 5 sec at 77 F is plotted against the
softening point in degrees Fahrenheit straight lines (Fig. 1) with different slopes for
each family are obtained.
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Figure 1. Softening point—penetration relationships of NARC standard asphalts
(log penetration vs 100/(460 + softening point)).

EXPERIMENTAL METHODS AND RESULTS

Rheological Investigations

As asphalts are visco-elastic materials the mechanical behavior depends on the time
of loading (""frequency" or rate of shear) and temperature. The usual viscous response
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has been investigated by using a coni-cylindrical (rotational) viscometer described else-
where (6) as well as a high-pressure capillary viscometer described in another publica-
tion (7). As asphalts are non-Newtonian liquids it was expected and proved, afteranini-
tial period of loading, during which the elastic strains are brought to equilibrium, their
properties depend only on the rate of shear and not on the amount of shear. The dynamic
properties have been investigated in The Franklin Institute's vibration tester which has
been described by Philippoff (8). In this instrument a sinusoidal stress is imparted to a
visco-elastic material and the deformation follows in a sinusoidal manner, but will lag
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behind the stress by an angle 5. The ratio of the maximum stress to the maximum
strain gives the absolute value of the complex modulus G* = G' +iG" where i= / -1.
The in-phase component of stress divided by the strain is called the storage modulus,
G', because it is a measure of the energy stored. The component of the stress 90 deg
out of phase divided by the strain is called the loss modulus, G'", because it is a mea-
sure of energy loss. By the methods of complex variables it can be shown that the fol-
lowing relationships hold true:

G = |G*|cos ) (1a)
G" = |G*|sin s (1b)
lex] = J@)»+ @y (1¢)
% =  tan b (1d)

This instrument gives both the complex modulus G*, which is comparable to one-third
the stiffness as defined by van der Poel, and the loss angle 8§ thereby enabling the sep-
aration of the complex modulus into G' and G" which is related to the dynamic viscosity
1 by the relationship G = « n' where o« is the circular frequency (2wf). The curves
of G' and G" give more information than the "stiffness' which is essentially an envelope
of these two curves. Isothermal curves of the moduli, G' and G, were obtained over



TABLE 2
STERNBERG-ROSTLER ANALYSIS OF NARC ASPHALTS

Code N-Base Group 1 Group 2 Saturated
Name Asphaltenes Resins Resins Resins Hydrocarbons
Gel A 17.0 12.3 13.5 26.9 30.3
Gel B 23.1 10.0 12.2 25.1 29.6
Gel C 33.3 5.0 13.7 21.1 27.0
Med A 18.1 18.4 15.6 28.8 19.1
Med B 20.2 19.7 16.0 27.4 16.8
Med C 29.3 14.5 14.8 24,2 17.1
Med D 42.8 12.3 12.6 21.3 11.0
Sol A 24.6 31.2 21.5 15.8 6.9
Sol C 21.9 36.9 21.4 14.5 5.4
Sol D 6.5 38.0 27.7 24,7 2.6

a wide range of temperatures and frequencies (Fig. 2) and were shiffed together, using
Ferry's method of reduced variables: (2) a superposition principle, which set up an equi-
valence between temperature and frequency, to obtain a large reduced curve (Fig. 3).
The fundamental relationships of this method are:
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where the quantities without subscript refer to the absolute temperature T and those with
subscript o, refer to the reference temperature T,. v is the apparent viscosity and q
is the initial viscosity, which is a constant; p is the density. The initial viscosity is the
highest one exhibited by a non-Newtonian liquid and is at any given temperature found at
lowest rates of shear or frequencies. It is seen that the function ag gives essentially the
temperature dependence of the initial viscosities.

TABLE 3
ASPHALT IMPACT TEST
1in.-lb = 0.700 ergs/cm® x 10°

Asphalt FTemperaturec Impac‘tJ :(::x::i‘xl-.ge;; 8::1 -1b)
Gel A -20 -28.9 1.36 + .25
Gel C -20 -28.9 1.39+.25
Gel C 32 0 2.46 + .29
Med D -20 -28.9 1.71+ .22
Med D -9 -22.8 1.63 +.12
Med D 80 26.7 1.80 + .32
Sol D -20 -28.9 1.44 + .25
Sol D 80 26.7 1.38 + .25

Sol D 32 0 1.52 + .25




In practice, the isothermal curves of G' and G" versus frequency are plotted on a
log-log scale. To reduce the curves, each pair of isothermal curves is first shifted

T
vertically by the factor =P and then moved along the frequency axis by the same

amount until the points 1ing 1‘1’p with the reference curves (25 C) to give continuously
smooth graphs. The amount of horizontal shift necessary to bring coincidence (log a)
is a measure of the temperature dependence of the material. These shifts for asphalts
are given as a function of temperature in Figure 4.

