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Highlights
o Three aggregates were selected to characterise the chemical and physical properties.

e Influence of chemical composition on the strength and shape of aggregate.
¢ Influence of the strength and shape of aggregate on the microstructural properties was

evaluated.
o Influence of microstructural properties to the performance of asphalt mixture was
evaluated.
e Normal contact fabric tensor has an excellent linear relationship with mechanical
properties.
Abstract

Asphalt mixtures can perform suitably in road and airfield pavements. However, with rapid
increases in traffic volumes, harsh climate environments, and heavier loads, there is an
increased interest in improving the mechanical properties of asphalt materials through a
suitable design of the microstructure of the asphalt mixture. Aggregates’ physical and chemical
properties significantly influence the interface interaction between aggregates and binders and
achieve strong, durable and cost-effective asphalt mixtures. This study prepared the asphalt
mixtures from three different aggregate sources, i.e. Granite 1 (GD 1), Granite 2 (GD 2) and
limestone (GD 3) and captured the microstructural properties using a charge-coupled device
(CCD) digital camera and analysed them by iPAS software. The effect of the daily temperature

variation of the environment to the corresponding temperature gradient through the depth of



all asphalt mixtures layers was assessed. The results indicate that sodium oxide (Na20) +
potassium oxide (K20) +calcium oxide (CaO) + silicon (Si02) has a significant influence on
the electrical conductivity of granite samples at high temperatures and pressure. Marshall,
wheel tracking, three-point bending beam, double tension-compression fatigue tests at two
periods were conducted to investigate any relationship between the structural performance of
the asphalt mixtures and their microstructural properties. Additionally, the normal contact
fabric tensor (F) was developed to t evaluate the interlocking of aggregates in asphalt mixtures,
and the correlation with the mechanical performance was performed. The results show that the
higher amount of silicon and aluminium in aggregates, the better the aggregate texture and the
high contact points weight. In addition, high contact points weight has a notable impact on the
Marshall stability, rutting depth, dynamic stability, stiffness modulus and complex Poisson’s
ratio at high and low temperatures. All samples showed good mechanical performance at all

temperatures because of their high aggregate particles F.

Keywords: Aggregate properties, Microstructural properties, Mechanical performance of

asphalt mixture

1 Introduction

Recent developments in promoting easy trading between Southern African Development
Countries (SADC) have renewed interest in constructing highways to international standards.
The construction activities are stimulating the SADC’s economic and social development.
Most of these highways are constructed using asphalt mixtures because of their low cost,
accessibility and ease of maintenance and repair compared to cement concrete [1]. However,
different sections of these highways have different service lives due to their long distances;
they have been constructed using different aggregates obtained from different quarries and rock

sources and are exposed to different environmental conditions. In this regard, it is vital to



understand the contribution of aggregates properties to the microstructural properties, hence

the mechanical performance of asphalt mixtures.

Decent quality pavement structures are critical to ensuring the long service life of road
networks and airfields. Such pavements should meet the requirements for mechanical
(structural) performance such as fatigue cracking and rutting as well as functional performance
such as smooth ride quality. These pavement structures must withstand high traffic volumes
and adequately transmit repeated traffic load to the underlying layers. The microstructure of
the asphalt mixture has been used successfully to simulate or predict the mechanical
performance to obtain decent quality pavement [2]. Several studies highlighted that besides the
method of compaction and compaction energy, aggregate chemical and physical properties
(such as aggregate size, orientation, morphology, texture, shape) have a significant influence
on microstructural properties, hence the mechanical response and performance of asphalt
mixture [1], [3], [4]. Han et al. [5] conducted a study on the effect of microstructure with
different aggregate morphology on the dynamic modulus of asphalt mixture. They found that
aggregate morphology has a major influence on the dynamic moduli of asphalt mixture. Yang
[6] studied the effects of the shape and angularity of coarse aggregates on the microstructure
as well as the mechanical performance of asphalt mixtures. They found that asphalt mixtures
containing aggregates with higher shape indexes and lower angularity have higher creep
deformation and low dynamic modulus. Kuang [7] mentioned that the average angular
coefficient on microstructure demonstrates a positive linear correlation between the dynamic
stability and freeze-thaw split strength ratio of the asphalt mixture. Angularity coefficient is the
aggregate particle shape evaluation method. It is mainly the quantitative characterisation of the
angularity and roughness of aggregate particles. The mean angularity coefficient of several
aggregates particles is obtained from the void ratios of aggregate particles tamped based on

different times. Gao [8] highlighted that a microstructure with more aggregate particles with



high angularity is harder to compact the asphalt mixture but that it provides better skid
resistance. Ge et al. [9] used microstructures of coarse aggregates with various particle sizes
and shapes under various abrasion cycles. They discovered that the small size ranges of
aggregates have a very good surface texture, but they easily get damaged during the abrasion
cycles process. Wang et al. [10] examined the influence of morphological properties of coarse
aggregate on the microstructures. They found that the aggregate particles’ fractal dimension
which was measured by the slit island method, has a better linear correlation with the dynamic
stability of asphalt mixtures at high temperatures. The coarse aggregates with higher angularity

have shown stronger stability at high temperatures.

Asphalt mixture is constituted of bitumen binder, mineral filler, aggregate and voids. Its
mechanical performance is influenced by the interactions of its various constituent materials,
such as the interaction between bituminous binder and filler and the interaction between
bitumen mastic and aggregate. However, not much has been done to investigate the effect of
aggregates’ chemical and physical properties on the mechanical performance of asphalt
mixtures. Therefore, the study aims to investigate the influence of the chemical and physical
properties of the aggregates on the microstructural properties of asphalt mixture. Three
different aggregate types from various quarries with different morphologies, compositional

oxides and strengths were used to prepare asphalt mixtures.

e All three aggregate types' mineral composition was measured using X-Ray

Spectrometry (X-Ray Spectrometer Model Rigaku RIX 3000).

e The iPAS software (Image Processing Analysis System) centred on DIP was utilised to
obtain the asphalt mixture’s microstructural properties. To capture the cross-sectional
images of the microstructures, a two-dimensional (2D) image processing approach

based on a charge-coupled device (CCD), using digital cameras was utilised [3], [11].



