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Abstract

Poor performance and premature failure of some bitumninous mixtures have led many field
engineers to find out new materials. To improve the performance of bitumen and to
increase the service life of bituminous mixtures, additives have been incorporated to

change the characteristics of the bitumen arid bituminous mixtures.

The disposal of scrap tyres, on the other hand, is an increasing environmental problem. In
recent years, the most overlooked aspect of rubber modified asphalt is the attention to the
ecological problems of disposing of discarded tyres. Moreover the properties of rubbers
are in good relevant with the problems in pavement design. To find a usage to the waste

rubber in pavement will achieve those problems together.

Many advantageous of incorporating rubber into the pavement have been reported.
However, structured studies which deal with the long term performance and durability of
asphaltic concrete made with rubber-modified bitumen are not available. Because of the
lack of information, a need exists to evaluate the effects of mix ingredients in terms of

engineering properties.

This laboratory study examined the effect of shredded vulcanised tyre rubber on the
rheology of the rubber bitumen blends and their influence on the engineering properties
and fatigue behavior of asphaltic concrete made with crushed limestone, which the
gradation of aggregate was selected on the basis of minimum porosity, and ordinary
Portland cement as  filler. Rheological measurements were performed using a Carri-Med
CSL500 controlled stress rheometer. The Leeds Design Method was used to predict the
effect of shredded tyre rubber on the engineering properties of asphaltic concrete. A new
porosity measuring apparatus - Leeds Vacuum Porositvmeter (LVP)- for the bituminous
mixture was introduced. Fatigue behavior was examined using an INSTRON controlled

sinusoidal stress fatigue testing machine.

Results of the tests have shown that the addition of rubber imparts the elastic behavior of
the binder. This leads an increase on the porosity of the mixture. It is an undesirable result
for the bituminous mixtures. An improvement is needed on the compaction method of

shredded tyre rubber modified asphaltic concrete.
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CHAPTER ONE

INTRODUCTION

1.1. General

In most region on the world, road pavements consist of conventional mixtures which
perform  satisfactorily under relatively low traffic volumes and mild environmental
conditions. However, increasing numbers of commercial vehicles with increased axle loads

in aggressive climates result in accelerated deterioration and eventual failure of bituminous

pavements.

The aim of pavement design is to select the most economic pavement composition, which
will provide a satisfactory level of service for the expected traffic. To achieve this, the
designer must have sufficient knowledge of the materials, the traffic, the local environment

and therr interaction to be able to predict the performance of any pavement composition.

Pocr performance and premature failure of some bituminous mixtures have led many
researchers and engineers to find out new materials. To improve the performance of
bitumen and to increase the service life of bituminous mixtures, additives have been
incorporated to change the characteristics of the bitumen and bituminous mixtures. The
idea of adding natural or synthetic polymers, such as rubber, to traditional binders, to

improve the pavement performance dates back to over a century (Thompson, 1964). The
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earliest references found are British Patents (Austin, 1943; Hancock, 1843) issued in

1843.

Inv-estigations at the Road Research Laboratory (now Transport Research Laboratory) in
co-operation with the Natural Rubber Bureau have shown that the addition of small
proportion of natural rubber to bitumen had a strong influence on the rheological
properties of the binder in a manner likely to result in improved road performance

(Thompson and Szatkowski, 1971).

The disposal of scrap tyres is an increasing environmental problem. For example, estimates
for the generation of scrap tyres are 1.5x10° tones per year in the European Community,
2.5x10° tones per year in North America and 0.5x10° tones per year in Japan (Roy et al.,

1990), and just S percent of these are recycled (Dempster, 1979).

Many road authorities are currently eval.uating the use of recycled rubber to modify
bituminous mixtures. There are also a number of patents some of which are offered
commerctally, for example a method patented under the trade name Plus Ride™ which is
marketed in USA by PaveTech Co.. In this process granulated coarse and fine rubber
particles are incorporated into the mix to replace some of the aggregates. The rubber
particles are added cold into the mix. The reported advantages of using this paving system
are (Tokallou, 1987);
1-high fatigue resistance,

2-high durability,
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3-reduced reflective and thermal cracking,
4-improved skid resistance during dry, wet and icy condition,

S-improved ice removal by elastic deformation of the rubber granules under traffic

loading,
6-noise reduction,
7-environmental soundnéss,
8-reduced hydroplaning and water spray and

9-reduced need for salting and sanding.

Another patented method is to modify directly the binder itself before mixing together
with aggregates. This process is also offered in USA as Arm-R-Shield (A-R-S) (Tokallou,

1987) by Union Qil Co. (Nielsen and Bagley, 1978) and US Rubber Reclaiming Co.(Huff,
1979).

Rubberized bitumen imparts greater elasticity and a reduced susceptibility to temperature
changes to normal bitumen (Szatkowski, 1970). These physical and chemical properties of

vulcanised rubber are of far greater technical importance than unvulcanised rubker (Stern,

1967).

However, structured studies which deal with the long term performance and durability of
bituminous mixtures made with rubber-modified bitumen are not available. Because of the

lack of information, a need exists to evaluate the effects of mix ingredients in terms of
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engineering properties and long term performance of rubber modified bituminous

mixtures.

1.2. Objectives

In this study, shredded tyre tread vulcanised rubber was used to investigate the effect of
rubber on the properties of asphaltic concrete. The shredded rubber was prepared by
Wellington Rubber Co. Ltd. (Birkett, D.J., 1991, Leeds). Four different rubber gradation

were used in the investigation. The gradation of rubber particles are given in Chapter 3

Table 3.1..

The objectives of this investigations were;

1-to study the effect of shredded waste rubber size and amount on the rheological
properties of bitumen,

2-to design a continuos particle size distribution of mineral aggregates based on
minimum VMA and to study the engineering properties and performance of
asphaltic concrete made with this aggregate gradation,

3- to develop a method to measure directly the porosity of bituminous mixture,

4-to investigate the effects of shredded tyre rubber on the engineering properties of
asphaltic concrete particularly on permanent deformation during long term loading
(creep),

5-to examine the resistance to fatigue cracking of the rubberized asphaltic concrete.
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1.3. Study Approach

This research consisted of a laboratory study of the properties of asphaltic concrete as a
function of variables such as rubber content, rubber size, mixing temperature and mixing
time of rubber-bitumen blend, aggregate gradation and porosity. The influences of these
variables were evaluated on measuring the engineering properties and fatigue life of the

mixtures. For this purpose it was necessary to undertake the folowing steps.

Step 1. Evaluation of Use of Rubber in Bituminous Mixtures

Earlier investigations on rubber modified bituminous mixtures were reviewed to identify
the potential problems and benefits as well as the usage of material. This step consisted

mainly a review of the available literature in order to;

1-identifv the effects of rubber particle shape, type and gradation on the pfoperties of

rubber modified binder,

2-evaluate the current mix design procedure and guidelines for rubber modified

mixtures,

3-evaluate the effect of varving rubber content, rubber gradation and bitumen type,

4-evaluatzs the rubber-bitumen interaction.

These are presented in Chapter 2.

Step 2. Materials and Procedures

In this step materials and rubber bitumen blend procedure were considered to evaluate the

effect of mix variables on the properties of rubber modified asphaltic concrete. It contains

in particular,
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1-material used and their properties

>

2-specimen preparation techniques.
Chapter 3. explain this step.

Step 3. Design of Bituminous Mixture

This step contains the design procedure of the waste shredded rubber modified asphaltic
concrete. The Leeds Design Method (LDM) (Cabrera. 1992) was used to determine the
Optimum Binder Content (OBC) and evaluate the effect of rubbers on the engineering

properties of the shredded rubber modified asphaltic concrete.
Chapter 4. explains this step.

Step 4. Rheology of Waste Shredded Rubber-Bitumen Blends

In this step the rheological properties of rubberized bitumen were determined using
current test methods, ie. specific gravity. penetration, softening point, ductility, dynamic

mechanical analysis (oscillatory shear stress) and modified ductility.
The results of this step are given in Chapter 5.

Step 5. Porosity of The Rubberized Asphaliic Concrete

Porosity is one of the most important factor effecting the long term performance and
durability of bituminous mixtures. In this step, a method developed to measure directly the

porosity of bituminous mixtures is presented. The porosity of the asphaltic concrete is
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measured by the new method based on vacuum porosimetry. The results were compared

against calculated porosities from;
1- porosity calculated using geometry of the samples

2- porosity calculated after weighing the standard test samples in air and in water.

Chapter 6. includes the result of this step.

Step 6. Engineering Properties of Asphaltic Conecrete made with Waste Rubber-Bitumen

Mixtures

Mix designs were prepared for thirty-four different combination to evaluate the optimum
binder content. Standard 101.6 mm & x 63.5 mm height samples were tested for flow,
stability, permeability and density. The major mix material variables used in the mix design
were as follows,
1-four different rubber gradation; passing 3.35. mm ,2.36 mm, 2.36 mm (fine) and 1.18
mm,
2-four rubber content 2, 5, 10, 20% by weight of bitumen,

3-two different penetration grade bitumen (30 pen. and 100 pen.).

The results of this step are presented in Chapter 7.

Step 7. Creep of Rubberized Asphaltic Concrete

The creep measurement was done on the CANIK UL apparatus (Cabrera and Nikolaides,

1987). to evaluate the creep stiffness of waste shredded rubber modified asphaltic

concrete.
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The results of this step are given in Chapter 8.

Step 8. Fatigue Behavior of Rubberized Asphaltic Concrete.

The behavior of flexible paverents under repeated loading is of critical concern to
highway engineers as well as laboratory researchers. In this investigation, the INSTRON
Testing Machine (Model 8033) was used to evaluate the fatigue life of the rubberized

asphaltic concrete.

The results of this step are presented in Chapter 9.

Step 9. Summary and Recommerdation

This step brings together all the t2st data and research information to estimate the effects

of the mixture variables on mix d2sign and mix properties.

This final chapter summarizes the work done. It presents the advantages, disadvantages,

data analysis and recommendation for use of waste shredded rubber modified asphaltic

concrete.

The results are given in Chapter 10.




CHAPTER TWO -

LITERATURE REVIEW

2.1. Introduction

A number of investigations have been reported for the rubberized bitumen. The essential
characteristic of rubber is its property of high elasticity which allows it undergo large
deformation from which almost complete, instantaneous recovery is achieved when the
load is removed. This propérty of high elasticity derives from the molecular structure of
rubber. Rubber belongs to the class of materials known as polymers and also referred to as
an elastomer. The characteristics of an elastomer are (Freakley and Payne, 1978);
1-the molecules are very long and are able to rotate freely about the bonds joining
neighboring molecular units,
2-the molecules are joined, either chemically or mechanically, at a number of sites to
form a three dimensional network. These joints are termed cross-links,

3-apart from the cross-links, the molecules are able to move freely past one another.

In recent years, the most overlooked aspzct of rubber modified bitumen is the attention to
the ecological problems of disposing of the large volume of discarded tyres. The
properties of rubbers as modifiers in bitumen to impart improved performance to

bituminous mixtures used in pavement construction are in of great relevance since the
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construction of pavements requires large amounts of binder and therefore this is a large
source for the useful utilization of discarded tyres. To find an usage to the waste rubber in

pavement will achieve double purposes, i.e. safe disposal of rubber tyres and improved

pavement performance.,

2.2, History of The Rubber Industry

Rubber was one of the first substances to impress the early European explorers of the
New World. They had never encountered anything like the resilient balls that were used by
the natives of Central and South America for playing games. The balls were made from a
dried milky liquid which could be obtained by cutting the bark of certain trees. Samples of
this curious gun were taken back to Europe by the Spaniards and Portuguese. However,

their discovery had no impact on civilization at that time (Lagrane, 1980).

In 1770, Joseph Priestly discovered that the material could be used to rub out pencil marks
and called the name “rubber”. Rubber was not widely used on a commercial basis until
Charles Goodyear, in 1839, discovered how to “vulcanize” it with sulphur. Vulcanization
with sulphur reduced the temperature susceptibility of the rubber. With further compound
development, vulcanization made possible the production of items, such as the pneumatic
tyre, which consumes more than half of all rubber used world-wide. About 80% of all
rubber is used in the motor industry, mainly for tyres (Barron, 1949). The rubber tyre
accelerated the development of the automobile and this, in turn, created the necessity for

an improved highway system (Lagrane, 1980).
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2.3. Properties of Rubber

Several detailed references about the properties of rubber have already been published

(Stern, 1967; Treloar, 1975) so that only a brief summary will be given here.

The physical and chemical properties of vulcanised rubber are of far greater technical

important than unvulcanised rubber. Probably the most important single property of rubber

whether vulcanised or not, is its elasticity.

A typical stress-strain curve for vulcanised rubber is shown in Figure 2.1.. The value of
Young Modulus for small extension is 981 kPa compared with about 9.81x10° kPa for a

hard solid. For rubber, elongation at break is about 500 to 1000 %. This value is seldom

for a hard solid over 1 % (Stern, 1967).
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Figure 2.1. A typical stress-strain curve for vulcanised rubber (Stern, 1967).
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Another important property of rubber is its long chain molecules with freely rotating links.
On deforming rubber, the chain of molecules, which are curled, extend These chains will
try to return to the usual position. The maximum possible elongation will therefore depend
on the actual length of the chain. Thus, the greater the chain length, the gfeater should be

the elongation before the rubber breaks (Stern, 1967).

Ordinarily rubber begins to soften at about 120 °C and starts to decompose above 170 °C,
and as the temperature rises it changes into a thick brown oil with a characteristic odour
which is no longer rubbery. Above 300 °C cracxing taken place, and breakdown occurs

with the formation of numerous decomposition products (Barron, 1949).

2.4. Tyre Composition

Tyre contains vulcanised rubber in addition to the rubberized fabric reinforcing textile
cords, steel or fabric belts and steel-wire reinforcing beads. The most commonly used tyre
rubber is SBR (Styrene-Butadiene-Copolymer) contaiﬁ'mg about 25% styrene by weight.
Other rubbers used in tyre, manufacture include natural rubber (cis-polyisoprene),
synthetic cis-polyisoprene, and cis-polvbutadiene. A typical composition for tvre rubber is

shown in Table 2.1. (Williams ef al., 1990).

The carbon black is used to strengthen the rubber and aids abrasion resistance, and the
extender oil is a mixture of aromatic hydrocarbons, which serves to soften the ;ubber and
improve workability. Sulphur is used to cross-link the polymer chains within the rubber
and also to harden and prevent excessive deformation at elevated temperatures. The

accelerator is typically an organo-sulphur compound, which acts as a catalyst in the
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vuleanization process. The zinc oxide and stearic acid also act 10 control the vulcanization

process and in addition, enhance the physical properties of the rubber (Williams, et af.,

1990).

Table 2.1. Rubber Compounding Composition.

Component Weight(%)
SBR - 62,0
Carbon Block 31,0
Extender Oil 1,9
Zine ijde 1,9
Steaﬁc Acid 1,2
Sulphur i1
Accelerator 0,7

2.5. Bitumen as a Road Material

Bitumen is a dark, highly viscous to almost solid subsance, consisting of hvdrocarbons

and their derivatives and is completely soluble in carbondisulphide. It is the residue of

certain kind of petroleum after the evaporation o7 their rmost volatile components (Pfeiffer,

1930).

If the residue has been formed from petroleum under geologica! influences, the bitumen is

found as such in the earth’s crust in the form of “pitch lzkes” (z.g. Trinidad), the bitumen

in this form is called natural bitumen (Pfeiffer, 1930).
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Bitumen was imported into UK on a small scale early in this century. In the twenties
bitumen consumption was about 200000 tones per annum. The demand increased rapidly,
reaching 1 million tones per annum by 1960 and with the start of the motorway building
program the demand for bitumen soared to 2 million tones per annum by 1970, reaching a

peak of 2.4 million tones in 1973 (Shell, 1990).

2.5.1. Bitumen specifications and quality

In the UK, bitumens are manufactured to British Standard, BS 3690, Part 1 (1989) covers
bitumen for road purposes, Part 2 (1989) covers bitumens for industrial uses and Part 3

(1989) covers blends of bitumen with coal tar and with lake bitumen or pitch.

There are five types of bitumen, which are of common use in industry. They are
characterised by a combination of penetration, softening point and viscosity, these are
namely;

1-penetration grades,

2-oxidised grades,

3-hard grades,

4-cutback grades,

5-bitumen emulsions.

Penetration grade bitumens are specified by the penetration and softening point tests, but
are designated by penetration only, e.g. 100 pen. bitumen has a penetration of 100 + 20

and a softening point of 46 + 5 °C. The grades range from 15 pen. through to 450 pen.,
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with corresponding softening point ranges for each grade. The majority of penetration

grade bitumens are used in road construction.

Oxidized bitumens are used almost entirely for industrial applications, and are specified
and designated by both softening point and penetration test, e.g. 85/40 is an oxidised

grade bitumen with a softening point 85 + 5 °C and a penetration 40 + 5 (1/10)mm..

Hard bitumens are also used entirely for industrial applications, they are also specified by
both softening point and penetration test but are designated by a softening point range

only and a prefix H, H80/90 is a hard grade bitumen with a softening point between 80 °C
and 90 °C.

Cutback bitumens are manufactured by blending either 100 pen. or 200 pen. bitumen with
kerosene to comply with a viscosity specification. In the UK cutback bitumens are
specified and designated by the flow time trough a standard tar viscometer (STV). Three
grades are available, 50 seconds, 100 seconds, and 200 seconds. The majority of cutback
bitumen is used in surface dressing but a significant amount is also used for the

manufacture of both standard and deferred set macadams (Shell, 1990).

Bitumen emulsions are classified in BS 434: Part 1 (1984) by a three part code and in BS
434: Part 2 (1884) these codes are explained. The first part of the code, either A or K,
indicates anionic or cationic emulsion. The second, 1 to 4, indicates the breaking rate or
stability, the higher the number the greater the stability. The third part of the code, 40 to

70, indicates the bitumen content of the emulsion. For example; K1-70 is a kationic
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emulsion, rapid setting with a bitumen content of 70%. These specifications (BS 434,

1984) principally specify the bitumen emulsions in terms of viscosity and bitumen content.

2.5.2. Rheology

Rheclogy is the science of the deformation and flow of matter (Van Wazer, 1963) and
bitumzn is the most unique material for the rheologist. Bitumen rheology is the study of
stress-strain patterns of the material in relation to time. The following patterns are
considered (Barth, 1962):

I-degree of elastic recovery after a series of deformations,

2-stress or strain relaxation after deformations,

3-internal strain relaxation with time, after a deformation followed by a partial

recovery,
4-change of strain with time under constant stress

S-recovery of strain after release of stress.

Bitumens are distinguished as regard their rheological properties in two respect, namely
their character and their hardness (Pfeiffer, 1950). Differences in character mainly consist
in deviations from Newtonian flow, and differences in hardness can be indicated by the
value of the viscosity, The character may vary when bitumens are produced from the same

petroleum by different methods, or by the same process from crudes of different origins.
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2.5.2.1. Flow

An ideal viscous body can not sustain stress for long since this is relieved by flow, with the
rate of flow being a function of stress (Shell, 1990). Flow, brittleness and viscosity are

interrelated on bitumen and temperature greatly affects these properties.
2.5.2.1.1, Newtonian Flow

The Newtonian model of flow is shown in Figure 2.2.. It consists of two parallel planes A

and B, the space between them being filled with a liquid. A tangential shearing stress F is

applied at a.

F a
h e
4\ B

Figure 2.2. The Newtonian model of flow (Barth, 1962; Van Wazer, 1963).

The A plane then moves with respect to B, carrying with it, the innumerable parallel planes
of liquid existing between A and B. The top plane A moves the furthest with respect to the
plane B, which remains stationary. When point b reaches to point c, the straight line be
represents the distance travelled by plane A in one second, and its length gives the velocity
of plane A. Then be divided by bd becomes the rate of shear. This is usually written dv/dr,

where v and r are the velocity and distance between the two planes respectively. This

equation is often written as;
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F ,
=~ 2.1.
n 3 (2.1.)

in poises, where, 1) the viscosity, is the ratio of shearing stress F 1o the rate of shear, S; F

is the shearing stress in dynes/cm, and S is the rate of shear in reciprocal seconds.

2.5.2.1.2. Non-Newtonian Flow

For a Newtonian fluid in laminar flow, the shear stress is directly proportional to the shear
rate. Viscosity n depends only on temperature and pressure and is independent of shear
rate. However for several classes of fluids this coefficient of dynamic viscosity is found to

vary with changing shear rates. Such materials are called non-Newtonian fluids (Van

Wazer, 1963).

Typical flow curves for both Newtonian and non-Newtonian fluids are shown in Figure
2.3.. Line A represents a Newtonian liquid, the coefficient of viscosity 7 is constant. When
the rate of shear increases at a greater rate than the shear stress, curve B, the fluid is called
pseudo-plastic liquid. A material exhibiting a flow curve shaped like curve C, where the

rate of shear increases at a lower rate than the shear stress, is called a dilatant fluid.

Another important phenomenon connected with flow is the existence of a yield value.
Certain materials which flow readily under sufficient shear stress will not flow at all if the
shear stress is reduced below a certain amount called the yield value. A fluid exhibiting this
type of behavior is called Bingham (Van Wazer, 1963) body, see curves D, E and F in

Figure 2.3..
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Rale of shear
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Shearning siress

Figure 2.3. Flow curves for a number of fluids with differing rheological properties {Van

Wazer, 1963).

2.5.2.2. Viscosity

The apparent viscosity i which is the ratio of total shearing stress to total rate of shear at
a given value ol say, rate of shear, is exemplified by the two dotted lines in Figure 2.3..
The concept of a Newtonian fluid has a verv important bearing on the measurement of
viscosity. Because in a Newtonian fluid. viscosity is independent of the shear rate.
instruments employing only one rate of shear can be used, i.e. the so called single point

viscometers. However in the case of non-Newtonian fluids. the use of single point

viscometer can lead to misleading results.

2.5.2.3. Penetration

The penetration 1s the normal criterion of consistency and has a wide measuring range.

The test method was published in 1889 (Pfeiffer, 1930), improved afterwards by Dow




20
I_Chapter Two Literature Review |

(1898) and has been standardized by the British Standard Institution (BS 2000 Part 49,

1983).

In this method, a standardized needle is allowed to penetrate under standardized
conditions of time (5 seconds), temperature (usually 25 °C) and load_ (100 gram) in a thin
filled with bitumen, and the depth of penetration is measured in 1/10 mm. The
determination of the penetration is therefore substantially a determination of the resistance

to deformation and is closely related to the viscosity.

Carre and Laurent (1963) have given the relationship between penetration and viscosity
for the bitumen used in road construction at given temperature. These equations are;

for the bitumen above 60 penetration;

log P =-0.465xlog 1+4.725 (2.2.)

or, P = 5.305x10%xn 465! (2.3.)
for the bitumen below 60 penetration;

log P = —-0.385xlog n+4.228 (2.4.)
or, P = 1.69x10*xn 3% (2.5.)

in viscosity as the function of penetration;

for the bitumen above 60 penetration:

n = 1.45x10!%p215 (2.6.)
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for the bitumen below 60 penetration;

1= 9.50x1010p 20 2.7)

where;
P, penetration of binder at given temperature,

7, viscosity of binder at given temperature,
2.5.2.4. Softening point

Bitumen has no real melting point. When heated it gradually become softer (Pfeiffer,
1950). To determine the softening point of bitumen the ring and ball test (BS 2000 Part

58, 1983) is an important indicator and is used in UK and elsewhere.

In this test a steel ball (3.5 gram ) is placed on a sample of bitumen containing a brass ring;
this is suspended in a water or glycerol bath. Water is used for bitumens with a sofiening

point of 80 °C or below, and glycerol is used for softening points greater than 80 °C.

At the beginning of test the bath temperature is 5 °C. The bath temperature is raised 5 °C
per minute, the bitumen softens and eventually deforms slowly with the ball through the
ring. At the moment the bitumen and steel ball touch a base plate, which is 25 mm. below
the ring, the temperature of the water is recorded. The z2st is performed twice and mean
of the two measured temperatures is reported to the nearzst 0.2 °C for a penetration grade

bitumen and 0.5 °C for an oxidized bitumen. If the differznce between two results exceeds

1.0 °C the test must be repeated (Shell, 1990).
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2.6. Rubberized Bitumen

The use of bitumen-rubber materials has been increasing as they have proven useful
functional applications in various pavement maintenance including binder for hot rolled
asphalt (Stephens and Mokrzewski, 1974; Oliver and Dickinson, 1977; Oliver, 1976), low
module Stress Absorbing Membranes (SAM's) (Olsen, 1973), Stress Absorbing
Membrane Interlayers (SAMI's) (Morris and McDonald, 1976; Huffinan, 1980;
Schnormeier, 1980; Morris, 1989; Doyt, 1989) and in airport pavements (Hoyt et al.,
1988). A wide range of advantages of rubber-modified bitumen have been suggested

(Beaty, 1992). These include;

1- to improve low temperature ductility and hence the resistance of bituminous

mixtures to brittle fracture,

2- to improve the stiffness of the bituminous mixture at high temperatures so as to

reduce permanent deformation and rutting under traffic loading,

3- to improve the adhesion of the binder to the aggregate and thus improve resistance

to stripping,

4- to reduce the temperature susceptibility of the binder ie. to decrease the loss of

viscosity at high temperatures and hence to reduce bleeding,

5- to reduce or prevent reflection cracking when the material is laid over a cracked

pavement structure,

6- to improve the fatigue resistance of bituminous mixtures,
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7- 1o increase the strength of the bituminous mixtures,

8- 1o improve the impact resistance of bituminous mixtures,
9- 10 improve resilience and elastic recovery,

10- to find a usage for scrap rubber Ifrom vehicle tyres.

However, structured studies which deal with the long term performance and durability of
bitumirous mixtures made with rubber-modified bitumen are not available. Because of the

iack of information, a need exist to evaluate the effects of mix ingredients in terms of

engineering properties.

In spitz of the impressive number of benefits to be gained by the use of rubberized

bitumer, its acceptance by the road construction industry was rather slow for a long time.

This can be attributed to the following (Beaty, 1992);

I-in the majority of road applications traditional bituminous mixtures have given

satisfactory service,

2-rubberized bitumen is more costly and its use ofien required additional processing

and modification to traditional handling and laying techniques.

- 2,6.1. Rubber Bitumen Blend Preparation

The form of rubber and the final use of the blend influences the method of addition and

dispersion . The following methods have been used in the past.(Patrick, 1983).
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1-Addition into the bitumen: The agitation during dispersion of rubber powder into hot
bitumen is the main problem. However the addition of latex into hot bitumen is
more difficult, due to the danger of foaming as water evaporates. It is normally

recommended (Road Note 36, 1967) that the bitumen be heated to at least 150 °C.

2-Master Batch: This system is traditionally recommended for cutbacks, but it is

currently used in the marketing of thermoplastic rubber.

In the case of cutbacks using latex, the total kerosene amount required for the
blend is mixed with the same quantity of bitumen. The temperature of this blend is
controlled so that the viscosity is such that a vortex will form when mixed with a
propeller stirrer. Then latex is added slowly into the binder. The temperature is
then slowly raised and the water starts to evaporate at about 95 °C. The mixture
will remain at about 100 °C until no water remains, at which point the temperature
starts to rise rapidly. The final mix, The “master batch™, is therefore a concentrate

of rubber, bitumen and kerosene.

