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Abstract 

Asphalt mastics act as a binding phase in asphalt mixtures and their rheological 
properties strongly affect the performance of asphalt mixtures with respect to 
virtually all damage modes. In order to measure mastics properties, relevant for field 
performance, testing should be performed at size-scales representative for the 
morphology and material inhomogeneity of asphalt mixtures. This thesis aims to 
contribute to solving these important issues by developing new experimental and 
modelling tools for the multi-scale characterization of asphalt mastics. 

An instrumented indentation test for viscoelastic characterization of asphalt 
mastics is proposed as a new alternative to existing techniques. A methodology for 
spherical indentation testing of bituminous materials is developed allowing 
measuring their viscoelastic properties at arbitrary non-decreasing loading. The 
potential of indentation tests for multi-scale measurements of viscoelastic properties 
of binder-aggregate composites is investigated for the special case of asphalt mortar, 
composed of mastic and aggregates smaller than 2.36 mm. The effect of the test 
parameters on the measured apparent shear relaxation modulus of asphalt mortar is 
evaluated. Experimental and modelling results indicate that the measurement scale 
in the indentation tests can be controlled efficiently by testing with different 
indenter-specimen contact areas. Accordingly, indentation tests may be used for 
reliable viscoelastic characterization of binder-aggregate composites on macro-scale 
as well as on the mastic phase level. It may thus potentially provide a relatively 
simple tool for measuring viscoelastic properties of mastics in situ in asphalt 
mixtures.   

In order to establish a quantitative link between material design parameters of 
mastics and its rheology, a new finite element (FE) micromechanical modelling 
approach has been developed. It allows predicting the viscoelastic properties of 
bitumen-filler mastic from its volumetric, mechanical and geometrical design 
parameters. The influence of modelling parameters on the model’s accuracy is 
evaluated and optimal parameter combinations are identified. The model is 
validated with the measurements performed on several mastics and for a range of 
volumetric concentration of filler. It is shown that the proposed model can capture 
the measured viscoelastic behaviour of mastics for the examined range of loading, 
temperature and material parameters. Accordingly, it may be a useful tool for 
optimizing mastics material design for the target viscoelastic properties. 
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Sammanfattning 

Asfaltmastix fungerar som bindemedel i asfaltsblandningar och blandningens 
uppträdande vad gäller i stort sett alla skadetyper är starkt beroende av 
asfaltmastixens reologiska egenskaper. Att förstå de mekanismer och parametrar 
som beskriver asfaltmastixens reologi är därför nödvändigt för att försäkra sig om 
ett tillräckligt bra beteende hos asfaltsblandningar. Dessutom, för att kunna mäta 
mastix egenskaper, relevanta för materialets uppträdande i fält, bör provning 
genomföras för längdskalor som är relevanta för blandningens morfologi. 
Inhomogeniteter hos materialet måste också beaktas. Denna avhandling strävar mot 
att lösa dessa viktiga problem genom att utveckla experimentella verktyg och 
modelleringsverktyg för flerskalekarakterisering av mastix. 

Instrumenterad intryckningsmetodik, för viskoelastisk karakterisering av mastix, 
beskrivs i avhandlingen som ett alternativ till andra provningsmetoder. En ny metod, 
som utgår ifrån sfärisk intryckningsprovning av asfaltmastix, har tagits fram med 
avsikten att mäta viskoelastiska storheter vid godtycklig men ökande last. I 
avhandlingen undersöks nyttan med att använda intryckningsprov för 
flerskalekarakterisering av bindemedel/partikel kompositer, speciellt för fallet 
asfaltsbruk. Provparametrarnas inverkan på den uppmätta relaxationsmodulen 
utvärderas. De framtagna resultaten visar att mätskalan vid intryckningsproven kan 
kontrolleras effektivt genom att styra kontaktytans storlek vid experimenten. 
Sammantaget visas i avhandlingen att intryckningsprov är ett trovärdigt alternativ 
för viskoelastisk karakterisering av de aktuella kompositmaterialen, på både 
makronivå och komponentnivå. Metoden har alltså potential att vara ett relativt 
enkelt alternativ för att på plats mäta materialegenskaper hos 
asfaltsmaterial/asfaltsblandningar. 

För att fastställa en kvantitativ länk mellan materialets modellparametrar och 
dess reologi så har ett nytt mikromekaniskt angreppssätt, baserat på finit 
elementmetodik, utvecklats. Avsikten är då att beräkna de viskoelastiska 
egenskaperna hos asfaltmastix utgående från de av problemet givna parametrarna. 
Modellparametrarnas inverkan på noggrannheten utvärderas och optimala 
parameterkombinationer identifieras. Modellen valideras med hjälp av experiment 
på olika asfaltsmaterial och den visar sig kunna fånga det uppmätta viskoelastiska 
beteendet för det aktuella intervallet av olika undersökta parametrar. Följaktligen 
kan det vara ett användbart verktyg för att optimera framtagningen av 
asfaltsmaterial utgående från de riktmärken för det viskoelastiska beteendet som 
sätts upp. 
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1 Introduction 

Asphalt mastic is a combination of binder and filler particles most of which pass 
a 63 μm sieve as defined by the European Standard (EN 933-10). It acts as a binding 
phase in the asphalt mixtures and has a strong influence on materials performance. 
As reported in numerous research studies, rheological properties of mastics 
influence virtually all damage modes in asphalt mixtures. In particular, fatigue and 
low temperature cracking as well as rutting performance of asphalt mixtures are 
reported to be strongly affected by the mastics rheology, cf. (Chen et al. 2008; 
Faheem et al. 2008; Wang et al. 2011; Miró et al. 2017).  