The following information was obtained: contact properties, orientation, and aggregate

distribution.

e Constructed Fabric tensors were used to evaluate the interlocking of aggregates in

asphalt mixture.

e The study used testing parameters including Marshall stability, dynamic stability and
bending stiffness modulus and complex Poisson’s ratio to assess the influence of the
chemical and physical properties of aggregates on the mechanical performance of the

asphalt mixtures.

The main objectives of the work presented in this paper were as follows, and the scope is

given on the flow chart by Fig 1:
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Fig 1: The flow chart of this research.

1.1 Rock mineral in Botswana
Most aggregates in Botswana are granite or limestone, and these are used as the traditional

materials to produce asphalt mixtures. The composition of the minerals that make up



aggregates based on their hydrophilic or hydrophobic properties and their relationship with
bitumen is also important in moisture damage. High-carbonate aggregates (hydrophobic or
basic), like limestone, are easier to coat. These aggregates create a great bonding with the
bitumen compared to aggregate with a high percentage of silica, i.e. granite (acidic or

hydrophilic aggregates), which is the main reason for the acidity of the bitumen [12].

Granite aggregates are acidic igneous rock, in mineral composition was characterised by:
quartz (>50 %); plagioclase; feldspars; mica. Chemical composition of granite: SiOz2; K20;
Al203; Fe20s, TiOz; FeO [13]. Granite is classically an acidic aggregate, with large texture
depth surface microstructure, more texture, and high resistance to wear. Granite also has many
physical properties, such as resistance to polishing, which is superior to limestone [14]. The
interaction of granite and bitumen is a significant factor in developing the microstructure of
asphalt mixtures. The granite aggregate whose mineral particles are relatively small has a
higher adhesion. When the mineral particles of the granite are relatively large, with certain
minerals glossy crystal faces, it has poor adhesiveness with bitumen [15]. Dense marble-like
limestone comprises either calcite or dolomite, while dolomite is the most common among the
two. The chemical formula of limestone includes the following compounds: CaCO3; MgCOs3
[13]. The interaction of these compounds has a favourable impact on the adhesion of bitumen

to the mineral surface [16].

1.2 Anisotropy of asphalt mixtures

The arrangement and organisation of particles and other constituents of microstructures within
a soil mass have been named fabric. Like other granular materials, the asphalt mixture is allied
with different microstructural quantities such as the elongated particle orientation direction,
contact normal vectors, branch vectors, and void vectors. It has been widely observed in

experimental tests [17], [18] and numerical simulations [19], [20] that the fabric of asphalt



materials is anisotropic and are in two types. (I) inherent anisotropy of an asphalt mixture as
results from aggregates shape. During the compaction of asphalt mixtures, the aggregates have
a tendency to “lie flat” the main axis, which is the longest diameter of the aggregate, has a
preferential direction in the horizontal plane [21], [22]. (I) The stress-induced anisotropy is
due to a crack growth induced by loading [23]. When the crack surface area gradually grows,
the material will slowly lose the intact, resulting in modulus degradation. The rate at which the
crack growth varies in various directions, resulting in various modulus degradation in various
directions and producing stress-induced anisotropy in the asphalt mixture [23], [24]. Fabric
anisotropy and its evolution have an important influence on the mechanical properties of
microstructure [17], for example, elastic moduli [25], shear strength [26], and dilatancy [27].
These mechanical performances of asphalt mixture are closely related to the stability and
buckling of force chains at a mesoscopic scale and sliding and rolling at contacts, accordingly
controlled by the aggregate gradation and compaction. Related literature developed several
fabric tensors to determine the fabric features by recitation the spatial distribution of various
microstructural quantities and a statistical demonstration of the microstructural fabric, and it

was later reworked by Li et al.[28]

2 Material and data

2.1 Aggregates

The selection of aggregates was based on three principles: (i) most rock-forming minerals must
be of silicate or carbonate origin; (iii), the deposits of the selected rocks must be in large
quantities. In Botswana, the quarries that complied were located more than 500 km apart. Table
1 shows the gradations of local aggregate: (I) Granite (GD 1) supplied by a Belabela quarry in
Mokolodi, the southern part of Botswana; (II) Granite (GD 2) supplied by a quarry in Sekoma,
a desert area in Botswana and Limestone (GD 3) supplied by a quarry in Chobe district, the

northern part of Botswana. The mineral composition and oxide constituents of GD 1, GD 2 and



GD 3 were obtained from the mineral fillers (75um) using X-Ray Spectrometer Model Rigaku

RIX 3000 as given in Table 2, and the strength properties, bulk specific gravity, and apparent

relative gravity are in Table 3.

Table 1: Gradation of 3 types of aggregates.

Sieve/ mm 16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Gradations Passing rate /%

GD1 100 59 34 27 23 19.7 14.5 11.3 9.7 6.2

GD2 100 70.3 48.3 28.1 22 19.3 14.2 11.5 9.8 6.2

GD 3 100 74.6 57.2 41.6 24 18.2 13.4 10.7 9.4 6.2
Table 2: Chemical composition of aggregates