This master batch then can be blended with the rest of bitumen required for the

job, taking care that there is sufficient mixing to ensure adequate dispersion of the

rubber through the blend.

- 3-Direct into the Pugmill: Addition of scrap rubber directly into the pugmill is being
used in United States (Allen, 1990). In Canada, road trials (George, 1978) have
been performed with scrap rubber which has been pre-blended with bitumen for 30

minutes at 200 °C, an added directly into the pugmill. The result has shown that,
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when constructed properly, the rubber modified material can perform as well as a

conventional mixture (Allen, 1990).

When using latex in hot mixed asphalt the rubber bitumen can be mixed and
sprayed directly into the pugmill. Alternatively, a separate spray bar for the latex
can be installed (Patrick, 1983). Tests performed in Italy (Rampichin, 1971)
indicated that when spraying the latex separately from the bitumen best results
were obtained when the latex spray started 3 to 4 seconds after bitumen. This

practice of initially coating the stones by bitumen before addition of the latex is

also recommended by Thompson (1969).

4-In Place: A differenf approach to the problem of incorporating rubber into the
mixture is reported by Rostler et al.(1970), where a special rubber emulsion is
sprayed on to the completéd pavement. This emulsion carries rubber into the voids
of the mix, where it is deposited on, and absorbed by, the bitumen.

Laboratory trials carried out in New Zealand, (Williamson and Patrick, 1971) indicated
that in order for the emulsion to penetrate the bitumen, the void content of the
asphalt needed to be greater than 8%. Most of the asphaltic concrete used in road

construction would be below this figure, thus adequate penetration would not be

obtained.

S-Emulsion: As rubber latex is an emulsion of rubber particles in water, it can be
l blended with an appropriate bitumen emulsion. Natura!l rubber latex has been used

in New Zealand up to a concentration of 20% of an anionic emulsion. Although
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phase separation occurs during storage, the components are easily remixed

(Patrick, 1983).

2.6.1.1. Rubber by Chemical Type

There is a wide range of materials available that can be ¢lassified as rubber (Patrick,

1983). Those that have been commonly used as an additive to bitumen are listed below;

1-Natural rubber: This is the extract from rubber trees. It is chemically a polyisoprene,

and is processed into various forms.

2-Neoprene: This was the first synthetic substitute for natural rubber and chemically a

polyisoprene, and is processed into various forms.

3-Styrene-Butadiene (SBR): This is a random copolymer of styrene and butadiene. It
comes in many types, depending on the method of polymerization, ratio of styrene

to butadiene units, and presence of additives.

4-Styrene-Butadiene-Styrene (SBS): This is a block copolymer which behaves as a
liner polymer at high temperatures but reverts to a vulcanised rubber form at

ambient temperatures, Rubbers of this type are known as thermo-plastic rubbers.

5-Vuleanised rubber: For use in bitumen this is normally vulcanised natural rubber. It
is formed by heating a mixture of natural rubber with sulphur, sulphur compounds
or other chemicals, to produce cross-linking of the rubber molecules. The degree

of cross-linking “vulcanization™ can be controlled.
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6-Reclaimed rubber: This is previously used rubber which has been ground and then

undergone some processing. The processing depolymerises the rubber.

7-Scrap rubber: This is often called waste rubber or crumb rubber. It is ground or
pulverized rubber that has been screened into specified size fractions. The main

source is normally vehicle tyres. Passenger car tyre treads are usually SBR, while

more heavily stressed tyres are made from natural rubber.

2.6.1.2. Rubber by Physical Form
Rubber has been dispersed into bitumen in various physical forms (Patrick, 1983),

1-Powders: Fine and coarée rubber powders are available. The majority of work used
vulcanised or lightly vulcanised rubbers. Unvulcanised rubber is sticky and can

only be easily handled when mixed with a mineral carrier, such as barite (Winter,

1956).

Scrap rubber is comparatively coarser powder. The most commonly used material

in retained between 1.18 mm and 0.60 mm screens.

2-Latex: This is, in effect, an emulsion of the rubber in water. Natural rubber obtained

from the trees is in a latex form, which is then concentrated to between 60 and

70% rubber.

3 -Liquid: Natural rubber and some synthetic rubbers can be taken up by a solvent and

| added to bitumen in this form.
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2.6.1.3. Rubber Concentration

As the cost of rubber is so much greater than that of bitumen the minimum quantity to
affect an “improvement” should be used. Consideration of the compatibility of the rubber-

bitumen blends also limits the quantity of rubber that can be dispersed.

In laboratory trials, rubber concentration of from 0.5 to 10% (by weight) of the bitumen
have been used. For field applications the content of rubber has been from 0.5 to 6% of
bitumen. Low (0.5 to 1.0%) rubber contents have normally been used for chip seals,
although 3 to 4% has been used in Australia. The higher rubber contents (2 to 6%) have

normally been used in asphalticA concrete (Patrick, 1983).

Chehovits ef al. (1982) described the bitumen-rubber blends as a concentration of rubber

ratio in two forms;

1-bitumen-rubber containing a higher amount of granulated rubber (15 to 25% by

weight), which was originally developed by McDonald (1965),
2-rubberized bitumen (1 to 3 % by weight).

A special case is the scrap rubber of relatively large particle size (4.2 mm to 6.35 mm) in
bituminous mixture, with rubber concentration of 3 to 4% by weight which were originally

developed in late 1960 in Sweden (Tokallou and Hicks, 1988).
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2.6.2. Effect of Temperature

Temperature has two effects on swelling of the rubber particles in bitumen (Green and

Tolonen, 1977).

a-as the temperature increases, the rate of swelling greatly increases,

b- as the temperature increases, the extent of swelling decreases.

2.6.3. Effect of Rubber in Bitumen

As mentioned earlier rubber can be incorporated into the bituminous mixture in many

different ways. The most commonly used way is the addition of rubber into the bitumen

before mixing with aggregate.

2.6.3.1. Rubber as the powder form in bitumen

Piggot et al. (1977) used reclaimed rubber from scrap tyres for their tests this was fine
vulcanised rubber passing 0.6 mm and much coarser unvulcanised material. Vulcanised
rubber showed a large effect on the viscosity of the bitumen under condition chosen for
minimal interaction. Figure 2.4. shows the results obtained when mixing was carried out at
110 °C for 10 minutes. The viscosity, measured at 95° C, was increased by a factor of
more than 20% when 30% vulcanised rubber was added to the mixture. In contrast, the
unvulcanised rubber showed only a very small effect. Very little interaction between the
rubber and bitumen was observed at 200 °C. Figure 2.5. shows the effect of heating
bitumen-rubber mixtures for periods of up to three days on the viscosity. The vulcanised

rubber had the larger effect; probably due to its smaller particle size.
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Figure 2.4. Effect of adding ground vulcanised rubber and screened unvulcanised

reclaimed rubber on the viscosity of bitumen (Piggot e al., 1977).

In the same investigation, results for void content, voids in mineral aggregate, Marshall
flow and Marshall stability wer.c": obtained for different aggregzates. The void content was
greatly increased by the r_ubber and to keep the void content within the acceptable range
(2-4 %) required a higher bitumen content. When the rubber was preheated with bitumen

for 30 minutes at 200 °C the void content was even higher.
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Figure 2.5. Variation on viscosity with varving mixing time of rubber-bitumen mixtures

(Piggot et al., 1977).
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Figure 2.6. The effect of the rubber concentration and rubber particle size on the softening

point of rubber- bitumen blends (Lalwani ef al., 1982).

Lalwani er al. (1982) used truck tyres from three different manufacturers and automohile
tyres in bitumen with concentration of 7.5, 15 and 30% .They investigated the rheological

properties of bitumen-rubber blends and Marshall stabilities of rubberized asphalt.

Figure 2.6. shows the effect of the rubber concentration (Figure 2.6.a.} and the effect of

the rubber particle size (Figure 2.6.b.) on the softening point of the rubber-bitumen blends.

In the same study ground rubber was mixed with bitumen in a closed one litre capacity
metal container. Heat was applied via a hot plate controlled by an electronic temperature
control device. The bitumen was stirred continuously to prevent locai overheating. The
ground rubber was added slowly, keeping the temperature of the contents within 5 percent

of the desired setting. One hour heating afier the addition of rubber was allowed in order

to obtain good dispersion.
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Figure. 2.7. The effect of the rubber concentration and particle size on the viscosity of

rubber-bitumen blend (Lalwani et al., 1982),

Figure 2.7.a and b show the effect of the rubber concentration and rubber particle size on

the viscosity of the rubber-bitumen blends.

Marshall stabilities in excess of 17.7 kN. at 7% binder content and 4.5% .porosity were
obtained by using a 30% reclaimed rubber-bitumen blend and a dense aggregate
gradation. In comparison, the conventional bituminous mixtures lacking rubber shown
stabilities in the order of only 13.2 kN. at approximately 4.9% binder content and 3.4%

porosity.

Chehovits er al. (1982) studied rubber from two different production process, ambient
grind thread peel crumb and ambient grind high natural rubber contents unvulcanised
crumb. Each type of rubber was studied at three different particle size distributions. These

~ particles were variable between 2.36 mm-0.075 mm.
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To prepare the rubber-bitumen blends they heated the bitumen up to 191 °C in the mixer
with the stirring mechanism in operation at 200 to 300 rpm.. The mixer speed was
increased to 500 rpm. after the bitumen has reached 191 °C. The required amount of
rubber was introduced into the bitumen as rapidly as possible while maintaining the mixing
speed at 500 rpm.. The temperature of the mixture dxo;;ped slightly due to rubber
addition, thus activating the heating mechanism which was restored the 191 °C
temperature. After the temperature has returned to 191 °C mixing at 500 rpm. was
continued for one hour while maintaining 191 °C. After completion of mixing the rubber-
biturmen blend was separated into about 250 c¢m’ sealed tins and stored at -18 °C until

tested. Material used for testing was reheated only once after mixing.

The creep-strain recovery test procedure was used on the inding plate viscomet_er to
evaluate the viscoelastic and viscous properties of the rubber-biturneh blends. The model
used to interpret test data is a combination of purely viscous response which results in
permanent deformation and fully recoverable viscoelastic response and is similar to that
proposed by Shweyer and Burns (1978). A conceptional mechanical model (Figure 2.8.) is

a dashpot element in series with a second element consisting of a spring and dashpot in

parallel.

The creep-strain recovery test consist of four segments each of which was 1/2 hour in
duration. The first test segment to measure creep was started by placing a 500 gram
weight (resulting in a 9807 Pa. shear stress) on the sliding plate microviscometer and

recorded resultant displacement at various time intervals. Displacement was recorded at
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“ten seconds intervals during the first minute, 20 seconds intervals during the second
minute, 30 seconds intervals during the third minute, one minute interval during the 7

minutes at two minutes intervals until 28 minutes had elapsed, and then at 29 and 30

minutes.
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F_igure 2.8. Burns-Schweyer model (Scheweyer e al., 1978).

The second segment of the test procedure to measure strain recovery was started
immediately after completion of the 30 minutes creep period by removing the 500 gram

load from the apparatus. Displacement data were recorded at the same intervals as for the

creep cyvele of the test.

The third and fourth segments of the test procedure were the repeats of the first and
second. After completion of the fourth segment, the sample was allowed for full recovery

of elastic strain for 20 hours. A schematic diagram of the strain vs. time curve for the

entire test is given in Figure 2.9..

The response of the samples to shear stress was separated into a non-recoverable apparent

viscosity component and a recoverable viscoelastic component. Apparent viscosity was
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calculated from the non-recoverable strain (after conditioning for 20 hours following

completion of the test) and the 9807 Pa. stress which was applied to the sample for 60

minutes as follows;

(2.8.)

< |«

where:
n. apparent viscosity,
1. applied shear stress,

v. shear strain rate calculated based on the measured non-recoverable flow, specimen

thickness, and 3600 seconds loading time.
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Figure 2.9. Strain as a function of time during the creep-strain recovery test (Chehovits et

al., 1982).
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The viscoelastic creep component of the data was determined by subtracting the strain
resulting from viscous flow from the total strain at each time interval. Viscous effects are
not present in the strain recovery portion of the test, thus the data, as measured, is

representative of the viscoelastic strain recovery response.

As a result of this research Chehovits et al., (1982) described that the viscous and
viscoelastic properties of bitumen-rubber materials may vary and may depend on the
bitumen grade, rubber gradation, concentration of granulated rubber, and several

interactions between bitumen gradation and rubber concentration.

Another research has been processed by Oliver (1982), who used the scrap rubber derived
from the tread area of used passenger car tyres and was therefore mainly synthetic. He

also used 85/100 pen. bitumen,

The main experimental program was to determine the effect of the digestion time on the
bitumen-rubber blends. For this purpose, samples had been removed for testing after
digestion time of 0.5, 1.0 and 2.0 hours. Basic deformation testing of bitumen-rubber
digestions using specialized sinusoidal loading equipment indicated that a simple test based
on elastic recovery of strain has been used. The apparatus developed was based on the
Shell sliding plate rheometer. In the modified instrument a cast prism of the material 10
mm. thick was sheared at 60 °C between two parallel aluminum plates to a strain of 1.0
mm/mm. The shearing stress of 330 Pa was then automatically removed and the recovery
of strain was measured after a period of ten times the period of straining has elapsed. The

movement of the free (loaded) plate was followed by a transducer and automatically
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recorded. A typical strain time curve for a bitumen-rubber digestion is shown in Figure
2.10.. Two parameters were used to characterize the material: the time to reach a strain of
1.0 mm/mm (referred to as “time under stress”™) and percentage of this strain which is

recovered when the stress is removed (percent elastic recovery).
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Figure 2.10. Sliding Plate Rheometer Test of a rubber-bitumen mix (Oliver, 1982).

The desirable condition, from the point of view of service on the road. is that the material

exhibits a high value of elastic recovery indicating behavior approaching that of soft elastic

solid.

The main variables effecting the digestion behavior and final properties of bitumen-

synthetic rubber digestions are the morphology of the original rubber particles and the

concentration of rubber in bitumen (Oliver, 1982).

Morphology has been characterized by measuring the bulk density of the rubber particles

in water (Oliver, 1981). Porous particles have a low bulk density while smooth angular -
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particles pack more closely to give a high bulk density. Figure 2.11. shows the relationship
observed between bulk density of (undigested) éynthetic and natural rubber particles,
manufactured by a number of different processes, and the elastic strain recovery of 15%
concentration of the particles digested in. bitumen at 200 °C for 0.5 hour. For the desirable

high elastic recovery condition, low bulk density (porous) rubber is required.
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Figure 2.11. Relationship between elastic recovery and bulk density (Oliver. 1982

A linear relationship between rubber concentration and elastic recovery was seen for
ssmthetic rubber from car tyres digested in bitumen at 200 °C for various digestion times
(Figure 2.12)) (Oliver, 1982). This figure shows that the effect of rubber particles
morphology on the elastic strain recovery of digestion is greater for natural rubber
digestion than for synthetic rubber ones. The effects of concentration on elastic recovery
was the same for natural and synthetic rubbers, a linear refationship with a slope of about

1.0 was obtained in both cases. In Figure 2.13. it can be seen that there is a gradual
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improvement in elastic recovery as either time or temperature of digestion, both are

increased.
P Digeastion
Temrperature 200°C

£ 3ol -
L
e
2]
©
z
Q@
>
$ zof
& 2t Digestion
L
A
& # ™~ 0.5n Digestion

10

L 1 1 ! H
o 5 15 15 20 25

Rubber Concentratipon (% by mass)

Figure 2.12. Effect of rubber concentration on elastic recovery (Oliver, 1982).

For synthetic rubber there is a systematic increase in elastic strain recovery as particle size

Jecreases. Natural rubber digestions has been found more sensitive to the cffects of time

and temperature of digestion.

The effect of time and temperature of digestion on natural rubber is shown in Figure 2.14..
Natural rubber digestion tends to have somewhat superior elastic properties at low
temperatures and short digestion times, when compared with equivalent synthetic rubber
digestions and also to improve more rapidly than the latter with increasing time or
temperaturé of digestion. Elastic recovery then has reached a maximum value and dropped

off rapidly with further heating unlike synthetic rubber digestions where a maximum was

not reached under normal operating conditions.
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Figure 2.13. Effect of mixing time and temperature of digestion on the elastic recovery of

synthetic rubber (Oliver, 1982).
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Figure 2.14. Effect of mixing time and temperature of digestion on the elastic recovery of

natural rubber {Oliver, 1982).

Oliver (1982) recommended the development of an industrial manufacturing process to
produce low bulk density rubber and the segregation of rubber scrap, and where possible,
the use of only comminuted natural rubber and investigation of the possibility of

manufacturing rubberized bitumen by adding of rubber with the aggregate fractions.
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A special case is the scrap rubber of relatively large particles (4.2 mm to 6.3 mm) as a
powder in bituminous mixture with rubber concentration of 3 to 4 % by weight which was

originally developed in the late 1960 in Sweden { Tokallou ef al., 1988).

The benefits of adding rubber to the mix, beside elimhatio_n of rubber tyre waste, are
increased flexibility, resistance to studded tyres. increased fatigue life, reduced noise and
crack reflection control (Tokallou, 1987). This system was developed to increase skid
resistance and durability and was found to provide a new form of winter ice control as
well as reduced noise level (Esch, 1982). The most important difference between modified
and normal mixes was indicated by the shape of the aggregate gradation curve (Figure
2.15.}. To provide a space forr the rubber particles, it was necessary to create a gap in the

gradation curve. The rubber particles then replaced some aggregate particles.
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Figure 2.15. Comparative aggregate gradation curves for normal and rubber modified

bitumen (rubber in mix) (Esch, 1982; Tokallou e al., 1988).
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Figure 2.16. Comparisons of fatigue life for bituminous mix samples with and without

rubber (Esch, 1982).

The fatigue life of rubberized asphaltic mixes has been found to be more than ten times
greater than normal mixes (Figure 2.16.). They exhibit also lower creep resistance than the
mixes with no rubber (Tokallou er al., 1988). The mixtures without rubber show greater
increase in stability with time than rubber modified mixture. Although rubber modified
mixes stability was unacceptable low, there is no evidence of rutting. This would indicate
that the stability test is not valid indicator of field performance for rubber bitumen

mixtures of this type (Lundy, 1987).

2.6.3.2. Latex in Bitumen

Beaty (1992) studied a rubber in the form of latex which had a dry rubber content of
68.1% in 85/100 penetration grade bitumen. Tests on a rubber-bitumen blend were carried
out at latex content of 2. 3, 4 and 5% by mass of bitumen. The test performed following
the relevant standards were Penetration and ring and ball Softening Point. Figure 2.17.

shows the relationship between temperature and penetration as a function of latex content
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for the range of temperature from 3 to 30 °C. From this Figure it can be seen that at low

temperature penetration increases with increasing latex content, whereas at high

temperatures penetration decreases with increasing latex content.

L

Figure 2.17. Log penetration versus temperature (Beaty, 1992).
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The addition of latex into the bitumen also increases the Softening Point of the binder.

Figure 2.18. shows the effect of the latex content on the softening point of the mixture.

Figure 2.18. T (R&B) vs. latex rubber content (Beaty, 1992).
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2.7. Summary

The literature review presented here indicates that the use of shredded rubber seems to
improve the properties of Bitumen and bituminous naixtu;es. Some of the researchers say
that rubber is increases the stability of a bituminous mixture and others says that of them
says rubber increases the porosity of a mixtures. McDaniels’ (1994) conclusions reflect the
actual consensus with relation to the research findings on the effect .of waste rubber in
bituminous mixtures. He says ‘performance of mixtures containing shredded rubber has
been mixed; some agencies have had very good success, others have had dismal and

premature failures’ when taken road trials into account.

However, the use of waste tyre rubber as a modifier in bituminous mixtures for pavement
construction is on the increase because the large availability of used rubber tyres and the

environmental problems caused when disposing them.

This review has brought into light the current problems associated with the use of
rubberized bituminous mixtures and highlighted the areas of research required to make this

technology available for practical applications.




CHAPTER THREE

MATERIALS AND PROCEDURES

3.1. Introduction

Asphaltic concrete consist of binder and well-graded aggregate. The binder may be a

normal penetration grade bitumen or a modified bitumen. In this investigation the modifier

used consist of waste shredded tyre rubber particles,

This chapter includes the materials and experimental design procedure used to evaluate the
effect of mix variables on the properties of rubber modified asphaltic concrete. It contains
in particular;

1-material used and their properties,

2-5pecimef1 preparation techniques,

3-type of tests,

4-test procedures.

3.2. Rubber Used in This Investigation

After reviewing the work of earlier investigators on the evaluation of the effect of rubber
on bitumen and bitwminous mixtures, the rubber concentration selected were 2, 5, 10, 20%
by weight of the bitumen. In this investigation, vulcanised tyre tread rubber was used. The

rubber, which was produced by Wellington Rubber Co. Ltd., was supplied in different size
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ranges. These were designated as 3,s 12,5 12/16°s and 40's mesh. Table 3.1. and Table

3.2. show the gradations and specific gravities of the rubbers used in this study.

Table 3.1. Rubber Gradation Used in This Investigation

Sieve size Passing(%)
(mm) 3’s 12°s 12°/16%s 40’
3.35 100.00 |  100.00 100.00 100.00
2.36 96.22 100.00 100.00 100.00
1.18 14.62 78.74 99.87 100.00
0.6 0.74 232 48.86 99.83
0.075 0.00 0.00 0.00 - 0.00

Table 3.2. Rubber Specific Gravities Used in This Investigation

Rubber Type Rubber Specific Gravity(gr/cc)
(bv Helium Picnometer)
3’s mesh 1.153
12/16°s mesh 1.156
12’s mesh 1.168
40’s mesh 1.198

3.3. Bitumen Used in This Investigation

The base bitumens used in this study were 50 penetration and 100 penetration grade base
bitumens. The two base bitumen were blended with the different sized vulcanised waste
shredded tyre rubber in varying concentrations. The effect of mixing time and the mixing

temperature of the rubber-bitumen blend were the other important aspects investigated
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3.5.2. Method to Obtain Aggregate Gradation with Minimum Porosity

Multiple-size dry compaction of aggregates can give an advantage of increasing the
packing density i.e. decreasing the porosity. Furnas (1928), Lees (1970), Tons and Goetz
(1968) Cabrera and Hoque (1984) and Sardaneh (1988) studied the relationship between
porosity and size compositions of mixed aggregate sizes. The packing volume concept
developed by Tons and Goetz (1968) is used to introduce the ideal gradation for used
specific aggregate. The major uses of the packing volume theory concept is to study the

inter particle voids outside the aggregates when particles compacted in bulk.

In order to determine the minimum packing porosity in multiple-size aggregate mixes, a
vibratory Dry Compaction Test (DCT) method was used which was developed by
Sardaneh (1988). The DCT equipment given in Plate 3.3. consisted of a vibrating table.
The selected time of vibrating was 60 seconds at 23 mm. amplitude and 100 rpm., because

most of the compaction takes place in 30-60 seconds (Sardaneh, 1988) and to avoid the

aggregate degradation.

A standard mould (101.6 mm. @) with a surcharge weight of 1200 gr. steel cylinder was
used in order to assure uniformity and an even surface. Crushed lime stone were sieved in
the sizes of 14.0, 10.0, 6.3, 5.0, 2.36, 1.18, 0.6 mm. and stored in different containers. In
first step, the 14.0 mm. size aggregate was mixed with the 10.0 mm. size aggregaie ina

varied percentage (by weight) and compacted in the dry compaction procedure as

mentioned earlier.
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Plate 3.3. The Apparatus used for Dry Compaction Test (DCT)

The inter particle packing voids can be calculated by using the following equation:

Ve = 1——D— % 100 (3.2.)
agg
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where;
V¢, packing void content (%),
D, density of the total mix (gr/em’),whiich is calculated from dividing the total weight

of mix by the volume of the mix V=(hx{nxd*/4)), h is measured, d=101.6 mm.,

SGagg, specific gravity of the mixed aggregate (grfcn’).

The specific gravity of the mixed aggregate is obtained also from the following

relationship:
100
G.oo = 3.3
SG agg = (33)
SG;
where;

Pwi, Percentage weight of aggregate fractions involved into the mix (%) (by weight),

SG, specific gravity of aggregate fractions involved into the mix (gr/cm’).

The second step is to mix the blend, which satisfy the minimum packing porosity from
14.0 mm. and 10.0 mm. aggregate size, with 6.3 mm. size with varied percentage {(by
weight). By using the two previous equation (3.2. and 3.3.) the packing void content at
each percentage was obtained. The later steps were the repetition of the this two steps.
The results of the Dry Compaction Test procedure are given in Figure 3.1.. The

indications of A to G shows the aggregate sizes from bigger size to smaller size

respectively as shown in Table 3.6..
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The optimal aggregate gradatiens used in this study, which is obtained from the dry
compaction test, are given in Table 3.6. column 2 and in Figure 3.1.. For comparison the
gradations, according to the equation (3.1.) using different values of » are also shown in
Table 3.6.. As it was seen from the same table the propoged gradation gives the lowest
value of VMA. However the VMA given by the aggregate gradation obtained from the
equation of Cooper er al.(1985) for the n = 0.5 is very close to the result obtained by
DCT. The aggregate gradation with n value of 0.5 was also used during this investigation
in order to investigate quantitatively the effect of small variation of particle size

distribution.
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Figure 3.1. Dry compaction test results.
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Table 3.6. Aggregate Gradations Their Bulk Specific Gravities and Compacted

Mixture Porosities Investigated for Dry Compaction Test.

Weight Passing (%)
Sieve size VAccording The Equation (3.1.)

(mm) DCT @ n=0.45 n=0.50 | n=0.60 n=0.70
14.0 (A) 100.00 100.00 100.00 100.00 100.00
10.0 (B) 90.97 86.02 84.96 82.80 80.62
6.3 (C) 7742 69.98 68.03 64.19 50.45
5.0 (D) 62.37 63.12 60.93 56.64 52.56
2.36 (E) 49.82 45.18 42.76 38.25 34.19
1.18 (F) 40.86 33.22 31.08 27.25 23.98
0.6 (G) 26.20 24.65 23.00 20.13 17.81

0.075 10.00 10.00 10.00 10.00 - 10.00
Va' (%) 26.00 28.30 27.56 29.00 30.00

SG™ (gr/cc) 2.755 2.754 2.753 2.752 2.751

1 The proposed apgregate gradation after Dry Compaction Test {(DCT).

2 Air Voids in the dry compacted aggregate
3 The Bulk Specific Gravity of Mixed Aggregate (SG).
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DESIGN OF BITUMINOUS MIXTURES

4.1. Introduction

Modern design of bituminous mixtures involves not only compliance with structural
requirements but also compliance with performance requirements during service (Cabrera,
1992). Researchers in the field of bituminous materials agree that performance can be
assessed by one or more of tﬁe following properties, porosity, permeability, adhesion of

binder to mineral aggregate, long term deformation (creep), and fatigue life.

