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Department: Civil Engineering
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Degree: Philosophiae Doctor (Engineering)

Most of the current seal designs are based on the volumetric properties of materials
and voids. In order to improve seal design, the possibility of introducing mechanistic
principles into the seal design was investigated. Introducing mechanistic concepts
into the seal design meant that principles such as elasticity and viscoelasticity could
be used in terms of stress-strain to explain phenomena such as damage in the seal
structure. Viscoelastic parameters of bituminous materials such as complex modulus
(G") and phase angle (6) are key elements in the understanding of performance,
damage and failure of seal bituminous materials. Two main failure parameters of
seal are cohesion failure (fatigue cracking due to ageing of binder and loss of
elasticity) and adhesion failure or stripping (occurring between stone to bitumen or

bitumen to base).
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The aim of this study was to model the response of a seal’s binder and the cohesion
and adhesion damage of seals materials This Research also investigates the testing
procedure of Cohesion Fatigue Damage (CFD) and Adhesion Fatigue Damage
(AFD) of bituminous seal material using the Dynamic Shear Rheometer (DSR). The
research was based on the Lifetime Optimisation Tool (LOT) research programme

from Delft University of Technology.

The response model was performed by means of the DSR parallel plate and
modelled using the linear viscoelastic rheological master curves. In addition to the
binder models an ageing model was developed base on the G* master curve using

the recovered field-aged bitumens and the fresh binder from the plant.

The modelling of CFD and AFD of the seal was based on investigated DRS test
protocols results and was established on the “stiffness reduction” principle of

materials under the action of cyclic stress.

From the ageing model it appeared that PAV ageing does not necessary simulate
the long term ageing of bitumen. An investigation into ageing of non-modified and
modified binder is suggested (e.g. by comparing PAV ageing with Q-sun ageing).
The recovery of bitumen method needs to be revisited using technique such

centrifugal force.

The CFD and AFD models offer a practical advantage consisting of the possibility to
be adapted and incorporated in the recursive simulation models as developed in the
South African Road Design System (SARDS). It was observed that the generalised
model for CFD depends more on stress, while the generalised model for AFD
appears to depend more on temperature. This observation seems to agree with the
fact that adhesion damage is more sensitive to temperature change, whereas
cohesion damage is more prone to be influenced by applied fatigue stress. The CFD
and AFD models provide an indication of non-linear development of the fatigue
damage during-life period within bitumen and between bitumen and stone in the
case of seal. This is represented by the modelling of the change of G*, as suggested

in this investigation.
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Investigation of rheological response, cohesion and adhesion fatigue damage of bituminous road seal materials

INTRODUCTION

1 INTRODUCTION

11  Background

The South African National Roads Agency Limited (SANRAL) and the South African
roads industry require the modelling to be developed to the stage where
performance evaluation of different seal types in different environments can be

carried out, using mechanistic performance modelling and assessment.

The damage models for evaluating the performance prediction for road seals
(referred to as “seals”) and thin-layer bituminous road surfacings currently included
in the South African Pavement Design Method (SAPDM) are insufficiently detailed
and need to be developed further. The available mechanistic seal design, developed

by Milne (2004), is at prototype stage and needs improvement.

The performance of seals is dependent on the material components of the seal and
the climate in which the seal is constructed. The seal structure consists mainly of a
combination of bituminous binder and aggregates. Traffic and weather conditions
induce stresses in the seal. These stresses dictate the behaviour of the bitumen, and
interaction between the aggregate and the bitumen, consequently affecting the
lifespan and performance of the seal.

1.2 Problem Statement

One of the main functions of a surfacing seal is to protect the underlying layers from
the abrasive and destructive forces of traffic and the environment (TRH 3, 2007).
Milne (2004) reported that, in practice, seal binders did not always provide the
expected additional benefits and at times exhibited characteristics that could in fact
promote rapid deterioration of the layer’s serviceability, affecting the long-term life of

the pavement structure.

To ensure that seals fulfil all their functions, the following issues should be clarified:
- Binder behaviour
- Binder and aggregate interaction
- Changes in binder—aggregate bond over time

- The time at which, and the position at which, the binder—aggregate bond fails
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- The time at which, and the position at which, the bond within the binder fails.
These issues can be addressed by investigating the performance of the different
material components of the seal. Such a performance investigation can be carried
out at two levels: (i) the response mechanism and (ii) the damage mechanism of
bituminous seal materials. The response mechanism characterises the materials in
working conditions, while the damage mechanism is characteristic of the failure
conditions of the materials. Knowledge of the response and damage mechanisms
should be considered as key factors in predicting successfully the life of bituminous

seal materials.

In this study the response model will be expressed in terms of a visco-elastic and
rheological analysis of the bituminous binder. The damage model will be investigated
through the cohesion within the binder and adhesion at the binder—aggregate

interface.

The aim of investigating the performance of bituminous seal materials is thus to gain
a comprehensive understanding of the response and damage mechanisms in order
to control failures of the seal. Milne et al. (2004) reported the following seal failure
parameters:

- Fatigue cracking (ageing of binder and loss of elasticity)

- Low-temperature cracking (brittleness)

- Adhesion failure or stripping (stone to bitumen, and bitumen to base)

- Moisture damage

- Early rutting of the supporting base

- Permanent deformation or loss of texture: punching, rotation of seal stone

reducing voids (associated with bleeding)

- Aggregate crushing or polishing.

Valuable information on the seal failure can be gained by investigating the following:
- Changes in the visco-elastic and rheological properties of the bituminous
binder due to the action of traffic and the environment
- Interactions between seal material components (binder cohesion and
aggregate—binder adhesion)

- Effect of the base layer on seal material components.
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Visco-elasticity and rheology are often characterised by the complex modulus (G*),
the phase angle (&) and the viscosity (v). Yusoff et al. (2011) reported that the
principal parameters representing the visco-elastic rheological properties of bitumen
are the magnitude of the complex modulus (G*) and the phase angle (). These
parameters can be used to characterise cohesion and adhesion in the damage

model.

From the above statements and ideas, the following questions can be raised on the
performance and life of a seal:
- Can a model that uses visco-elastic parameters express factors affecting the
response of bitumen, such as ageing?
- Can the fatigue damage of cohesion within the binder be represented by a
model using visco-elastic parameters?
- Can the fatigue damage of adhesion between the aggregate and the binder

be represented by a model using visco-elastic parameters?
1.3  Objectives

This study aims to model the response and the damage of bituminous road seal

materials.
The response focuses on:

1) The presentation of a seal’s binder response model that can be used to
characterise the different types of bitumen used in South African seals during
early seal life and when the seal is aged

2) Modelling the ageing of bitumen and exploring ageing methods that could

better simulate the field ageing of seal binders
The damage investigates:

3) The development of a cohesion fatigue damage (CFD) model within the
binder and an adhesion fatigue damage (AFD) model between stone and
binder.