The method of reduced variables makes possible the reduction of the properties of
visco-elastic bodiesto only two general curves: (a) the dependence of G' and G" (or q')
on the reduced frequency, and (b) the temperature dependence of log a.. As the asphalt
families react qualitatively in the same manner with only the time scale transposed,
all the reduced curves have been superposed to give three generalized reduced curves,
which were then combined to give one large curve with three ""sections" (Fig. 5).

The validity of the method of reduced variables for asphalts has been checked by mea-
suring the mechanical properties at 20 kilocycles with a torsion crystal arrangement.

10 3 |
T-23°C)
Na
1012 \\
a
1011 \
rT‘|(o'c) a
1010 it | .
~., \, 6’ -23°C)
L O— I
\><o>\'"° O "ez300)
109 o[\, *,:—::;" [ 6 t0%C)
— = —6"(0°c)
/O _/x// Q/—x/x _ 6/ (12°C)
= —*" <, Muzec) x oz iz
o a~L7, 94 =t §'h2ec)
L n De” |
108 T "4 LA I
8 X N . 6"(25°C)
. s 0

:;/ ﬂ(ﬂzs-c) x7>9\

o

58
tor 75\ :3< -
/:/ /><‘<\ \A

s A

[+] ; V7.
T s
x//o /“;o/ :G”(73'<|:)
{si°c) x
108 ‘I]‘ a /o/ & 7(x/ O/x |
/s X
|
Y ,07/45‘\‘,\

104 S -

e 'T](E'C) x

4‘7“\4}—1«\‘\ ln-
/‘/ / )

103 7 "/

6’, 6” (dynes /cm?} M (poises)

106

L3S

102
10 w0 107* 1072 107! I 10 10 10

FREQUENCY (cps)

Figure 2, Mechanism of reduction (isotherms~=Sol C asphalt),
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This arrangement gave essentially the same values as reduced curves measured at
much lower frequencies and temperatures. The validity of the method has also been
checked with a solution of polyisobutylene (10).
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Figure 3. Mechanism of reduction (reduced curves—-Sol C asphalt),

In addition, the steady state viscosity data has also been condensed. As the asphalts
are non-Newtonian liquids, the viscosity varies with the rate of shear; but they behave
like Newtonian bodies below a certain rate of shear; that is, they have a viscosity that
is independent of both rate of shear and shearing stress. This is the initial viscosity
defined earlier. Actually, it has been found that the upper limit for Newtonian behavior
at low rates of shear is determined primarily by the shearing stress. The rate of shear
is determined by the viscosity of the asphalt at that particular shearing stress (about
3,000dynes/cm®). This initial viscosity has been plotted as function of temperature on
a plot (Fig. 6)based on the empirical relationship of Walther; log log (v+ 0.8) = m logT,
where v is the kinematic viscosity and T the absolute temperature.

As the viscosity at very low frequencies is equal to this initial viscosity, by the use
of the time-temperature reduced plots the initial viscosity at very low temperatures
could be obtained by extrapolation and plotted as in Figure 6. This has been done to ex-
tend the initial viscosity data down to -23 C.

Recently it was shown experimentally (8) that the change in viscosity with rate of
shear for visco-elastic bodies is very similar to the decrease of the viscosity with the
circular frequency of vibration. This has also been shown to be true for asphalts. This
means that, to a first approximation, rate of shear (D) and circular frequency (« = 27f)
can be interchanged.

Limited experience with coal tar and rubberized asphalt did not show any major quali-
tative departures from the behavior of the NARC normal asphalts.

The coal tar curves appeared to be similar to those for hard Sol asphalts, whereas
the rubberized asphalts are typical of those for medium asphalts. Of course the proper-
ties of the rubberized asphalt may change with large changes in concentration and methods
of incorporation and this would have to be ascertained by extensive experimentation.
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An important consideration in engineering use is the effect of filler on the rheologi-
cal behavior of asphalt. C. vander Poel (4) has found that the stiffness of an asphalt-
mineral mixture is determined only by the stiffness of the asphalt alone since, by com-
parison, the filler is "infinitely" stiff and the volume concentration of the mineral ag-
gregate. This is the same as the results of Nielsen, Wall and Richmond (11) on another
visco-elastic material, polystyrene. They found that the storage modulus G' is approxi-
mately a linear function of the volume fraction up to at least 40 percent filler with min-
eral aggregates in polystyrene.

