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Appendix 

Compounding details 

RSS (SMR 5) 100 
Zinc 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 ~ 

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

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

By  R. J o n g e p i e r  and B. K u i l m a n  

With 7 figures in 12 details and 2 tables 

1. Introduction 
Bi tumens  are viscoelastic liquids p repared  

f rom crude oil disti l lation residues. They  
include members  with widely va ry ing  pro- 
perties,  satisfying the  requi rements  of a 
mul t i tude  of  applications. Among these the 
rheological p roper t i e s  are usual ly considered 
of p a r a m o u n t  importance.  

The b i tumen rheologist  has to deal with 
the l inear as well as the non-l inear  behaviour  
of  his materials.  

In  the  present  paper  we shall confine our  
a t t en t ion  to the  linear visoelastic propert ies  
as a funct ion of  f requency  and t e m p e r a t u r e ,  
These proper t ies  have thei r  bear ing no t  only 
on the  design of  road  construct ions  a s  far  as 
road  b i tumens  are concerned~ b u t  t h e y  also 
enable m a n y  o ther  b i tumens  go be cha- 
racterized.  

B y  a ve r y  useful graphical  representa t ion  
Van der Poel (1) demons t ra t ed  the  regular  
p a t t e r n  of  the  thermorheological  propert ies  
of  b i tumens  using rout ine  tes t  da t a  for the 
charac ter iza t ion  of t ype  a n d  hardness.  

(Received January 18, 1969) 

Brodnyan (2) gives a comparable  su rvey  
of a wide range of types  of  b i tumen  and  
discusses the  influence of f requency  and 
t empera tu re  separately.  He  applied a "f ree  
vo lume"  equat ion  to  account  for the effects 
of  t empera ture .  

The  free volume concept  has been fu r the r  
explored for b i tumens  by  other  invest igators  
(3, 4), who combined di la tomctr ic  glass- 
t rans i t ion t em p e ra tu r e  wi th  thermorheo-  
logical measurements .  

The  regular  pa t t e rns  for the f requency  
dependence in ref. (1) and (2) suggest t h a t  
b i tumens  can be described b y  a common 
formula  and the  observat ions in ref. (3) and 
(4) lead to the same conclusion for the in- 
fluence of  t empera ture .  The  informat ion in 
the l i tera ture  is, however,  not  sufficient to 
establish bo th  formulas  as well as thei r  
mu tua l  re la t ion and the  significance of  glass- 
t ransi t ion t empera tu res  in this respect .  
Hence  we inves t iga ted  the thermorheological  
propert ies  and glass-transit ion t empera tu res  
of a series of b i tumens  of vary ing  types.  
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2. Experimental 

The sample collection consisted of three groups of 
b i tumens:  

(a) "P i tch- type"  bitumens,  which are known as 
strongly temperature-susceptible:  samples 1 and  2. 

(b) "Road  bi tumens" ,  which are used as binders in 
bi tuminous 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 b i tumens"  
or " rubbery  grades", which have been processed to 
impar t  low temperature  susceptibility. Samples 11-13 
represent moderate examples of this  group, whereas 
no. 14 is an extreme case. These bi tumens are used in 
industrial  applications such as coating, impregnation 
or roofing materials. 

Often, reference is made to the  colloid-chemical 
s tructure 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; bo th  instruments  covered ~he 
range from 1 to 1000 P. 

The range from 100 to 107 P was measured with a 
Weissenberg R 16 rheogoniometer, fitted with a 4 ~ 
2.5 cm cone and plate. The temperature  of the  sample 
was controlled by the s tandard 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. Wi th  this 
set-up moduli could also be measured below room 
temperature.  For the moduli below l0 s dyn/cm 2 we 
again used a 4 ~ 2.5 cm cone and plate, bu t  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 cm was sufficient for measure- 
ments of the glass moduli (5 • 109 dyn/em2). Bri t t le  
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 s tate  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 transit ion temperatures  were determined by 
volume dilatometry according to a method which 
Schmidt proposed for b i tumens (7). We used Rhodorsil 
41 V 10 silicone fluid as the confining liquid, which, 
unlike methanol,  gave vir tually no interaction with 
bi tumens (especially blown bitumens).  The junction 
between the bot tom flange of the  capillary and the  
top flange of the cup was sealed with a flat 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 preparat ion 
proposed by  Schmidt {7) bu t  slightly tapering, nearly 
cylindrical samples were made by  using Teflon moulds 
instead of brass ones. ]~inally we altered the  filling 
procedure. Ins tead 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 wi thout  air bubbles being formed. 

