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Appendix

Compounding details
RSS (SMR5) 100
Zine Oxide 5
Stearic Acid 2
Sulphur 2.5
CBS 0.6

The above gum mix with:

40, 80, 120, 160, 200, 240 pph Bentonite clay

and also with:

40, 80, 120, 160, 200, 240, 280 pph Stockalite clay.
All cured for 40 minutes at 140 °C.

Koninklijke Shell-Laboratorium, Shell Research N. V. Amsterdam ( Netherlands)

The dynamic shear modulus of bitumens
as a function of frequency and temperature

By R. Jongepier and B. Kuilman

With 7 figures in 12 details and 2 tables

1. Introduction

Bitumens are viscoelastic liquids prepared
from crude oil distillation residues. They
include members with widely varying pro-
perties, satisfying the requirements of a
multitude of applications. Among these the
rheological properties are usually considered
of paramount importance.

The bitumen rheologist has to deal with
the linear as well as the non-linear behaviour
of his materials.

In the present paper we shall confine our
attention to the linear visoelastic properties
as a function of frequency and temperature,

These properties have their bearing not only

on the design of road constructions as far as
road bitumens are concerned, but they also
enable many other bitumens to be cha-
racterized.

By a very useful graphical representation
Van der Poel (1) demonstrated the regular
pattern of the thermorheological properties
of bitumens using routine test data for the
characterization of type and hardness.

(Received January 18, 1969)

Brodnyan (2) gives a comparable survey
of a wide range of types of bitumen and
discusses the influence of frequency and
temperature separately. He applied a “free
volume” equation to account for the effects
of temperature.

The free volume concept has been further
explored for bitumens by other investigators
(3, 4), who combined dilatometric glass-
transition temperature with thermorheo-
logical measurements.

The regular patterns for the frequency
dependence in ref. (1) and (2) suggest that
bitumens can be described by a common
formula and the observations in ref. (3) and
(4) lead to the same conclusion for the in-
fluence of temperature. The information in
the literature is, however, not sufficient to
establish both formulas as well as their
mutual relation and the significance of glass-
transition temperatures in this respect.
Hence we investigated the thermorheological
properties and glass-transition temperatures
of a series of bitumens of varying types.
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2. Experimental

The sample collection consisted of three groups of
bitumens:

(a) “Pitch-type” bitumens, which are known as
strongly temperature-susceptible: samples 1 and 2.

(b) “Road bitumens”, which are used as binders in
bituminous mixes for road building and in hydraulic
applications. This group has moderate temperature
susceptibility: samples 3-10.

(c) The samples 11-14 are “blown type bitumens”
or “rubbery grades”, which have been processed to
impart low temperature susceptibility. Samples 11-13
represent moderate examples of this group, whereas
no. 14 is an extreme case. These bitumens are used in
industrial applications such as coating, impregnation
or roofing materials.

Often, reference is made to the colloid-chemical
structure of the various bitumens, group (a) represent-
ing the sol type, group (b) medium and group (c) gel-
type bitumens.

The newtonian (shear-rate independent) viscosities
were measured with dark-oil viscometers (5) or, if
some shear rate dependence was expected, with an
Epprecht Rheomat 15; both instruments covered the
range from 1 to 1000 P.

The range from 100 to 10° P was measured with a
Weissenberg R 16 rtheogoniometer, fitted with a 4°,
2.5 em cone and plate. The temperature of the sample
was controlled by the standard electrical heating outfit.