Breaking Properties and Impact Resistances of Asphalts

The breaking strength of asphalt is important as it limits the stresses that can be
applied in use. The stresses may be limited in two ways: (a) if a certain stress is im-
posed, it must be less than the breaking stress, and (b) if a certain deformation in a
given time is imposed, it must be less than the breaking stress divided by the stiffness
at this rate of loading.

The second limitation assumes that there is a constant stiffness at a given rate of
loading up to the point of fracture. It has been found experimentally that this linearity
occurs up to the point where brittle fracture occurs.

When asphalts are overloaded they fail

. in three different modes depending on the
stress-strain, time and temperature con-
ditions. It appears that when asphalts are
) ! ' essentially viscous, they fail in a ductile

7\\ fashion; when essentially elastic, they ex-
. ' hibit brittle failure; and when their viscous
] and elastic responses are both important,
they show a ragged break.

GEL B
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ke : — function of time and temperature. This
. f has been found experimentally. The de-
S . L A pendence of breaking strengths on time is

| not as great as the dependence of the modu-
li G' and G", on time and it appears to fol-
- T \ gy low the reduced variable principle. At
l— - high rates or low temperatures the break-
-6 e — ‘f‘ N
L
L
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dynes/cm?® and the deformation at break is

_| %35 ing stress is found to be 0.70 - 2.43 x 107
| | E

i, B ey 4 found to go through a maximum.
| i In investigating the strength of films of
L i ) °o asphalt, C. Mack (12)found that the film
BT a—— ; % 100" strength varied between 1.30 and 1.45 x
TEMPERATURE (+C) : 107 dynes/cm®. Ithasbeenfound, however,
s that the temperature dependence of the
Figare L. Temer{a,:;ru:s?ependeme of ar breaking strength is essentially the same

as that of the non-destructive rheological
behavior and accordingly composite curves could be formed for the breaking strength
versus deformation rate similar to the ones of moduli versus frequency. This behavior
is qualitatively like that of GR-S rubber as reported by T.L. Smith (13).

An important related phenomenon is that of impact resistance. The various asphalts
were investigated with a Tinius Olsen Impact machine and the results are given in Table
3. The results show that the asphalts have very similar impact resistances which one
would be led to believe from the similarity of the breaking properties.

In comparing two asphalts to see which would give the better impact resistance one
finds that the one with the lower storage modulus and higher tan § at the frequency of
impact, approximately 10 to 10° cycles per sec, is the better.



8

Temperature Dependence of Asphalts

Since there is a similarity in shape between all the curves of G' and G" versus fre-
quency they can be superimposed by shifting along the frequency axis. It is then natural
to ask, are there some similarities between the temperature dependences, curves of
log vs temperature, which will enable a superposition of these curves. The an-
swer is yes.

Recently, Williams, Landel and Ferry (14) have found that upon choosing suitably a
separate reference temperature, Tg, for each individual polymer system, and express-
ing ar as a function of T - Tg, this function turns out to be identical for a wide variety
of polymers and their solutions. That is a function of T - Tg has also been found
true for all the NARC asphalts over a wide range of temperatures. The reference tem-
perature Tg was chosen arbitrarily for one system, 243 K for a high molecular
weight polyisobutylene, the same as that taken by Ferry as a reference. The plots of
log ap versus T for the asphalts were matched by shifting the curves (plotted on trans-
parent paper) both horizontally and vertically for coincidence in shape. Upon finding
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Figure 5, Master curves for NARC type asphalts,

coincidence in shape, the temperature which matches the point T - Tg equal to zero on
the log a1 versus T plot would be the Tg value. The reference temperatures, Tg, found
are listed in Table 4 and it is seen that the softening points in degrees centigrade are
very similar in value to those reference temperatures. Figure 7 shows that all the as-
phalts form one curve from T - T equal to zero to T - Tg equal to 150 C, but below
T - Tg equal to zero one has three distinct curves. The curves can be differentiated
by using the penetration values at 77 F. The upper curve holds for the NARC asphalts
with a penetration greater than 30 decimillimeters for 5 sec under a load of 100 g.
The lower curve holds for a penetration of less than 15 decimillimeters under the same
conditions. The middle curve holds for values of penetration between 15 and 30 deci-
millimeters.

Water Permeability of Asphalt

Although asphaltic materials have been used for a long time as barriers to hold back
moisture, it is known that these materials have measurable permeabilities to water va-
por and other gases.

The permeability measurements reported here were made by using the procedures
developed by Beckman et al (15) but with a slightly modified apparatus. The data ob-
tained at 99.5 and 77.8 F are given in Table 5. The diffusion constants do not vary as
would be expected from viscosity and asphalt-water interfacial tension information.
There is an indication that the results might correlate with the polarity or unsaturation
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of the asphalts, which increases as they are airblown. The lesser diffusion at 77.8 F
as compared with 99.5 F is believed to be due to the greater kinetic energy of the water
vapor molecules at the higher temperature.

