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“Imagination is more important than knowledge. For knowledge is limited to all
we now know and understand, while imagination embraces the entire world,
and all there ever will be to know and understand.”

Albert Einstein


http://www.goodreads.com/author/show/9810.Albert_Einstein
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SUMMARY

The increased use of reclaimed asphalt (RA) in Bitumen Stabilised Materials (BSMs),
shortcomings in the existing design guidelines and manuals and ongoing developments in the
concepts and understanding of these materials require further research into the fundamental
properties and behaviour of BSMs. The state-of-the-art of foamed bitumen techniques is
reviewed in the literature study. Current best practices in the design of BSMs and pavements
incorporating such materials are also included in this literature study. Shortcomings and areas
for further improvement of the design practice have been identified. With new environmental
legislation, the importance of BSM technology including RA as an environmentally-friendlier
and more sustainable construction technique is set to increase in the coming years.

Changes in the behaviour of materials and failure mechanisms of BSM mixes are long-term
phenomena. This implies that the study of the physico-chemical and mechanical properties of
the mixes with increasing amount of RA is vital. Therefore, fundamental understandings of
moisture damage and thermo-physical characteristics, which are related to material properties,
are required. The main objective of this study is to advance BSM technology by assessing the
influence of the selected materials on durability behaviour, temperature distribution and long-
term performance in all phases of application (i.e. mix design, construction, and in-service
condition).

This study begins with a comprehensive literature review of research dealing with the
interactions between RA and mineral aggregates. The properties of RA and mineral aggregates
were reviewed. This was followed by a review into the mechanical properties of BSM-foam
mixes with high percentage of RA and its durability performance. Factors influencing the
temperature gradient of BSMs were then identified. Achieving a better understanding of the
fundamental performance properties and temperature influence on the behaviour of BSMs with
high percentage of RA is one of the key factors of this research, with a view to using the
extended knowledge for improvements to current mix design and structural design practices.
Finally, the fundamental theories on thermo-conductivity and the mechanical properties of the
BSM were used to create a relationship between temperature and mechanical properties in a
pavement section.

A laboratory testing programme was set up to study the properties and behaviour of BSMs and
to establish links with the compositional factors, i.e. the type of binder used, the percentage of
RA in the mix and the addition of a small amount of cement as active filler. BSMs were
blended in three different proportions of RA and good quality crushed stone materials: 100%
RA (with 2 % bitumen content), 50% RA and 50% G2 Hornfels crushed stone (with 2.1%
bitumen content) and 100% G2 (with 2.3 % bitumen content). Tri-axial testing was carried out
to determine shear parameters, resilient modulus and permanent deformation behaviour, while
brushing testing was carried out to determine the possible durability performance of the BSMs.
The mixture durability in terms of moisture damage was investigated.

Temperature data were collected and a model to accurately simulate the temperature
distribution in the BSMs was identified and proposed for further investigation and validation.
It was found from the laboratory temperature data collected in this study that the temperature
gradient varied according to the depth of the BSMs. A considerable part of the efforts of this
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study were dedicated to characterise and model the temperature distribution in a pavement
section, taking into account the mechanical properties and performance of the BSMs at
different temperature layers.

The study provides an insight into fundamental mechanical performance, material durability
properties, and the thermal capacity and conductivity of the BSM-foam mixes with high
percentage of RA. This will assist in improving the current procedure for selection, combining
and formulation of the mix matrices for BSMs. In addition, the study provides guidelines that
will enable practitioners to confidently understand the relationship between temperature
gradient and mechanical behaviours of BSM-foam pavement section. The specific durability-
related issues addressed in this study are substance for future research.
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OPSOMMING

Die toenemende gebruik van herwonne asfalt (Engels: reclaimed asphalt (RA)) in bitumen
gestabiliseerde materiaal (Engels: Bitumen Stabilised Materials (BSMs)), tekortkominge in
die bestaande ontwerpriglyne- en handleidings en deurlopende verbeteringe in die konsepte
en begrip van hierdie material vereis verdere navorsing oor die fundamentele eienskappe en
gedrag van BSM. In die literatuurstudie word die huidige stand van kennis van die ontwerp
van skuimbitumentegnieke ondersoek. Die literatuurstudie dek ook die huidige beste praktyke
in die ontwerp van BSM en plaveisels wat hierdie materiale insluit. Tekortkominge en areas
van verdere verbetering in die ontwerppraktyke is geidentifiseer. Onlangse
omgewingswetgewing verhoog die belangrikheid van BSM tegnologie, insluitend RA, as ‘n
meer omgewingsvriendelike en volhoubare konstruksie-tegniek. Hierdie faktor sal in die
toekoms al hoe belangriker word.

Die verandering in die gedrag van materiaal en die falingsmeganismes van BSM mengsels is
langtermynverskynsels. Dit impliseer dat die studie van die fisio-chemiese en meganiese
eienskappe van mengsels met toenemende verhoudings van RA van kardinale belang is’n
Fundamentele begrip van die vogskade en temo-fisiese eienskappe, wat verwant is aan die
materiale se eienskappe, word vereis. Die primére doelwit van die studie is die bevordering
van BSM tegnologie deur die invloed van die geselekteerde materiale op duursaamheid,
temperatuurverspreiding en langtermyn gedrag in al die fases van toepassing (mengselontwerp,
konstruksie en in-dienstoestand) te bepaal.

Die verhandeling begin met ‘n omvattende literatuuroorsig van navorsing oor die interaksie
tussen RA en mineraalaggregate. Die eienskappe van RA en die mineraalaggregate word
bespreek. Dit word gevolg deur ‘n oorsig van die meganiese eienskappe van die BSM-
skuimbitumenmengsels met ‘n hoé persentasie RA en die duursaamheidgedrag daarvan.
Faktore wat die temperatuurgradient van BSM beinvloed word dan aangetoon.

‘n Beter begrip van die fundamentele gedragseienskappe en die invloed van temperatuur op
die gedrag van BSM met ‘n ho€ persentasie RA is een van die sleutelfaktore van hierdie
navorsing. Dit het ten doel om die uitgebreide kennis te gebruik om huidige mengselontwerp
en strukturele ontwerppraktyke te verbeter. Laastens is die fundamentele teorie van
termogeleiding en die meganiese eienskappe van BSM gebruik om ‘n verhouding tussen
temperature en meganiese eienskappe in ‘n plaveiselsnit te ontwikkel.

‘n Laboratoriumtoetsprogram is opgestel om die eienskappe en gedrag van BSM te bestudeer
en om verwantskappe tussen samestellende faktore soos die tipe bindmiddel gebruik, die
persentasie RA in die mengsel en die toediening van klein hoeveelhede sement as aktiewe
vuller te bepaal. BSM is in drie verskillende verhoudings van RA en goeie gehalte gebreekte
klipmateriaal vermeng: 100% RA met 2 % bitumen, 50% RA en 50 % G2 Hornfels gebreekte
klip met 2.1 % bitumen en 100% G2 met 2.3 % bitumen. Drie-assige druktoetse is gebruik om
skuifsterkteparameters, elastiese modulus en permanente vervormingsgedrag te bepaal.
Borseltoetse is gebruik om die duursaamheidgedrag van BSM te bepaal. Die mengsels se
duursaamheid is ook in terme van vogskade ondersoek.
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CHAPTER 1

INTRODUCTION

1.1 Background

In large parts of the world there has been an increase in infrastructure development as well as
an increased global network of communication. In both developing and developed countries, in
order to ensure sustained economic growth, the quest for optimal performance of roads is an
extremely high priority. Worldwide, road networks are deteriorating rapidly and traffic on road
systems is increasing exponentially especially in developing countries. Road maintenance,
rehabilitation and upgrading have become very important for the community of pavement
engineers.

The upgrading and construction of road infrastructure is regarded as the forerunner to this
development. In many areas however, conventional road building materials are not readily
available. In such instances the use/reuse of locally available material must be considered
against the environmental issue of opening a new rock source (if available) or the financial cost
of hauling suitable material over great distances on low volume roads.

The level of service of a pavement structure is characterized by the lifetime for which the
network has been designed, as well as a number of factors such as the increase in heavy traffic
on the road system, environmental conditions, the quality of materials used in the project and
the properties of the sub-base. In particular, the progressive deterioration of a pavement is
largely due to:

— environmental factors responsible for the formation of cracks in the surface layer, which
enable infiltration of rainwater with consequent reduction of the load-bearing capacity;

— effects of traffic load, responsible for the accumulation of permanent deformation and
fatigue damage;

— choice of unsuitable materials, especially the type of bitumen and stone aggregates. This
choice seen in the context of an overall project, is really important to avoid future
failures of the pavement structure and its consequent deterioration of level of service.
In order to restore the functionality of the road package is indispensable a maintenance
intervention that, in most cases, involve the removal of part or all the entire thickness
of the structural package. The intervention of maintenance must be designed by
choosing the more appropriate solution from the technical, economic, logistic as well as
production point of view. The recycling of existing road infrastructure and the reuse of
materials coming from the old pavement is part of the rehabilitation of existing
pavements.

There are many arguments in support of recycling existing road materials, namely
— reduced use of virgin materials;
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— reduction of the areas to be used as waste dump sites;
— reduction of the causes of environmental pollution;
— energy saving, and

— saving of costs

In most European countries, the USA and Japan the production and management of material
from recycling operations (commonly known as milled) are heavily regulated with the main
objective to reduce the waste of materials. A wide variety of stabilising agents are currently in
use in the road construction industry around the world. These include chemical compounds,
polymers and petroleum products, cement stabilisers, petroleum resins, modified waxes and
bitumen. All these products aim to achieve:

— the same objective of binding the individual aggregate particles together to increase
strength and durability;

— improved workability, and

— reduced possible deformation and fatigue damages.

Clearly, some are more effective than others on specific materials, while others have clear cost
advantages, but all have a place in the road construction industry.

New technologies and research in new materials in the last decades have been a fundamental
part of developing new guidelines and use of Bitumen Stabilised Materials (BSMs). A global
increase in the use of foamed bitumen and bitumen emulsion as a solution to roads maintenance,
rehabilitation and upgrading, has become important to pavement engineers. This has created a
need for practitioners to understand the mechanisms that influence the durability and long-term
performance of these materials. In particular, bitumen stabilisation is increasingly being used
to rehabilitate base layers of pavements incorporating thick asphalt layers (300 mm), resulting
in higher percentages of RA (reclaimed asphalt) in the mixes.

The basic premise of pavement design is to generate a profile of material layers that both protect
the sub-grade from strains that will induce permanent deformation, and to generate independent
pavement layer properties that provide appropriate stiffness and durability for the position in
the pavement system. Foamed bitumen is typically utilised for the base course (or upper
pavement) layer — which is typically protected from traffic stresses only by a sprayed seal or
thin asphalt surfacing. Although (BSMs) require higher initial material costs than cement or
lime stabilization, they offer the advantages of being free from transverse shrinkage cracking
and being a quick technique that minimizes traffic delays.

