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Reliable determination of material properties is a key component for modelling and perfor-
mance prediction of asphalt pavements. This paper deals with the potential use of instrumented
indentation tests for viscoelastic characterisation of asphalt mortar as a new alternative to
existing techniques. The main focus lies on the potential of indentation tests for multi-scale
measurement of the shear relaxation modulus. A three-dimensional finite element model of a
rigid spherical indenter penetrating an asphalt mortar sample is developed and used to model
indentation tests performed at different material scales. The asphalt mortar is modelled as
an idealised fine aggregate composite with elastic spheres, suspended within a viscoelastic
bitumen mastic matrix. Based on the obtained numerical results the scale-dependency of the
shear relaxation modulus measured with the indentation test is investigated. It is shown that
the measurement scale is effectively controlled by the size of the indenter-specimen contact
area, while the effect of indentation depth is minimal. The minimum contact area size required
for obtaining representative properties, measured at the mortar scale, is determined. The vis-
coelastic parameters obtained from the indentation model are compared to those obtained
using a representative volume element (RVE) for the asphalt mortar. In this way, the paper
provides a new impulse for linking the mortar and asphalt scales in the multiscale mod-
elling of asphalt mixtures. Feasibility of the proposed testing technique is further evaluated
experimentally. Viscoelastic indentation tests are performed on asphalt mastics and mortar at
two different sizes of contact areas. Experimental results indicate that indentation tests allow
reliable characterisation of mortars relaxation modulus on both macro-scale as well as on
individual component level.

Keywords: indentation testing; asphalt mortar; bitumen-filler mastics; multiscale; viscoelas-
ticity; FEM

Introduction

Instrumented indentation tests have been used to measure the viscoelastic and adhesive properties
of asphalt binders at micro- as well as macro-scales cf. (Jager, Lackner, & Eberhardsteiner, 2007;
Jelagin & Larsson, 2013; Veytskin, Bobko, & Castorena, 2016; Zofka & Nener-Plante, 2011).
Indentation tests of bituminous materials, (i.e. bitumen, bitumen-filler mastics and bitumen-
fine sand asphalt mortar), have several potential advantages as compared to the conventional
rheological characterisation methods, such as dynamic shear rheometer (DSR) and bending
beam rheometer (BBR). In particular, due to highly localised stress field induced in indentation
testing, the measurements are not significantly influenced by the remote boundary conditions
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and thus the test does not have strict requirements on the specimen geometry, except for the
flat surface. Furthermore, the length-scale of the indentation test measurements is proportional
to the contact area and can be controlled in a relatively straightforward manner. Accordingly,
the same testing technique may be applied to measure the linear viscoelastic properties across
different structural size scales, i.e. for both probing individual phase properties in bitumen-
aggregate composites and measuring the composite properties at macro-scale. Provided that
the indentation test applicability for multi-scale characterisation of bitumen-aggregate compos-
ites is established it may potentially provide a relatively simple tool to measure the material
properties at size scales relevant for the asphalt mixtures macro-scale mechanical behaviour,
aging processes as well as for various local and global asphalt damage mechanisms, such
as fatigue, rutting and moisture damage, cf. (Tarefder & Faisal, 2014; Tarefder & Zaman,
2011).

In a recent study by (Fadil, Jelagin, & Larsson, 2018) a new methodology for viscoelas-
tic characterisation of bituminous material with spherical indentation test has been proposed,
which allows extracting the linear viscoelastic properties of materials at arbitrary non-decreasing
loading. The method developed in (Fadil et al., 2018) has been applied to measure viscoelas-
tic properties of bitumen and bitumen-filler mastics. The intention of the present study is to
extend the methodology developed in (Fadil et al., 2018) to the multi-scale characterisation of
bituminous materials.

Consequently, this paper aims to investigate numerically and experimentally the effect of the
indentation test parameters on the measured apparent shear relaxation modulus of a bitumen-
aggregate composite and to identify test parameters corresponding to bitumen-aggregate com-
posite characterisation on macro-scale as well as on individual component scale. The focus
is on the viscoelastic characterisation of asphalt mortar, i.e. a mixture of bitumen with the
aggregates smaller than 2.36 mm. The present study is focused on mortar with a volumetric
composition representative for porous asphalt mortar, i.e. a material with comparatively high
bitumen-to-aggregate ratio. In order to determine macro-scale viscoelastic properties of mor-
tar, a finite element model (FE) is developed with a representative volume element (RVE) for
mortars, where the aggregate phase is represented with randomly distributed elastic spheres in
a viscoelastic matrix. Multi-scale modelling is applied for improving computational efficiency.
The influence of the indentation test parameters on the measured viscoelastic properties of mor-
tar is investigated numerically with the FE model for spherical indentation on inhomogeneous
specimens. The shear relaxation functions, G(f), from the indentation tests are then compared
with those from RVE modelling. Based on the numerical results, the indentation test parameters
for the macro-scale characterisation of asphalt mortar as well as its individual components are
identified.