The dilatometric measurements  were made a t  a 
cooling rate of 1 ~ and  the  readings were cor- 
rected for contraction of the  cup and  for the  tempera- 
ture difference between capillary and cup. 
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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 (co) [ and circular fre- 
quency (co) scales were taken logarithmically. 
For compactness of representation the meas- 
ured viscosities % (T) were also plotted as 
moduli by using 

[ a  (<o) I = ~o (~') ~ ,  [1] 

which is valid at temperatures above 40 ~ 
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 
generMly 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/cm2), 
temperature  (~ versus log reduced frequency; sample 

No. 8 
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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 ~ 

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 ~ 
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 wr: 

~ = ~ V0 [2] 
Gg ' 

under discussion do not vary measurably 
with the type of bitumen, plots of modulus 
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in which Gr represents the glassy modulus. 
As the glass moduli at the temperatures 
against ~Or 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 front the liquid branch (a) and 
the glassy branch (b) - are collected in 
table 1. 

Table  l 

Sample Tg 1) (xl 2) ~,/a) C1,t) (j24) /gs) 

1 - -25 5.6 2.7 36.3 19.0 0.6 
2 33 5.8 3.1 29.6 25.0 0.7 
3 - 38 6.5 3.3 22.9 38.0 1.2 
4 - - 48  6.3 3.3 54.5 15.0 0.5 
5 39 5.9 3.0 36.9 27.0 0.8 
6 ~ 32 5.9 3.0 27.4 32.0 0.9 
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 0.8 

10 - -40  6.6 3.5 49.8 12.0 0.4 
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 - - 4 0  6.0 2.8 33.1 86.0 2.8 
14 34 5.7 3.0 41.1 188.0 5.1 

Remarks 

1) Di la tomet r i c  g lass - t r ans i t ion  t e m p e r a t u r e ,  ~ 
e s t i m a t e d  max .  error  ~ 3 ~ 

2) Coefficient o f  expans i on  (~ -~) • 104 (liq. s ta te)  
e s t i m a t e d  m a x .  error  :]= 5O/o . 

a) Coefficient o f  expans i on  (~ -~) x 104 (glassy s ta te)  
e s t i m a t e d  m a x .  error  ~ 5 %  . 

4) W L F  c o n s t a n t s  wi th  Tg as a reference.  
~) ]?ercentage free vo l ume  a t  T q. 
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Fig. 4. Di la tomet r i e  curve  of  s amp le  No. 3 a t  a cooling 
(heat ing)  r a t e  of  1 ~ 

4. Discussion 

Before considering details of the curves 
obtained by frequency-temperature 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. I t  is, however, certainly the 
most favourable means of separating the 
influence of frequency and of temperature 
on thermorheologieally simple materials. 

We will first discuss the shape of the 
master curves in fig. 1 and 2. I t  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. R.  N.  Saal (11) 
observed t h a t  b i tumens can be described by 
relaxation spectra based on a Gaussian 
distr ibution 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  
fl, a t ime constant  Tin, which determines the 
position of the spectrum along the relaxation 
t ime or ~ axis at  a given temperature ,  and 
finally the glassy modulus Ga, which defines 
the magni tude  of the contributions of 
various relaxation t imes to the moduli.  The 
" logar i thmic" relaxation t ime distr ibution 
of the "log normal"  type  is now given by: 

Gr In 3/3 m 2 
H@)= fl ]/--~-- exp -- ( ~ - }  . [3] 

The glassy modulus is defined by:  

Ga ~ .I H (3) d In 3 [4] 
- c o  

and the viscosity V0 follows from eq. [3] by:  
oo 

f ~o= H(z) 3dln3=Gg3mexp . [5] 

The storage and loss moduli are expressed 
by  eq. [7] and [8] after  the following sub- 
s t i tut ions : 

2 
u=lnco~  and x = ~ l n ( o r :  [6] 

GI(X) __ ~ G g ~  exp -- {fl(2-- �89 } 2 

co 

• exp -- eosh u 
0 

ox _I  1/~ (x2 G~(x) 

o o  

f x exp -- cosh u 
0 

I t  is seen from eq. [7] and [8] t h a t  x = 0 
(or o~ = 1) consti tutes a s y m m e t r y  point 
for which the phase angle ~v (x) is equal to 
~/4 and  

tan ~v (x) = cot ~ (-- x). [9] 

while we deduce for the corresponding 
moduli:  

I G(x)I _ I r  x) I [10] 
Gg I G( -  x)I~c ' 

in which the numera tor  of the r ight -hand 
member  is the modulus value on the viscous 
flow asymptote  (eq. [1]) for the  given x or 
relative frequency. 

