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Abstract 

The mechanica! behavior of dispersions of stiff mineral particles (filler) in a visco-elastic 
hydrocarbon mixture (binder) is subject of this study. At Shell Research and Technology Centre 
Amsterdam it has recently been discovered that these dispersions have a very high strength, 
which provides opportunities for paving and construction applications. The usage of this 
material in these applications instead of combustion will strongly reduce the emission of C02• 

Dynamic mechanica! behavior is studied using oscillatory shear experiments. Experiments on 
different binders reveal large differences in their microstructures, sol- and gel-structures are 
revealed. The effect of adding filler to the binders is studied as well. It appears that a percolating 
elastic network of filler particles in gel-binders arises if the in~er particle distance between the 
filler particles is below a critica! value. The obtained sealing exponent, a = 3.55, is consistent 
with earlier reported values for various forming percolating elastic networks. 

Prolonged heating of the binders leads to hardening of the material, this is attributed to the 
development of a network of associating asphaltene particles in the binder. 

For a specific binder, fatigue experiments reveal that fatigue occurs in the binder after a critica! 
number of cycles, whereas in composite materials no fatigue phenomena have been observed. It 
is assumed that the crack propagation in the composite materials is stopped before a critica! 
crack size is reached. 
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Chapter 1 

Introduction 

1.1 Motivation for the project 

A crude oil is a complex colloidal system. In the refinery process 60-70% can be separated into easily 
refinable fractions by distillation. The hydrocarbon residual material is called a vacuum residue. lt is 
mainly used as a binder for mineral aggregates to form asphalt mixes in paving applications, or as a 
feed for thermal or catalytic cracking. The common nomenclature for the binder in paving asphalt 
mixes is bitumen. 

At Shell it has recently been discovered that using very heavy, carbon-rich refinery residues as a 
binder for mineral aggregates will lead to very strong composite materials. Pavers that are produced 
appear to have a flexural strength in three-point bending of 4-9 MPa, which is similar to the flexural 
strength of concrete, 5-9 MPa. In common bitumen/mineral composites (asphalts) no such behavior is 
observed, in this case the material shows very ductile behavior. 

At present the hydrocarbon residue is mainly used as a fuel for electrical power plants and ship's 
engines. Due to the high carbon content, these applications will lead to the production of large 
amounts of C02• If the mechanica! properties of these materials are sufficient for paving and 
construction applications, then the unfavorable production of C02 can stongly be reduced. The name 
of the binders used in these composites is "C-fix", which stands for "Carbon fixation": the sustainable 
fixation of carbon in paving and construction applications. 

In the present study the micro-mechanica! behavior of the C-fix binders in relation to commonly used 
bitumens is the focus of attention. Understanding the micro-mechanica} behavior of binders is of 
major concern since the micro-mechanica! properties of binders are closely related to behavior of the 
binder/mineral composites on a macro-scale in paving or construction applications. In this thesis a 
systematic approach to understand micro-structure in relation to micro-mechanica! behavior of C-fix 
binders and cornmon-used bitumen is presented. 

1.2 Asphaltene association 

In the present study the visco-elastic properties of various binders will be studied from a physics point 
of view. The mechanica! response of these binders will be strongly dependent however on their 
chemica! composition, which will be briefly discussed. A binder (residue) is a mixture of a broad 
range of hydrocarbon chemica} species differing by their molar masses, aromatic and aliphatic 
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structures, and polarity. Corbett proposed separating a residue in four pseudo-components: saturates, 
aromatics, resins and asphaltenes (SARA fractions) 1

• Asphaltenes are defined as the part of the binder 
that is insoluble in paraffinic solvents (e.g. n-heptane) and that is soluble in toluene. The complex 
mixture containing the saturates, aromatics and resin molecules is called 'maltene phase'. 

Asphaltenes are themselves complex mixtures of substances with high molecular masses (mw> 1000 
a.u.) . They belong to a class of hetero-atomie compounds, i.e. organic compounds which contain, in 
addition to hydrogen and carbon, atoms such as oxygen, nitrogen and sulfur. The chemica! structure 
and the resulting mechanica! behavior of the asphaltenes can thus vary strongly when regarding 
different residues. 

One of the most significant studies on asphaltenes bas been performed by Yen2
• According to this 

study, asphaltenes are heterocyclic aromatic sheets with attached alkyl side chains restricted to the 
plane of the sheet. These sheets have a diameter of 1.2-2.0 nm and are capable of associating in their 
third dimension (perpendicular to the plane of the sheet) in the presence of non-polar or slightly polar 
solvents to form stacked clusters about 3 nm in height. Depending on the type of asphaltenes and the 
environment this is about five layers. The association need not stop at the level of these clusters (or 
particles). These clusters themselves can associate to yield even larger agglomerates . Reported values 
for characteristic dimensions of these large clusters are in the order of 200-2000 nm. Figure 1.1 
illustrates the above different levels of association of asphaltene molecules. 

Unit sheets 

H-

Figure 1.1: Basic unit sheets of asphaltenes form stacks which in turn can agglomerate to yield 
larger structures (Model of Yen). 

Figure 1.2 presents the above agglomeration model with, in addition, the surrounding maltene phase3
• 

The dispersed asphaltene agglomerates, which are insoluble in the maltene phase, are peptized by a 
solvation shell of resin molecules to form micelles. The binder is thus described as a colloidal 
dispersion of micelles with an asphaltene core and a resin shell in a maltene liquid. The thickness of 
the resin shell is temperature-dependent, see figures l .2a and l .2b. 
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Figure 1.2: Model of the structure of binders: a colloidal dispersion of micelles with an asphaltene 
core and a resin shell in a maltene liquid. The thickness of the resin shell is temperature dependent 
(a,b) . In the case of a high asphaltene content (c), a compact structure can be present (here 
presented at low temperatures). 

Depending on the degree of aromaticity of the maltene phase and the nature and the concentration of 
the asphaltenes (see fig l.2c), the rnicelles either move freely with respect to each other (sol type) or, 
by mutual attraction, they may forma structure throughout the material (gel type)4. The colloidal state 
of the system largely deterrnines the visco-elastic properties of the bitumen. 

A sol binder exhibits newtonian behavior, where viscosity is independent of the shear stress and elastic 
effect are negligible, whereas gel binders exhibit highly non-newtonian behavior. A gel structure is 
believed to form within a binder when enough asphaltenes and resins are present. A sol binder can be 
converted into a gel binder by oxy-conversion: when a binder is blown with air, the binder is hardened 
due to a change in its chemica! composition. 

When two thermodynarnically unstable asphaltene particles collide there is a certain chance that they 
will stick together. If they do so, they will move on together like one particle. In that way small 
aggregates arise, which in turn will collide with each other. In figure 1.3 this process is illustrated. A 
system of randomly dispersed asphaltenes (l.3a) agglomerates in time, and after given periods of time 
a picture of the asphaltene aggregates is presented (l.3b-d) . The structures that are formed are self
sirnilar in the large-scale statistics. In other words, the disordered structures possess scale symmetry, 
such that they look sirnilar on many different length-scales. Such systems are referred to as fractal 
structures. Figure 1.3 shows an example of the formation of fractal structures during aggregation. This 
process is called 'fractal aggregation'. 

The fractal aggregation as described here is a revision of the classica! picture by Yen ( see above) of 
asphaltenes that are still in suspension. In the model of Yen. no fractal structures are included. 
Markvoort5 performed SAXS experiments on different residues. From his findings it appears that large 
(> 200 nm) fractal aggregates are present in some residues. The primary particles are asphaltene 
stacks. Fractal dimensions of 1.75 are reported, which indicates a diffusion lirnited growth. 

5 
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1.3 Filled systems 

1.3.1 Inter-particle distance 

Next to the visco-elastic properties of the pure binders, this study also looks into the effect of adding a 
filler to the binder. In practice binders are mostly used in combination with a filler. A characterization 
of these composite properties can reveal useful information for practical applications. The dispersions 
are composed of a visco-elastic binder filled with rigid spherical particles. It is assumed that the filler 
particles are well dispersed in the matrix of binder material. 

An important parameter in characterizing the microstructure of the composite material is the matrix 
ligament thickness between filler particles in the particle modified-binder. The distribution of stresses 
within the composite material is strongly dependent on this parameter. In the preparation process of 
the composites binder and filler are mixed, resulting in a random dispersion of the filler particles. A 
reasonably good approximation of the inter-particle distance in a random dispersion like this, is 
obtained by assuming a face-centered cubic (FCC) packing or a body-centered cubic (BCC) packing 
of the spherical filler particles6

• 

The equation describing the relationship between the inter-particle distance A, defined as the minimum 
distance between the surf aces of two adjacent filler particles, and the volume fraction of filler content 
in the composite <p, is given by equation 1.1: 

6 



Visco-elastic and long-time behavior of dispersions with a structured binder M. Wilbrink 

A=+:)Y,-1] (1.1) 

With: d = diameter of the filler particles 
f3 = geometrical factor for FCC, f3 = ~Jï = 0.74, 

for BCC, f3=11:../3/s = 0.68. 

In figure 1.4 equation ( 1.1) is plotted for both the FCC and the BCC packing. It can be seen that for 
A=O the maximum packing is reached, rp = 0.74 for FCC and rp = 0.68 for BCC. Fora random packing 
these estimations are upper lirnits. The true inter-particle distance will be slightly lower than the values 
predicted by this model. The maximum packing for a random dispersion of spherical filler particles is 
rp = 0.647

• 
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Figure 1.4: Scaled inter-particle distances as function of filler content for face-centered cubic 
(FCC) packing and body-centered cubic (BCC) packing. 

1.3.2 Percolation 

Many composite systems are composed of materials with properties that are significantly different. 
Examples are suspensions (solid particles in a fluid), isolator/conductor composites, porous materials 
(air in a solid). The composites in the present study are also made of two materials with large 
differences in a particular property. In this case stiff filler particles are incorporated in a flexible visco
elastic binder. In all these systems, the macroscopie properties of the composite will depend 
sensitively on the fraction of both materials present. 

In the present case, the macroscopie properties of the composites depend on the volume fraction of 
filler present in the binder. In case the filler content is very small, the macroscopie properties of the 
composite will be almost completely be deterrnined by the properties of the binder. If the volume 
fraction of the, randornly dispersed, filler particles is increased, at a certain critica! filler fraction <fJn 
the filler content will be sufficiently large that a path of filler particles connects one side of the sample 
with the opposite side, a path thus 'percolates' through the composite. This multi-particle effect has an 
enormous influence on the macroscopie properties of the material. In this case a percolation elastic 
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network can arise that can have an extremely large effect on the elastic properties of the material. 
Whereas the overall properties of the rnaterial for filler fractions far below <fJc will almost completely 
be determined by the properties of the binder, near and above <fJc the properties of the incorporated 
filler will play a dominant role. The theory that describes the effect of the interconnectivity of various 
regions of a given system on its overall properties is called 'percolation theory'. 

In this study two different processes concerning percolation should be distinguished. As illustrated in 
figure 1.3, large structures arise as a result of the fractal aggregation of asphaltenes in the binder, at 
constant asphaltene content. Second, the randomly distributed filler particles can interconnect. At a 
sufficient high filler content a large percolation structure will form. In figure 1.4 this, so-called 
'random percolation' , is illustrated for a system with overlapping particles. In this case percolation 
occurs by increasing the filler fraction. It should be stressed that overlapping of the filler particles as in 
this particular example is not possible in the present study, which is perf ormed with impenetrable filler 
particles. 

Figure 1.4 : Growth of a percolating network for a system with overlapping filler particles, N 
denotes the number of filler particles present. Percolation occurs if number of particles, and thus 
the filler fraction, is beyond a critical value. 

1.4 General overview of the project 

In this study we want to characterize the micro-mechanical behavior of different binders and relate it 
to their microstructures. Four different kind of binders are used, two candidate C-fix binders on which 
still little knowledge bas been build up, and in addition a typical sol-bitumen and a typical gel
bitumens. These bitumen have well-known properties, and therefore will act as reference materials. 