In order to further evaluate the feasibility of indentation testing for multiscale characterisa-
tion of asphalt mortar a brief experimental study is performed. Indentation testing technique
proposed in (Fadil et al., 2018) is used to measure shear relaxation modulus of bitumen-filler
mastics as well as of asphalt mortar at two different indenter-specimen contact area sizes. In
order to establish baseline for comparison, relaxation modulus of bitumen and of bitumen-filler
mastics is also measured with the DSR. Accuracy and repeatability of the indentation test mea-
surements is evaluated based on comparisons with the DSR measurements as well as with the
modelling outcomes. Obtained experimental and modelling results indicate that the measurement
scale in indentation tests can be controlled efficiently by performing indentation tests with dif-
ferent indenter-specimen contact areas. Accordingly, indentation tests may be used for reliable
characterisation of mortars viscoelastic properties on macro-scale as well as on the individual
component level.
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Problem formulation and computational study

Presently, asphalt mortar is considered to be composed of bitumen-filler mastics and aggregates
in a size range from 0.3 to 2.36 mm. This aggregate size range attributed to the mortar scale
follows the definition proposed by (Asphalt Institute, 2001). The present study is focused on
the numerical and experimental evaluation of the indentation test potential to be used for multi-
scale viscoelastic characterisation of mortar. In order to investigate the influence of indentation
test parameters on the measurement scale numerically a micro-mechanical FEM modelling is
employed as detailed below.

The micro-mechanical FEM model for asphalt mortar is used for two types of numerical
analysis. First, in order to identify homogenised viscoelastic properties of asphalts mortar, strain-
controlled periodic boundary conditions (PBC) are specified for a material’s RVE, the PBC is
utilised 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 (Fadil et al., 2018) is used to
obtain the apparent material properties from the analysis results.

The mortar is modelled in the present study as a composite material consisting of elastic aggre-
gates in a size range 0.3 to 2.36 mm, embedded into viscoelastic bitumen-filler mastics. The
aggregates concentration in mortar is assumed to be 33% by volume (P,,;; = 33%), correspond-
ing to the porous asphalt mortar as in (Zhang & Leng, 2017). The assumed size distribution of
the aggregates in the mortar is reported in Table 1 along with the resulting proportion of each
aggregate size in the total volume of mortar P, which is calculated according to Equation (1).

Where s, represents the passing % for a certain sieve size.

Po3 =503 X Ppix Pos = (S0.6 — $03) X Ppix
Prig = (5118 — 50.6) X Pmix  P236 = (5236 — 51.18) X Prix

(1

The model uses two separate size scales, in order to improve computational efficiency. In
particular, aggregates smaller than 0.6 mm are relegated to the smaller scale, here denoted sub-
mortar, where the material is assumed to be comprised of bitumen based mastic, as a matrix,
and randomly distributed spherical aggregates. The mortar scale model is in turn composed of
randomly distributed spherical aggregates in the range between 0.6 and 2.36 mm, embedded
in a viscoelastic matrix with properties as obtained for the homogenised viscoelastic sub-mortar
scale. These scales are illustrated in Figure 1(a). Figure 1(b), shows a representation of the models
with spherical aggregates randomly distributed within a viscoelastic matrix.

The P,;; = 33% aggregate concentration of the mortar phase is distributed between the two
scales, sub-mortar and mortar, according to the aggregate size distribution shown in Table 1;
correspondingly the sub-mortar model has an aggregate volume percentage of Py3 + Py = 16%
and mortar model has an aggregate volume percentage of P; 13 + P36 = 17% cf. Table 1.

Aggregates are assumed to be linear elastic, with Young’s modulus, £ = 39.3 GPa and Pois-
son’s ratio v = 0.23, corresponding to elastic parameters of limestone (Wang, 2011). The
aggregates are idealised as spheres to simplify the modelling.