Accordingly, the rheological properties of mastic are crucial components for 
modelling and predicting the performance of asphalt pavements. A report by the 
National Cooperative Highway Research Program (NCHRP and National Academies 
of Sciences, Engineering 2011) evaluated mastics manufactured with a wide range of 
filler and binder combinations. They highlighted that in addition to the volumetric 
composition of mastic, the properties of filler, binder as well as the filler-binder 
combination are crucial in determining the performance of mastic and subsequently 
of asphalt mixtures. This is not reflected, however, within the current asphalt mix 
design procedures and component specifications that focus on testing the binder and 
the final mixture, without sufficient focus on filler and mastic properties (NCHRP 
and National Academies of Sciences, Engineering 2011).  

Factors affecting the mechanical behaviour of bitumen-filler mastic have been and 
still are investigated by different research teams worldwide. In particular, the 
physical and chemical properties of filler have since long been known to strongly 
influence the asphalt mastic properties (Miller and Traxler 1932). Moreover, the 
volumetric content of filler and its morphological properties such as the shape, size 
distribution as well as surface area and texture significantly influence the mastic 
viscosity. In this context, the void fraction in dry compacted mineral filler was 
introduced by Rigden (1947) as a measurable parameter that captures the combined 
influence of the morphological properties of filler. Faheem and Bahia (2012) 
developed a phenomenological model that uses fundamental measurable parameters 
of filler and bitumen; by using multi-linear regression analysis they identified that 
the Rigden voids have a significant influence on the complex modulus of mastic. 
Moreover, due to the binder adsorption on the filler surfaces, a physiochemical 
interaction has been observed in their study. The magnitude of adsorption depends 
on the specific surface area of the filler as well as its polarity (Guo, Bhasin, and Tan 
2017).  
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A summary of the interaction mechanisms, affecting the rheology of mastic, is 
shown in Figure 1, following the classification suggested by Buttlar et al. (2007). Over 
the years, there have been several efforts to model, analytically, phenomenologically 
and numerically the interactions between fillers and binders and their subsequent 
effects on the asphalt mastic properties 

One of the widely used analytical models is the Generalized Self-Consistent 
Scheme (GSCS) - a micromechanical analytical model allowing to estimate the 
homogenised properties of the mastic from its composition and properties of 
constituents (Christensen and Lo 1979; Qu and Cherkaoui 2007). In the GSCS model, 
the mastic is represented by a spherical particle representing filler and surrounded 
by a layer of binder, which is in turn embedded into the effective medium, 
representing the mastic. For this configuration there exists an analytical closed-form 
solution, for finding unknown effective medium properties from the binder and filler 
properties and volumetric composition of the mastic, as originally derived by 
Christensen and Lo (1979). Buttlar et al. (2007) applied the GSCS model for 
calculating the complex modulus of several different types of asphalt mastics and 
filler volume fractions. Their analysis was limited to one temperature and one 
measurement frequency. While the GSCS resulted in complex moduli that are close 
to the experimental ones for low and intermediate volume fractions, they 
underestimated the stiffening effect, i.e. the ratio of the complex moduli of mastic to 
the constituent binder, at high volume concentrations. This led Buttlar et al. (2007) 
to conclude that the GSCS can model the reinforcement effect of filler due to the 
volume filling effect. However, they also concluded that GSCS doesn’t take into 
account the particle-to-particle interactions at higher filler concentrations as well as 
the physiochemical interactions. In order to account for the physiochemical 
interaction between the filler and the binder, Buttlar et al. (2007) introduced a 
concept of an equivalent rigid layer, surrounding filler particles.  
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proposed by Hesami et al. (Hesami et al. 2012). In their framework, frictional 
interactions between filler particles have been accounted for through an empirical 
equation, based on the packing theory considerations. As shown in Hesami et al. 
(2012), accounting for frictional interactions between filler particles allowed 
capturing more accurately mastics viscosity at high filler concentrations. 

Despite the considerable amount of experimental and modelling research 
conducted on the mechanical behaviour of asphalt mastic, several important aspects 
have not yet been addressed in detail. Particularly, in most studies, the viscoelastic 
properties of mastic are measured with Dynamic Shear or Bending Beam 
Rheometers (DSR and BBR respectively). In both test methods, the mastic is 
assumed to be a homogenous and a scale-independent material. Asphalt mastic is, 
however, an inhomogeneous material containing at least two different phases: 
binder and filler particles. The volumetric composition of mastic can vary locally in 
the material due to material segregation and production variability. As it has been 
previously highlighted, the mixtures’ performance, in terms of e.g. fatigue and 
rutting resistance and moisture damage, is highly dependent on the local mastic 
properties (NCHRP and National Academies of Sciences, Engineering 2011; Tarefder 
and Zaman 2011). The mechanical behaviour of mastic is scale-dependent and 
should be thus measured at size-scales representative for mixture’s morphology and 
with material inhomogeneity taken into account. Mastic characterization methods 
capable of this are still lacking. 