In DMA experiments the complex shear modulus of a material is measured at different temperatures 
and frequencies. In chapter 2 the theory concerning DMA is described. The measured complex shear 
modulus contains information on the elasticity of the material under investigation. 

In chapter 3 percolation theory is described. Effective medium theory (EMT), with a self-consistent 
approach, is described for the composite systems as used in this study. This theory provides a method 
to calculate the effective properties of a composite system. Finally, in this chapter a 'modern' 
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approach to percolation is presented, introducing the effects of an arising percolating network on the 
macroscopie properties of the material. 

In this project OMA experiments are performed on suspensions of the binders and different kinds of 
fillers. In chapter 4 the experimental procedure as pursued in this study is described. These 
experiments on unmodified binders will reveal differences in mechanica! behavior. When adding a 
filler, a characteristic length scale is introduced in the binder, being the inter-particle distance between 
the fillers A. Figure 1.5 gives a schematic view of a binder containing asphaltene particles, with a filler 
added. In case A is smaller than the size of asphaltene aggregates that can possibly be present, 
different filler particles can be interconnected and a percolating network can arise, resulting in 
dramatic changes in the mechanica! behavior of the material. 

Figure 1.5: A schematic view of a suspension of a binder (gray) containing asphaltenes (black) 
and a filler (white). 

From equation 1.1 is clear that two parameters can be used to change A, the filler-size and the filler 
fraction. In chapter 5 results of OMA experiments on different suspensions are presented; for different 
binders A is varied using these two parameters. 

Aggregation of unstable asphaltenes is time-deperident, and with increasing time, larger aggregates 
will form. There is also a temperature dependency: at high temperatures the viscosity of the maltene 
phase will be relatively low, and will therefore influence the mobility of the asphaltene particles. Next 
to this temperature effect, also the reactivity of the asphaltenes increases with temperature. 
Measurements on the time-dependence of the mechanica! properties of different suspensions can 
reveal the development of these networks. Results of these experiments are also presented in chapter 
5. 

In chapter 6 the obtained data on the micro-mechanica! behavior are related to the rnicrostructure of 
the different suspensions. Different rnicro-structures are hypothesized making allowance for the 
measured mechanica! behavior. Results from EMT calculations will be qualitatively compared to the 
experimental data. The disceming properties of the C-fix binders compared to the bitumens will be 
revealed. 

Next to the micro-mechanica! behavior, also macroscopie properties of C-fix-rnineral composites are 
exarnined. The occurrence of fatigue is of major concern in regarding the possibilities for paving and 
construction applications. In chapter 7 results of fatigue measurements, perf ormed during a stay at 
Shell Research and Technology Centre Amsterdam, on pure C-fix binder and C-fix-rnineral 
composites are presented and discussed. 

In chapter 8 the major conclusions of this study will be presented. Finally in the appendices 
experimental data are presented that, next to the data presented in chapter 5, provide less essential 
additional information and are therefore added to this thesis as background information. 

9 
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Chapter 2 

DMA-Theory 

2.1 Linear visco-elasticity 

Characteristic for the bituminous materials used in the present study is their visco-elastic response. 
'Visco-elastic' indicates the simultaneous existence of viscous and elastic properties in a material. A 
particular response of a sample in a given experiment depends on the time-scale of the experiment in 
relation to a relaxation time of the material. If the experiment is relatively slow, the sample will appear 
viscous rather than elastic, whereas, if the experiment is relatively fast the material will appear to be 
elastic rather than viscous. At intermediate time-scales a mixed (visco-elastic) response is observed8

• 

In a Dynamical Mechanica} Analysis (DMA) of a material an oscillatory stress u, with frequency m, is 
applied to a visco-elastic material. In response it will deform with a oscillatory strain e. Tuis 
deformation response will have the same frequency m , hut there will be a phase difference between u 
and c. The relationship between u and e defines the 'complex shear modulus' G*: 

er =G *(m)e. (2.1) 

As mentioned above, the response of the visco-elastic material will be dependent of the time-scale of 
the experiment, thus will be dependent of m. G*( m) is a complex quantity that can be separated in a 
real part G' and a complex part G " : 

G*=G'+iG". (2.2) 

G' and G" are respectively referred to as the storage modulus and the loss modulus. They re~resent 
respectively the elastic part and the dissipative viscous part of the work extended on the sample. 

The phase difference 8 between u and e, written in terms of G' and G ", is given by: 

(G"J 8 =arctan G (2.3) 

In case the material bas a fully elastic behavior 8 = 0°; in the opposite case, when the material has a 
fully viscous behavior, 8 = 90°. 8 can thus be looked upon as being a measure of the elasticity of the 
material. 

10 



Visco-elastic and long-time behavior of dispersions with a structured binder M. Wilbrink 

The ratio between the amplitudes of the harmonie signals a and e is the magnitude of the complex 
shear modulus; this magnitude of G* can be written in terms of G' and G" as: 

(2.4) 

If a single-time relaxation process with a characteristic timer is considered, G* can be written as: 

G* = WJ11o ;, 110 ro r + wn . [ 2 2 • ) 

l+iror r l+ro 2r 2 
' 

(2.5) 

with 170 being the zero-shear viscosity of the material. Combining equations (2.2) and (2.5) yields 

(2.6) 

and 

G"=!Tu_ ror 
r l+ro 2r 2 (2.7) 

For ro ~o Equations (2.6) and (2. 7) reduce to: 

(2.8) 

and 

G" (ro ~ 0) = 11 001. (2.9) 

2.2 Time-temperature-superposition 

On very short time scales, and thus high frequencies, G*( ro) asymptotically approaches the level 
G*(oo). Equation (2.5) can be written as: 

G* = G * ( oo) iror 
1 + iror 

(2.10) 

It can be seen in equation (2.10) that ro and r enter in the expres si on for G* only as a product and not 
separately10

• Usually relaxation is overcoming a certain energy harrier A. The chance per unit of time 
is proportional with a Boltzmann factor: 

A 

e RT. 

The characteristic relaxation time r is inversely proportional to this factor: 

11 
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~ ~ 
'! ='!oeRr ='roer (2.11) 

It can now be said that: 

To To 
- [-+ln(cor0 )) 

G*(m,T)=f(mr)=f(mr0er )=f(e r ) . (2.12) 

From equation (2.12) it can be seen that an increase in the temperature can have the same effect as a 
decrease in ro: in both cases the complex shear modulus decreases. Experimental data on G*, obtained 
different temperatures but in the same (L)-range, can thus be scaled to one reference temperature Tref by 
shifting the frequencies with a temperature-dependent shift factor ar in such a manner that different 
data sets of G* will overlap: 

(2.13) 

or for a logarithmic (L)-scale, 

(2.14) 

An example of this curve-shifting is given in figure 2.1. Data are obtained on a sample of one of the 
binders used in the present study. It can be seen that the all the data sets are obtained within a 
frequency-range of 0.4 - 100 rad/s, at different temperatures. 40° was taken as reference temperature. 
Composite curves created in this manner are called 'master curves'. 

109 

108 
0 Measurements at 10°c 

different T, 20°c 
T =10-120°c 3o·c 

107 ",,.. 
• Composed 40°~ master curve 

oöë 106 r =40°c 6-0-ë~ ... 
'ëä' 105 a.. 
~ 

" C!J 104 

~cp 103 
1oo·c 

102 110'C 

120°c 
10, 

10·8 10-6 1x10·4 10·2 10° 102 104 106 

(l) [rad/s] 

Figure 2.1: Example of a curve-shifting method. Experimental data obtained at different 
temperatures are shifted along the ro-axis to a reference temperature. 

It can clearly be seen from figure 2.1 that each data set is shifted with a different shift factor. The 
temperature-dependence of the shift-factors generally obey either of two laws. The first one is an 
Arrhenius-law, given by: 

12 



Visco-elastic and long-time behavior of dispersions with a structured binder 

with: R = Boltzmann gas constant (R = 8.314 J/(mol K)) 
Eacr = Material dependent activation energy. 

M. Wilbrink 

(2.15) 

The second law is the WLF-equation, named after Williams, Lande! and Ferry, who postulated it11
: 

c (T-T ) 
JO} ( (T)) 1 ref og ar =- . 

C 2 + (T - Tref ) 
(2.16) 

Equations 2.15 and 2.16 introduce three parameters, Eacr. c1 and c2, which are material dependent, and 
will be determined for each master curve by curve fitting. 
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Chapter 3 

Percolation theory 

3.1 Effective medium theory and the Bruggeman-equation 

Microscopically disordered media are media in which structure and properties are strongly varying on 
a length scale larger than that of the molecules, but much smaller than that of the normal observation. 
This implies that it is aften possible to give locally a description in terms of macroscopie properties, 
but that for the global macroscopie properties a second statistica! averaging is necessary. 

Large similarities exist between totally different media and physical processes, which permits a 
unifying description of the effective behavior via methods of mathematica! physics and statistical 
mechanics. Effective medium theory (EMT) deals with the determination of the effective constants of 
microscopically disordered media12. 

In deriving an expression that accounts for the effect of inclusions on the effective properties of the 
material several approximations can be used. In this case a self-consistent approach is chosen. For the 
surrounding medium of the inclusion (matrix and other inclusions), a homogeneous medium is 
assumed, which already has the effective properties that are to be determined. An incompressible and 
isotropic rnaterial is taken that is composed of: 

a continuous matrix 1 with property G1 and volume fractions <p1 

inclusions 2 with property G2 , with volume fraction <p2• 

The expression that describes the relationship between these properties and the effective property of 
the medium Ge is13

: 

(3 .1) 

Equation 3.1 is called the 'Bruggeman-equation'. It is symmetrie in 1 and 2, which suggests that it can 
be applied in a broad range of concentrations. Equation 3.1 can be re-written as: 

Ge =t<G1lfl1 +G2lfl2)±t((G1lfl1 +G2lfl2) 2 +6G1G2]Yz, 
(3.2) 

with: lf/; =t<fJ; -1fori=1,2. 

Assuming that G2 >> G1 this expression can be rewritten as: 
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(3.3) 

3.2 Visco-elastic behavior of composites 

As described in the previous chapter, the dynamic shear modulus is a complex quantity, see equation 
2.2. In equation 3.3 for the dynamic moduli it can therefore be substituted: 

G *=G '+iG " x x x 
(3.4) 

with x = 1,2,c 

The asymptotic behavior of the dynamic moduli Ge' and Ge'' of the composite material can be 
estimated by substituting equation 3.4 in 3.3, and using the assumption: G2 " << Gi' < Gi'' << G/. 
Material 1 represents the visco-elastic binder at elevated temperatures, and material 2 represents the 
stiff mineral filler. 

For the effective elastic modulus of the composite material Ge' the following behavior is obtained: 

G '=- G1' 
c 1-1<p 

2 2 

G '= G1' +.lG (1<p -1) 
c 1<p -1 3 2 2 2 

2 2 

(3 .5) 

(3.6) 

These equations predict the large increase in Ge' if <p2 is near and above 0.4. A sudden change in 
properties is called a percolation threshold. The critica! volume fraction where this transition occurs is 
called 'percolation threshold.14

• In this case the percolation threshold is <p2=0.4. The behavior of Ge'' is 
given by: 

G" 
G "=- i 

c 1-1<p 
2 2 

G" 
G "= i 

c 1<p -1 
2 2 

(3.7) 

(3.8) 

It can be seen from these equations that the effective loss-modulus of the material is predicted to have 
a low value for most of the <pi-range. Around <p2=0.4 it bas a large peak, this peak will also reveal itself 
in the behavior of the phase angle 8, see equation 2.3. The behavior at the percolation threshold is 
obtained by substituting <p2=0.4 in equation 3.3: 

(3.9) 

The behavior of the composite systems present in this study can be more realistically predicted by 
introducing a frequency-dependency for the visco-elastic binder, using equations 2.5 and 3.4: 
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G1 * = / 0 (m)[mr + i]; Tlo mr 
fo(W)=- 2 2 • 

T l+W T 
(3.10) 

It should be stressed that, in this case a single-time relaxation process with a characteristic time r is 
considered. No account is taken for other relaxation processes in the binder. In evaluating the 
experimental behavior, the zero-shear viscosity 170 and the characteristic time r should be estimated 
from experimental data. For the filler, a high, pure elastic, modulus is taken: 

(real). (3.11) 

Substituting equation 3.10 and 3.11 in 3.5 yields for the effective elastic modulus below the 
percolation threshold: 

G '= foWT 
c 1 5 - -m 2 ..,, 2 

(3.12) 

Substituting equation 3.10 and 3.11 in 3.7 yields for the effective loss modulus below the percolation 
threshold: 

G "= fo 
c 1 5 - -m 2 ..,, 2 

The effective phase angle 8 is given by: 

G" 1 
tan(8 )=-c =-

c G ' mr 
c 

From equation 3 .14 it can be seen that in a 8-m curve a peak is present around mr= 1. 