BSM-foam and emulsion stabilisation is a road construction technique which is suitable to both
construction of new road networks and to pavement rehabilitation. On the other hand hot
bitumen is used to bind the granular material to produce flexible bound pavement layers, in
particular for road rehabilitation. Road pavements built with BSMs are more environmentally
sustainable and cost effective than rehabilitation with cement or other chemical composites.
Bitumen stabilisation produces a relatively flexible layer compared to the same material treated
with cement. A variety of in situ pavement materials have been successfully treated with
bitumen emulsion and foam for over thirty years, proving that such treatment is a cost-effective
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way of improving the strength, as well as reducing the detrimental effects of water and
permanent deformation. In addition, a pavement layer constructed from a BSM is relatively
flexible compared to using cement to stabilise the same material. In South Africa, several
pavements with Bitumen Stabilised Materials have provided service lives in excess of 20 years
and are still performing well today (Long and Jooste 2007).

1.2 What is foamed bitumen stabilisation?

Foamed bitumen (also known as foamed asphalt, foam bitumen or expanded asphalt) is a
mixture of air, water and bitumen. When injected with a small quantity of cold water, the hot
bitumen expands explosively to about fifteen times its original volume and forms a fine mist or
foam. In this foamed state, the bitumen has a very large surface area and an extremely low
viscosity. The expanded bitumen mist is incorporated into the mixing drum where the bitumen
droplets are attracted to and coat the finer particles of pavement material, thus forming a mastic
that effectively binds the mixture together.

Foaming increases the surface area of the bitumen and considerably reduces its viscosity,
making it well suited for mixing with cold and moist aggregates. Foamed bitumen can be used
with a variety of materials, ranging from conventional high-quality graded materials and
recycled asphalt to marginal materials such as those having a high plasticity index. Binder
contents are based on the mix design, and are determined as percentage (by weight) required
for the mix to have optimum properties. A foamed bitumen stabilised pavement can be
produced either in situ or by using a central plant through a pugmill-paver operation.

1.2.1 Introduction to foamed bitumen

Recycling with foamed bitumen is emerging as a proven technique for new road design as well
as pavement rehabilitation with secondary materials i.e. re-use in asphalt layers. The technology
behind the method, based on adding foamed bitumen to the aggregate materials, is already well
established and highway authorities are increasingly latching onto the economic and
environmental benefits. Many countries in the world use the process as a tool to help maintain
the integrity of their transportation infrastructure.

The performance of BSM-foam has the potential to be as good as mixes containing aggregates,
so BSM-foam can more confidently be used as an option for construction and maintenance of
roads carrying heavy traffic loads. Some countries like South Africa have already used foamed
asphalt with success. However, general information about the successful use of foamed asphalt
with recycled asphalt (RA) is not widely known for South African applications.

Only in the last few years more attention has been given to the new possibilities offered by RA.
Due to the increasing demand of more “green solutions” in all parts of the world and a
consequent decrease of the production cost for the rehabilitation of existing roads, the use of
RA is becoming a possible answer to all these tasks. However, the knowledge regarding the
application of different percentages of RA is not completely understood, especially because
BSM technology can be considered a recent method of pavement construction.
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In order to ensure reliable application of these technologies, research activities on the design
and use of cold bituminous treated materials should be given more emphasis to give sound
guidelines to the road practitioner on the use of foamed bitumen associated with different
amounts of recycled materials. Like conventional hot mix asphalt (HMA) and cement treated
materials (CTMs), the use of BSMs for road construction, rehabilitation and upgrading needs
proper design. The mix design procedures for BSMs have advanced and this has opened an
avenue for understanding the behavioural and failure characteristics of BSM mixes. The
research on BSMs, however, has been limited to permanent deformation, bearing strength,
shear strength and fatigue failure (Jenkins, 2000; Ebels, 2008; Twagira, 2010) and little is
known about durability properties. Therefore, there is potential for the development of new or
improved mechanisms of failure that influence long-term performance of BSMs.

Globally the use of RA materials in pavement construction is increasing. Similarly, the South
African Environmental and Resource conservation Act of 2004 limits exploitation of new
borrow pits for road construction and rehabilitation. Currently in South Africa, the use of RA
in pavement rehabilitation is less than 30% (National Department of Transport, 2009). In the
European countries the reuse of old pavement surface is reaching higher percentages: Germany
and the Netherlands are utilising almost 80% and 90% of their reclaimed asphalt, where the
Mediterranean countries are at 40% or 50%. In the USA the amount of RA is reaching values
close to 70%, while in China it is less than 50%. Most of these percentages of RA are inserted
in new HMA road pavements and only a small portion in BSM rehabilitation projects. Using
RA in new mixtures can reduce the amount of new material that has to be added, saving money
and natural resources. In addition, hot-mix asphalt mixtures with RA can perform as well as
mixtures made with all new material. Due to these advantages of using RA, many highway
agencies are moving toward rising the percentages of RA in their hot-mix asphalt pavements
and in BSM rehabilitation projects. However, the challenge is to understand the long-term
performance and durability properties of BSM mixes incorporating the higher percentages of
RA materials. The lack of knowledge of the mechanical properties and durability characteristics
of the materials, which compose the structure of a road network, is one of the most important
limitations to the design of a flexible pavement. In this regard the scientific community has
taken many benefits from the development of new information technologies that today
characterize many test equipment and standard procedures.

In an engineering context, durability is defined as ability to maintain the initial performance
properties through time above a certain threshold level. Durability is achieved by resisting
stresses and strains or withstanding destructive agents (air, water, solar irradiation, temperature
and chemicals) with which the materials come in contact. It’s becoming very clear that
durability is a time-related issue and that durability has multidimensional parameters and is not
a single property. There are very few single measurements of durability of pavement materials.
For BSMs, the durability has commonly been referred to only as the measure of moisture
resistance (Twagira 2010). In fact, moisture damage often manifests in a BSM’s life. However,
in long-term performance, other factors, such as temperature and traffic loading can influence
a BSM’s durability. In comparison to other pavement materials, durability of HMA is measured
as resistance of binders to stripping, ageing and degeneration of modifiers in specific
application, knowing that parent aggregates in HMA are adequately durable (Shell Bitumen,
2003). The fact that BSM is applicable in a wide range of aggregates (including RA at different
percentages) and varying bitumen contents, its durability is based on material durability, as well
as mixture durability. Although moisture damage is considered a major factor influencing
durability of BSMs, the durability of parent aggregates and bitumen are found to play a
significant role (Jenkins, 2000; Paige-Green and Ventura 2004).
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The material’s durability, mechanism of moisture failure, binder ageing, critical mechanical
properties and thermo conductivity that influence durability of BSMs require clarification. This
will enable reliable and cost-effective construction of pavement structures. The parent mineral
aggregates and binders used in BSMs are natural and found in different sources. Since the
utilisation of locally available materials must be efficient and cost-effective, the selection of
materials for BSMs should focus on their durability properties. Durability properties influence
other mechanical performances under different environmental and traffic conditions. This is
applicable to both new construction and road rehabilitation works, with the latter placing
emphasis on in-place or in-plant recycling of existing pavement materials.

This study therefore, focuses on the understanding of durability properties of BSM-foam with
the aim of providing a better decision in all stages of application, i.e. mix design, construction
and in-service condition.

1.2.2 Stabilising with foamed bitumen

Due largely to technological advances and the benefits that accrue, the use of bitumen as a
stabilising agent has become increasingly popular. There are many forms of bitumen but only
two are used for stabilising: bitumen emulsion and bitumen foam. Foam generally is a substance
that is formed by trapping many gas bubbles in a liquid or solid. Foamed bitumen is a type of
foam that is produced by adding a small amount of water (approximately 2 to 3 % by weight of
bitumen) to hot bitumen (150 — 160 °C) in a special expansion chamber. When injected into the
hot bitumen, the water evaporates abruptly thus causing explosive foaming of the bitumen in
the saturated stream. The bitumen therefore, expands between 10 to 15 times its original volume
(Jenkins, 2000). The bitumen used for this process is ordinary penetration grade bitumen which
is used for standard hot mix asphalt road construction applications.

In this foamed state, which is a temporary state of low viscosity, bitumen is workable at ambient
temperatures and in-situ moisture conditions and can easily be mixed with aggregates. The
foaming process of bitumen is dependent on the water changing state from liquid to vapour.
When water particles come into contact with hot bitumen, heat energy from the bitumen is
transferred to the water. Almost immediately the water temperature reaches boiling point and
changes state, thereby creating a thin-filmed bitumen bubble filled with water vapour.

The potential of using foamed bitumen as a stabilising agent was first realised over fifty years
ago by Prof. Ladis Csanyi at the Engineering Experiment Station of the lowa State University
(Csanyi, 1957; 1959). Several decades later in the mid-1990s, Wirtgen developed a system
which injects both air and water in an expansion chamber, as shown in Figure 1.1. It can be
seen that the nozzle includes an expansion chamber to accommodate the foaming of the bitumen
before it is released into the mixing chamber.

39



Stellenbosch University http://scholar.sun.ac.za

Time controlled
cleaning and closure
of the nozzle

To other
nozzies

Hot
hitumen

Foamed
bitumen

Figure 1.1: Foamed Bitumen Production in Expansion Chamber (Asphalt Academy, 2009).

1.2.3 Characterisation of foamed bitumen

A significant amount of variability is inherent in the foamed bitumen treatment process, which
in turn influences the mechanical properties of mixes. Ideally one would want to produce
foamed bitumen with properties that will give the mix desirable mechanical properties and a
low enough viscosity during the mixing and compaction process. The quality of foam produced
is a major contributor to the variability.

Foamed bitumen is characterised by two primary parameters, namely expansion ratio which is
a measure of viscosity of the foam and will determine how well it will disperse in the mix and
half-life which is a measure of the stability of the foam and provides an indication of the rate
of collapse of the foam. Half-life is calculated as the time taken in seconds for the foam to
collapse to half of its maximum volume (Figure 1.2).

40



Stellenbosch University http://scholar.sun.ac.za

In this example:

o - exgansion = 24 times
25 -halHife=13s|=20s-7 s
24 -
- 4
@
E 204 hak of tha
£—2 c 3
= S maximum
.g 184 g expansion
g g
o *
g. 124 Q| ———————————
|
) g l
51 E |
x |
original volume afthe 4 E :
unfoamed bitumen = |
1 |
—:::T— 4
T T T T T T T T
0 5 10 15 20 25 20 35 40
time (seconds)
hali-life [s) |

w .

-

EZ

23

: 5 Foamed bitumen at
2 % half of the

g 2 max. Expansion
o

Measuring buckst*
with unfoamed
oitumen —

Figure 1.2: Explanation of expansion and half-life (Wirtgen, 2010).

The two foam properties are influenced by several factors described below. However, the best
foam is generally considered to be the one that optimises both expansion and half-life.