The dynamic modulus measurements above room
temperature were made with the same instrument.
Below room temperature we used Labout’s micro-
elastometer (6). Our most recent measurements (samples
1, 2, 8, 13 and 14) were made with a Weissenberg R 17
rheogoniometer, which was equipped with a “fluid
circulation chamber” temperature control. With this
set-up moduli could also be measured below room
temperature. For the moduli below 10® dyn/em? we
again used a 4°, 2.5 cm cone and plate, but for the
higher moduli 1-cm diameter parallel plates, whose
distance was adjusted so as to keep the stiffness of the
sample low with respect to the stiffness of the rheo-
goniometer. A gap of 1 em was sufficient for measure-
ments of the glass moduli (5 X 10° dyn/em?). Brittle
fracture of the sample determined the lowest test
temperatures. The R 17 rheogoniometer was fitted
with Sanborn type 7 DCDT-100 transducers and the
solid state electronic measuring circuits (made in our
laboratory) were provided with active filters. The
dynamic measurements were corrected for movement
and inertia of the torsion head and converted to
dynamic modulus and phase angle by a computer
programme.

Glass transition temperatures were determined by
volume dilatometry according to a method which
Schmidt proposed for bitumens (7). We used Rhodorsil
41V 10 silicone fluid as the confining liquid, which,
unlike methanol, gave virtually no interaction with
bitumens (especially blown bitumens). The junction
between the bottom flange of the capillary and the
top flange of the cup was sealed with a fiat ring of
0.3 mm thick polyethylene foil. The calibrated capillary
was surrounded by a glass air jacket, which ensured
uniform room temperature along the capillary. For the
blown samples we could not use the sample preparation
proposed by Schmidt (7) but slightly tapering, nearly
cylindrical samples were made by using Teflon moulds
instead of brass ones. Finally we altered the filling
procedure. Instead of adding the confining liquid
through a long hypodermic syringe needle, we placed
the flange of the capillary on top of the cup with the

confining liquid gently flowing down the capillary.
This was found to be a quick and trouble-free procedure
to fill the dilatometer without air bubbles being formed.

The dilatometric measurements were made at a
cooling rate of 1°C/min and the readings were cor-
rected for contraction of the cup and for the tempera-
ture difference between capillary and cup.

3. Results

As a typical example of the thermo-
rheological results we plotted the data
obtained with sample no. 8. We chose the
modulus-phase angle form of notation and
both modulus |G (w)| and circular fre-
quency (o) scales were taken logarithmically.
For compactness of representation the meas-
ured viscosities 7, (I') were also plotted as
moduli by using

[G(w)] =5 (T) w, 1]

which is valid at temperatures above 40 °C
for the frequency interval of our measure-
ments.

Fig. 1 exhibits “‘thermorheological simpli-
city”’ (8): The frequency-temperature super-
position possible with such a material, is
generally effected after applying a small
correction factor to moduli and viscosities.
Most investigators apply the reduced vari-
ables given in (9), which derive from the
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Fig. 1. Phase angle and log shear modulus (dyn/cm?),
temperature (°C) versus log reduced frequency; sample
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entropy spring nature of viscoelasticity. On
the other hand, one can use a correction
factor based on the measured temperature
dependence of the glassy modulus (10).

In principle, different corrections lead to
different results of the frequency-tempera-
ture superposition. However, a correction
which is drastically wrong will betray itself
by the impossibility of applying frequency-
temperature superposition to the “corrected”
moduli.

The lack of knowledge of the temperature
dependence of the glassy moduli of bitumens
induced us to use the reduced variables
given in Ferry’s book (9). The other moduli
and viscosities in this work have all been
reduced to 20 °C.

Fig. 1 gives the master curve of the
reduced dynamic modulus of sample no. 8
obtained from frequency-temperature super-
position.

Each modulus value at its new position
of reduced frequency has a corresponding
phase angle value; hence we can obtain at
the same time a master curve of phase angle
against reduced frequency. The latter cor-
responds with circular frequency at 25 °C
for the case of fig. 1.

The results in fig. 1 typically represent
road bitumens; in fig. 2 we plotted the master
curve of a pitch-type bitumen and of the
extreme rubbery type-bitumen, samples 1
and 14, respectively. In this figure the
frequency has been replaced by a (dimension-
less) relative frequency wy:

wp = %ﬂ . (21
under discussion do not vary measurably
with the type of bitumen, plots of modulus

PHASE ANGLE, deg.
90 S

in which Gy represents the glassy modulus.
As the glass moduli at the temperatures
against wr have coincident viscous flow and
elastic deformation asymptotes and the
frequency is taken relative to the inter-
section point of the asymptotes. The fre-
quency at the intersection point corresponds
with the reciprocal relaxation time of a
Maxwell body and for comparison we have
also shown the curves for such a material
with only one relaxation time.