This permeability has been determined by the use of Fick's Law giving:

W =DAP T/L
in which,
w = weight of water passing through the film, grams

= diffusion constant

= area of film, cm®

vapor pressure difference across the film
= time, hours

= length of diffusion of path, cm.

The driving force, or difference in free energy, of course was the difference in pres-
sure in this case. The driving force may be given by some other thermodynamic unbal-
ance, that is, chemical reaction, etc., but a similar type of equation should hold as long

a4 W > D
u
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as P is replaced by the new driving force. These driving forces are discussed in E.
Thelen's paper under the diffusion of water molecules through asphalt (21).

Photochemical Decomposition

Weathering is a complex phenomenonwhich depends upon many fundamental properties.
As a first step it was decided to investigate the effect of ultraviolet radiation on asphalt
surfaces. It was known that the contact angle of water droplets on polymers decreases
markedly after exposure to high intensity Hanovia ultraviolet arc lamp for only a few
hours. Therefore, it was decided to follow any chemical change on the surface of the

asphalt by measuring the change of the con-

tact angle of water droplets.

Three different asphalts were exposed
to ultraviolet light for increasing periods
of time. The contact angle of water drop-
lets on these surfaces did decrease with
increasing periods (Fig. 8). In addition,
there were some easily visible changes in
the samples. Wrinkles, cracks and bloom
occurred to a degree which increased with
the length of exposure.

Miscellaneous Properties of Asphalts

Properties such as tackiness, fatigue,
mar resistance, etc., are also of great
interest to the engineer dealing with as-
phalt. Some work has been done on these
properties but it is only of a preliminary
nature. Tackiness, that is, the resistance
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Figure 7, Master plot of log ap vs T = Tg

(NARC asphalts).

of liquid adhesive joints to fail in cohesion,

is determined by the rheology of the adhesives and is not affected by their adhesion to
the substrates. In fact, the tack temperature as defined by McLaren, Rager and Mark
(16) is the lowest temperature at which two polymer films fuse when under a pressure

of 20 psi and is found experimentally to be a temperature of constant viscosity. Beker-
man has found that if the adhesive is Newtonian, tackiness is governed by Stefan's equa-
tion 48 t 8d® = 3q1*; S is the applied stress, t time of separation, and d initial thickness
of the liquid film, 4 its viscosity and r radius of the adhered plates used in the experi-
ment.

There are indications (22) that fatigue resistance is enhanced by using materials with
both higher storage moduli and higher tan §. Here colloidal differences may be more
important than rheological properties.

It is found that mar resistance is increased by using a material with a high storage
modulus and a low viscosity. Here a thick film gives greater resistance.

CORRELATION WITH PRACTICAL TESTS

The practical tests mentioned throughout this paper are described in more detail
here. The penetration (ASTM D946-47T) is defined as the depth, measured in multiples
of 0.1 mm, that a standardized needle penetrates into an asphalt surface under a con-
stant load (100 g) in a specified time (5 sec).

The softening point, (ASTM E28-42) ring and ball, is determined as follows. A ring
of given dimensions, filled with asphalt, is loaded with a steel ball (3.5g). The whole is
heated in a bath and the temperature at which the asphalt reached a certain deformation
is reported as the ring and ball softening point.

It has been found experimentally that a certain penetration corresponds to a certain
complex modulus, G*, at a rate of shear of 2.5 sec~! or a frequency of .40 cps. There-
fore a plot of complex modulus versus penetration for a number of asphalts (Fig. 9)
should give a straight line. The figure shows a line drawn from van der Poel's data with
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the points corresponding to the NARC standard asphalts. From these results, it can
be seen that the determination of the penetration of an asphalt gives one a value of the
complex modulus, G*, which is essentially an envelope of the G’ and G'" curves, at a
frequency of 0.40 cps at 25 C (77 F).

PREDICTION OF RHEOLOGICAL BEHAVIOR FROM
KNOWLEDGE OF THE SOFTENING POINT AND THE PENETRATION

The rheological properties of an asphalt are satisfactorily known if one has its re-
duced variable curves for G' and G" and its curve for initial viscosity as a function of
temperature. Presented here is a means for obtaining a complete rheological descrip-
tion of an unknown asphalt, by running a minimum of laboratory measurements and
utilizing the rheological curves for asphalts in general.