Oxides GD1 GD 2 GD 3

SiO, 70 67 1.38

AlLO3 16 15.3 0.72

K>,0 6.1 7.4

Fe,O3 23 2.9 0.12

CaO 2.2 2.6 56.1

Na,O 1.9 23

MgO 0.88 0.91 0.13

TiO, 0.3 0.32

P,0s 0.18 0.24

MnO 0.18 0.23

SO3 0.12 0.16 0.21

Rb,O 0.058 0.09

BaO 0.049 0.05




Table 3: Aggregate particles properties

GD1
Coarse aggregates Fine aggregates. Standards
Sieve size/mm 16 13.2 9.5 475 1236 118 0.6 0.3 0.15  0.075
Bulk specific
eravity /(e/em3) 2,689 0.693 0.691 0.7 T0304
Apparent relative
eravity /(g/om3) 276 2.67 2.684 2755 2.742 2.733 T0304
Crushing Value 192
(CV) ' T0316
Los-Angeles 16.11
Abrasion (LAA) ’ T0317
Water Absorption 1.49
(WA) ’ T0304
Flakiness Index (FI) 10 0T312
Roundness Index
(RI) 0.73
GD2
Coarse aggregates Fine aggregates.
Sieve size/mm 16 13.2 9.5 475 1236 1.18 0.6 0.3 0.15  0.075
Bulk specific
gravity /(g/cm3) 2.65 0682 0.688 0.701 T0304
Apparent relative
eravity /(g/em3) 2.66 2.65 2.654 2705 2731 2712 T0304
Crushing Value
(CV) 18.78 T0316
Los-Angeles 17.02
Abrasion (LAA) : T0317
Water Absorption 1.62
(WA) ' T0304
Flakiness Index (FI) 14.2 0T312
Roundness Index
(RT) 0.61
GD3
Coarse aggregates Fine aggregates.
Sieve size/mm 16 13.2 9.5 475 1236 1.18 0.6 0.3 0.15  0.075
Bulk specific
aravity /(g/om3) 261 0674 0.676 0.681 T0304
Apparent relative
aravity /(g/om3) 2,62 263 265 2685 2703 2.686 T0304
Crushing Value
(CV) 18.66 T0316
Los-Angeles 16.72
Abrasion (LAA) ’ T0317
Water Absorption 151
(WA) ' T0304
Flakiness Index (FI) 14.15 TO312
Roundness Index 058

(RD




2.2 Asphalt
The study used bitumen bought from Tosas Botswana, and the properties are given in Table 4.
The properties of asphalt were assessed per the relevant requirements of the Test Procedure for

Highway Engineering Asphalt and Asphalt Mixtures (JTJ 052-2000) [29].

Table 4: Bitumen properties

Property Specification Test value
Penetration (25 °C), 0.01 mm 60/80 70.1
Softening point (ring and ball method)/°C 70 Min. 89.1
Ductility (5 °C), cm 2100 >100
Brookfield Viscosity (135 °C), Pa.s 3.0 Max. 2.373
Flash Point (COC), ° 260 Min. 298
RTFOT (163 °C, 85min), Quality /%, no >£0.8

Residual penetration ratio (25 °C) /% >61 69.3
Residual ductility (10 °C)/ cm 204 7
Residual ductility (15 °C)/ cm 215 32.1
Density (15 °C)g/cm3 Measured 1.057

2.3 Daily environmental

A parametric study was performed to evaluate gradation effects on the asphalt mixture’s
thermal conductivity and heat capacity. Daily environmental information was collected from
Botswana Environment Statistics Climate Digest in this study, forming two sets of data
involving cold environment representing winter and hot environment representing summer
[30]. Other data used involved the material properties such as the absorptivity (@ = 1 — );
the emissivity (e) of the top layer; the thermal conductivity (k); and the volumetric heat capacity

(c) of asphalt mixture. For all materials, the absorptivity (@ = 0.9); the emissivity (0.85) [31].

3 Sample preparation and experimental procedure
The anisotropy of a material is the property of being directionally dependent. The anisotropy
of an asphalt mixture can be described as the variation in physical properties, such as modulus

and Poisson’s ratio, when the asphalt mixture is measured in different directions.
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Table 5: Number of replicates per test

Mixtures Tests Number of Replicates
Marshall stability 3
GD 1 . .
GD 2 Wheel tracllqng stability 3
GD 3 Bending test 10
Complex Poisson ratio 3

3.1 Marshall stability

To define the deterioration of toughness and the breaking point load of the asphalt mixture,
samples were compacted at a temperature range of 180 + 0.5°C. First, the samples were
isothermally conditioned for 30 min; the samples were put in a constant temperature water bath
until to the temperature of 60 + 1°C. Then samples were set for the Marshall tester machine
and a constant deterioration rate of 50.8 mm/min. The maximum load achieved (i.e. the
stability) and the deflection at which the maximum load occurs (i.e. the flow) were recorded
on the Marshall Testing Machine [32]. Marshall specimens were prepared and tested according
to the standard test method specified in ‘‘Test Methods of Asphalt and Asphalt Mixture for

Highway Engineering (JTG E20-2011)’[29].

3.2 Wheel tracking test

Asphalt mixture slabs of 300 mm x 300 mm X 50 mm dimensions were prepared and
compacted by a laboratory automatic rolling compaction machine and left for curing. For
insulating purposes, all samples were kept for five hours at a temperature of 60 + 1°C on a
wheel tracking machine test bench. In this study, a temperature of 60°C was selected [33]—
[35]. Fig 2 shows the wheel was traversed on the centre of the sample in both directions for an
hour. The wheel was of a diameter of 200 mm and 50 mm wide, also composed of rubber of a
small thick 15 mm. The wheel and sample contact pressure was 0.7 MPa, and the entire forced

load was 780 N at a speed of was 42 + 1 cycles/min in one direction (21 cycles in two

11



directions). Dynamic stability (DS) was determined using Eq. (1) [3], [36]. The wheel tracking

test was performed according to JTG E20-2011 [29].

(b, —ty)) XN (1
DS =——7"———X(C; XC
d, —d, 1 X (2
where; d; and d, the extent of deformation at the time t; (mm, 45 min) and ¢, (mm, 60 min)
respectively; N denotes the rapidity of tire 42 passes per 60 seconds; C1 denotes the coefficient

of the alteration connected to the machine, and C2 is the coefficient of alteration connected to

the samples (for this study, it was 1.0).

—— ] 4]
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Fig. 2: Wheel tracking test

3.3 Bending test

A three-point bending test evaluated the bending failure of the asphalt mixture. Rectangular
beam samples of dimensions: length (L =250 mm), width (b =30 mm) and height (h =35 mm)
for each type of aggregates were prepared. The samples were soaked in a thermostatic water
bath for 1 hour. Then they were loaded at a rate of 50 mm/ min at 10 £ 0.5 °C, and 0 £ 0.5 °C.
the procedure TO715-2011 of the Standard Test Methods of Asphalt and Mixtures for Highway

Engineering (JTG E20-2011) [29]. Eq. (2) [3] was used to calculate flexural tensile strength

12



Rp, Eq. (3) [3] was used to calculate the maximum flexural tensile strain €5, and Eq. 4 [37],

for the bending stiffness modulus Sg.