Besides the master curves in fig. 1 and 2,
representing the effect of frequency at
constant temperature, our experimental data
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also give the effect of temperature alone, viz.
the frequency-temperature shifts.

Samples 8 and 1 in fig. 1 and 2 provided
measured viscosity values as well as cal-
culated values from viscous flow asymptotes.
These enabled us to plot the frequency-
temperature curves as viscosity-temperature
functions (see fig. 3).

Sample. 14, however, provided neither
reliable zero shear viscosity data nor modulus
data on a viscous flow asymptote. The
position of the viscous flow asymptote at a
given temperature, defining the viscosity at
that temperature, was estimated from an
assumed form of the master curve, which
assumption is discussed in the next section.
The frequency-temperature shifts have been
plotted as viscosity-temperature data on
the basis of this estimate. The uncertainty
in the viscosity of sample 14 only causes an
uncertainty in the vertical position of the
curve of this sample in fig. 3, but not in its
shape.

The results obtained with all the other
samples are presented in a numerical form,
which will be discussed in the next section.

Fig. 4 shows an example of the dilato-
metric results (sample no. 3). The results
obtained with the other samples — glass-
transition temperatures and the coefficients
of expansion from the liquid branch (a) and
the glassy branch (b) — are collected in
table 1.

Table 1
Sample Ty*) %) o) (O] Cy %) fg?)
1 --25 5.6 2.7 36.3 19.0 0.6
2 —33 5.8 3.1 29.6 25.0 07
3 —38 6.5 3.3 22.9 38.0 1.2
4 —48 6.3 3.3 54.5 150 0.5
5 —39 5.9 3.0 36.9 27.0 08
6 —32 5.9 3.0 274 32.0 09
7 —43 6.2 3.0 30.5 32.0 1.0
8 ~-34 6.1 3.2 41.5 18.0 0.5
9 —34 5.8 3.1 29.0 28.0 08
10 —40 6.6 3.5 49.8 120 04
11 —33 6.4 3.3 30.0 80.0 2.5
12 —43 6.8 3.6 40.7 55.0 1.8
13 —40 6.0 2.8 33.1 86.0 2.8
14 —34 5.7 3.0 41.1 188.0 5.1
Remarks

1) Dilatometric glass-transition temperature, °C
estimated max. error - 3 °C.

%) Coefficient of expansion (°C-1) x 10* (lig. state)
estimated max. error 4- 59,

%) Coefficient of expansion (°C-1) x 104 (glassy state)
estimated max. error - 59,.

Y) WLF constants with 7, as a reference.

5) Percentage frec volume at 7',.
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Fig. 4. Dilatometric curve of sample No. 3 at a cooling
(heating) rate of 1 °C/min

4. Discussion

Before considering dstails of the curves
obtained by frequency-temperaturs super-
position the following has to be noted.

Frequency-temperature superposition is —
in its generality — only qualitatively under-
stood. Hence, the modulus values obtained
as a function of reduced frequency should be
checked against measurements at real fre-
quencies, equal to some reduced frequencies
before a master curve can be read as a
modulus curve against real frequency at the
reference temperature. Such checks have
been made by Brodnyan (2) on bitumen.
When these checks are impossible, the
superposition of frequency and temperature
should be considered as an artefact, which is
at least the best approximation for the
modulus function outside the frequency
range studied. It is, however, certainly the .
most favourable means of separating the
influence of frequency and of temperature
on thermorheologically simple materials.