Furthermore, the existing approximate analytical and empirical models for 
mastic, summarized above, have several important limitations. Generally, the 
accuracy of those models tends to deteriorate at high filler concentrations, as 
particle-to-particle interaction effects are not fully captured. Furthermore, filler size 
distribution and shape cannot be taken explicitly into account in analytical models. 
Hence the effect of those parameters on the performance of mastic may not be 
investigated quantitively. Finally, the validity of analytical models is limited to cases 
of linear elastic or viscoelastic material behaviour. Thus those models may not be 
used to evaluate fatigue and plastic deformation performance of mastic.  

1.1 Aims and Limitations 

The objective of this thesis is to develop experimental and modelling tools for 
characterisation of mastics viscoelastic properties at different size-scales. In terms 
of experimental characterization, the focus is on developing a new test method 
capable of measuring viscoelastic properties of mastics locally, at size-scales 
representative for mixture’s morphology and for various local and global damage 
mechanisms. Instrumented indentation test for mastics is developed and evaluated 
as a possible alternative to the conventional rheological characterisation methods, 
such as Dynamic Shear Rheometer (DSR) and Bending Beam Rheometer (BBR). The 
particular attention is given to method’s capability to measure the linear viscoelastic 
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properties of binder-aggregate composites, such as mastics and mortars, across 
different structural size scales, i.e. for both probing individual phase properties and 
measuring the composite properties at the macro-scale. It is also the intention of this 
research, to improve quantitative and qualitative understanding of factors 
controlling rheological behaviour of mastic through micromechanical modelling.  
Accordingly, a new FEM micromechanical model is established for predicting the 
viscoelastic properties of mastic from its fundamental material design parameters, 
in terms of the volumetric composition, the size distribution and shape of the filler, 
as well as the viscoelastic properties of the binder phase.   

As it is well known, viscoelastic properties of bituminous materials are profoundly 
temperature dependent. The experimental and modelling work presented in this 
thesis is performed in a quite narrow temperature range from  0 to 10°C. In 
addition to the need to limit the volume of experimental work, the main reason for 
focusing on low/intermediate temperatures is the need to get a better insight to the 
mastic’s properties controlling fatigue and low temperature damage in asphalt 
concrete. Furthermore, the developed FE model of mastic is focused on capturing 
explicitly the mastic stiffening through mechanical interactions of filler particles, cf. 
Figure 1. The important issue of physio-chemical interactions between filler and 
binder, cf. e.g. by Faheem and Bahia (2012), is addressed only indirectly through a 
model calibration procedure discussed in Chapter 3.  
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2 Instrumented Indentation Testing of Viscoelastic 
Materials 

Instrumented indentation testing has become a common technique for 
characterizing the mechanical behaviour of a large variety of materials. Over the past 
30 years, this technique has been used to investigate the linear elastic and plastic 
properties of thin films, modified surfaces, individual phases in alloys and 
composites and other microscopic entities (Gouldstone et al. 2007). Accordingly, a 
large variety of indentation testing methodologies exists, differing with respect to 
indenter geometries, resolution capabilities and analysis methods. In this chapter, 
the basic principles of viscoelastic materials characterization with spherical 
indentation tests are presented along with the challenges regarding using this 
technique for characterizing asphalt mastics. Then the results reported in Papers I 
and II on the development and evaluation of a new indentation test method are 
briefly summarized. The spherical indenter geometry chosen in this thesis is widely 
recognized for its advantages compared to other indenter types, in terms of isolating 
linear material response (Gouldstone et al. 2007).   

A basic sketch of the instrumented indentation test set-up is shown in Figure 2, 
along with the notation and coordinate system used. The test consists of pressing a 
rigid indenter into the specimen, with load, , and depth of indentation, , 
continuously monitored. The material parameters of the specimen are then extracted 
from the measurement data either by using a closed form analytical solution or 
inverse numerical modelling. Provided that the stresses and strains are sufficiently 
small, asphalt mastic may be considered as an isotropic linear viscoelastic material. 
Accordingly, its mechanical behaviour is fully defined with two viscoelastic 
functions: i.e. volumetric,  and shear,  relaxation moduli. The volumetric 
viscoelastic behaviour may alternatively be characterized through a viscoelastic 
Poisson’s ratio, : 

 
 

where  is the Laplace transform,  Equation (1) 
is obtained by applying the elastic-viscoelastic correspondence principle on the 

elastic relation . 
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Provided that only  and  are measured during the indentation test, the 
two viscoelastic functions cannot be determined uniquely from the test data. 
However, provided that the viscoelastic Poisson’s ratio is constant and known, one 
needs only to establish the relationship between ,  and the shear relaxation 
modulus, . Larsson and Carlsson (1998) have derived this relationship, starting 
with Hertz solution for elastic spherical contact (Hertz 1881), by utilizing the 
viscoelastic correspondence principle. For non-adhesive contact of elastic isotropic 
materials, the Hertz solution relates the indentation load,  and the indentation 
contact area radius, , as follows: 

 
 

where: 

 
 

In Equations (2) and (3)  and  are elastic material parameters, namely, the shear 
modulus and Poisson’s ratio, and  is the spherical indenter diameter. 