The statutory methods of design for Hot Rolled Asphalt (BS 594, 1985) and Asphaltic
Concrete (Asphalt Institute, 1988) provide a recipe specification or an alternative design
using the Marshall test and measuring the density, porosity and voids in the mineral
aggregates (VMA). In these methods the measuring parameters i.e. Marshall Stability,
Marshall Flow, Density, Porosity and VMA do not give any indication of the workability

of the mix or its permeability or finally of its long term resistance to deformation.

In this investigation the design method used to evaluate the effect of rubber in bituminous
mixture was the Leeds Design Method, which is based on measuring not only the Marshall
Stability, Flow, Density, Porosity, VMA but also measuring, air permeability, static creep

stiffness and assessing the workability of bituminous mixture (Cabrera, 1992).
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4.2. Design Procedure

The steps of the design procedure for the investigation are outlined below:
1- selection of aggregate grading,
2- determination of the mixing and compaction temperat_ures,

3- preparation of compacted specimens with varying binder type and contents,

4- prediction of the workability of mixture,

5- determination of density of compacted specimens,

6- calculation of porosity and voids in the mineral aggregate (VMA),
7- testing of specimens for permeability,

8- testing of specimens for stability and flow,

9- testing of specimens for static creep,

10- selection of optimum bitumen content.

4.2.1. Selection of Aggregate Grading

The aggregate gradations selected were the optimal aggregate gradation obtained by
experimental DCT (see Table 3.6.) and also the gradation resulting from the Cooper et

al.(1985) equation using a value of n=0.5. The gradation curve for these two aggregates

are given in Figure 4.1..

4.2.2. Mixing and Compaction Temperatures

The following conditions are chosen to prepare the standard test specimens:

1- the aggregate, filler and bitumen are heated at 150 °C (£5),
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2- the aggregate and filler are left into the oven for 4 hours prior to mixing and the
bitumen for 2 hours to avoid from hardening,

3- material is mixed in an heat controlled mixer and mixing is completed in 1 minute,

4- the compaction temperature should not be under 130 °C, if so, the mixture is not

used.
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Figure 4.1. Aggregate gradations investigated.

4.2.3. Preparation of Specimens

The Leeds Design Method was used to prepare the standard 63.5 mm x 101.6 mm &
specimens. These were compacted using the Gyratory Testing Machine for rubberized and
normal bitumen. Plate 4;1. shows the Gyratory Testing Machine (GTM) used in the study.
The GTM parameters .were:

Angle of gyration :1°
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Axial load : 0.7 MPa

Number of revolution under load : 30

These conditions are equivalent to the energy used in the normal standard compaction

using the Marshall hainmer (50 blows) (Cabrera, 1991).

The main variables were as follows to investigate the effect of waste shredded rubber on
the properties of asphaltic concrete:

1- binder content (5.0, 5.5, 6.0, 6.5, 7.0% by weight),

2- aggregate gradation (DCT and n=0.5),

3- penetration grade base bitumen (50 and 100 penetration),

4- rubber concentrations (0, 2, 5, 10, 20% by weight in bitumen),

5- shredded rubber sizes (40's, 12/16's, 12's, 3's mesh).
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Every point obtained is based on the average of two readings. The number of specimens
per point were four. As a result of this, 840 specimens were prepared using the Gyratory
Testing Machine to investigate the effect of rubber concentratioﬁ and shredded rubber size

on the properties of shredded rubber modified asphaltic concrete.
4.2.4. Workability of Bituminous Mixture

Cabrera (1991) defines the workability of a bituminous mixture as the property which
allows to produce, handle, place and compact a mix with minimum application of energy.
It 1s an important practical requirement that bituminous materials are tolerant to a wide
variation of laying conditions ‘and that in relatively adverse condition, they will still spread
easily and compact sufficiently well to give a durable surfacing. Too harsh a mix, may
cause it to tear under the screed of the spreading machine and render compaction more
difficult. Badly compacted mixtures will develop undesirable properties of low stiffness,
bad fatigue resistance, bad durability, etc. that is not expectéd from a good surfacing. To
account for it’s importance in highway constructions, the Leeds Design Method has

included an assessment of workability in it’s design procedure (Cabrera, 1992).

The workability of a bituminous mixture is very difficult to quantify. It is influenced mainly
by aggregate type (shape, size and texture), aggregate gradation, binder grade, binder
content, binder viscosity and mixing and compaction temperature (Napiah, 1993). An
assessment of workability is not included in any current UK design procedure. The

workabilitymeter developed by Marvillet and Bougault (1979) consist of chamber




| Chapter Four’ Design of Bituminotis Mixtures |

connected to a rigid frame, into which the test introduced, and a speed controller \-vhich
drives a blade in the mix. They measured the torque required for mixing and proposed the

reciprocal of the resistance moment produced in the mix against the rotation of the blade

as the mixture workability. Thus;

W=1/{moment of spring tension/axis of rotation)

The value is expressed in 1/(kN.m).

In this investigation, the Leeds Design Method (Cabrera, 1991) was used to quantify the
workability. This method is based on experimental relations between compaction energy
and mix porosity. Unlike the Marvillet (1979) apparatus, the Leeds Workability Method
employs a Gyratory Testing Machine (GTM) and it’s determination is in conjunction with
specimen compaction. The GTM is equipped with a dial gauge to continually monitor the

changes in specimen height as it is being compacted. The picture of Gyratory Testing

Machine is given in Plate 4.1..

The workability of the mixtures is expressed by the Workability Index (WI). WI can be
used to effectively assess the influence of mix variables, temperature and compaction
energy. Generally, for any hot mixed bituminous material, the workability index of the
mixture can increase by increasing binder content and compaction temperature. A typical
plot of the relationship between porosity and the logarithm of the number of GTM

revolutions is given in Figure 4.2.. The linear relationships is of the form:

y=a-bx logx 4.1.)
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where;
y, porosity (%)
a, b, constants

x, (Iogyo) the number of GTM revolutions.

This equation is a statistical fit of the porosity obtained during compaction process. The
Workability Index (WI} is defined as the inverse of the constant a, which is the porosity at

0 revolution, multiplied by 100.
WI =100 (1/a) (4.2.)

Detailed calculation procedure has been given in reference (Siswosoebrotho, 1988). The
workability index results of the shredded rubber modified asphaltic concrete are given in

Chapter 6. These results are the average of four standard test specimens.
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Figure 4.2. A typical example of the relationship between porosity and number of GTM

revolution for asphaltic concrete made with 50 pen. base bitumen.
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4,2.5. Density of Compacted Specimens

The density of the compacted specimen was determined by first weighing the dry sample
in the air then in the water. The density of the specimen is calculated by dividing the
weight of the sample in air by the volume of the sample as follows;

Wa

Daw=—— (4.3.)
Wa-Ww

where;
Daw, density of compacted specimen (gr/em’),
Wa, weight of specimen in air (gr),

Ww, weight of specimen in water (gr).

Also comparison was made with the density, which is calculated by dividing the weight of

sample in air by the geometrical volume of specimen as follows;

Wa

Dg= 3 (4.4.)
.4 h

4

where;
Dg, density of compacted specimen (gr/em),
d, diameter of the standard specimen (mm),

h, height of the specimen (mm).

The density of the asphaltic concrete decreases with the increasing rubber concentration.

The detailed descriptions are given in Chapter 6.
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4,2.6. Voids Calculation

The compacted mixture was analysed for porosity and voids in the mixed aggregate
(VMA). The porosity (P) and VMA provide some indication of the probable service
performance of the designed mixturé. The porosity is the small air spaces presents
between the coated aggregate particles and is defined as the ratio of the total volume of a
specimen (solid + bitumen + voids) and total voids space. It is calculated by the formula
(4.5) given below. The VMA consist of the intergranular void space between the particles

of aggregate in the compacted mixture (porosity plus bitumen volume gives the VMA).

D
P = (1-—)x100 4.5,
(-5 (4.5.)

where;
P, porosity (%),
D, density of the compacted specimen (gr/cm’),

SG, specific gravity of the mix (gr/em’).
Where he specific gravity of the mix was calculated by the following equation:

-— 4- v

256,

where;

Pwi, Percentage weight of individual material involved into the mix (%) (by weight),

SGi, specific gravity of individual material involved into the mix (gr/cm’).
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The VMA is calculated on the basis of specific gravity of the aggregate (Table 3.5.)
(pycnometer method) and is expressed as a percentage volume of the compacted mixture.

Therefore, the VMA can be calculated from the equation given below;

D x Pra
SGngg

VMA =100 - 4.7.)

where;
VMA, voids in mineral aggregate (%0),
D, density of the compacted mixture (gr/em’),

P..., percentage weight of aggregate in compacted mixture (%o},

SG,,s, specific gravity of aggregate (gr/cm’) calculated as explained in Chapter 3.

When a mixture is deficient in binder content and is placed in a pavement, it is brittle and
cracks in early life, and it may ravel seriously under traffic. When the porosity is too low
(approaching one per cent or less) the pavement is likely to flush or bleed. On the other

hand, when the porosity is too high water and air can enter the pavement 00 easily and

may cause damage.

Porosity can be the most important factor effecting the long term performance and
durability of bituminous mixture. The porosity of the asphaltic concrete made with

shredded rubber modified bitumen is discussed extensively in Chapter 7.
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4.2.7. Testing of Specimens for Permeability

Permeability of bituminous mixtures has been recognised as an important parameter which
effects directly the performance and durability of materials. The permeability of
bituminous mixture and their durability are assumed to be more or less proportional to the
porosity, Kandhal and Wegner (1975) outlined that the permeability of bituminous mixture
is a better indicator of durability than porosity, because permeability measures the capacity
of the porous medium to transmit fluids, while porosity says nothing about their exposure

to the forces producing disintegration.

Ideally, a mix should contain disconnected voids. Dimensions of the individual voids and
their lack of inter-connections could produce a specimen whose void content is relatively
high but of low permeability. A wearing course with low permeability will resist the
ingress of air and water and hence will low down the process of binder hardening due to
oxidation and evaporation. Cabrera and Hassan (1992) concluded that the air permeability
of hot rolled asphalt is influenced by porosity and binder content. It was suggested that
there is a first or second order polynominal relationship between permeability and

porosity.

Currently, no design method, except LDM, includes permeability as a design parameter,
but as it is well correlated statistically with engineering properties that describe the
structural properties of a bituminous mixture and with parameter related to its

composition (Cabrera, 1992).
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In this study, the Leeds Air Permeameter (LAP) was used to measure the permeability of
the shredded rubber modified asphaltic concrete. The apparatus used is shown in Plate

4.2.. Details of the experimental procedure can be seen in related reference (Cabrera et al.,

1992).

Plate 4.2. The Leeds Air Permeameter.
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The coefficient of permeability is obtained from the following equation;

pvL x 10°

S AL 4.7.)
A dP dT

where;
k, coefficient of permeability (cr/sec),
V, volume of water collected (cms),
M, viscosity of air (dyne sec/em?),
L, height of specimen (cm),
A, cross sectional area of specimen,
dP, differential pressure (ciyne/cmz),

dT, time taken to collect water of volume V (sec).

This test was made for all standard specimens before Stability and Flow test and creep

test.

4.2.8. Testing of Specimens for Stability and Flow

Stability is a measure of the ability of bituminous mixture to resist deformation under
imposed loads. The stability of bituminous mixture is depend on internal friction, cohesion
and ability of the ingredients to the deformation. The Marshall stability test is a type of

unconfined compressive strength test.

The test specimen is compressed radially at a constant rate of strain of 50.8 mm per

minute at 60 °C. The Marshall stability of each specimen is the maximum load in kilo-
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Newtons that the specimen could withstand. The Marshall flow value is the total
movement or strain occurring in the specimen up to the maximum load during the stability

test. The test was carried out as described in BS 598: Part 107 (1990) as follows;

Two specimens at all binder contents from each binder type was subjected for stability and

flow test,

Testing is carried out in the Marshall apparatus by applying load at a constant rate of
strain (50.8 mm.min) until failure. The Marshall apparatus is adapted with two

transducers to a plotter for automatic recording of the load and deformation. The picture

of Marshall testing machine is given in Plate 4.3..

Plate 4.3, Marshall Test Equipment.
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The horizontal and vertical scales are set to different magnification so as to provide a
continuous suitable record of load versus deformation, from which stability and flow
values can be obtained. The results of the measured stability value for sémples that depart
from the standard 63.5 mm. thickness is later converted to an equivalent value by means of

a conversion factor. The detailed information is given in Chapter 6.

4.2.9. Testing of Specimens for Creep

The permanent deformation on the bituminous layer of a pavemnent is considered one of
the most important problems, which result in rutting and cause potentially dangerous
hydroplaning as well as reduction of the service life through disintegration of pavement
structure. A further important factor is the need for a suitable test method to measure

resistance to permanent deformation of the bituminous material.

Berksdale (1977) defined permanent deformation as the progressive accumulation of
plastic strain in each layer of the pavement system that occurs under each load repetition.
According to Monismith er a/. (1991), permanent deformation in a bituminous layer may
be caused by densification or volume change and shear deformation which is plastic

deformation without any change in volume.

A model proposed by Hills (1973) to measure the permanent deformation in a laboratory
is in common use in the University of Leeds. The model is based on a creep test carried
out applying a static unjaxial load to a specimen maintained at constant temperature and

monitoring the time deformation relation. Cabrera and Nikolaides (1987) designed
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“CANIK UL” a new creep testing machine and they found that the repeatability of results

acceptable.

The effect of the binder on the stiffness of a mix, in terms of prediction of creep
performance, can be evaluated by applying a static load. It is possible to determine the
optimum binder content at which the creep stiffness is maximum. The creep stiffness

mainly dependent on temperature and hence binder viscosity (RRL, 1962) and the porosity

of the mix.

The CANIK UL creep testing machine was used in this investigation to evaluate the creep
properties of the asphaltic concrete. The machine consists of a loading frame to
accommodate two specimens to test simultaneously. The specimens flat surfaces are
treated with silicon grease to minimize the friction between loading plate and specimen.
The specimens were kept in the pre-heated chamber of the apparatus at 40 °C for 60
minutes. The specimens were then placed between two loading plates and a low pressure
of 0.01 MPa was applied for two minutes followed by testing a high pressure of 0.1 MPa
for 1 hour. Readings are taken at intervals of 10, 20, 30, 40, 60, 120, 360, 840,1200, 2400

and 3600 seconds. For precise measurements a camcorder was used to register the dial-

gauges during the first two minutes of testing.

The essential characteristic of rubber is its instantaneous recovery when the load is
removed. It was assumed that the strain recovery measurements on the shredded rubber
modified mixtures may be the most important factor. Bearing in mind that, after the

loading period of 1 hour the load is lifted at once to measure the elastic strain recovery.
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The specimens are then left for another 1 hour to read the recovered deformation at
intervals of 10, 30, 60, 120, 360, 840, 1200, 2400 and 3600 seconds. The results of
loading time against strain obtained from the creep test for the aéphaltic concrete made
with 50 pen. base bitumen for the aggregate gradation of ldry compaction test result is
given in Figure 4.3.. The creep stiffness of the mixture was calculated dividing the applied

stress by the corresponding compressive strain.
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Figure 4.3. Loading Time vs. Strain for asphaltic concrete made with 50 pen. base bitumen

(for the aggregate gradation type of DCT result).

The plot of creep stiffness of the mixture against stiffness of bitumen in a logarithmic scale
can give an idea for the behavior of the mixture with changing binder content. The

stiffness of base bitumen is normally determined using Van der Pool’s nomograph for




E Chapter Four

Design of Bituminous Mi_xtu.ml

7- air permeability,
8- workability index,

9- creep stiffness,

10- optimurh binder content.




CHAPTER FIVE

RHEOLOGY OF WASTE SHREDDED TIRE RUBBER-BITUMEN BLENDS

5.1. Introduction

To take full advantage of developments in asphalt technology designers need a proper
understanding of binders and its use. The use of modified binders in bituminous mixtures is
likely to be an increasing feature of pavement engineering and the knowledge of the
rheology of modified bindex;s will allow a good correlation with the behavior of end-

products.

One of the goals of this research is to determine which properties of rubberised bitumens
offered the best correlation with the performance of asphaltic concrete. The vulcanised
shredded tire rubber materials chosen for the study were of four different particle sizes and
the concentration used were 2, 5, 10, 20 % mixed with two penetration grade base

bitumen i.e., a 50 pen. and 100 pen. as indicated in Chapter 3.

5.2. Test on Binders

Three laboratory tests; namely Specific Gravity, Penetration and Softening Point (Ring
and Ball) were conducted on all rubberised and base bitumen used in this research. All
tests and determinations were made in accordance with the appropriate British Standard

specifications (BS 4699, 1985; BS 2000 Part 49, 1983; BS 2000 Part 58, 1983). The
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elastic recovery of the binder was determined by using a Modified Ductility Test
(Economou, 1992). Oscillatory shear analysis (Turpin ef al., 1991) was used to test the

rheology of the rubberised and the two base (50 pen. and 100 pen. grade) bitumens.
5.2.1. Specific Gravity

The specific gravity of the binders was determined following British Standard Test
Method (BS 4699, 1985) and also using the Helium Pycnometer Micromeritics AccuSorb
2100E model, which is available at the Civil Engineering Materials Unit of the University
of Leeds. Determinations were made separately on the bitumen and on each of the
shredded rubber materials. From the results obtained, the specific gravity of the rubber-
bitumen blends was calculated using equation 5.1.. These values are compared with the

values obtained directly from the Helium Pycnometer on the rubber-bitumen blends.

100
5.1.
Pw; (5.1.)

S

Sge=

where,
Sg., Calculated Specific Gravity,
Pw;, Percentage weight of components,
Sgi, Specific gravity of components.

The differences between the calculated values obtained by using equation 5.1. and the

measured values obtained by using Helium Pycnometer can be seen in Table 5.1.. The
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values obtained from the Helium Pycnometer were found to be lower than the values
obtained from equation 5.1.. These differences may due to the trapped air voids inside the
rubber-bitumen blends. The results given in the table are the nearest 0.0001 gr/cm’ of the
obtained values as indicated BS 4699 (1985). The res\t{lts obtained from Helium

pycnometer were below the repeatability range of the British Standard (0.0006 gr/em’).

Table 5.1. Specific Gravities of Binders Used in This Investigation (in gr/cc).

Rubber { Rubber | Helium pic. Calculated BS 4699:1985 Calculated
size |content{ p50 | pl00 | p50 | pli0O p5S0 pi00 p50 pl100
pure }1.0121]1.0116 | 1.0121 | 1.0116 | 1.0203 | 1.0182 | 1.0203 | 1.0182
40's 2% [11.0156} 1.0137 | 1.0156 | 1.0151 | 1.0230 | 1.0185 | 1.0237 | 1.0216
40's 5% |[1.01941 1.0181 | 1.0210 | 1.0205 | 1.0263 | 1.0246 | 1.0289 | 1.0268
40's 10% 11.0261| 1.0233 | 1.0300 | 1.0295 | 1.0316 | 1.0325 | 1.0377 | 1.0357
40's | 20% [1.0374|1.0350 | 1.0485| 1.0481 { 1.0411 | 1.0388 | 1.0556 | 1.0538
12/16’s| 2% |1.0159] 1.0143 | 1.0149 | 1.0145 | 1.0251 | 1.0233 | 1.0231 | 1.0210
12/16’s| 5% [1.0176| 1.0181 [ 1.0193 | 1.0188  1.0257 | 1.0250 | 1.0272 | 1.0251
12/16’s| 10% |1.0195]1.0213 | 1.0265} 1.0260 | 1.0277 | 1.0291 | 1.0341 | 1.0322
12/16’s] 20% ]1.0323 1.0295 | 1.0413 | 1.0409 | 1.0393 | 1.0415 | 1.0483 | 1.0465
12's 2% |1.0176| 1.0134 1 1.0150 | 1.0145 | 1.0232 § 1.0219 | 1.0231 | 1.0210
12's 5% 11.0237]11.0159{1.0193}1.0188 | 1.0249 } 1.0260 ] 1.0272 | 1.0251
12's 10% |1.032111.0249 | 1.0266 | 1.0261 | 1.0251 | 1.0322 | 1.0342 | 1.0322
12's | 20% [1.0337]1.0320  1.0414 | 1.0410 | 1.0427 | 1.0378 | 1.0484 | 1.0466
3's 2% }1.01461 1.0149 ] 1.0149 | 1.0144 | 1.0238 | 1.0192 { 1.0230 | 1.0209
3's 5% 1.0197] 1.0166 | 1.0191 | 1.0186 | 1.0268 | 1.0252 {1 1.0270 | 1.0249
3's 10% |1.0275] 1.0221 | 1.0261 | 1.0257 | 1.0306 | 1.0308 | 1.0337 | 1.0318
3's 20% [1.0298|1.0306 | 1.0405 1 1.0401 { 1.0341 | 1.0338 | 1.0475 | 1.0457
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5.2.2. Penetration

The consistency of the bitumens was determined by employing the standard penetration
test. The test was carried out according to BS 2000 Paﬁ 49 (1983). Tests were conducted
on the base and rubberised bitumens. The penetration test was carried out first to evaluate
the effect of mixing time on the rubber-bitumen blend. This evaluation was made heating
the binder at 160 °C and mixing the shredded rubber for various length of time. The study
was made with the 50 penetration grade base bitumen and with the smallest size (40’s) and
the biggest size (3’s) shredded rubber samples. The procedure to prepare rubber-bitumen
blends was given in detail in Chapter 3. The results obtained from the penetration tests are
presented in Figure 5.1.. Results presented here are the mean value of six measurements.
The nomenclature used in the Figurgs and Tables is as follows;

A- rubber concentration in bitumen : 2, 5, 10 or 20,

B- rubber size: 3 (3’s), 12 (127s), 26 (12/16’s) or 40 (40’s),

C- penetration grade base bitumen: 50 or 100.

Thus a code ABC, for example, 24050 shows a binder made with 2% 40’s size rubber and

50 penetration grade base bitumen. In some cases base bitumen is indicated as p50 or

p100.

The results of the penetration test show that the hardness of the binder increased with
increasing mixing time up to 2 hours. As the percentage of rubber increased the
penetration decreased. The differences were larger when the size of the rubber particles

was smaller, This trend was as expected since in a solid liquid system viscosity increases as
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the volume concentration of the solid increases. After 2 hours of mixing, increasing mixing
time had practically no major effect on the penetration value until a mixing time of 4 hours
was reached. After 4 hours the penetration decreased sharply. To avoid oxidation of the

bitumen and to reduce the energy input is was decided to prepare the blends in mixing

time of 0.5 hour.
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Figure 5.1. Effect of mixing time on the penetration value (different rubber size in 50 pen.

grade base bitumen).

The effect of rubber concentration on the penetration test of rubber-bitumen blends is also
given in Figure 5.2.. The blends were made at 160 °C for 0.5 hour. These two figures
show clearly that the hardness of the rubber bitumen blends increases with the addition of
rubber. The most important trend in the figures is the slope of statistical equation relating
the penetration values to shredded rubber concentration. While the hardness of the blends

made with 50 penetration grade base bitumen decreases with a slope of 0.97 to 0.46 with
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the addition of rubber (Figure 5.1. a.), the blends made with 100 penetration grade base

bitumen decreased with a higher slope of 1.86 to 2.45. It can be said that the effect of

rubber additives is greater on the soft bitumen than the hard omne.
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Figure 5.2. Effect of rubber concentration on penetration value (a- 50 pen. grade base

bitumen) (b- 100 pen. grade base bitumen).

5.2.3. Softening Point

Bituminous binders do not exhibit a melting point but their consistency change gradually
from the solid to the liquid state by the application of heat. The amount of heat required to

change the consistency of the binder depends on the bitumen chemical composition.
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According to Pooley (1980), the softening point is a2 measure of a combination of
viscosity, elastic properties, density, thermal conductivity and heat capacity, all of which
can vary with temperature. The ring and ball test, softening point of a binder is defined as
the temperature at which a sample of binder contained in a brass ring; suspended in a
water or glycerol bath, soften enough to allow a 9.55 mm. diameter steel ball of mass 3.5

grams, placed on the middle of sample, to fall through a height of 25 mm..

The softening point test was carried out in accordance with BS 2000 Part 58 (1983). The
effects of mixing time and rubber concentration on the softening point test are given in

Figure 5.3. and Figure 5.4. respectively.

As with the penetration test, to explore the effect of mixing time on the softening point
value of the rubberised bitumen a series of tests were carried out. The results presented
here are the mean values of two measurements. A logarithmic relationship was found
between the softening point and mixing time. Figure 5.3. shows that the major change in
Softening Point value occurs at 0.5 hour of mixing time. This was the time selected for

mixing based on the Penetration test.

A linear correlation with a correlation coefficient of over 89% was obtained between the
Softening Point and rubber concentration on the rubber-bitumen blends which were mixed
at 160 °C for 0.5 hour. Figure 5.4. shows that the Softening Point of the blends increased

with increasing rubber content.
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Figure 5.3. Effect of mixing time on softening point of rubber bitumen blends.
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Figure 5.4. Effect of rubber concentration on softening point of rubber bitumen blends

(a- 50 pen. grade base bitumen) (b- 100 pen. grade base bitumen).
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5.2.4. Penetration Index

All bitumens display thermoplastic properties, i.e. they become soft when heated and hard
when cooled. The best known expression to define the consistency changes with the
temperature was developed by Pfeiffer and Van Doormaal (1936). If the logarithm of

penetration, P, is plotted against temperature, T, a straight line is obtained as follows;
logP=al +k (8.2)

where;

e, the temperature susceptibility of the logarithm of the penetration,

k, constant.

The value of a varies from about 0.015 to 0.06, it shows that there may be a considerable
difference in temperature susceptibility (Shell, 1990). Pfeiffer and Van Doormaal
developed an expression for the temperature susceptibility which would assume 2 value of
about 0 for road bitumens and defined the penetration index (PI) as;

b . 2001-25a)

5.3
1+50¢ (5:3)

The value of PI ranges from about -3 for highly temperature susceptible bitumens to about
+7 for highly blown low temperature susceptible bitumens (Shell, 1990). The value o can

be derived from penetration measurements at two temperatures T; and T; using the

equation below:




A
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o = log pen T1- log pen T
Ti-T:

(5.4.)

Pfeiffer and Doormaal found that at the Softening Point temperature most bitumens had a
penetration of about 800. Replacing in the above equation, T,, by the Softening point

temperature and the penetration at this temperature by 800 they obtained the following

equation;

o = log pen T1- log 800
T1-T(R&B)

(5.5.)

Pfeiffer and Doormaal developed a nomograph based on this approach. The nomograph is
given in Figure 5.5.. The Penetration Index (PI) values of the rubberized binders are

obtained using this nomograph by keying the Softening Point temperature and Penetration

at 25 °C. The values are given in Table 5.2..

Table 5.2. shows that the temperature susceptibility increases with the addition of certain
amount of rubber when the rubber is mixed with 50 pen. grade base bitumen used in this

investigation. This amount is around 5%. The temperature susceptibility reduces when this

value is exceeded.