1.2.4 Advantages of using BSM-foam

BSM-foam is different from all other pavement materials, primarily due to the “spotty” nature
of the bitumen dispersion that creates a non-continuously bound material. The following
summarises the main features of these materials:

— since the individual bitumen droplets are not connected and the coarser aggregate
particles remain uncoated, the treated material reflects the granular characteristics of the
untreated material. It is therefore stress dependent and not prone to cracking when
subjected to tensile stresses (induced by applied or thermal forces);

— the foamed bitumen is applied in a heated state to cold, damp aggregate, thus negating
the necessity to preheat the aggregate which consumes the majority of heat needed in
conventional processes (conservation of energy);
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since the bitumen is dispersed only amongst the finer aggregate particles, they are
encapsulated and immobilised. Such materials are not prone to pumping when load is
applied under saturated conditions (Paige-Green and Ventura 2004; Collings and
Jenkins 2008);

the material acquires significant flexural strength as a result of the visco-elastic
properties of the dispersed bitumen (Jenkins, 2000);

materials can be treated at ambient temperatures (Jenkins, 2000);
the ability to open the rehabilitated road to traffic soon after construction;

marginal aggregates can be effectively used in pavement layers when treated with
foamed bitumen or bituminous emulsion (Ebels, 2008; Twagira, 2010);

another major advantage of the foamed bitumen stabilization process is that it does not
have any particular adverse environmental impacts. The stabilization process does not
involve the emission of volatiles, such as in cutback stabilisation or corrosive dust when
using lime or cement stabilization, which is particularly important in urban areas;

foam bitumen increases the shear strength of a granular pavement (Jenkins, Long, and
Ebels, 2007);

the effective stiffness of a layer of BSM in a pavement structure and its behaviour under
load is a function of the parent material, the density of the material in the layer, the
amount of bitumen added (and how well it is dispersed), active filler, temperature,
moisture content and support characteristics (Asphalt Academy, 2009; Long and Jooste,
2007);

BSM can be carried out in situ or in a plant and it’s quicker than other types of
stabilisation;

construction time is shorter than for emulsion treatment. A long "break time" is needed
for emulsion to enable proper mixing and compaction and moisture control is imperative
(Jenkins, 2000);

no heating of aggregates is necessary. Energy is however required to heat the bitumen
to 160 °C, and

BSM-foam has a balance of strength and flexibility versus cement or emulsion treated
material and does not break down to the original strength properties of the parent
material as quickly as cement treated material.

BSMs are used for the construction of base or sub-base layers. They are therefore always
surfaced and protected from the direct effects of environmental and traffic forces. Under
such conditions the bitumen droplets are protected from UV rays and the ageing effects of
oxidation and high temperature. They can therefore be expected to retain their elastic properties
for extended periods, especially the droplets located in the lower portion of thick layers where
tensile stresses develop when the pavement structure is loaded.

The behaviour of BSMs, relative to other pavement materials is illustrated in Figure 1.3.
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Figure 1.3: Matrix of bituminous and mineral binder influence on BSMs behaviour (Asphalt
Academy, 2002).

1.2.5 Disadvantages of using BSM-foam

There are also various disadvantages to the use of BSMs. According to Jenkins (2000) as well
as the CSIR (Theyse, 2004), disadvantages include:

— the mix design and manufacturing process of foamed bitumen mixes require an
advanced level of skill and experience. This is necessary to produce a product of
satisfactory quality;

— mix design methods for foamed bitumen are not as well formulated as for HMA. This
makes the process of acquiring experience in mix production and mix specification
difficult;

— anti-foaming agents added to some bitumen in the refining process rule out their
suitability for use in foamed bitumen without the addition of foaming agents. This adds
to the cost of the bitumen;

— no transfer functions have as yet been developed for the design of foamed bitumen
layers in a pavement. This makes accurate design of pavement structures difficult;
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— not suitable for all pavement types (requires a full particle size distribution). BSM-foam
requires strict adherence to grading requirements, especially the fraction < 0.075mm
(Jenkins, 2000), and

— the process requires hot bitumen (160°C) for the foaming action to be successful and
thus there is the risk of burning.

The advantages and disadvantages of foamed bitumen are factors that should be taken into
account, when deciding whether or not to stabilise with foamed bitumen.

1.2.6 Advantages of cold recycling in the bitumen stabilised technology

One of the advantages of stabilising with foam bitumen is its suitability for treating a wide
range of materials, from sands, weathered gravels to crushed stone and Reclaimed Asphalt
(RA). Mineral aggregates constitute the largest part (both in mass and volume) of BSMs.
Crushed stone, natural gravel, RA and natural sand are amongst the mineral aggregates used to
produce BSMs. When in situ recycling is applied, the selection of aggregates is limited and
one has to work with the materials present in the pavement. Weinert (1980) states that materials
placed in the pavement layers normally have specific properties at the time of testing or
construction that need to be retained over the service life of the layer; hence, mineral aggregates
need to be durable. Durable aggregates are able to resist deterioration or disintegration and so
retain their original grading, shape and physico-chemical properties during the service life of
the pavement.

The main advantages of cold in situ recycling are (Asphalt Recycling and Reclaiming
Association, 1992):

— Precise control of layer thickness
Once set, the depth cut of the milling drum is controlled by sensors, ensuring an accurate
layer of thickness;

— Consistent mixing
Good mixing of in situ materials with new aggregates and stabilising agents is assured.
Addition of water and stabilising agents is electronically controlled and sprayed across
the full width of the milling drum though a series of nozzles;

— Shorter construction period
This is possible due to the new technologies implemented in the new recycling
machines;

— Greatly reduced traffic disruption and improved safety
The entire process can be carried out on one half of the road width, leaving the other
half open to traffic;

— Less reliance on fine weather conditions
The process offers the distinct advantage of being able to continue working during a
period of uncertain weather. When rain threatens the work can be temporally stopped
and then restarted again as soon as the rain has passed;

— Cost effectiveness
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The construction industry is not exempted and several studies have been undertaken to
estimate the amount of energy being consumed, particularly in the construction of roads
where large machinery is employed and the quantities of material either consumed or
moved is high. BSMs offer a lower whole-of-life cost through lower maintenance and
other interventions required to achieve an acceptable level of service over the design
life of the pavement, as well as the cost of rehabilitation when the terminal condition is
reached. The above benefits all combine to make cold recycling a most attractive
process for pavement rehabilitation in terms of cost effectiveness.

1.3 Objective and scope of this dissertation

The increased use of bitumen stabilised materials (BSMs), shortcoming in the existing design
guidelines (Technical Guideline 2 , Asphalt Academy, 2009) and manuals (Wirtgen, 2010) and
ongoing developments in the concepts and understanding of BSM-foam requires further
research into the fundamental properties and the behaviour of this materials.

In this research the mechanical behaviour and durability properties of bitumen stabilized
material (BSM) produced using high percentages of recycled asphalt pavement (RA) shall be
investigated.

The primary objective of this study is to contribute to the development of resilient
response and damage models for stabilised materials, in particular BSM-foam with high
percentage of RA. Mechanical properties of BSM-foam mixes with different percentage
of RA will be investigated in more depth with extensive laboratory tests. It is essential
to understand the mechanical properties of BSMs with the increasing amount of RA.
The objective of this research is to investigate mechanisms that influence durability
properties and long term performance through tri-axial tests including advanced
parameters such as haversine wave loading and different temperatures on specific
selected mixes.

Improve the knowledge about the mechanical characteristic of recycled materials
blended with different percentage of virgin materials.

In terms of structural pavement design, the characteristics of bitumen stabilised material
need to be defined for the initial condition of the pavement but also especially for the
long-term behaviour. Several tests in the laboratory will show some critical parameters,
like temperature grading and resilient modulus that influence the mechanical and
rheological properties of BSM-foam mixes with the high presence of recycled asphalt
pavement material (RA).

Developing a fundamental understanding of mechanisms that govern durability
behaviour of BSMs, with emphasis on moisture damage. Current understanding of
BSMs moisture sensitivity is limited and based on empirical relationships and on a
developed laboratory device (Moisture Induced Simulation Test, MIST). The
identification of a relevant method that simulates field conditions and the development
of a laboratory brushing device to effectively understand the moisture damage in the
BSM mixes is an objective of this study.
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— ldentification of the influence of temperature and voids distribution in the BSM mixes
particularly in field conditions. Temperature distribution in pavement layers plays a
significant role in both the ultimate gains of mix engineering properties and the
exhibition of premature distress. Void content distribution in the mix influences
moisture transport into the BSM layer as well as enhancing age hardening of the binder.
The objective of this research is to identify temperature distribution behaviour in the
different layers of a BSM pavement and its magnitude in the BSMs layer under
environmental conditions. The temperature distribution can be linked to void content
characteristics in the mix to provide a better understanding of the influence of curing or
evaporation of moisture from the BSM layer.

— Demonstration of temperature vs. mechanical properties and its influence on pavement
performance. This leads to laboratory test results with the performance of the BSM
pavement layer with respect to the different temperature in a BSM layer. The
mechanisms that influence the long term behaviour in BSMs should preferably be
measurable through mix design and utilised in pavement design by incorporating the
relevant mix properties. This important part of the research will move from the last
considerations developed by the SHRP Program (Kennedy et al.,1994) and Viljoen
(2001) to new more exhaustive tests and results. The objective of this part of the research
is to demonstrate the relevance of pavement models to sufficiently represent the
temperature gradient in the BSM as determined in the laboratory.

— One of the main goals of this thesis will be to develop a model of the thermo
conductivity properties of BSM-foam with different percentages of RA. Studying the
gradient of temperature in a BSM pavement at different depths will contribute to
understand the mechanical properties and long term performance of the BSM. Select
appropriate existing material models (FEMMASE MLS) to describe the observed
temperature properties of the BSM-foam mixes, to determine the model parameters and
to compare these model parameters with those coming from real temperature
measurements. The ultimate goal of the study is to lay the groundwork for the
development of methods and procedures to determine temperature profiles in BSM
pavements and to provide pavement engineers with computational tools that increase
the prediction accuracy of temperatures in BSM pavements for reliable pavement
design.

Finally, significant conclusions are highlighted and recommendations for future studies are
provided.

Figure 1.4 illustrates the general overview of the research approach.
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Figure 1.4: Reading guide — structure of dissertation.

1.3.1 The need to understand the temperature distribution of BSM-foam pavement

Pavement engineers clearly understand that pavement materials are predominantly natural and
variable. Therefore, the area of application influences their variability, suitability and the
behaviour of the composite materials. Pavement materials are often a combination of numerous
ingredients formulated, combined, and processed to provide a composite product for a specific
purpose. In order to produce construction materials with the necessary quality and consistency
to fulfil their intended function, adequate mix design procedures need to be established. This
will assist in identifying temperature and mechanical properties for optimal formulation,
blending, and production of BSM-foam pavement materials with a high percentage of RA.

Temperature properties are particularly pertinent for the lifetime of a BSM-foam pavement.
The temperature distribution in a pavement can be measured by means of a nonintrusive method
to retrieve the topmost pavement temperature values. By utilizing the latest infrared (IR)
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technology, it is possible to retrieve additional information concerning both road temperatures
and road conditions. Nonintrusive measurement of the road temperature is able to provide an
increase in relation to the knowledge about both the road temperature and the road condition.
Studies by SHRP program (1994) and Viljoen (2001) have indicated that the temperature
distribution in a road package requires consideration during mix design. In particular,
temperature effects on mechanical properties of BSM-foam need to be characterized in terms
of its suitability prior to its application. Although mechanical properties correlate with the
temperature distribution are the prime factors in addressing the long-term performance of BSMs
mixes.