Larsson and Carlsson (1998) showed that for a particular case of indentation 
relaxation test, when the indenter is loaded in a displacement-controlled mode with 
a step loading as follows: 

 , 

where  is the Heaviside function and  is the applied constant indentation 
depth, the contact area remains constant. Accordingly, the viscoelastic 
correspondence principle may be applied to extend the Equation (2) into the linear-
viscoelastic domain. Assuming the constant , the following relationship between 

 and  has been derived in their study: 

 
 

where  is the constant contact area radius related to  by Equation (3). Equation 
(4) allows for the calculation of the shear relaxation function of a viscoelastic 
material, from the  measured during the indentation relaxation test, provided 
that materials Poisson’s ratio is constant and known.    

In order to allow simultaneously measuring  from the indentation test, Larsson 
and Carlsson (1998) proposed to use the circumferential strain , measured at a 
certain distance from the contact area as an additional measured variable. The 



Instrumented Indentation Testing of Viscoelastic Materials | 9 
 

 

following equation may then be used, in conjunction with Equation (5), for the 
simultaneous measurement of  and : 

 
 

where  is the radial distance to the measurement point of .  

In several recent studies, the methodology outlined above has been applied for 
measurement of shear relaxation modulus of bituminous binders and mastics 
(Jelagin and Larsson 2013; Zofka and Nener-Plante 2011). The studies concluded 
that indentation testing is a promising technique for characterizing bituminous 
materials, in particular at intermediate and low temperatures. The potential of the 
method for probing local material properties has furthermore been emphasized, in 
contexts of in situ measurements of individual phase properties in bitumen-
aggregate composites (Ossa and Collop 2007). However, as pointed out in Jelagin 
and Larsson (2013), the use of Equation (5) (or Equations (5-6)) has certain 
limitations, associated primarily with the difficulty of strictly enforcing the step 
loading condition defined by Equation (4). Performing indentation relaxation tests 
is particularly challenging for the cases of a material with profound relaxation 
properties, such as bitumen-based materials, as the material’s stiffness and, 
accordingly, measured loads vary dramatically during the test. Furthermore, the 
relaxation during the test results in a time-dependent effect of machine compliance, 
that prevents maintaining a constant indentation depth during the relaxation part of 
the test.  

 
(a) (b) 

Figure 2: (a) The Indentation test set-up, (b) a schematic for the parameters used in the 
interpretation of indentation results 

In order to overcome the limitations of the relaxation indentation test, a 
generalised solution for the viscoelastic spherical contact is derived in Paper I, valid 



Instrumented Indentation Testing of Viscoelastic Materials | 10 

for arbitrary non-decreasing loading history. Based on the derived solution, a new 
indentation test methodology and analysis procedure is proposed, which allows 
mitigating the machine compliance and finite loading rate effects on the accuracy of 
the measurements. In Paper II, the developed indentation method is extended to the 
multi-scale characterization of binder-aggregate composites. The effect of the test 
parameters on the measured apparent shear relaxation modulus of a bitumen-
aggregate composite is investigated experimentally and numerically. Test 
parameters corresponding to the bitumen-aggregate composite characterization on 
macro-scale as well as on individual component levels are identified. The main 
findings of Papers I and II are summarized in Sections 2.1 - 2.2 below. 

2.1 A New Instrumented Indentation Test for Asphalt Mastic 

In Paper I, the method of functional integrals developed by Lee and Radok (2011) 
is applied to derive two equations for determining the bulk and shear relaxation 
functions  and  from the  and  measured during the indentation 
test. Using the functional integrals method allows to relax the assumption of 

, used in deriving Equations (5-6), and to obtain solution valid at arbitrary non-
decreasing loading scenario, i.e. at . The following equations are 
obtained in Paper I: 

  

 

  

 

Equations (7) and (8) represent the Boltzmann superposition principle applied to 
the Hertz solution for elastic spherical contact. The first equation represents the 
relationship between the variation of the indentation load  and the variation of 
indentation depth  through the relaxation functions  and . The second 
equation represents the relationship between  and the variation of the 
circumferential strain . Thus,  and  functions can be determined from 
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measured  and  by solving two coupled integral Equations (7-8) with the 
numerical solution procedure outlined in Paper I.  

Equations (7) and (8) can be simplified if  (or ) is constant and known. In 
case of bituminous materials it can be assumed, provided that the temperature is not 
extremely low, that the volumetric deformations are negligible as compared to the 
shear deformations, i.e. . In this case, Equations (7-8) are reduced to a 
single integral equation, straightforward to solve numerically:   

 
 

The developed analysis procedure has been validated with FEM simulations of 
indentation tests on bitumen. An example of numerical validation is shown in Figure 
3. The indentation test on a viscoelastic specimen having  and  of 70-
100 penetration grade bitumen at 0 C was modelled. The load history, , used in 
the simulations shown in Figure 3(a),  was set to increase linearly during the first 
second of the test, in order to simulate a realistic finite loading rate. Starting from 

 1 s,  was set to increase at significantly slower loading rate, simulating the 
combined effect of machine compliance and relaxation of the specimen. 
Computationally obtained  was then used for back-calculation, according to 
Equations (5) and (9), i.e. following the methodologies proposed in Larsson & 
Carlsson (1998) and Paper I correspondingly. In the analysis using Equation (9) the 
actual  history was used. The analysis according to Larsson & Carlsson (1998) 
method (i.e. Equation (5)) requires however, the  following Equation (4), which 
is also shown in Figure 3(a). As seen in Figure 3(b), the developed method (Equation 
(9)) captures accurately the  of the specimen, while using the relaxation 
indention test analysis procedure (Equation (5)), results in significant deviations 
between the input and back-calculated .  
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2.2 Multi-Scale Characterisation of Binder-Aggregate Composites with 
Instrumented Indentation Test 