R =3><L><PB )
B2 x b xh?
. _6><h><d (3)
B — €p
R
SB:g_s (4)

where, L represents the length b, represents the width and h represents the height of the
samples, Pp represents the maximum load at the time of sample failure, d represents the mid-

span deflection at the time of breakage and Sp represents the bending stiffness modulus

3.4 Complex modulus and complex Poisson’s ratio

Other anisotropy properties of the asphalt mixture involve; the complex modulus and complex
Poisson’s ratio. The properties are used to describe the viscoelastic linear response and are
obtained by subjecting the samples to the sinusoidal loading. Using the tension-compression
tests such as the axial stress oy, axial strain &; and radial strain €, as a function of time (t) by
Egs. (5) to (7) [38], the complex modulus E* and the complex Poisson’s ratio v* are obtainable

using Egs. (8) and (9) [38].

Jl(t) = 0-01 sin sin (ant + (I)O'l) (5)
&1(t) = ggq Sin sin (2rft + ¢pe;) (6)
& (t) = &gy sin sin (2rft + ¢ey) (7
E* = 20 i@ai—te) = |E*| el (8)
€01
v* = 8261(4’52—4)51) — g.;zej(ﬁbsz_d’sl_”) — |U*| ej(l’v (9)
€01 €01
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where, f is frequency; amplitudes oy, €97 and gy, refer to the stress, axial strain and radial

strain, respectively; ¢, refers to phase angle stress, ¢, and ¢, refer to axial and radial strain,

respectively; j2 = —1 is complex number, |E*|, ¢ and |v*|, ¢, refer to the norm and phase
angle of the complex modulus and complex Poisson’s ratio, respectively. While the phase lag

between g, and ¢, is characterised by ¢, and ¢, refers to the phase lag between e, and opposite

Ofgz.

Fig. 3 is a schematic of the test equipment used, where all parameters required to determine the
complex modulus and complex Poisson’s ratio are measured [38]-[40]. Briefly, the principles
followed were: samples of height and diameter of 140 mm and 75 mm, respectively, are fixed
with glue on the load plates. The axial strain was measured using three extensometers, while
the radial strain was obtained from two non-contact sensors. It is assumed that the strain is
homogeneous in the middle of the samples. Therefore, extensometers (75mm length) were
placed every third part and non-contact in the centre part of the sample to accurately capture

the strain.

_ » Extensometers

Non-contact

SeNSOr ~~ _ Non-contact

Temperature _ _ Sensor

S€Nnsor

Specimen == =-=--~- .

*\_ System to fix
o Y

7~ — > non-contact
Sensors

Fig. 3: Cylindrical samples set for axial and radial strain measurements

14



3.4.1 Applied time - temperature and cyclic loading on samples

The investigation on how time-temperature affect the complex Poisson’s ratio was performed.
The investigation was performed at a temperature range, 25°C to 50°C. The frequency between
0.01Hz and 10Hz, under strain-controlled with the strain amplitude of about 50 um/m. On the
other hand, the two tension-compression fatigue tests were carried out to assess the influence

of cyclic loading on the complex Poisson’s Ratio.

3.5 Image analysis and microstructural analysis

The samples were saw-cut using a universal cutting machine G210. Samples were sawed along
the horizontal direction, and the slab samples were subdivided into thinner cross-sections.
Accordingly, each Marshall sample was saw-cut to 36 circular cross-sections, and each slab

sample was saw-cut to 24 rectangular cross-sections, as illustrated in Fig. 4.

Fig 4:Illti0n of sawed amples
The recent digital industry is using two processing methods to analyse asphalt mixture images:
the three-dimensional (3D) and the 2D image analyses methods are based on X-ray and charge-
coupled device (CCD), respectively [3], [41]. This study selected the CCD digital camera-
based photography method to acquire various colours and differentiate numerous materials
with high-precision cross-sectional photographs at a lower price, quick imaging, and user-

friendly equipment [3], [41].

Several studies worked on the theory of “join pair” in the examination of the 3-D interaction

amongst aggregate particles and considered that two adjacent aggregates contact each other

15



when the boundary pixel distance is less than a certain threshold [3], [42]. Nevertheless, the
asphalt mixture has three-phase constitutes; taking images using a digital camera may result in
some errors, for instance, influence the acuity of the sample edge of the image caused by the
spatial domain’s noise. In this study, as shown in Fig. 5, the following steps were involved in

minimising the errors:

I.  The cross-section images of sawed parts of samples were captured using a CCD digital
camera, followed by iPAS [8]. Initial analyses were achieved by filtering denoising,

image improvement, and obtaining the threshold at (2.36 mm) intervals.

II.  The multi-goal versatile window division calculation was used to capture the aggregate

perimeter primarily then the image was set for binarisation.

III.  Afterwards, virtual screening was performed on the binarised image slices to capture

all ranges of aggregates and label them using numbers.

IV.  Lastly, the spatial closeness relationship between adjacent aggregates was measured.

Total contact points numbers (N) were counted, the contact orientations were marked,

contact line and total contact line length were calculated.

¢, 0 o
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y 3

N
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(D)
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e major axis

Fig.5: Image analysis and processing focus on coarse aggregate particles (a) an example
section of UTA-10 with green filter, (b) zoomed binary image, (c) contact judgment
processing, (d) definition of the contact indices, (e) orientation [43]
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3.5.1 Contact mapping analyses by fabric tensors

Several studies used the internal structure index (ISI) to evaluate the interlocking of aggregates
in asphalt mixture by combining the contact line length and contact orientation [3], [44]. This
study maps the interlocking of aggregates in asphalt mixture by using Fabric tensors, which
quantifies the directional distribution of microstructural properties concisely, which is critical
to use in constitutive modelling. Another way to define microstructural fabric based on the
aggregate gradation packing is to use the plane that describes the direction of the contact, as
illustrated in Fig. 6. This plane can be described as vertical to the contact point and the plane
that is tangent to the particles in contact. Contact normal vectors are defined by the two-unit
vectors n¢ and -n¢. The number of aggregates in a microstructure was denoted by N,
aggregates and contact points by N.. Some methods considered mapping a fabric tensor to a
directional in a comparative frequency distribution of contact normal normally using
probability density function E'(n) [45]. The second-order spherical harmonic sequence for the

3D asphalt mixture can be reduced to Eq (10) [19].