1.4 Layout of dissertation

In Chapter 2 a comprehensive background is provided for the use of RA in BSMs.
Considerations are given to engineering properties and structural design of pavements
incorporating RA in the BSM-foam mixes and certain shortcomings have been identified. The
chapter provides a literature overview of the available models to describe material properties
and behaviour. These models form the basis for the interpretation and evaluation of the test
results in the later chapters. The chapter provides a review and analysis of mixture durability in
the BSM-foam mixtures. The chapter closes with a discussion on the importance of
understanding the temperature in a BSM-foam pavement section.

Chapter 3 presents the experimental design and methodology employed in this thesis. This part
of the thesis includes the experimental matrix. The test protocols followed and the test
conditions are described in this chapter.

The materials and mixes tested in this study are described in detail in Chapter 4. The laboratory
testing in this part of the thesis focuses on ITS tests and tri-axial testing. The results of materials
testing are showed in the form of tables and graphs.

Chapter 5 describes the durability properties of BSM-foam mixes with an increasing amount of
RA. Permeability tests, wet-dry durability tests and Moisture Induction Simulations Tests
(MIST) are presented and discussed in this chapter.

In Chapter 6 the influence of temperature in BSM-foam sections are analysed at different
depths. The second part of the chapter focuses on the modelling of thermal transfer in the BSM
sections. Some comparisons are drawn with the SHRP program (1994) and Viljoen research
(2001) and a consistent analysis through the FEMMASSE Heat-MLS computer program is
presented and discussed at the end of the chapter.

In Chapter 7 a synthesis of the study results is provided. The importance of the thermal
characteristics of a pavement section with different BSM-foam mixes is discussed. The
performance of the different mixes and the influence of the temperature distribution in the
BSM-foam sections are compared over the full range of laboratory tests carried out.

In the last chapter the conclusion and recommendations that follow out of this study are
presented. These conclusions and recommendations are broad and aimed at providing an
overview of the overall performance of BSMs and with a view that the results of this study may
contribute towards improving current design practice.
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1.5 Expected outcomes of the research programme

The role of recycled material inside a new BSM-foam mix is not completely understood. The
research would try to explain through indirect tensile strength (ITS) tests, monotonic tri-axial
tests, resilient modulus cyclic tri-axial tests and tests on the energy gradient and temperature in
a road package, the mechanical properties that influence BSM-foam mixes with different
percentages of RA.

The research will investigate the Resilient Modulus (Mr) of the BSM-foam mixes through
intensive laboratory tests and will explain its relevance. In fact, the Resilient Modulus in a
BSM-foam mix is very difficult to measure, but it’s really important for the correct study of the
load spreading ability and mechanical properties of BSM mixes. The method of testing
influences the values of Mr, making reconciliation between laboratory and field measurements
very difficult. In this study, the results of the previous tests shall be compared with the
temperature study. The goal of this part of the research would try to explain the relevant
significance and the impact that the Resilient Modulus could have on the BSM-foam mixes
through the temperature distribution.

The influence of different percentages of RA on BSM-foam mixes could be better investigated
with tests, which will simulate the behaviour of a pavement, subjected to intensive road traffic
through long term repeated dynamic tri-axial tests. Temperature and curing phase are important
parameters for all the tests on BSM-foam mixes. The research will consider the possible
influence of the temperature and curing on the bitumen stabilized material (BSM-foam) with
higher percentage of RA, with particular attention to the monotonic tri-axial tests and resilient
modulus cyclic tri-axial tests. Temperature distribution in a pavement plays a significant role
in both the ultimate gains of mix engineering properties and the exhibition of premature and
permanent distress. Void content distribution in the mix influences moisture transport into the
BSM-foam layers as well as enhancing age hardening of the binder. The temperature
distribution can be linked to void content characteristics in the mixture to provide a better
understanding of the influence of performance of the BSM-foam pavement.

The influence of durability properties on the mix design of stabilized material is not completely
understood, especially with the presence of recycled materials. However, there are potential
reasons that durability and mechanical properties affect the performances of the materials.
These mechanisms need to be investigated and reliably simulated using laboratory testing
results. The identification of a relevant method that simulates field conditions and the
development of a laboratory brushing device should be structured to suit the needs of the road
construction industry.

This research will aim to give a complete and detailed study on the possibility to use different
percentage of recycled materials in new BSM-foam pavements through a clear programme of
laboratory tests results and simulations.

1.6 Limitations of the research
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This research was limited to two granular material types due to the extensive range of tests
performed in the laboratory: G2 Hornfels crushed stone (good quality material) from the
Tygerberg Quarry (LaFarge) and RA made at the Asphalt and Geotechnical Laboratory at the
University of Stellenbosch. The typical mixes in this research had a range of different RA
contents and G2 material, for example 100% RA and 0% G2, 50% RA and 50% G2, 0% RA
and 100%G2. The bituminous binder content for all this researc ranged between 2% and 2.3%
for all the mixtures in order to get a comparison of mechanical and durability properties. One
type of bitumen (80/100) was used for foamed bitumen, one grading for each aggregate, one
compaction method, standard curing, and mechanical testing i.e. tri-axial testing and ITS test.
In addition limited ITS test in dry conditions and tri-axial tests were performed for advanced
classification of BSMs. Dynamic tri-axial tests were widely carried out in this research but only
with a haversine wave form at different temperatures and one frequency. Permanent
deformation tests were limited to only three temperatures (25°C, 40°C and 50°C) for the BSM-
foam mix with 50%RA. The other two mixes with 100%RA and 100%G2 were tested at one
temperature (40°C). The modelling of the material behaviour in this study was limited to using
existing material and behavioural models. The temperature distribution in the BSM-foam mixes
was limited to the diurnal effects of the temperature on the surface of the pavement. The
experimental investigations are restricted to laboratory testing and no field testing or field
performance monitoring were carried out during this study due the large number of tests
performed in the laboratory and time constraints.
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LITERATURE REVIEW

2.1 Introduction

This chapter presents a literature review which is focused on reclaimed asphalt materials (RA),
mechanical performance of BSM-foam mixes, influence of temperature distribution on BSM-
foam pavement layers and durability characterization of BSM-foam with high percentage of
RA. This will include a discussion about material properties and mixture design for foamed
asphalt materials. An understanding of what road pavement materials are and how to
characterise them is required in order to provide a correct understanding of BSM-foam mixtures
as a road material. The full review on characterization of BSM-foam mixes and properties of
RA is designed to support the summary and problem statement given in the previous chapter.

Material properties and durability play a prominent role during the selection of combined and
processed BSMs for mix design. The mix design for BSM-foam pavement should maintain its
initial performance properties through time, above a certain level of service by resisting
stresses, strains, climate and temperature effects. Failure mechanism in BSM-foam layers
cannot be determined through mechanical evaluation alone like in the past years, but further
studies at high and low levels of mineral aggregate interaction, durability and temperature
behaviour need to be analysed. The restrictions and constraints in terms of use of RA in BSM-
foam mixes need to be scientifically understood. Durability properties and temperature
behaviour of BSM-foam mixtures with high percentage of RA should help to explain the
performance and mechanical characterizations of these mixes better. In this way the mix design
can be optimised by addressing specific investigations that ensure that the collected data are
appropriate and important enough to result in the correct decision in the application of BSM-
foam mixes with an increasing amount of RA.

In this research a clear distinction is made between mechanical performance and mixture
composition requirements for the durability properties, temperature behaviour and long-term
performance of BSM-foam mixes. This chapter reviews the key factors that influence the
performance and behaviour of BSM-foam mixes with high percentage of RA through a detailed
analysis of the mechanical performance of the mixes, the durability properties, the temperature
gradient distribution inside BSM pavement layers and long-term performance of BSMs. The
review provides a substantial understanding of the mechanisms related to the use of RA in
BSM-foam mixes and compiles the research to investigate some of the more important, but less
understood variables, with a marked emphasis on:

— characterising the behaviour and durability properties of RA in BSM-foam mixes in
terms of mechanical properties of aggregates and mixtures. These aspects put emphasis
on the use of consistent amounts of RA in BSM-foam mixes to determine the technical
performance and relationship between RA and mineral aggregates properties and
bonding;

— analysing the effect of the temperature gradient on different BSM-foam pavement layers
with different amount of RA through the use of a system of infrared lights; and the
possible implications and influences on the mechanical properties of the BSMs.
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2.2 Purpose for characterisation of materials

There are several reasons why laboratory characterisation of materials is undertaken. These
include:

— to optimise material performance and to ensure the material meets minimum service
requirements;

— to provide material parameters for the thickness design method;

— to minimise costs and to save non-renewable resources by optimising use of materials
and additives;

— toensure the pavement when constructed according to the specification lasts a minimum
design period, and

— research to determine fundamental pavement properties, to refine design methods and
to generally extend knowledge that may be applied to pavements in material selection,
material performance, pavement performance, application of pavement processes in
various climatic conditions, and the effect of different axle loads and configurations on
pavements.

For all but the first point above, a laboratory method and mix design procedure needs to meet
the following criteria:

— cost-effective;

— relatively quick;

— repeatable;

— reproducible by any competent technician;

— provide realistic design inputs that match field performance, and

— ensure that the material and binders perform for the design period and withstand the
traffic load applied.

Another important factor is that generally pavements are not uniform, there are often significant
variations within a pavement section, and during construction, there will be variations in
moisture content, compaction input and mixing. In selecting densities for preparation of
laboratory test specimens, consideration should be given to the minimum specified relative
compaction levels and the variation in field compaction with depth below the surface. In some
cases in urban areas, the presence of sensitive services such as old water mains and gas mains,
and proximity to structures, mean that vibratory compaction may not always be possible and
this may affect the level of compaction achieved. In addition, the action of mechanical
stabilisers on softer aggregate may change the particle size distribution during construction, and
laboratory mixing may not reflect this change.
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It is therefore important that any mix design process:

— recognises construction limitations;
— considers variations in grading, and

— recognises that pavements are rarely consistent.

It is essential to recognise that laboratory mix design should be used as a guide (Asphalt
Academy, 2009). As with all bituminous mixes, it is essential to have a proper mix design
procedure for foamed asphalt mixes in order to optimize the usage of available materials and to
optimize mix properties.

2.3 Reclaimed asphalt (RA) characteristics

With the introduction of the cost-efficient cold recycling process for the rehabilitation of
damaged roads, a technology has earned itself worldwide renown which has ecological as well
as economic benefits. The reuse of part of the existing road structure which, when treated with
binding agents, becomes the foundation of a new road, is the basis for a recycling method that
has become a pillar of economical road rehabilitation worldwide.

Recycling hot mix asphalt (HMA) material results in a reusable mixture of aggregate and
asphalt binder known as reclaimed asphalt (RA). Recycling of asphalt pavements is a valuable
approach for technical, economical, and environmental reasons (Kennedy et al., 1998). Using
RA has been favoured over virgin materials in the light of the increasing cost of asphalt, the
scarcity of quality aggregates, and the pressuring need to preserve the environment. Many
countries in the northern hemisphere, in particular the USA, have also reported significant
savings when RA is used (Page and Murphy, 1987). Considering material and construction
costs, Kandhal and Mallick (1997) estimated that using RA provides a saving ranging from 14
to 34% for a RA content varying between 20 to 50%.