Feasibility of using indentation test for multi-scale characterization of binder-
aggregate composites has been investigated experimentally and numerically in Paper 
II. In the context of characterizing asphalt mastic, Paper II extends the methodology 
presented in Paper I to two potential applications of practical interest: (a) in situ 
characterization of mastic phase properties in binder-aggregate composites (i.e. 
asphalt mortars and asphalt mixtures); (b) measurement of local mastics properties 
at size-scales relevant for various asphalt damage mechanisms, e.g. fatigue and 
moisture damage. In Paper II, the applicability of indentation testing for measuring 
viscoelastic properties of asphalt mortars on macro-scale as well as on mastic scale 
is evaluated.  

In order to investigate numerically the effect of the indentation test parameters 
on the measured apparent shear relaxation modulus of a bitumen-aggregate 
composite, a micromechanical FEM model of asphalt mortar has been developed in 
Paper II. The mortar was modelled as a composite material consisting of a 
viscoelastic matrix and elastic spherical inclusions, representing the aggregate 
particles (Figure 6(a)). The concentration of aggregates within the mortar was 
assumed to be 33% by volume corresponding to porous asphalt mortar as described 
in (Zhang and Leng 2017).  These aggregates were randomly distributed in the matrix 
following the size distribution shown in Table 2. Multi-scale modelling was applied 
for improving computational efficiency, with the modelling performed in two size-
scales. In particular, aggregates smaller than 0.6 mm are relegated to the smaller 
scale, denoted sub-mortar, where the material is assumed to be comprised of mastic, 
as a matrix, and aggregates. The viscoelastic matrix in the sub-mortar model is 
assumed to be incompressible, with its Poisson’s ratio set to 0.499  (in order to avoid 
convergence difficulties associated with ) and  corresponding to mastics 
prepared with 70-100 bitumen and 20% by weight of hydrated lime filler.  of this 
mastic was measured with DSR at 0°C. The mortar scale model is in turn composed 
of aggregates in the range between 0.6 mm and 2.36 mm, embedded in a viscoelastic 
matrix with properties as obtained from the homogenised viscoelastic sub-mortar 
scale.  

The micro-mechanical FEM model for asphalt mortar is used for two types of 
numerical analyses. First, in order to identify homogenised viscoelastic properties of 
asphalt mortar, a model of a Representative Volume Element (RVE) for mortar is 
developed. Strain controlled Periodic Boundary Conditions (PBC) are specified for a 
material’s RVE; the PBC is utilized to reduce the size of the model. Secondly, a model 
of instrumented indentation test on asphalt mortar is set up and the analysis 
procedure proposed in Paper I is used to obtain the apparent material properties 
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from the analysis results. The FEM meshes used for the RVE and the indentation test 
analysis are shown in Figure 6(b) and Figure 6(c), respectively. 

 

Table 2. The assumed aggregate size distribution for the model. 

Sieve size 
(mm) 

0.075 0.15 0.3 0.6 1.18 2.36 

Passing percentage 
(by volume) 

5.2 8.1 12.3 17.9 28.6 39.1 

 

(a) (b) (c) 
Figure 6: (a) the mortar model with randomly distributed spheres, (b) mesh of the RVE 

used for calculating the homogenised properties, (c) the indentation model mesh  

In Figure 7, the  back-calculated from the simulated indentation tests at 
different contact area sizes are presented and compared with those from RVE 
modelling.  From Figure 7(a) it can be concluded that in the indentation tests, the 

 corresponding to the effective viscoelastic properties of matrix phase and of the 
homogenised mortar can be obtained depending on the contact radii during the test. 
In particular,  obtained at small   0.45 mm is close to  of the matrix with 
the average difference between indentation test and the homogenised cases, being 
below 8% for the measurement period. The obtained  approaches the 
homogenised mortar properties with increasing  This is further illustrated in 
Figure 7(b) where the change in  measured in the indentation test is 
shown as a function of the contact area radius . Thus, the computational results 
presented in Figure 7 indicate that the scale of the indentation test’s measurement 
may be effectively controlled by varying the radius of the indenter-specimen contact 
area. At the same time, as shown in Paper II, the influence of indentation depth,  
on the measured  is small, if the contact area size does not change.  

The influence of the contact area size on the  measured in indentation tests 
was also investigated experimentally. Asphalt mastic and mortar specimens were 
manufactured using the same bitumen; an unmodified 70-100 penetration grade 



Instrumented Indentation Testing of Viscoelastic Materials | 17 
 

 

bitumen provided by Nynas AB (Nynäshamn, Sweden). The mastic samples were 
prepared by mixing bitumen with 30% by volume quartz powder, passing 325 
(44μm) mesh. The mortar samples were prepared by mixing the mastics with 33% 
by volume of limestone aggregates with the size distribution shown in Table 2.  
of both asphalt mastic and mortar were measured with indentation tests performed 
with two different indenter-specimen contact area sizes. The contact area size is 
controlled in the experiment by using indenters with different curvature diameters, 

, and different target indentation depths, . In particular,  31.75 mm, 
 0.6 mm and  9.5 mm and  0.1 mm are used, resulting in maximum 

contact area radii of 3.1 mm and 0.7 mm correspondingly, according to Equation (3).  