We will first discuss the shape of the
master curves in fig. 1 and 2. It was found
that this shape can be represented by two
characteristic numbers, which will be given
for the remaining samples. Then we will
consider the viscosity-temperature curves
and express these by free-volume para-
meters. We will finally discuss the depend-
ence of both sets of parameters on the type
of bitumen and the role played by the glass-
transition temperature.

a) Master curves

Rather than analysing the frequency
dependence of the dynamic moduli we
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analyse the relaxation spectra underlying
the curves in fig. 1 and 2. B. N. Saal (11)
observed that bitumens can be described by
relaxation spectra based on a Gaussian
distribution of log relaxation time. We have
confirmed this by an analysis according to
Ninomya and Ferry (12) of some recently
measured master curves. This spectrum is
defined by three factors: a width parameter
8, a time constant 7,, which determines the
position of the spectrum along the relaxation
time or v axis at a given temperature, and
finally the glassy modulus Gy, which defines
the magnitude of the contributions of
various relaxation times to the moduli. The
“logarithmic” relaxation time distribution
of the “log normal” type is now given by:

H(r) = G‘L exp — { ln;/rm }2.

The glassy modulus is defined by:

(3]

Gg:fH(r)dlnr [4]

— o0

and the viscosity 7, follows from eq. [3] by:

2
g = (H('c)tdln‘z:Ggrmexp%. [51

The storage and loss moduli are expressed
by eq. [7] and [8] after the following sub-
stitutions:

u=Tnor and x:_ggmw -
x foeXp B (%)2&1;,%:0—%)1 du [7]

b
oo () sohir i g, g

0

It is seen from eq. [7] and [8] that z = 0
(or wr = 1) constitutes a symmetry point
for which the phase angle ¢ (x) is equal to
7/4 and

tan ¢ (x) = cot ¢ (— x). 91

while we deduce for the corresponding
moduli:
6@)| _ 16— )]
Gy [G(— @) |vise

{10]

in which the numerator of the right-hand
member is the modulus value on the viscous
flow asymptote (eq. [1]) for the given z or
relative frequency.

In order to check the log normal spectra
and to evaluate the width parameter g for
each sample, eq. [7] and [8] have to be
integrated. This can only be performed
numerically, as done before (13, 14). The
numerical data in the literature, however,
did not cover a sufficiently wide range of
values; hence we computed the integrals
again and converted the results into modulus
and phase angle values. The values of § were
obtained by selection of the -calculated
master curve pair (modulus and phase angle)
which fitted the experimental results best.

The curves in fig. 1 and 2 correspond with
caloulated curves for the f§ values listed in
table 2. The curve for a Maxwell body in
fig. 2 constitutes a limiting case for § ap-
proaching zero. In general, the calculated
curves fitted the experimental data within
the experimental error. The experimental
scatter was largest with samples 11-14
(8 > 6). These rubbery materials showed
more tendency to give unrepeatable results
than did the other types. This is presumably
due to ageing phenomena during sample
preparation. Besides, with these rubbery
materials the bulk of the measurements gave
low moduli, which could only be measured
at shear amplitudes of the order of 0.4,
whereas the other samples could be measured
at amplitudes of 0.1. As a consequence, there
may have been more influence of non-
linearity in the tests on samples 11-14 than
in the other samples. However, in all cases
the stress signal traces were sinusoidal.