The binder response parameters and damage parameters obtained from these

models are intended to be used as inputs in the modelling of the seal system.
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1.4 Scope and Extent of the Research

This study forms part of the research that has been undertaken under SANRAL
South African Road Design System (SARDS) Project in the field of road surfacing
seal. Milne (2015) reported on the evolution of this SARDS project and presented the
link between different components forming part of the seal system modelling. The
bituminous materials component of the SARDS seal project was investigated
through this study. This study focused on the response and damage of seal
materials (namely bituminous binder and stone aggregates) as presented in Figure
1-1.

The response model investigated only fresh binder (for the newly constructed seal
scenario) and aged binder (for the old seal scenario). The intermediary stage where
self-healing occurs within the seal was considered to be outside the scope of this
study. The damage model was explored only for fresh bitumen.

This study was based on the Lifetime Optimisation Tool (LOT) research programme
from Delft University of Technology in Netherlands (Huurman, 2007). From LOT
research, the Dynamic Shear Rheometer (DSR) was selected as the main laboratory
equipment in this study. The DSR addresses both the loading time and temperature
behaviour dependency of bituminous binders (Asphalt Institute, 1997), which are
essential parameters in this study. Moreover, the Dynamic Shear Rheometer (DSR)
in South Africa motivated the use of the device as the main laboratory equipment in
this study. The benefits and limitations identified in using the DSR could help in the
testing procedures and results analysis during its implementation stage in the
country. In Figure 1-1 the various types of DSR set-ups are illustrated with photo
insets and indicated where in the bituminous binder and stone aggregate matrix

simulations are performed.

In the modelling part of the research, no stone-to-stone contact within the seal was
considered. This is because it appears that there is almost always a film of binder
between stones, especially in the case of pre-coated stone.

During this research, stone cracking and/or breaking under applied loads was not
considered as it was assumed that for well-designed seals, the stones were strong

enough to prevent breaking under traffic load.
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The research considered specific types of binder and stone available in South Africa.

For the response model, the following bitumens were used:

- 70/100 penetration grade

- 60% cationic spray grade

- Styrene butadiene styrene (SBS) polymer-modified bitumen (SE1)
- Bitumen rubber (SR1).

The 70/100 penetration grade bitumen binder and dolerite aggregate (Dol) were

selected for the damage model.

The research flow chart is shown in Figure 1-2.

Seal materials

\] v
Binder Binder/Aggregate bond
" N\
Pen grade: 70-100 /
Bitumen rubber (RB1) Cohesion Adhesion
60% cat spray
Modified binder: S-E1 (SBS) \l/
Polymer-mod.cat spray (SC1)
Binders recovler from sites Damage tests: Damage tests:
A\ - Cohesion test using DSR - Adhesion test using DSR
Visco-elastic properties
Rheological properties \]/
(G*and 6) using DSR Material fatigue damage model

!

Bitumen response model

Output: master curves and End-life model Damage model
binder response parameters: (curves and formulae) (curves and formulae)

Prony (GO, a, 'ti)

\E

Binder ageing model

Figure 1-2: Research flow chart
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It can be concluded that evaluating the performance of a seal requires material
characterisation. The characterisation can be done at two levels: (i) the response
and (ii) the damage assessment. The damage assessment consists of cohesion
fatigue damage (CFD) investigation and adhesion fatigue damage (AFD)
investigation. The DSR was the main laboratory device identified for assessing both

response and damage with the aim of modelling these phenomena
References

Asphalt Institute, 1997, Performance-graded Asphalt Binder Specification and
Testing, Superpave Series No. 1 (SP-1), Lexington, KY, US.

Huurman M., 2007, Lifetime Optimisation Tool (LOT), Main report, Technical
University of Delft, Netherlands.

Milne T. 1., 2004, Towards a performance-related seal design method for bitumen
and modified road seal binders. PhD thesis, University of Stellenbosch, South
Africa.

Milne T. I, Huurman M., Van de Ven M. F. C., Jenkins K. J., Scarpas A. and
Kasbergen C., 2004, Towards mechanistic behaviour of flexible road surfacing
seals using a prototype FEM model. Proceedings of the 8th Conference on
Asphalt Pavements for Southern Africa, Sun City, South Africa.

Milne T.l., 2015, Overview of enhancements to road surfacing seal design
methodologies through seal system and materials modelling, Proceedings of
the 11th Conference on Asphalt Pavements for Southern Africa, Sun City,
South Africa, 16—19 August 2015, pp. 510-521.

TRH 3, 2007, see SANRAL (South African National Roads Agency Limited) 2007.

SANRAL (South African National Roads Agency Limited), 2007, Design and
Construction of Surfacing Seals. Technical Recommendations for Highways
(TRH 3), Version 1.5, May 2007, Pretoria, South Africa.

Yusoff N. I. M., Shaw M. T. and Airey G. D., 2011, Modelling the linear visco-elastic
rheological properties of bituminous binders. Construction and Building Materials,
25(5): 2171-2189.

EMWK Mukandila (2016)

© University of Pretoria



ot

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
. . . YUNIBESITHI YA PRETORIA X ) i
Investigation of rheological response, conesion and adhesion fatigue damage of bituminous road seal materials

LITERATURE REVIEW

2 LITERATURE REVIEW

2.1 Introduction

The scope of this research highlights the response and fatigue damage
characterisation of seal materials. These two concepts will be developed in order to
produce the parameters required as input into the seal design which forms part of
the pavement design.

The “pavement design” concept is well known and is generally described as being
constituted of two approaches, namely the empirical method and the mechanistic
method, also called the analytical method. Desai (2002) describes mechanistic
design methods as being methods based on principles of mechanics, such as
elasticity, plasticity and visco-elasticity, while empirical methods are based on
experience or index properties (e.g. value of California Bearing Ratio (CBR), limiting
deflections). Paterson (1987), Li and Kumar (2003), and Schram and Abdelrahman
(2009) stated that the empirical method uses observed performance from full-scale
experiments to determine empirical relationships by regression analysis, while the
mechanistic design method identifies the effects of the physical causes of stresses
(i.e. loading, environment and material properties) on the performance of the
pavement structure. In some cases both approaches are combined, this is called the

Mechanistic—Empirical (ME) method.

In South Africa, an ME design method has been used since the early 1970s (Maree
and Freeme, 1981).