Viscoelastic matrix in mortar and sub-mortar models is assumed to be incompressible with
constant Poisson’s ratio of 0.499. The matrix at the sub-mortar model is assumed to be comprised
of bitumen-filler mastics, with its G(¢) obtained as a power law fit, as shown in Equation (2), of

Table 1. The assumed aggregate size distribution for the model.

Sieve size (mm) 0.3 0.6 1.18 2.36
Percentage passing, s (%) 34.5 47.2 76.6 100.0
Py (%) 114 42 9.7 7.7
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Figure 1. (a) A schematic illustrating the different scales and their constituents (b) composite material
model used spheres of D1 = 0.3 and 1.18 mm, D, = 0.6 and 2.36 mm for sub-mortar and mortar models
respectively.

the measured shear relaxation modulus of bitumen mixed with 20% by weight of hydrated lime
filler at 7' = 0 °C reported in (Fadil et al., 2018). The power-law fit was found to be suitable for
the time range with R* = 0.9988.

G(t)mastic =ax tb +c (2)

where:
a=19.83,b = —0.3296,c = —2.495

The spherical aggregates are modelled explicitly and randomly distributed within the matrix
as follows: 4y ¢ = 80 spheres of 0.6 mm diameter and 4¢3 = 1747 spheres of 0.3 mm diameter,
these are calculated according to Equation (3).

P0‘6 Vsub—mortar P0.3 Vsub—mortar
X — A = X —

Aos = , Aoz =
Pmix V0.6 Pmix V0.3

3)

where Vp—moriar 1S the volume of the sub-mortar RVE and V¢ and V3 are the volumes of a
sphere with the diameters 0.6 and 0.3 mm respectively.

The mortar phase is assumed to be comprised of a matrix with the G(f) obtained as the
homogenised shear relaxation modulus of the sub-mortar. The homogenised sub-mortar G(f)
is obtained using periodic boundary conditions model as described below. The spherical aggre-
gates are randomly dispersed within the matrix and are represented by 413 = 1489 and 4,36 =
148 spheres of 1.18 and 2.36 mm diameters respectively, these are calculated according to
Equation (4).

P1.18 < Vmortar’ 6 = P2.36 < Vmortar (4)
P Viis Py V236

where V0,1 1S the volume of the mortar RVE and V13 and V3¢ are the volumes of a sphere
with the diameters 1.18 and 2.36 mm respectively.

It has to be pointed out, that the scale division assumption shown in Figure 1, is fully accurate
only when there is no interaction between mortar and sub-mortar aggregates other than volume
filling effect. The validity of this assumption for the present case of 33% aggregate volume con-
centration has been evaluated by performing comparative simulations with mortar modelled as
viscoelastic mastics with 33% single size spherical aggregates embedded into it. The average

Apig =
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Figure 2. (a) periodic boundary conditions mesh, (b) indentation model with a zoomed in indentation
area mesh, (c) sketch of the indentation test with relevant parameters.

difference between the effective mortar G(¢) obtained with the two models has been found to be
below 20%. As the single sized spheres model used for comparison represents the case with the
highest potential for the aggregate interaction, it may be argued that the scale division assumption
employed presently is justified.

The finite element meshes used in the present study are shown in Figure 2(a,b) for the RVE and
the indentation test analysis respectively. As seen in Figure 2(a), the RVE model has a cubical
form with a side length 10 times the size of the largest aggregate, i.e. L = 23.6 mm. The periodic
boundary conditions are applied, where strain constraint equations are enforced on the facial
nodes of the mesh in order to simulate the deformation of a RVE as part of an infinite medium
(Pontuso, 2005). The ABAQUS plugin HOMTOOLS (Lejeunes & Bourgeois, 2011) was used
to automate the generation of the equations, coupling the displacement of the nodes on opposing
faces of the RVE cube.