(3.13) 

(3.14) 

To derive an expression for the effective modulus near and above the percolation threshold equations 
3.10 and 3.11 are substituted in equation 3.6, which yields: 

(3.15) 

Substituting equation 3.10 and 3.11 in 3.8 yields for the effective loss modulus near and above the 
percolation threshold: 

G "= fo 
c 5 1 _(() -

2 ..,, 2 
(3.16) 

Now an expression can be derived for the effective phase angle 8 as a function of the frequency and 
filler content: 
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f o 

G" 1<p -1 
tan(Ö ) =-c = 2 2 

c Ge' 1-G (1<p -1) + fomr 
3 0 2 2 1<p -1 

2 2 

1 =---------G 
1__0 (1<p -1)2 + (J)'r 
3 fo 2 2 

M. Wilbrink 

(3.17) 

Comparing this expression with equation 3.14, which describes 8 as a function of co below the 
percolation threshold, shows that near and beyond the percolation threshold a second time scale: 11JG0 

is introduced. In the latter case a second peak . can occur as a result of this second time scale. The 
separation of the peaks will be dependent on the material parameters of both the binder and the filler: 
'lo and T, and G0 respectively. 

3.3 Sealing 

In the previous section the occurrence of percolation was explained using 'classic' effective medium 
theory (EMT), with a self-consistent approach. In this theory the assumption of an effective 
homogeneous system is made. No allowance is made for the type and structure of the network that is 
formed. In this section, the percolation phenomena that result from a 'modern approach' are described. 

As described in the previous section, above a critica! volume fraction of filler, a percolation transition 
occurs. It is theoretically predicted that the percolation threshold, <pc. for a random dispersion of mono
sized impenetrable spherical particles is 0.17 15

• This value represents contact percolation, in case of 
the percolation of a network that can transport stresses, rigidity percolation, the threshold will be much 
larger. With EMT a percolation threshold of 0.4 was predicted, in this case a homogeneous effective 
medium was assumed. Practical rheology experiments16 have revealed a value of 0.59, close to the 
maximum packing of 0.64. The difference with the predicted value of 0.4 originate from the fact that 
EMT does not take interactions between two or more spheres into account. 

One of the most important characteristics of percolation processes is the universa! sealing laws they 
obey. A typical form of a sealing law, describing the behavior of quantity X(<p) near <pc is: 

(3.18) 

The critica! exponent a is only deterrnined by the large-scale stat1st1cs and basic physical laws 
governing the phenomenon. The implied pre-factor, on the other hand, depends on the details of the 
systems. The exponent a for the elasticity of just percolating networks is 3.55 17

'
18

. In case a 
percolation elastic network arises, for <p around </Je it thus holds for the elastic modulus G': 

G'oc (<p- </Je )3-55. (3.19) 

So a universa! exponent different from EMT is obtained, where a value of 1 is predicted, as can be 
seen in equation 3.6. This difference is caused by the fact that in EMT no statistica! correlations in the 
formation of the network are taken into account. 

Despite the lirnitations of the EMT, it can be used to obtain a qualitative description of the visco
elastic behavior of different dispersions from a theoretica! point of view. 
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Chapter 4 

DMA - Experimental Procedure 

4.1 Rheometer 

Oscillatory shear experiments were carried out on a strain-controlled Rheometer (Rheometrics Ares 
3LS-4A, Rheometrics Ine.), using a parallel-plate geometry. The set-up is presented in figure 4.1. A 
sample is loaded between two parallel plates. An oscillating rotary actuator applies harmonie shear 
deformation. The actuator is connected with the sample through the lower plate fixture. In response to 
these harmonie oscillations the sample generates torque at the fixed upper plate which is measured by 
the transducer. 

Transducer 

Actuator Shear strain 

Figure 4.1: basic representation of the rheometer used in the present study with a parallel-plate 
geometry. 

The force rebalance transducer (FRT) consists of independent rotational (torque) and axial (normal 
force) servo-control systems, each utilizing position feedback to maintain the FRT-shaft, which is in 
contact with the sample through the upper plate, in a null position when no torque is applied. When 
torque is applied to the FRT-shaft, the servo-control systems drive the shaft back to the null position. 
The electrical current required to drive back to the null position is proportional to the force applied. 
This current is converted and scaled to become the shear-stress output of the transducer. In case a 
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slight mechanica! variance within the FRT occurs, a warning from the Rheometer is sent to the user. 
Two FRTs are used, each with a different measurement range. 

The instrument compares the applied (harmonie) shear strain with the measured (harmonie) shear 
stress. The output quantities are the magnitude of the complex shear modulus G*, which is the ratio 
between the amplitudes of the shear stress and shear strain, and the phase angle 8, which is the phase 
difference between the shear stress and shear strain. 

For each material studied a 25 mm diameter parallel-plate geometry with a gap between the plates of 
approximately 1.5 mm is used at the highest temperatures. At lower temperatures an 8 mm diameter 
geometry is used with a gap width of approximately 2.5 mm. It appears that around these values of the 
gapsize, the measured data are independent of the gapsize. Errors appear whenever the gapsize is 
below 300 µm, the upper bound limit in the gapsize is the fact that the material, at high temperatures, 
will more easily pour out from between the plates 

In case the magnitude of the dynamic shear modulus G* of the ~ample approaches the stiffness of the 
instrument, the data become less reliable; this occurs when G* exceeds 1 *108

. 

An environmental control chamber is used to perform experiments at various temperatures. The 
temperature range that is used ranges from -10 °C to 240 °C. The accuracy of the value of the 
temperature is 0.35 °C, the thermal drift is less than 0.002% per °C. The thermal-expansion coefficient 
of the Rheometer, including the parallel plates, was determined to be 2.3 µm/°C. Upon changing the 
temperature, the gap size was manually corrected for thermal expansion of the tool using the above 
value of the thermal-expansion coefficient. 

The visco-elastic behavior of different suspensions bas been studied with DMA: at different 
temperatures a frequency sweep bas been carried out from 100 rad/s to 0.4 rad/s. The magnitude of 
complex shear modulus G*( w) and the phase angle IX w) are measured as a function of the angular 
frequency w. Before starting the measurement, at each temperature 5-10 minutes were taken to let the 
sample adjust to the temperature. A strain-sweep was performed at 5 rad/s to estimate the strain 
interval with a linear mechanical response, to measure the strain range in which G* is independent of 
the applied strain. Following this strain-sweep experiment, a strain approximately in the middle of this 
interval was taken as the applied strain in the frequency sweep. 

Frequency sweeps were performed every 10°C, starting at low temperatures. Master curves, see 
previous section, are created by shifting each set of frequency sweep data along the ro-axis to a 
reference temperature. In all the master curves 40°C was taken as this reference temperature. Curves 
are shifted using a minimization algorithm, which optimizes the overlap between two adjacent data 
sets. 

Molded (see next paragraph) samples are loaded by pre-heating the geometry to temperatures around 
80°C. The material, which is at room temperature, will stick to the plates. It is then gently compressed 
until the gap bas the appropriate value. Following, the material that sticks out is cut off. 
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4.2 Materials 

4.2.1 Binders 

In this study we want to characterize the micro-mechanical behavior of different binders and relate it 
to their microstructures. Four different kind of binders are used. Two C-fix binders with unknown 
micro-mechanical properties and microstructures are used. One that, when used as binder in a C-fix 
paver, results in a paver with a high fracture toughness, while the other results in a paver with a low 
fracture toughness. These binders are referred to as respectively 'C-fix binder quality A' (C-fix A) and 
'C-fix binder quality B' (C-fix B). · 

As reference materials two bitumens are used with well-known mechanical properties and 
microstructures, a typical sol-bitumen and a typical gel-bitumen. In table 4.1 the density and the 
weight fraction of asphaltenes of the binders are presented. 

Binder Density [g/cm3
] Percenta2e of asphaltenes [ w % l 

C-fix B 1.047 12.6 
C-fix A 1.094 24.9 
Sol-bitumen 1.071 13.2 
Gel-bitumen 1.075 20.9 

Table 4.1: Characteristics of the binders used in the present study. 

4.2.2 Fillers 

Three different kinds of filler are used to make composite materials with the above presented binders. 
Table 4.2 presents some characteristics of the fillers used. 

In this project at Shell Wigro is the most frequently used filler in paving and construction applications. 
The effect of adding different fractions of Wigro to the mechanical properties is of interest. Wigro (W) 
filler is a CaC03 filler, with a poly-disperse size distribution. The size distribution has two peaks, one 
around 0.4 µmand one around 7 µm. The 7 µm-peak has a large extending shoulder into the_IOO µm 
range The average particle size is 16 µm. The Wigro particles have a rough shape with 'sharp' edges. 

Since the size distribution and shape of Wigro particles is hard to characterize, the Wigro-filled 
suspensions are quite undefined. To have better-defined systems glass beads (G) are used. The glass 
beads have a perfectly spherical shape and have a mono-disperse size distribution, with a particle 
diameter of 35 µm. 

When adding a filler, two characteristic length scales are introduced in the binder, being the inter
particle distance A between the fillers and the particle diameter. In equation 1.1 it can be seen that A is 
linearly dependent on the filler size. A strong reduction of A can thus be accomplished by using a 
small filler. Therefore Super-Pflex (SP) particles are used. Super-Pflex particles have a mono-disperse 
size distribution, with a particle diameter of 0.7 µm; they are almost spherically shaped. SP particles 
are CaC03 particles coated with calcium stearate; this coating is applied to have a better filler-particle 
distribution in the composite. 
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Filler Symbol Material Density 
r l!/cm3

] 

Coating A verage size Size distribution 

Wigro w CaC03 2.7 - 16µm Poly-disperse 
Glass beads G Glass 2.46 - 35µm mono-dis perse 
Super-Pflex SP CaC03 2.7 Calcium 0.7µm mono-dis perse 

stearate 

Table 4.2: Characteristics of fillers used in the present study 

4.2.3 Sample preparation 

With the above presented fillers and binders different composite samples are made. A weight balance 
with a sensitivity of 0.1 mg is used to measure the weight content of filler and binder; the volume 
fraction of filler is calculated with the above presented densities of binder and filler. The sample 
preparation has been standardized, thus kept sirnilar for all the blends prepared. The procedure is as 
follows: on a heating plate a cup is heated up to 210°C. While keeping the cup at this temperature the 
binder is melted for 15 rninutes. Then, for 5 rninutes, the filler is slowly added under constant mixing 
by hand. When all the filler is added, an additional 10 minutes of mixing by hand is established. 
Hereafter the blend is poured into coin-shaped-moulds (diameters 8 mm and 20 mm) in which it is 
cooled down to room temperature. Hereafter, the samples are stored in sealed bags. 