Jooste (2004) defined ME design as a two-step process, involving firstly the
calculation of expected material responses under simulated loading, and secondly
the estimation of how many load applications the material can withstand, at the

calculated response level, before it cracks or deforms to an unacceptable level.

Theyse et al. (1996) reported that the ME analysis process, as applied in South
Africa, comprised the following steps: the material and load characterisation,
structural analysis, pavement response, transfer functions and predicted pavement
life. The material characterisation included layer thickness and elastic material
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properties for each layer in the pavement structure. The standard design load was
defined as a 40 kN dual wheel load at 350 mm spacing between centres and a
uniform contact pressure of 520 kPa. The structural analysis involved a linear elastic,
static analysis of the multi-layer system. The pavement response to the loading
condition was expressed in terms of stress (g) and strain (¢) at the critical position in
the pavement structure, determined by the material type used in each layer of the
pavement structure. A transfer function related the stress-strain condition to the
number of loads that could be sustained at a stress-strain level before the pavement

reached a certain terminal condition.

Theyse et al. (1996, 2011) listed the following critical parameters determining the

fatigue life of different pavement materials:

- The maximum horizontal tensile strain at the bottom of the asphalt layers

- The maximum tensile strain at the bottom of cemented layers

- The safety factor against shear failure or major and minor principal stresses in
the granular materials

- The vertical strain on top of the subgrade material.

Theyse et al. (2007) reported that the ME design procedure available in South Africa
has remained unchanged since the late 1970s in terms of the load input, material
characteristics, primary pavement response model and damage models or transfer
functions. The method was implemented in a number of software packages, starting
in the late 1990s, which exposed it to a wide user group, and it has therefore came
under increasing scrutiny and criticism. This has progressed to the point where it
was stated that although, the method is a valuable design tool, it is overly sensitive
to changes in input variables, leading to inadmissible and counter-intuitive results in
some cases, and providing unrealistic structural capacity estimates for certain
pavement types. It does not assess all materials equally, based on their true
performance potential. The method focuses largely on the effect of load magnitude
(stress condition) on the structural capacity of a pavement, ignoring the effects of

construction and environmental conditions.
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Theyse et al. (2007, 2011) reported that SANRAL had undertaken to address this
issue and to revise the South African pavement design method for flexible and rigid
pavements by introducing the South African Road Design System (SARDS). The
improvement of the seal modelling forms part of this revision; consequently, any new

development resulting from this research should contribute to the SARDS.

The purpose of this literature review is to investigate essential concepts related to
seal bituminous materials, such as ageing of bitumen, rheology, adhesion, cohesion

and fatigue damage.
2.2 Surfacing Seals

A surfacing seal is a thin surfacing or overlay forming part of a road pavement
structure. TRH 3 (2007) states that a seal consists of a coat of bituminous binder
sprayed onto the road surfacing which is immediately covered with a layer of
aggregate (stone or sand). Janisch and Gaillard (1998) state that the reason for seal
work is to protect the pavement from the deteriorating effects of sun and water. The
seal combats this situation by providing a waterproof membrane which mitigates the
effect of the sun on the pavement and helps the pavement to shed water, thus
preventing it from entering the base material. The seal also increases surface friction

through the additional texture of the aggregate it contains.
TRH 3 (2007) lists the following principal functions of a seal:

- It provides a waterproof cover to the underlying pavement.
- It provides a safe all-weather skid resistant surface.
- It protects the underlying layer from the destructive forces of traffic and the

environment.

Good adhesion between the aggregate and the binder film is achieved by rolling
compaction. The rolling compaction initiates the process of orientating aggregate
particles in a mosaic pattern, and moving the binder into voids between the
aggregates. This process is completed by the action of traffic, to obtain a relatively

impermeable pavement surfacing.
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The Southern African Bitumen Association (SABITA, 1993) and the California
Department of Transportation (Caltrans, 2003) state that multiple layers can be
placed and various binder and aggregate types can be used to address specific

distress modes or traffic situations.

TRH 3 (2007) lists the following types of seal: single seal, double seal, Cape seal,
slurry seal, sand seal, inverted double seal, geotextile seal, split seal choked, seal
and graded aggregate (Otta) seals. The first five are commonly used in South Africa
and are illustrated in Figure 2-1. To develop seal materials characteristics, this thesis
used the single seal as a prototype because of its simplicity, allowing different

components to be assessed.

Fog spray optional

; Stone
Single
Tack coat
Existing substrate WA’W m
Fog spray optional
2" layer -
Double Penetration coat
1% laver - stone
Tack coat
Existing
Fine slurry (1 or
Fog spray
Cape Seal Stone
Tack coat
Existing
sury B R A R R
Existing — P S
sand Seal Sand or grit
i Tack coat R R I e T I T
and Grit Seal Existing substrate ~———— .--"".--%.f"/! ff%f

Figure 2-1: Types of seals commonly used in South Africa (TRH 3, 2007)

11

EMWK Mukandila (2016)

© University of Pretoria



ot

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
. . . YUNIBESITHI YA PRETORIA X ) i
Investigation of rheological response, conesion and adhesion fatigue damage of bituminous road seal materials

LITERATURE REVIEW

Seals form a major part of surfaced roads in South Africa. Approximately 150 000 km
(20 per cent) of the total road network in South Africa is surfaced. Most of these

roads are surfaced or resurfaced with seals (TRH 3, 2007).

After a certain period of service, surfacing seals reach failure status.
2.3 Seal Components

The seal structure consists of a combination of bituminous binder, aggregate and a
certain percentage of voids. Bituminous binder and aggregate are discussed in this

section.
2.3.1 Bituminous binder

2.3.1.1 Definition

Bitumen is the most used binder for road surfacing. In the past, coal was also used
for this purpose. Tar is deemed to be hazardous for health and is no longer allowed
for use in many countries, including South Africa. This thesis deals only with

bituminous binders.

The term “bituminous” identifies the bitumen itself, any derivative of bitumen or any

combination of bitumen with other road materials such as aggregate or filler.

SABITA (2007) defines bitumen as a dark brown to black viscous liquid or solid,
consisting essentially of hydrocarbons and their derivatives. It softens gradually
when heated. Bitumen is obtained by refining petroleum crude oil, but it is also found
as a naturally occurring deposit. As a binder, bitumen is a strong adhesive, highly
waterproof and a durable material. The bitumen also provides some flexibility to
mixtures of mineral aggregates, with which it is usually combined. It is highly
resistant to the action of most acids, alkalis and salts, but soluble in
trichloroethylene. Although solid or semi-solid at ambient temperatures, bitumen can
be readily liquefied by applying heat, by dissolving it in petroleum solvent, or by
emulsifying it in water. The properties of bitumen are dependent on the crude oil

source.
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According to the Asphalt Academy (2007), the main purposes of bituminous products

are:

- to act as an organic glue and waterproofing agent when combined with
naturally occurring inorganic stone and sand

- to provide appropriate behavioural characteristics to the materials in service.
This will improve their ability to withstand the environmental conditions to
which they may be exposed.