One first determines the softening point and penetration at 77 F, then looking at the
figure (Fig. 1) for log penetration vs softening point the family in which the unknown as-
phalt belongs can be determined. Knowing this one knows which "section' of the gener-
alized curve (Fig. 5) to use. Using again the softening point and penetration data and
Figure 10, a vertical shift can be obtained which gives the point at which G' and G" are
10%dynes/cm?® at 25 C, andahorizontal shift, which gives the point at which the frequency
is one cycle per sec at 25 C. These shifts are measured from the origin (0, 0) on Figure
5 and the axes of these points should be labelled 10° and 1 cps respectively.

If it is assumed that the softening point is equivalent to Tg, one can determine the
proper curve of log aT vs temperature (Fig. 7). Therefore, one now has the reduced
curves of G' and G" vs frequency and their temperature dependence.

Asen = G" at the lowest frequencies, it is possible to determine the initial vis-
cosity at 25 C from the generalized curve given above; the log ap vs temperature

curve and Eq. 2 can be used to deter-

mT\. mine the viscosity at any other tempera-
o [N o—o onvar || ture. In this manner an initial viscosity
\ Lo—s 'l"'"'" = vs temperature plot can be drawn for
to T the unknown asphalt.
Sol ¢ It must be stressed that these correla-

40

o=

[ tions are empirical and are derived from
| tests on NARC asphalts only. However,

20
\,\ - L a check may be made on the positioning by

° obtaining the value of the complex modulus
= 100 at 0.4 c/s and 25 C from the penetration at
I Y N 10 77 F and the figure of log complex modulus
y N Med C vs log penetration (Fig. 9) and determining
2w \N_. " R I if it is the same as predicted by the gener-
a \, alized curve.
S w L - -+ — 1 Sol C which has a penetration of 32 at
= l 77 F and a softening point of 137 F (58.4C)
g = i St i can be taken as an example of this method.

o — ¢  From Figure 1 it can be seen that here is

100 -~ —

a member of the Sol family. By interpola-
| ::—"‘\‘\\ ting between the lines of Figure 10 a verti-
®0 = - - — [—=% cal shift of 1.00 and a horizontal shift of
3.65 are obtained. Making these shifts on
°° VT T 7.7, 1 | the generalized curve (Fig. 5) one obtains
N1 L _ the points for G', G" = 10° dynes/cm? andf =
1c¢/s. At 0.4 c/s this generalized curve
20 —t ] predicts G* = 3 x 107 as determined from
™ — Eq. 10. Figure 8 predicts G* = 0.80 x 10"
S+ &+  w  w .« dynes/cm® Thisagreementisprobablygood

EXPOSURE IN HOURS enough for engineering work and really is a
Figure 8. Effect of ultraviolet radiation small error considering that the values of
on contact angles. moduli may easily change by several orders

40
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TABLE 4 of magnitude with temperature and fre-
CORRELATION OF Tg WITH SOFTENING dquency changes.
POINT By extrapolating to the lowest frequen-

cies, where G' disappears, it is found that

Code Name Ts Softening 0 initial viscosity determined from the
c Point C  goneralized curve is 2.52 x 107 poises. To
determine the initial viscosity at 100C the
Gel A 65.5 52.8 log aT vs T curve can be used (Fig. 7) and
Gel B 106 89.5 it is found that the shift from 25 C to 100 C
Gel C 174 168.2 45 -5.50 or ap = 3.16x 10°, As
Med A 44 44.5 T P
Med B 56 56.6 100 " 100 ~
Med C 84 88.4 Tys P 25 = 120
Med D 137 148.2
Eq. 2 may be used to calculate the initial
ggié g: ggz viscosity at 100 C. The Eq. TI‘TLL_ = 1+
Sol D 86 84.5 ] oPo
(T— -~ a) AT was used where o = 6.1x107*
TABLE 5 °
DIFFUSION CONSTANTS OF ASPHALTS M100 = ap T100 100 1 _ 10°°
(Expressed ing/cm/mm Hg/hour x 109) Tas Ta25 25 = 3.16 x
Code Name 99.5 77.8  x1.20x2.52 x 10" = 95.5 poises. This
F F compares with the experimentally-deter-
mined value of 290 poises.
Gel A 14.9 9.6
Gel B 17.4 === EXAMPLES OF USE OF RHEOLOGICAL
Gel C 22.2 === DATA FOR ASPHALTS
Med A --- --- After reduced variable curves for an un-
Med B --- -=- known asphalt are obtained what can be done
Med C 16.4 10.0  with them? Below are given a few exam-
Med D 21.4 12.8  ples of engineering questions which might
Sol A - —-. be asked. The examples are selected to
Sol C 16.6 -~-~ Show the various aspects of asphalt behav-
Sol D —e ——— lor which may be ascertained from the

data: (a) a flow problem, sliding on a
slanted surface under the weight of gran-
ules; (b) damping, the attenuation of vibrations by asphalt; (c) a deformation problem,
the bending of a beam under a concentrated load; and (d) a strength problem, the stress-
es set up by thermal change.