4.3 Overview of experiments 

Table 4.3 gives an overview of all the composite materials that are used. All the percentages that are 
given represent volume percentage of filler content in the material. For each combination of binder 
and filler all the filler fractions in the composite that are used are presented. 
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C-fix B C-fix A Sol-bitumen Gel-bitumen 
No filler 0% 0% 0% 0% 

Super-Pflex - 10% 
13% 
15% 15% 
20% 20% 
30% 30% 30% 
50% 50% 50% 

Glass Beads - 20% - -
30% 
50% 

Glass Beads + - 10%G + 10%SP - -
Super-Pflex 12%G + 8%SP 

14%G + 6%SP 
15%G + 5%SP 

Wigro - ·10% - -
20% 
30% 
40% 
50% 

Wigro + - 44%W + 22%SP - -
Super-Pflex 

Table 4.3: Overview of the composite materials used in this study. For each combination of filler 
and binder, the percentages represent volume percentage of filler content in the material. 

The series of measurements with the above presented samples are built up as follows : first, the visco
elastic behavior of the four unfilled systems is deterrnined. Then, when adding a filler, a length-scale 
is introduced in the binder, being the inter-particle distance A between the fillers. This can reveal 
addition characteristics of each binder. Figures 4.2Ref and 4.2A schematically illustrate suspensions 
with different binder (different asphaltene size and content) but with the same filler content. . 

Figures 4.2Ref and 4.2B-D schematically show the different ways in which A is varied in this study. 
Compared to the reference system 4.2Ref: 
• in 4.2B, A is varied by changing <p while keeping d constant 
• in 4.2C, A is varied by changing d while keeping <p constant 
• in 4.2D, A is varied by introducing a filler-mix of large- and small-sized fillers while keeping <p 

constant. 
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Re 

Figure 4.2: Schematic representation of different series of experiments in this study. Compared to 
the reference system: A shows different binder, same filler; B shows same d different rp; C shows 
same <p different d; D shows same <p with a mix of fillers with a different size. 

The next chapter shows results of DMA experiments with the samples presented in table 4.3. 
Results are presented of: 

the unmodified binders 
C-fix A filled with different kinds of filler: Wigro, SP, and a G and SP filler-mix, respectively. 
gel-bitumen with SP filler 
a comparison of the different binders with SP filler 
behavior of C-fix A and gel-bitumen upon prolonged healing 
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Chapter 5 

DMA - Results 

5.1 Visco-elastic properties of pure binders 

The visco-elastic properties of the four different binders are determined through DMA experiments. 
The properties of two unknown C-fix binders are compared with a typical sol-bitumen and a typical 
gel-bitumen. 

Figure 5.1 presents master curvesa of G*( co) and <K. co). It should be stressed that in this chapter G* 
denotes the absolute value of the complex shear modulus. Although not directly measured, it can be 
seen that the limit for (J)-+oo of the complex shear modulus is the same for all the binders, G*(oo)::::I09

• 

This value is also reported by Van der Poel as the asymptotic limit of the shear stiffness of all bitumen 
at low temperatures19 (which is equivalent to high frequencies in DMA experiments). 

In the <K. co) master curve it can be seen that at higher temperatures 8 approaches the value of 90° in all 
the binders, indicating a that no measurable network is present at these temperatures, and thus, even in 
the gel-bitumen, no gel-structure is present. 

From these figures it can also be seen that the behavior of the C-fix A and the gel-bitumen are quite 
similar. The sol-bitumen and the C-fix B appear to be 'softer'; at intermediate frequencies G*( co) bas a 
significantly lower value while <K. co) bas a higher value. 

a It should again be stressed that all the master curves in this report are at a reference temperature of 40°C. 
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Figure 5.1: Master curves of the unmodified binders, G* and 8: 
C-fix B (Trange=0-80°C), C-fix A (Tran80=10-120°C), sol-bitumen (Trange=l0-90°C), gel-bitumen 
(T rangc=20- l 20°C). 

Figure 5.2 presents the calculated values of G '( ro) and G "( ro); these were calculated from the 
measured quantities G*( ro) and 8( ro) as follows: 

G'= G * cos(8) (5.1) 

and 
G"= G * sin(8) (5.2) 

At low frequencies the slope of the log(G'(ro))-log(ro) curves asymptotically approaches 2, as 
theoretically predicted, see equation (2.8).The slope of the log(G"(ro))-log(ro) curves equals 1 for low 
frequencies, again, as theoretically predicted, see equation (2.9). 
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Figure 5.2: Master curves of the unmodified binders, G' and G ": 
C-fix B (Trange=0-80°C), C-fix A (Trangc=l0-120°C), sol-bitumen (Trangc=l0-90°C), gel-bitumen 
(Trange=20-120°C). 
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Individual G*( ro) data sets, each obtained at a different temperature, are shifted along the (J)-axis to 
generate a smooth G* master curve. If the obtained shift factors ar are used to shift the individual lK ro) 
data sets this should generate a smooth 8 master curve, if time-temperature superposition (TIS) holds. 

An easy way to verify whether TIS holds is to use a so-called Black-diagram representation of the 
measured data, where 8 is plotted as a function of G*. In a Black-diagram, the raw data are plotted, no 
calculations on the data are carried out. If all individual data sets together forma smooth curve in this 
diagram, then TIS holds. 

Figure 5.3 is a Black-diagram representation of the measured data of all the binders. In a Black
diagram, the curves of gel-like materials are more straight-lined, whereas the curves of sol-like 
materials have amore pronounced bend. From figure 5.3 it appears thus that the C-fix A material is 
gel-like. The C-fix B curve has the largest bend, and thus behaves most sol-like. 
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Figure 5.3: Black-diagram of the unmodified binders: 
C-fix B (Trange=0-80°C), C-fix A (Trange=l0-120°C), sol-bitumen (Trange=l0-90°C), gel-bitumen 
(T range=20-120°C). 

The absolute value of the complex viscosity 17*(ro) is calculated using the following equation: 

G * (m )= 11 * (m) 
m 

In figure 5.417*(ro) is plotted against rofor all the binders used. 
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C-fix B (Trange=0-80°C), C-fix A CTrange=l0-120°C), sol-bitumen (Trange=l0-90°C), gel-bitumen 
(T range=20- l 20°C). 

From figure 5.4 it is clear that the main differences in the binders is their zero-shear viscosity 110- 170 of 
the C-fix A is quite similar to 170 of the gel-bitumen. Both are much larger than 170 of sol-bitumen and 
C-fix B. 

From the obtained results in this section it can be stated that the C-fix B and the sol-bitumen both 
behave as very 'soft', a low 170 , a low G* and a high 8. The behavior of the gel-bitumen and C-fix Ais 
significant 'harder'. There are only minor differences in the behavior of the gel-bitumen and C-fix A. 
Of interest now is how both binders will respond to the addition of filler. 

5.2 The effect of Wigro filler in C-fix A binder 

In paving and construction applications binders are used in combination with mineral aggregates. In 
this project, the most frequently used combination of binder and filler at Shell is C-fix A with Wigro 
filler. The effect of adding Wigro filler to C-fix A is presented in this section. 

DMA experiments are performed on composite samples with different volume fractions of Wigro 
filler, ranging from 0 to 50%. Figure 5.5 presents the G*( w) and 8( w) master curves of Wigro-filled C
fix A. It is clear that G* slightly increases with increasing filler content, whereas 8 is basically 
unaltered, except at the lowest frequencies and highest filler fractions. 
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Figure 5.5: Master curves of Wigro-filled C-fix A, G* and Ö: 
0% (Trange=l0-120°C), 10%W (Trange=20-l10°C), 20%\V <Trange=20-120°C), 30%W (Trange=30-
1200C), 40% W (T range=30- l 50°C), 50% W (Trange=40-170°C). 

The maximum value of G* measured is determined by the stiffness of the instrument. Nevertheless, it 
can be seen that the limit for ~oo of G*( w) increases with increasing filler content. There are no 
dramatic changes in « w) with increasing filler content, except for the high filler content samples, 
40%W and 50%W at high temperatures (or low frequencies). Clearly with these samples data from 
different data sets do not coincide, and thus TIS fails. Tuis can also be concluded from the Black
diagram, figure 5.6. 

It is clear that in these samples « w) shows a pronounced maximum. With decreasing ro, « w) first 
increases, and the material gets more viscous, as expected, hut below a certain frequency « w) 
decreases with decreasing frequency, and, most remarkable, the material gets more elastic with lower 
absolute modulus. At frequencies where the latter behavior is observed in «wJ, in the log(G*(ro))
log( ro) master curve a slope deviating from 1 can be seen. 
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Figure 5.6: Black-diagram of Wigro-filled C-fix A: 
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1200C), 40% W (T range=30-150°C), 50% W (T range=40- l 70°C). 
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Once again it should be stressed that in case G* of the material approaches the stiffness of the 
instrument, which occurs when G* exceeds 1 *108 Pa, the data become less reliable. In figure 5.6 all 
curves seem to tend towards a vàlue of approximately 4*108 Pa. This is an experimental artifact. With 
increasing filler content the material has a higher G* for ro---+oo. The fact that, at the high-modulus end 
in figure 5.6, for one given value of G* the value of 8 is higher with increasing filler content would 
lead to the odd conclusion that an increasing filler content would lead to a decrease in elasticity. The 
misleading fact in reasoning like this, is that no allowance is made for the differences in G*(ro---+oo). A 
comparison like this will only be justified if the data are normalized with respect to G*( ro---+oo ). 

Since Wigro has a poly-disperse size distribution, the system is hard to characterize. To have a better
defined system, the same experiments are performed with Glass (d = 35 µm)-filled C-fix A. The 
results are presented in Appendix Al. Sîmilar observations as described in this section for Wigro filled 
C-fix A, are made for the Glass-filled C-fix A. Also in this case there is a small increase in G* with 
increasing filler content, there is hardly any change in 8. The increasing elasticity with decreasing ro at 
high temperatures is also in this case observed in the high -filler-content materials. 

5.3 The effect of a small-size filler in C-fix A binder 

As described in the previous section, for large fillers only at very high filler fractions deviating 
behavior is observed. This may be attributed to a small inter-particle distance, which is present at these 
filler fractions. A way to achieve samples with a small inter-filler distances, even at low filler 
fractions, is to use a small-size filler. In this section the effect of a small, d = 0.7 µm, filler in C-fix A 
is described. 

Figure 5.7 presents the visco-elastic behavior of SP-filled C-fix A. Samples with a filler fraction from 
0 to 50% are used. It can be seen that in this case the visco-elastic properties of the composite 
materials strongly depend on the filler content. The G* master curves of the different composite 
materials show that, for materials with a filler content higher than 10%, at low frequencies plateaus are 
present, where G *( w) is hardly dependent of ro. It is seen that the level of the platform is highly 
dependent of the filler fraction. 

Similar to observations with the high-filler-content Wigro-filled C-fix A, 8( ro) has a maximum value. 
In the ©-range were the plateau in modulus appears, 8( ro) starts to decrease with decreasing ro, 
indicating that the material gets more elastic. At lower frequencies 8( ro) increases again with 
decreasing ro. The maximum value of 8( ro) decreases with increasing filler content. This behavior is 
almost reversible, meaning that after perf orming all the frequency sweeps from low to high 
temperatures, cooling down the sample and perf orming all the frequency sweeps again leads to almost 
similar results. In the second run, there is a small increase in G*( ro), roughly about a tenth of a decade, 
and a small decrease in 8( ro), roughly about 2°. 
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Figure 5.7: Master curves of SP-filled C-fix A, G* and 8: 
0% (Trange=l0-120°C), 10%SP (Trange=10-150°C), 13%SP (Trangc=l0-160°C), 15%SP (Trange=l0-
1600C), 20%SP (Trange=20-160°C), 30%SP (Trangc=30-200°C), 50%SP (Trange=30-200°C). 

Figure 5.8 is the Black-diagram representation of these results. It can be seen in this figure that the 
simultaneous appearance of the plateau in G*( w) and the decrease in 81. w), is rather sudden, as if the 
material goes through a transition when the filler content in changed. The behavior of the unfilled and 
the 10% filled materials, are quite similar, whereas the behavior of the 13, 15 and 20% filled materials 
strongly deviate from these two. The transition thus occurs somewhere around 10% filler content. 