With the high-§ samples newtonian vis-
cosity values cannot be measured directly.
Neither can we obtain newtonian viscosities
from measured viscosity-shear rate functions,
owing to the lack of a reliable extrapolation
to zero shear rate. Table 2 gives the visco-
sities at 20 °C as derived from the best fitting
calculated master curves. For the low-§
samples, we also give the values from actual
viscogity measurements at higher tempera-
tures after extrapolation to 20 °C by the
free-volume type viscosity-temperature re-
lations discussed below. The agreement is
sufficient for normal bitumen practice. By
means of eq. [5] we calculated the midpoint
value 7, of the spectra at 20°C. In this
caleulation we took G, = 5 X 10° dyn/cm?
for all bitumens, as this value applies to all
our measurements. It is interesting to note
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Table 2
Sample ) log nayn?) log %vige®) log T *) B*) T,%) 47
1 2.5 5.8 6.4 — 4.8 690 229 — 5.0
2 4.0 5. 5.1 — 6.2 739 215 — 4.3
3 4.9 5.5 5.0 — 6.8 872 197 — 3.6
4 6.3 6.4 6.1 — 7.6 818 210 — 35
5 6.0 7.2 7.4 — 6.4 995 207 — 44
6 5.0 6.6 6.6 — 5.8 878 209 — 3.9
7 5.8 6.0 6.1 — 74 975 198 — 4.3
8 5.0 6.8 6.8 — 5.6 747 221 — 36
9 5.0 6.9 6.8 — b.5 812 211 — 3.0
10 5.1 4.9 5.0 — 7.6 597 221 — 3.4
11 9.1 11.2 10.5 — 7.5 2400 160 — 6.8
12 9.5 12.2 11.5 — 173 2241 175 — 6.8
13 9.0 10.9 11.2 — 7.6 2848 147 — 8.6
14 12.0 17.7 14.0 — 7.6 7718 - 5l — 14.2
Remarks

1) Defined by eq. [3] estimated max. error 4 0.5.

2) Viscosity (£) at 20 °C from master curve estimated max. error -+ 0.3.
3) Viscosity (P) at 20 °C extrapolated from viscosity measurements at higher temperatures estimated max.

error -+ 0.3.

4)Defined by eq. [3] evaluated from 3rd col. of this table by eq. [5] using log )y = 9.7; dimension: seconds

estimated max. error + 1.0.

5) Defined by eq. [15], °K; for samples 1-10 estimated max. error - 59%; for samples 11-14 estimated max.

error o+ 109,.

%) Defined by eq. [15], °K; for samples 1-10 estimated max. error + 5°K; for samples 11-14 estimated max.

error + 15 °K.

) Defined by eq. [15], using 3rd col. estimated max. error 4 0.3.

in table 2 that 7, varies much less than the
viscosities at 20 °C, indicating that the
latter — for the present set of samples — are
largely governed by the width of the relaxa-
tion spectra.

The fact that the master curves of the
bitumens can all be derived from log
Gaussian spectra, which only vary in width,
is certainly one of the reasons of the regular-
ity to which we referred in the introduction.
Furthermore, we may point to a peculiarity
in the shapes of the master curves for
various values of 5. It was found numerically
that the modulus values at constant phase
angle with varying § are on a fan of straight
lines in the double logarithmic plot of fig. 2.

The viscous flow and elastic deformation
asymptotes form the extreme members of
the fan. As an example we have drawn some
lines of constant phase angle in fig. 2.

Log Gaussian relaxation time distributions
have also been found in dielectrical (13) and
mechanical relaxation (15) with simple
liquids of which the molecules are associated
by hydrogen bonding. Although bitumens
are by no means simple liquids which can be
discussed in terms of interactions between
“the” molecules, it is plausible to attribute
a bonding capacity to a fraction of the
constituent molecules, viz. the “asphaltenes”
and it is known that the interactions in this
fraction are of a hydrogen bonding nature.

The variation of type as seen by the increas-
ing values of f from samples 1 to 14 is
accompanied by increasing asphaltenes con-
tent. Since the variation of the spectrum
with varying type only comes about as a
change in spectrum width we tend to
conclude that the effects of asphaltenes - and
possibly also of other fractions which vary
with changing type — contribute to the whole
spectrum. This conclusion is at variance
with a tentative discussion by E. Thelen (16)
of the spectra published by Brodnyan (2).
Thelen discusses a subdivision of the spectra
in zones to which the various component
fractions are believed to contribute speci-
fically.

Recently it has been shown (10, 17) that
for many pure liquids the plots of storage
and loss moduli against relative frequency
coincided if the moduli were taken relative
to the (specific) glassy modulus of the
liquids. The common modulus function could
be described by a simple mathematical
formula (17), which (from the initials of the
authors) will be denoted as the B.E.L. model.