  
(a) (b) 

Figure 7: (a)  obtained using indentation at several indentation contact area radii, 
compared to the homogenised , (b)  as a function of contact area radius 

In Figure 8(a) the  measured with indentation tests performed at  
0.7 mm and 3.1 mm is presented with five individual measurements and the mean 
value for each a. It can be seen that, while the mean values  obtained at 
two different  values are quite close, the scatter for the smaller  0.7 mm is higher 
than for  3.1 mm. The higher variability of measurements with smaller contact 
area sizes is due to the effect of individual material phases, i.e. of mastics and 
aggregates, on the measured response. It may be argued accordingly, that the 
minimum  curves measured with indentation tests at  0.7 mm should be 
more representative for mastics properties. This is further examined in Figure 8(b), 
where the individual indentation tests that resulted in the measured minimum  
curves at each value of  are presented and compared to the DSR and indentation 
measurements on mastic specimens. It can be seen that  obtained at  0.7 mm 
is significantly lower than for  3.1 mm and closer to the mastic phase properties. 
The obtained experimental results indicate that the indentation tests performed at 
smaller contact areas allow capturing the properties of individual phases in mortar 
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composites. The indentation test has thus a high potential in obtaining multiscale 
mechanical properties of asphalt mortars. Reliable determination of individual 
phase properties in mortars would, however, require tests performed with smaller 
contact areas and very accurate load control. 

  
(a) (b) 

Figure 8: Experimental results of indentation on mastic and mortar samples at two 
different contact areas radii and at  0˚C, (a) the scatter of different measurements 

from the mean, (b)  for the smallest measured values compared to mastic 
measurements 
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3 Multiscale Modelling of Asphalt Mastic

In order to improve the understanding of the mechanisms and parameters 
controlling the rheology of mastic and its performance in asphalt mixtures, a new 
micromechanical modelling approach for predicting viscoelastic properties of mastic 
is proposed and validated in Paper III. Numerical modelling based on FEM is 
employed, in order to establish a flexible modelling tool capable of capturing the 
influence of mastic’s material design on its rheology as well as to allow for future 
extension of the model to non-linear material behaviour, such as fatigue and 
plasticity.  In this chapter, the modelling approach proposed in paper III is briefly 
summarized, along with a simple calibration procedure, proposed for capturing the 
effects of the parameters not considered explicitly in the model. Then experimental 
and modelling results validating the model’s ability to capture the viscoelastic 
properties mastics are presented and discussed. 

3.1 Micromechanical Modelling of Mastics

The micromechanical model has been developed for a representative volume 
element (RVE) of mastics, where the filler phase is represented by randomly 
distributed elastic particles in a viscoelastic matrix of binder. The binder phase is 
assumed to consist of isotropic linear viscoelastic material, with its properties 
described by two viscoelastic functions: the shear,  and bulk, , relaxation 
functions. The generalised Maxwell model is used to describe the  of the binders: 

where  is the number of elements in the Prony series,  is the instantaneous shear 
modulus or ,  is the fitting parameter of the Prony series elements and  
is the relaxation time for the  element.  is obtained from DSR frequency sweep 
measurements within the range 0-10˚C, converted to the time domain using the 
Schapery and Park approximate interconversion method (Schapery and Park 1999). 

 was assumed to be constant and equal to 344.8 MPa, which represents bitumen 
at 0°C as reported by Wolf (2010). This corresponds to a Poisson’s ratio

 increasing asymptotically to 0.5 with sustained loading.  

Linear elastic isotropic spheres, with Young’s modulus,  70 GPa, and Poisson’s 
ratio,  0.17, corresponding to quartz (“Crystran Ltd - Quartz Crystal (SiO2)”), are 
assumed for representing the filler particles. The filler phase in the material is 
generated with a robust and general particle generation procedure, developed in
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Paper III, based on the particles dynamics simulator LAMMPS (Plimpton 1993). This 
method allows generating a filler phase with a given size distribution and achieving 
high volumetric concentrations, , i.e. at least 60% for single size spheres with 
maximum concentrations increasing for multi-size particle distributions. In the 
model, the filler particles are randomly distributed with the RVE. Figure 9(a) and 
Figure 9(b) show examples of the generated filler particles for (a)  10% with 
single size particles and (b)  50% with multiple sizes of spheres respectively. In 
the model, perfect bonding is assumed between the filler and binder phases. 
Therefore the interface nodes are shared between the spheres and the matrix.  