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

The curves in fig. 1 and 2 correspond with 
calculated curves for the fi values listed in 
table 2. The curve for a Maxwell  body in 
fig. 2 consti tutes a l imiting case for # ap- 
proaching zero. In  general, the calculated 
curves fit ted the experimental  da ta  within 
the experimental  error. The experimental  
scatter  was largest with samples 11-14 
(fl > 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 r u b b e r y  
materials the bulk of the measurements  gave 
low moduli, which could only be measured 
at  shear ampli tudes of the order of 0.4, 
whereas the other samples could be measured 
at  ampli tudes of 0.1. As a consequence, there 
m a y  have been more influence of non- 
l ineari ty in the tests on samples l l - 1 4  than  
in the other samples. However, in al l  cases 
the stress signal traces were sinusoidal. 

Wi th  the high-fl samples newtonian vis- 
cosity values cannot  be measured directly. 
Neither can we obta in  newtonian viscosities 
from measured viscosity-shear rate functions, 
owing to the lack of a reliable extrapolat ion 
to zero shear rate. Table 2 gives the visco- 
sities at  20 ~ as derived from the best fit t ing 
calculated master  curves. For  the low-/? 
samples, we also give the values from actual  
viscosity measurements  at  higher tempera- 
tures after extrapolat ion to 20 ~ by  the 
free-volume type  viscosi ty-temperature re- 
lations discussed below. The agreement is 
sufficient for normal  b i tumen practice. By  
means of eq. [5] we calculated the midpoint  
value Tm of the spectra at  20 ~ In  this  
calculation we took Gg = 5 • 109 dyn/cm 2 
for all bitumens, as this value applies to all 
our measurements.  I t  is interesting to note 
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T a b l e  2 

Sample ill) log rldyn 2 ) log r/vise s) log ~m 4) B 5) To 2) A 7) 

1 2.5 5.8 6.4 - -  4 .6  690 229 - -  
2 4 .0  5 .2  5.1 - -  6 .2  739 215 - -  
3 4 .9  5 .5  5 .0 - -  6.8 872 197 - -  
4 6.3 6 .4  6.1 - -  7.6 818 210 - -  
5 6.0 7.2 7 .4 - -  6.4 995 207 - -  
6 5 .0  6.6 6.6 - -  5.8 878 209 - -  
7 5 .8  6 .0  6.1 - -  7 .4  975 198 - -  
8 5 .0  6 .8  6 .8 - -  5 .6  747 221 - -  3.6 
9 5 .0  6.9 6.8 - -  5.5 812 211 - -  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 l l . 5  - -  7.3 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 51 - -  14.2 

Remarks 

1) D e f i n e d  b y  eq.  [3] e s t i m a t e d  m a x .  e r r o r  =~ 0.5. 
2) Viscosity (P) at 20 ~ f r o m  m a s t e r  c u r v e  e s t i m a t e d  m a x .  e r r o r  :L 0.3. 

5.0 
4.3 
3.6 
3.5 
4.4 
3.9 
4.3 

3) V i s c o s i t y  (P)  a t  20 ~ e x t r a p o l a t e d  f r o m  v i s c o s i t y  m e a s u r e m e n t s  a t  h i g h e r  t e m p e r a t u r e s  e s t i m a t e d  m a x .  
e r r o r  ~ 0.3. 

4 )Def ined  b y  eq.  [3] e v a l u a t e d  f r o m  3 rd  col. o f  t h i s  t a b l e  b y  eq.  [5] u s i n g  log  Ga = 9 .7 ;  d i m e n s i o n :  s e c o n d s  
e s t i m a t e d  m a x .  e r r o r  ~= 1.0. 

5) D e f i n e d  b y  eq.  [15], ~  for  s a m p l e s  1 - 1 0  e s t i m a t e d  m a x .  e r r o r  ~ 5 % ;  for  s a m p l e s  11 14 e s t i m a t e d  m a x .  
e r r o r  ~ 1 0 % .  