Very recently, the B.E.L. model has been
provided with an adjustable constant K to
fit the data for binary mixtures of pure
liquids (18) and also Huflon and Phillips (19)
needed an adjustable B.E.L. model to
account for their results on heptamethyl-
nonane.
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In the upper part of fig. 5 we have plotted
the curves for the original B.E.L. model
(K = 1) and a set of curves obtained from
a log normal distribution. The value of
f# = 2.6 was chosen to obtain equal moduli
at a relative frequency of unity. We note
that there is quite a close correspondence
between the two models. For the choice
f = 2.6 the maximum deviation is about
6% in . As a consequence, we may note
that our sample no. 1 (f = 2.5) behaves
very much like the pure liquids studied by
Lamb et al.

On the other hand, the behaviour of the
bitumens characterized by higher g values
increasingly departs from that of the (ad-
justable) B.E.L. model. The lower part of
fig. 5 shows that the case § = 5 qualitatively
corresponds with K = 8. This demonstrates
the onset of a horizontal section at 45° in
the phase angle curve, which effect becomes

G1’G_2

Gy Gy
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b

Fig. 5. Comparison between modulus functions derived
from the Barlow, Erginsav and Lamb model (17, 18)
and from log normal distributions of relaxation time

more pronounced at higher K values. These
results show that the assumption of log
normal relaxation spectra is more suitable
for a general description of the relaxation
behaviour of bitumens than the B.E.L.
model.

b) Viscosity-temperature functions

We took one of the measuring temper-
atures of each series as a reference tempera-
ture T'r (generally in the middle of the range
covered) and determined the viscosity shifts
with respect to it. The WLF constants O,
and C,, corresponding with 7'z according to:

70 (T') . O, (T — Tp)

1 =1 = 11
gor=log s o = ooy @ — T M

are evaluated from a plot of — —Tl———Ti
Og aT .

versus T — Tg. From a rearrangement of
eq. [11]:
. T—Tp O, 1

=—+ = (T —Tp)

[l . 2
log ar C, C, (12]

it can be seen that C; and C, can be obtained
from the slope and intercept at 7' = Ty of
the straight-line portion of the above-
mentioned plot.

The values of C; and C, obtained in this
way are not worth mentioning unless 7'y is
chosen with a physical significance. Another
way is to express the free-volume constants
independent of the reference temperature
by taking

C,xCo=B and Tg--C, =T, [14]

in which B and 7, are constants in the
Vogel eq. [20]

_B
T—-7T,"

The values of B and T, and of the adjust-
ment factor 4 are collected in table 2.
Eq. [11] and eq. [15] gave a reasonable
description of the average frequency-tem-
perature shifts for the rubbery samples, but
for the pitch and road-type bitumens con-
siderable deviations were found at the
lowest temperatures. This is demonstrated
in fig. 3, in which the lines correspond with
eq. [15] for the parameter values in table 2.

The deviations are evidently not a function
of the viscosity or of the temperature and,
as can be inferred from table 1, neither of
the difference between measuring temper-
ature and glass-transition temperature,
although for the road and pitch-type
bitumens the deviations start at about

logn=A4+ [15]
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50 °C above T;. We think that the deviations
are caused by non-validity of eq. [15] at
too low values of T — T,

Such a non-validity is evident, since free
volume will not exactly be zero for T < T,
and proportional to T — T, for T > T,.
We tried to replace the numerator of eq. [15]
by a function which ‘“tails off” below
T = T, rather than becoming zero for
T < T,. With the hyperbolic form gn (T — T,)
for which g(T — Ty) =1 — T, is an a-
symptote as a numerator in eq. [15]:

(T — 1) =5 {7~ Ty + VT = TF 5 O} [16]

we could find values for 4, B, C and 7|
which gave a good fit over the entire range.
The full line in fig. 3 gives the results on
sample no. 1 for the values 4 = — 4.6,
B =800, T, =225 and C = 2350. This
method is not further discussed, since many
other four parameter equations would fit
and there is no a priori justification of
eq. [16]. We neither expect success from.the
addition of an Arrhenius term to eq. [15],
since the results at higher temperatures are
well described by the free-volume equations.