The use of RA also decreases the amount of waste produced and helps to resolve the disposal
problems of highway construction materials and rehabilitations, especially in large urban areas.
Use of pavement recycling as an alternative to the conventional pavement rehabilitation
methods started on a small scale in the 1930s and gained much of its popularity in the 1970s
due to the energy crisis that hit the globe in 1973 (Van Wijk and Wood, 1984). The resulting
fuel-associated rise in construction costs sparked a research interest into the viability of
pavement recycling starting in Europe, Australia, the United States and South Africa. In 1996,
it was estimated that about 33% of all asphalt pavement in the United States was recycled into
new road pavements (Sullivan, 1996). Laboratory models and field trial sections were
constructed and monitored over time to ascertain the engineering properties of the recycled
asphalts and to devise ways of improving their performance to match those of conventional
rehabilitation materials. To facilitate incorporating RA in the design of new pavements, many
countries have relied on blending charts developed in the late 1980s (Asphalt Institute 1989).
Most countries have also established limits on the maximum percentage of RA that can be used,
ranging typically between 10 to 90%. High percentages of RA are quite commonly used in
practice. RA has been used in hot mix asphalt pavements in various percentages that reached
in some cases up to 80% (EPA and FHWA, 1993), and typically from 20 to 50% (Kim, 2007;
Solaimanian, 1996; Lynn, 1992). In the Netherlands almost all the RA is used in the mix design
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and rehabilitation projects of existing road networks (Dutch environmental policy concerning
the use of secondary materials, 2011). In South Africa the percentage of RA that is usually
added back in new road project, is up to 30% (National Department of Transport, 2009).

Stabilization of RA material with foamed asphalt has been tried in South Africa and abroad.
Roberts et al. (1984) compared the performance of stabilized RA material with BSM-foam with
those treated with cut-back asphalt and asphalt emulsion in the laboratory. Maccarone (1994),
Lancaster (1994) and Ramanujam (1997) reported successful stabilization with foamed asphalt
of RA material, both in-plant and in situ, in Australia. The first attempts in the USA were carried
out by Van Wijk and Wood (1983) and then in recent years by Romanoshi et al. (2003), Appea
etal. (2009), Caravalho et al. (2010) and Musselman (2009) . In Europe most projects use BSM
technology to stabilise base and subbase courses for roads and highways (Loizos and
Papavasiliou, 2007; Whiteoak, 2000; Zoorob et al., 2002; Montepara and Giuliani, 2002;
Santangata et al., 2009) . Stabilization of RA is now an accepted road rehabilitation process and
it can be used to improve various road pavements ranging from low volume unsurfaced roads
to main highways carrying heavy traffic (Moore, 2004; Cross, 1999; Mallick et al., 2002;
Karlsson and Isacsson, 2006). In South America several road projects started to use RA in
recent years (Walter J. et al. 2008; Bonfim, 2008) .Van der Walt et al. (1999), Jenkins (2000),
Ebels (2008) and Twagira (2010) have reported the use of increasing quantities of BSMs
stabilized with RA materials in South Africa.

Using RA in new mixtures can reduce the amount of new material that has to be added, saving
money and natural resources. In addition, BSM mixtures with RA can perform as well as
mixtures made with all new material (Twagira, 2010). Some countries in South America, in the
Middle East and in Indonesia are taking a more aggressive approach by considering increasing
the allowable percentages of RA in BSMs to take full advantage of this promising technology.
In 2000, for example, approximately 100 000 t of various aggregates were treated with foamed
bitumen alone in the Netherlands. In Brazil, more than 2.5 million m? of road surface have been
rehabilitated with foamed bitumen since 1998. In Norway, approximately 3.0 million m? of
road surface has been recycled with foamed bitumen since 1983 (Wirtgen, 2002). This is
sufficient proof of the reliability rightly attributed to this innovative technology. Today, this
technology is successfully employed worldwide. In Europe, particularly in Norway and the
Netherlands, but also in Eastern European countries, such as Russia and the Baltic Republics,
the use of foamed bitumen in cold recycling, as an alternative to conventional binding agents,
gains more and more acceptance. In addition, numerous projects are being carried out in North
and South America. Foamed bitumen technology is being successfully employed even in
countries with extreme climatic conditions, such as Saudi Arabia or Iran, and African states like
Lybia, Malawi, Nigeria or South Africa (Wirtgen, 2002). On the Asian and Australian
continents, too, traffic routes have been economically rehabilitated within extremely short
periods of time by using the cold recycling process with foamed bitumen.

However, ensuring confidence in the design procedure and the success of using RA would
require addressing many durability concerns related to the interaction between virgin and
recycled materials and their use in BSM-foam mixes. Well-graded material with a satisfactory
distribution from fine to large grained aggregates is required for treatment with foamed
bitumen. The sieve analysis will aid to draw conclusions as to whether additional aggregates
will have to be added. If the mineral aggregates are deficient in fines (minimum 5% passing the
0.075 mm sieve) as most of RA coming from rehabilitation projects, crushed sand with a high
filler content or active fillers can, for example, be added (Wirtgen, 2010). When using foamed
bitumen as a binding agent, the content of fines in the mineral aggregates is very important.
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The foaming process results in a surface expansion of the bitumen and a simultaneous reduction
of its viscosity. The dispersing properties thus improved ensure that the fines in the mineral
aggregates are coated. The filler and the foamed bitumen together produce a mortar binding the
coarse aggregates.

When RA is reused in a new mixture, it is necessary to properly account for the old material in
the new design. The aggregate from the RA has to be included with the new aggregate, and that
blend of aggregate has to meet certain physical properties. The experience with RA in Twagira
(2010) mixtures has shown that properly designed and constructed RA mixes can perform as
well as, or even better than, mixtures made with all new materials. The mixtures with RA
designed by Ebels (2008) and Jenkins (2000) have also shown good performance. It is apparent
from the mentioned studies that the influence of high percentage RA was investigated only
recently. However, further research is required to better understand the behaviour of BSM-foam
mixes with increasing amounts of RA and the effects of durability and temperature behaviour
on this type of mixes. The durability and the temperature aspects are probably the principal
component of the total system affecting the mechanical performance and long-term lifetime of
BSMs.

One major factor that is still unclear is the level of interaction between aged binder and virgin
bitumen binders. If RA acts like a black rock, the aged and virgin binders will not interact.
Hence, it would be assumed that RA does not significantly change the virgin binder properties.
However, it is usually assumed that RA does not act as a black rock and that the aged asphalt
blends with the virgin binder during mixing. In fact, many design procedures assumes that all
the aged binder would effectively contribute to the blend. This means that the amount of virgin
asphalt binder can be reduced by the full amount of asphalt binder in the RA for the percentage
specified.

When HMA reaches the end of its service life, milled materials still maintain considerable
value. Most of the recycled RA comprises aggregates of good quality e.g. crushed stone from
Hornfels, Granite and Quartzite rock type. The milled materials, RA, can be reused in virgin
BSM-foam mixes to reduce the amount of new material and bitumen that needs to be used.
However, it is necessary to account for old materials in the BSM design process. During service,
the blend of aggregates and binders undergoes various physical and rheological changes that
have to be considered in the design process to ensure that the BSMs mixtures with RA perform
as well as the original pavement produced with virgin materials (Ebels, 2008 and Twagira,
2010).

The current South African guidelines i.e. Guideline for road construction materials (TRH14,
1985) and South African Mechanistic Pavement Design Method (Theyse et al., 1996) provide
quality and durability of mineral aggregate requirements for the HMA, and granular layers. No
cognisance of quality and durability is indicated for the recycled composite materials for BSMs.
Therefore, classification of recycled materials based on quality and durability requirements for
BSMs is an area which needs more investigation.

2.3.1 RA binder properties

In general, asphalt binder demonstrates two stages of ageing: short-term and long-term. During
construction (short-term), asphalt binder is exposed to hot air at temperatures ranging from 140
to 160°C, resulting in a significant increase in viscosity and changes in the associated
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rheological and physiochemical properties such as complex shear modulus and adhesion.
During service (long-term), asphalt binder also progressively ages and hardens through various
mechanisms. Age hardening during construction and service has been associated with six major
mechanisms (Roberts et al., 1996; Tyrion, 2000; Karlsson and Isacsson, 2006):

— Oxidation through diffusive reaction between the binder and oxygen in the air;

— Volatilization through evaporation of the lighter components especially during
construction;

— Polymerization through chemical reaction of molecular components;

— Thixotropy due to the formation of a structure within the asphalt binder over a long
period of time;

— Syneresis due to the exudation of thin oily components, and

— Separation through the removal of oily constituents, resins, and asphaltenes by
absorptive aggregates.

The level of ageing that asphalt binder experiences during production and service also depends
on the void content of the HMA. Recovered binder from porous HMA has shown significantly
greater stiffness than regular HMA (Kemp and Predoehl, 1981). In addition, properties of aged
binder depend on the level of damage to the recycled asphalt (Smiljanic et al. 1993). The greater
the damage to the pavement prior to recycling, the greater the changes in the properties of the
binder. This is illustrated by the reduced oxidation susceptibility in pavements that are better
preserved. Stockpiling also accelerates binder ageing as the material is more prone to air
exposure and oxidation (McMillan and Palsat, 1985). As asphalt binder reacts and loses some
of its components during the ageing process, its rheological behaviour will naturally differ from
virgin materials. This suggests the importance of controlling the blending process between
recycled and virgin binders. If the old binder is too stiff, the blend of old and virgin binders
may not perform as expected. At small percentages (up to 30%), an aged binder does not
significantly affect the properties of the blend of virgin and RA binder (Twagira, 2010).
However, when used at intermediate to higher percentages, an aged binder can significantly
influence the properties of the blend and may affect the resultant mechanical properties.

The properties of aged binder are also affected by the level of moisture damage on the existing
pavement prior to recycling. However, when a small percentage of RA is used (15 to 20%)
other researchers have reported that RA materials might in fact provide stronger moisture
resistance than virgin material since the aggregates are already covered and protected with
binder (Ebels, 2008, Twagira, 2010).

2.3.2 Performance of RA in BSM-foam mixture

The current guidelines i.e. Wirtgen (2010) and TG2 (2009) provide quality of mineral aggregate
requirements for the BSMs layers but no durability is indicated for the recycled composite
materials for BSMs. Therefore, classification of recycled materials needs more study.
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According to TRH 14, the performance classification of different mineral aggregates in newly
constructed layers is G1, G2, G3, etc. However, this type of classification becomes more
complex if these materials have been in service for some time. If the plasticity index (PI) of
mineral aggregates, G1 changes and conforms to G4, while the grading or CBR conforms say
to G3, then what could be the new class?

Based on the complexity of the classification of recycled materials for pavement rehabilitation,
Jooste (2007) introduces a classification system called “design equivalent materials”. This
classification indicates that: “when a design equivalent class is assigned to a material, it implies
that the materials exhibit in situ shear strength, stiffness and flexibility properties similar to
newly constructed materials of the same class as in TRH14”. It is apparent from a newly
proposed classification that additional information on the aggregate properties are required to
ensure consistent application of recycled materials for the BSM mix design. Apart from strength
properties of the mineral aggregates indicated above, surface characteristics also need to be
evaluated and included in the classification as they play a significant role in the bitumen-
aggregate-water interaction (bonding).