6) D e f i n e d  b y  eq.  [15], ~  for  s a m p l e s  1 - 1 0  e s t i m a t e d  m a x .  e r r o r  =]_ 5 ~  for  s a m p l e s  1 1 - 1 4  e s t i m a t e d  m a x .  
e r ro r  _~ 15 ~  

7) D e f i n e d  b y  eq.  [15], u s i n g  3 r d  col. e s t i m a t e d  m a x .  e r r o r  =~ 0.3. 

in table  2 tha t  Tm varies much less t han  the 
viscosities at  20 ~ indicating t ha t  the  
la t ter  - for the  present  set of samples - are 
largely governed by the width of the  relaxa- 
tion spectra.  

The fact  t ha t  the mas te r  curves of the 
b i tumens  can all be der ived from log 
Gaussian spectra,  which only va ry  in width,  
is cer ta inly  one of the reasons of the regular- 
i ty  to which we referred in the in t roduct ion.  
Fur the rmore ,  we m a y  point  to a pecul iar i ty  
in the shapes of the master  curves for 
various values of ft. I t  was found numerical ly  
t ha t  the modulus values a t  constant  phase 
angle with vary ing  fl are on a fan of s t ra ight  
lines in the double logari thmic plot of fig. 2. 

The  viscous flow and elastic deformat ion  
asympto tes  form the ex t reme members  of  
the fan. As an example  we have drawn some 
lines of constant  phase angle in fig. 2. 

Log Gaussian re laxat ion  t ime distr ibutions 
have  also been found in dielectrical (13) and 
mechanical  re laxat ion (15) with simple 
liquids of which the molecules are associated 
by  hydrogen  bonding. Al though b i tumens  
are by  no means simple liquids which can be 
discussed in terms of interact ions between 
" t h e "  molecules, it  is plausible to a t t r ibu te  
a bonding capaci ty  to a f ract ion of the 
const i tuent  molecules, viz. the "asphal tenes"  
and it  is known tha t  the interact ions in this 
f ract ion are of  a hydrogen bonding nature .  

The var ia t ion  of type  as seen by  the increas- 
ing values of fl f rom samples I to 14 is 
accompanied  by  increasing asphaltenes con- 
tent .  Since the var ia t ion  of the spec t rum 
with vary ing  type  only comes about  as a 
change in spect rum width  we tend  to 
conclude t h a t  the effects of asphal tenes - and 
possibly also of o ther  fract ions which v a r y  
with changing type  - cont r ibute  to the whole 
spectrum.  This conclusion is a t  var iance 
with a t en ta t ive  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 cont r ibute  speci- 
fieally. 

Recen t ly  it  has been shown (10, 17) tha t  
for m a n y  pure liquids the plots of storage 
and loss moduli  against  relat ive f requency  
coincided if the moduli  were t aken  relat ive 
to the  (specific) glassy modulus  of the  
liquids. The common modulus funct ion could 
be described by  a simple ma themat i ca l  
formula  (17), which (from the  initials of the  
authors)  will be denoted  as the B.E.L.  model.  

Very  recent ly,  the B.E.L.  model  has been 
provided  with an adjustable  constant  K to 
fit the  da t a  for b inary  mixtures  of pure  
liquids (18) and also Hutton and Phillips (19) 
needed an adjustable  B.E.L.  model to 
account  for their  results on hep tamethy l -  
n o n a n e .  
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In  the upper  pa r t  of fig. 5 we have p lo t ted  
the  curves for  the original B .E.L.  model 
(K = 1) and a set of curves obta ined from 
a log normal  distribution.  The value of 
fl = 2.6 w~s chosen to obta in  equal moduli  
a t  a re la t ive f requency  of uni ty .  We note  
t h a t  there  is quite a close correspondence 
be tween the  two models. For  the  choice 
fl = 2.6 the  m a x i m u m  deviat ion is about  
6% in G r As a consequence, we m a y  note  
t h a t  our  sample no. 1 (fl = 2.5) behaves 
v e r y  much  like the pure  liquids s tudied by  
Lamb et  al. 