100 

90 á' • 0% 
0 10% sp 

80 • 13% sp 
0 15% sp 

70 " 20% sp 

60 
t. 30% sp 

" 50% sp 

0 50 

'° 40 

30 

20 

10 

O'----'-~-'-~...._~.___._~......_~_.___,~_. 

10° 101 102 103 10• 105 106 107 108 10' 

G* [Pa) 
Figure 5.8: Black-diagram of SP-filled C-fix A: 
0% (Trange=l0-120°C), 10%SP (Trangc=l0-150°C), 13%SP (Trange=l0-160°C), 15%SP (Trangc=l0-
1600C), 20%SP (Trange=20-160°C), 30%SP CTrangc=30-200°C), 50%SP (Trange=30-200°C). 

Another remarkable feature of figure 5.8 is that it shows that TTS does not hold for the 50% filled 
sample: each data set is clearly distinguishable. Similar observations were done with a 44% W and 
22%SP filled C-fix A sample. These results are presented in appendix A2. 

In appendix A3 the results of all 30% filled C-fix A samples, with different kind of filler (W, G or SP), 
are compared. It is clear that at high frequencies all three materials have a similar behavior. At low 
frequencies, the SP filled C-fix A sample has a deviating behavior, as described in this section. 
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In appendix A4 all 50% filled C-fix A samples are compared. Here again the behavior of the W and G 
filled samples is quite similar. Over the whole frequency range however the behavior of the SP filled 
sample is strongly different. 

Now it is clear that a transition occurs in the behavior of a series of suspensions with changing rp and 
constant das was shown in figure 4.2B. Of interest now is the question whether these phenomena can 
also be observed in a series of suspensions in which rp is kept constant and dis changed. 

5.4 The effect of a filler-mix in C-fix A binder 

In the previous section it was demonstrated that a transition occurs in a C-fix A with SP suspension 
when changing rp and keeping d constant. Following these observations, experiments are carried out to 
see whether such a transition could also be observed in a system where a filler-mix of different 
composition is used, while keeping the total amount of filler content constant. 

Composite samples are made with C-fix A as binder and a mix of SP and G as filler. In all the samples 
the SP-filler content and the G-filler content add up to 20%, thus the total filler content is kept 
constant. Figure 5.9 shows the master curves of G*( ro) and 8f. ro) . Figure 5.10 is the Black-diagram 
representation of the obtained results. In these figures similar phenomena can be observed as in figures 
5.7 and 5.8. Plateaus are present in the G*( ro) master curves, for frequencies where in the 8f. ro) master 
curves 8f. ro) decreases with decreasing ro. This occurs for the composites with a SP filler content 
higher than 8%. 

From figures 5.9 and 5.10 it can also be seen that the high-frequency behavior of all the samples used 
is similar. The only difference in behavior between these samples occurs in the low-frequency region. 
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Figure 5.9: Master curves of C-fix A with a SP and G filler-mix, G* and 8: 
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20%G+O%SP (Trange=30-140°C), 15%G+5%SP (Trange=30-l60°C), 14%G+6%SP (Trange=30-
1600C), 12%G+8%SP (Trange=40-160°C), 10%G+10%SP CTrangc=30-160°C), 0%G+20%SP 
(Trange=20-160°C). 

Again the material seems to go through a transition. The total filler-binder interface and the inter
particle distance seem to be the critica! parameters. In the previous section a change in the filler 
content modified these parameters through their critica} value, here it is the composition of the filler 
present in the material. 

5.5 Gel-bitumen with SP filler 

In section 5.1 it was demonstrated that the visco-elastic behavior of unfilled C-fix A and gel-bitumen 
was quite sirnilar. In sections 5.2 to 5.4 the effect of adding different fillers to C-fix A was 
demonstrated, with most remarkable features using SP filler. Now, the influence of adding this filler to 
gel-bitumen is the point of interest: what are the differences with SP-filled C-fix A? In which respect 
does the C-fix A stand out from another binder? Will a transition occur in this case as well? 

Figures 5 .11 and 5 .12 show the results of the experiments with SP-filled gel-bitumen. Samples are 
used with filler fractions ranging from 0-50%. It can be seen that with increasing filler content G*( w) 
increases and ~ w) slightly decreases. Further sirnilar results are obtained as with the SP-filled C-fix A 
at low frequencies for high filler content materials. Filler-content dependent plateaus appear in the 
G*( w) master curve, and ~ w) master curves have a maximum value, lower than 90°. The critica} filler 
content for the appearance of this behavior seems to be between 15% and 20%, which is higher than 
the value of 10% which is observed in SP-filled C-fix A, see section 5.3. 
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Figure 5.11: Master curves of SP-filled gel-bitumen, G* and o: 
0% (Trangc=20-120°C), 15%SP (Trange=30-160°C), 20%SP (Trangc=30-180°C), 30%SP (Trange=40-
1400C), 50%SP (Trange=40-160°C). 
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Figure 5.12: Black-diagram of SP-filled gel-bitumen: 
0% (Trange=20-120°C), 15%SP (T rangc=30-l 60°C), 20%SP (T range=30-180°C), 30%SP (T rangc=40-
1400C), 50%SP (Trange=40-160°C). 

5.6 Comparison of all filled binders 

Apart from the earlier described experiments with SP-filled C-fix A and gel-bitumen, experiments 
have also been carried out with SP-filled sol-bitumen, with filler fractions of 30 and 50%. The results 
are presented in appendix A5. The behavior of the filled sol-bitumen samples is quite sirnilar to what 
is observed in SP-filled C-fix A and gel-bitumen. 

In appendix A6 three filled binders are compared. G*( OJ) and 8( OJ) master curves as well as Black
diagrams are presented of the three 30%SP and 50%SP filled composites, with C-fix A, gel-bitumen 
and sol-bitumen as binder. 

In genera! for these filler fractions the plateau-level in G*( w) appears to be independent of type of 
binder, and only dependent of filler faction; this is clearly seen in the G*( OJ) master curve and the 
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Black-diagram. The main difference is the fact that the G*( w) of the sol bitumen reaches this plateau 
at higher frequencies (and thus lower temperatures) compared with the G*( w) the gel-bitumen and the 
C-fix A. 

In all binders, the appearance of this plateau is accompanied by the appearance of a maximum in fi. w); 
the magnitude of this maximum value does depend on type of binder, it is highest for the sol-bitumen, 
and lowest for C-fix A. 

Figures 5.13 and 5.14 compare master curves and Black-diagrams of 15%SP filled C-fix A and gel
bitumen. A critica! filler content where a plateau arises in a G* master curve of approximately 10% for 
C-fix A and 15-20% for gel-bitumen was reported. These figures clearly demonstrate this difference, 
in the 15%SP filled C-fix A a plateau can be seen whereas this phenomenon is not present in the 
15%SP filled gel-bitumen. 
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So in summary the effect of adding SP filler has qualitatively the same effect in all these cases: a 
plateau in G* above a critica! volume fraction of filler <pc, and a Ömax in this range. The only differences 
are the values of <fJc and Ömax. 

5. 7 The increase of modulus upon prolonged heating 

Aggregation of unstable asphaltenes is time-dependent, and with increasing time, larger aggregates 
will form. Measurements on the time-dependence of the mechanical properties of different 
suspensions can reveal the development of these aggregates, and even networks . The aggregation 
process will be strongly temperature dependent since a dominant factor will be the viscosity of the 
maltene phase, which determines the freedom of movement of the asphaltene particles. 

5.7.1 Hardening of C-fix A 

Time-sweep experiments are performed with composite samples of C-fix A with various SP-filler 
fractions. In these experiments a sample is put in the Rheometer at 140°C fora certain period of time, 
while applying a 1 % strain with a frequency of 10 rad/s. 

Figure 5.15 shows data, G* and 8, that are obtained with 60-hour time-sweep experiments on unfilled, 
15%SP-filled and 20%SP filled C-fix A. Gap-sizes had to be reduced to approximately 0.6mm to 
prevent the material to flow out from between the plates. By using these small gap sizes, due to 
capillary effects the material is kept between the plates. The large scatter in the left of the figure is due 
to the fact that the C-fix A at 140°C has an extremely low G*, there is thus an extremely low 
measurable signal, and thus a large noise to signal ratio. 
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Figure 5.15: Time-sweep data, G* (left axis) and o (right axis) in 60 hours, of 0%-, 15%SP- and 
20%SP-filled C-fix A. Measurements are performed at 140°C, 1 % strain and 10 rad/s. 

From figure 5.15 it can be seen that for unfilled C-fix Aat given conditions G* increases from roughly 
between 101 and 102 to more than 106 Pa. 8 decreases from 90° to just over 20°. Before and after this 
time-sweep experiment frequency sweeps are performed at various temperatures . After the second 
series of experiments, the material was stored in the Rheometer for one hour at 240°C, hereafter the 
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third series of frequency sweeps was performed. Figure 5.16 shows master curves of G*( (J)) and 8( (J)) 
of the shifted results of the three series. The arrows indicate the transitions that the material undergoes 
in these thermal treatments . Figure 5.17 is a Black-diagram representation of the obtained results. 

The temperatures at which the frequency sweeps are performed varies greatly. The hardened material 
(after 60 hr run) has the minimum measurable 8 at 100°C already. Lowering the temperature will 
cause the transducer to become instable, and is thus unfavorable. The maximum temperature at which 
is measured for this series is 220°C. At this temperature and higher, the material properties appeared to 
be strongly time dependent. After waiting for 1 hour at 240°C, the third set of frequency sweep
experiments confirmed the change in propertie·s of the material at these temperatures in a short time. 

10'r;:c=======::qrr,-,-,-"-,-T"""TI 100 
• normal 

108 
0 alter 60hrs @, 40°C 90 • normal 

o alter 60hrs o 140°C 
BO • as o +alter 1hr 0240°C 

70 

60 

0 50 

'° 40 

103 30 

10' 
20 . . 
~-~ 10 .. ~",.. " • 10 1 ~~~~~~~~~~~~~~~ " OL-L......_._._ ......... _._._._....._._._.J..-L_._.L......L_._L.....L....J.....J.-1-.1....1 

10"'' 10·" 1x10"'2 1x10·' 1x10"1x10" 1x10° 1x103 1x106 10"'' 10"'' 1x10·12 1x10" 1x10" 1x10" 1x10° 1x103 1x106 

ar•oo [rad/s] a,.·00 [rad/s] 

Figure 5.16: Master curves of unfilled C-fix A, G* and 8: 
without any temperature treatment (T range= 10-l 20°C), after 60 hours at 140°C (Trange= 100-220°C), 
arid again after 60 hours at 140°C plus one hour at 240°C (Trange=140-260°C). 
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Figure 5.17: Black-diagram of unfilled C-fix A: 
without any temperature treatment (Trange=l0-120°C), after 60 hours at 140°C (Trange=l00-220°C), 
and again after 60 hours at 140°C plus one hour at 240°C (Trange=140-260°C). 

A comparison between the time-sweep data from different samples in figure 5.15, shows that the 
increase of G* and the decrease of 8 in time get smaller with increasing filler content. The following 
function fits very well with the G*(t) data sets: 
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JO Log(G*) = a -be-Cl 

with: a = 10Log(G*(t-+oo)) 
b = 10Log(G*(t-+oo))- 10Log(G*(t=0)) 
c = ln(O.S)lt112 

(5.4) 

t112 is the half-life of the hardening process. b is the ultimate increase of the modulus in number of 
decades. Table 5.1 presents the calculated values of tl/2 and b for several C-fix A I SP composites. 
These values are calculated from the retumed values of the exponent c in equation 5.4. It shows that, 
as earlier mentioned, the hardening effect in time decreases with increasing filler fraction. 