2.3.3 Ageing

Significant ageing takes place during short-term ageing where the binder is subjected to high
temperature during production of the asphalt mixture. During the short-term ageing of the
bitumen, both oxidation and volatilization processes take place. The hardening of the binder
during the service period of the pavement (long-term ageing) is mainly due to oxidation. The
long-term ageing process of an asphalt pavement depends on the prevailing environmental
conditions and the type and origin of the binder. The ageing process is influenced by the type
of asphalt mixture (Kandhal and Chakraborty, 1996).

In a study conducted by Choquet (1991 from Franken et al. 1997) the effect of ageing over the
entire thickness of a porous asphalt pavement layer was observed, indicating the severity of
ageing in highly porous mixtures. The reason is attributed to the high amount of voids in porous
asphalt that allows access to oxygen and water, resulting in changes in the binder property over
the whole thickness within a relatively short period of time. As a result, substantial rheological
changes take place such as a decrease in penetration, an increase in ‘softening point’, and an
increase in viscosity of the binder due to age hardening. According to Franken et al. (1997)
practical experimental studies on a number of asphalt sites indicate that the original 80/100
bitumen displayed penetration of less than 30 dm and a softening point (ring and ball
temperature) higher than 60°C after 3 years of service, which could contribute to brittle
behaviour of the binder and sensitivity to ravelling.

Figure 2.1 shows a general trend of the effect of ageing during production (short-term) and

service period (long-term) on the viscosity ratio (ratio of the aged to un-aged binder viscosity).
The change in viscosity ratio shown in Figure 2.1 is typical for ageing of dense asphalt mixtures.
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Figure 2.1: Effect of short and long term ageing of the binder on viscosity ratio with ageing
period (Shell Bitumen, 1993).

It is important to note that these indices of ageing vary with the pavement structure, location,
and mixture type, which is the reflection of the effect of environment, binder source and asphalt
mixture type.

Durability of a wearing course is affected by binder age hardening both during the construction
phase and service period; therefore, simulation of ageing needs to take into account these
effects. In order to accelerate the ageing process in the laboratory in a realistic way,
understanding the mechanism of ageing in the field is essential. Ageing is predominantly caused
by oxidative ageing, which is an irreversible process, where oxygen from the environment has
to diffuse physically into the binder before it reacts chemically with the binder components
resulting in hardening. High temperature serves two purposes during the ageing process:

— it softens the bitumen and increases the diffusion rate;

— it accelerates the chemical reaction.
Based on the ageing process, two alternative mechanisms are therefore used to accelerate
ageing:

— reducing the film thickness;

— accelerating the diffusion of air/oxygen into the binder film under pressure (Anderson

et al. 1994).

After short-term ageing, bituminous binders are subject to field (natural) ageing during their
service life under the prevailing climatic conditions of the road location. This second stage
ageing process is a very important factor in the long-term behaviour of bituminous mixtures
and in the development of their performance characteristics (Francken et al., 1997). Long-term
ageing occurs primarily due to the oxidation of an asphalt mixture in service. Long-term ageing
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is defined as a slow oxidation (ageing) process that the binder undergoes as a result of
interaction with the environment or air. A laboratory test which was carried out to simulate
long-term ageing, i.e. ageing occurring during in service, is discussed later in this research.

Binder oxidation causes formation of functional groups which are characterized by the growth
in the infra-red carbonyl and sulfoxide peaks. The infra-red absorption at 1700 cm™ represents
carbonyl formation (C=0) and at 1030 cm™ represents sulfoxide formation (S=0), which are
characteristic of chemical bonds formed by the oxidation process (Figure 2.2). It should be
noted, however, that the increase of carbonyl and sulfoxide formation represents only the major
portion of the spectral change during oxidation (Domke et al. 1997). The increase in the area
under the carbonyl (ketone) and sulfoxide peaks are usually used to describe the degree of
binder ageing. Because ketones and sulfoxides are the major oxidation products, their sum
indicates the relative degree of oxidation in binders.
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Figure 2.2: FTIR spectrum showing increase in carbonyl/ketone (1700 cm™) and Sulfoxide
(1030 cm™) formation with ageing (Domke and et al., 1997).

Sensitivity to oxidation is generally related to the sulphur content present. The rate of ketone
formation decreases and sulfoxide formation increases for binders with a higher sulphur
content. Ketone concentration due to oxidation is strongly related to the increase in viscosity of
the binder. A higher amount of ketones appear to be formed at the expense of sulfoxides at
higher temperatures and ketone formation rate decreases with increasing viscosity (Peterson
and Harnsberger, 1998). The formation of ketones and sulfoxides increases as a function of the
ageing period and the sum of area under the FTIR peaks can be used as an indication for relative
sensitivity of binders to oxidative ageing.

2.4 Engineering properties of BSMs

The engineering properties of BSMs have extensively been studied in the past. As a result,
numerous tests have been utilised to characterise the properties of the BSM mix durability.
However, testing procedures for BSMs have undergone major transformation in recent times,
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with a shift from ITS, UCS and dynamic creep to tri-axial testing (i.e. resilient modulus,
permanent deformation, and shear property), fatigue testing.

The Indirect Tensile Strength (ITS) and tri-axial tests are normally performed in numerous mix
designs. An overview on the background and fundamentals of standard ITS tests and tri-axial
testing is presented in this section.

The ITS, originally designed for testing the moisture susceptibility, is an accepted method for
evaluating BSM-foam mixtures for mix design purposes. It is a relatively quick test to obtain
strength characteristics of BSMs in soaked and unsoaked conditions. Design guides such as the
South African TG2 (Asphalt Academy, 2009) and Wirtgen Cold Recycling Manual (Wirtgen,
2010) both employ strength tests in dry conditions for mix design optimization purposes and
advise a minimum requirement for moisture susceptibility. However, the ITS test is considered
to be a ‘simple test” (because it can be performed in a relative easy manner). The interpretations
of the results are very complex since internal stress distribution in the test is extremely
complicated (Jenkins and Ebels, 2007).

A tri-axial test is a recognised method used to measure the mechanical properties such as shear,
resilient and plastic behaviour of many deformable granular materials. The use of tri-axial
testing has its origin in geotechnical engineering. However, for pavement engineering the use
of tri-axial testing is less common. It is mostly limited to research projects.

The monotonic failure tri-axial test can be used to determine the shear parameters cohesion (C)
and angle of internal friction (¢) while elastic resilient stiffness behaviour (Resilient Modulus,
Mr) and permanent deformation can determined by short duration dynamic loading and long
duration dynamic loading tri-axial tests respectively. These parameters can be used for
pavement design in combination with mechanistic-empirical design methods, linear-elastic
multi layer pavement design software and finite element software.

The fundamental objectives of the literature study (Jenkins, 2000, Ebels 2008) on tri-axial
testing are to illustrate:

— the general theory and principles of tri-axial testing;

— the role that tri-axial testing fulfil in material classification, mechanistic-empirical
design and modelling of pavements, and

— the appropriateness of the tri-axial test in quality control/assurance and performance
prediction of flexible pavement materials.

Testing procedures for BSMs have undergone major transformation in recent years, with a shift
from ITS to the fundamental tests such as tri-axial testing (i.e. resilient modulus, permanent
deformation,...), and fatigue testing (Ebels, 2008, Twagira, 2010). The limiting values of these
tests on BSMs are still uncertain, as the mechanisms of failure are not yet clearly defined
especially for BSMs with a high percentage of reclaimed asphalt (RA).

2.4.1 Indirect Tensile Strength test

As mentioned in the introduction to this chapter, the most commonly used mechanical
properties are derived from a standard tension test. Originally the ITS test was used to measure
rupture strain in concrete (Blakey and Beresford, 1955); it was thereafter adapted to determine
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the elastic properties (E and v) of concrete (Wright, 1955; Hondros, 1959). Kennedy and
Hudson (1968) first suggested the use of the test for stabilized materials, while Schmidt (1972)
used the test to determine the resilient modulus of HMA. Since then, ITS has become the main
setup selected by most engineers for evaluation of tensile strength in the BSM-foam mixes
(Jenkins, 2000).

The ITS is measured by loading the specimen at a constant strain rate until it fails by splitting

along the diametral axis. The horizontal tensile stress at the centre of the test specimen is
calculated using Equation 2.1; the tensile strain is calculated using Equation 2.2:

2P

Horizontal Tensile Stress = gy, = p— [2.1]
where
D = diameter of the specimen,
P = the applied load, and
t = the thickness of the test specimen or core
and
. . o _ (2@a+3w) )
Horizontal Tensile Strain = &xy = Sxy = (—d(a+bu)n [2.2]

where

dxy = horizontal strain across the test specimen,

p = Poisson’s ratio, and

a, b and d = integration constants that are specimen geometry dependent.
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Figure 2.3: Stress distribution in a cylindrical sample (Witczak and Mirza, 1999).
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The only unknowns in the previous equation are Poisson’s ratio and the integration constants.
The integration constants are dependent on the geometry of the test specimen. The
determination of Poisson’s ratio requires both horizontal and vertical deformation
measurements made on the specimen, or it can be calculated from the regression equation
developed by Witczak and Mirza (1999), as shown below:

0.35

u= 015+
1+exp(3.1849—-0.04233 x Temp)

[2.3]

Temperature in Equation 2.3 is expressed in degrees Celsius.

In the ITS test, the specimen is radially loaded, as shown in Figure 2.3, resulting in non-uniform
stresses in the specimen. As indicated with the shaded area in this figure, the vertical stress oy
varies along the V-axis of the specimen, while the horizontal stress 6y remains constant except
near the edges of the specimen. The horizontal (tensile) in-plane (V-U plane) stress at the centre
of the specimen with diameter “d” and thickness “t,” which is the height of the specimen
measured in the out-of-plane direction, is induced by the applied vertical load (P) on the
cylindrical specimen, while the out-of-plane horizontal stresses are zero.

Under conditions of a line load, the specimen would be expected to fail near the load points due
to compressive stresses and not in the center portion of the specimen due to tensile stress. It has
been shown, however, that these compressive stresses are greatly reduced by distributing the
load through a loading strip (Witczak and Mirza, 1999).

Parameters from the indirect tensile test that have been correlated to actual cracking values
include indirect tensile strength (St), horizontal strain at failure (gf) and total fracture energy
(T's). These indirect tensile strength parameters are defined below:

1. The maximum horizontal tensile stress at the centre of the specimen and the horizontal
tensile strain are calculated from the plot shown in the following figure. The ITS is the
maximum stress developed at the centre of the specimen in the radial direction during
the loading operation for a fixed geometry.

2. The fracture energy is calculated as the area under the load-vertical deformation curve
as shown in Figure 2.4.

3. The energy until failure is calculated from the results of this test as shown in Figure 2.4.

Tensile Strength (S,) Fracture Energy
Area under curve

Stress o (psi)
LOAD {Ibs)

: " VERTICAL DEFORMATION
Strain (&)
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Figure 2.4: Determination of the indirect tensile strength, determination of the total fracture
energy and determination of energy to peak load (Witczak et al., 2002).