On the o ther  hand,  the behaviour  of  the 
b i tumens  character ized by  higher fl values 
increasingly depar ts  f rom tha t  of the (ad- 
justable)  B.E.L.  model. The lower pa r t  of  
fig. 5 shows t h a t  the case fl = 5 qual i ta t ively  
corresponds wi th  K = 8. This demonst ra tes  
the  onset  of a horizontal  section at  45 ~ in 
the  phase angle curve, which effect becomes 

G! G2 
G o ~ Gg 
t.0 ..... G~ 

Gq 

0.8 Z / - - - K  = t 

O.6 / "  - -  /9=2.6 

0.4 ' ~  

0.2 Gq 

0 1 -~ .... --] 
- 2  - I  0 I 2 5 4 5 

Log RELATIVE FREQUENCY 
a 

PHASE ANGLE, dog. 
90 ~ 

10~- I I I I I I I I I I I ' ~  
- 8  - 6  - 4  - 2  0 2 4 6 

tog RELATIVE FREQUENCY 

Log IG(.)I 
Gg i I  - - - K ~ 8  

I I I 
- 8  - 6  - 4  - 2  0 2 4 6 

LOg RELATIVE FREQUENCY 
b 

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

more p ronounced  at  higher K values. These 
results show th a t  the  assumption of  log 
normal  re laxat ion  spectra  is more suitable 
for a general  descript ion of the re laxat ion 
b e h a v i 0 u r  of b i tumens  t h an  the B.E.L.  
model. 

b) Viscosity-temperature/unctions 

We took  one of the  measuring temper-  
a tures  of  each series as a reference tempera-  
ture  TR (generally in the middle of the range 
covered) and de termined  the viscosi ty shifts 
with respect  to it. The  W L F  constants  C 1 
and C~, corresponding with Tn  according to :  

log a T = log B0 (T) _ - -  C1 (T - -  TR) [11] 
t/0 (TR) C 2 +  ( T  - -  TR) 

T -- T• 
are eva lua ted  from a plot  of  

log a T 
versus T -  Tn .  F ro m  a rea r rangement  of 
eq. [11] : 

T--TR_ C~ 
log a T  C, F (T - -  TR) [12] 

it  can be seen t h a t  C 1 and C~ can be obta ined 
f rom the  slope and in tercept  at  T = Tn of 
the s t r a i g h t - l i n e  por t ion of  the above- 
ment ioned  plot.  

The values of  C 1 and C~ obta ined  in this 
way  are no t  wor th  ment ioning unless TR is 
chosen with a physical  significance. Another  
way  is to  express the free-volume constants  
independent  of  the  reference t empera tu re  
by  taking  

C~• C~=B and TR--C2=To [14] 

in which B and T o are constants in the 
Vogel eq. [20] 

B 
]og ~ = A + T -- T------~" [1~ 

The values of B and T o and  of  the adjust-  
ment  fac tor  A are collected in table  2. 
Eq.  [11] and eq. [15] gave a reasonable 
descript ion of  the average f requency- tem-  
pera tu re  shifts for the r u b b e r y  samples, but  
for the pi tch and road- type  bi tumens  con- 
siderable deviat ions were found a t  the 
lowest tempera tures .  This is demons t ra ted  
in fig. 3, in which the  lines correspond with 
eq. [15] for the pa rame te r  values in table  2. 

The deviat ions are ev ident ly  not  a funct ion 
of the viscosi ty or of  the  t em p e ra tu r e  and, 
as can be inferred f rom table  1, ne i ther  of 
the difference between measuring temper-  
a ture  and  glass-transit ion tempera ture ,  
a l though for the  road and  p i tch- type  
bi tumens  the  deviations s ta r t  at  about  



Jongepier and Kuilman, The dynamic shear modulus o/ bitumens 109 

50 ~ above  Tg. We th ink  t h a t  the  devia t ions  
are caused b y  non-va l id i ty  of  eq. [15] a t  
too low values  of  T - T 0. 

Such a non-va l id i ty  is evident ,  since free 
vo lume  will no t  exac t ly  be zero for T < T o 
and  propor t iona l  to  T - T  o for T > T  o . 
We tr ied to replace the  n u m e r a t o r  of  eq. [15] 
b y  a funct ion which "tai ls  off" below 
T = T o r a the r  t h a n  becoming  zero for 
T < T o. W i t h  the  hyperbol ic  fo rm gh (T - To) 
for which g ( T - T o ) =  T - T  o is an a- 
s y m p t o t e  as a n u m e r a t o r  in eq. [15]: 