The addition of rubber into the 100 pen. grade base bitumen, on the other hand, seems to
be reduced the temperature susceptibility of the binder. A gradual reduction was observed

on the temperature susceptibility of the binders with increasing rubber content for all sizes

of rubber used in this investigation.
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Figure 5.5. Nomograph for Penetration Index (Shell, 1990).
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Table 5.2. Penetration Index of Rubber-Bitumen Blends Used in The Investigation.

Bitumen type | Penetration at] Softening | Penetration
25°C Point (°C) Index
o p50 4750 53 | =040
24050 47.00 51 -0.9
54050 46.50 52 -0.8
104050 41.50 56 0.0
Do 204050 33,83 66 +1.3
304050 17.86 N/A
22650 45.86 52 0.9
52650 41.57 52 -1.0
102650 37.14 54 -1.0
202650 21.71 63 +0.5
21250 39.86 52 -1.1
51250 38.57 53 1.2
101250 |  36.57 55 -0.9
o 201250 32.00 61 +0.2
o 2350 40.57 51 -1.2
. 75350 38.29 54 -0.9
10350 32.86 57 0.6
20350 36.57 62 +0.8
p100 99.43 42 -1.8
240100 89.00 44 -1.4
520100 81.71 46 -1.0
1040100 72.43 48 0.6
2040100 59.57 53 +0.0
226100 | 85.71 44 -1.5
526100 73.71 46 1.2
1026100 61.43 49 -1.0
2026100 49.57 54 -1.0
212100 79.00 44 -1.5
B 512100 7271 46 -14
1012100 64.71 47 -1.4
2012100 46.86 51 -1.0
= 23100 76.00 45 -1.5
i 53100 73.00 46 -1.2
= 103100 60.29 51 -0.5
203100 42.86 54 0.5
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5.2.5. Elastic Recovery

Permanent deformation is one of the main problem on the bituminous pavement mixtures.
The reason caused to the permanent deformation by the wheel passes on the pavement is
the bitumen between the aggregate particles. Any improvement on the elastic properties of
the binder will ac.hieve that. A mixture made with rubber and bitumen may have higher

elastic recovery.

The Elastic Recovery of rubber-bitumen blends was measured using a Modified Ductility
Test (Economou, 1992). Plate 5.1. shows the equipment used for the measurement of
recovery of the rubberised bitumen, This test is a modification of the ductility test (ASTM
D113, 1986). The standard ductility test specimen conditioned to 18 °C £0.2 is subjected
to a tensile stress in the standard ductility test bath and allowed to break. The elongation
at break is then measured. The test sample is allowed to rebound for 30 minutes after the
break then the recovery is measured. Plate 5.2. shows the samples removed from the
ductility test mould. The tests were carried out on the mixes, which were made for
penetration and softening point to predict the mixing time effect. The elastic recovery of
binders is calculated as percentage of the elongation. The results obtained are given in

Table 5.3..

From the limited number of results obtained the only clear conclusion is that the percént' i
recovery, which is a measure of rubber-bitumen blends elasticity, increases with increasing
rubber content and mixing time. Probably, because the rubber particles are digested to a

greater effect as the mixing time increases.
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Table 5.3. Elastic Recovery of Rubber-Bitumen Blends.

Binder 0.5 h. mixing time 2 h, mixing time 4 h, mixing time 6 h. mixing time
type (RPmm|{DPmm] %R | R® |D®mm| %R | RY |D®mm| %R R® DYmm| %R
SOPBB | © | 345 | 0 _
24050 3.1 8.9 35% 4 9.5 42% 4.2 9.9 42% | 4.15 | 935 | 44%
54050 | 4.55 10.2 | 45% | 6.85 10.85 63% 7 11.55 | 61% | 6.55 10,7 | 61%
104050 § 7.5 11.1 | 68% 10 1435 | 70% 9.5 13351 M% | 103 [ 1425 2%
1 2040501 9.1 13.05 | 70% | 187 | 23.1 | 81% | 19.65 | 24.25 | 81% | 19.15 | 23.15 | 83%
© 22650 4 1155) 35% § N/A | WA | WA | W/A | WA | NJA | NV/A | N/A N/A
52650 5725 112350 43% | N/A | WA | WA | A | WA | WA | NJA | WA | WA
102650 | 7.05 114 | 62% | WA | WA | NVA | VA | WA | N/A | WA | N/A | N/A
202650 | 85 | 1145[ 74% | WA | WA | WA | A | NNA | A | N/A N/A | N/A
21250 3.6 ‘8.4 43% | NJA | NVJA | WA J WA | WA | N'A | WA | N/A | N/A
51250 6.5 075 | 67% | NVJA | WA | N/A | WA | WA | NJA | NJA | NJA | N/A
101250 | 74 1125 66% § N/A | N/JA | /A | NVA | WA | WA | N/A N/A | N/A
201250 7 1.1 91% | N/A | NVJA | WA | WA | NJA | NJA | NVJA | NVA | N/A
2350 1 17.5 6%. | 3.05 11025 30% | 485 | 14.75 | 33% 3.2 7.5 43%
5350 665 | 123 | 54% 8 252 | 32% | 6.75 10.1 | 67% 8.5 11.25 1 76%
10350 835 | 1275 | 65% | 8.85 1095 | 81% 8.7 i1 79% | 8.85 1L5 | 77%
20350 { 745 a.1 82% 1.5 9.5 79% | 12.1 145 | 839% | 10.9 | 1335 82%
100PBB 0 100 0%
240100 | 74 225 | 33% | N/A | NYA | N/A | WA | N/A | NA | NA N/A | N/A
540100 8.1 245 | 33% | WA | NJA | WA | WA | NVJA | WA | NVA | NVA | N/A
1040100 92 | 22.75 40% NA | NJA | /A | NMA | NJA | NJA | WA | NA | N/A
20401001 89 | 16151 55% | NJA | NJA | VA | WA | WA | NJA | WA | N/A N/A
226100 0 20.1 0% NA | NA | NA I NA | WA | VA | WA | NVA | N/A
526100 1 5.55 141 139% | WA | WA | WA | NJA | NJA | NVA | NJA | WA | N/A
1026100 8.95 169 | 53% | N/JA | NMA | N/A | WA | NJA | N/A | WA | N/A | N/A
2026100 8 1265] 63% | NVA | N/A | WA | VA | /A | N/A | WA | N/A N/A
212100 | 3.5 1405 | 25% | N/A | N/A | N/A | WA | VA | WA | NJA | N/A | N/A
512100 | 475 115251 31% | WA | NJA | NVJA | N/JA | N/JA | N/A | N/A N/A N/A
1012100 | 7.25 14 52% | N/A | N/A | WA | A | WA | NJA | N/A | N/A | N/A
20121001 9.15 [ 1325 | 69% | N/A | NJA | WA | NJA | N/A | N/A | N/A N/A N/A
23100 0 63251 0% WA | WA | VA | WA | VA | WA | WA | NJA | N/A
53100 59 1475 40% | A | WA | NJA | WA | NVA | A | NVA | N/A N/A
103100 | 6.3 11 57% | WA | WA | WA | A | NJA | NNA | N/A | N/A N/A
203100 | VA | N/A | WA | WA | WA | NVJA | WA | N'JA | WA | WA | N/A N/A.

(1) Recovery {(mm),
(2) Ductility {(mm).
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From the results obtéjned, it was concluded that thé rest of the programme shouid be
carried out on mixes which will be prepared at 160 °C for 0.5 hour mixing time. Hence,

the number of binder tested at different mixing time were 8 rubber modified bitumen at

different rubber concentrations.

Plate 5.1. Ductility Testing Machine.

Plate 5.2 shows the rubber bitumen blends removed from the ductility mould after the
elastic recovery test. Four different combination are shown (as an example) in the Plate
5.2., which are 12/16’s rubber in 50 pen. base bitumen (top right), 12’s rubber in 50 pen.
base bitumen (top left), 3,s rubber in 50 pen. base bitumen (bottom left) and 40’s rubber:in
100 pen base bitumen (bottom right). Twc; samples were tested for each point. In the

plate, each two samples represent the different rubber concentration from left to right as 2,
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5, 10 and 20%. It can be say from the plate that the binder made with lower rubber

content has higher ductility but lower recovery.

Plate 5.2. Elastic Recovery of Shredded Rubber Modified Bitumens.

5.2.6. Oscillatory Shear Analysis

The classical theory of elasticity deals with mechanical properties of perfectly elastic
solids, for which according to Hooke’s law stress is always proportional to strain but
independent of the rate of strain. The theory of };ydrodynanﬁcs deals with the properties of
perfect liquids, for which according to Newton’s law the stress is always directly
proportional to rate of strain but independent of the strain itself. These categories are
idealizations, however any real solid shows deviations from Hook’s law under suitably
chosen conditions, and it is probably safe to say that any real liquid would show deviations

from Newtonian flow if subjected to sufficiently precise measurements.
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5.2.6.1. Description of Process

The use of an oscillatory, dynamic rheological method is able to obtain the complex
rigidity modulus, G* of the material into storage (elastic) G' and loss (viscous) G”
components. This allows to understand the behavior of a binder in bituminous mixtures at

different temperatures and frequencies.

Rheological measurements were performed using a Carri-Med CSL500 controlled stress
rtheometer. All measurements were made with 2.5 mm. diameter parallel plate geometry
with a 1 mm. gap. The measuring system is shown in Figure 5.6.. The sample is placed
between two plates filling the gap of 1 mm. as shown in the Carri-Med manual(1989). The
stress is then selected within the linear viscoelastic region (LVER) (Turpin et al., 1991)
and a frequency sweep is conducted over the range of 0.05 to 5 Hz (0.17 to 107 rd/sec).
Measurements of this kind are made at temperature in the range of 30 °C to 100 °C in 10

°C steps and at 25 °C.

\

Drive

D¥ive Shaft

Upper Plate

Lower Plate

Ceramic Heat Break &\& |

NN\

Figure 5.6. Schematic diagram of Carri-Med measurement system.
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In this experiment, sinusoidal shear stress was applied to the binder samples. When the
binder is cold and brittle, it may behave as nearly ideal solid, the strain exactly follows the
sinusoidal input stress. At elevated temperature most bitumen will approach ideal liquid,
Newtonian behavior (Verga et al., 1975). In this situation the phase lag between strain and
,, stress is 90 °C. Viscoelastic materials, such as bitumen, fall between the ideal elastic solid
and ideal viscous fluid. Depending on the temperature and stress frequency, the peak
strain of viscoelastic materials can be anywhere between 0° and 90° behind the maximum

applied stress (Figure 5.7.). The lag, or phase angle, is referred to as delta.

=0 ° Phase Difference(d)

SHEAR STRESS %

100% ELASTIC

SHEAR STRAIN

VA
\/
~: ™ 90 ° Phase Difference(5)

SHEAR STRESS \ /\

v

100% VISCOUS

SHEAR STRAIN

Figure 5.7. Oscillatory Shear Analysis.

At different temperature and by varying frequency of the sinusoidal stress, the viscoelastic
P

behavior of binders can be measured. If the dynamic testing is done by using oscillatory
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shear stress (in the linear viscoelastic region) the data obtained at higher and lower
temperatures can be equated simply and graphically with lower and higher temperatures
respectively. The data were analysed using the reduced variable time-temperature

superposition procedure of Ferry (1961).

In this procedure time-temperature superposition analysis packages program (Turpin,
1991) which based on Williams Landel and Ferry (WLF) (1955) equation is used to
analyse the data. In this analysis the ratio of peak stress to the peak strain, at each steps, is

the absolute value of complex shear modulus G*;

_ Peak Stress
Peak Strain

*

(5.6.)

The in-phase component of G‘l“ is called the shear storage (elastic) modulus (G');
G’ = G* c0s8.0 , (5.7.)
Delta (B) is the phase angle between the applied stress and strain (Figure 5.6.).
The out-of-phase component of G* is called shear loss (viscous) modulus (G"%
G"=G*sin d (5.8.)

The units of G*, G' and G" are Pascal,

The complex viscosity n* is obtained by dividing the complex shear modulus by the’

frequency (w);

Nt =—— (5.9.)

.....
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and the dynamic viscosity;

. n’=% (5.10.)
and the dynamic elasticity;

- n"=% (5.11.)

These forms of all the parameters were calculated via the software developed by Turpin
(1991). The rheological parameters calculated for the 50 and 100 pen. grade base bitumen

are given in Figure 5.8. (a) at 30 °C, 5.8. (b) at 60 °C and 5.8. (c) at 90 °C and the rest in

Appendix A.
7 - - 1T
o - o z
- - ] -
,g, 6 — < 6 — o
?3.2 - 32 - I.f|
=5 -] — g [ - ‘l.;
E é: 5 :‘ ,8 E 5 :“ .' s'
., - M, - e
<8 ,- 2% 4 .
[ = 4 - ‘;,z: E.- ° .’ )
&~ BAR - e,
2T 4 g ., - AT,
_E_,l 2 3 - =23 iz N
=] z p .8-3 Z ¢ :'
E [ - ik 2 7 - [
®oro ' M2 ;o 2 log(G*)
- - - - S 2 b
8% 1 Ul log(G™) B2 D e 8 log(G")
-gi i ¢ ~,, O log(G" 3 @ 1= . "4 log(@)
&’/a: ; .: ) log(G;) Eﬁ. E W -4 log(n®)
- 0 - 3 + log(n*} 8 o~ ~ log(n)
I L
- - B . - 2 ta
'-‘§-1: <t s delta HEg -l ¢
a2 2 -
> .2 -IHlIIH\IIHlIlIIhlLIlHllllIHlIlII!HII}‘IHllllll”IllIHl! .:‘; _2 - 'lllllh‘ 'IIIITII”- "Illlllll\l‘-' ‘!iHII!IHIl!l\U
16-54-3-2-10123 456 J6-5-43-2-10123 4356
Log(Reduced Frequency(at))(Hz) : Log(Reduced Frequency(at))(Hz)
}- Figure 5.8. (a). Rheological parameters for 50 (left) and 100 (right) pen. base bitumen at

30°C.




[ Chiaptex Five: sology of Rubberissd Bititen |

Tr ~ T
~ m *
R log(G*") . F " 2 1op(G)

E L nlog(an - a log(G") g
o8 6 B : w6 eg(Gh o
o oy < log(G" o2 0B Iy
9o ¢ 2 by F 4 log(n*) I
=l v log(n*} : =g 08 '
- < 5 - Bin 'l'{ 'U < 5t o] ]og(nl) 0!

g O log(n') £ @ S
] | A + -5 o log(n") s

o log(n™) A .0 A
;‘:E 4 & delta e =2 ar ° delta 7
& r " r’ En‘ '. H
23 J ER-] g
=03 - e =8 3 y i
20 7 B a
g?a v o, ru-‘ ‘,l‘r 'g‘g 3 !‘ :I

. et 8% v el
=% b R 22 4L S
3T e Tz | sy,
o ® : R [T . i
PN * g ., 2@ 1 s "
ga N E: ’
g ; &9 1 :
u& 0~ Vé 0 -
%D'? ‘L R g.\:- L
=l a = . ’ J'g kb

7] : :

.2 | —'“Z"I|Itll‘li'[""='l"'l\!‘l"lltl[‘il"i\ll“ armmn > 2 et byl RO Ry Revsevevyrevyens =5:~u5,-u},!
7-6-5-4-3-2-101123 456 7 6-5-4-3-2-10123 4356
Log(Reduced Frequency(at))(Hz) Log(Reduced Frequency(at))(Hz)

Figure 5.8. (b). Rheological parameters for 50 (left) and 100 (right) pen. base bitumen at

60 °C.
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5.2.6.2, Results and Discussion

VPhase angle is an important parameter in any dynamic measurements. It gives a good idea
of the deviation of the material from elastic to viscous. The behavior of the binder can be
explained by the changing phase angle. The changes on the properties of binder are shown
l:_:y_‘_the__: changing phase angle, from viscous character to elastic character. The graphs show
that at low frequency or long loading time base bitumen shows nearly viscous behavior,
the behavior of base bitamen changes from viscous fluid to elastic solid character with the
increase in frequency. For example, at the test temperature of 30 °C (Figure 5.8. (a) left),
the phase angle & is about 1.57 rad. (90°) for the frequency of between 4x10° Hz and
4x10? Hz. for 50 pen base bitumen. It means that bitumen shows nearly viscous behavior,
The phase angle then starts to decrease up to 0.6 rad (34.38") with increasing frequency of
up to 10 Hz Thé same behavior was observed for the 100 pen. base bitumen with
different values. These findings show that, when loading time is large or loading frequency
is low the base bitumen behaves as nearly as an ideal viscous material. The decrease on
loading time changes the behavior of bitumen from viscous to viscoelastic character after a

certain amount of loading time. This value depends upon the type of bitumen and the

temperature.

The rubberised bitumen, on the other hand, showed more elastic behavior specially at
higher rubber concentration and with large size of rubber modifier. The rubberised
bitumen modified with 40’s size rubber in low concentration, did not show too much
differences when compared with the base bitumen (Figure 5.8.(a), 5.8.(b), 5.8.(c) and in
Appendix A.1., A2, A3, A4, A5, A6.). The increasing rubber content increased the

elastic behavior of the binder. For example, when the phase angle was about 1.57 rad. for
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the rubberised bitumen made with 50 pen. base bitumen plus 2, 5 and 10% 40’s size
rubber at low loading time between 4x10°® Hz. and 4x10” Hz. (Figure A.1., A.4. and A.7.
in Appendix A), this value was remarkably low for the rubberised bitumen made with 20%
40’s size rubber. (5 =~ 1.4 rad. 80°). The other important difference observed was the lower
phase angle at lower frequency. It was seen particularly on the rubberised bitumen made
with low penetration grade bitumen plus high rubber content and large rubber sizes. For
example, at the test temperature of 30 °C (Figure 5.8. (a) right), the phase angle & is about
1.57 rad. (90°) for the frequency of between 1x10? Hz and 0.01 Hz. for 100 pen base
bitumen. This value changes between 1.1 to 1.2 rad. for the rubberised bitumen made with
100 pen base bitumen plus 20% 40°s size rubber (Figure A.10. right), 0.3 to 1.1 rad. for
the rubberised bitumen made with 100 pen base bitumen plus Zd% 12/16’s size rubber
(Figure A.22. right), 0.2 to 0.6 rad. for the rubberised bitumen made with 100 pen base
bitummen plus 20% 12’s size rubber (Figure A.34. right), 0.2 to 0.4 rad. for the rubberised
bitumen made with 100 pen base bitumen plus 20% 3’s size rubber (Figure A.46. right). It
shows that rubberised bitumen behaves as nearly as elastic behavior even at long loading

time.

A focus of this investigation is to establish the significance of the viscoelastic properties
obtained from oscillatory shear analysis on both conventional and waste shredded rubber
modified bitumen in asphaltic concrete. The useful plots of the rheological properties are
as a function of temperature (Goodrich, 1988). Goodrich (1988) was chosen a frequency
of 0.1 rd/s (0.0159 Hz.). In this investigation the frequency used was 0.05 Hz 0.1z rd/s).
The complex viscosity of the shredded tire rubber modified bitumen against temperature is

given in Figure 5.9. (a), 5.9. (b), 5.9. (c) and 5.9. (d).
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Carre and Laurent (1963) proposed relationships between standard penetration values and
viscosity for penetration grade bitumen (these equations were given in Chapter 2.) The
viscosity values calculated from equations (2.6) and (2.7), and the values measured using
oscillatory shear analysis are given in Table 5.4. for comparison. The differences shown
" betiveen measured and calculated values can be due to the rubber effect, the chemical
composition of the binders or the frequency used. The frequency used in this study was
0.05 Hz.. A good relationship with a correlation coefficient of 85% was established
between the viscosity values measured using the oscillatory shear viscometer and

penetration values of the rubberised bitumen. Figure 5.10. shows the relationship between

viscosity and penetration measured.

A linear relationship exist between the viscosity and penetration when plotted in log-log

basis, This relationship is in the form of;

log 1 =3.01 - 2.10 log Pen " (5.12.)

It can be expressed also as below;

1.02x10"
M=-"2——

Pen 2 (5.13)

This equation is slightly different than the equation given by Carre and Laurent (1963);

_1.45x10"°

M= pent® | -G




104

y=3.01-2.10x r"2=0.85

e
W

(=]
[
lT]IIIIIlIIFlI/I/JilI.l’l
n

©
th

T

L

. !'
[ ]
.\\-

u \\

'
-
(=}

~.

Iy

N

Log (Viscosity) MPa.s

o

'
Yt
in

lill{l

!I\Ill'lllll\lllll‘l-L[!l'lll'l\’\411t[\\1

1.3 1.4 1.5 1.6 1.7 1.8 19 2.0 21 2.2
Log (Penetration) 1/10 mm

¥
o

Figure 5.10. Viscosity vs. Penetration of rubberized bitumen investigated.

2.0 _ , .
1.5

1.0

0.5

y=0.03+1.30x  1°2=0.65

Calculated Viscosity (MPa.s)

.,Illilllllilltiillll

0.0 0.5 1.0 1.5 2.0
Measured Viscosity (MPa.s)

Figure 5.11. Measured Viscosity vs. calculated viscosity according to equations (2.6.) and

(2.7.).




1w

A graph, which shows the measured viscosity values against calculated viscosity values
givé an idea on the difference of viscosity with the addition of rubber. Figure 5.11. shows
4y the measured viscosity values obtained from oscillatory shear analysis 5gainst calculated
viscosity values using by equations (2.7.) and (2.6.). The measured valueé are lower than

., the c__alculatéd values. Viscosity of the bituminous binders depends upon the temperature

changes and chemical compounds of the binders.

The rheological parameters of the 34 binders are plotted as a function of temperature for a
given frequency of 0.05 Hz. The plots of loss modulus {G"), storage modulus(G') and

‘dynamic viscosity (') versus temperature for the 50 and 100 pen base bitumen are given

in Figure 5.12. and the rest is given in Appendix B.
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Table 5.4. Variation on Viscosity With Varying Rubber Content at Penetration

Temperature of 25° C.

Bitumen | Pen. at | Viscosity in | Viscosity in | Viscosity | Viscosity { Viscosity

type | 25°C poise™ poise” | MPa.s? | MPa.s? | MPa.s®
p50j 47.50 | 3601444.62] 4152601.15 0.42 0.64
240508 47.00 I 3684322.241 4268439.94 0.43 0.63
54050] 46.50 | 3770024.33| 4388801.39 0.44 0.61
104050] 41.50 | 4814648.58 5899273.81 0.59 0.55
204050] 33.83 | 7469245.06]10032915.57 1.00 0.88
304050] 17.86 |29510207.30|52846043.21 5.28 N/A
226501 45.86 | 3884570.15] 4550566.08 0.46 0.48
52650 41.57 | 4796880.08] 5872955.88 0.59 0.45
102650] 37.14 | 6111334.99] 7871324.28 .79 0.42
202650] 27.71 |11469779.50|16853651.58 1.69 0.74
21250] 39.86 | 5251456.24| 6552508.32 0.66 0.35
51250] 38.57 | 5635036.00| 7135636.57 0.71 0.28
101250] 36.57 | 6318483.60| 8195106.46 0.82 0.30
201250] 32.00 | 8419679.28{11596679.69 1.16 0.76
23501 40.57 | 5054688.031 6256779.14 0.63 0.37
3350] 38.29 | 5725837.00; 7274917.03 0.73 0.41
10350] 32.86 | 7954519.31110826451.52 1.08 0.58
20350] 36.57 | 6318483.60 §195106.46 0.82 0.69
pl00] 99.43 735730.77F 608407.40] 0.07 (.08
240100] 89.00 033640.08| 811539.36] 0.09 0.06
540100] 81.71 1121830.71] 1013325.18] 0.11 0.09
10401001 72.43 | 1453990.85| 1386621.131 0.15 0.10
2040100} 59.57 { 2213279.54| 2304755.00] 0.22 0.18
226100 85.71 | 1012286.86| 894922.15] 0.10 0.09
526100 73.71 1400012.55 1324613.83] 0.14 0.11
10261001 61.43 | 2071913.44| 2127945.62| 0.21 0.17
2026100] 49.57 | 3285643.33| 3716395.07| 0.33 0.28
2121001 79.00 | 1206340.07| 1106351.60] 0.12 0.12
5121000 72.71 1441735.38| 1372499.75| 0.14 - 0.12
10121001 64.71 1852326.98| 1858331.48] 0.18 0.18
2012100{ 46.86 {1 3708514.86| 4302357.71] 0.37 0.32
23100] 76.00 | 1311048.56| 1223512.09] 0.13 0.09
531001 73.00 | 1429630.65) 1358576.72] 0.14 0.13
103100] 60.29 | 2157282.49] 2234426.83] 0.22 0.20
203100] 42.86 | 4492810.39] 5425793.33F 0.45 0.35

1 According to the equation (2.6)
2 According to the equation (2.7)
3 Measured at oscillatory shear viscometer (for frequency of 0.05 Hz).
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5.3. Summary

The basic rheological requirements expected from a binder are that it readily deforms
without rupture in order to resist thermal stresses due to volumetric changes, and that it
must recover elastically, not by plastic flow from these small deformation in order to
adsorb shock loads. The absence of fracture at low temperature is highly desirable, in

addition it must limit permanent deformation at high temperatures.

Penetration test shown that hardness of base bitumen increases proportionally with the
addition of shredded rubber (Figure 5.1.). Tt was found that the slope of the relationship
between penetration and rubber content depends on the rubber size and mixing
temperature of the base bitumen. The mixing time affects the penetration value due to the

degree of digestion obtained and to the interaction between rubber particles and bitumen.

The changes on the softening point test with the addition of rubber show some similarity
to the penetration test. The softening point of the binder increases linearly with the
increasing in shredded tire rubber concentration (Figure 5.3.). The softening point also

increases with the increasing mixing time in a logarithmic relation (Figure 5.4.). The

optimum mixing time found was 0.5 hour.

The elastic recovery of the shredded rubber modified bitumen increases with increasing

rubber content but not ductility. It may be due to the absence of digestion (Table 5.3.).

The oscillatory shear analysis showed that the elastic components of the viscosity of

shredded rubber modified binders increases with the increasing rubber comtent. The
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viscosity increased for all rubberised bitumen composition used in this investigation when

compared with the base bitumen.




CHAPTER SIX

ENGINEERING PROPERTIES OF ASPHALTIC CONCRETE MADE WITH

WASTE THREAD TIRE RUBBER MODIFIED BINDERS

6.1, Introduction

As it has been shown in Chapter 5 the addition of waste shredded rubber alters the
rheclogical properties of bitumen. These changes are studied in this chapter with relation

to the changes that they may produce on the properties of asphaltic concrete.

The main concern during this part of the investigation will be the effects of varying rubber
concentration and rubber size on the engineering properties of asphaltic concrete. The
discussions on the laboratory results, which were obtained in accordance with Leeds
Design Methods, inplude the followiné propertizs;

1-workability,

2-density of the compacted mixture,

3-compacted aggregate density,

4-Marshall stability,

5-Marshall flow,

6-porosity,
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7-voids in the mineral aggregates,
§-air permeability,
O-creep stiffness,

10-optimum binder content.