2.3.1.2 Bitumen composition

The UK’s Road Research Laboratory (1962), SABITA (2007), Read and Whiteoak
(2003), and Xiang et al. (2010) state that bitumen is a complex combination of
hydrocarbons with small quantities of sulphur, oxygen and nitrogen, and trace
quantities of metals such as vanadium, nickel, iron, magnesium and calcium. The
chemical natures of the crude oils from which bitumens are derived reflect different
geological conditions during their formation. Elementary analysis of bitumen
manufactured from a variety of crude oils shows that most bitumens contain 82 to
88 per cent carbon, 8 to 11 per cent hydrogen, 0 to 6 per cent sulphur, 0 to 1.5 per
cent oxygen, and 0 to 1 per cent nitrogen. The precise composition varies according
to the source of crude oil from which the bitumen originates, modifications induced
during manufacture and ageing in service. The bitumen presents a kind of colloid
dispersion system composed of asphaltenes, saturates, aromatics and resins. In
this system, solid-state asphaltenes, with an average size of 100 nm, form the
disperse phase, while saturates and aromatics constitute the continuous liquid
phase. Resins contribute to good dispersion of the disperse phase in the continuous
phase. Therefore the stability and macroscopic properties of the bitumen (colloidal
system) depend on the composition of the group components. Figure 2-2 represents

this chemical subdivision of bitumen components.
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n-heptane
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(soluble) (insoluble)

Resins

Figure 2-2: Broad chemical composition of bitumen

SABITA (2007) states that the weak interaction between molecules of bitumen
results in Newtonian behaviour at high temperatures, where the viscosity change is
directly proportional to the temperature change.

2.3.1.3 Characteristics of bitumen

The Road Research Laboratory (1962) states that bituminous binders are supplied in
various grades having, at normal temperatures, a wide range of consistencies from
fluid to hard and brittle. The consistency of bitumen is dependent on the
temperature, the applied load and the mixing oil (in the case of cutback) or water (in

the case of an emulsion).

The behaviour of a bituminous binder is determined by its consistency range. The
bituminous binder is commonly classified as a visco-elastic material, but can be solid

(brittle or elastic) or viscous (non-Newtonian or Newtonian).

The visco-elastic character of bitumen results in its varied response behaviour under

various loading times and temperature changes (SABITA, 2007).

In the seal, bitumen is a major component that provides waterproofing
characteristics. It acts as the binder that holds the aggregate together and makes it

adhere to the base.

The loss of bitumen properties with time is known as bitumen ageing. The ageing of

bitumen is detailed in Section 2.6.
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The flow characteristics of bitumen are referred to as its rheological properties. This

is dealt with in Section 2.7.
2.3.2 Aggregate

As defined by the US Department of the Army (1952) and Weinert (1980), rock is a
firm and coherent or consolidated naturally formed solid substance constituted of

one or more minerals. Rock makes up the crust of the earth.

A small piece of rock is often called a stone. Stone can be considered as a rock that
has been cut into pieces, trimmed or engineered for the purposes of construction,
jewellery, etc. In this research the term “stone” will represent the pieces of rock that
have been cored for the purpose of the adhesion fatigue damage test using the
DSR.

Basic sources of road building materials are either natural rocks or slags derived
from a metallurgical process. Natural rocks occur as massive outcrops or as gravels,
the latter being derived from the former. Natural rocks are classified by petrologists
according to their mode of origin into three main classes: igneous, sedimentary and
metamorphic (Road Research Laboratory, 1962; Weinert, 1980; Das, 1990).

Weinert (1980) states that in chemical rock analysis, the percentage of oxides such
as silica (SiOy) is used to classify rocks. If SiO, makes up more than 60 per cent of
the material, this should be regarded as acid for road construction purposes. If the
SiO, component is less than 60 per cent, the construction material is known to be
basic.

Weinert (1980) and Akzo Nobel (2009) state that aggregates of the acidic type
possess surfaces that tend to be negatively charged, and that those of basic type are
characterised by surfaces that tend to be positively charged. Acidic aggregates

include those with high silica contents, while basic aggregates include carbonates.

In this research, the aggregate used as cored stone was dolerite, which is a basic

stone.
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2.3.2.1 Characteristics of seal aggregates

As one of the two major components of the seal, aggregate plays an important role
and should comply with certain characteristics. TRH 3 (2007) states that the seal’s

aggregate has four functions:

- to provide resistance to abrasive wheel loads and transfer the wheel load to
the underlying pavement structure

- to provide a skid-resistant surface

- to provide a structure to accommodate the elastic and impermeable
bituminous binder and have sufficient voids to prevent the binder flushing to
the surface under loading

- to protect the binder from harmful ultra-violet (UV) rays of the sun.

Aggregate properties (such as size, shape, grading, cleanliness, moisture content,
toughness, soundness, durability, fracture, polish resistance and porosity) influence

seal performance (Shuler et al., 2011).

As stated in Section 1.4, in this research dolerite (base type aggregate) was used as
stone in the adhesion fatigue damage test. The dolerite is one of the common
aggregates used for seal in South Africa. This dolerite was sourced from Trichardt

crushers in Trichardt, Mpumalanga province, South Africa.

2.3.2.2 General description of Dolerite

According to Hergt et al. (1989), dolerite is an igneous rock, thus rock initially molten
and injected as a fluid into older sedimentary rocks. Emplacement probably occurred

over a period of 20 million years, and the average age of the rock is middle Jurassic.

Leaman (1973) and Lurie (1984) define dolerite as a basic intrusive hypabyssal rock
with SiO, content varying between 45 and 52 per cent. The essential minerals
contained in the dolerite are plagioclase, feldspar and pyroxene (augite), which
constitute between about 60 per cent and 80 per cent of the rock’s total composition.
The accessory minerals are quartz, orthoclase, chlorite (20 to 40 per cent) and

magnetite (2 to 3 per cent).

16
EMWK Mukandila (2016)

© University of Pretoria



ot

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
. . . YUNIBESITHI YA PRETORIA X ) i
Investigation of rheological response, conesion and adhesion fatigue damage of bituminous road seal materials

LITERATURE REVIEW

24 Seal Design

Most of the seal designs currently used are based on work developed by Hanson
(1935), who made the first attempt to rationalise the single seal design. Holtrop
(2008) states that the rate of application of the binder and the aggregate spread rate
are both of major importance in achieving satisfactory performance for the service
conditions of seals. These two concepts are related to the volumetric and void

assessment of the seal layer.