Composite material Half-life of the hardening Ultimate increase of the 
process [hrs] modulus [decades] 

Unfilled C-fix A 16.5 4.24 
15%SP filled C-fix A 21.3 3.67 
20%SP filled C-fix A 31.0 2.89 

Table 5.1: Results of curve-fits of the 60-hour time-sweep data of G* of different C-fix A / SP 
composite materials. Calculated values of the half-life of the process are presented. 

The difference in hardening effect between the unfilled C-fix A and the 15%SP-filled C-fix A is also 
illustrated in appendix A 7. Here similar master curves as in figure 5 .16 are presented. As reference the 
master curves of the unfilled material are also plotted. lt appears that the hardened unfilled sample, 
compared to the hardened 15%SP-filled sample, has a higher G*( ro) and a lower 0( ro) over a wide ro 
range. 

5.7.2 Comparison of the hardening of different binders 

17-hour time-sweeps are carried out with different unfilled binders: sol-bitumen, gel-bitumen and C
fix A. The test conditions are 140°C, 1 % strain and 10 rad/s. The results are presented in figure 5.18. 
The results of the unfilled sol-bitumen are not plotted because the material did not harden, thus there is 
a large scatter in the measured data. In additional heating experiments with the sol-bitumen at higher 
and lower temperatures, no hardening of the sol-bitumen was observed. 

In figure 5.18 it can be seen that C-fix A hardens much more than the gel-bitumen. lts final 8 is lower 
that that of the gel bitumen and its final G* is larger. 
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Figure 5.18: Time-sweep data, G* and ó in 17 hours, of different binders: C-fix A and gel
bitumen. Measurements are performed at 140°C, 1 % strain and 10 rad/s. 

In appendix A8 the hardening effects in 20%SP-filled C-fix A and in 20%SP-filled gel-bitumen are 
compared. Master curves before and after a 60-hour time-sweep are presented for both materials. 
These results confirm the fact that C-fix A hardens more than the gel-bitumen. Equation 5.4 was fitted 
on the time-sweep data of the 20%SP-filled gel-bitumen. The value of the half-life found in this case is 
65.8 hours, significant larger than any of the values found with the C-fix A samples. 

5.8 Determination of shift parameters 

As described in section 2.1 and 4.1 master curves of G*( w) and 8( w) are composed by shifting each 
data set, obtained from experiments at different temperatures, along the w-axis to a reference 
temperature. The obtained horizontal shift factors ar must obey either the Arrhenius equation, equation 
2.15, or the WLF-equation, equation 2.16. 

For each sample used, a linear fit in a ln(ar)-1/T plot, yields the Arrhenius activation energy, see 
equation 2.15. The values for Eacr that are fo11nd are in the range of 150-200 kJ/mol. In the ln(ar)-1/T 
plot a small bend is observed. Two temperature regions can be distinguished, each with linear 
relationship between ln(ar) and IIT, but with a different slope, thus with a different Eacr· 

The WLF law, equation 2.16, is fitted through the data-points in an Iog(ar)-T plot. For all the master 
curves created, the shift factors obey the WLF-equation very well. The obtained WLF constants c 1 and 
c2 are in the range of 14 - 23 and lOOK - 190K respectively. 

These phenomena should be explained by the detailed chemica! composition, which is beyond the 
scope of this study. 
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Chapter 6 

DMA - Interpretation of the results 

6.1 The behavior of unmodified binders in relation to their 
microstructures 

In section 5.1 the visco-elastic behavior of different binders is presented. The visco-elastic behavior of 
C-fix B and C-fix A are compared with the properties of a sol-bitumen and a gel-bitumen. These 
bitumen have a well-known micro-structure, as described in section 1.2. 

The behavior of the C-fix A and the gel-bitumen are quite similar, whereas the behavior of the C-fix B 
resembles that of the sol-bitumen, except fora difference in zero-shear viscosity. Regarding the model 
of Lesueur et al. 3 (figure 1.2) this behavior is expected considering the asphaltene contents of the 
binders, see table 4.2. The high-asphaltene-content materials, C-fix A and gel-bitumen, behave gel
like whereas the low asphaltene content materials, C-fix B and sol-bitumen, behave sol-like. 

At low temperatures, or high frequencies, the behavior of all binders, including the sol-like binders, is 
very sirnilar. This behavior is caused by the fact that in this temperature region the maltene matrix 
vitrifies and the material reaches a glassy plateau, with an elastic behavior. As described by Van der 
Poel 19 the level of this plateau is similar for all bitumens. It resembles the modulus of the glassy 
maltene phase. The fact that this glassy plateau is not a function of asphaltene content indicates that 
the modulus of the dispersed particles (asphaltene-core micelles) is of the order of that of the glassy 
maltenes, 1 GPa. 

At high temperatures the behavior of the binders is dominated by the zero-shear viscosity 710 . At low
enough temperatures it is shown that in all binder elastic effects are negligible and the material is fully 
viscous. Even for the high-asphaltene-content materials, the gel picture thus does not hold in this 
region. 
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6.2 The behavior of suspensions with large fillers 

In section 5.2 it was presented that for large fillers, Wigro and glass beads, only at very high filler 
fractions deviating behavior is observed. This is attributed to a small inter-particle distances that are 
present at these filler fractions . In case the inter-particle distance does not exceed the size of 
asphaltene aggregates, the formation of a percolating network of filler particles, interconnected 
through a small network of asphaltenes in a maltene phase, can take place; hence a gel is formed. 

From equation 1.1 is can be seen that the inter-particle distance is more strongly dependent on d than 
on <p. A more dramatic decrease of the inter-particle distance is therefore achieved by using smaller 
filler particles, instead of increasing filler content with relative large particles. Results on suspensions 
using a smaller filler are discussed in the following section. 

6.3 Percolation 

6.3.1 Sealing 

In C-fix A in two cases the pronounced appearance of plateau's in a G* master curve has been 
observed: first, in suspensions with SP filler with various <p, second in suspensions with a SP and G 
filler-mix, with a fixed <p. In this section these results will be discussed in detail. 

In the first case, SP filled C-fix A with various <p, the level of the plateaus is clearly dependent on the 
filler content, as can be seen in figure 5.7. In figure 6.1 the values of G ' and G" at 160°C and 1 rad/s, 
which are called G'P and G"P· are plotted against filler content. The values for <p = 0% and 10% are 
extrapolated values. The deviation in these values is estimated to be 10%. It is shown that the jump in 
is not very prominent in G ", but is mainly present in G'. 

Based on these observations, it is hypothesized that there is a critica! onset of an elastic solid. In other 
words, it is assumed that an elastic percolating network arises if the filler content exceeds a critica! 
value </Je· If so, G' should obey a sealing law, equation 3.18. 

As mentioned in section 3.3 the critica! sealing exponent a is only determined by the basic physical 
laws governing the phenomenon. In case of elastic networks, a = 3.55 16

• In order to determine a in the 
present case, in figure 6.2 log(G') is plotted against log(<p- </Je). A least square fit of the data points 
yields the following values for a and </Je: a = 3.62 +/- 0.1 and </Je = 0.0946 +/- 0.0005. In figure 6.1 
equation 3 .18 is plotted with the obtained values for a and </Je· As a reference equation 3 .19 is plotted 
as well, with </Je = 0.0946. The obtained value for a is consistent with the value reported in literature 
for forming elastic solids, thus indicating that indeed a percolating elastic network is formed. 
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The formation of the elastic network can be qualitatively explained using the following assumption: at 
high temperatures, the maltene matrix gets a low viscosity, and the asphaltene particles can move 
relatively freely through the maltene phase, as a result of their brownian motions. At these elevated 
temperatures the association of asphaltene particles has a very low characteristic time, and asphaltene 
aggregates are formed on a relative short time-scale. These asphaltene aggregates can connect adjacent 
SP filler particles in case the inter-particle distance does not exceed the typical size of the asphaltene 
aggregates. This inter-particle distance at the percolation threshold is approximately 0.62 µm, as 
calculated using equation 1.1. Regarding these observations it can be concluded that the asphaltene 
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size in C-fix A is larger than 0.62 µm. This aggregate size is consistent with earlier reports by Yen2 

and Markvoort5
. 

The resulting network that is formed is thus composed of SP filler particles interconnected through a 
small network of asphaltenes in a maltene phase. In other words: asphaltene percolation in the matrix 
ligament occurs. The fact that a part of the network consists of asphaltenes may explain why in a 
plateau in a G* master curve still has a minor frequency-dependency . lt can be seen that G* decreases 
slightly with decreasing w. 

The observed percolation threshold in this case (0.0946), is much lower than the values predicted by 
EMT (0.40) and reported by Van der Werff16 (0.59). This low value can be explained by the fact that 
in this case, as mentioned above, the network consist of both filler particles and asphaltene aggregates. 
The asphaltenes will therefore increase the effective filler content. Another possible factor is the 
appearance of shear-induced aggregation of the asphaltenes, which will favor the formation of 
aggregates between the filler particles. 

It is assumed that, due to the short time that the material was exposed to the higher temperatures, not 
all the asphaltene particles present in the binder will have constituted to the network. Still the majority 
of the asphaltene particles will be distributed through the maltene phase. 

The second series in which percolation behavior is observed in C-fix A, is suspensions of C-fix A and 
a SP and G filler-mix with a fixed total filler content. Basically in this system the volume fraction of 
filler is kept constant, but the number density of filler particles is varied. The results are presented in 
figures 5.9. and 5.10. In this case the percolation threshold seems to be around the filler content of 
12% G and 8% SP. 

The percolation threshold as found in this case can be compared with the one as found in SP filled C
fix A, by introducing an effective filler fraction of SP particles for the filler-mix samples. The systern 
is regarded as existing of two phases, one is the G phase, and the other is the binder with a filler 
content 'Pe!f of SP filler. If the, so-called, effective filler content in this latter phase exceeds a critica! 
value, percolation in this phase will occur, and thus percolation in the whole system will occur. As a 
result of the large difference in particle diameters between G and SP it is assumed that the inter
particle distance is dominated by the volume fraction of SP filler. Therefore the effective fraction of 
SP filler content can be calculated using: <fJefF <psp / (1 - <pa), where <pa and <psp are the added volume 
fractions of G and SP respectively. Using the critica! values of <pa= 0.12 and <psp = 0.08% yields 'Peff.c= 
0.091, quite similar to the value obtained with the results of SP filled C-fix A: 0.0946. Of course, since 
both critica! volume fractions are quite similar, this also holds for the inter-particle ligament 
dimensions: A = 0.64 µmin this case and A = 0.62 µm in case of the SP filled C-fix A. 

Similar phenomena as described herè, a plateau in G* above a critica! volume fraction of filler <fJc, and 
a Ómax in this range have been reported by Trappe et al. for carbon black suspended in base stock oil20

• 

DMA results show percolation phenomena as a function of volume fraction of carbon black and 
interaction potential. They reported a sealing exponent of 4.1. 

6.3.2 The Bruggeman equation 

In section 3.2 the visco-elastic behavior of the composite materials was described using EMT with a 
self-consistent approach. In this section the experimentally obtained behavior of G* and 8 is 
qualitatively compared to the results of EMT. 
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From EMT, the behavior of the effective modulus G, * is straightforward. Figure 6.3 presents the 
results of calculations on the absolute value of G, * for a system composed of the visco-elastic binder 
with the stiff filler particles. G* is plotted as a function of (l) and lf/2• lf/2 is plotted for values around the 
percolation threshold, from -0.25 to 0.25 which corresponds with <p2 from 0.30 to 0.50, Equation 3.1 is 
used with substitution of equations 3.4, 3.10 and 3.11. From experimental data the following values 
are taken: 
1'/o = 1 *109 Pa*s, as can be seen in figure 5.4; r=ls is estimated, using the data from figure 5.1 and fact 
that (l) r=l at 8=45°. For G0 the shear modulus of CaC03 is taken: 35GPa. 

It can be seen that below the percolation threshold G, * is increasing monotonically with respect to (l) 

which is qualitatively quite similar to the experimentally behavior of G, * below the percolation 
threshold. Above the percolation threshold, at low frequencies a plateau arises, again qualitatively 
similar to the experimental results. At higher frequencies G/ will dominate, and therefore the behavior 
at high frequencies is quite similar for lf/2 below and beyond the percolation threshold (see equations 
3.5 and 3.6), which was also experimentally obtained. 