   

 (a) (b) (c) 

Figure 9: Random locations of  filler particles with  (a) 10% single size, (b) 50% with 
multiple sizes and (c) FE model of the mastic with the 10% of filler particles 

A meshed model with  10% is shown in Figure 9(c) along with the loading and 
the coordinate system used. In order to investigate the effect of the mastic 
composition on its linear viscoelastic behaviour, a virtual uniaxial tension test on 
mastic is performed and the homogenised properties of mastic are obtained. To 
reduce the size of the RVE modelled, and for improving the computational efficiency, 
periodic boundary conditions (PBCs) are employed. PBC allows setting the boundary 
conditions (prescribed displacements or tractions) causing the same average strain 
or stress as within a homogeneous material of the same size as the RVE. As discussed 
by e.g. Gitman, Askes, and Sluys (2007), using PBC allows to significantly reduce the 
size of the model without compromising the accuracy. In order to enforce the PBCs, 
the nodes of the opposing faces of the RVE mesh are constrained by the coupling 
equations, generated in ABAQUS using the plugin HOMTOOLS (Lejeunes and 
Bourgeois 2011). Uniaxial relaxation test is applied to the RVE, where an average 
tensile strain, , is used at the start of the simulation and maintained for 400 
s as: 

  

Using the loading defined by Equation (11), simplifies the analysis, as the elastic-
viscoelastic correspondence principle is applicable in this case also on relations 
including the Poisson’s ratio. Therefore, Hooke’s law can be used in the Laplace 
domain to obtain linear viscoelastic solutions. 
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The homogenised time-dependent Poisson’s ratio, , as well as the relaxation 
function  can be calculated for the RVE based on volume average strains and 
stresses, ,  and  as follows: 

 
 

 
 

The homogenised shear relaxation function, , is calculated from  and  
as in Equations (14), (15) and (16): 

 
 

 
 

  

It is worth noting that the time domain  is converted to a complex modulus 
 in the frequency domain, using the interconversion method presented by Park 

and Schapery (1999).  

The modelling approach described above incorporates explicitly the mechanical 
properties of binders and fillers as well as the influence of the filler size distribution.  
At the same time, certain important parameters, filler shape and texture, as well as 
possible physiochemical interactions between bitumen and filler, are not accounted 
for. These parameters are known to influence the rheology of the mastic significantly, 
cf. (Guo, Bhasin, and Tan 2017; Buttlar et al. 2007). In order to account for those 
factors, at least partially, the following simple calibration procedure is proposed in 
Paper III. It is assumed that the effects of filler shape and of the adsorbed layer 
around the particle on the viscoelastic properties of mastic may be accounted for by 
adjusting the volumetric filler concentration in the material. Accordingly, a 
calibration factor  is introduced, allowing to adjust the volume fraction of the filler 
to its effective value : 
 

  

In order to calculate , FEM simulations are performed for mastic materials with 
 values from 10% to 65%. The complex modulus obtained from these simulations 

 is recorded for a range of frequencies  and volume fractions. This 
 is fitted at each frequency  with the following equation: 

  

In this equation , ,  and  are the fitting parameters obtained with nonlinear 
regression: 
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The two-term exponential function in Equation (18) was tentatively chosen to fit the 
complex modulus values, as asphalt mastic has long been considered to have two 
stiffening regimes: (1) a dilute regime, where no contacts between filler particles 
occur and (2) a concentrated regime where the particle-to-particle contacts are 
significant (Faheem and Bahia 2012; Hesami et al. 2012). 

A single  value is calculated for each filler-binder combination. It is obtained by 
minimising the difference of  from the experimental results obtained 
using DSR  for all the frequencies and volume concentrations according 
to Equation (20) 

 

 

 is calculated from the effective volume fraction using Equation (17). Finally, the 
complex modulus of the filler-binder combination for any value of  is obtained 
using FEM analysis at its counterpart  value. The calibration procedure is 
summarised in the flowchart in Figure 10.  

 
Figure 10: Flowchart for the calibration procedure between the FEM model and the 

experiment 

In order to evaluate the influence of modelling parameters on model accuracy, a 
parametric study has been conducted regarding the effect of RVE size, assumed 
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Moreover, the size distribution effect was also evident. For example, the difference 
in stiffening ratios between the quartz sand and hydrated lime size distributions is 
10% and 40% for  and  respectively. The higher difference at higher 

 is attributed to the fact that the particles’ interaction effect on the stiffening is 
larger at higher volume fractions, in which the results are more sensitive to the actual 
microstructure (Gusev 2016). 

The particle-to-particle interaction effects are illustrated in Figure 12, where the 
distribution , the strain in the loading direction, is shown for a cross-section of 
two mastic materials. The models shown are  10% in Figure 12(a) and  50% 
in Figure 12(b), using the size distribution of quartz particles mixed with bitumen 
70-100. As can be seen in the figures, the strain distributions change significantly 
with . Specifically, for  10%, the highest localized strain exceeds the applied 
effective strain, , by a factor of two. However, for  50%, significantly 
higher local strains are produced. 

 
(a) (b) 

Figure 12: A cross-section illustrating the localised  distribution for the models with 
(a) 10% and (b) 50% 

In Figure 13(a,b) computationally predicted  master curves are compared 
with the DSR results for both cases bitumen 70-100 with the hydrated lime Figure 
13(a) and quartz Figure 13(b) fillers. The results are shown in Figure 13(a,b) for a 
reference temperature of  0°C, from the measurements performed at 

. The mastic combinations are labelled as follows: (1) BL is neat bitumen 
mixed with hydrated lime filler, (2) BQ is neat bitumen mixed with quartz filler, (3) 
PL is PmB mixed with hydrated lime filler and (4) PQ is PmB mixed with quartz filler. 
The volumetric filler content is indicated with a number following the letters, i.e. 
BL10 denotes mastic with neat bitumen and 10% hydrated lime filler. 