In addition to the codes used in Chapter 5 the codes used in the Figures includes numbers

1, 2, 3 and 4. They represent the following;
1- Aggregate gradation after DCT mixed with 50 pen. grade base bitumen,

2- Aggregate gradation according to equation (3.1.) (n=0.5) mixed with 50 pen. grade

base bitumen,
3- Aggregate gradation after DCT mixed with 100 pen. grade base bitumen,

4- Aggregate gradation according to equation (3.1.) (n=0.5) mixed with 100 pen grade

base bitumen.

For example, 2401 shows the asphaltic concrete made with 2% 40°s size rubber and
20261 shows the asphaltic concrete made with 20% (26) 12/16’s size rubber mixed with

50 pen. base bitumen and aggregate gradation type DCT result.

6.2. Workability of the Mixtures

The workability of bituminous mixtures is very difficult to quantify. It is influenced mainly

by aggregate type (shape, size and texture), aggregate gradation, binder grade. binder
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content, binder viscosity and mixing and compaction temperature (Napiah, 1993). An

assessment of workability is not included in any current UK design procedure.

Cabrera (1991) defines the workability of bituminous mixtures as the property which
allows to produce, handle, place and compact a mix with minimum application of energy.
It is an important practical requirement that bituminous materials are tolerant to a wide
variation of laying conditions and that in relatively adverse condition, they will still spread
easily and compact sufficiently well to give a durable surfacing. Too harsh a mmix, may
cause it to tear under the screed of the spreading machine and render compaction more
difficult. Badly compacted materials will not develop the desirable properties of high
stiffness, good fatigue resistance, good durability. To account for its importance in
highway construction, the Leeds Design Method has included an assessment of

workability in its design procedure (Cabrera, 1992).

The method to measure workability is based on experimental relations between
compaction energy and mix porosity. The Leeds Workabijjty Methods employvs the
Gyratory Testing Machine (GTM) and its determination is in conjunction with specimen
compaction. The GTM is equipped with a dial gauge to continually monitor the changes in '

specimen height as it is being compacted. A detailed information can be found in reference

{Cabrera, 1991).

The workability of the mixtures is expressed by the Workability Index (WI). WI can be

used to effectively asses the influence of mix composition and other variables. Generally,
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for any hot mixed bituminous material, the workability index of the mixture increase with

increasing binder content and compaction temperature. -

The results of workability index against binder content of asphaltic concrete made with
base bitumen and rubberised bitumen are plotted in Figures 6.1.(a), (b), (c), (d). The
workability index increases as the bitumen content increases. A straight line with a
correlation of about 99% can be fitted to the results obtained in this work for all the

asphaltic concrete. The linear relationship is in the following general form;

WI=a+ bxBC (6.1.)

where;
WI, workability index,
a, b, constants,

BC, binder content (% weight).

The addition of shredded waste rubber decreases the workability index of asphaltic |
concrete as it is shown by the constant b of the equations, i.e. the slope of the function
decreases with increasing rubber content. The reduction of WI is greater for the mixes
made with the 100 pen. base bitumen. It is also clear that the larger the size of the
shredded waste rubber the larger the effect on W1 as shown in Figures 6.1. (a), (b), (¢) and
(d). For instance, when the WI value was 10 for the asphaltic concrete made with 50 pen.

base bitumen with 7 % binder content this value decreased gradually as the increasing
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rubber content up to 7 for the mixture made with 50 pen. grade base bitumen plus 20%
40’s size shredded rubber modified binder (Figure 6.1. (a) (left)). Increase in rubber size
also decreased the Workability Index (WI). W1 was found below 4 when the mixture made
with 50 pen. base bituﬁen blus the biggest size (3’s) rubber (Figure 6.1. (d) (left)). Similar

findings was observed when the mixture was made with 100 pen. base bitumen modified

with shredded rubber.

The hardness of the base bitumen has also an effect on the workability of bituminous
mixture. At the same mixing temperature, the constant a of 50 pen. base bitumen is lower

than 100 pen. base bitumen. These results show that the viscosity of the binder has a large

influence on the workability of mixtures.
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Figure 6.1. (a). WI vs. Binder Content for rubberised asphaltic concrete made with 40°s

size shredded tire rubber in 50 pen.(left) and 100 pen.(right) grade base bitumen.
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Figure 6.1. (b). WI vs. Binder Content for rubberised asphaltic concrete made

12716’s size shredded tire rubber in 50 pen.(left) and 100 pen.(right) base bitumen.
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Figure 6.1. (c). WI vs. Binder Content for rubberised asphaltic concrete made with 12s

size shredded tire rubber in 50 pen.(left) and 100 pen.(right) grade base bitumen.
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Figure 6.1. (d). WI vs. Binder Content for rubberised asphaltic concrete made with 3’s

size shredded tire rubber in 50 pen.(left) and 100 pen.(right) grade base bitumen.

6.3. Density of the Compacted Mixture

Generally, the density of a bituminous mixture increases with increasing binder content up
1o a certain value beyond which it then starts to decrease. At low binder content, the
binder acts as a lubricant and promotes the aggregate particles to slide over each other
with ease. After an optimum amount of binder has been reached it only acts to displace the
aggregate particles and since the specific gravity of the binder is less than half of the

specific gravity of the aggregates, the final density of the compacted mixture starts to

decrease.

The effect of variables investigated on the densities of asphaltic concrete is given in Figure
6.2.. Daw and Dg values were calculated as indicated in Chapter 4 equations (4.3.) and

(4.4.) respectively. Daw values were found usually higher than Dg values because of small

as
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holes on the surface of the samples and the Dg values were taken into account in the rest

of the study.

One of the variables investigated on the density of asphaltic concrete was the aggregate
gradation. As mentioned earlier, two aggregaie gradations, i.e. according the equation
(3.1.) and based on the minimum VMA obtained using by bCT were used during this
research. For both aggregate gradations the density values were found very close. The
density values for both mixes at maximum binder content were 2.43 gr/em’ when the
mixture made with 50 pen. base bitumen (the cne according to equation (3.1.) is slightly
over) and the density value found for the aggregate gradation obtained after DCT was
2.45 griem?, this value was 2.40 gr/em’ for the aggregate gradation obtained by using
equation (3.1.) made with 100 pen. base bitumen. The other important differences
observed between the used two aggregate gradation were the binder content which gives
the maximurﬁ density. The aggregate gradation obtained by using equation (3.1.) is given

lower binder content for maximum density than the other one.

The effect of rubber on the densities of the compacted mixtures obtained at various binder
content, binder type, rubber sizes and rubber content are plotted in Figures 6.2. (a), (b),
(c) and (d). As shown in these Figures the addition of rubber causss a decrease in the
density of a compacted mixture. In both mix types, i.e. those made with 50 pen. and 100
pen base bitumen, rubber significantly affects the compacted mixture density. For example,
5% decrease 1n density was observeci on the mixture made with 50 pen. base bitumen plus
20% 40’s size rubber (6.2. (a). (left)). This decrease reaches up to 12% for the mixture
made with 3°s size plus 20% rubber content made with 50 pen base bitumen (6.2.(d).

(left)).
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Figure 6.2. (a). Density vs. Binder Content for rubberised asphaltic concrete made with

40’s size shredded tire rubber in 50 pen.(above) and 100 pen.(below) grade base bitumen.




118

LChapter Six

Engineering Properties of Rubberised Asphaltic Concrete

2.50
2.45
2.40
2.35
2.30
2,25
220
2.15
2.10

Density (gr/cc)

2.05
2.00

-
“tn

(=
i

g
= ;
tn

IEN RN RN

e
o

lll.lilill}l[li'tl'.l(i(lltjllngl[llil'l'li'ﬂ'lllliu'll"l

S]]

50PBB1(Dg)
S0PBB1{Daw)
50PBB2(Dg)
S50PBB2(Daw)
= 2261(Dg)
_  2261(Daw)
< S s 5261(Dg)
SR 5261(Daw)

" 10261(Dg)
10261(Daw)
20261(Dg)
20261(Daw)

< B

coE o

5.0 6.0 7.0 8.0 9.0
Binder Content(%)

- 3 100PBB3(Dg)
“n 8 100PBB3(Daw)
100PBB4(Dg)
) 100PBB4(Daw)
~ 2263(Dg)
2263(Daw)
, = & 5263(Dg)
e s 5263(Daw)
g s I 10263(Dg)
7 Tep_—m @ 10263(Daw)
20263(Dg)
2 20263(Daw)

iy
o

5.0 6.0 70 . 80 9.0
Binder Content(%)

Figure 6.2. (b). Density vs. Binder Content for rubberised asphaltic concrete made with

12/16’s size shredded tire rubber in 50 pen.(above) and 100 pen.(below) base bitumen.
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Figure 6.2. (c). Density vs. Binder Content for rubberised asphaltic concrete made with

12°s size shredded tire rubber in 50 pen.(above) and 100 pen.(below) grade base bitumen.
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Figure 6.2. (d). Density vs. Binder Content for rubberised asphaltic concrete made with

3’s size shredded tire rubber in 50 pen. (above) and 100 pen. (below) grade base bitumen.
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It is known that rubber has higher elasticity. During compaction, the modified binder
stores energy on the rubber particles inside the bitumen, this energy is released during
cooling by expansion of the specimen. This increase in volume causes to the reduction in
density. An important factor is the reduced workability whif:h lead to lower density. The

decrease in density of the compacted mixture means increase on the porosity.

A thorough study of the porosity of the mixture is given in Chapter Seven.

6.4. Compacted Aggregate Density

The Compacted Aggregate Density (CAD) and Voids in Mixed Aggregate (VMA) vs.
binder content graphs of the bituminous mixtures show opposite trends because these two
parameters are complementary. When equations (6.2.) and (6.3.) are analysed in detail 1t
can be seen that, the binder content which gives maximum CAD value will be the same for
miﬁimum VMA. Figure 6.3. explains this idea. Therefore, in this research CAD and VMA
of the asphaltic concrete was investigated and CAD was taken into account in the design
of asphaltic concrete made with waste shredded tire rubber.

Pwax D
ngh

VMA = (100- ) (6.2.)

where;
P.a, percentage weight of aggregate (%),
D, density of the compacted mixture (gr/cr’),

Sgmix, Specific Gravity of mixture (gr/ cm’).
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The Compacted Aggregate Density also has been defined as;

CAD = (P.. x D)/ 100 (6.3.)

where;
P, percentage weight of aggregate (%),

D, density of the compacted specimen (gr/ce).
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Figure 6.3. VMA and CAD vs. Binder Content for asphaltic concrete investigated.

The effect of rubber on the relationship between compacted aggregate density and binder

content of the mixtures is given in Figure 6.4.(a), (b), (c) and (d). The resuks clearly show
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a significant effect of rubber on CAD. All shredded rubber sizes tested decrease the CAD
values. The higher the rubber size the lower the CAD. A reduction in the CAD values was
due to the lower porosity of the compacted specimen. The effect of shredded rubber

concentration was also significant for all sizes tested. The increase on rubber

concentration lead to further decrease on CAD of values.

As it is shown in the Figures increasing rubber contenf decreases the CAD values of the
asphaltic concrete. In Figures 6.4.(b), 6.4.(c) and 6.4.(d) the CAD values are to low for
the 20% rubber content and in Figure 6.4.(b).(left and right) the trend looks like opposite
way for the 20% rubber content. However, these lines show that the CAD values will
increase when the binder cc;ntent increased. As a result of that it can be said that

increasing rubber content increases the optimum binder content.

The effect of aggregate gradation on CAD values of asphaltic concrete is also given in
Figure 6.4.. The differences between two aggregate gradations are remarkable on CAD
values of asphaltic concrete made with 50 pen. base bitumen, this values were found very
close for the mixtures made with 100 pen. base bitumen. When the CAD value was 2.31
grfem’ for aggregate gradation according to equation (3.1.) at maximum point, this value
was 2.27 gr/em’ for the aggregate gradation obtained after DCT for the mixture made
with 50 pen. base bitumen, this value found was approximately 2.27 gricm’ for both

aggregate gradation made with 100 pen. base bitumen (the one according to equation

(3.1.) is slightly over).
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size shredded tire rubber in SO-pen.(leﬁ) and 100 pen.(right) grade base bitumen.
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Figure 6.4. (b). CAD vs. Binder Content for rubberised asphaltic concrete made with

12/16’s size shredded tire rubber in 50 pen.(left) and 100 pen.(right) grade base bitumen.
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Figure 6.4. (d). CAD vs. Binder Content for rubberised asphaltic concrete made with 3’s

size shredded tire rubber in 50 pen.(left) and 100 pen.(right) grade base bitumen.
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6.5. Porosity of the Compacted Mixture

Porosity, (P) is determined as the ratio of the volume of porous divided by the total
volume of a mixture. It is generally expressed as a percentage of the bulk volume of the
compacted mixture, Chapter 7 deals with porosity measurements and porosity

characteristics of the asphaltic concrete studied.
6.6. Voids in Mixed Aggregate (VMA)

Voids in Mixed Aggregate, VMA, are defined as the intergranular void space between the
aggregate particles in a compacted mixture that includes the porosity and binder content,
expressed as a percentage of the total volume. According to Khandal et al. (1985) the
VMA should be considered as the most important mix design parameter affecting mix
durabilitv. High VMA values allow enough binder to be incorporated into the mix to
obtain maximum durability without the mix flushing. Such mixes have lower stiffness
modulus at low temperatures which is helpful in minimizing the thermal and reflection
cracking (Khandal ef al., 1985). Maximum deformation resistance requires minimum
VMA (Cooper et al., 1985). Cooper et al.(1985) has worked on three main aggregate
gradation, which are namely Hot Rolled Asphalt (HRA), Dense Bitumen Macadam
(DBM) and Open-textured Bitumen Macadam, and they have found a good relationship

between VMA and permanent deformation.

The effect of rubber on VMA of compacted asphaltic concrete mixtures is illustrated in
Figures 6.5. (a), (b), (¢) and (d). Usually, the VMA decreases as the binder content
increases until it reaches a minimum value, after which the VMA increases as the binder
content increases. An increase has been observed with increasing rubber content on the

VMA of asphaltic concrete.
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Figure 6.5. (a). VMA vs. Binder Content for rubberised asphaltic concrete made with 40’s

size shredded tire rubber in 50 pen.(left) and 100 pen.(right) grade base bitumen.
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Figure 6.5. (b). VMA vs. Binder Content for rubberised asphaltic concrete made with

12/16’s size shredded tire rubber in 50 pen.(left) and 100 pen.(right) grade base bitumen.
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6.7. Marshall Stability and Flow

Stability is an arbitrary value related to strength of bituminous mixture and its ability is to

resist deformation under imposed loads. The Marshall Stability test procedure is given in
Chapter 4.

The maximum Marshall Stability of a mixture depends on the binder content, as the binder
content increases, stability increases up to a maximum value beyond which it starts to

decrease. In general, the deformation (Marshall Flow) increases as the binder content

increases.

The stability values of rubberised mixtures are plotted against binder content as shown in
Figure 6.6. (a), (b), (c) and (d). The addition of small proportion of rubber increases the
Marshall stability of the mixtures especially for mixtures made with low penetration grade
base bitumen. The increase on stability is clear for the rubberised mixtures made with 100
pen. base bituren for all rubber sizes. The stability values decrease with increasing rubber
sizes and rubber content for the mixtures made with 50 pen. base biturmen. Only a small

increase is observed for 40°s size of rubber at lower content. In spite of high porosity, the

reduction in stability is not proportional.

Figures 6.7. (a), (b), (c) and (d) show the results of Marshall flow for the mixtures made
with rubber. The addition of rubber decreases the Marshall flow. A large decrease is
observed at higher rubber content and large rubber sizes for the mixtures made with 100
pen. base bitumen. The change on Marshall flow is not significant on the rubberised
mixture made with 50 pen base bitumen, While the mixes made with small size of rubber
show a decrease on Marshall flow (Figure 6.7. (a)), as the rubber size increases the
Marshall flow tends to increase (Figure 6.7.(b), (c) and (d)). Indeed, it increases with
increasing rubber content until reaching a certain amount of rubber content, after which it

starts to decrease. This can be seen clearly in Figure 6.7. (c) (left).
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Figure 6.6. (a). Marshall Stability vs. Binder Content for rubberised asphaltic concrete

made with 40’s size shredded tire rubber in 50 pen.(left) and 100 pen.(right) base bitumen.
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Figure 6.6. (b). Marshall Stability vs. Binder Content for rubberised asphaltic concrete

made with 12/16’s size shredded tire rubber in 50 pen.(left) and 100 pen.(right) bitumen.
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Figure 6.7. (b). Marshall Flow vs. Binder Content for rubberised asphaltic concrete made

with 12/16’s size shredded tire rubber in 50 pen.(left) and 100 pen.(right) bitumen.
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6.8. Air Permeability of the Compacted Mixture

Most bituminous paving engineers and technologist recommended that high permeability,
high air voids and thin bituminous coatings on the aggregate particles should be avoided in
the design and construction of bituminous pavements (Goode ef al., 1965). The effect of
permeability on the durability of compacted bituminous mixture has been discussed in
Chapter Four. The measurement of aif permeability provides information about the
distribution of air voids and their degree of inter-connection. In order to produce a durable

mixture without loss of stability, the mixture has to be impermeable or of low

permeability.

The effect of rubber on the coefficient of air permeability vs. binder content for the
rubberised asphaltic concrete is given in Figures 6.8. (a), (b), (c¢) and (d). The results
shown that the relationships between air permeability and binder content of asphaltic
concrete is significantly effected by the addition of rubber. Permeability of the mixture
increases with increasing rubber content and rubber size. The permeability of the asphaltic
concrete decreases as binder content increases until a minimum value is reached after
which the permeability shows a certain amount of increase with increasing binder content.
This increase is not proportional to the increase of binder content. From the result, it is
apparent that rubber affect the permeability of the mixture significantly. It can be said that,
the porosity and permeability of the asphaltic concrete made with shredded rubber

modified bitumen show similarities due to high porosity.




Adudnd

| Chapter Six

"7 Enpinecting Properties of Asphaltic Concrete

600 - 600

s50 - r = 100PBB3
a : ® S50PBBI . 0% . o 2403
g 500 - o 2401 & 500 E i 5403

z . m o
S : 5 540 5 - ' 10403
Y 450 = 10401 % 450 F = 20403
9 : 3 20401 2 - -
0 - = L
2400 - & 400k
g B g L
D350 = 2 350 ¢
5300 = 2 300 2 )
S 250 = 5 250 F
- e L

& 0" A~ 3

150 = 150 -
5% 5
émo = o 100
& 50 - 2 o :
o : B '5 ¥ : S

o sy d -r:{k___l_ 0 r -——-;‘_E 3 L-\.\g}"*--!'
40 50 60 70 30 90 40 50 60 70 80 50

Binder Content(%)

Binder Content{%)

Figure 6.8. (a). Air Permeability vs. Binder Content for rubberised asphaltic concrete

made with 40’s size shredded tire rubber in 50 pen.(left) and 100 pen.(right) base bitumen.
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Figure 6.8. (c). Air Permeability vs. Binder Content for rubberised asphaltic concrete

made with 12’s size shredded tire rubber in 50 pen.(left) and 100 pen.(right) base bitumen.
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made with 3’s size shredded tire rubber in 50 pen.(left) and 100 pen.(right) base bitumen.
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6.9. Creep Stiffness of the Compacted Mixture

The permanent deformation or ruiting of bituminous mixture is a problem. Any
deformation in the mix is the result of displacements between mineral particles separated
by a thin film of bitumen. The rate of strain is depend on the magnitude of the stress, the

thickness of the bitumen film and the bitumen properties (Van de Loo, 1978) and

temperature (Napiah, 1993).

The creep properties of the asphaltic concrete are very useful for the estimation of
permanent deformation. According to Brown (1980), Marshall stability test results are
unsuitable for ranking mixes in order to predict their deformation resistance when different
types of mixes are involved and the specimens prepared by the normal Marshall procedure.
It has been suggested that mixes with generally good or bad deformation resistance can be
distinguished by using unconfined creep test. To account its importance, the Leeds Design
Method (Cabrera, 1992) has includes creep stiffness measured after 1 hour loading as one
of its design parameter to determine the optimum binder content. The procedure for the

determination of one hour creep stiffness of the mixture is given in Chapter 5.

Figure 6.9 shows change in creep stiffness with changing loading time for the asphaltic
concrete made with base bitumen of 50 pen. The Creep stiffness of the same mixture
against stiffness of binder is also shown in Figure 6.10. in log-log scale. Maximum 1 hour

creep stiffness of the mixture given in Figure 6.11. As it is shown in Figure 6.11. the 1
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hour creep stiffness of the mixture decreases with increasing binder content. It is clear that
there is no maximum point except type 3 on the graph. The slope of the lines, which is
obtained from stiffness of the mix against stiffness of the bitumen, is used to determine the
optimurn binder content in this investigation. This manner of (_:haracterizmg a mix is based
on the fact that more resistant mixtures have stiffness that are larger and decrease less
rapidly with increasing loading time. Figure 6.12. shows the slope of the lines against

binder content. The minimum values for the slope is chosen for the optimum binder

content.
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Figure 6.9. Loading Time vs. Stiffness of Mix for asphaltic concrete made with 50 pen

base bitumen (for the aggregate gradation type DCT result).
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pen base bitumen (for the aggregate gradation type DCT).
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Figure 6.12. Slope of Mix Stiffness against Bitumen Stiffness Line vs. Binder Content.

To determine the effect of rubber on the creep stiffness of the mixtures, the results of the
creep tests are presented in term of the relationship between the mixture stiffness at one
hour loading time and bitumen content. Figures 6.13. (a), (b), (¢) and (d) show the
relationship between binder content and stiffness of the asphaltic conérete made with
shredded rubber. It was observed that the creep stiffness of the mixture increases over
100% when small amount of fine rubber (40's rubber 2% by weight, Figure 6.13.a.(left))
was incorporated into the bitumen. High concentration rubber addition, on the other hand,

reduces the creep stiffness of a mixture due to high porosity.
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Figure 6.13. (a). Creep Stiffness vs. Binder Content for rubberised asphaltic concrete

made with 40’s size shredded tire rubber in 50 pen.(left) and 100 pen.(right) base bitumen.
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Figure 6.13. (b). Creep Stiffness vs. Binder Content for rubberised asphaltic concrete

made with 12/16’s size shredded tire rubber in 50 pen.(left) and 100 pen.(right) bitumen.
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Figure 6.13. (c). Creep Stiffness vs. Binder Content for rubberised asphaltic concrete

made with 12s size shredded tire rubber in 50 pen.(left) and 100 pen.(right) base bitumen.
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Figure 6.13. (d). Creep Stiffness vs. Binder Content for rubberised asphaltic concrete

made with 3’s size shredded tire rubber in 50 pen.(left) and 100 pen.(right) base bitumen.
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6.10. Optimum Binder Content

Optimum binder content determination is one of the most important aspect in the design
procedure. The mixture properties are very sensitive to the change of binder content. Too

rich a mix would lack resistance to deformation and leaner mixes would lack resistance to

tensile stresses.

Several methods are available to determine the optimum binder content of the mixture. In
the UK, the method recommended in BS 598 (1990) is the most widely used. BS 598
(1990) recommends to obtain the optimum binder content from the average of the bitumen
content at maximum stability,r maximum density and the intended air voids. The mix design
method for the asphaltic coﬁcrete by Asphalt Institute (1988) also recommends the same.
However, in this investigation, The Leeds Design Method (Cabrera, 1992) is used to
determine the optimum binder content of the asphaltic concrete made with tire shredded
rubberised bitumen. In addition to the parameters outlined by BS and Asphalt Institute
specification, the Leeds Design Method (Cabrera, 1992) includes air permeability, static
creep stiffness of the mixture and compacted aggregate density as the parameters to

determine the optimum binder content of the mix. The results for the mixes studied are

shown in Table 6.1..

The effect of rubber on the optimum binder content (University of Leeds) (OBC-UL) is
given Figure 6.14. for all mixes made with 50 pen. (right) and 100 pen. (left) grade base

bitumen plus shredded tire rubber in different concentration. Analysis of results show that
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the addition of rubber into the bitumen increases slightly the optimum binder content when
the rubber is added in any percentage or any size. The binder content was kept in the
range of 5% to 7% during this research. There is a need to extend the investigation gap
for higher concentration of shredded rubber modified bitumen. However, it can be said
that the addition of high concentration rubber reduces the required properties of asphaltic

concrete such as increase in porosity and decrease in Marshall Stability etc.
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Figure 6.14. Optimum Binder Content for rubberised asphaltic concrete investigated.

Another important aspect related with the properties of rubberized asphaltic concrete is
the WI. A workable mix should have a WI of over 6. (Cabrera, 1991). The workability
index of asphaltic concrete made with the smallest size (40°s) rubber was high enough for

all rubber concentrations (2,5,10 and 20%) for both penetration grade bitumen 50 and
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100, the WI values are under 6 for the bigger sizes (12's, 12/16’s and 3’s) for both

' penetration grade bitumen when the rubber content exceeds 5%.

6.11. Summary

In this investigation, a laboratory work conducted on the engineering properties of
asphaltic concrete made with waste shredded tire rubber modified (50 and 100 pen. grade
base) bitumen. The experimental design procedure showed that the difficulties arose
during the compaction of the material. At high rubber content the elasticity on the binder
increases Jeading to a rubber like behavior during compaction, i.e. release of the pressure
caused a large amount rebound of the compacted mixture. In the previous chapter, it was
said that the rubber particles are not digested completely. At the time of compaction, the
temperature of the sample is still around 130 °C and the viscosity of bitumen is still low
and it do not withstand to keep the form of sample, this leads an increase on the porosity

of the compacted specimen. To reduce this, a modification of the compaction method. is

necessarily

In spite of increasing the porosity, the investigated properties of the rubberised asphaltic

concrete are still in the acceptable range in accordance with the related specifications (BS

594, 1992; Asphalt Institute, 1988).
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CHAPTER SEVEN

THE MEASUREMENT OF THE POROSITY OF ASPHALTIC CONCRETE

MADE WITH WASTE THREAD TIRE RUBBER MODIFIED BINDERS

7.1. Introduction

Most researchers agree that high porosity, high permeability should be avoided when
designing and constructing bituminous pavements. Limiting the porosity of bituminous

mixture is one of the main considerations when determining the optimum binder content

(O’Flaherty, 1988).

Porosity is the sum of the pores in the bituminous mixture. It is expressed as a percentage
of the total volume of the specimen and it represents the volume that is not occupied by
either bitumen or aggregates. VMA consist of the inter-granular void spaces between the
aggregate particles that hold bitumen in a compacted mixture. VMA is equal to the
volume of binder plus the porosity. It is also expressed as a percentage of the total volume
of the specimen and represents the volume of the compacted mix that is not occupied by

aggregate,

Porosity is one of the most important factor effecting the long term performance and
durability of bituminous mixture. Basically, the porosity must be high enough to allow for
expansion of binder and entrained air under hot weather condition, to provide the mixture

with a certain amount of elasticity and to provide safety space for further compaction of
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the surfacing under heavy traffic. When the porosity is too low, the pavement is likely to

flush or bleed. The porosity should not be too high such that it will allow ingress of air and

water to further aggravate disintegration.
7.2. Porosify Calculation

The fundamentals involved in the calculations of porosity of bituminous mixtures are

shown in Figures 7.1. and 7.2. (Asphalt Institute, 1988).