A certain amount of empty space is present in a single or double seal layer
(Semmelink, 1987). Some of these voids are lost during the life of the seal because
of the effects of traffic on aggregate embedment at the bottom of the layer and the
wear of the aggregate at the top of the seal layer. A portion of the voids must be left
unfilled with binder to ensure good skid resistance. An overview of seal design
methods is presented in Appendix A.

In general, the principles applied to the design of the binder application rate are
based on the same concept (some of the variations in seal design are also
presented in Appendix A). A schematic flowchart illustrating the design process of a
single seal, based on South African experience, is presented in Figure 2-3. This
flowchart, from Marais (1981), was based on the Average Least Dimension (ALD) of
stone. However, Semmelink (1987) and TRH 3 (2007) later emphasised the use of
the Effective Layer Thickness (ELT) of the seal in the seal design.
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Figure 2-3: Design process for single seal (after Marais, 1981)

In summary, the seal design philosophy reported in the literature (such as Hanson,
1935; Marais, 1981; Semmelink, 1987; Holtrop, 2008) aims to calculate the portion of
voids within the seal layer that needs to be filled in order to minimise loss of stone
and to provide the surface texture required for minimum skid resistance. The ultimate

objective is to maximise the seal life of different classes of roads. The principle of
18

EMWK Mukandila (2016)

© University of Pretoria



ot

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
. . . YUNIBESITHI YA PRETORIA X ) i
Investigation of rheological response, conesion and adhesion fatigue damage of bituminous road seal materials

LITERATURE REVIEW

seal design is based on the volumetric properties of the seal materials and the
amount of voids trapped in the seal. Some design values are chosen experimentally

or empirically.

It can be noted that the forces of traffic and of the environment that act on the seal
seem to be under-considered in the design. Although the volumetric properties and
the concept of voids in the seal do play a role in seal performance, volumetric design
lacks the part of mechanistic analysis that takes into account parameters such as

stress and/or strain interactions in the seal structure and the durability of the seal.

It has been suggested that mechanistic analysis expressed in terms of stress-strain
interactions can be used to develop response and damage models of seals. These
models will reflect the action of traffic (vehicle loading, tyre pressure, traffic abrasive
action on aggregate, etc.), the environment (water sensitivity, temperature action,
ageing of binder, etc.) and material characteristics, and should be further analysed
for the improvement of seal performance. For this reason seal modelling work was

initiated, especially as developed in Section 2.5.

The Road Research Laboratory (1962) defined the durability of bitumen as its
degree of resistance to changes caused by the weather and traffic. Extensive work
on seal durability has been done in Australia. Oliver (2004), Oliver and Boer (2008)
and Oliver (2011) reported on a study on predicting the life of a seal by means of
correlating bitumen hardening with factors such as bitumen viscosity, bitumen film
thickness and seal aggregate size. These studies involved the use of an Australian
Road Research Board (ARRB) test method and modelled the prediction of seal life.
In South Africa, research has been done on the durability of bitumen by modifying
the Rolling Thin Film Oven Test (RTFOT) to simulate long-term ageing of bitumen
(Muller and Jenkins, 2011). The ageing of bitumen is discussed in detail in
Section 2.6.

2.5 Seal Modelling

The current seal design is based on the volumetric properties of materials and voids,
as presented in Section 2.4. In order to improve seal design, the possibility of

introducing mechanistic principles into the seal design was investigated, in South
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Africa (Milne et al., 2004) and elsewhere in the world (Huurman, 2010;

Kathirgamanathan et al., 2012).

Introducing mechanistic concepts into the seal design meant that principles such as
elasticity and visco-elasticity could be used in terms of stress-strain in the seal

structure.

Milne (2004) developed an initial prototype numerical model of seal performance,
which determined failure and fatigue criteria to assess the seal’s expected lifetime.
This numerical model used Finite Element (FE) analysis because of the complexity
of seal geometry and the ability of FE analysis to model complex stress analysis
problems. CAPA-3D was the specific FE used in the development of this prototype.
Huurman (2010) stated that a seal might mechanistically be designed on the basis of
a meso-mechanical analysis due to its limited thickness. The meso-mechanical
analysis can consider a small volume of material and, in the analysis, the seal must
be represented as it is, i.e. individual stones sitting in the bitumen. Thus the design
of seals might benefit from FE modelling of the seal’s meso-structure. At meso-scale,
the constituent materials such as binders and stones are assigned different material
properties (Woldekidan, 2011). The interactions of these constituent materials dictate

the bulk-scale response behaviour.

Huurman (2010) developed a subsequent model that addressed some of the
limitations from Milne’s first prototype. The object of developing the numerical model
was to determine the relative performance of the seal in terms of the number of
wheel load repetitions to stripping of stone (loss of adhesion), cracking of binder
(loss of cohesion), crushing of stone, embedment of stone and flushing (penetration
of stone into the base). This performance is studied through the stresses and strains

that develop in various relevant structural components of the seal (Huurman, 2010).
The elements included in the model were as follows:

- Geometry of seal model: represent the seal structure in terms of meshes
using meso-scale analysis
- Numerical model of applied loads: three components of stress (vertical, lateral
and longitudinal) induced by rolling wheels and driven wheels
20
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- FE method (FEM) material parameters and behaviour :
The following materials were included:

- Bitumen binder: modelled using visco-elastic model such as generalised Burgers
model

- Aggregates: modelled using linear elastic principle

- Mastic underlayer: bituminous material between the stone and base, the stiffness
of which was used in the model

- Interface: between stone and bitumen which was modelled on the elastic
properties of stone and bitumen

- Base layer: unbound material with stress-dependent behaviour and minimum

visco-elastic deformation

Environment (temperature regime).

Figure 2-4 illustrates a seal geometry model, and Figure 2-5 presents an example of
running the seal model under CAPA-3D FEM.

Figure 2-4: Seal geometry model: model overview and partial cross-section
(after Huurman, 2010)
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Figure 2-5: Example of running seal model under CAPA-3D FEM (after Milne,
2004)

Although the prototype numerical seal model demonstrated the ability to use
mechanistic-type analysis to model a seal, Milne (2004) suggested that the model
needed more refinement. In this regard, Milne (2004) and Huurman (2010) reported
that:
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- no information about damage development in the types of bitumen considered
was available
- bitumen data for bitumen material parameters were borrowed from previous

work.