To simulate a Heaviside function loading, the RVE is loaded with a prescribed, uniform effec-
tive strain €, = 2%, in a static analysis and the strain for viscoelastic analysis is maintained
during 10 s. The effective values of the resulting stresses are recorded in the three Cartesian direc-
tions x, y and z, namely oy, o, and o, respectively. The 3D Hooke’s law, in conjunction with the
viscoelastic correspondence principle, is utilised to calculate the apparent shear relaxation func-
tion, G(f), for the material. The PBC is used to obtain the homogenised G(¢) of sub-mortar and
mortar models. In order to examine the validity of incompressibility assumption for sub-mortar
and mastics materials, the effective Poisson’s ratio, v(¢), for the mortar was calculated using ¢,
and the average of the transverse strains €, and €,. The Poisson’s ratio was found to be nearly
constant; increasing from 0.493 at t = 0, to 0.499 at r = 10s. It has to be pointed out, that low
time-dependency of the Poisson’s ration observed at the present case is due to relatively low
volume fraction of aggregates in mortar (i.e. 33%) and to the absence of the air voids. Accord-
ingly this conclusion may not be generalised to other types of mortars. It has to be pointed out
that, the mortar in this study is idealised as a material with no air voids and large content of
binder compared to the aggregates, i.e. as a material similar to asphalt mastics. Mortars with
higher aggregate content and/or including air voids, however, can also be understood through
the packing-concept, similar to an asphalt concrete with small aggregates, and thus could not
be considered incompressible. In several recent studies, Poisson’s ratio of bitumen and bitumen
aggregate mixtures were shown to be dependent on temperature and load time / loading fre-
quency (Alanazi, Kassem, Grasley, & Bayomy, 2017; Benedetto, Delaporte, & Sauzéat, 2007;
Gudmarsson, Ryden, Di Benedetto, & Sauzéat, 2015; Perraton, Di Benedetto, Sauzéat, Nguyen,
& Pouget, 2018). In particular, (Benedetto et al., 2007) reports measured Poisson’s ratios at 0°C
for bitumen and bitumen-filler mastics with 32% filler volume concentration, to be close to 0.5
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at low loading frequencies and decrease to approximately 0.48 at loading frequency of 5 Hz.
For a hot mix asphalt (HMA) time and temperature dependence of Poisson’s ratio is reported to
be more profound; e.g. (Perraton et al., 2018) measured for HMA with 4.5% binder content by
weight v(f) varying from approximately 0.25 to 0.47 at 0°C.

The influence of indentation radius on the measured G(f), is investigated with the FE model
depicted in Figure 2(b). A sketch of the indentation test is shown in Figure 2(c), along with the
relevant geometric parameters; where R is the curvature radius of the indenter, / is the indenta-
tion depth, a is the contact area radius and P is the indentation load. The FE model is composed
of two segments, the cubic model of mortar material with a side L = 23.6 mm modelled with
the micromechanical approach outlined above; where the spheres are modelled explicitly, and a
volume surrounding the indentation model is used to extend the model to L = 236 mm for miti-
gating the edge effects as described in (Fadil et al., 2018). In order to facilitate computations, this
surrounding material is modelled as homogeneous viscoelastic material with properties obtained
from the mortar RVE model above.

An indentation relaxation test, i.e. 4(f) = h, x H (), where h, is a prescribed indentation depth
and H (?) is the Heaviside step function, is modelled for the duration of 10 s. The P(#) history
obtained numerically is used in Equation (5) to calculate the corresponding shear relaxation
function, G(¢), cf. (Fadil et al., 2018):

3P(M(1—v) xR

=3 a3

(%)
where a is obtained by Equation (6):

a:x/RX]’l(, (6)

As discussed in e.g. (Johnson & Keer, 1986), the scale of the stress field induced in the linear
elastic or viscoelastic specimen during the spherical indentation is controlled by the radius of
the contact area, a. In the experiment, the size of the contact area can be controlled by either
changing, the indenter curvature radius R or the indentation depth /4, as defined by Equation
(6). Presently, the indenter curvature radii are varied which results in contact area sizes @ in a
range of 0.45—18.0 mm. Furthermore, in order to evaluate the influence of the indentation depth
h on the measurements, comparative simulations are performed for indentations with the same
indentation areas but different indentation depths. Two sets of simulations are performed with the
same indentation area; in the first set, the indenters with the curvature radii R = 8 and 200 mm are
indented to # = 0.1 and 0.004 mm respectively. In the second set the curvature radii R = 3200
and 800 mm indented to # = 0.1 and 0.4 mm respectively.

Experimental study
Materials and samples preparation

In order to experimentally evaluate the feasibility of the indentation testing for multi-scale char-
acterisation of mortar as well as to verify the proposed modelling approach a brief experimental
study is performed as follows.