The ITS of BSMs is conducted by loading a cylindrical specimen across its vertical diametral
plane at 50 mm/min deformation rate and 25°C test temperature. The peak load at failure is
recorded and used to calculate the tensile strength of the specimen.

The ITS is considered an indicator for the initial mix design of BSMs, TG2 (Asphalt Academy,
2009). Past studies (Jenkins and Ebels, 2007) have investigated the ITS test and posed the
question whether the ITS (splitting) test is an appropriate test to determine the flexibility of
BSMs.

2.4.2 Dynamic tri-axial tests

The load spreading ability of granular layers is a function of the stiffness of the layer. This
stiffness or resilient modulus under dynamic loading of a granular material is not a single
discrete value because this material is stress dependent. In addition, the behaviour of granular
materials is non-linear elastic, but rather elasto-plastic (see Figure 2.5). Tri-axial testing using
dynamic loading at applied vertical different stress levels and at different deviator stresses, can
be used to determine the resilient modulus of granular material.

The short-duration dynamic tri-axial test is well suited to determine the resilient stiffness of
pavement materials. It is also capable of determining the stress dependency of this material
property. It is however a test that is typically carried out in a research environment. As such it
has been used extensively by many researchers around the world. From research carried out
during the 1960’s, Hicks and Monismith (1971) summarised that the resilient response of
granular materials under short-duration dynamic loading is significantly influenced by:

— Stress levels (confining pressures);

— Degree of saturation;

— Dry density;

— Fines content (percentage passing 0.075mm sieve); and

— Aggregate properties (density, type, particle angularity, particle texture)
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The resilient response of untreated granular materials is most significantly affected by the stress
level and can therefore be related to the confining pressure, o3, or to the bulk stress, 6 = 61 + 62
+ o3, as follows, for as long as shear failure does not occur (Jenkins, 2000):

Mr = k1o3*? [2.4]
Or

Mr = k30K [2.5]
where

r = Resilient modulus (MPa)
o3 = Confinement pressure (kPa)
0 = Bulk stress = 61 + 02 + 63 (kPa)
k1, ks = model coefficients
k2, ka = model coefficients

The results of dynamic tri-axial tests can best be analysed by plotting resilient modulus versus
the total stress, both on a logarithmic scale. (Figure 2.5)
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Figure 2.5: Mr-0 Model of Resilient Modulus for granular coarse material (NCHRP 1-37A,
2004).
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Figure 2.6: Resilient modulus test (NCHRP 1-37A, 2004).

The model shown in Equation 2.4 is the model used for fine-grained soils, while the model
shown in Equation 2.5 has been widely accepted to describe the stress-dependent behaviour of
a granular material, amongst others for its simplicity. The latter is often referred to as the Mr-6
model. On a log-log scale this model represents a linear function, whereby the ki-value is a
measure of the intersection with the y-axis, while the k> value indicates the slope of the line.
Jenkins (2000) modified these equations to use the deviator stress ratio (cd/0q,f) as opposed to
the principal stress ratio (c1/61,) to account for the damage that occurs in a granular or cold mix
material that is stressed relatively close to the failure stress. This accounted more accurately for
the relative stress conditions i.e. deviator stress that is applied to the material divided by the
maximum deviator stress that the material can withstand (Figure 2.7).

The Mr-06 model as shown in Equation 2.5 is used to analyse the stiffness of BSMs and will be
used for analysis of resilient modulus test results in this study.

In this test the load signal is a haversine load with a pre-load of 20% of the confining pressure
or 5kPa is applied at a frequency of 1 Hz (load pulse of 0.1s followed by 0.9s rest period).
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Figure 2.7: Concept of Deviator Stress Ratio (Jenkins, 2008).

A formula that is important in the determination of the stress ratio, is provided below (Equation

2.6). It is apparent that the cohesion and friction angle are important parameters in determining
this ratio.

__ (1+sing@)oz+2Ccos @
Iif = (1- sin @) [2.6]
where,
C = cohesion;

o3 = minor principal stress (kPa);
¢ = angle of internal friction.

BSM materials do not respond to dynamic loading in the same manner as granular coarse
materials. The BSMs materials can experience alignment of particles or platelets, loss of shear
strength and reduction in resilient modulus at higher stresses, as shown in Figure 2.8.
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Figure 2.8: Mr-o4 Model of Resilient Modulus for BSMs materials (Jenkins, 2008).

2.4.3 Permanent deformation

Another important application of the tri-axial test is in the modelling of granular materials for
permanent deformation. In this type of test the dynamic tri-axial test is carried out on several
separate specimens at different applied deviator stress levels. At sufficiently low deviator stress
ratios, the permanent deformation or plastic strain g, stabilises with a large number of load
repetitions. This occurs because the material densifies during loading and becomes more
resilient. However, when a critical deviator stress ratio is exceeded, the steady state of plastic
strain gp becomes unstable and accelerated deformation occurs. South African research (Maree
and Freeme, 1981) indicated that in order to limit the permanent deformation in BSMs, the
applied stresses should remain below some 60 to 70% of the stress at failure i.e. the critical
stress ratio. The permanent deformation experienced by the specimen is monitored over an
extended period, sometimes to more than 500 thousand load repetitions.

Francken (1977) plotted the permanent axial strain against the loading time on a log scale and
found that the permanent deformation behaviour of HMA mixes could be adequately described
by a loading time dependent creep curve as follows:

ep(t) = At® + C(eP' - 1) [2.7]
where

p(t) = permanent deformation (axial strain)

t = loading time

A, B, C, D = model parameters
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In the Francken model above the permanent deformation can be related to the number of applied
load cycles by substituting the loading time variable with the number of applied load cycles
taking into account the loading frequency.

_

T oom [28]
ov = 00 + 01 sin®t [2.9]
where

N = number of applied load cycles

® = angular frequency (rad)

ov = applied vertical stress

oo = static component of vertical stress

o1= amplitude (dynamic component) of vertical stress

As did Barksdale (1972), Francken (1977) identified threshold stress combinations (ov, o3 )
below which the creep curve is nearly linear and the relationship between permanent axial
strain and loading time is reduced to (coefficient C = 0):

gp(t) = At [2.10]

When the stress (ov, 63 ) exceeds certain limits the rate of strain (de/dt or de/dN) increases in
the final part of the test. The second term in Equation 2.7 appears in this case (C # 0). The
exponential shape is characteristic of an irrecoverable failure of the material in the tertiary flow
phase.

Huurman (1997) researched the development of permanent strain in typical Dutch sands (eight
different types) and granular base course material (four different types) used in concrete block
pavements using the repeated load tri-axial test. Huurman used two different specimen sizes,
i.e. 200 mm high, 101.6 mm in diameter and 800 mm high, 400 mm in diameter. The permanent
deformation tests were continued up to 1,000,000 load repetitions or 10% permanent axial
strain, whichever came first.

The loading was applied in the form of a half-sine shaped wave with a frequency of 1 Hz (0.5
sec load pulse, 0.5 sec rest period). Only the applied deviator stress levels were varied (four
different levels) during the permanent deformation study.

Huurman found that the reduced Francken model (C = 0) for permanent deformation of HMA
mixes also applies to the permanent deformation behaviour of sand. When analysing the
behaviour of granular base course materials, it was found that for certain applied stress
conditions C # 0 and tertiary flow occurs. However, Huurman substituted the loading time in
Equation 2.7 with the number of applied load cycles as described above, following which
Equation 2.7 can be re-written as:

N \B N
ey =A(o) +C (eDwoo - 1) [2.11]
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Huurman (1997) stated that the model parameters A, B, C and D are a function of the applied
stresses and that this stress dependency can be described by:

o a2 . b2
alm) een(z)

O1f O1f

- c2 - d2
1,f 1.f

where

o1 = major principal stress

o1,f= major principal stress at failure
ai,az, ..., d2 = model coefficients

[2.12]

The model coefficients ai, a, ..., d2 as determined by Huurman can be used in the prediction
of permanent strain in a pavement structure modelled using finite element methods. Huurman
developed a rutting performance model to this extent.

The fundamental mechanical behaviour of unbound and lightly bound base and subbase
materials (mixed granulate) as commonly used in the Netherlands was further investigated by
Van Niekerk (2002). The repeated load tri-axial test was used to investigate the behaviour of
the mix granulate in a very similar fashion as Huurman (1997) did. The specimens tested by
Van Niekerk were 600 mm high and 300 mm in diameter. Each type of mix material was tested
at four different applied stress levels, all with a constant confinement pressure of 12kPa. The
tests were continued to 1,000,000 load repetitions or 10% permanent axial strain, whichever
came first. The continuous haversine load (no rest period) was applied at 5 Hz. Van Niekerk
used a similar model to describe the permanent deformation as Huurman (1997) did, save for
the fact he replaced the principal stress ratio ( o1/c1) as used in Equation 2.12 with a deviator
stress ratio ( cg/oqf). The advantage hereof is that the deviator stress ratio is not influenced by
the confinement pressure levels, while the principal stress ratio is. At decreasing friction angles
o, this difference becomes more evident (Jenkins, 2000).

A material subjected to two different stress levels can have a significantly different principal
stress ratio, but relative to its shear capacity be in a similar stress state. In such a scenario the
deviator stress ratio of the two different stress levels would be the same. During his research,
Van Niekerk (2002) tested the permanent deformation behaviour of mixed granulate whereby
he varied the grading and relative density of the specimens.

A limited investigation was also performed on a mix granulate that was hydraulically bound
with 10% blast furnace slag. For these mixes he determined the model coefficients ay, a, ..., d2
as used in Equation 2.12. Van Niekerk (2002) showed that these model coefficients can be used
in the prediction of rutting in a pavement structure analysed with a finite element program.

In his study of foamed bitumen stabilised material Jenkins (2000) also investigated the
permanent deformation behaviour using the repeated load tri-axial test (Figure 2.9).
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Figure 2.9: Typical permanent deformation tri-axial test (Jenkins, 2008).

Jenkins tested approximately 250 mm high, 150 mm diameter specimens as well as 600 mm
high, 300 mm diameter specimens. The latter were tested in the same set-up and under the same
conditions as described for the work done by Van Niekerk (2002). The smaller specimens were
loaded with a haversine wave (no rest period) with a frequency of 2 Hz and a constant
confinement pressure of 50 kPa. The tests were continued to 1,000,000 load repetitions or 4%
permanent axial strain (10% in case of the larger specimens). Jenkins (2000) determined the
model coefficients ai, a2, ..., d2 as used in Equation 2.12. He showed that these model
coefficients can be used in the prediction of rutting in a pavement structure analysed with a
finite element program.

It is recognised that materials that yield the same failure test parameters can differ significantly
in a repeated load test at a lower stress level. The same applies to the resilient modulus. Tri-
axial tests have indicated that there can be a significant difference between two materials with
the same resilient modulus in their permanent deformation behaviour. In addition, moisture
content and the number of load repetitions (because of the difference in permanent deformation
development with load repetitions) are of paramount importance (Jenkins et al. 2007).

A general formula for permanent deformation is provided by Huurman (1997), Jenkins (2000)
and Van Niekerk (2002):
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gp=ANB [2.13]

where
N = number of load repetitions
A, B = material constants

The formula can be graphically represented on a log scale (Figure 2.10):

logep = logA+ BlogN [2.14]

logep S/

logN

Figure 2.10: N-gp Permanent Deformation Model (Jenkins, 2008).