Among the recommendations made by Milne (2004), the following were of interest

for this research:

- research into specific bitumen parameters to improve the visco-elastic
parameters of the Burgers model used in Milne’s work
- further assessment of the materials testing system of fatigue relationships for

cracking, and determination of adhesion yield stress for stone loss.
2.6 Ageing of Bituminous Binder
2.6.1 Background on bitumen ageing

Any material is subject to the influence of environmental factors during its lifetime.
These factors include (but are not limited to) temperature, ultraviolet (UV) exposure,
rainfall and humidity. The absorption of UV radiation results in the degradation of
materials, which changes their chemical composition. Changes in the chemical
characteristics of a material are also reflected in changes in its physical properties,

such as its strength and deformability (Hagos, 2008).

According to the UK Road Research Laboratory (1962), Vallerga (1981) and Janisch
and Gaillard (1998), all bituminous surfacing materials change with time under the
action of weather and traffic. The bitumen becomes softer in warm weather and
harder in cold weather, but the exposed binder hardens continually as a result of
atmospheric influences (sun, wind and water). The bitumen hardens after heating,
mainly due to volatilisation, and in the long term it hardens mainly due to oxidation.
The terms "age hardening” and “ageing" are regularly used to describe the
phenomenon of “hardening”. Hardening is associated primarily with loss of the
volatile components of bitumen during the construction phase, and progressive
oxidation of the in-place material in the field. Both factors cause an increase in
viscosity and stiffness of the bitumen. This may lead to brittle condition,
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disintegration of stone-bitumen bonds and cracking failures because the material is

unable to bend and flex when exposed to traffic and temperature changes.

Bell (1989) stated that ageing of asphalt mixtures occurs in essentially two phases,
short term and long term. Short-term ageing is due primarily to volatilisation of the
bitumen during construction, whereas long-term ageing is due to oxidation and steric

hardening in the field.
2.6.2 Some bitumen ageing methods

Bell (1989) reported that the most promising methods for simulating short-term
ageing of mixtures are extended heating and extended mixing. Microwave heating
should also be considered. The most promising methods for long-term ageing of
mixtures are pressure oxidation, extended oven ageing, UV treatment, and alternate

ageing and moisture treatment.

Muller and Jenkins (2011) split ageing test methods into two categories: short-term
ageing (including methods such as the Rolling Thin Film Oven (RTFO), thin film oven
and rotating flask tests) and long-term ageing (which consists of methods such as
pressure ageing vessel, rotating cylinder ageing test and long-term rotating flask
test).

According to Hagos (2008), the effect of UV radiation from sunlight is an important
factor to consider during the ageing process of bituminous materials. The light from
the sun basically consists of three components: ultraviolet (UV), visible (VIS) and
infrared (IR) light. The shorter wavelengths have a greater influence on the
degradation of a material, since the higher energies absorbed by the material may
exceed the bond energies. Xenon arc lights are able to produce radiation that
simulates the natural (sunlight) spectrum in the UV region (i.e. 295 to 400 nm).

Attempts have been made to accelerate the ageing of bitumen in the laboratory
through the effect of temperature, pressure or the simulation of weather conditions.

The most common ageing methods used are:

- the Rolling Thin Film Oven Test (RTFOT): ASTM D2872 as described by

SABITA (2007)
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- the Pressure Ageing Vessel (PAV) method: different variants of the PAV
method are used, such as PAV-ageing, AASHTO R28 or ASTM D6521-13 as
described by ASTM, 2013).

Another ageing method that is often used for bituminous roofing and waterproofing
materials is the accelerated weathering test using the Xenon-Arc method as
described in ASTM D 4798-01 (ASTM, 2002).

Hagos (2008) reported the use of a specific weatherometer to simulate the ageing of
bitumen. This weatherometer used an artificial light source (Xenon-Arc lights) that
closely simulates the UV and visible part of solar radiation. In setting up an
accelerated weathering procedure, not only temperature, but all factors of
weathering in real life need to be taken into account to simulate “natural ageing”. In
order to accelerate the ageing process, the weathering test should be conducted at
an elevated temperature. Nevertheless, care should be taken to conduct the tests at
realistic temperatures to avoid deviation from the chemical reactions that take place
in practice. To determine the realistic conditions of weathering, it is imperative to
analyse prevailing weather conditions. In this case 1 000 hours of UV exposure in a
weathering chamber was selected to simulate the effect of UV radiation. Hagos
concluded that laboratory ageing methods are not as severe as long-term field

ageing as laboratory ageing could not simulate the complex nature of field ageing.

This weatherometer had the following features:

- rain and humidity functions for weathering testing

- measurement and control of Chamber Air Temperature (CHT) (max. 70 °C
during light phase)

- air-cooled Xenon lamps with adjustable power range between 1.7 and 2.1 kW

- static, flat sample array, maximum exposure area 3 081 cm?

- specimen tray with 5° slope (as recommended in many standards) for
optimum spray water drain

- measurement and control of irradiance, broad band in the UV range (300 to
400 nm) in W/m?, or narrow band at 340 nm or at 420 nm in W/(m®nm); switch

between control points without having to change hardware
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- measurement and control of Black Standard Temperature (BST, max. 100°C
during light phase) or Black Panel Temperature (BPT) at sample level

- selectable temperature control: CHT or dual control of CHT and BST/BPT

- measurement and control of relative humidity

- ultrasonic humidification and specimen spray system.

It was suggested to improve the ageing protocol in order to make a reasonable
prediction of long term field ageing (e.g. reducing humidity from 70 per cent to 50 per
cent and increasing the temperature of exposure of the thin layer of binder up to
90 °C.

Muller and Jenkins (2011) investigated two modifications of the RTFOT test for
simulating long-term ageing in order to compare the results with PAV ageing:
- extended RTFOT test conditions at 163 °C (ERTFOT163).The test duration
extended to 325 minutes
- extended RTFOT test conditions at 100 °C (ERTFOT100sra). The test
duration extended for 48 hours and a temperature of 100 °C was maintained
around the inner surface of each container during the test. At this
temperature, the bitumen does not flow continuously in thin films and an
electroplated steel rod 129 mm long, with a diameter of 8 mm, is inserted into
each glass bottle to ensure that a thin film is continuously spread on the inside
of the glass bottles; this system is referred to as “Steel Rod Assistance”
(SRA).

They concluded that the extended method was promising for simulating long-term

ageing.

Ma et al. (2008) aged binder by RTFOT before UV exposure. The UV ageing was
done in a UV irradiation chamber using mercury-arc lamps and the oven set to a
temperature of 40 °C. The exposure time was two months (with film binder analysed
at an interval of 1 month). After ageing, the following was observed:

- Asphaltenes and resins increase with UV ageing time.

- Aromatics decrease with UV ageing time.