Bitumen-filler mastics and an asphalt mortar were manufactured using the same bitumen; an
unmodified 70100 penetration grade bitumen provided by Nynas AB (Nynashamn, Sweden).
The bitumen has a softening point of 46°C and its kinematic viscosity at 135°C is 181 mm?/s.
For a detailed description of the material is provided in (Nynas 70/100 Paving Grade Bitumen
Specifications, 2010).
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Table 2. Aggregate size distribution for mortar specimens.

Sieve size (mm) 0.25 0.5 1 2
Percentage passing, ss (%) 13.5 31.6 66.1 100.0
Py (%) 4.5 6.0 114 11.2

The bitumen-filler mastic samples were prepared by mixing bitumen with 30% by volume of
quartz sand powder passing 325 mesh. Both the bitumen and the sand were weighed in a scale
in order to provide the desired volume concentration of filler, the bitumen density was taken as
1 g/ecm? according to (Nynas 70/100 Paving Grade Bitumen Specifications, 2010), and the quartz
sand density was measured using the pycnometer method to be 2.687 g/cm? according to ISO
standard ISO 1183-1:2012. Before mixing, the bitumen was heated for two hours at 164°C in
a temperature controlled oven. During the mixing, the filler was added slowly to the bitumen,
and once the target amount of filler was added, the mixing was continued for additional 10 min.
While mixing, the material was kept at 165°C using a heating apparatus at the bottom. Afterward
the mastic was poured into metallic containers for testing; small containers as a one-time use for
the DSR samples and a large container to be used in indentation tests. The containers were left
in room temperature to cool.

The mortar samples were prepared by mixing the prepared bitumen-filler mastics with 33% by
volume of limestone aggregates. The limestone aggregates have a particle density of 2.58 g/cm?
with the size distribution as shown in Table 2. This size distribution and stone phase content was
chosen to be as close as possible to the one used in the numerical study.

DSR tests

DSR was used to obtain the complex modulus (G*) of the bitumen and bitumen-filler mastic.
The tests were performed according to EN-14770. Frequency sweep tests were performed at
three different temperatures 0°C, 5°C and 10°C from 0.1 to 10 Hz for each temperature. Strain
sweep tests were performed at 1.59 Hz before the frequency sweep tests in order to establish the
linear viscoelastic limit and ensure that all the tests are performed in the linear range. One sample
was used to perform the strain sweep tests and 2 replicates were used for the frequency sweep
tests.

To compare the results to indentation tests the master curve was first constructed using the
time-temperature superposition principle and Arrhenius’ law. Subsequently, the master curve G*
was converted to G(f) using the approximate analytical method developed in (Schapery & Park,
1999).

Figure 3 shows the complex modulus G*(w) and phase angle §*(w) as measured with the DSR
for the bitumen and bitumen-filler mastics used. It can be seen from Figure 3(a) that the G*(w)
for mastic is approximately 3.5 times stiffer than the bitumen. At the same time, as shown in
Figure 3(b) the phase angle does not differ significantly between bitumen and mastics. Table 3
shows the standard error from the mean of the DSR measurements at two frequencies.

Indentation tests

Spherical indentation tests were performed on the prepared bitumen-mastic and the mortar spec-
imen. Two steel spherical indenters, with diameters of D = 9.5 and 31.75 mm for the mortar
specimen were used as shown in Figure 4, and the D = 31.75 mm indenter was used for the
bitumen-filler mastic sample.
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Figure 3. (a) G*(w) and (b) 8*(w) measured with DSR for the bitumen and mastic used in the experiments
at 0°C, error bars showing the standard error from the mean.

Table 3. Standard error from the mean of the DSR results at two frequencies.

G* (MPa) G* (MPa) §* (°) §* (°)
Material/Parameter (w = 0.0027rad/s) (w = 62.204rad/s) (w = 0.0027rad/s) (w = 62.204rad/s)

Bitumen 0.01 2.93 0.30 0.11
Mastic 0.17 8.44 0.12 0.19

The MTS servohydraulic load frame (shown in Figure 4) was used fitted with a 2 kN load cell
with an accuracy of 0.5% of the measured load, in the range 10N to 2 kN. The tests were per-
formed at 0°C and controlled within =+ 1°C using an MTS environmental chamber. The samples
were conditioned for 2 h before performing the indentation test. The piston position was used as
the control variable for the experiments. As proposed in an earlier study by the authors, (Fadil
et al., 2018), the load is applied with linear ramp in one second (¢, = 1 s) followed by a 49 s hold
at constant indentation depth, as shown in Equation (7), also corrected for machine compliance
effects:

t
t_hf —P()xC, fort<t,

h(t) = @)

hy — P(@) * Cy, fort>t,

here A(?) is the indentation depth and P(¢) represent the measured indentation load and C,, is the
machine compliance. /4, is the final depth reached after the ramp period which is taken to be 0.6
and 0.7 mm for D = 31.75 and 9.5 mm respectively. The resulting maximum contact area radius
is 3.1 and 0.7 mm for big and small indenters correspondingly.