E(n)=%(1+F:nc®nC) (10)

where @ represents a dyadic product, and as given in Eq. (11), F represents traceless tensor
regarded as the second-order fabric tensor of the third type based on unit contact normal [46].
Basically, the fabric tensor (F) can be determined from the second-order tensor N. In this
study, F is used to evaluate the anisotropy properties because of the ability to obtain the most
important microstructural properties that influence the asphalt mixture performance based on
a small number of parameters [47]. Based on this definition of contact normal plane and on

contact normal vectors, the fabric tensor for contact normal vectors (contact normal fabric) can

be defined as:

15y L (an
F=—@N-30)
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where I represent each second-order tensor; N represents a function of the discrete contact
normal tensor n in aggregate gradation parking, see Eq. (12) [48].
1 12
N=— Z n‘® n¢ (12)
N
CEN,

In this study, weight examination was used to determine the relationship between the aggregate

and mechanical properties, as already mentioned.

Figure 6:Vectors that describe the microstructure of asphalt mixture

3.6 Grey relational analysis method
Grey relational analysis provides the opportunity to optimise more than one of an asphalt

mixe’s mechanical performance properties. The method brings aspects such as: (i)
experimental design and its application, (ii) Signal- noise (S/N) Ratio calculation, (iii) decision
matrix creating, (iv) data normalisation, (v) weighting of normalised, and (vi) Ranking points.

The calculation procedures were determined with MATLAB.
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Table 6: Symbol list for Grey relational analysis method [49]

Steps Definitions Equations
Step 1. The reference sequence of length n is as follows %o = (Xo(1), %0(2), %0 (3), .. xo() )
? (k) —min x{ (k)
The Larger -The Better x;(k) = m )
_ maxx{ (k)-x{ (k)
Step 2. Data Normalization The small - The better Xl(k) = m ......... 3)
. 0 _ 4 x¥ao-x°| )
The Nominal - The Better x (k) =1 e 0 “)
Step 3 The m number series going to be compared with X0 x; = (1), %;(2), x;(3), ..., x;(n),
P> series
i=123..m ()
Amin"’fAma_x
e(xo(k), x;(k)) = —=r—=—r= 6
Grey Relational Coefficient is calculated. (%o, % (k) Boi(k)+$Amax ©)
Boi (k) = |xo(k) — x; ()] )
Step 4. D, = minyming|xo(k) — x;(k)| ®)
Dppax = maxjmaxk|x0 k) — xj(k)| 9)
Step 5. Weights Determination w
If impact on the performance N_lyn )
of the output is coal, Y (o x) = 1 Zier £Cro(R,%,00)  (10)
Grey Relational
Step 6. Degree is calculated
by Equation
If impact on the performance y—lyn ]
of the output is not equal, v G0, 1) = 3 Xk Wie(ro (), x:(k)) (1)

Where x;(k), = after normalisation i series k. value, x{ (k) =i series k, min x{ (k)= minimum

value in i series, max x; (k)= maximum value in i series, x°= desire deal value, x; = m series

with x© series, €(x((k), x;(k))= grey relational coefficient at poit k.k.k. ranking in n length

series, k=1,2,...,n,j=1,2,.., m, £ = a coefficient between (0,1), A,;;,=minimum value in the

series, A,,4,,= maximum value in the series, Ay;(k) = k value in the series, y(xg, x;) = grey

relation degree in i. rank, W)= total weight must be 1.
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4 Results and discussions

In this study, the physical and chemical properties of aggregate particles were captured to
evaluate their influence on microstructural properties. The microstructural properties were used
to predict the mechanical performance of asphalt mixtures. As indicated in Table 2, the general
chemical oxide composition of the GD 1 and GD 2 as granite samples have shown that silicon,
calcium, and aluminium are the three major elements in the granite aggregate particles. The
silicon and aluminium concentrates were approximately 16% to 70% by weight, respectively.
The high amount of silicon, aluminium and calcium suggests high pozzolanic content and
hence fewer mineral voids. Yagiie et al. [50] used chemical and morphological analysis of
granite sawdust waste as pozzolan material. The results suggested that the granite sawdust rich
in silicates (quartz, feldspars, phyllosilicates) provides commercial ordinary Portland cement
(rich in alkalis). Also, it was observed that when Si and Al are the major constituents, the
properties of cement are improved to generate a pozzolanic cement of an ecological nature.
Also, the study found that alkaline elements contents are larger than 5%, the acid composition
and the particle size has shown noteworthy pozzolanic activity. The major chemical oxide
composition of GD 3 is calcium and silicon, which also suggest a high strength. Table 3
provides the aggregates’ shape and properties; GD 1 has shown the highest values of CV and
LAA, followed by GD 2 and the least values for GD 3. The values indicate high strength as a
high amount of silicon and aluminium provides good hardening with small crystallinity of the
rock. Also, GD 1 has shown the lowest value of WA and the highest value of FI. This means
GD 1 does not easily absorb water because the crystals are well compacted due to the high
amount of silicon and aluminium. It can also be seen that GD 2 has a high amount of FI than
GD 3; the higher the FI and lower WA, the stronger is the material. Calcium oxide (CaO) and
silicon dioxide (SiO2) minerals result in a fundamental change in the hydrophilic or

hydrophobic properties of the asphalt mixture. The higher the silicon dioxide content, the
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greater the hydrophilicity of aggregates, and vice versa. Conversely, the higher the percentage
of the calcium oxide mineral, the better the hydrophobicity of the aggregates, and vice versa

[51].