The computational predictions in Figure 13(a,b) are presented both before and 
after calibration. It is apparent from the figures that the uncalibrated modelling 
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results underestimate the experimental ones. However, the  calculated at the 
effective filler volume concentration , adjusted through the calibration procedure 
outlined in the previous section, significantly improves the modelling agreement 
with experiments. For instance, for the case of BQ materials, in Figure 13(b), a 
maximum deviation of 24% is observed between experimental and modelling results, 
which is close to the measurement variability. Similarly, a large improvement is seen 
for the BL materials, with a maximum deviation of 40% between model and 
experiments. However, it has to be emphasized that the calibration procedure used 
results in one constant  value determined for each binder-filler combination. 
Significantly better quantitative agreement may be achieved if  is assumed to 
depend on  and/or , but would require a significantly more sophisticated 
calibration procedure. 

The calibration parameter  values for the modelled mastic materials are shown 
in Table 3. According to these values,  depends on both the binder and the filler 
type, with a higher influence by the filler type. Therefore, for accurate prediction of 
the master curves asphalt mastic,  has to be determined for the specific binder-
filler combination. 

 
(a) (b) 

Figure 13: Modelling and experimental results for   of bitumen-filler mastics at  
0˚C with (a) hydrated lime filler (b) quartz sand filler 

Table 3: The calibration parameters Cv for the modelled asphalt mastic 

Binder/  Hydrated Lime Quartz Sand 
Bitumen  2.035 1.349 
PmB 2.187 1.499 

 
The accuracy of the model is further examined in Figure 14(a) and Figure 14(b) 

for mastic comprised of neat bitumen and PmB respectively. In these figures, the 
equality plots of the complex moduli are presented for the calibrated modelling 
results compared to experimental DSR results. The data points for three 
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representative frequencies 0.003, 10 and 62.8 rad/s are presented. The results 
show the clear quantitative agreement of  between the modelling and DSR 
results; specifically,  0.96 and 0.94 are calculated for Figure 14(a) and Figure 
14(b) respectively. Interestingly, the modelling results tend to deviate more from the 
experimental ones for lower frequency values. This could be due to the higher 
stiffness contrast between the filler and binder properties due to relaxation effects in 
the binder phase. 

 
(a) (b) 

Figure 14:  equality plots showing experimental and modelling results at 
0.003, 10 and 62.8 rad/s   (a) bitumen binder (b) PmB binder 

In summary, the presented modelling approach captures the viscoelastic response 
of mastic well for all examined materials and temperatures, provided that the 
simulations are performed with effective filler concentrations . As discussed in 
more details in Paper III, the developed model is advantageous over existing 
analytical solutions, as it allows accounting for filler size distribution and provides a 
more robust computational tool for the mastic with high  and high stiffness 
differences between the filler and the binder.  
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4 Conclusions and Future Work 

In this thesis, experimental and modelling tools are proposed for the multi-
scale characterization of fine binder-aggregate composites of asphalt mastic type. 
A new experimental method for viscoelastic characterization of asphalt mastics 
with instrumented indentation test has been developed and validated 
numerically and experimentally. The developed method is advantageous over the 
existing viscoelastic indentation tests, as it is capable of determining two 
independent viscoelastic functions, shear relaxation modulus and time-
dependent Poisson’s ratio, from the indentation test data obtained at arbitrary 
non-decreasing loading. In the context of viscoelastic characterization of 
materials with strong relaxation properties, such as asphalt mastics, the 
developed method allows accounting for the machine compliance and loading 
rate effects on the measurements. 

Moreover, the feasibility of using the indentation test has been investigated for 
the multi-scale characterization of binder-aggregate composites of asphalt 
mortar type. Experimental and modelling results indicate that the measurement 
scale in indentation tests can be controlled efficiently by performing indentation 
tests with different indenter-specimen contact areas. Accordingly, indentation 
tests may be used for reliable linear viscoelastic characterization of bituminous 
binder-aggregate composites at low and intermediate temperatures on macro-
scale as well as on individual component level. It may thus potentially provide a 
relatively simple tool for measuring mastic phase properties in situ in asphalt 
mortars and coarser binder-aggregate mixtures, such as asphalt concrete.  The 
accuracy of indentation testing for multi-scale characterization of binder-
aggregate composites will depend, however, on their volumetric composition, 
aggregate sizes used, etc. A comprehensive evaluation regarding the applicability 
of indentation testing for different specific asphalt mortars and coarser asphalt-
aggregate mixture types is intended as a part of future research. 

In order to gain better insight into the rheological effect of mastic material 
design parameters, a new micromechanical model for predicting the viscoelastic 
properties of mastic from the mechanical and geometrical properties of its 
components was developed. The influence of modelling parameters on the 
accuracy of the model was evaluated and optimal parameter combinations were 
identified. The developed model was validated with the Dynamic Shear 
Rheometer (DSR) measurements on four different binder-filler combinations, 
performed over a wide range of filler concentrations and for temperatures 
between 0  and 10 . The model was found to capture successfully the isotropic 
linear viscoelastic behaviour of mastic over the whole range of loading, 
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temperature and material parameters examined. Accordingly, it may be a useful 
tool for optimizing mastic material design from the target viscoelastic properties. 
Furthermore, as the developed model is based on the finite element method, it is 
relatively straightforward to extend it to the cases of non-linear material 
behaviour, associated with e.g. fatigue damage or plastic deformations. This 
extension is intended as a part of future studies. 
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