1 { T - - T o §  2+ C)  [16] gh (T - To) = ~- 

we could find values  for A, B, C and T o 
which gave  a good fit over  the  entire range.  
The  full line in fig. 3 gives the  resul ts  on 
sample  no. 1 for the  values  A = - 4 . 6 ,  
B - - 8 0 0 ,  T o = 225 and  C = 2350. This  
m e t h o d  is not  fu r the r  discussed, since m a n y  
o ther  four p a r a m e t e r  equat ions  would fit 
and  there  is no a priori  justif icatio n of  
eq. [16]. We n e i t h e r  expec t  success ; f rom. the  
addi t ion  of an Arrhenius  t e r m  to eq. [!5], 
since the  resul ts  a t  higher t e m p e r a t u r e s  are 
well described b y  the  f r e e - v o l ~ e  equat ions.  

Accept ing the  l imited va l id i ty  of  eq. [ l l ]  
and  [15] - which l imits are by  no means  
na r row - we m a y  now" discuss the  values of  
B and  T o obtained.  I t  can be seen f rom 
table  2 t h a t  on the  average  high values of  
B are associated wi th  low values of  T o and  
vice versa.  Al though  B and T O cannot  be 
de te rmined  comple te ly  independent ly ,  the  
va r ia t ion  of B wi th  T O appears  to be signi- 
ficant. A similar  re la t ion be tween  the two 
Vogel cons tants  is found  in the  results  in 
table  1 of  ref. 17. 
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Fig. 6. Dependence of free volume parameters on 
spectrum width 

Fig. 6 shows t h a t  the  f r e e : v o l u m e  cons tan t s  
B and  T o depend  on the  t ype  of  b i t umen  if  
the  l a t t e r  is expressed  b y  fl, 

The  fact  t h a t  B varies  wi th  the  t y p e  of 
b i t umen  implies  (eq. [14]) tha~ i t  is im-  
possible to assign to each mate r i a l  a specific 
reference t e m p e r a t u r e  which yields a c o m m o n  
pair  of  W L F  cons tants  for all b i tumens .  
Nevertheless ,  the  B values of  the  road  and  
p i tch  b i t umens  are close to the  va lue  of 
900, associated wi th  the  "un ive r sa l "  W L F  
cons tan ts  C 1 = 8.86 and  C 2 = 101.6. 

I f  we plot  the  two W L F  constants ,  ob ta in-  
ed b y  t ak ing  the  glass- t ransi t ion t e m p e r a -  
tures  as a reference (fig. 7 a), we see t h a t  the  
resul t  is not  one set, i. e. one point  in fig. 7 a, 
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Fig. 7a. WLF constants with glass-transition temper- 
ature as a reference 

bu t  two groups.  One group corresponds with 
fl values  below 6 and  the rest  wi th  higher fl 
values.  An in teres t ing figure is ob ta ined  
when  an equiviscous t e m p e r a t u r e  is t a k e n  
as a reference. 

Fig. 7 b shows the  resul ts  for an equiviscous 
t e m p e r a t u r e  of  2 • 104 P.  This gives a more  
regular  picture ,  in which the  th ree  groups  
of b i tumens  are " in  l ine".  A similar  p ic ture  
is ob ta ined  wi th  o ther  equiviscous t empe r -  
a tures .  As a consequence of the  difference 
be tween  fig. 7 a and  b we m a y  conclude t h a t  
Tg is not  an equiviscous t e m p e r a t u r e  for our  
samples.  

I f  the  difference be tween  the  coefficients 
of  expans ion  in the  liquid and  the  glassy 
s t a te  is t aken  as the  coefficient of  expans ion  
of free volume,  we can calculate  the  free 
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volume fraction /g at Tg. The values are 
given in table 1, and illustrate that  Tg is 
not an equi-free-volume temperature for 
our results either. One may doubt the values 
obtained from Tg by volume dilatometry, 
since the transition is not very sharp - the 
region from Ta to Tb in fig. 4 is generally of 
the order of 30~ - and there is an un- 
certainty of about 3 ~ in the values due to 
some arbitrariness in choice of  the lines a 
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Fig. 7b. WLF constants with equiviscous temperature 
of 2 x 104 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 tha t  the experimental uncertainty 
in Tg is probably not very large. 

The uncertainty seems rather to be on 
the phenomenological side, in tha t  Tg 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 Tg for varying 
types of bitumen is perhaps tha t  we try 
to correlate the equilibrium free volume 
fractions as a function of temperature (from 
e. g. viscosities) with a non-equilibrium 
measurement of free volume. 