In the first example it is necessary to know the initial viscosities of the asphalts. In
the second example the ratio of the loss modulus to the complex modulus is the deter-
mining quantity. This shows the necessity for separating the complex modulus into its
components. The third example uses the whole complex modulus and the fourth exam-
ple uses the information on the breaking properties of asphalt,

Sliding of Granules on a Roof

Sliding of granules or other loads on slanted decks can be calculated readily by
means of the parallel plate viscometer as a model. The asphalt is visualized as a
layer between the felt and the granules. It is sheared by the vertical component of the
granule weight.

1‘ = i
d
where d =  amount of flow,
1 =  thickness of asphalt film.
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W siné

A
weight of granules,
area of granules,
pitch of the roof, and
time in sec.

As a practical problem the ASTM softening point and penetration of a Medium asphalt

that will permit a slide rate (d/t) of 0.01 in. per month at 135 F under a weight of gran-

ules of 60 1b/100 ft* will be determined. The thickness of the asphalt is 0.05 in. and the

pitch of the roof is 1:5.

sin® =
_ Wsine _ 60
T T TR 100 x 142

/ 1* x 5

(0.196) =

1 = 0.196

0.000818 psi = 56.3 dynes/cm®

Since this value of v is well under 3,000 dynes/cm®, the asphalt will behave as a
viscous liquid (Sec 3A), whose initial viscosity at 135 F is desired.

L _ 56.3 x 2.59 x10°x 0.05

7.3 x 10® poises

1'| =

d 0.01

From Figure 6 it is known that the as-
phalts have these initial viscosities:

MED C, 191 SP = 2.9 x 107 poises, and
MED D, 325 SP = 1.8 x 10" poises.

For a fair approximation the log of the
initial viscosities vs the softening point
is plotted. This relationship is approxi-
mately linear. Then by interpolation the
softening point is found for which ® =
7.3 x 10%. It is 224 F. From Figure 1
it is seen that the penetration is 11.3.

In passing it is noted that both the thick-
ness of the asphalt layer and the weight of
the granules enter directly into the calcu-
lations as first powers; doubling the thick-
ness or doubling the weight of granules
would also double the creep rate and double
the required viscosity.

Attenuation of Vibrations

The basic manifestation of the absorp-
tion or attenuation of vibrational energy is
the conversion of organized systematic
motions of the particles of the medium into
the uncoordinated random motions of ther-
mal agitation. If it is assumed that the
organized motion is sinusoidal and has the
angular frequency o = 27f, the velocity
of a surface causing a shearing motion can

be represented by .
iet
Vg = Ve

100 \

107

COMPLEX MODULUS, G* (nvns\cu*)
[

108

10% \

1 10’ 10% 10
PENETRATION AT 1009/5 SEC (77°F}

Figure 9. Relation between complex modulus
at £ = 0.4 cps and penetration at 5 sec.
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VERTICAL SHFT, Sy

PENETRATION
l e — ——SOFTENING POWT

120 140 180 60 200250 240 260 \un\ \“>“°

H ____._4.__J__ W R S

° s 3 ) 20 28
HORIZONTAL SHIFT, Sy

Figure 10. Relationship between horizontal and vertical shifts for given softening
point and penetration (basis: 10 asphalts).

The transverse velocity of the liquid at the distance x from the oscillating sur-

face is: T'x iet
vl = voe e

where T is the complex propagation constant, T = (iwp /n*)%

LT

p is the density, and
n* is the complex viscosity defined as n*=19' - in"

1 — Q:_ " = _'
n = - and 1 °
Therefore if it is assumed that T'= o + i g, that is,
v - voe-u.xel(ot - Bx)
I‘2 = az - p. + 2¢pi = im—p.
'll" 11‘|"

By suitable algebraic manipulation
h

wp G" y
IG¥] (G'+ |G*|) ™ (2)

wp” (@ + )P
|G+l (2)%

%~ and B =

o is the attenuation constant and measures the rate at which the wave is damped or at-
tenuated. It can be seen that at a given frequency the attenuation is essentially depen-
dent on the ratio G''/|G* I’/'. Therefore for rapid attenuation it is imperative to have
a large value of G" with respect to | G*|, that is, G" >> G'. To transmit energy with
little attenuation it would be necessary to have G'"' < < G'.

As an attenuation constant, a measures the rate at which energy is dissipated. Actu-
ally, vibration is not always caused by a shearing wave. For example the impact of an
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object on the surface of an asphalt highway surface would send a compressional wave
through the material but it would be attenuated in qualitatively the same manner as a
shearing wave. Therefore it may not be possible to tell quantitatively the exact amount
of attenuation of a wave, but asphalts can be compared and it is known that the one with
the larger ratio of G" to] G¥7* will dissipate energy faster.