\TR [ Fy
BITUMEN
Vmb
MINERAL 4
AGGREGATE
¥

Vma, Volume of voids in mineral aggregate,

Vb, Bulk volume of compacted mix,

Vmm, Voidless volume of paving mix,

Ya, Velume of air,

Vb, Volume of bitumen,

Vba, Volume of absorbed bitumen,

Vsb, Volume of mineral aggregate (by bulk specific gravity),
Vse, Volume of mineral aggregate (by effective specific gravity).

Figure 7.1. Representative of volumes in compacted bituminous mixture (Asphalt

Institute, 1988).

The porosity expressed as a percentage in the compacted specimen is obtained by

subtracting the bulk density from the theoretical or actual voidless density (specific gravity
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or relative density of the mix) and expressing the difference as a percentage of the specific

gravity of the mix.

where;

P= SGmu—D

mix

x 100 (7.1.)

P, porosity (%),

Sgmix, Specific Gravity of Mix (gr/cc),

D, bulk density of the specimen (gr/cc).

AGGREGATE

EFTECTIVE
BITUNMEN
VOLURME

AR VOIDS

ABSORBED BITUMEN

WATER PERMEABLE
POROSITY NOT FILLED

WITH ABSORBED BITUMEN

AGGREGATE VOLUME
(BULK SPECIFIC GRAVITY)

AGGREGATE VOLUME
(EFFECTIVE §.G)

AGGREGATE VOLUME
(APPARENT 5.G)

YVOLUME
OF WATER
PERMEABLE
POROSITY

Figure 7.2. VMA, Porosity and Effective Binder Content in compacted bituminous paving

mixture (Asphalt Institute, 1988).
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Because the determination of porosity in bituminous mixtures is wholly based on
calculated value which are dependent on the accuracy of the mix composition, it is difficult
to use porosity as a crucial parameter for acceptance of constructed bituminous

pavements. In fact porosity measurements are often the source of dispute and

disagreement between contractor and engineer.

For this reason, it is important to develop methods for the direct measurement of porosity

in the laboratory so that verification in the field can be made independently of the

compaction of the mix.

This Chapter presents the resuits of the method of measurement based on saturating
specimens in water under vacuum. The measured values are compared with the values
calculated from the known mix composition and the differences are discussed in the

context of performance and acceptability of bituminous mixtures.

7.3. Vacuum Porosity Measurement .

The accurate measurement of the porosity of compacted bituminous mixtures is relevant
in the context of their long term performance and durability. Direct measurements of
porosity was made using the Leeds Vacuum Porosimeter developed by Cabrera (1985) for
the measurement of cement concrete. Using this apparatus as a model a largef Vacuum
Porosimeter was built specially for this work. A schematic diagram and the picture of the

Leeds Vacuum Porosimeter is given in Figure 7.3. and Plate 7.1. respectively.
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- DISTILLED DEAIRED
p WATER
THREE WAY y
A VAL{ET DESICCATOR
Ny

ASFHALTIC
CONCRETE
SPECIMEINS

Figure 7.3. A schematic diagram of the Leeds Vacuum Porosimeter.

Basically, this apparatus consist of a container (desiccator) to place the specimens, a
vacuum pump and a reservoir to hold distilled deaired water and a three way valve to

connect the sample container to the pump, the reservoir and the environment.

7.3.1. Description of Saturation Process

The samples are placed the desiccator, which can hold up to six specimens. The desiccator
is then connected to the vacuum pump and the specimens subjected to a pressure of -1
atm. for three hours. Then the valve connected to the water reservoir is open and water is
allowed to cover the specimen {(at least 3 cm. of water above the surface of the
specimens). The specimens are kept immersed under vacuum for another 3 hours or until
all air bubbles have been released. At the end of this period the container is connected to

the atmosphere so that the pressure on the water surface is 1 atm. and inside the specimen
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-1 atm.. The specimens are kept immersed overnight, then they are taken out of the

desiccator, surface dried and weighed in air and in water.

Plate 7.1. Leeds Vacuwm Porosimeter (LVP).
The weight of water, which fills the void spaces inside the specimen expressed as a

percentage of the total volume of the specimen, is the “water accessible porosity”. It is

calculated as shown in equation (7.2.);

_ Ws—-Wa

Pvy= ——
Ws - Ww

x 100 (7.2.)

where;
Pv, porosity measured by vacuum saturation (%),
Ws, weight of sample in air (vacuum saturated) (gr),
Wa, weight of dry sample in air (gr),

Ww, weight of sample in water (vacuum saturated) (gr).
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7.4. Results and Discussion

The calculated porosities, obtained either by using geometry of the specimen (Pg) or by
using the volume of specimen obtained by water displacement (Paw) are plotted together
with the measured vacuum porosity values for the range of binder contents of the asphalﬁc
concrete made with 50 pen. and 100 pen. grade base bitumens. These are given in Figure
7.4. and 7.5.. An exponential curve can be fitted to the porosity vs. binder content
function. The correlation coefficient was over 88% for the three functions within the

investigated binder content range. The form of the equation found was as follows;
P=2ax 10 »BC (7.3)

where;
P, porosity of the compacted specimen (%),
BC, binder content (in weight) (%),

a and b, constant.

Their values are given in Figures 7.4., 7.5., 7.6. and 7.7..

7.4.1. The Effect of Rubber

Figure 7.6., Figure 7.7. (a) and (b) show the effect of 40's size shredded rubber
concentration on the porosity of asphaltic concrete made with 50 and 100 pen. grade base
bitumnen respectively. It is clear that the porosity increases with increasing rubber content.
This is attributed to increase on the elastic behavior of the binder. In Chapter 5, it was said
that the viscosity and the elastic components of the binder increase with increasing rubber

content, During the compaction process rubberised binder behaves more like an elastic
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material, i.e. under pressure exhibits large deformation, once the pressure is released the

instant rebound also large. This in addition to the decrease in WI leads to higher porosity.

18 l
= Pg=774.20*10"(-0.39*BC) r'2=0.98 ;

16 £ Paw=290.78710°(-0.32*BC) 172=0.96 !
4 B\ Pv=1301.52*10"(-0.48*BC) r'2=0.88
S .- é

2 BN
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Figure 7.4. Porosity vs. Binder Content of asphaltic concrete made with 50 pen grade base

bitumen.
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Figure 7.5. Porosity vs. Binder Content of asphaltic concrete made with 100 pen grade

base bitumen.
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Figure 7.6. (a). Porosity vs. Binder Content of rubberised asphaltic concrete made with 50

pen base bitumen plus 2% (left) and 5% (right) 40’s size rubber.
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Figure 7.6. (b). Porosity vs. Binder Content of rubberised asphaltic concrete made with 50

pen. base bitumen plus 10% (left) and 20% (right) 40’s size rubber.
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7.4.2. The Effect of Porosity Measurement Method on The Porosity Values of The

Mixture Studied

The relationship between the three porosity values will give a better idea of the porosity
and pore structure characteristics of the bituminous mixtures. The three porosity Vaiues
obtained are;
Vacuum Porosity (Pv) measured as explained using by Leeds Vacuum Porosimeter,
Geometric Porosity (Pg) calculated from the geometry of the specimen and its specific
gravity,
Air Water Porosity (Paw) using the calculated specific gravity and calculated density

weighing the sample in air and in water.

Figure 7.8. shows the comparison between porosities obtained by vacuum saturation and
calculated from the geometry of sample (Pg) (left) and by weighing the sample in air in
water (Paw) (right) for the samples made 50 pen. base bitumen and 50 pen. base bitumen
plus different size of shredded tire rubber. A linear relation with the correlation coefficient
of 96% express the relationship between Pg and Pv (Figure 7.8.(left)). The equation of
this line gives a slope which is quite close to 45° (constant b= 1.022). The constant of the
equation (2.29) then can be taken as the percentage of non-water permeable voids or in

other words the unconnected porous in the compacted mixture.

The calculated porosity (Paw) versus the measured vacuum porosity (Pv) (Figure 7.8.

(right)) gives a relationship where the slope of the equation (b =0.74) less than 1 with the
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result of that at low values of porosity the measured porosity is lower than the calculated
one, while at high values of porosity the measured values are higher than the calculated
ones and therefore using the constant of this relationship as an indication of the volume of
porous which are not interconnected is not justified. However, there is a good statistical
relation between Paw and Pg and as expected the value;of Paw are smaller than the

values of Pg. This is probably because on immersion a small volume of water penetrates

the surface porous and because the volume measured is generally smaller than the

calculated one.
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Figure 7.8. Vacuum Porosity (measured) vs. Calculated Porosity of asphaltic concrete

made with 50 pen base bitumen plus different size of shredded tire rubber in different

concentration Pg (left) and Paw (right).
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Figure 7.9. Calculated porosity values of rubberised asphaltic concrete (S0PBB plus

different size of shredded tire rubber in different concentration).

The porosity values for asphaltic concrete made with 100 pen. base bitumen and 100 pen
base bitumen plus different shredded rubber sizes are given in Figure 7.10.. The results
showed also that the constant b is very close to 1 (b = 0.963) in the equation relating Pg
and Pv (Figure 7.10. (left) ). The unreachable pore volume was found to be lower than for
the specimen made with 50 pen. base bitumen (a = 1.599). This value is very close to that
found for the relationship between Paw and Pv (a = 1.606) (Figure 7.10. (right) ). But the

constant b is quite low (b = 0.827) due to the same reason as explained.

Figure 7.11. shows the relationship between the calculated porosities Paw and Pg for the
asphaltic concrete made with 100 pen base bitumen and its modification with the shredded
rubber. In both cases, 50 and 100 pen, the Paw values were found to be higher than the Pg
values. The porosity determination using the method of immersion (Paw) does not appear

to be reliable particularly for the samples having higher porosity.
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Figure 7.10. Vacuum Porosity vs. Calculated Porosity of asphaltic concrete made with

100 pen base bitumen plus different size of shredded tire rubber Pg (left), Paw (right).
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Figure 7.11. Calculated porosity values of rubberised asphaltic concrete (100PBB plus

different size of shredded tire rubber in different concentration).
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7.5. Summary

Porosity is one of the most important factor effecting the long term performance and
durability of bituminous mixture. Basically, the porosity must be high enough to allow for
expansion of binder and entrained air under hot weather condition, to provide the mixture
with a certain amount of elasticity and to provide safety spa;:e for further compaction of
the surfacing under heavy traffic. When the porosity is too low, the pavement is likely to
flush or bleed. The porosity should not be too high such that it will allow ingress of air and

water to further aggravate disintegration.

The accurate measurement of the porosity of compacted bituminous mixtures is relevant in
the. context of their long term performance and durability. Direct measurefnents of
porosity was made using the Leeds Vacuum Porosimeter. The calculated porosities,
obtained either by using geometry of the specimen (Pg) or by using the volume of
specimen obtained by water displacement (Paw) are compared together with the measured
vacuum porosity (Pv) values for the range of binder contents of the asphaltic concrete.
made with 50 pen. and 100 pen. grade base bitumens. The relationship between the three
porosity values will give a better idea of the porosity and pore structure characteristics of
the bituminous mixtures. The unconnected porous in the compacted mixture found was
2.3 % for the asphaltic concrete made with 30 pen. base bitumen plus different size of
shredded rubber in different concentration. This value was low for the specimen made

with 100 pen. base bitumen 1.6 %.




CHAPTER EIGHT

CREEP BEHAVIOR OF ASPHALTIC CONCRETE MADE WITH WASTE

THREAD TIRE RUBBER MODIFIED BINDERS

8.1. Introduction

Permanent deformation or rutting is a problem that may result in the reduction of service
life through disintegration of a pavement structure. Most investigators concentrate on
developing mix design methéds which permit optimization of the stability of bituminous
mixtures. Although they recognize that diﬁ“erént requirements are needed depending on

the conditions (pavement construction, climate, traffic), hardly any method deals with this

aspect in a quantifiable and rational way.

In 1977, Shell presented a paper “Asphalt Pavement Design” (Claessen, et.al,, 1977), in
which the estimation of permanent deformation in the bituminous layers was incorporated
as an integral part of the design procedure. Since the part dealing with permanent
deformation is rather unconventional, the development of the procedure took several
Years, in which a series of publication appeared (Hills, 1973; Hills ef al., 1974; Van de

Loo, 1974; Uge et al., 1974; Van de Loo, 1976; Barkdale, 1977; Hilster et al., 1977; Van

de Loo, 1978; Monismith ef al., 1991).
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In 1973 Hills presented a physical deformation model for bituminous mixtures. It was
assumed that any deformation in the mix is the result of sliding displacements betweeﬁ
adjacent mineral particles, separated by thin film of bitumen (Figure 8.1.). In this model,
the rate of strain was dependent on the magnitude of the stress, the thickness of the

bitumen and bitumen properties.

AGGREGATE
PARTICLE

BITUMEN

AGGREGATE
PARTICLE

Figure 8.1. Two particles separated by a film of bitumen (Hills, 1974).

Under laboratory test track conditions (single wheel load no lateral distribution) the rut

depth calculated by:

rut depth = h x G

(8.1.)

mix
where;
h, thickness of the layer,

gav, average stress under the moving wheel.
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On the basis of this approach a large number of bituminous mixtures were tested in static
creep test and in various laboratory test tracks,. measured and calculated values Vwere
compared (Hills e al., 1974). Good agreement was found, although the measured valués
were somewhat higher than those calculated. The phenomenon was explained by the
difference between static and dynamic loading (Van de Loo; -1974). It was recommended

that instead of following the more complex dynamic mode of testing to use the simple
static creep test and introduce an empirical correction factor Cm, which depends on the

type of mixture (see Table 8.1).

rutdepth =Cm x h x Oav

(8.2.)

mix

Table 8.1. Correction Factors for Dynamic Effects (Van de Loo, 1974).

Mix Type Cm
Open Sand sheet and lean sand mixtures 1620
Iy Lean open Asphaltic Concrete -
Lean Bitumen Macadam 1.5-1.8
Asphaltic Concrete
Gravel Sand Asphalt 1.2-1.6
Dense Bitumen Macadam
\ Mastic Types
Dense | Gussasphalt 1.0-1.3
Hot Rolled Asphait

Barksdale (1977) defined permanent deformation as the progressive accumulation of

plastic strains in each layer of the pavement system that occurs under each load repetition.




166
[ Chapter Eight Creep of Rubberised Asphaltic Concrete

According to Monismith ef al. (1991) permanent deformation in a bituminous layer may
be caused by densification or volume change and shear deformation which is plastic

deformation without any change in volume.

According to Dawlew ef al. (1990), rutting of bituminous pavement can be classified into

three categories;

-Wear rutting which is caused by the combined influence of environment and traffic. In

this type of rutting, coated aggregates are lost from the pavement surface,

-Structural rutting which is caused by a repeated traffic loading. Traffic loading cause a

permanent vertical deformation in the pavement structure,

-Instability rutting which is caused by inadequate resistance of the structure to resist the

stresses imposed upon it, particularly by frequent repetition of high axle loading.

Permanent deformation may occur in all different layers. The wearing course layer is of
main concern in this investigation. The creep test has been developed into a practical
method in which the resistance to permanent deformation of different bituminous mixtures
can be assessed and compared. Based on the above classification, the results obtained
from the creep test can be used to estimate the structural rut depth (second type) of a
pavement. In this study, the static creep test was performed on standard 101.6 mm. &
63.5 mm. height specimens using the CANIK-UL creep testing machine. Detailed
information on testing procedures can be found in reference Cabrera and Nikolaides
(1987). A brief description regarding the apparatus and testing procedure has been given

in Chapter 4.
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8.2. Test Conditions

The measurements of permanent deformation on the different mixes were carried out by
application of static load on the CANIK-UL creep testing machine. The CANIK-UL creep

testing machine is developed in the University of Leeds. It is.shown in Plate 8.1..

At the Intemational Colloquium on plastic deformability of bituminous mixtures held at

Zurich (Colloquium 77, 1977), creep testing conditions were standardised at an axial

stress of 0.1 MPa for 60 minutes at a temperature of 40 °C.

Plate 8.1. CANIK-UL Creep Testing Machine.
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8.3. Sample Preparation

In this investigation, resistance to permanent deformation was measured by the applicétion
of static creep load on cylindrical standard 101.6 mm. & 63.5 mm. height specimens.
These were prepared as described in Chapter 3. The aggregate gradation used in the
mixture was DCT result. Four standard specimen were produced for each mix using the
Gyratory Testing Machine (GTM). Two of them were used for the measurement of creep
characteristics of waste shredded rubber modified asphaltic concrete and the other two for

the Marshall stability and flow.

As it was mentioned earlier, fhe samples containing biggest rubber sizes were very weak.
Therefore, the creep test was carried out on the samples made with fine size of rubber
(40’s) in concentration of 2, 5, 10 and 20%, in 50 and 100 pen. grade base bitumen, and
middle sizes (12/16’s and 12’s) in concentration of 2 and 5%, in 50 and 100 pen. grade
base bitumen. The creep stiffness of the mixture made with 12's size rubber in
concentration of 10 and 20%, in S0 pen. base bitumen are also measured to predict the

creep behavior of the mixture with increasing rubber sizes.

8.4. Test Results

The results of creep test presented in this section are the average values obtained from two

specimens. The main variables investigated on the creep properties of asphaltic concrete
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are the effect of rubberised binder made with 50 and 100 pen. base bitumen and rubber

size and concentration.

Figure 8.2, shows the relationship between strain and loading time for the asphaltic
concrete, made with 50 pen. base bitumen and 50 pen. base bitumen plus 2% 40’s size

shredded rubber for the aggregate type of DCT at different binder content.
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Figure 8.2. Strain vs. Loading Time of asphaltic concrete made with 50 pen. grade base

bitumen and 50 pen. base bitumen plus 2% 40°s size shredded rubber.

The effect of shredded tire rubber on the creep properties of asphaltic concrete may also

be assessed by a graphical double logarithmic plot of Mix Stiffness against Bitumen
Stiffhess.
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In the Leeds Design Method (Cabrera, 1992), this log-log relationship is used to
characterize resistance to permanent deformation of bituminous mixtures by using the
slope of curve vs. binder content or the maximum mix stiffness at 1 hour loading vs.
binder content The minimum slope value or the maximum stiffness value at 1 hour loading
time are decided the mixture will perform better. This Mer of characterizing a mix is
based on the fact that more resistant mixtures have stiffness that are larger and decrease

less rapidly with increasing time.

Figure 8.3 and 8.4 show Mix Stiffness vs. Bitumen Stiffness of the asphaltic concrete
made with 50 and 100 pen base bitumen respectively. A linear regression line can be fitted

to the results of all the mixes with the correlation coefficient of over §8%.
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Figure 8.3. Stiffness of Mix vs. Stiffens of Bitumen of asphaltic concrete made with 50

pen. grade base bitumen for the aggregate type of DCT results.
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Figure 8.4, Stiffness of Mix vs. Stiffens of Bitumen of asphaltic concrete made with 100

pen. grade base bitumen for the aggregate type of DCT results.

The stiffness of the base bitumen was predicted by using Van Der Poel nomograph. The
Van der Poel nomograph is given in Figure 8.6.. Detailed information to predict the
bitumen stiffness using Van der Poel nomograph can be found elsewhere (Shell, 1990).
Although, it is not known whether the nomograph can be reliably used for the prediction
of modified bitumen stiffness, most researchers still use it. In this study, a comparison is
made between the values of binders stiffness predicted from the nqmograph and values
obtained directly from the oscillatory shear analysis, which were discussed in Chapter 3.
The bitumen stiffness values for 50 and 100 pen. grade base bitumen obtained from the
Van der Poel nomograph are used to select the closest values of frequency on the

Frequency vs. Stiffness of Bitumen graph (Figure 8.5).




172

{ Chapter Eight

. Creep of Rubberised Asphaltic Concrete ]

Log (Stiffness of Bitumen [ Pa)
[¥'8 ]

TII]IHIEHIII!EHMH!IIHI,[III

2 .

Oscillatory (50PBB)

+ Oscillatory (100PBB)

© 1fLoad T vs Nomograph (50F)
» 1/2Load T vs Nomograph {50P)
- 1lfLoad T vs Nomograph (I0CF)

1/2Load T vs Nomagraph (100P)

-1

0 1 2 3 4

Log (Frequency /Hz)

Figure 8.5. Stiffness of Bitumen measured with Oscillatory Shear Analysis and Stiffness of

Bitumen obtained from Van Der Poel Nomograph vs. Frequency (for 50 and 100 pen.

grade base bitumen).

Table 8.2. Equivalency of Loading Time to Frequency.

load time | 1/Load T. | 1/Load T. 50 pen. 100 pen | 1/2 Load T.
(sec) (Hz) (Hz)(log) | (obtained) | (obtained) | (Hz)(log)
10 0.1 -1 -1.314 -1.144 -1.301
20 0.05 -1.301 -1.655 -1.554 -1.602
30 0.033 -1.477 -1.904 -1.678 -1.778
40 0.025 -1.602 -2.098 -1.856 -1.903
60 0.0167 -1.778 -2.148 -2.160 -2.079
90 0.0111 -1.954 -2.338 -2.286 -2.255
120 0.0083 -2.079 -2.526 -2.462 -2.380
360 0.00278 -2.556 -2.971 -2.763 -2.857
840 0.00119 -2.924 -3.279 -2.982 -3.225

1200 0.000833 -3.0791 -3.457 -3.276 -3.380
2400 0.000417 -3.380 -3.755 -3.502 -3.681241
3600 0.000278 -3.556 -3.853 -3.669 -3.857332
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Table 8.2, shows the obtained equivalence of loading time to the frequency. The
logarithmic frequency values, at certain loading time, was calculated from the best curve
fit equation, which was obtained during osci]latory shear analysis. Figure 8.5. and Table
8.3. show the stiffness values for 50 and 100 pen. grade base bitwmen in comparison with
the obtained values from oscillatory shear analysis and the ;omograph. 1/2 loading time is

assumed as best approach for frequency values to get the stiffess values from the

oscillatory shear analysis.

Table 8.3. Stiffness of Bitumen obtained from Oscillatory Shear Analysis for

different loading time.

Stiffness of Bitumen (Pa)
time | 50PBB | 50PBB | 50PBB | 100PBB | 100PBB | 100PBB
(sec) | 1/Load T.|1/2 Lo. T.| nomograf | 1/Load T. | 1/2 Lo. T.| nomograf
10 | 18620.87 | 10266.11 | 10000 | 2754.23 | 1403.12 2000
20 | 10266.11 | 5589.52 5000 1403.12 | 711.83 800
30 7204.73 | 3894.09 3000 943.88 477.68 600
40 5589.52 | 3005.43 2000 711.83 359.62 400
60 3894.09 | 2078.53 1800 477.68 240.74 200
S0 2701.32 | 1431.35 1200 320.10 160.93 150
120 | 2078.53 | 1095.65 800 240.74 120.82 100
360 | 748.998 | 387.06 300 80.57 40.17 50
840 333.64 169.80 150 34.39 17.06 30
1200 | 236.05 119.36 100 23.99 | 11.87 15
2400 | 119.36 59.60 50 11.87 5.85 9
3600 79.63 | 39.48 40 7.85 3.86 6

From the results obtained it can be clearly seen that the loading type is half a sin wave in

creep testing and in the field and the loading time used in oscillatory shear analysis is full

sin wave,
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[_Chapter Eight . Creep of the Rubbéﬁsed Asphaltic Concrete

8.4.1. The Effect of Rubber

The shredded rubber modified bitumen used to evaluate the effect on the static creep test
was limited to the following composition; _

1. 50 pen. base bitumen + 2, 5, 10 and 20% 40°s size shredded rubber,

2. 50 pen. base bitumen + 2 and 5% 12/16’s size shredded rubber,

3. 50 pen. base bitufnen + 2,35, 10 and 20% 12’s size shredded rubber,

4. 100 pen. base bitumen + 2, 5, 10 and 20% 40°s size shredded rubber,

h

. 100 pen base bitumen + 2 and 5% 12/16’s size shredded rubber,

=

. 100 pen. base bitumen + 2 and 5% 12°s size shredded rubber.

The mixtures made with biggest size rubber (3’s) were eliminated because of the
weakness. Figures 8.7. (a), 8.7. (b), 8.8. (a), 8.8. (b), 8.9, 8.10., 8.11.(a), 8.11.(b) and
8.12. show the effect of rubberised binder concentration made with other three sizes (40’s,
12/16’s and 12’s) in different rubber content on the creep properties of asphaltic concrete
tested at 40 °C. It can be seen on the graphs (8.7.(a) and 8.7.(b)), the stiffness of mix
increases with the increasing stiffiess of binder in a logarithmic relation. Modification of
the base bitumen with shredded tire rubber increases the stitfhess of binder, however it is
not proportional to the stiffness of mix. For instance, the 1 hour stiffness of binder found
was 39.5 Pa. for the mixture made with 50 pen. base bitumen and the stiffness of mix was
11 MPa. (Figure 6.13.) at 6.0% binder content. The stiffhess of binder decreased from
39.5 Pa. to 36.88 Pa. with the modification of 2% 40’s size rubber as the 1 hour stiffness

of mix increased 11 MPa. to 23.87 MPa. (Figure 6.13), this increase is over 100%, binder
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stiffness increases with further increase on rubber concentration and the mix stiffness
reduces. For example, for 5% rubber concentration the 1 hour binder stiffness is 53.66 Pa.
as the mix stiffness is 15.2 MPa. (Figure 6.13.), for 10% rubber concentration the binder
stiffness is 79.71 Pa. as the mix stiffness is 11.3 MPa. (Figure 6.13.) and for 20% rubber
concentration the binder stiffness is 382.66 Pa. as the mix stiffness is 12.03 MPa. (Figure
6.13.). However, the value obtained for asphaltic concrete made with 20% 40’s size
rubber modified binder is even higher than the value obtained for asphaltic concrete made

with base bitumen (11 MPa <12.03 MPa).

These values for the asphaltic concrete made with 100 pen base bitumen and rubberized
with 40’s size rubber at 5.5% binder content are as follows when compared with the
rubberised asphaltic concrete made with 50 pen. grade base bitumen. The stiffness of
asphaltic concrete made 100 pen. base bitumen modified with 2% 407s size decreased
about to half of the mix stiffness values obtained for the asphaltic concrete made with 100
pen. base bitumen. The 1 hour binder stiffness obtained for the 100 pen. base bitumen was
6 Pa. as the mix stiffness was 24.1 MPa. (Figure 6.13.), for the binder made with 2% 40°s
size rubber the binder stiffness increased to the value of 6.26 Pa. as the mix stiffness
halved to the 13.7 MPa. (Figure 6.13.). These values are 8.41 Pa. and 13.8 MPa, (Figure
6.13.) for the 5% 40°s rubber, 8.75 Pa. and 18.0 MPa. (Figure 6.13.) for the 10% 40’s
rubber and 32.16 Pa. and 23.1 MPa. (Figure 6.13.) for the 20% 40’s rubber respectively
for 5.5% binder content. Similar findings were obtained when the creep test carried out on

the asphaltic concrete made with larger sizes.
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50 pen. base bitumen plus 40°s size shredded tire rubber 10% (left), 20% (right).
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Figure 8.12. Stiffness of Binder vs. Stiffness of Mix for asphaltic concrete made with 100

pen. base bitumen plus 12’s size shredded tire rubber 2% (left), 5% (right).