The three important parameters, the sum of contact points N, the contact orientation to the
next corresponding contact aggregate and the contact line were captured based on the optimal
contact distance threshold (0.5428 mm), using iPAS software [3], [52]. The distribution of
contact line orientation at intervals from angle 15°C to 90°C for all samples are presented in
Fig 7. It can be seen that the concentrates of the orientation of contact lines of various mixtures
increased with increasing the angle range. For all mixtures, the percentage concentrates of the
orientation of contact at angles between 75° and 90° were high, and the orientation percentage
reduces as the angles reduce. In contrast, Fig. 7 shows that the percentage distribution contact
length of all samples. The contact line length was divided into five different ranges, 0. 5 -1, 1
—3.5,3.5-8,8—12 and >12, and these were used to determine the total contacts line length.
The graph indicates that the range of 1-3 m has the highest contact length line for all mixtures.
Fig. 8 demonstrated that GD 1 has the highest percentage contact line length followed by GD

2 while GD 3 showed the lowest percentage.
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Several factors that influence the thermal conductivity of aggregates are rock origin and
deposition environments and related lithology, mineralogy and texture, and thermal state and
as well as thermodynamic conditions [53], [54]. The microstructural properties of asphalt
mixture such as aggregate size, contacts number, aggregate contact line length and air void
contribute to thermal conductivity and volumetric heat capacity [31]. The effect of contact line
length and chemical composition on all mixtures’ thermal conductivity and volumetric heat
capacity was assessed. Figs. 9a, 9b and 9c present the relationship between the minimum and
maximum thermal conductivity trends and minimum and maximum volumetric heat capacity
trends for all samples. It can be seen that the minimum thermal conductivity trends are
proportional to the minimum volumetric heat capacity trends. A similar observation can be
seen that maximum thermal conductivity trends are almost the same as maximum volumetric
heat capacity trends. The effects of thermal conductivity and heat capacity on the pavement
surface temperature are almost similar to both trends for both samples. Since the volumetric
heat capacity is a scalar, it is therefore expected that the anisotropic properties of thermal
diffusivity to be similar to those of thermal conductivity. In this regard, the results suggest less
than 5% of the anisotropy in the thermal conductivity and thermal diffusivity. Generally, the
amplitude of the pavement surface temperature variation decreases with the increase of both
thermal conductivity and heat capacity. It can be seen that GD 1 exhibits the highest thermal
conductivity, followed by GD 2, while GD 3 has the lowest thermal conductivity, which
suggests that the heat was easily conducted between aggregates as a result of a high percentage
of contact line length. The higher the thermal conductivity of the asphalt mixture could enhance
the heat sink effect of the asphalt mixture and make urban heat islands indifferent from flexible
pavement researchers’ perspectives. Dai et al. [55] highlighted that (Na2O + K2O + Ca0)/Si102
has a significant influence on the electrical conductivity of granite samples at high temperatures

and pressure. The impurity conduction is possible charge carriers such as K*, Na*, Ca** H"),
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which have lower conduction mechanisms. In comparison, Ionic conduction is possible charge
carriers such as K™ Na* and Ca?* and higher conduction mechanisms at higher temperature

ranges.

Due to the interest of environmental health and safety, the urban heat island impact, solar
radiation, and air temperature during summer were measured, and the results are presented in
Figs.10 for all samples, respectively. There is a clear indication that at 00:00 hrs, the urban heat
island effect is the lowest because temperatures are low, leading to low radiation and low
pavement temperatures. The curve shows that the pavement temperature rises from 07:00 hrs
peeking at midday. It gradually drops until it gets cool after 19:00 hrs. It can be seen that
pavement surface temperatures has a similar pattern with the curves for solar radiation and
consequently the curve trend for air temperature. When the pavement surface temperature
increases, the heat energy will be emitted to the environment. The speed of thermal cracking is
influenced by the daily pavement amplitude of temperature variation (i.e. highest and lowest
daily temperature at the pavement top layer) and temperature slope along the pavements depths.
Pavement surface temperature relates to the urban heat island impact during summer and
significantly impacts the rutting distress. The asphalt binder becomes less viscous at high
temperatures and affects the adhesion between aggregates and bitumen. Note that the focus
was on summer temperatures because Botswana is a semi-arid area temperature with relatively

cool temperatures (0°C) during winter.
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Figure 9: The highest and lowest the daily surface temperature: (a) difference of the
thermal conductivity in summer, (b) difference of the volumetric heat capacity in
summer

The dynamic stability order for these selected samples is GD 1, GD 2, and GD 3, and the

deformation percentage order is GD 1, GD 2 and GD 3, respectively.

Table 7 presented the contact number correlation with Marshall stability and showed the
maximum value for the stability of 8.4 kN, 7.4 kN, and 7.1 kN for GD 1, GD 2 and GD 3,
respectively. GD 1, GD 2 and GD 3 strengths are relatively the same, and they provide high
stability because of the angular shapes or high contact point number. GD 1 and GD 2, granite
mixture, have better stability than GD 3. A high number of contact line lengths and texture of
granite provide a good interlooking structure with the ability to transfer load easily among
aggregates. Several studies have made a similar observation that angular aggregate particles
improve the structural stability of asphalt mixture [56], [57]. As shown in Table 7, GD 1, GD
2, and GD 3 samples have higher Marshall ratios of 3.18, 2.72 and 2.63, respectively,

representing the ratio of Marshall stability to flow value. Few studies have highlighted that
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high Marshall stability indicates high stiffness, thus resistance to permanent deformation [42],

[58]. As indicated in Table 7, results obtained from the three-point bending test were -197, 165

and 151 at temperaturel0 °C and 1745, 1700 and 1650 at temperature 0 °C for GD 1. GD 2

and GD 3. These results indicate that The GD 1 samples have the highest bending stiffness

modulus at 10 °C, followed by GD 2 and GD 3, respectively, for 10°C and 0°C. Also, all

mixtures have a recommendable influence at 10 °C and 0 °C, respectively. Granite, like

Portland cement, contains SiO2, Al20s3, K2O and CaO prove to have higher external

compression force resistance.
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Table 7: Number of contact points and mechanical properties
GD1 GD 2 GD3

N,

253 246 248

Mechanical Properties

Marshall Stability (kN) 8.4 7.6 7.1
Martial Ratio (kKN/mm) 3.18 2.72 2.63
Rut Depth (mm) 1.32 1.36 1.51
Dynamic Stability (passes/mm) 9750 8218 6923
SB (MPa) 10 °C 197 165 151
SB (MPa) 0 °C 1745 1700 1650

Granite has excellent Marshall stability and a low flow of cubical shaped particles that easily
contact each other and form a good microstructure. Generally, limestone has a spherical shape
that provides less internal friction between aggregates and contains fewer pozzolanic elements
such as Al203 and SiOz2, improving aggregate-binder adhesion while lowering bitumen stiffness

(softening).