Accepting the limited validity of eq. [11]
and [15] — which limits are by no means
narrow — we may now discuss the values of
B and T, obtained. It can be seen from
table 2 that on the average high values of
B are associated with low values of T and
vice versa. Although B and 7T, cannot be
determined completely independently, the
variation of B with 7, appears to be signi-
ficant. A similar relation between the two
Vogel constants is found in the results in
table 1 of ref. 17.

Ty, °K (SYMBOL 00) log B {SYMBOL o)

400~ —-40
350} SEY:
300} 36
250]- 34
200} 432
150 30
100 |- 28

50 J 26

o 2 49 6 8 0 12 14 16
B

Fig. 6. Dependence of free volume parameters on
spectrum width

Fig. 6 shows that the free-volume constants
B and T, depend on the type of bitumen if
the latter is expressed by .

The fact that B varies with the type of
bitumen implies (eq. [14]) that it is im-
possible to assign to each material a specific
reference temperature which yields a common
pair of WLF constants for all bitumens.
Nevertheless, the B values of the road and
pitch bitumens are close to the value of
900, associated with the ‘“‘universal” WLF
constants C; = 8.86 and C, = 101.6.

If we plot the two WLF constants, obtain-
ed by taking the glass-transition tempera-
tures as a reference (fig. 7a), we see that the
result is not one set, i. e. one point in fig. 7a,

Cz
500 -

¢ SAMPLES 1-10
A SAMPLES {i-14

asol-
4001
3sof
300}
250}
200 J
150}

]
100 °

Fig. 7a. WLF constants with glass-transition temper-
ature as a reference

but two groups. One group corresponds with
f values below 6 and the rest with higher
values. An interesting figure is obtained
when an equiviscous temperature is taken
as a reference.

Fig. 7b shows the results for an equiviscous
temperature of 2 x 10* P. This gives a more
regular picture, in which the three groups
of bitumens are “in line”. A similar picture
is obtained with other equiviscous temper-
atures. As a consequence of the difference
between fig. 7a and b we may conclude that
T, is not an equiviscous temperature for our
samples.

If the difference between the coefficients
of expansion in the liquid and the glassy
state is taken as the coefficient of expansion
of free volume, we can calculate the free



110

Rheologica Acta, Band 9, Heft 1 (1970)

volume fraction f; at T,. The values are
given in table 1, and illustrate that 7T, is
not an equi-free-volume temperature for
our results either. One may doubt the values
obtained from Ty by volume dilatometry,
since the transition is not very sharp — the
region from Ty to T in fig. 4 is generally of
the order of 30 °C — and there is an un-
certainty of about 3 °C in the values due to
some arbitrariness in choice of the lines a

Cz
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160

T

140

T 1

120

100 |-

1

80

T T

60

40

T T 1
[

20} ° o

1
50 60
Cy

o] ] ]
20 30 40

Fig. 7b. WLF constants with equiviscous temperature
of 2 X 10% P as a reference

and b in fig. 4. Nevertheless, good correlation
has been observed between results from
dilatometry and differential thermal analysis
(21), so that the experimental uncertainty
in Ty is probably not very large.

The uncertainty seems rather to be on
the phenomenological side, in that 7y only
defines corresponding states between samples
of the same type — with the same shear
relaxation and volume relaxation time di-
stributions.

A reason for the failure of a corresponding
states principle on the basis of Ty for varying
types of bitumen is perhaps that we try
to correlate the equilibrium free volume
fractions as a function of temperature (from
e. g. Viscosities) with a non-equilibrium
meagsurement of free volume.

The effect of cooling rate is small in our
view: T, changed less than 3°C with
samples 6 and 14 for cooling rates varying
from 0.3 to 3.0 °C/min. Nevertheless, much
larger differences in 7', might have been

observed if the cooling rates had been chosen
in such a way that for each sample the same
approach to equilibrium was ensured.