C,, was measured using a stiff steel plate that was loaded using the setup and the load and
piston position were measured during the unloading period. Since the measured loads do not go
over 1.3kN it was assumed that all the deformations during the loading range against the steel
plate happen due to the machine compliance. C,, was measured to be 0.084 pm/N.

The viscoelastic shear relaxation modulus, G(¥), is calculated from the measured P(¢) and
h(?) by using the method developed in (Fadil et al., 2018). The method proposed by (Fadil et al.,
2018) is advantageous as it allows to obtain accurate mechanical properties at finite loading times
as well as in the presence of significant machine compliance effects. To simplify the problem
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Figure 4. The indentation experimental setup including the environmental chamber, as well as the
indented mortar sample and different spherical indenters used.

Poisson’s ratio was assumed to be constant based on the aforementioned small range of change
in the simulations, i.e. v(¢) &~ 0.5.

Five replicate tests were performed for the bitumen-filler mastic sample, and 10 tests were
performed for the asphalt mortar sample; which consists of 5 replicates for each indentation
contact area radius a. In order to reduce boundary effects, indentations were not placed closer than
5 contact area radii to the specimen boundaries, as reported by Fadil et al. (2018) the resulting
effect of the remote boundary conditions on the measured G(¥) is in this case below 10%.

Results and discussion

The influence of indentation test parameters on the shear relaxation modulus, G(¢), measured
is examined first numerically, for the case of asphalt mortar composed of bitumen-filler mastic
with its viscoelastic properties defined in Equation (2) and of 33% by volume of aggregates with
their gradation defined in Table 1. The G(¢) results back-calculated from simulations of indenta-
tion tests at different contact area sizes are shown in Figure 5(a) along with the homogenised
G(f) for the sub-mortar and mortar models. Homogenised G(#) functions are obtained from
PBC simulations, cf. Figure 2(a) and accordingly represent the respective phase properties on
the macro-scale. From the graph it can be concluded that in the indentation tests, the measure-
ments correspond to the effective viscoelastic properties of sub-mortar matrix and homogenised
mortar properties can be obtained depending on the contact radii during the test. In particular,
at smaller @ = 0.45mm obtained G(¢) is close to the homogenised sub-mortar G(#), with the
average difference between indentation test and the homogenised cases being below 8% for the
measurement period. At larger values of a, especially at 9 and 18 mm, the obtained G(¢) is very
close to the homogenised mortar properties. The average difference between the homogenised
G(f) and the ones obtained with indentation at ¢ = 9mm and ¢ = 18 mm is 6.5% and 1.4%
respectively. Figure 5(b), depicts the change in the obtained G(0.01 s) for different values of a.
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Figure 5. (a) G(¢) obtained using indentation, at different indenter-specimen contact radii, compared to
the homogenised mortar and sub-mortar G(¢), (b) G(0.01 s) as a function of contact area radius.

It also shows that the measured G(¢) approaches both the sub-mortar and mortar homogenised
properties asymptotically for small and large values of a respectively. Due to the simplification
of the model, the aggregate size chosen to distinguish the sub-mortar from mortar, in this case
0.6 mm, determines the G(¢) obtained at small values of a, however, its effect on the obtained
G(?) of mortar needs further investigation. From the results presented in Figure 5, it may be con-
cluded that the indentation test measurement length scale is effectively controlled by the size of
the indenter-specimen contact area, a, with measurements performed at smaller a values corre-
sponding to the individual phase properties while the results obtained at sufficiently large a are
close to the macro-scale properties of the mortar.