The anisotropy of the solid phase of the aggregate structure was quantified using F (a graphical
and statistical approach) in a vector form. It can be observed from Figs. 11a, 11b and 11c¢
present the linear F relation with Marshall stability, dynamic stability and stiffness modulus.
R? for dynamic stability is 0.9048, 0.9032 and 0.921 for GD 1, GD 2 and GD 3, respectively.
The R? bending stiffness modulus at temperature 10 °C is 0.918, 0.932 and 0.9132 for GD 1,
GD 2 and GD 3, respectively. At temperature 0°C is 0.949, 0.934 and 0.930 for GD 1, GD 2
and GD 3, respectively. Granite aggregates exhibit a cubical shape with a large number of
contacts point and a high contact line to provide a good interlocked aggregate structure that,
under repeated stress, will not easily slip and change the tangential plane. Limestone with more
of spherical shape has less texture to give stability like granite. Sukhwani et al. [59] used image
analysis technologies to determine angularity and texture gradient for granite and limestone.

They found that granite aggregates have a high texture and, thus, demonstrated better adherence
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characteristics with asphalt binder than limestone aggregates with lower angularity and lower
texture gradients. These results suggest a recommendable linear relationship between F with
dynamic stability and bending stiffness modulus. There is evidence that F provides an
alternative way to analyse the microstructure to examine the mechanical properties of asphalt
mixture to a reasonable and comprehensive extent. For the asphalt mixtures to carry a high
load, aggregate particles must be supported, at least the contact angle at approximately 90°.
The aggregate skeleton has a major influence on the mechanical properties and durability of
the asphalt mixture [60], [61]. Table 6, wheel tracking test results show the DS value, 9750,
8218, and 6923 passes/mm for GD 1, GD 2 and GD 3 samples. These results indicate the
highest value for GD 1 samples and the lowest for GD 3 samples. The recorded values for
rutting depth were 1.32 mm, 1.36 mm and 1.51 mm. This indicates that the GD 1 samples have
the lowest rutting depth, and the GD 3 has the highest rut depth value in return. The values are
above the standard specification of 2800 passes/mm [29]. This suggests a good performance
by all mixtures at high-temperature areas [3]. For past studies with a similar aim, the results

have shown a similar trend shown in this study [3], [62].
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This study generated the complex Poisson’s ratio’s master curves using the complex modulus
test. Fig. 12 depicts the change in frequency and temperature significantly influencing the
complex Poisson’s ratio norm. Several studies found similar observations; results from the
norm of the complex Poisson’s ratio showed a clear, dynamic dependency on the frequency
and temperature [63], [64]. At low temperature and high frequency, the value of [v*| raised by
about 0.15, 0.13, and 0125 for GD 1, GD 2, and GD 3, respectively. At high temperature and

low-frequency values of ¢, are raised with 0.45, 0.4 and 0.35 for GD 1, GD 2, and GD 3,

respectively. It can be seen that the phase angles have very small and, to an extent, negative
(except for only a few angles at high temperature). It can be seen that GD 1 samples had a
better complex Poisson’s ratio, followed by GD 2 and GD 3 been the lowest among the three
types of samples, which suggest that the higher the aggregate contact, the higher the stiffness
modulus. Both GD 1 and GD 2 are granite aggregate samples, but GD 1 has higher strength,
contact point number, and better F than GD 2. This indicates that aggregate strength and shape

can influence the nature of different rock sources and the environment.
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Fig. 12: Master curves of the complex Poisson’s ratio of GD 1, GD 2 and GD 3 asphalt
(a)mixtures for norm and (b) phase angle

Poisson’s ratio parameter is always assumed to be constant in pavement engineering; this

assumption always causes some errors because the parameter plays a good role performance
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of civil engineering structure. Pouget et al. [65] performed a simulation to analyse the effect of
time-frequency reliant on linear viscoelastic Poisson ratio. The results indicated that the
behaviour of the orthotropic steel bridge has some variation. Figs. 11a and 11b, with the master
curves such as a norm and phase angle, depict evidence of the time-temperature superposition
principle (TTSP) on the complex Poisson’s ratio. In this study, the identical alteration factors
ar was utilised used to generate the complex modulus and the complex Poisson’s ratio’s master
curves. Several researchers to the same conclusion [39], [40], [64]. Granite has the highest
pozzolanic elements such as Al2O3 and SiO:2 to enhance the adhesion strength between
aggregate and bitumen bonds. On the other hand to granite has a lower CaO chemical
composition than limestone, reducing bitumen stiffness. Thus, an indication that when low
CaO content and high Al2O3 and SiO2 are combined, it leads to increased bitumen softening,

henceforth improving aggregate coating during the mixing procedure.