The influence of the type of sample on the
significance of Ty is most clearly illustrated
by the fact that the dilatometric glass-
transition temperatures approach the ‘“ther-
modynamic glass-transition temperatures”
T, as the spectrum becomes narrower, i. e.
as § decreases.

Summary

Thermorheological behaviour and dilatometric glass-
transition temperatures have been studied on 14 samples
representing the three main types of bitumen. The
frequency dependence of the dynamic moduli can be
described by Gaussian distributions of log relaxation
time. The width of the distribution depends on the
type of bitumen.

The frequency-temperature shifts or the viscosity-
temperature relations correspond with free-volume
equations for temperatures not too close to the thermo-
dynamic glass-transition temperatures. The constants
in the free-volume equations vary with the type of
bitumen.

The dilatometric glass-transition temperatures do
not serve as simple references for corresponding free
volume states. Their significance was found to depend
on the type of bitumen. In this respect it is noteworthy
that the dilatometrie glass-transition temperatures
approach the thermodynamic ones as the spectra
become narrower.

Zusammenfassung

Das thermorheologische Verhalten und die dilato-
metrischen Glastibergangstemperaturen von Bitumen
wurden an 14 fiir die drei Haupttypen charakteristi-
schen Proben untersucht. Die Frequenzabhingigkeit
188t sich durch Gauf}-Verteilungen der log. Relaxations-
zeit beschreiben. Die Verteilungsbreite ist durch den
Bitumentyp bedingt.

Die Frequenz-Temperatur-Verschiebungen bzw. die
Viskositéts~Temperatur-Beziehungen entsprechen Glei-
chungen vom Typ des freien Volumens fir Tempera-
turen, die nicht zu nahe den thermodynamischen Glas-
ibergangstemperaturen liegen. Die Konstanten in die-
gen Gleichungen dndern sich mit dem Bitumentyp.

Die dilatometrischen Glasiibergangstemperaturen
konnen nicht als einfache Vergleichstemperaturen fiir
entsprechende Zustédnde des freien Volumens dienen. Es
wird gezeigt, daf ihre Bedeutung vom Bitumentyp ab-
hingig ist. In diesem Zusammenhang ist zu bemerken,
daf sich die dilatometrischen Glasiibergangstempera-
turen den thermodynamischen mit schmaler werdenden
Spektren néhern.
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Fatigue crack growth studies on constant compliance specimen

By N. J. I Adams

With 6 figures in 7 details and 2 tables

Symbols:

@ crack length, ins.

ty initial crack length

¢ constant

e distance from wedge tip to line of load ap-

plication, ins. :
H, depth of tapered split arm at load line ins.
Ky stress intensity p.s.i. Vins
Kifmaxy maximum fatigue stress intensity p.s.d. Vins
Kifmin minimum fatigue stress intensity p.s.i. Vins

N number of cycles

P load. 1b.

R stress intensity ratio < 1.
c stress p.s.i.
Introduction

The study of problems of fatigue crack
growth has in the past been conducted on
wide centre-cracked plates [1, 2]. The crack
is grown from an initial starter notch, and
as it extends so the crack tip conditions
vary continuously. Such specimens require
complex end fittings and high load capacity
testing machines. The constant compliance
specimen is a small compact form suggested
for fracture toughness testing. It has the
property of constant crack tip stress in-
tensity for non-dimensional crack lengths
a/W, approximately equal to 0.25 to 0.5 and
requires only a low load capacity machine
for testing.

(Received January 18, 1969)

Specimen configuration and experimental
set-up

Fig. 1 shows the details of the specimen used in the
work which is reported. The dimensions are based on a
quarter crack length to suit available crack growth
recording gauges and the Ky calibration by (3) which
gives

Ky BWz
for
.
Ii_ﬁ” =04, 1 =5 and —K— = 12.5.
e e Hy

It was pointed out in (3) that forward direction
crack growth was highly unstable and to overcome

p

e W

g

Fig. 1a. Geometry of constant compliance specimen