In order to gain some micromechanical insight into the problem, Figure 6(a), shows the nor-
malised distribution of the contact pressure along a line from the centre of indentation to the
boundary of the contact area is presented for ¢ = 0.9 mm and ¢ = 9mm and compared to the
Hertzian contact pressure. It can be seen clearly that the small a = 0.9 mm, the contact pressure
distribution shape is similar to the Hertzian contact, which explains the fact that the measured
properties are closed to the homogenised sub-mortar matrix. However, for large a = 9 mm, the
contact pressure distribution does not match the Hertzian shape, showing a number of spikes.
This is illustrated further in Figure 6(b,c) where the contact pressure distribution over the contact
area is presented for ¢ = 0.9 mm and a = 9 mm. According to Figure 6(b), the contact pressure
distribution for the 0.9 mm indentation radius is smooth whereas for 9 mm indentation radius
pressure concentrations occur, see Figure 6(c). This explains the observed spikes in Figure 6(a)
for the 9 mm contact pressure curve, since the indenter interacts with more aggregates near the
surface.

In order to explore whether the indentation depth, %, has an independent effect on the mea-
surements, in Figure 7, the simulations were performed at the same «, and different /4 values. The
influence of the indentation depth on the measurements is examined in Figure 7 for the cases
of a = 0.9 and 18 mm, i.e. measurements on the sub-mortar and on mortar scale. The results
in Figure 7 are shown for the following simulation cases; one case with a = 0.9 mm and 4, =
0.1 mm and %, = 0.004 mm; the other case with ¢ = 18 mm, 4, = 0.1 mm and %, = 0.4 mm. As
seen in Figure 7, provided that the contact radius does not change the influence of the indentation
depth on the measurements is quite small — less than 1% and 12% for the cases of a = 0.9 and
18 mm respectively. The higher effect of indentation depth observed for the case of a = 18 mm
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Figure 6. Pressure distribution under the indenter, (a) contact pressure P, normalised with the contact

pressure at the centre P, vs. distance from centre of contact » normalised with the indentation radius a, (b)
pressure distribution for 0.9 mm indentation radius, (c) pressure distribution for 9 mm indentation radius.
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Figure 7. G(¢) for indentations with similar indentation areas but two different depths.

as compared to the case of ¢ = 0.9 mm can be attributed to the fact that at larger a, more aggre-
gates are interacting with the indenter and accordingly increasing 4, will result in formation of
more aggregate-to-aggregate load transferring chains in the material.

From the computational results presented above it may be concluded that the measurements
scale of the indentation tests performed on asphalt mortar may be effectively controlled by the
size of indenter-specimen contact area. Below, the results of the trial indentation experiments, are
examined and compared to the DSR measurements and modelling results. It has to be emphasised
that, for practical reasons, the experimental results presented are limited to only one material case
and two indenter-specimen contact area sizes. Accordingly, the main intention here is feasibility
evaluation, while large scale technique verification and validation will be done as part of future
work.

Five indentation tests have been performed on bitumen-filler mastics, at maximum contact
area sizes of @ = 3.1 mm. In Figure 8, G(¢) of bitumen-filler mastics measured with indentation
tests is compared with the relaxation modulus for bitumen and bitumen-filler mastics obtained
from the DSR data, reported in Figure 3. The indentation data in Figure 8 represents the average
result of the 5 measurements performed. As seen in Figure 8, the G(t) measured using both test
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Figure 8. G(f) measured using the indentation test vs. the G(¢) measured using the DSR for bitumen-filler

mastic together with the G(f) measured using the DSR for bitumen, error bars showing the standard error
from the mean.
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Figure 9. (a) G(¢) measured using indentation test for mastic and mortar (for the two values of inden-
ter-specimen contact radii) together with the model result, (b) scatter of the values of G(t = 0.1s) for the
two values of indenter-specimen contact radii.

methods are in quite good agreement; with both DSR and indentation test measuring mastics to
be approximately 3.5 times stiffer as compared to pure bitumen. It can be noticed that the results
differ mainly at the start and end of the measurement time, with a maximum difference of 44%
difference between the indentation and DSR G(¢); this difference can be explained by the very
low loads measured at the beginning of the ramp and the end of the relaxation periods, for which
the load cell measurement errors will affect results more profoundly.