- Due to their nature, saturates change only slightly due to age.
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- The generic fractions of bitumen are transformed from light mass molecules to
large molecules after UV ageing. This transformation is represented by the
following sequence: aromatics —resins —asphaltenes.

- Typical functional groups of carbonyls and sulphoxides appear in the bitumen
after UV irradiation.

- Quantities of carbonyl and sulphoxide groups increase with increasing UV
ageing time.

- After UV irradiation, the bitumen increases in viscosity and Penetration

Index; it becomes solid-like and the temperature susceptibility decreases.

They concluded that the influence of UV irradiation changes the chemical properties
of bitumen components. Consequently, temperature susceptibility becomes lower
due to increased viscosity; this influences mainly the low-temperature properties of

bitumen.

Xiang et al. (2010) investigated photo-oxidative ageing (ageing in an atmospheric
environment, which is referred to as “outdoor ageing”). They found that the
performance of bitumen decreases very fast in the 3 months of outdoor ageing, and
that the extent of decrease slows down after 9 months of outdoor ageing. The group
components analysis revealed that, after outdoor ageing, asphaltenes increase, the
content of saturates and aromatics decreases, and the content of resins exhibits a
slight variation. Comparing outdoor ageing with laboratory-simulated UV ageing, they
concluded that outdoor ageing is greater than in laboratory-simulated UV radiation

ageing.

Chipperfield et al. (1970) and SABITA (2007) reported that air-blowing of bitumen
from a given vacuum residue results in a significant increase in the asphaltene
content, as well as a significant decrease in aromatics, while the saturate and resin
content are substantially unchanged. Major changes in viscosity and the relative
proportions of chemical components take place during the construction of hot-mix
asphalt layers. Figure 2-6 illustrates these changes in terms of the Ageing Index
(viscosity ratio of recovered bitumen to original bitumen) and the broad chemical
components. Although the Ageing Index continues to increase in the long term, the
overall changes in the chemical composition after construction are minor.
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Figure 2-6: Changes in bitumen composition during ageing (after Chipperfield et al.,
1970 and SABITA, 2007)
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2.6.3 Comments on ageing methods

The ageing process of bituminous material is determined by two major factors: the
temperature and the weather conditions. The pressure is an additional factor that is
used to accelerate the oxidation of bitumen in the laboratory, but it does not play a
significant role in the field ageing of pavement. Simulation of ageing can be
subdivided into short-term ageing and long-term ageing. Short-term ageing reflects
the loss of volatiles that generally occurs during the hot phase of bituminous material
preparation in the plant or during construction. Long-term ageing represents the
oxidation process of bituminous material during its lifetime. It appears to be difficult
to simulate field ageing with laboratory ageing. Woo et al. (2007) reported that the
issue of developing an accelerated binder ageing test, which would rank this mode of
ageing the same as pavement ageing, is challenging at best and fundamentally
impossible at worst, because of the different effects of time, temperature and
pressure on different materials. Although the simulation of the ageing is possible, the
accurate representation of specific field condition appears difficult due to the high
number of variables. The availably of oxygen due to air voids in the pavement is a

key variable.

However, a better field-ageing simulation should represent long-term ageing in a
relative short testing time and should take into account the field micro-climate.

2.7 Rheology and Visco-elasticity
2.7.1 Introduction

According to Barnes et al. (1993), and Read and Whiteoak (2003), the term
‘rheology” was invented by Professor Bingham, a physical chemist working at
Lafayette College, Easton, in Pennsylvania. He created the term "rheology", from the
Greek pew (rheo), meaning flow. But the discipline of rheology is much older. The
first formal scientific description of a rheological phenomenon, by Isaac Newton,
suggested that “the resistance which arises from the lack of slipperiness of the parts
of a liquid, other things being equal, is proportional to the velocity with which the

parts of the liquid are separated from one another. This could be stated as: “the
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shear stress is proportional to the shear rate”, and the constant of proportionality
could be called “the viscosity of the liquid”. As it is now known, Newton's postulate
applies only to a limited class of low molecular weight liquids, over finite ranges of
shear rate or stress. Rheology is usually more concerned with materials whose
behaviour is non-Newtonian, in that their viscosity is a function of shear rate or
stress. Such materials include polymers, paints, inks, creams, gels, shampoos,
drilling fluids, adhesives and many foodstuffs. The definition of rheology already

given would allow a study of the behaviour of all matter.

The deformation and flow of matter (or material) are part of the behaviour of the
material. Among the fundamental behaviours of materials are the Hookean elastic
solids and Newtonian viscous liquids, i.e. there are both elastic solid and viscous
liquid materials.

It is reported in the literature (Barnes et al., 1993; Macosko, 1994) that in 1678,
Robert Hooke used an apparatus based on springs to prove that when a weight
attached to the springs or to a long wire was doubled, the extension doubled. In this
way he established his law (Hooke's Law): “the force is proportional to the change in
length”. Later Thomas Young did some work in the elastic domain and suggested
that the strain is proportional to the stress; he referred to the “constant of

proportionality" as the “modulus of the material”.

The modulus of the material represents its “stiffness”. In this particular case it is
called Young’s Modulus or elastic modulus. Hooke's law is represented by

Equation 2-1 and Equation 2-2.
o =Ee Equation 2-1
where
o is the stress [Pa]
E is the stiffness or elastic modulus (Young’s Modulus) [Pa]

€ is the strain [m/m]

Equation 2-2
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where
X is the displacement [m]
L is the initial length of the spring or elastic material [m]

Barnes et al. (1993) state that Newton gave attention to liquids and in the Principia
published in 1687, there appears the following hypothesis associated with steady
simple shearing flow: “The resistance which arises from the lack of slipperiness of
the parts of the liquid, other things being equal, is proportional to the velocity with
which the parts of the liquid are separated from one another”. This lack of
slipperiness is what we now call “viscosity”. It is synonymous with “internal friction”
and is a measure of “resistance to flow”. The force per unit area required to produce
the motion is given by Equation 2-3 and is proportional to the “velocity gradient” (or
“shear rate”) U/d, as per Equation 2-4. In other words, “if the force doubled, the
velocity gradient will doubled”. The constant of proportionality "n" is called the
“coefficient of viscosity”. In the 19th century, Navier and Stokes independently
developed a consistent three-dimensional theory for what is now called a Newtonian

viscous liquid. The governing equations for such a fluid are called the Navier-Stokes

equations.
T =§ Equation 2-3
T= %YI Equation 2-4
where

U is the velocity of a given moving “plane” of liquid in relation to a fixed liquid “plane”

in a liquid flow [m/s]

d is the distance between the fixed “plane” and the moving “plane” in the liquid flow

[m/s].
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Stress-strain behaviour defines the response of materials to a load. When stress or
strain is applied to a material, rearrangements take place inside the material as the
response to that stimulus. Materials that are able to return to their original shape
after the removal of stress are known as elastic materials. The stress-strain
behaviour of these materials is time-independent and can be characterised by an

elastic modulus (Soleimani, 2009).