-0.25 

1010 

101 

G'(Pa) 
10• 

Figure 6.3: Results of EMT calculations: G* as a function of co and lf/2• The Percolation transition 
at l/fi=O can be clearly distinguished at low frequencies . 

The behavior of 8 is more complex. From equation 3 .17 it is clear that adding the filler will introduce 
a second time scale 17JG0 to the system next to r. As described a peak can arise in a Ó-(l) curve. In 
figure 6.4 8 is plotted against (l) and lf/2• In all cases r=ls and Go=35GPa are taken, whereas the second 
time scale is varied, in 6.4A 17JG0 = 10·2s, in 6.4B 17JG0 = 10°s, in 6.4C 17c/G0 = 102s. It can be seen 
that, in case 71c/G0 < r (A) no peak arises. At 17JG0 :::: r (B) there is a critica} onset of the peak and if 
71c/G0 > r the ·peak is clearly distinguishable. The latter quite reasonably resembles the experimental 
behavior of the composites. 

The observed experimental behavior of the composite materials is thus qualitatively explained using 
EMT. In 8((1), lf/2) indeed an additional maximum arises if 71JG0 >r. A large difference with the 
experimental behavior is seen in figures 6.4 in the region where (l) is very small. Only in case lf/2<0 
(<p2<0.40) the phase angle will ultimately reach the value of 90°, which is also experimentally 
observed. This means that the material will ultimately flow at very long time scales. From EMT 
however, above the percolation transition, the phase angle quickly drops to zero, which in practice is 
not observed. This diff erence can be explained by the fact that in EMT it is assumed that a percolating 
structure is a continuous second phase. This structure will therefore completely dominate the behavior 
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of the composite. In reality such a network can never arise since there will always be a dirninutive 
separation between two adjacent filler particles. 

•trad! 
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•trad) 

Figure 6.4: Results of EMT calculations: the phase angle 8 as a function of wand 1f2. In all cases r=ls 
is taken, whereas the second time scale is varied, in 6.4A 17r/G0 = 10·2

, in 6.4B 17JG0 = 10°, in 6.4C 
17r/Go = 10

2
• 

6.4 Structure of the binders 

6.4.1 Effect of asphaltenes on the percolation threshold 

For the percolation threshold of a rigid network that can transport stresses, experiments by Van der 
Werff16 have revealed a value of 0.59. In section 5.3 and 5.6 it was shown that in case of SP filled C
fix A and gel-bitumen percolation occurs around a filler fraction of 0.095 and 0.15-0.20 respectively. 
As was also mentioned in the previous section, this low value can be explained by the fact that the 
presence of asphaltenes in the binder increases the effective filler content because: 
a) asphaltene agglomerates bridge the ligaments and therefore the network consists of both filler 
particles and asphaltene aggregates, and 
b) shear-induced aggregation of the asphaltenes can occur, which will favor the formation of 
aggregates between the filler particles. 
The difference in percolation threshold between C-fix A and gel-bitumen can originate from 
differences in reactivity of the asphaltenes present in each binder. The kind of asphaltenes in C-fix A 
are thus far more reactive than the ones present in gel-bitumen. 
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From section 3.2 and 6 .3.2 it appears that adding a filler to the binder will introduce an additional time 
scale ytc/Ga. In a 8 - (J) plot this will lead to the appearance of a maximum in [K(J)) . In the experimental 
results, as presented in chapter 5, it can be seen in the Black-diagrams that different sets of data do not 
coincide in the region of this maximum in [K(J)), indicating that time-temperature superposition (TTS) 
fails. It can now be hypothesized that this failure of TTS originates from the introduction of this 
additional time scale. 

6.4.2 Hardening process upon prolonged heating 

In section 5.7 it was shown that in both C-fix A and gel-bitumen G* increases and 8 decreases upon 
prolonged heating. In sol-bitumen no such effects have been observed. 

This effect is attributed to the association of asphaltene clusters, as described in section 1.2. Large 
agglomerates are formed in time with sizes depending on the kind of binder. It is shown that in C-fix 
A the half-life of the hardening process decreases with increasing filler content. Tuis effect is probably 
caused by the fact that the size of the forming asphaltene agglomerates exceeds the characteristic 
distance between the filler particles. The filler particles thus restrain the growth of the aggregates. This 
explanation is consistent with earlier reported possible dimensions of these aggregates, namely 200-
2000nm, whereas the average inter-particle distance for a volume fraction of 0.15 SP particles is 
roughly 400nm. 

Another possible explanation of the decreasing hardening effect with increasing filler content could be 
the following: from the EMT calculations it appears that a maximum in [K(J)) appears if the high
frequency plateau in G * of the binder ytc/r is roughly equal to or larger than the modulus of the filler 
Ga. From the experimental observations of a maximum in [K(J)) it can therefore be concluded that this 
is indeed the case in the composite materials in this study. Especially after hardening of the binder, G* 
of the binder, in which an increased aggregate content is present, can exceed the modulus of the filler 
Ga. If this is indeed the case, then of course the effective modulus of the material decreases with 
increasing filler content. 

The effective volume fraction of aggregates present at time t can be estimated using the following 
Krieger-Dougherty generalization of Einsteins formula: 

5 

77(<I>(t)) = [i- <I>(t)l-2<1>.., 

77( <l> = 0) <l> m 

with: yt( <P(t)) =the viscosity of the binder with volume fraction of aggregates <P(t) at timet, 
yt( cP =0) = the viscosity of the maltene phase, 
cP m = maximum packing of aggregates, 

and, 

5 

77( <I>(O)) = [1- <I>(O) i-2<1> .., 

77( <l> = 0) <l> m 

with: cP (0) =the volume fraction of asphaltenes in the binder. 
yt( <P(O)) =the viscosity of the binder at t=O. 
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Eliminating 11( <f>=O) from these equations yields: 

5 

7J(<f>(t)) =[<f>m -<f>(t)]-2<1>m __ G_"(_t) 

77( <l>(O)) <l> m - <l>(O) G" (0) 

(6.3) 

Figure 6.4 presents the calculated volume fractions of asphaltene aggregates as a function of time in 
unfilled C-fix A, 20%SP filled C-fix A and 20%SP filled gel-bitumen. Values are calculated from the 
obtained time-sweep data using equation 6.3. For <Pm = 0.64 is taken. The volume fraction of 
asphaltenes </J(O) is estimated to be half of the weight fraction of asphaltenes (see table 4.1), resulting 
in volume fractions of 0.125 for C-fix A and 0.105 for gel-bitumen. 
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Figure 6.4: The volume fraction of asphaltene aggregates as a function of time in unfilled C-fix A, 
20%SP filled C-fix A and 20%SP filled gel-bitumen. Values are calculated from the obtained 
time-sweep data using equation 6.3. 

It can be seen from this figure that the unfilled C-fix A by far has the highest growth rate, and 
approaches <Pm after roughly 20 hours. The 20%SP filled C-fix A has a lower growth rate and does not 
approach <Pm in the time taken foi: this experiment. 20%SP filled gel-bitumen has an even lower 
growth rate. 

The half-life of hardening processes of the gel-bitumen could only be determined accurately for the 
20% filled sample. In this case a value of 65.8 hours is reported, which is significant larger than values 
reported for C-fix A. This difference could be caused by the fact that in this binder the asphaltene 
particles are less reactive than the asphaltenes in C-fix A, as was also concluded when comparing the 
<p, of the two binders. 

Of course, part of the difference in hardening behavior between the binders can be a result of the 
difference in asphaltene content, 20.9% for gel-bitumen and 24.9% for C-fix A. It is assumed that this 
difference in asphaltene content can not fully explain the major differences in hardening process, and 
thus the reactivity of the asphaltenes should be a major factor. 
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Another possible explanation of the hardening processes is the occurrence of oxidation at the edge of 
the sample. This could be part of the effect, but hardening was observed all through the sample, thus 
including the bulk of sample. Therefore oxidation can only have a minor effect. 

In a thermogravimetrie analysis (TGA), which measures mass flow into or out of a sample, a decline 
of the mass of a sample of C-fix A powder was only observed at temperatures above 200°C. 
Significant loss of volatile components is therefore assumed to happen above this temperature, which 
is far beyond the temperatures at which these time-sweeps were performed. 

The differences in visco-elastic behavior as measured in the second and third series of frequency 
sweeps (see section 5.7 .1) on a C-fix A sample could be explained by the loss of volatile components. 
Between these two series of measurements the sample was heated at 240°C for one hour. Since this 
temperature exceeds the critica] temperature for loss of volatile components, the hardening is this case 
can therefore be explained by an enlarged fraction of heavier components in general. 

In general it is concluded that the hardening effects result from bridging asphaltene networks. More 
network rises if: a) the binder has a high asphaltene content, as in C-fix A and gel-bitumen; b) the 
asphaltene have a high reactivity, as in C-fix A; c) there is a high mobility of asphaltenes, thus a high 
temperature, therefore heating is required. 
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Chapter 7 

Fatigue 

7 .1 Introduction 

Fatigue is a form of failure that occurs in structures subjected to dynamic and fluctuating stresses. At 
these conditions it is possible for failure to occur at a stress (or strain) level considerably lower than 
the tensile strength (or strain) fora statie laad. The term 'fatigue' is used because this type of failure 
usually occurs after a lengthy period of repeated stress or strain cycling. 

In case C-fix materials are used as a binder for mineral aggregates in paving applications the material 
shall be subjected to a lengthy periodic laad. Research on fatigue behavior is therefore of major 
interest in examining the possibilities of paving applications of the C-fix composites. 

The process of fatigue failure is characterized by three distinct steps: 
1. crack initiation, wherein a small crack farms at some point of high stress concentration; 
2. crack propagation, during which this crack advances incrementally with each laad cycle; 
3. final fracture, which occurs very rapidly. 

Failure in the form of fatigue reveals itself in a sudden decrease of the modulus of the material after a 
critica} number of laad cycles. If the material is subjected to a fixed periodic stress, fatigue will reveal 
itself in an increase of the strain amplitude. If the material is subjected to a fixed periodic strain, 
fatigue will reveal itself in a decrease of the stress amplitude. 

Unfortunately, there is always a considerable scatter in the critica! number of cycles Nc after which 
fatigue occurs. The scatter in Nc is a consequence of sensitivity of the fatigue phenomenon to a 
number of test and material parameters that are impossible to control precisely. These parameters 
include sample preparation, surface preparation, specimen alignment in the test apparatus, unfavored 
impurities in the test sample. 

In the next sections results will be presented and discussed of: 
fatigue experiments on the pure C-fix A binder in an oscillatory-strain experiment; 
fatigue experiments on pavers with C-fix A used as a binder in compression and three-point 
ben ding. 

48 



Visco-elastic and long-time behavior of dispersions with a structured binder M. Wilbrink 

7.2 Results 

7.2.1 C-fix A binder 

In a rheometer strain-controlled oscillatory shear experiments are performed on a sample of C-fix A. A 
sample is loaded between 8mm parallel plates. Time-sweep experiments are performed. During the 
experiments the temperature is kept constant at 23°C. 

Figure 7 .1 shows G * and 8 as a function of the number applied strain cycles. In all cases the applied 
harmonie strain has a frequency of 2.5 rad/s; the different curves show behavior at different strain
amplitudes, 1 %, 2% and 3%. 
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Figure 7.1: G* (A) and o (B) as a function of the number applied strain-cycles, for different strain
amplitudes, 1 %,2% and 3%. In all experiments the frequency of the applied strain is 2.5 rad/s. 

From figure 7 .1 it is clear that in . all experiments fatigue behavior is observed. G* decreases and 8 
increases after a critica} number of cycles Nc. Nc appears to be dependent on the strain amplitude, as 
expected. Nc decreases with increasing strain. Of interest now is how the occurrence of fatigue will 
depend on the frequency of the applied strain. 