Results of indentation tests performed on mortar at contact area sizes of a = 3.1 and 0.7 mm
are presented in Figure 9(a,b), together with the measured relaxation modulus for mastics.
The standard error from the mean for the indentation results is shown in Table 4. Also in
Figure 9, effective G(f) for mortar is presented as obtained computationally with the PBC mod-
elling approach. In the model mastic properties have been defined based on the indentation test
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Table 4. Standard error from the mean of the indentation results at two

frequencies.
Material/Parameter G (MPa) (t = 0.055s) G (MPa) (t = 505s)
Mastic (¢ = 3.1 mm) 7.50 0.69
Mortar (¢ = 3.1 mm) 26.58 0.48
Mortar (¢ = 0.7 mm) 52.66 1.48
103 =
¢
0
—~ 10?
A
—
rl-'.';
.—B—J'Um'mv' fa = 3.1 'mm.]
—8— Mortar (& = 0.7 mm)
Mastic (a = 3.1 mm)
R — P A S
10" 10° 10’
time (s)

Figure 10. G(¢) for the softest tests measured of the indentation of the mortar at two different inden-
ter-specimen contact radii and the average G(#) for mastic.

measurements as shown in Equation (8):
G(Dmastic = a X £ +c 3

where:
a=44.11, b= -0.5296, c¢= —2.886.

As seen in Figure 9(a) the average G(f) for mortar using both indenter-specimen contact radii
are basically identical. However, the results are more scattered for the indentation tests performed
at a smaller scale a (i.e. @ = 0.7 mm); this is illustrated in Figure 9(b) where the individual G ( =
0.1s) for each indentation test are shown. It can be seen that there is a large scatter at the small
a = 0.7mm when it is compared to the indentation performed at larger « = 3.1 mm; accordingly,
it may be argued that the higher variability of measurement at 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 minimum G(f) curves measured with indentation tests at
a = 0.7 mm should be more representative for mastics. This is further examined in Figure 10,
where the individual indentation tests that resulted in the minimum G(¢) curves are presented for
mortar using both indenter-specimen contact radii. It can be shown that the G(#) value obtained
with the small a is less than its counterpart value at larger a for all time periods. And thus
the properties measured with indentation tests at @« = 0.7 mm are closer to the mastic properties
than to the homogenised mortar properties. Additionally, Figure 9(a) compares the G(f) obtained
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using the simulations for mortar as compared to the indentation results. As seen mortar properties
predicted computationally are in quite good agreement with the average properties measured with
indentation tests.

Conclusions

From the modelling results presented, it’s clear that the indentation test can capture the multiscale
properties of asphalt mortars. The indentation scale, as represented by the contact area radius a,
has a profound effect on the measured shear relaxation modulus G(#): the smaller the indenter-
specimen contact area, the closer is the measured G(¢) to the corresponding value for the sub-
mortar phase (aggregates 0.6 mm and smaller). Increasing the indentation radius a increases the
value of G(¢) as it approaches the homogenised G(#) of the mortar phase (aggregates between 0.6
and 2.36 mm) obtained using the PBC on the RVE, which acts as an asymptote for the results.

The smallest indenter-specimen contact radius to obtain representative mortar properties was
about 8 mm, i.e. about 3.4 times the diameter of the largest aggregate. This resulted in an average
measurement difference below 10% as compared to the homogeneous mortar.

The contact pressure distribution deviates from the Hertzian distribution due to the presence
of aggregates, especially for larger values of a. As a increases, the indentation test interacts with
more aggregates resulting in increase in measured G(?).

Based on the performed simulations, the influence of indentation depth on the test measure-
ments is small as long as the contact area remains the same.

These conclusions are further supported with the results of the brief experimental study per-
formed. It is shown that the indentation of bitumen-filler mastics provides G(¢) results that are in
close agreement with the G(f) obtained using DSR. Comparative indentation tests performed on
mortar at two different indenter-specimen contact areas show that indentation tests can be used to
capture mortar viscoelastic properties with high repeatability. Furthermore, in-line with the com-
putational findings, the obtained experimental results indicate that the indentation tests performed
at smaller contact areas allow to capture the properties of individual phases in mortar composites.
Thus the indentation testing has a high potential in obtaining multiscale mechanical properties of
asphalt mortars. Reliable determination of individual phase properties in mortars would however
require tests performed at smaller contact areas and at more accurate load control. Furthermore,
the accuracy of indentation testing in multi-scale characterisation bitumen-aggregate composites
will, of course, depend on their volumetric composition, aggregate sizes used, etc. Comprehen-
sive evaluation of the indentation testing applicability to characterisation of different specific
asphalt mortar types is, however, beyond the framework of this paper and is intended as a part of
future research.
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