Use of Results of Classical Elastic Theory

Once the properties of a visco-elastic material have been described, there still re-
mains the problem of the behavior of visco-elastic objects in which the stress and strain
are functions of both position and time. The bending of a beam under a concentrated
load at the center is taken as an example. The classical elastic law (18) gives

-M

¥t . B 1
X EI
where ¢ = deflection of the beam at a distance x from the support on
one side,
M = moment causing the deflection,
E = Young's Modulus,
I = moment of inertia.

For a visco-elastic body, £ , E and M are also functions of time;

3* E(x,t) _
E* (t)l _a_x_t_ = -MB(x,t) (2)

The differential equation can be solved using the well-known method of separation of
variables. Therefore, £ (x,t) = X (x) T (t) is assumed and -Mpg (x,t) = g (x)

£ (t) and one obtains:
E* (t) izf‘ﬁ"-‘l T(t) = g(x)f(t) 5)

Collecting like terms on opposite sides of the equal sign and equating them to a constant
(1/k) one obtains:

Ik%i-’ﬂ g(x) (42)
E* (@) T (t) = Ki(t) (4b)

Under these conditions it is seen that the visco-elastic problem leads to a space equa-
tion that is identical with that obtained in the pure elastic problem, with k acting as the
modulus of elasticity. Consequently, its solution is known.

PL® [ 3x x°
X = g\ T ®
and as §(x,t) = X(x)T(t),
E(x,t) = i x _ _’_‘1 Pf(t) (6)
bh* \ 4L L} / E*(o)

Here the classical Young's Modulus is replaced by the complex modulus and the term
gives the time dependence of the stress. The maximum stress and deformation are
given by the equations:

3 L
amax(t) 3 Pf (t) (7
2 2
and gma,git) = EI;E!’*_((';:) or gtéaz.:x,t) = (Ii‘T Y (t) (8)
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If the application of stress is sinusoidal, then ¢ (t) = ¢, sinow t, or
1? o, sinwt
X, t = —__°-_ "
txt) GhE* (=) ©)
However, if a constant stress is applied, then "max is not a function of time, that is,
3L
2bh?
In this problem it may be desired to know the deformation after a given time. The
strain will be determined by the equation (20)

Y = [sa + t/m + \Il(t)]o- (10)

7€ is the instantaneous component of strain and, being quite small, may be neglect-
ed; n is taken to be the initial viscosity if ¢ is less than 3,000 dynes/cm® and ¥ (t)
is the creep function with ¥(0) = 0. In this particular case,
- L
BEY < v ()
L [
— |t/ + t ] o
on /n o+ Y (t)

governs the flow or deformation of a beam at the point of concentrated load. To deter-
mine ¥ (t) ¢ from the basic data of G' and G" vs f is a matter of graphical evaluation.

First to be determined is what is known as the relaxation distribution function, ¢ ,
as a function of relaxation time, v . If it is assumed that * = 1/» where o = 27f
for each evaluation, & is given approximately by the following equations (9):

‘max

thus EH(I;K_* t)

$ (-lne) = G'%‘é:—% (11a)
$(-lnw) = G"(1-:;+g§3) (11b)

This function then can be determined from the family curves. The & vs T curves
for the NARC asphalts are given in Figure 11. Ferry et al have shown that the course
of stress relaxation after cessation of steady flow, the author's ¥ (t)e, is given ap-

proximately by @
Y /; ¢ diln

Int

where Y is the rate of shear strain and it may be approximated by o /y.

If & vslog T is plotted and if one evaluates graphically from log t to infinity,
¥ (t) ¢ can be obtained; therefore, the deformation under a constant concentrated load,
such as the wheel of a parked car can be obtained.

In this example several noteworthy features of general nature are seen. The com-
plete space and time dependent problem splits neatly into one spatial problem and one
temporal problem. The spatial problem is identical with that for a purely elastic prob-
lem and the temporal one may be solved with the knowledge of the time behavior of the
elastic moduli.

This method of attack may be used on many problems, such as the deflection of an
asphalt road bed under passing cars, rutting, shoving, etc.