The maximum 1 hour creep stiffness against binder content of the mixtures investigated

are gii'en in Chapter 6. A detailed information was also given for the determination of

optimum binder content in same Chapter.

Another approach for the determination of creep behavior of the bituminous mixture as
rmentionad earlier is the slope of the graph in log-log scale drown by Bitumen Stiffness
zzainst Mix Stiffness. The slope of the Stiffness of Mix against Stiffness of Binder also
indicates the mix susceptibility to the loading tinie, that is, smaller slope indicates less

susceptinility. Nicolaides (1994) named the slope of line as Creep Stiffness Coeflicient
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(CSC) and expressed as sensitivity of the mixtures to permanent deformation. The lower
the CSC is the lesser the sensitivity of the mixture to permanent deformation. The results
indicate that the mixes containing high concentration rubber additives binder are high
susceptible to the time of loading in comparison to the control mixes. The CSC values are
given in the following Figures for the asphaltic concrete made with 40°s size rubber in
concentration of 2, 5, IO.and 20% with 50 pen. (Figure 8.13.) and 100 pen. (Figure 8.14.)
base bitumen, 12’s size rubber 2, 5, 10 and 20% with 50 pen. base bitumen (Figure 8.15.)
and 12/16’s size rubber 2,5% with 50 pen. and 100 pen. and 12’s size with 100 pen. base

bitumen (Figure 8.16.).
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Figure 8.13. Slope of the Line vs. Binder Content for asphaltic concrete made with 50

pen. base bitumen plus 40’s size shredded tire rubber and aggregate type DCT rasults.




| Chapter Eight

-Creep ofthe Rubberised Asphaltic Concrete

Slope of the Line

0.6 -
0.5 — ® 100PBB
= + 2403
04 ¢ 5403
- 10403
- ¢ 20403
0.3 —
- '
0.2 -
z -
0.0 . -
40 45 5.0 5.5 60 65 10 75 80

Binder Content(%)

Figure 8.14. Slope of the Line vs. Binder Content for asphaltic concrete made with 100

pen. base bitumen plus 40’s size shredded tire rubber and aggregate type DCT results.
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Figure 8.15. Slope of the Line vs. Binder Content for Asphaltic Concrete made with 50

pen. base bitumen plus 12’s size shredded tire rubber and aggregate type DCT results.
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Figure 8.16. Slope of the Line vs. Binder Content for asphaltic concrete made with

12/16’s size in 50, 12°s and 12/16’s size in 100 pen. and aggregate gradation type DCT.

8.5. Summary

A series of creep test were conducted on the shredded rubber modified asphaltic concrete.
Analysis of result show that the mixture stiffness increases as bitumen content increases
until a maximum value is reached after which the stiffness decreases with increasing binder
content. [t was noted also that the type of binder greatly affects the stiffness of bitumen.
The creep stifiness of the mixture made with 100 pen grade base bitumen was higher than
50 pen. grade base bitumen especially at lower binder content. That may happen due to
compaction temperature. Both mixes were compacted at 130 °C. Due to same compaction
temperature binders will have different viscosity and the bitumen film thickness on the

surface of aggregate particles may be different. Thicker bitumen film around the
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aggregates will have higher creep deformation. Indeed, when small amount of fine rubber
(40’s rubber 2% by weight) is incorporated into the bitumen it has been observed that the
creep stiffness of the mixture increases over 100%. The addition of high content of rubber,

on the other hand, reduces the creep stiffness of the mixture due to high porosity.




CHAPTER NINE

FATIGUE BEHAVIOR OF ASPHALTIC CONCRETE MADE WITH WASTE

THREAD TIRE RUBBER MODIFIED BINDERS

9.1. Introduction

Apart from permanent deformation. pavement failure can also be manifested by excessive
cracking due to fatigue. Highway pavements are subjected to a repeated passage of wheel
loading of varying magnitude and intensity. Fatigue has been defined as the phenomenon
of fracture under repeated or fluctuating stress having a maximum value generally less

than the tensile strength of the material (Pell, 1971).

Hveem (1955) was the first researcher to indicate that the failure of a pavement could
occur due to fatigue. Since then. the marter has been a continuos subject of extensive
investigation during the last three decades. A bituminous material subjected to stresses
smaller than the breaking strength fractures after subjected to large number of load
repetitions. In real life, flexible pavement layers are subjected to continuos flexing under
traffic loading. The magnitude of stress is dependent on the overall stiffness and nature of
the pavement construction but tensile strains in order of 50 to 200 microstrains have been

recorded (Pell, 1986).
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Throughout the world, extensive laboratory fatigue studies on bituminous mixtures have
been carried out. Experimental works on fatigue properties of bituminous mixtures were
performed by Pell (1962), Pell (1971), Epps et al. (1972), Vila and Terrel (1975), Pell et
al. (1975), Van Dijk (1975), Van Dijk et al. (1977), Irwin (1977), Ruth e} al. (1977),
Barksdale (1978), Noureldin er al. (1978), Bonnaure erkc‘d. {1980) and Dukat_z_ et al.
(1980), Gerritsen et al. (1988). Meanwhile the studies on the fatigue properties of .
modified bituminous materials have been reported by Verga er al. (1975)., Rostler er al.
(1977), Meyer et al. (1977), Piggot et al. (1977), Button et al. (1987), Goodrich (1988),
Brule et al. (1988), Khosla et al. (1989), Freeman ef al. (1989), Nahas et al. (1990) and
Napiah (1993). However, structured studies on the fatigue behavior of asphaltic concrete
made with waste shredded tire rubber modified bitumen is not available. The unique work
which performed by Esch (1982) has indicated that the fatigue life of PlusRide pavements

may be more than 10 times greater than that of normal mixes (Figure 2.15. in Chapter 2).

Cracks generally initiate at the botiom of pavement layers where tensile strains are highest
and propagate towards the surface. Fatigue cracking due to repeated traffic loads in
bituminous pavement is dependent upon many factors including the loading patterns, relief
or rest periods between applied loads, climatic and environmental factors and mix

characteristics. The mix variables affecting the fatigue resistance of bituminous mixture are

(Zoorob, 1995);
l-aggregate gradation,
2-binder content,

3-degree of compaction (porosity),
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4-mix stiffness.

This chapter examines a laboratory characterisation of the fatigue behavior of rubberised
asphaltic concrete and assesses the effect of waste shredded rubber on its fatigue

_properties.

9.2, Test Methods

Epps et al. (1972) divided the variables affecting the fatigue response into three
categories, namely load, environmental and mixture variables. Furthermore, Irwin et al.
(1974) proved that laboratory test method also significantly affects fatigue test results.
Baburamani (1992) listed the following laboratory test methods to evaluate fatigue
characteristics of bituminous materials;
1-Bending; -third point loading of flexural beam or two point trapezoidal or rotating (a
combination of torque and cantilever loading of waisted cylindrical specimens) or
wheel tracking,
2- Direct-axial tension-compression or push-pull,

3-Indirect-diametrical.

The above fatigue test methods differ in terms of loading configuration, load pulse wave

form, stress distribution within the specimen and specimen shape.

Fatigue test on bituminous specimen are performed either under controlled stress (load) or
controlled strain (displacement). It has been suggested (Barksdale, 1978; Texas Institute,

1987) that constant stress mode of loading is applicable to thick bituminous pavements
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(>150 mm), whilst the constant strain tests are applicable to thinner bituminous pavements
(25 mm). It is also widely known that the mode of testing has an influence on the

laboratory test results because the specimen response varies according to the input

constraint (load or displacement).

In controlled stress testing, a constant load is applied (stress amplitude is constant) and the
displacemént (deﬂectioﬁ ) on the specimen is monitored in order that the strain resulting
from the applied load can be calculated. In this mode of testing, crack propagation time is
very rapid because the strain amplitude increases as the number of cycles of constant load
increases and the specimen fracture is not long after fatigue crack initiation. The end point
of test is definite, i.e. corﬁblete fracture of the specimen. Therefore, in the case of
fundamental investigation of mix variables there is some advantage in the controlled stress

type of test, which is the one used in this investigation.

The strain amplitude remains constant in the constant strain test (Barksdale, 1978). The
required stress gradually decreases to maintain the initial strain amplitude. In this mode of
testing, when the crack initiates, to maintain the same strain level, the s&ess level is quite
low. Because of the reduction in stress which occurs as the crack length increaées, crack
propagation is relatively slow compared with the controlled stress mode of failure,
therefore controlled strain mode of testing requires much more time than controlled stress

mode of testing to predict the fatigue life of the bituminous mixtures,

The design criteria for fatigue is generally the maximum tensile strain. Laboratory fatigue

tests are based on applying a constant load or displacement for a specific number of
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repetitions. Ideally, the test may be continued until the specimen actually fails. However,
many researchers have defined fatigue failure by monitoring changes in the stiffness
modulus (Sharp ef al., 1991), with the failure indicated when the stiffness of the sample
drops to 50% of the initial value (measured after 100-200 load repetition) (Texas Institute,
1987). In controlled strain mode the fatigue life of a mix also has been defined as the
number of repetition at which the force has decreased to half of its initial value (Van Dijk

et al., 1977, Moutier, 1988; Moutier et al., 1990).

The load frequency has an effect on the fatigue life of bituminous mixture. Taylor (1968)
carried out a fatigue test with a rotating cantilever testing machine over a range of
frequency between 1.3 and 41.-7 Hz.. The results showéd that fatigue life is significantly
affected at the frequency below 3.3 Hz.. However, Pell er al. (1969) indicated that the
largest change in fatigue life occurred at frequencies below 32 Hz.. Another work
conducted by Deacon and Monismith (1967) showed that frequencies of 0.5 to 1.7 Hz.
caused a significant reduction in fatigue life. These differences may arise due to different

test method employed by each researcher.

Environmental variables such as temperature, moisture and the alteration of material
properties during the service life of the pavement also affect the fatigue performance of
bituminous mixtures. The influence of temperature on fatigue properties of a basecourse
mix tested in a controlled stress mode has been presented by Pell ef al. (1969) as shown in

Figure 9.1.. In general, if the test was conducted in a controlled stress mode, fatigue life
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increased as the temperature decreased. In controlled strain mode, the fatigue life

increased as the temperature increased.
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Figure 9.1. Fatigue results of base course mix G specimens at various temperatures (Pell ef

al.. 1969).

Another important loading pattern affecting the fatigue life is the rest periods. Many

researchers (Bonnaure et al., 1980; Raithby et al., 1970 and Van Dijk et al., 1977)

attempted to quantify the effect of rest period into fatigue testing programmes. Rest

periods are a simulation of the loading pattern on a pavement structure under actual traffic

conditions. The beneficial effects of rest periods in prolonging fatigue life was confirmed,

for instance, a mere one second rest period increased the number of cycles to failure by a
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factor of 25 when compared with the life under continuos sinusoidal loading (Raithby et
al., 1970). However, there is a limit to which the rest period can be increased, above
which an additional increase in rest period does not influence the fatigue life. This limit

was found to be dependent on test temperature (Raithby et al., 1970).

9.3. Analysis of Fatigue of Bituminous Mixtures

The fatigue resistance of bituminous mixtures is generally defined as the ability of the
mixture to respond to repeated traffic loads without significant cracking (Baburamani,
1992). Fatigue failure is often taken as an arbitrary point at which the pavement can no
longer perform satisfactorily as a load carrying under repeated load. It is therefore critical
that the condition at failure be clearly defined for the particular test effort selected in a
laboratory investigation. For instance,'the fatigue failure point may correspond to the
point at which a certain property of the specimen, such as stiffness modulus, has reduced
by a specified proportion, or the point at which crack first occurs and sudden increase in
strain value registered. On the other hand, fatigue failure in the field is evidenced by

cracking.

It was usually found that a reasonable linear relationship existed between applied stress
and cycles to failure when plotted on a log-log basis (Pell et al., 1977 and Cooper et al.,

1975). This relationship can be expressed as (Pell, 1962);

n
=K(é} (9.1,
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where;
N, the number of cycles to failure obtained at a particular stress level,

o, maximum amplitude of the applied stress,

K, a constant which determines the position of the line,

n, slope factor of the fatigue line.

When stress is converted to the strain;

8)
= 9.2.
S (9.2.)
where:

o and &, maximum a.rnp]itﬁde of applied stress and strain respectively,

S, initial dynamic stiffness at a particular stress, temperature and loading time.

It may also be written as a relationship between fatigue life and applied strain which could

be consider linear over the range investigated, and be expressed as;

1 m
N=K 1(—] (9.3)
£
where;
N, the number of cycles to failure obtained at a particular strain level,
g, maximum amplitude of the applied strain,

K., a constant which determines the position of the line,

m, slope factor of the fatigue line.
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The term service life (Ns) and fracture life (Nf) are often related with the definition of
fatigue rfailure point. Service life which is also known as fatigue life, is defined as the
number of cycles at which the stiffhess modulus of the material has decreased to half of its
initial value (Bonnaure er al., 1982). Therefore, with constant strain mode of loading, it is
accepted that fatigue life reaches to the end when the stress aénplitude has decreased by
half, and the strain amplitude has doubled with constant stress mode of loading (Figure
9.2). On the other hand, fracture life is defined as the number of load application required
to completely fracture the specimen. Therefore, when the point of failure is defined as a

complete fracture, then the term of service life (Ns) is synonymous to fracture life (NT).

CONSTART-STRESS TEST CONSTANT-STRAIN TEST
STRESS STRAN

TIME

. 2 P, STRESS
£ _ﬁ ﬂ——‘ WﬂTmnouE LIFE
U TIME

hY

FaTiGul LIFE

Figure 9.2. Loading signals and response on fatigue testing (Bonnaure et al., 1982).

9.4. Fatigue Behavior of Rubberised Asphaltic Concrete

This section describes the laboratory investigation carried out to investigate the fatigue

properties of the waste shredded tire rubber modified asphaltic concrete. To achieve this,
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fatigue properties are measured in a rectangular beam specimen supported on an elastic
rubber base. A strain -gauge bonded to the beam was used to measure tensile strain in the
beam. The experimental set-up used was developed at the University of Leeds during
research carried out by Napiah (1993) and Zoorob (1995). Plate 9.1. shows the fatigue
testing set-up used to assess the fatigue performance of'- the waste shredded rubber
modified asphaltic concrete, The constant stress mode of testing is chosen to evaluate the
fatigue life of beam specimens. Within this framework of knowledge on the methodology
for evaluating the fatigue resistance of asphaltic concrete, the objectives of thé test

programme are as follows:

1- to determine the effect of waste shredded rubber modified bitumen on the fatigue

behavior of asphaltic concrete beam specimens,

2- to evaluate the effect of varying binder content (0.5 per cent above and below the

optimum binder content) on the fatigue life of asphaltic concrete.
9.4.1. Sample Preparation

Beam specimens made with 50 and 100 pen. grade base bitumen were prepared to serve as
control mixes for two types of aggregate gradation investigated in this study (sea Chapter
3.5.1.)). The shredded rubber modified bitumens used to evaluate the effect on fatigue
behavior of asphaltic concrete were limited to the following compositions:

1- 50 penetration grade base bitumen + 2% 40’s size shredded rubber,

2- 50 penetration grade base bitumen + 5% 40’s size shredded rubber,

3- 100 penetration grade base bitumen + 2% 40’s size shredded rubber,

4- 100 penetration grade base bitumen + 5% 40’s size shredded rubber.
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The materials used in this investigation have been discussed in Chapter 3. Beam specimens
were cast in a steel mould with an inner dimension of 100 x 100 x 500 mm. When a beam
is tested for fatigue, the presence of a notch serves as a deliberate weakness that enhances
the formation and propagation of fatigue cracking. In the Lee;c_is fatigue testing set-up for
dense mixes, a notch was engraved i_mderneath each beam using either a lathe machirie or
hacksaw (Napiah, 1993; Salah, 1995; Ali, 1996). Hamzah (1995) developed a method to

give a V shaped notch during casting.

Plate 9.1. INSTRON Fatigue Testing Machine.

A Kango hammer was used with an attached special tamping foot to compact the fatigue
beams. A kneading action produced by the tamping foot is applied to give the specimen

having aggregate orientation similar to that developed by the GTM in the laboratory and
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under the action of a roller compaction in the field. Plate 9.2. shows the Kango hammer

with tamping foot attached and compaction mould used to prepare the fatigue beams.

An adequate quantity of material was used to get an equivalent density as thaf
corresponding to the standard specimen compacted by GTM. Each specimen was
compacted in four layers. The compacted specimen was then sliced into two identical 40 x
100 x 500 mm. rectangular beams and labeled. Table 9.1. shows the density of the

compacted fatigue beams in comparison with the specimens compacted by the GTM.

A PI-60 mm strain gauge (120 Q) was used to monitor the strains. The strain gauge must
be glued on to a smooth flat surface. A quick set epoxy glue was used to make smooth the

surface of the sample. The strain gauge was glued 10 mm above the bottom and at the
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center of the beam above the notch. The beams were then placed on a flat clean surface

free of stone particles to avoid inducing tensile strains prior to testing,

Table 9.1. Density of The Compacted Fatigue Beams in Comparison With

Standard Specimen.

S0PBB1 S0PBB2 2401 5401

BCY %) | 5459645105661 1361611661357 162 6.7

Dy(grice) ™ | 2.34 [ 233 | 2.43 | 2.36 | 2.40 240239241 | 242238240241

Dy(grfec)™ [ 237 [2.42 [2.42 | 2.39 24312421238 242|242 (238242 2.4

100PBB3 100PBB4 2403 5403

BCY%) [ 53 [ 5863 ] 5115616115871 637 3 58 16368

Di(gr/ec)™ [ 2.38 [ 2.40 ] 236 | 2.33 | 2.37 | 2.40 | 2.40 | 2.41 | 2.43 | 2.40 240 | 2.41

Di(grice) ™ | 2.37 [ 2.43 | 2.44 | 237 | 239 241236239 (2411)236 239241

(I) Binder Content (as a weight)
(2) Density of the fatigue beams (gr/cm’)
(3) Density of the GTM compaction (g;r/cm3)

9.4.2. Fatigue Testing Set Up

The experimental testing set-up is shown in Plate 9.1.. A half sine shaped repeated loading
was applied to the top of the beam. Each beam was loaded at a rate of 3 Hertz with no
rest periods and tested at 5 °C (£1). The constant load level varied from 1500 to 2000
Newtons. The beam specimen was supported on a rubber foundation. The beam-rubber
interface was greased td eliminate shear forces. The rubber foundation was resting on a
steel plate which was secured to the base of the load frame. Loading was applied at the

center over the width of the beam via a 60 mm. wide rubber padding. The strain gauge
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was connected to the strains amplifier unit. Both ends of the beams were strapped to the
rubber foundation to prevent uplifiing of both ends after prolonged loading. A
thermocouple was fixed onto the beam’s surface to monitor beam temperature. The whole
assembly was than kept enclosed and sealed in an insulated_ environmental chamber. The

chamber has an air inlet and an air outlet to facilitate circulation of cold air supplied by a

freezer unit.

Fatigue testing commenced by slowly raising the assembly so that the loading head
touched to the steel loading block. Having selected the desired loading level and wave

form, the beam was then subjected to repeated loading under controlled stress.
9.5. Results and Discussion

A total of 72 beams from eight different combination of mixes at three different binder
content (optimum binder content + 0.5%) were tested in this investigation. Each mix was
tested at three constant stress levels. In all test Bjorklund’s (1985) definition of failure was
adopted, i.e. in a constant stress loading test, the material behaves more elastically with
less permanent displacement after an iﬁitiai period of comparatively lafge vertical
displacement. -An inflection point is eventually reached which- is evidenced that the

materials resistance to fatigue loading has reduced and micro cracking has developed. The

fatigue life is defined as a number of cycles corresponding to this point.

Fatigue test results can be presented in terms of number of cycles to failure as a function

of both the load applied to the beam (in constant strain mode of loading) or the maximum
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tensile strain (in constant Vstres's mode of loading). In a plot relating tensile strain and
number of cycles, a linear part of the curve which represents an initial period of large
strain and the part that represents a nearly constant rate of strain amplitude was
extrapolated. Strain value corresponding to the intersection point of these two
extrapolations is defined as the initial strain (Napiah, 19§3). Figure 9.3. shows the
procedure attempted to determine the initial strain on each beam. However, this procedure

was not used in this investigation. Instead of that the following procedure was used:

SE+3 [
~ I 5.4% 50PBBl 2000N
4E+3 — ;
@
S 3E+3
4 :;--—*
2 2p+3 -
= +
= i
= :
va 1E+3 [—
0E+0 L ' : |
0 10000 20000 30000 40000 50000 60000

Number of Cycles

Figure 9.3. Strain vs. Number of Cycles for failure definition.

The initial stiffness of the beam was predicted by using the BANDS computer program
(Shell Research BV, 1990) and the initial strain was then calculated dividing the applied

stress by the stiffness calculated for the compacted mixture. In the fatigue test used, strain
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values were captured at 40 second intervals. At 3 Hz. loading frequency readings were

obtained at 120 cycles intervals, hence, the initial strain measurement was not available on

the fatigue testing set-up. The stress amplitude G (Pa) is calculated from the equation

given below;

(9.4.)

where;

M, bending moment, calculated from Equation (9.5.)(Nm),

¥, vertical distance of the strain gauge location from the bearn central point (m),

I, moment of inertia of réctangular beam (1=(1/12) bd’®) (m*).

For the case of a beam on an elastic rubber foundation being acted upon by a concentrated

load P, the bending moment M is calculated from the equation (Hetenyi, 1946) given

below;

P (9.5
k

0.25
4.EXI

k, modulus of rubber foundation (=4.3 MPa),

where;

E, beam stiffhess modulus (MPa),

I, moment of inertia of rectangular beam (m*).
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Beam stiffness modulus was calculated with the aid of the BANDS computer programme
(Shell Research BV, 1990) by keying the values of bitumen stiffness, volume of binder and
volume of aggregates. The bitumen-rubber stiffness values were calculated by using the
oscillatory shear analysis at testing temperature (5 °C) and time of loading (3 Hz). The
values used are given in Table 9.2 and in Appendix C. The stiffness of bitumens are
normally obtained from the Van der Pool nomograph or by using the first part of the
BANDS computer programme (Shell Research BV, 1990). The nomograph and the
programme assume that the relationship between viscosity or penetration and temperature
is linear at least up to the softening point temperature but as shown in Figure 8.5 the
relationship is not linear wheh dealing with rubber modified binders. The values of binders
stiffness calculated from BANDS programme were higher than the that of measured from
the oscillatory shear analysis. This difference was as large as 35 MPa, it shows inclusively
that the Van der Pool nomograph should not be used when rubber modified bitumen are

involved.

As indicated before the initial strain values were calculated dividing the applied stress by
the initial stiffness value. During the controlled stress mode of testing, the strain amplitude
increases with increasing number of cycles and as a result that the stiffness of the beam
decreases. It was decided that the prediction of initial strain obtained from the calculated
mitial stiffness of the beam was more logic than the predicted values used by early
researchers in Leeds (Napiah, 1993; Hamzah, 1995). The fatigue life determination made
in this investigation was based on the microcracking. In a plot correlating tensile strain and

number of cycles (Figure 9.3), after the initial strain, a constant rate of strain continues up
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to the number of load repetitions which microcracking produces. This is the point which
the rate of strain increases noticeably. The number of cycles corresponding to the
intersection point of these two rates of strains is defined as the number of cycles to failure.
A summary of the fatigue test results of the asphaltic concrete are given in Table 9.3.
Figure 9.4 illustrates the result of fatigue curves of the asbhaltic concrete made with 30

pen. base bitumen for the aggregate gradation type DCT investigated in this research.

Table 9.2 Mix Factors Used in the Fatigue Analysis.

Test Binder | Vagg Vb Va Sbit Smix
series | Content | (%) (%) (%) (MPa) | (MPa)

54 31.77 11.58 6.63 21498 | 11500
50PBB1 3.9 82.85 1298 4.17 21498 | 12500

64 18277 | 1420 303 | 214.98 | 12500
51 8393 | 1188 | 419 | 21498 | 13700
S0PBB?2 5.6 8424 | 13.18 258 | 21498 | 14000
61 | 8346 | 1432 | 222 [ 21498 | 13200
3 81.83 1212 | 605 11437 | 8390
3 82.15 | 13.58 427 | 114371 8640
3

1

100PBB3

82.29 14.84 2.87 11437 9250

81.97 11.64 6.39 114.37 8500
100PBB4 5.6 83.40 11.95 4.65 114.37 9690

6.1 82.68 14.24 3.08 114.37 9080
36 32.40 12.92 4.68 30297 | 14300
2401 6.1 82.55 14.20 3.25 30297 | 14500

6.6 82.24 1541 235 30297 | 14200
5.7 81,90 1351 4.59 3155 14100
5401 6.2 82.20 14.55 3.45 3155 14500
6.7 81.98 16.00 2.12 315.5 14300
5.8 80.71 13.54 575 156.7 8960
2403 3 81.27 1473 3.98 156.7 9400
6.8 81.39 16.02 2.59 156.7 9510
3.3 80,35 13,11 6.54 200.59 9910
5403 6.3 81.12 14.92 3.96 200.59 | 10600
6.8 31.44 15.96 2.60 200.59 | 10900
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Figure 9.4. Initial Strain vs. Fatigue Life of asphaltic concrete made with 50 pen. base

bitumen for the aggregate gradation type DCT result.

A linear relationship exist between the initial strain and fatigue life when plotted in log-log

basis. This relationship is in the form of}
loge =a - b logNf (9.6.)

It can be expressed also as below;

Ne= Kl[—l—) - (9.7.)
E

where;

Nf, fatigue life of the beam (number of cycles),

Ki, a constant which determines the position of the line (=1 Oajb),

m, slope factor of the fatigue line (=1/b),

g, initial strain (us).
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The rest of the fatigue test result curves of the asphaltic concrete are given in Figures 9.5.,

9.6.,9.7.,9.8.,,99,9.10. and 9.11..
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Figure 9.5. Initial Strain vs. Fatigue Life of asphaltic concrete made with 50 pen. base

bitumen for the aggregate gradation type equation (3.1.)(n=0.5).
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Figure 9.6. Initial Strain vs. Fatigue Life of asphaltic concrete made with 100 pen. base

bitumen for the aggregate gradation type of DCT result.
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Table 9.3. A Summary of Fatigue Test Results.