The granular type behaviour of BSM mixes is apparent when analysing the resilient response
to loading at different stress level before failure (Jenkins 2000). The values of Mr are seen to
increase with increasing of 3. In addition, as o1 increases, the resilient modulus increases
further until a critical value is reached and thereafter the Mr decreases.

The advantage of using deviator stress ratio over principal stress ratio is that the deviator stress
ratio is not influenced by the confining pressure levels, while the principal stress ratio is. At
decreasing friction angles ¢, this difference becomes more evident (Jenkins, 2000). In such a
scenario the deviator stress ratio of the two different stress levels would be the same. Stress
ratio is also useful in predicting the development of permanent deformation as a function of the
number of load repetitions, stress conditions and material characteristics. It is apparent in that
cohesion and friction angle are important parameters in determining this ratio. Tri-axial testing
using dynamic loading at different vertical stress levels and at different deviator stresses, can
be used to determine the resilient modulus of granular material. The results of dynamic tri-axial
tests can best be analysed by plotting resilient modulus versus the total stress, both on a
logarithmic scale.

Various researchers (Loizos and Papavasiliou, 2007, Ebels, 2007) and amongst others Jenkins
(2000) and Van Niekerk (2002) have shown that the resilient modulus models developed for
granular material can also be used to describe the stress-dependency of BSM mixes.
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2.4.4 Influence of RA in the mechanical properties of BSM

The field investigation on BSM foam using high percentages of RA indicates that stiffness of
the foamed bitumen layer increases with time. Loizos and Papavasiliou (2007) indicate that
fatigue behaviour in BSMs is not a dominant failure mechanism. This behaviour is contrary to
the fatigue failure mechanism known for HMA. Jenkins (2000) comments that foamed bitumen
with relatively high binder content (> 3.5%) can be considered to have a performance similar
to HMA. Twagira (2010) tested fatigue behaviour of BSMs at varying binder content from 2.4%
to 3.6% and varying percentage of RA content. Their results show that fatigue stiffness
behaviour is time and temperature dependent (i.e. if loading rate increases, stiffness increases
and if testing temperature increases, stiffness reduces). This trend is typical for HMA; however
because BSMs have much lower temperature susceptibility compared to HMA, the stiffness
results were relatively small compared with HMA as indicated in Figure 2.11.
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Figure 2.11: Master curves of BSM (foam), Half-Warm and HMA (Tref = 20°C) (Ebels, 2008).

From the graph it can also be seen that time-temperature superimposition for BSMs is much
lower than for HMA, particularly at a higher loading rate. This is in part due to the lower binder
content as well as stiffening behaviour of the mastics in the BSM mixture.

Further analysis shows that flexural stiffness is influenced by the percentage of RA in the mix,
the addition of active filler and the type of binder. Twagira (2010) reports that BSM emulsion
with higher RA content (B-75M-0%) without cement has a relatively lower fatigue life
compared to the same mix treated with foamed bitumen (C-75M-0%) as indicated in Figure
2.12.
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Figure 2.12: Fatigue behaviour of BSM-emulsion and BSM-foam with higher percentage of RA
materials (Twagira, 2010).

Jenkins (2000) indicates that the rate of heat transfer from foamed bubbles to the aggregate
surface, even at lower temperatures of aggregate, may contribute to comparative performance
of the foamed bitumen. This is because the heat transfer dissipated from the bubble might soften
the old bitumen (both in the filler and in coarse fraction) and enhance adhesion of new bitumen.
While, because emulsion is applied at ambient temperature, the old coated bitumen in mineral
aggregates is inactive, reactivity and adhesion of new bitumen will be retarded. However,
depending on the type of bitumen, BSM-foam might behave differently in adhesion and
cohesion with a higher addition of RA content in a mix.

Recent research on permanent axial strain due to the effect of moisture on BSM-foam, was
carried out by Fu et al. (2009). Their objective was to determine the influence of cement on
different curing conditions and shear strength development. Permanent deformation tri-axial
testing was performed on different mixes with different moisture contents. Ebels (2008)
indicates that the critical stress ratio’s for the BSMs range from 0.4 to 0.6 for tertiary flow to
occur. More interesting to note from Ebels’ results, is that an increase in the RA content of the
mix stabilised with foamed bitumen has better initial permanent strain accumulation even with
higher stress ratio’s compared to similar mix stabilised with bitumen emulsion. The reason for
the better performance of foam with RA is the same as the one given in fatigue behaviour. Ebels
reported that the resistance to permanent deformation is a function of the binder content and the
degree of saturation (% voids filled with water by volume) of BSM. The ratio of axial strain to
peak axial strain (€axial / €peak axial) decreases with the increase in binder content and degree of
saturation.

The temperature test of 40°C was selected for all the permanent deformation tests. From
previous studies conducted by Twagira in 2010 it was evident that the critical temperature of
BSM mixes lies between 40°C and 50°C (Figure 2.13). Therefore, in this case it is effective to
use a temperature of 40°C to evaluate the permanent deformation of the BSM-foam mix.
However, the critical temperature is influenced by binder content, percentage of RA and
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addition of active filler. It must be emphasized that the temperature at 40°C influences strongly
the states of stress and strain caused by traffic loading (i.e. pavement rutting).
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Figure 2.13: Example of permanent axial strain of field extracted cores (BSM-foam) with 100%
RA from Twagira 2010, tested at different temperatures of 40°C, 50°C and 60°C.

Jenkins (2000) studied the stiffening behaviour of mastics with water and foamed bitumen or
bitumen emulsion with a variety of filler types. His study revealed that the percentage of bulk
volume for the mastic is a primary factor influencing the stiffening of foam or emulsion mix.
Using a softening point temperature approach, mastics produced by 150/200 pen-grade foamed
bitumen with different filler types at different percentages of bulk volume were tested and
compared with HMA as indicated in Figure 2.14.
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Figure 2.14: Comparison of stiffening potential versus percentage bulk volume of mastic for
the BSM- foam and HMA (Jenkins, 2000).

It is evident from Figure 2.14 that foamed bitumen stiffens at a lower percentage of the bulk
volume of the entire water, bitumen and solid aggregate components in a mastic occupied by
the compacted filler (%Vdb) (40%) and stiffens more rapidly as %Vdb increases, compared to
HMA. The best explanation for the stiffening behaviour of a mastic is the physico-chemical
properties of filler-binder interaction. The high reactivity of filler fraction to the polar and non-
polar molecules of the dispersed foamed bubbles influences the faster stiffening potential
compared to the interaction of thick film dispersed in the HMA.

2.4.5 Data analysis methods for dynamic tests

The data analysis methods described by Ebels and Jenkins (2007) and proposed in the revision
of the South African Pavement Design Method (CSIR, 2011) are presented here:

1- Monotonic tri-axial tests

For each specimen, the applied maximum load and the corresponding deformation were

determined for the calculation of the failure stress and unit strain.
Failure stress was calculated as follows:

Pq
Oaf = Tf [2.15]
where Par is the applied failure load (N) and A is the initial end area of the cylindrical specimen
(m?). Major principal stress at failure is the sum of the axial stress at failure and the confining
pressure shall be calculated as follows:
O1f = Oqf + 03 [2.16]
Shear strength parameters (¢ and C) are calculated as follows:

First determine the relationship between 61t and o3,

where
1+si 2
= 5@ and =9 [2.18]
1-sin ¢ 1-sin¢@

A linear regression analysis is then performed, on the three combinations of c1f and o3 per
treatment in the case of stabilised materials, to determine the values of A and B:
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1 (A1
@ = sin™t (m) [2.19]
_ B(1-sin @) [2.20]
2cos @

2- Resilient modulus test

For every applied stress level and at every confining pressure level the following was
determined for each of each of the cycles (N) sampled:

Resilient axial strain: first, the minimum deformation reading LVDTmin and the maximum

deformation reading LV DTmax for each of the three on specimen LVDTSs j was determined to
calculate the average axial deformation Ada(n) Of the specimen per cycle (N).

i—3
Z§'=1 LVDT jmax—LVDT j min

AGa(N) - 3 [221]
Resilient axial strain gan) per load cycle (N) is given by:
ASa(N)
g = [2.22]
a(N) Lg

where L4 is the gauge length.

Resilient modulus calculation: first the cyclic stress for each cycle (N) was determined:

Ocyclic(N) = Od(N) = (O-maX(N) - Ucontact(N)) [2.23]

where

omax(N) IS the axial stress (ratio of maximum applied load to the area of specimen) applied to the
specimen; it consists of the seating/contact stress (Geontact) @nd the cyclic stress (oeyclic).
ocontact(N) 1S the axial contact or seating stress applied to the specimen to maintain a positive
contact between the loading ram and the specimen top cap. Units are in kilopascal (kPa).

Resilient modulus My at the N cycle was determined by:

M, = Ieyclic(N) [2.24]

Ea(N)
The average of the last five cycles in a loading sequence was reported:
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Zl 1MT‘]

M, = l

[2.25]

where | is the number of full load cycles sampled, equal to 5.

3- Permanent deformation test

For every applied stress level and at every confining pressure level the following was
determined for the (N) cycles sampled in a given sampling window.

Where on-specimen LVDTSs have been used, first, the minimum deformation reading LVDT min
and the maximum deformation reading LV DTmax for each of the three on-specimen LVDTS j
were determined to calculate the average axial deformation reading for a sampling window n,
whereby n is the number of load repetitions at which the sampling window was taken.

j=3
si=3 <2j=1 LVDTj'max—LVDTj'min>
i=1

6

A6a(n) =

[2.26]

The average displacement reading of the sampling window after 20 load repetitions, da(n), Was
taken as the zero reading. The relative axial deformation of the specimen for each subsequent
sampling window n was then calculated:

Abany = Gam) — Sa(20) [2.27]

The cumulative axial permanent strain (eap) for each sampling window was given by:

Sa(n)
€ap(n) = Tg [2.28]

where Lgg is the gauge length over which the deformation is measured, when on-specimen
LVDTs are used or the distance between top cap and bottom seating platen, when LVVDTSs on
top of specimens are used.

The average resilient modulus per sampling window, Mn) was then calculated according to:

Zl 1Mr]

My = [2.29]

where | is the number of full load cycles sampled.
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2.5 Mixture durability

The central role of the mixture compositional design and performance in BSMs is becoming a
key factor in the performance of the long-term BSMs pavements. For HMA, durability is
measured as resistance of binders to stripping, ageing and degeneration of modifiers in specific
application, knowing that parent aggregates in HMA are adequately durable (Shell Bitumen,
2003). The fact that BSM is applicable in a wide range of aggregates (including RA) and
varying bitumen contents, its durability is based on material durability, as well as mixture
durability. Although moisture damage is considered a major factor influencing durability of
BSMs, the durability of parent aggregates and bitumen are found to play a significant role
(Dverby et al., 2004; Jenkins, 2000; Paige-Green, 2004).

A more detailed approach to mixture compositional durability is indispensable to understand
the relationship between binder and mineral aggregate durability. Based on physico-chemical
interaction between binder (foam) and mineral aggregates mixture comp