The effect of cooling rate is small in our 
view: Tg changed less than 3 ~ with 
samples 6 and 14 for cooling rates varying 
from 0.3 to 3.0 ~ Nevertheless, much 
larger differences in Tg 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 Tg is most clearly illustrated 
by the fact that  the dilatometric glass- 
transition temperatures approach the "ther- 
modynamic glass-transition temperatures" 
T o as the spectrum becomes narrower, i. e. 
as fl 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 modu]i 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 dilatometric glass-transition temperatures 
approach the thermodynamic ones as the spectra 
become narrower. 

Zusammen/aasung 

])as thermorheologisehe Verhalten und die dilato- 
metrischen Glasiibergangstemperaturen yon Bitumen 
wurden an 14 ffir die drei Haupttypen charakteristi- 
schen Proben untersueht. Die Frequenzabh/ingigkeit 
l~l~t sich durch GauB-Verteilungen der log. Relaxations- 
zeit beschreiben. Die Verteilungsbreite ist durch den 
Bitumentyp bedingt. 

Die Frequenz-Temperatur-Verschiebungen bzw. die 
Viskositi~ts-Temperatur-Beziehungen entsprechen Glei- 
chungen yore Typ des freien Volumens fiir Tempera- 
turen, die nicht zu nahe den thermodynamischen Glas- 
fibergangstemperaturen liegen. Die Konstanten in die- 
sen Gleichungen iindern sich mit dem Bitumentyp. 

idle dilatometrischen Glasiibergangstemperaturen 
k6nnen nicht als einfache Vergleichstemperaturen fiir 
entsprechende ZustEnde des freien Volumens dienen. Es 
wird gezeigt, da6 ihre Bedeutung yore Bitumentyp ab- 
h/ingig ist. In  diesem Zusammenhang ist zu bemerken, 
dab sich die dilatometrischen Glasiibergangstempera- 
turen den thermodynamisehen mit  schmaler werdenden 
SPektren n~hern. 
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Symbols: 

a crack length, ins. 
a 0 initial crack length 
c constant 
e distance from wedge tip to line of load ap- 

plication, ins. 
Hp depth of tapered split arm at load line ins. 
K I stress intensity p.s.i. Uinss 
Klfma x maximum fatigue stress intensity p.s.i. 1 / ~  
K i f m i  n minimum fatigue stress intensity p.s.i. Vinss 
N number of cycles 
P load. lb. 
R stress intensity ratio < 1. 
a stress p.s.i. 

Introduction 

T h e  s t u d y  o f  p r o b l e m s  o f  f a t i g u e  c r a c k  
g r o w t h  h a s  in  t h e  p a s t  b e e n  c o n d u c t e d  on  
w ide  c e n t r e - c r a c k e d  p l a t e s  [1, 2]. T h e  c r a c k  
is g r o w n  f r o m  a n  i n i t i a l  s t a r t e r  n o t c h ,  a n d  
as i t  e x t e n d s  so t h e  c r a c k  t i p  c o n d i t i o n s  
v a r y  c o n t i n u o u s l y .  S u c h  s p e c i m e n s  r e q u i r e  
c o m p l e x  e n d  f i t t i ngs  a n d  h i g h  l o a d  c a p a c i t y  
t e s t i n g  m a c h i n e s .  T h e  c o n s t a n t  c o m p l i a n c e  
s p e c i m e n  is a s m a l l  c o m p a c t  f o r m  s u g g e s t e d  
for  f r a c t u r e  t o u g h n e s s  t e s t i n g .  I t  h a s  t h e  
p r o p e r t y  o f  c o n s t a n t  c r a c k  t i p  s t r e s s  in-  
t e n s i t y  for  n o n - d i m e n s i o n a l  c r a c k  l e n g t h s  
a / W ,  a p p r o x i m a t e l y  e q u a l  to  0.25 to  0.5 a n d  
r e q u i r e s  o n l y  a low l o a d  c a p a c i t y  m a c h i n e  
for  t e s t i n g .  

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 KI calibration by (3) which 
gives 

KI BW I1~ 
-- 14.2 

P 
for 

Hp _ 0.4, W 5 and W 
e e = ~ = 1 ~ . 5 .  

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

Fig. la .  Geometry of constant compliance specimen 