The study applied the stress of 100 kPa, 200 kPa, 300 kPa, and 400 kPa to evaluate the fatigue
accumulated strain against creep permanent strain and stiffness modulus, as shown in Figs.
13a, 13b and 13c for GD 1, GD 2 and GD 3, respectively. It very well may be seen that the
weakness amassed strain of the samples leads to a close connection with the creep permanent
of the mixes. These results are consistent with the results from dynamic stability because GD
1 always show the highest stiffness modulus, followed by GD 2 and GD 3 as the least. GD 1

has high contact point weight, thus higher weight contact followed by GD 2 and GD 3.
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Fig 13: Correlation between fatigue accumulative strain with stiffness modulus and
creep strain for (a) GD 1, (b) GD 2 and (¢) GD 3

The results showed that the fatigue accumulated strain of the samples resulted in a correlation
with the creep strain of the mixes. In contrast, an inverse correlation was obtained between the
fatigue and stiffness properties. The results have shown that the less fatigue accumulated strain
due by granite provided a decreased creep strain of the GD 1 and increased the stiffness
properties.GD 3 asphalt mixture has higher accumulative fatigue and low creep modulus than
GD 1 and GD 2 asphalt mixture. Granite with lower accumulative micro-strain leads to higher
creep modulus, indicating low rutting potential. The results indicate a correlation of higher
stability and lower flow of GD 1 and GD 2 compared to GD 3, as granite is mainly composed
of Si02, Al1203, K20, and a small amount of CaO, which is a similar composition to Portland

cement.
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In order to statistically analyse the influence of physical and chemical properties of aggregates
on the microstructural properties and mechanical performance, the Grey relational grade
analysed to closer to one (1); or else, the grey relational grade will be analysed closer to zero
(0). Chemical compositions such as SiO2, Al203, K20, and CaO, strength property of
aggregates including CV and LAA, daily temperature variation and mechanical properties such
as Marshall stability, dynamic stability, bending point beam at different temperatures and
complex Poisson ratio were incorporated for the grey relational analysis. Table 8, Table 9 and
Table 10 present data normalisation and Grey relational coefficients, respectively and grey
relational grade, respectively. Results indicate that GD 1 and GD 2 have the highest values of
Grey relational coefficients, equivalent to 1, and the least was GD 3 in all of the microstructure
and mechanical performance indices, therefore suggesting that granites are granites have a
good mechanical performance. The results showed that Si02, A1203, K20, and a small amount
of CaO significantly influence the shape and strength. The aggregates structure will affect the
surface roughness, which will affect adhesion to bitumen. GD 1 is ranked 1, indicating
excellent performance led by its roughest texture and cubical shape with many contacts points
and longer contact line length. Consequently, high contact normal fabric tensors led to high
stability. GD 2 as granite is ranked 2 because of its similar chemical and physical properties

but a little bit less GD 1. GD 3 showed the least ranking.
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Table 8: Data normalization

| Chemical composition Strength Microstructural properties Environmental condition Mechanical properties
Material

Na20 K20 CaO  SiO2 C.V LAA N, F DT MS DS BP 0°C__BP0°C __CPR
GD1 0.335 0335 0212 0315 0.079  0.098 1.000 1.000 1.000 1.000 1.000 1.000 1.000  1.000
GD2 0.014 0.021 0.318 0.300 0.065  0.034 0.900 1.000 1.000 1.000 1.000 1.000 1.000  1.000
GD3 0.190 0.080  0.200  0.280 0.035  0.200 0.430 0.100 0.027 0.080 0.100 0.010 0.042  0.150

Note DT = Daily temperature variation, MS = Marshall stability, DS = Dynamic stability, BP = Bending point, CPR = Complex Poisson ratio

Table 9: Grey relational coefficient

Material Chemical composition Strength Microstructural properties Environmental condition Mechanical properties

Na20 K20 CaO Si02 C.V LAA N, F DT MS DS BP 0°C BP 0°C CPR
GD 1 0.126 0.144 0.014 0.098 0.388 0.365 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
GD2 0.098 0.122 0.111 0.212 0.245 0.314 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
GD 3 0.100 0.010 0.000 0.167 0.000 0.234 0.356 0.467 0.366 0.370 0.350 0.334 0.343 0.340

Table 10:Grey relational degree

Grey relational analysis GD1 GD2 GD3
Chemical composition — strength 0.721 0.691 0.512
Chemical composition - microstructural properties 0.700 0.646 0.536
Chemical composition - mechanical properties 0.647 0.613 0.582
Strength - microstructural properties 0.564 0.501 0.453
Microstructural properties - mechanical properties 0.556 0.510 0.467
Chemical composition and strength -microstructural properties 0.819 0.723 0.634
Chemical composition and strength -mechanical properties 0.855 0.656 0.600
Ranking 1 2 3

36



5 Conclusion

This study prepared asphalt mixture using aggregates from three different sources (GD 1, GD
2, and GD 3), which were collected from three quarries in different parts of Botswana. The
chemical oxide composition of the GD 1 and GD 2 as granite samples has shown that silicon,
calcium, and aluminium are the three major elements in the granite aggregate particles. The
major chemical oxide composition of GD 3 is SiO2, Al203, K20 and CaO. Microstructural
properties were captured using a charge-coupled device (CCD) digital camera and analysed by
iPAS software. The properties aggregates shape properties such as the contact points N, the
contact line and the contact orientation /discrete directional contact normal. These properties
were used to calculate indices such as E(n) and N and lastly F. The influence of contact
number, length and F on inherent and stress-induced anisotropic properties of asphalt mixture
were evaluated using the Marshall test, a wheel track test and three bending tests to assess
Marshall stability, rut depth, dynamic stability. In addition, samples were put under the
sinusoidal loading to determine the complex modulus and complex Poisson’s ratio of asphalt
mixtures. The conclusions are outlined as follows:

% GD 1 has the highest amount of silicon and aluminium, hence the good compaction and

highest strength, followed by GD 2, and the least was GD 3.

% A well compacted and high-strength aggregate rock increased the contact points weight for

the aggregate particles whereas surface texture increased friction and enhanced the
interlocking of the aggregate particles. A reasonable amount of silicon and aluminium in

the filler provided a high amount of pozzolan, thus enhancing the mastic strength.
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The number of aggregates orientation increases with the amount of contact weight of

microstructure of asphalt mixtures, creating an enhanced stress distribution, hence less stress

concentration

+ The contact weight of aggregate particles influences the microstructural properties of the
asphalt mixture. Deformation of the asphalt mixture due to loading becomes less when the

loading direction is near the aggregate contact plane orientation.

X3
<

High contact weight notably impacts the Marshall stability, rutting depth, dynamic stability,
and stiffness modulus at high and low temperatures. All samples showed good mechanical
performance at all temperatures because of the high contact weight of the aggregate

particles.
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