Barnes et al. (1993) and Macosko (1994) reported that during the 19th century,
scientists began to notice that a number of materials exhibited time dependence in
their elastic response. When materials such as silk, gum rubber, pitch and even
glass were loaded in shear or extension, an instantaneous deformation, as expected
for a Hookean solid, was followed by a continuous deformation or “creep.” When the
load was removed, part of the deformation recovered instantly, more recovered with
time and in some materials there was a permanent set. This time-dependent
response is known as visco-elasticity. These materials dissipate the input energy,
which leads to permanent deformation and they are characterised by their elastic

and viscous moduli (Soleimani, 2009).

The work of Maxwell, Voigt, Kelvin, Boltzmann, Weber, Markovitz and others showed
that the distinction between viscous liquids and elastic solids was not as clear as had
previously been thought. It was observed a “fluid-like” behaviour in some solids;
similarly a “solid-like” behaviour was noticed in certain liquid. Most of the materials,
such as non-Newtonian, are also viscos-elastic, in that they exhibit aspects of both
types of behaviour (Barnes et al. (1993).

2.7.2 Definitions related to visco-elasticity

Barnes et al. (1993) and Macosko (1994) described “visco-elasticity” as the time-
dependent response of material which is typical of all polymeric materials. The word
visco-elastic means the simultaneous existence of viscous and elastic properties in a
material. It is assumed that all real materials are visco-elastic, i.e. in all materials
both viscous and elastic properties coexist. The particular response of a sample in a
given experiment depends on the time-scale of the experiment, in relation to a

natural time of the material. Thus, if the experiment is relatively slow, the sample will
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appear to be viscous rather than elastic, whereas if the experiment is relatively fast,
it will appear to be elastic rather than viscous. At intermediate time-scales, mixed,

i.e. visco-elastic, response is observed.

Woldekidan (2011), Jansen (2006), Fligge (1975) and Ferry (1980) state that visco-
elastic material behaviour, expressed as creep and relaxation functions, is usually
determined from laboratory experiments. These functions are the “fingerprints” of the
material. Relaxation and creep tests are the two used experimental methods most
commonly to investigate the time-dependent behaviour of visco-elastic materials.

A creep test is characterised by an increasing deformation with time, under a
constant stress. In a relaxation test, a constant strain is applied, resulting in
decreasing stress with time. Relaxation and creep tests are particularly suitable for
investigating the visco-elastic properties of materials for loading times longer than
1 second. These are referred to as “time domain tests”. For short loading times,
which correspond to high-frequency loadings, these tests cannot provide complete
material information. This is mainly because, in practice, it takes a finite time,
typically about 0.1 to 1 seconds, to apply a constant stress or constant strain to the
material. Accurate material information for short time-scales, about a fraction of a
second, can therefore not be obtained from time domain tests. For this reason

material information for short loading times is indirectly obtained from dynamic tests.

In a dynamic test, material information is obtained as a function of loading frequency.
This type of test is known as a “frequency domain test”. This information can then be
converted into time domain data using Laplace or Fourier transforms. For conducting
dynamic tests, a device such as a Dynamic Shear Rheometer (DSR) is commonly
used. Dynamic tests performed in the frequency domain apply a periodically varying

strain or stress signal, with a fixed frequency, to obtain intrinsic material information.

Macosko (1994) reported that during the conversion of stress relaxation data to a
relaxation modulus, for small strain (strains < 0.5) the stress relaxation — relaxation
modulus relationship is linear and independent of strain. For larger strains
(strains > 0.5), the relaxation modulus is no longer independent of strain; this is

known as non-linear visco-elastic behaviour. According to Barnes et al. (1993), in the
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linear theory of visco-elasticity, material parameters (such as the viscosity coefficient
and rigidity modulus) are not allowed to change with changes in variables such as
strain or strain rate. This independence between linear visco-elasticity parameters
allows the time derivatives to be expressed as ordinary partial derivatives; thus the
linear theory is applicable only to small changes in the variables. The general
differential equation for linear visco-elasticity (also known as constitutive) can thus
be written as per Equation 2-5 in the time domain.

(1_|_ S vy i) —(/3 + B i+[3 a—2+---+ﬁ ﬂ) Equation 2-5
15: T %250 Un5en) O = \Po 1a¢ 2 g¢2 mgem)V EG

Where t is time [s]

If in Equation 2-5 ,B,is the only non-zero parameter, this equation can be written as

Equation 2-6, which is the equation of Hookean elasticity (i.e. linear solid behaviour).
o= Loy Equation 2-6

wherep, is the rigidity modulus [Pa]

If B;is the only non-zero parameter in Equation 2-5, this represents Newtonian
viscous flow, the constant £;, being the coefficient of viscosity as presented in

Equation 2-7.

o= ﬁl% Equation 2-7

If o= G and B;= nare both non-zero, while the other constants are zero,
Equation 2-5 is expressed as Equation 2-8. This equation, which is one of the
simplest models of visco-elasticity, is called the “Kelvin model”, although the name

“Voigt” is also used.

o=0Gy+ nZ—’; Equation 2-8
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As reported in Section 2.7.2, dynamic testing (such as DSR testing) is recommended
in the frequency domain. One of the dynamic testing output parameters is the shear
modulus, which represents the stiffness of a material.

Barnes et al. (1993); McNaught and Wilkinson (1997) and Meyers and Chawla
(1999) state that while Young's modulus (E) describes the material's response to
linear stress (like pulling on the ends of a wire or putting a weight on top of a
column), the shear modulus (G) describes the material's response to shear stress
(like cutting it with dull scissors). The shear modulus is related to the deformation of
a solid when it experiences a force parallel to one of its surfaces, while its opposite
face experiences an opposing force (such as friction). One possible definition of a

fluid would be a material with zero shear modulus.

Shear modulus can be expressed as a function of Young’ modulus, as presented in

Equation 2-9.

G = E

T 2(1+v)

Equation 2-9

where

G is the shear modulus [Pa]
E is the elastic modulus

v is the Poisson ratio

It is usual to characterise the stiffness of pavement materials by the resilient modulus
or dynamic modulus. Loulizi et al. (2006) reported that the hot-mix asphalt resilient
modulus test can be performed by loading a cylindrical sample along and parallel to
its vertical diametric plane to allow the development of a relatively uniform state of
tensile stresses perpendicular to the 