Test series| Binder | Stress | Initial Strain | Initial Stiffness| Fatigue Life
Content | (MPa) <(10°%) (GPa) (N
5.4% 1.64 148 11.1 550000
5.9% 1.68 139 12.1 750000
6.4% 1.67 139 12.0 242000
5.4% 1.91 172 T1.1 270000
50PBB1 5.9% 1.95 161 12.1 400000
6.4% 1.95 163 12.0 125000
5.4% 2.19 197 11.1 55000
5.9% | 223 184 12.1 66000
6.4% 2.23 186 12.0 28000
5.1% 1.71 129 13.2 1600000
5.6% 1.72 126 13.6 2500000
6.1% 1.70 134 12.7 860000
5.1% 2.00 152 13.2 1200000
50PBB2 5.6% 2.01 148 13.6 1360000
6.1% 1.98 156 12.7 500000
5.1% 2.28 173 13.2 320000
5.6% 2.30 169 13.6 125000
6.1% 2.26 178 12.7 © 37000
5.3% 1.64 148 11.1 120000
5.8% 1.65 145 11.4 90000
6.3% 1.65 143 11.5 45000
5.3% 1.91 172 11.1 41000
100PBB3 | 5.8% 1.93 169 11.4 12500
' 6.3% 1.93 168 11.5 14000
5.3% 2.19 197 11.1 30000
5.8% 2.20 193 11.4 5000
6.3% 2.21 192 11.5 4300
5.1% 1.64 146 11.2 92000
5.6% 1.66 142 11.7 122000
6.1% 1.67 139 12.0 35000
5.1% 1.92 171 11.2 55000
100PBB4 | 5.6% 1.94 166 11.7 90000
6.1% 1.95 163 12.0 20000
5.1% 2.19 196 11.2 12000
5.6% 2.21 189 11.7 42000
6.1% 2.23 186 12.0 13500
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Table 9.3. continued

5.6% 1.75 122 143 872000
6.1% 1.75 121 14.5 950000
6.6% 1.74 123 14.2 250000
5.6% 2.04 143 14.3 520000
2401 6.1% 2.04 141 ‘14.5 500000
6.6% 2.03 143 14.2 130000
5.6% 2.33 163 14.3 155000
6.1% 2.34 161 14.5 226000
6.6% 232 163 14.2 35000
5.7% 1.76 118 14.9 1100000
6.2% 1.77 116 15.2 1300000
6.7% 1.77 118 15.0 760000
5.7% 2.06 138 14.9 450000
5401 6.2% 2.07 136 152 850000
6.7% 2.06 137 15.0 325000
5.7% 2.33 158 14.9 33000
6.2% 2.36 155 15.2 132000
6.7% 2.36 157 15.0 125000
5.8 1.54 176 8.75 280000
6.3 1.56 170 9.19 244000
6.8 1.57 169 9.30 32000
5.8 1.80 206 8.75 155000
2403 6.3 1.82 198 9.19 126000
6.8 1.83 197 9.30 6600
5.8 2.06 235 8.75 53000
6.3 2.09 227 9.19 12000
6.8 2.09 225 9.30 3360
5.8 1.57 168 9.35 1200000
6.3 1.60 160 9.98 2091000
6.8 1.61 156 10.30 200000
5.8 1.83 196 9.35 310000
5403 6.3 1.86 186 9.98 183200
6.8 1.88 182 10.30 51000
5.8 2.09 224 9.35 6800
6.3 2.13 213 9.98 55000
6.8 2.15 209 10.30 23800
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Figure 9.7. Initial Strain vs. Fatigue Life of Asphaltic Concrete Made with 100 pen. Base

Bitumen for the aggregate gradation type equation (3.1., n=0.5).
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Figure 9.8. Initial Strain vs. Fatigue Life of asphaltic concrete made with 50 pen. base

bitumen plus 2% 40’s size shredded tire rubber for aggregate gradation type DCT resukt.
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Figure 9.9. Initial Strain vs. Fatigue Life of asphaltic concrete made with 50 pen. base

bitumen plus 5% 40’s size shredded tire rubber for aggregate gradation type DCT result.
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Figure 9.10. Initial Strains vs. Fatigue Life of asphaltic concrete made with 100 pen. base

bitumen plus 2% 40°s size shredded tire rubber for aggregate gradation type DCT result.
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Figure 9.11. Initial Strain vs. Fatigue Life of asphaltic concrete made with 100 pen. base

bitumen plus 5% 40’s size shredded tire rubber for aggregate gradation type DCT result.

9.6. Summary

Both investigated aggregate gradations either obtained from dry compaction test in the
laboratory or obtained from the equation (3.1. for n=0.5) were compacted with two
different base bitumen (50 pen and 100 pen.) to evaluate the fatigue properties of asphaltic
concrete. In addition, to predict the effect of rubber on the fatigue properties of asphaltic
concrete, both gradation were mixed with the 40’s size shredded rubber modified bitumen
in 2 and 5% by weight. The test conducted on the optimum binder content, which was

obtained from the Leeds Design Method, and + 0.5%.

The fatigue lines obtained from this investigation are unique for the test method adopted
and the fatigue failure criterion. It could not be favorably compared with the test results

obtained other work undertaken elsewhere.
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The addition of the rubber is highly significant on the fatigue life of asphaltic concrete. A
small quantity of rubber addition (5%) increased the fatigue life of the mixture twofold for
the modified binder made with the 50 pen base bitumen and 23 times for the binder made

with the 100 pen. base bitumen. A summary of the fatigue results obtained in this research

are also given in Figure 9.12. at optimum binder content.

The fatigue results showéd that the type of bitumen greatly affected the fatigue life of the
asphaltic concrete. The stiffer binder leads the stiffer mixture. This is in line with the
observations of Epps ef al.(1969). Pell (1985) has noted similar findings and concluded
that an improvement in the fatigue life may simply be obtained by increasing the stiffness.
On the other hand, at the fatigue test temperature (5 °C) both base bitumens had
approximately the same stiffness (200 MPa). This can be attributed to the film thickness
around the aggregate. The mixing temperature was kept constant in this investigation (150
°C). Hence, the viscosity of the 50 pen. and 100 pen. base bitumen was different. The -
softer bitumen, with low viscosity, covered the aggregate with less film thickness while the
harder bitumen probably provided a thicker film around the aggregates. This can lead early

cracking on the fatigue life of the mixture made with softer binnder comparing with the

hard one.

It was seen also that the aggregate gradation has an effect on the fatigue life of the
mixture. The aggregate gradation, which was obtained by equation 3.1.and n=0.5, was

showed longer fatigue life than the gradation obtained in the laboratory on the basis of

minimum porosity.
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research (at optimum binder content).




CHAPTER TEN

CONCLUSIONS AND RECOMMENDATIONS

10.1. General Conclusions

The most important general conclusion of this study can be outlined as follows:

1- Waste shredded rubber can be used in bituminous mixtures as an effective modifier of

the binder and as an improver of the properties of bituminous mixtures.

2- The rheological properties of waste shredded tire rubber modified binders were
different from the properties of the base bitumen. Generally, the modified binders gave

higher values of viscosity and stiffness when compared with the base bitumen.

3- The porosity of the asphaltic concrete was significantly influenced by the modification
of bitumen with shredded tire rubber. High volume of rubber or/and large particle size of
shredded tire rubber increased the porosity and gave higher values of permeability, and in
general resulted in unsatisfactory mixes. Limiting the amount of rubber to < 5% and using

the smallest size gave improved properties to the asphaltic concrete mixes studied.

4- A new method of measuring porosity was developed. This method has the advantage of

measuring only the interconnected porosity.
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5- Small quantity of fine shredded tire rubber incorporated into bitumen resulted on

asphaltic concrete with improved fatigue resistance.

6- The specific gravity of shredded rubber modified bitumen was found to increase with

increasing rubber content.

10.2. Detailed Conclusions

The specific conclusions obtained from this investigation and valid only for the materials

and conditions of the study are given in the following paragraphs.

10.2.1. Properties of Rubber-Bitumen Blends

- The rheological properties of shredded rubber modified binders studied using controlled
stress oscillatory theometer and other empirical tests resulted on the following

conclusions;
- The rubber modified binders have higher viscosity and stiffness than the base bitumen.

- The hardness of the shredded rubber modified bitumen as measured by the penetration.
test show that the penetration value increases with the addition of rubber. The change in
penetration resulting from addition of shredded rubber can be estimated using a statistical
-equation. The mixing time of shredded rubber and base bitumen is important to produce a

homogeneous mix where the rubber particles are digested in the hot bitumen. The degree
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of dispersion and digestion of the rubber particles is seen by the reduction of penetration
value with increasing time of mixing. A mixing time of 30 minutes was found to be

adequate to obtain consistent behavior of the rubber-bitumen blends.

- The softening point test shows similarity to the penetration test. A linear increase was

also observed on the softening point value with increasing shredded rubber concentration.

The softening point increases with increasing mixing time.

- A relationship between penetration and viscosity was developed during the study. The

numerical equation quantifying this relation is different from the equation previously

proposed for pure bitumen.

- The elastic recovery of shredded rubber modified bitumen as measured by modified
ductility test increases with the addition of rubber. This is a desirable property for the

binder used in bituminous mixture. However, this improvement gives in some instance

undesirable results such as an increase on the porosity.

10.2.2. Aggregate Gradation

- The concept of maximum aggregate packing or minimum porosity used to develop a
particle size distribution resulted in a gradation close to the gradation proposed by Cooper

et al. (1985), but with enough variation as to produce a lower VMA.
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10.2.3. Porosity Measurements

- Increasing rubber content increases the porosity of shredded rubber modified asphaltic

concrete,

- Linear statistical relationships were found between measured vacuum porosity using by
Leeds Vacuum Porosimeter and the traditional methods of calculated porosities. In the
equations, the slope of the line found very close to 45° for both cases when the vacuum
porosity value Pv, compared with the calculated porosity value of Pg and Paw. The values
of interconnected f/oids were found depends on the base bitumen used in the asphaltic
concrete. These values found were 2.3% for 50 pen. base bitumen and 1.6% for the 100

pen. base bitumen used in rubber-bitumen blends for rubberised asphaltic concrete.

10.2.4. The Properties of Asphaltic Concrete made .with Shredded Tire Rubber
Modified Bitumen

- The workability index decreased with increasing rubber content.

- The addition of shredded rubber decreased the density of compacted asphaltic concrete.

- The Compacted Aggregate Density (CAD) of the asphaltic concrete decreased with the
addition of shredded rubber or Voids in Mixed Aggregate (VMA) increased with the in

creasing of shredded rubber in mixture.
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- The addition of small proportion (up to 5%) of fine rubber increased the Marshall
stability of the mixtures made with low penetration grade base bitumen (100 pen.). The

stability values decreased with further increase on rubber content and rubber sizes.

-The addition of rubber decreases the Marshall flow. A large decrease was observed at

higher rubber content and bigger rubber sizes.

- The air permeability of asphaltic concrete is significantly increased by the addition

rubber,

- The 1 hour creep stiffness of the mixture increased by about 85%, when small amount of
fine rubber (40°s rubber 2% by weight) was incorporated into the 50 pen grade base

bitumen. The addition of high rubber content reduced the creep stiffness of the mixture

particularly the mixture made with 100 pen. base bitumen.

- The addition of rubber increases the optimum binder content.

10.2.5. Fatigue Behavior of Asphaltic Concrete made with Shredded Rubber

Modified Bitumen

- Controlled stress fatigue testing was found to be an adequate method to study the fatigue

behavior of asphaltic concrete made with shredded rubber modified bitumen.
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- The addition of rubber chances significantly the fatigue life of the asphaltic concrete. A
small quantity of rubber addition (40°s size 5%) doubles the fatigue life of the mixture
made with 50 pen. base bitumen. Mixes made with 100 pen. base bitumen increased their

fatigue life by a factor of 20.

10.3. Recommendation for Further Study

1- This investigation concentrated on the study of the effect of shredded tire rubber
particles on the rheological properties of rubber-bitumen blends and their influence on the
engineering properties and fat-igue behavior of asphaltic concrete. An extension to this
investigation is desirable to study the effects of incorporating the shredded rubber particles

directly into the aggregate binder mixture.

2- A series of porosity measurements was made using by Leeds Vacuum Saturation
method. More data is required to correlate the relationship between measured porosities

and calculated porosities.

3- The rheological measurements showed that the elasticity of the shredded rubber
bitumen greatly increases with the addition of rubber. These increases should improve the
properties of the mixture. However, increased elasticity caused an increase on the porosity
of the mixtures. During compaction of the sample using GTM, when the compaction

pressure was lifted, the rubber particles caused rebound due to the elasticity of the binder.
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It was not expected on this stage of the investigation. New compaction techniques should

be investigated to avoid this problem.

4- In this investigation mixing and compaction temperature were kept constant. Future

research should investigate the effect of compaction and mixing temperature.

5- The studies conducted in the laboratory should be extended to field evaluations

preferably by constructing trial sections of a pavement where the surfacing should be the

new asphaltic concrete developed in this investigation.
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10.1. General Conclusions

The most important general conclusion of this study can be outlined as follows:

[- Waste shredded rubber can be used in bituminous mixtures as an effective modifier of

the binder and as an improver of the properties of bituminous mixtures.

2- The rheological properties of waste shredded tire rubber modified binders were
different from the properties of the base bitumen. Generally, the modified binders gave

higher values of viscosity and stiffness when compared with the base bitumen.

3- The porosity of the asphaltic concrete was significantly influenced by the modification
of bitumen with shredded tire rubber. High volume of rubber or/and large particle size of
shredded tire rubber increased the porosity and gave higher values of permeability, and in
general resulted in unsatisfactory mixes. Limiting the amount of rubber to < 5% and using

the smallest size gave improved properties to the asphaltic concrete mixes studied.

4- A new method of measuring porosity was developed. This method has the advantage of

measuring only the interconnected porosity.




e ATV

iChapter Ten Conclusices aﬁd Recommendations

5- Small quantity of fine shredded tire rubber incorporated into bitumen resulted on

asphaltic concrete with improved fatigue resistance.

6- The specific gravity of shredded rubber modified bitumen was found to increase with

increasing rubber content.

10.2. Detailed Conclusions

The specific conclusions obtained from this investigation and valid only for the materials

and conditions of the study are given in the following paragraphs.

10.2.1. Properties of Rubber-Bitumen Blends

- The rheological properties of shredded rubber modified binders studied using controlled

stress oscillatory rheometer and other empirical tests resulted on the following

conclusions;

~ The rubber modified binders have higher viscosity and stifiness than the base bitumen.

- The bardness of the shredded rubber modified bitumen as measured by the penetration
test show that the penetration value increases with the addition of rubber. The change in
penetration resulting from addition of shredded rubber can be estimated using a statistical
equation. The mixing time of shredded rubber and base bitumen is important to produce a

homogeneous mix where the rubber particles are digested in the hot bitumen. The degree
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of dispersion and digestion of the rubber particles is seen by the reduction of penetration
value with increasing time of mixing. A mixing time of 30 minutes was found to be

adequate to obtain consistent behavior of the rubber-bitumen blends.
rd
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The softening point test shows similarity to the penetration test. A linear increase was
also observed on the soﬁ'ening point value with increasing shredded rubber concentration.

The softening point increases with increasing mixing time.

- A relationship between penetration and viscosity was developed during the study. The
numerical equation quantifying this relation is different from the equation previously

proposed for pure bitumen.

- The elastic recovery of shredded rubber modified bitumen as measured by modified
ductility test increases with the addition of rubber. This is a desirable property for the
binder used in bituminous mixture. However, this improvement gives in some instance

undesirable results such as an increase on the porosity.

10.2.2. Aggregate Gradation

- The concept of maximum aggregate packing or minimum porosity used to develop a
particle size distribution resulted in a gradation close to the gradation proposed by Cooper

et al. (1985), but with enough variation as to produce a lower VMA.
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10.2.3. Porosity Measurements

- Increasing rubber content increases the porosity of shredded rubber modified asphaltic

concrete.

- Linear statistical relationships were found between measured vacuum porosity using by
Leeds Vacuum Porosimeter and the traditional methods of calculated porosities. In the
equations, the slope of the line found very close to 45° for both cases when the vacuum
porosity value Pv, compared with the calculated porosity value of Pg and Paw. The values
of interconnected voids were found depends on the base bitumen used in the asphaltic
concrete. These values found were 2.3% for 50 pen. base bitumen and 1.6% for the 100

pen. base bitumen used in rubber-bitumen blends for rubberised asphaltic concrete.

10.2.4. The Properties of Asphaltic Concrete made with Shredded Tire Rubber

Modified Bitumen
- The workability index decreased with increasing rubber content.
- The addition of shredded rubber decreased the density of compacted asphaltic concrete.

- The Compacted Aggregate Density (CAD) of the asphaltic concrete decreased with the

addition of shredded rubber or Voids in Mixed Aggregate (VMA) increased with the in

creasing of shredded rubber in mixture.
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- The addition of small proportion (up to 5%) of fine rubber increased the Marshall
stability of the mixtures made with low penetration grade base bitumen (100 pen.). The

stability values decreased with further increase on rubber content and rubber sizes.

-The addition of rubber decreases the Marshall flow. A large decrease was observed at

higher rubber content and bigger rubber sizes,

- The air permeability of asphaltic concrete is significantly increased by the addition

rubber.

- The 1 hour creep stiffness of the mixture increased by about 85%, when small amount of
fine rubber (40°s rubber 2% by weight) was incorporated into the 50 pen grade base
bitumen. The addition of high rubber content reduced the creep stiffness of the mixture

particularly the mixture made with 100 pen. base bitumen.

- The addition of rubber increases the optimum binder content.

10.2.5. Fatigue Behavior of Asphaltic Concrete made with Shredded Rubber
Modified Bitumen

- Controlled stress fatigue testing was found to be an adequate method to study the fatigue

behavior of asphaltic concrete made with shredded rubber modified bitumen.
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- The zddition of rubber chances significantly the fatigue life of the asphaltic concrete. A
small cuantity of rubber addition (40°s size 5%) doubles the fatigue life of the mixture

made with 50 pen. base bitumen. Mixes made with 100 pen. base bitumen increased their

fatigue life by a factor of 20.

10.3. Recommendation for Further Study

1- Tks investigation concentrated on the study of the effect of shredded tire rubber
particies on the rheological properties of rubber-bitumen blends and their influence on the
engine<ring properties and fatigue behavior of asphaltic concrete. An extension to this

invest:zation is desirable to study the effects of incorporating the shredded rubber particles

direct> into the aggregate binder mixture.,

2- A =series of porosity measurements was made using by Leeds Vacuum Saturation

method. More data is required to correlate the relationship between measured porosities

and ca culated porosities.

3- Tke rheological measurements showed that the elasticity of the shredded rubber
binumen greatly increases with the addition of rubber. These increases should improve the
propersies of the mixture. However, increased elasticity caused an increase on the porosity
of the mixtures. During compaction of the sample using GTM, when the compaction

pressi—e was lifted, the rubber particles caused rebound due to the elasticity of the binder.
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It was not expected on this stage of the investigation. New compaction techniques should

be investigated to avoid this problem.

4- In this investigation mixing and compaction temperature were kept constant. Future

research should investigate the effect of compaction and mixing temperature.

5- The studies conducted in the laboratory should be extended to field evaluations
preferably by constructing trial sections of a pavement where the surfacing should be the

new asphaltic concrete developed in this investigation.
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pen. Base Bitumen plus 5% 40’s Size Rubber at 60 °C (blended at 160 °C for 1/2 hour).
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A.7. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100 (right)
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A.8. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100 (right)

pen. Base Bitumen plus 10% 40’s Size Rubber at 60 °C (blended at 160 °C for 1/2 hour).
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A.10. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Bitumen plus 20% 40’s Size Rubber at 30 °C (blended at 160 °C for 1/2 hour).
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A.11. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Bitumen plus 20% 40’s Size Rubber at 60 °C (blended at 160 °C for 1/2 hour).
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A.12. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Bitumen plus 20% 40’s Size Rubber at 90 °C (blended at 160 °C for 1/2 hour).
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A.13. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Bitumen plus 2% 12/16’s Rubber at 30 °C (blended at 160 °C for 1/2 hour).
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A.14. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Bitumen plus 2% 12/16’s Rubber at 60 °C (blended at 160 °C for 1/2 hour).
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A.16. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Bitumen plus 5% 12/16’s Rubber at 30 °C (blended at 160 °C for 1/2 hour).
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A.17. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Bitumen plus 5% 12/16”s Rubber at 60 °C (blended at 160 °C for 1/2 hour).
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A.18. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Bitumen plus 5% 12/16°s Rubber at 90 °C (blended at 160 °C for 1/2 hour).
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A.19. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Bitumen plus 10% 12/16”s Rubber at 30 °C (blended at 160 °C for 1/2 hour).
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A.20. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen., Bitumen plus 10% 12/16’s Rubber at 60 °C (blended at 160 °C for 1/2 hour).
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A.21. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Bitumen plus 10% 12/16’s Rubber at 90 °C (blended at 160 °C for 1/2 hour).
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A.22. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Bitumen plus 20% 12/16’s Rubber at 30 °C (blended at 160 °C for 1/2 hour).




249

- Appendix A 1

-

2 log(G*)
o log(G™) :

&
5 logl@?) ‘},j
¢+ log{n*} e:é

T legln? - it
log(n*} . {'é

s dela oo

@

log{G*)
tog(G”)
log{G")
log(n*)
log(n®y

log(n"} -
delta :

o

Ln

0t - = 0

[ ] w LS
=]

-

<

[ ' Y I (B I‘l gy I'I'f'l‘ () i L I"l T I'"!‘I I"‘I'"F"TT'I t I'l

Log (Reduced Modulus(Pa), Reduced
Viscosity(Pa.s)) and Reduced Phase Angle(Rad)

3
(5]

b
v

-1

rerrprnrry " !"T'\"I' l“'l'l"l"l" 1 ]"T"(‘ N I'T'T"I"T " | ” F'I"TTT'I"I"" |

Log (Reduced Modulus{Pa), Reduced
Viscosity(P'a.s)) and Reduced Phase Angle(rad)

'
(&)

]
-~

6-5-4.3-2-101213 456 7-6-5-4-3-2-101 234356
Log(Reduced Frequemcy/Hz) Log(Reduced Frequency/Hz)

A.23. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Bitumen plus 20% 12/16’s Rubber at 60 °C (blended at 160 °C for 1/2 hour).
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A.24. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Bitumen plus 20% 12/16’s Rubber at 90 °C (blended at 160 °C for 1/2 hour).
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A.25. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Base Bitumen plus 2% 12’s Rubber at 30 °C (blended at 160 °C for 1/2 hour).
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A.26. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Base Bitumen plus 2% 12°s Rubber at 60 °C (blended at 160 °C for 1/2 hour).
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A.27. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Base Bitumen plus 2% 12’s Rubber at 90 °C (blended at 160 °C for 1/2 hour).
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A.28, Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Base Bitumen plus 5% 12’s Rubber at 30 °C (blended at 160 °C for 1/2 hour).
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A.29. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Base Bitumen plus 5% 12°s Rubber at 60 °C (blended at 160 °C for 1/2 hour).
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A.30. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Base Bitumen plus 5% 12’s Rubber at 90 °C (blended at 160 °C for 1/2 hour).
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A.31. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen, Bitumen plus 10% 12°s Rubber at 30 °C (blended at 160 °C for 1/2 hour).
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A.32. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Bitumen plus 10% 12’s Rubber at 60 °C (blended at 160 °C for 1/2 hour).
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A.33, Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Bitumen plus 10% 12’s Rubber at 90 °C (blended at 160 °C for 1/2 hour).
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A.34. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Bitumen plus 20% 12’s Rubber at 30 °C (blended at 160 °C for 1/2 hour).
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A.35, Rheological Paramete_rs of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Bitumen plus 20% 12’°s Rubber at 60 °C (blended at 160 °C for 1/2 hour).
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(right) pen. Bitumen plus 20% 12’s Rubber at 90 °C (blended at 160 °C for 1/2 hour).
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A.37. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Base Bitumen plus 2% 3’s Rubber at 30 °C (blended at 160 °C for 1/2 hour).
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A.38. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Base Bitumen plus 2% 3’s Rubber at 60 °C (blended at 160 °C for 1/2 hour).
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A.39. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Base Bitumen plus 2% 3’s Rubber at 90 °C (blended at 160 °C for 1/2 hour).
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A.40. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Base Bitumen plus 5% 3’s Rubber at 30 °C (blended at 160 °C for 1/2 hour).
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A.41. Rheological Parameters of Rubber Bitumen Mix Made With 350 (left) and 100

(right) pen. Base Bitumen plus 5% 3’s Rubber at 60 °C (blended at 160 °C for 1/2 hour).
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A.42. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Base Bitumen plus 5% 3’s Rubber at 90 °C (blended at 160 °C for 1/2 hour).
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A.43. Rheological Paramet_ers of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Base Bitumen plus 10% 3°s Rubber at 30 °C (blended at 160 °C for 1/2 hour).
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A.44, Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Base Bitumen plus 10% 3’s Rubber at 60 °C (blended at 160 °C for 1/2 hour).
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A.45. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Base Bitumen plus 10% 3’s Rubber at 90 °C (blended at 160 °C for 1/2 hour).
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A.46. Rheological Parameters of Rubber Bitumen Mix Made With 50 (left) and 100

(right) pen. Base Bitumen plus 20% 3’s Rubber at 30 °C (blended at 160 °C for 1/2 hour).
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Figure B.2. Temperature vs. Rheological Properties of Rubber-Bitumen Blends made with

50 (left) and 100 (right) pen. Base Bitumen plus 5% 40’s size Shredded Rubber.
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Figure B.4. Temperature vs. Rheological Properties of Rubber-Bitumen Blends made with

50 (left) and 100 (right) pen. Base Bitumen plus 20% 40’s size Shredded Rubber.
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Figure B.5. Temperature vs. Rheological Properties of Rubber-Bitumen Blends made with
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Figure B.6. Temperature vs. Rheological Properties of Rubber-Bitumen Blends made with

50 (left) and 100 (right) pen. Base Bitumen plus 5% 12/16’s size Shredded Rubber.
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Figure B.7. Temperature vs. Rheological Properties of Rubber-Bitumen Blends made with

50 (left) and 100 (right) pen. Base Bitumen plus 10% 12/16’s size Shredded Rubber.
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Figure B.8. Temperature vs. Rheological Properties of Rubber-Bitumen Blends made with

50 (left) and 100 (right) pen. Base Bitumen plus 20% 12/16’s size Shredded Rubber.
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Figure B.11. Temperature vs. Rheological Properties of Rubber-Bitumen Blends made

with 50 (left) and 100 (right) pen. Base Bitumen plus 10% 12’s size Shredded Rubber.
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Figure B.12. Temperature vs. Rheological Properties of Rubber-Bitumen Blends made

with 50 (left) and 100 (right) pen. Base Bitumen plus 20% 12°s size Shredded Rubber.
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Figure B.13. Temperature vs, Rheological Properties of Rubber-Bitumen Blends made
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Figure B.14. Temperature vs. Rheological Properties of Rubber-Bitumen Blends made

with 50 (left) and 100 (right) pen. Base Bitumen plus 5% 3’s size Shredded Rubber.
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Figure B.15. Temperature vs. Rheological Properties of Rubber-Bitumen Blends made

with 50 (left) and 100 (right) pen. Base Bitumen plus 10% 3’s size Shredded Rubber,
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Figure B.16. Temperature vs. Rheological Properties of Rubber-Bitumen Blends made

with 50 (left) and 100 (right) pen. Base Bitumen plus 20% 3’s size Shredded Rubber.
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Figure C.1 Binders Stiffness calculated using by Oscillatory Shear Analysis at loading time

of 3Hz for fatigue test.