Thermal Stresses

When the temperature of an unrestrained body is increased by AT, dilation of an
amount proportional to AT can be produced without any corresponding change of pres-
sure. This implies extension of all linear elements by a AT, where « is a constant,
the coefficient of linear expansion. If forces are applied to the body, the strain at a
point consists of such extension superposed upon a strain connected with the stress by
the usual stress-strain equations.
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According to these assumptions the
stress, (¢) and strain in a body strained [TTTTTTT
by change of temperature do not obey
Hooke's Law, but are connected by the
equation:

-

TTTT

¥ (tensile strain) = a AT - g(tensile).
E

If the asphalt is constrained so that it
cannot move, that is, Y = 0 then a com-
pressive stress is created which is equal
and opposite to « A TE.

As a = 2.0 x 10 * (24) and E ~3G' if
incompressibility is assumed a relation- ‘
ship between the change in temperature
and a compressive stress is obtained.

Therefore ¢ = 6.0 x 10 * G'AT and this yalil .
stress must be below the breaking stress —
if a crack-free continuum is to exist. As ]
the temperature change must be measured / ]
in a finite time and both G' and the break- %
ing stresses are dependent on time, the
rate at which the temperature changes is
very important. For slow changes, ex-
cept at very low temperatures, the stress-
es are low and should be able to relaxwith
the loss mechanisms coming into play.
However with rapid changes of temgerature
G' will be of the order of 10° to 10'°dynes/
cm®and ¢ = 6.0x 10%AT to 6.0 x 10°AT.
In the section on breaking strength it was
shown that the breaking stresses vary from
0.7 x 107 to 2.4 x 10" dynes/cm” at high
rates. Therefore one must have (6.0 x 10°
t0 6.0x 10°) AT < 0.7 - 2.4 x 10°. This
means that it might be possible to have a
change of 100 C without any cracks.

The results depend upon the equation

N
| L Im"

TTTi
FUNCTION & ldynes/omt)

TTTI

FTTT
)

N
GELa MEDC

]
N
h
[ 141
REDUGED ﬂ!!o(llel AT 23°C
Figure 11, Distribution of relaxation times (all NARC asphalts).

6.0x 10 *AT< & Breaking

10~*

where A T is the temperature change
which takes place during the time of the
experiment. This shows that the change
in temperature a material can take de-
pends upon the ratio of the breaking stress
to the storage modulus. Therefore mater-
ials must be sought which have high break-
ing strengths and comparatively low moduli. ®

Pery

FUNCTION ¢ OFFERENTIAL CONTRIBUTION TO THE SMEAR MODULUS G'ea OF A UECHAMSM

WiTH A RELAKATION TIME SETWEEN ¢aT AND <n(TodT)e@ alfaT}

Ll

CONCLUSIONS

All the foregoing information, the dependence of the moduli, G' and G", on fre-
quency, the temperature dependence of the asphalts, ets., show that asphalts behave
very much like concentrated solutions of high polymers, that is, typical visco-elastic
bodies. Therefore it has been possible to incorporate much of the work, both theoreti-
cal and experimental, in the high polymer field into the framework of an asphalt techno-
logy. It has then been possible to condense all the experimental information into a few
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curves and tables: the family curves of moduli vs frequency, the curves showing the
dependence of log aT on T - Tg' the dependence of initial viscosity on temperature, etc.
These are essentially convenient methods for representing a great number of experi-
mental results. If more data become available, changes may be required but major
changes are unlikely as such a wide variety of types have been investigated.

With the calculation of the parameters involved in the two typical asphalt tests,
softening point and penetration, it is possible now to decide in which family a particular
asphalt belongs, its temperature dependence and its moduli dependence on frequency,
and finally the dependence of its initial viscosity on temperature. Therefore from these
two simple tests it is possible to find the whole rheological behavior of an asphalt, pro-
vided the generalized asphalt curves are available.

In the work just described the macroscopic behavior of asphalt has been investigated.
No correlations with molecular structure are indicated but this is the ultimate aim of
the physicist or chemist. Some work, not reported here, has been done in an attempt
to relate empirically various portions of the relaxation spectra (& vs log 7) to various
components of asphalt. Although partially successful more information is needed to ex-
tend the method. Possibly the new technique of Nuclear Magnetic Resonance might be
helpful. An attempt, by the author, also not reported here, was made to estimate the
molecular weights of the large particles involved in the flow of asphalt from the dynamic
behavior of asphalt and present-day theories on the dynamic behavior of high polymers.
The results indicated very large molecular weights for the flow particles. These are
only initial attacks on the molecular basis of asphalt behavior and have yet to be followed
up in detail.

The test on which the experimental results are based were made on freshly-poured
asphalts. Therefore not much can be said about the change of the rheological behavior
with aging. These aging properties are tied up with molecular motions and orientations
which occur during application and service. Here again the new technique of Nuclear
Magnetic Resonance may be able to show what changes take place.

It is hoped that this paper, which gives details on how asphalts react in flow, stimu-
lates further work to answer why asphalts react the way they do.
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