Figure 7 .2 shows G* and 8 as a function of the number applied strain cycles. In all cases the strain 
amplitude is 1 %; the different curves show behavior at different frequencies of the applied strain, 2.5, 
5 and 7.5 rad/s. 
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Figure 7.2: G* (A) and o (B) as a function of the number applied strain-cycles, for different 
frequencies of the applied strain, 2.5, 5 and 7.5 rad/s. In all experiments the strain-amplitude 1 %. 

From figure 7 .2 is can be concluded that the occurrence of fatigue has no strong temperature 
dependence. Nc is about 3.5*104 in all cases. The relative small scatter in Nc can be attributed to the 
fatigue sensitivity to numerous test and material parameters, as explained in section 7 .1. 

7 .2.2 Pa ver in three point bending 

From the previous section it is known that fatigue occurs in the pure binder. Of interest now, is the 
question whether fatigue phenomena will also show in a paver, with C-fix used as a binder for the 
mineral aggregates. This section presents results of C-fix pavers in three-point bending. In a 
ToniNORM three-point-bending apparatus C-fix pavers are subjected to a periodic sawtooth load with 
a frequency of 25 cycli per minute, which approximately equals the previously used 2.5 rad/s in 
oscillatory shear experiment. The periodic sawtooth load is an approximation of an harmonie load. 
Experiments are perf ormed at room temperature, the pavers have a length of 21 cm, width 10 cm and 
height 8 cm. 

Figure 7.3 shows the behavior of two C-fix pavers in three point-bending under a periodic load of 0.5-
1.5 MPa. The applied harmonie stress results in a harmonie response in the form of strain. The plotted 
lines are the maximum, average and minimum of the harmonie strain in time. The thick line is the 
diff erence between the maximum and minimum of the harmonie strain, and is thus two times the 
amplitude of the response. 
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Figure 7.3: Behavior of two C-fix pavers in three point bending, under a periodic saw-tooth Joad 
of 0.5-1.5 MPa, up to fracture. 

The experiments on bath pavers are performed up to fracture of the pa ver. For the paver in figure 7.3A 
fracture occurs after approximately 8 hours, while for the paver in figure 7 .3B fracture occurs after 
approximately 70 hours. 

Remarkably in these figures no fatigue phenomena can be seen. As explained, the occurrence of 
fatigue would result in a decrease of the modulus of the pa ver. In these cases however, the amplitude 
remains constant in time, and thus no fatigue bas occurred. The failure of the material in these cases is 
due toa process called 'dynamic creep'. 

Creep is defined as the response of a material to statie mechanical stresses. In this case the applied 
stress can be seen as a mean, statie stress of 1 MPa, with a harmonie fluctuation superimposed to it. 
The observed increase in average strain, is a result of the applied mean stress, and is a creep 
phenomenon. 

Since creep, which depends on time, bas occurred instead of fatigue, data on the modulus are in this 
case plotted against time instead of number of cycles. 

7 .2.3 Pa ver in compression 

Similar experiments as described in the previous section are performed on the same C-fix pavers in a 
ToniPACT II compression apparatus. Also in these cases at room temperature a periodic saw-tooth 
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load is applied with a frequency of 25 cycli per minute. In figure 7 .3A a periodic load between 1-2 
MPa is applied, and in figure 7.3B a periodic load of 2-3 MPa. In these cases no fracture occurs within 
the time in which the experiments are performed, which is slightly over 100 hours. 
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Figure 7.4: Behavior of two C-fix pavers in compression, under a periodic saw-tooth load of 1-2 
MPa (A) and 2-3 MPa (B). 

Again in these cases, no fatigue bas occurred. The increase in the modulus in time is attributed to 
dynamic creep processes. To see what the influence is of a different applied mean stress, two mean 
stresses are taken, 1.5 MPa and 2.5 MPa respectively. As expected, in case of a higher mean stress the 
creep phenomena are more pronounced. No further analysis bas been done on this matter. 

7 .3 Discussion and Conclusions 

In this chapter it is shown that fatigue occurs in the pure C-fix A binder. The critica! number of cycles 
Nc is, as expected, decreasing with increasing strain. Nc appears to be quite independent of the 
frequency of the applied strain. 

In composites, on the contrary, no fatigue phenomena have been observed. This difference could be 
explained regarding the three distinct steps that characterize the process of fatigue failure. After a 
crack has formed the propagation can stop at the interface between binder and an added mineral filler. 
The inter-particle distance in a paver is roughly 2 µm. The crack propagation will thus be stopped at 
very short length scales. Apparently these length-scales are below a critica! crack size of the material, 
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a failure of the paver will thus stay out. This is encouraging for paving applications, where the 
mechanica! response to cyclic loads is of major importance. 

The occurrence of creep in C-fix composites can be a drawback for certain construction applications. 
As a reference the same experiments as described for C-fix composite samples were also performed on 
cement concrete samples. In these cases hardly any creep of fatigue was observed. A difference 
between C-fix composites and cement concrete is clearly the creep performance, which is significantly 
lower in cement concrete. Improving the creep performance of C-fix composite materials will even 
further widen the application potential of C-fix. 
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Chapter 8 

General Conclusions 

8.1 Visco-elastic behavior of unmodified binders 

The behavior of the C-fix A and the gel-bitumen are quite sirnilar. Whereas the behavior of the C-fix 
B resembles that of the sol-bitumen, except for a difference in zero-shear viscosity. This behavior can 
be explained considering the asphaltene contents of the binders The high asphaltene content materials, 
C-fix A (24.9%) and gel-bitumen (20.9%), behave gel-like whereas the low asphaltene content 
materials, C-fix B (12.6%) and sol-bitumen (13.2%), behave sol-like. 

8.2 Percolation and sealing 

Percolation phenomena have been observed in composite materials in which the inter-particle ligament 
distance A was smaller than a critica! size. In SP filled C-fix A sealing of G' is observed near and 
above the percolation threshold. In earlier publications, a sealing exponent a = 3.55 of forrning elastic 
networks is reported . The value obtained is this study for SP filled C-fix A is consistent with this 
value: a = 3.62 +/- 0.1. The resulting network that is formed is assumed to be composed of SP filler 
particles interconnected through a small network of asphaltenes between the filler particles. 
Qualitatively sirnilar percolation phenomena have been observed in SP-filled gel-bitumen. The only 
observed difference between both binders is the percolation threshold which can be explained 
regarding the difference in structure of the binders . 

EMT calculations have resulted in qualitative sirnilar visco-elastic behavior, below, near and beyond 
the percolation threshold. Around the percolation threshold EMT calculations show the addition of a 
time scale, which is a possible explanation of the experimental observed failure of time-temperature 
superposition. 

8.3 Structure of the binders 

The percolation thresholds found in C-fix A and gel-bitumen are 0.095 and roughly 0.17. Both values 
are significantly lower than the values earlier reported for rigidity percolation, 0.59. This low value 
can be explained by the fact that the presence of asphaltenes in the binder increases the effective filler 
content due to bridging of the ligaments by the asphaltene aggregates and shear induces aggregation of 
the asphaltenes . The difference in percolation threshold between C-fix A and gel-bitumen can 
originate from the fact that asphaltenes in C-fix A are more reactive than the ones present in gel
bitumen. 
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Upon prolonged heating it is observed that C-fix A hardens more than the gel bitumen. Again this is 
attributed to the assumption that the asphaltenes in C-fix A are more reactive than those in gel
bitumen. 

It is shown that in C-fix A the half-life of the hardening process decreases with increasing filler 
content. It is assumed that in this case the asphaltene-aggregate-size exceeds the inter-particle ligament 
dimension, which is roughly 400nm. The filler particles thus restrain the growth of the asphaltenes 
aggregates. Another explanation could be that the modulus of the hardened binder exceeds the 
modulus of the filler. 

In summary: the distinguishing properties of C-fix A as compared to the other binders are revealed, 
and are related to its rnicrostructure, which is the major result of this study. 

8.4 Long-time macroscopie behavior 

The occurrence of fatigue is of major concern in regarding the possibilities for paving and construction 
applications. Fatigue measurements on pure C-fix A binder reveal the occurrence of fatigue, on the 
other hand in C-fix-rnineral composites fatigue phenomena are not observed. It is assumed that crack 
propagation in the latter is severely lirnited due to the presence of filler particles, crack propagation 
will thus be stopped at very short length scales. 
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C-fix A with Glass filler 
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Figure Al.1: Master curves of Glass-filled C-fix A, G* and 8: 
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Maximum filled C-fix A 
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C-fix A with 30% filler: W, G and SP 
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C-fix A with 50% filler: W, G and SP 
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Figure A4.2: Master curves of 50%-filled C-fix A with different fillers: 
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Sol-bitumen with SP filler 

10' 100 

108 90 

10
7 80 

70 
106 

'êii' 
e:.. 10

5 

60 

0 50 . 
(.!) 10• "° 40 

103 
30 

• 0% 20 
10• 0 30% SP 

• 50% SP 10 

101 

10-7 1 x1 o·• 10" 10·• 10
1 

0 
103 10• 107 10-7 1x10·• 10" 10·• 

M. Wilbrink 

• 0% 
o 30% SP 
• 50% SP 

. . 
1~ 1~ 1~ 1~ 

~·ro [rad/s] 

Figure AS.1: Master curves of SP-filled sol-bitumen, G* and 8: 
0% (Trangc=l0-90°C), 30%SP (Trangc=30-140°C), 50%SP (Trangc=30-130°C). 

100 

90 

80 

70 

60 

0 50 

"° 40 

30 

20 

10 

0 
101 

G* [Pa) 

Figure AS.2: Black-diagram of SP-filled sol-bitumen: 

• 0% 
o 30% SP 
• 50% SP 

0% (T range= 10-90°C), 30%SP (T rangc=30- l 40°C), 50%SP (T rangc=30- l 30°C). 

62 



Visco-elastic and long-time behavior of dispersions with a structured binder 

Appendix A6 

Comparison filled binders 
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Figure A7.1: Master curves ofunfilled and 15%SP-filled C-fix A, G* and 8: 
Unfilled: without any temperature treatment (Trangc=l0-120°C), after 60 hours at 140°C 
(Trange=l00-220°C), and again after 60 hours at 140°C plus one hour at 240°C (Trangc=140-260°C). 
15%SP-filled: without any temperature treatment (Trange=20-160°C), after 60 hours at 140°C 
(Trangc=80-230°C), and again after 60 hours at 140°C plus one hour at 240°C (Trangc=100-240°C). 
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Figure A 7.2: Black-diagram of unfilled and 15%SP-filled C-fix A, G* and c5: 
Unfilled: without any temperature treatment (Trange=l0-120°C), after 60 hours at 140°C 
(Trange=l00-220°C), and again after 60 hours at 140°C plus one hour at 240°C (Trange=140-260°C). 
15%SP-filled: without any temperature treatment (Trangc=20-160°C), after 60 hours at 140°C 
(Trangc=80-230°C), and again after 60 hours at 140°C plus one hour at 240°C (Trange=l00-240°C). 
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Appendix AS 

Hardening effect in 20% filled C-fix A and 
gel-bitumen 
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Figure A8.I: Master curves of 20%SP-filled gel-bitumen and C-fix A, G* and o: 
Gel-bitumen: without any temperature treatment (Trange=30-180°C), after 60 hours at 120°C 
(Trange=40-140°C). 
C-fix A: without any temperature treatment (Trange=20-160°C), after 60 hours at 140°C 
(T range=l00-220°C). 
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Figure A8.2: Black-diagram of 20%SP-filled gel-bitumen and C-fix A: 

M. Wilbrink 

Gel-bitumen: without any temperature treatment (Trangc=30-l 80°C), after 60 hours at 120°C 
(T rangc=40-140°C) . 
C-fix A: without any temperature treatment (Trange=20-160°C), after 60 hours at 140°C 
(Trange=l00-220°C). 
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