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Abstract

Due to urbanization, industrialization and population increase, a substantial increase

occurred in the number of vehicles and hence large numbers of end-of-use tires are being

disposed every year. The vast majority of these tires are stockpiled or used as a fuel for

combustion which, in both cases, affects the environment detrimentally. The use of tire

rubber in cement-stabilized aggregate mixtures (CSAMs) will ensure beneficial use of large

quantities of these waste materials, saving natural resources and may enhance the properties

of CSAMs especially these related to brittleness and sensitivity to fatigue failure.

Research was undertaken to investigate, at macro and mesoscale levels, the effect of both

rubber and degree of stabilization and their combination on the behaviour of CSAMs in

terms of the most influential pavement design properties under different static and dynamic

modes of loading. These properties are strength, stiffness and fatigue. A range of testing

equipment, methodologies and tools was developed, suggested and implemented to perform

this investigation. Further investigation was also conducted to provide better understanding

of the damage and failure mechanism through quantitative studying of the fractured surface,

internal structure and surface cracking patterns under different testing modes.

The results of this study revealed that the addition of rubber has a negative effect on the

compaction efficiency, compressive, flexural and tensile strengths while the stiffness, under

different testing modes, was slightly reduced. In addition, a tougher mixture was produced

after rubber-modification which means a change from a brittle to a more ductile behaviour.

This behaviour was observed through different stiffness modulus evaluation methods. On the

other hand, increase in cementation level has resulted in an increase in both strength and

stiffness for both reference and rubberized mixtures. However, the decrease in the mixtures’

strength due to rubberization was more obvious in highly cemented mixtures than the lightly

cemented ones. On the other hand, a greater decline in the mixtures’ stiffness, due to rubber

incorporation, was observed at low cement contents. This behaviour is related to the void-

like behaviour which depends, to large extent, on the relative stiffness between rubber and

surrounding matrix.
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Quantification of the fractured surfaces and cracking pattern utilizing the photogrammatry

and fractal dimension concepts, respectively, revealed that the addition of rubber resulted in

rougher and more tortuous cracks and increases disperse-ability of these cracks. This means

the rubber-modification changed the cracking pattern which implies better load transfer

through the cracks and less risk of reflection cracking.

The investigation of the internal structure, at mesoscale level, showed that the cracks were

propagated through the rubber particles at all investigated cementation levels. This

contributed to a lengthening of the crack path and to the delaying of crack propagation by

absorbing and relieving the stresses at the crack tip, especially at the microcrack level. The

latter mechanisms are behind toughness and fatigue improvement. Evaluation of rubber

distribution revealed uniform distribution and this decrease as rubber content increases.

The results also indicated an improvement in the fatigue life for all rubber replacement

levels. This was valid at all cementation levels. In terms of modulus degradability,

rubberization of the cemented mixture has only a slight effect on this property while larger

permanent deformation was accumulated after rubber inclusion. It was observed that the

poorly cemented mixtures showed greater stiffness modulus degradation. Pavement analysis

and design study showed that the decrease in the mixtures’ strength overshadowed any

improvement due to both mitigation of mixtures’ stiffnesses or fatigue life enhancement.

However, this is not the case for poor rubber mixtures where this mixture showed better

behaviour than the reference mixtures.
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Chapter One

Introduction

1.1 Background and problem statement

Due to urbanization, industrialization and the large increase of populations,

accompanied with an uplift in the standard of living, road vehicle number have

increased dramatically which, consequently, has resulted in a lot of end-of-use tires

every year. The estimated number of tires manufactured in the world per annum is

about 1.5 billion tires. Millions of these are discarded. According to estimations,

around 1000 million tires reach the end of their service life yearly and half of these

are stockpiled without any use. It was estimated, recently, that the latter number will

escalate to around 1200 by the end of 2030 which means there would then be about

5000 million tires, including the stockpiled ones (Thomas and Gupta 2015). This has



Chapter 1: Introduction

2

a negative impact on the environment and is a real threat to humans since these

stockpiles can harbour vermin and represent possible combustion sites (Zheng et al.

2008). Therefore, it is necessary to make use of these waste materials. The majority

of the current use of such waste materials is by using them as fuel for combustion

which becomes, especially in the light of increasing concerns about the climate

change, an unfavourable solution from the environmental point of view.

Development of the modern world has increased the number of the construction

projects conducted every year which, in turn, is resulting in a depletion of natural

resources. Over the years, many researchers (Khatib and Bayomy 1999; Güneyisi et

al. 2004; Papakonstantinou and Tobolski 2006; Balaha et al. 2007; Gesoğlu and 

Güneyisi 2007; Zheng et al. 2007; Khaloo et al. 2008; Taha et al. 2008; Zheng et al.

2008; Topçu and Bilir 2009; Güneyisi 2010; Nguyen et al. 2010; Pelisser et al. 2011;

Najim and Hall 2012; Eiras et al. 2014; Güneyisi et al. 2014) have attempted to make

use of these waste tires in concrete mixtures by replacing the natural aggregate by

either fine or coarse tire-driven aggregate, or both. Their results revealed reductions

in the strength and stiffness modulus of rubber-modified mixtures. Toughness and

impact resistance, on the other hand, improved substantially. The degree of decline

or improvement of the mentioned properties was different depending on the size of

rubber and whether coarse or fine aggregate fractions, or both, were replaced.

Based on their findings and justifications, other researchers (Güneyisi et al. 2004;

Pelisser et al. 2011; Najim and Hall 2013) attempted treating the rubber particles

with sodium hydroxide or using silica fume to enhance their interaction with the

other constituents of the concrete mixtures. Their investigations claimed better
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performance because these treatments improved the bond between rubber and the

surrounding cement matrix. Despite the lower number of studies performed to assess

the behaviour of such modified concrete mixtures under cyclic loading, the

investigations conducted by Wang et al. (2010) and Liu et al. (2013) showed an

improvement in the fatigue life of such mixtures.

Owing to the fact that the construction of highways consumes a large volume of

natural resources as compared with other civil engineering projects (Cao 2007;

Barišić et al. 2014), the recycling of waste tires into such projects represents greater

sustainability than discarding or burning or using in other civil engineering ,at the

same time, it saves natural aggregate resources. This was the driving force behind

several investigations conducted to utilize these waste tires in the construction of

asphaltic mixtures. In these investigations, rubber has been used either as a bitumen

modifier through the wet process or to replace the aggregate through the dry process

(Rahman 2004; Cao 2007; Chiu and Lu 2007; Xiao et al. 2007; Chiu 2008; Fontes et

al. 2010). Others (Pincus et al. 1994; Cecich et al. 1996; Foose et al. 1996; Masad et

al. 1996; Liu et al. 2000; Youwai and Bergado 2003; Kim et al. 2005; Humphrey

2007) studied the possible use of tire-derived rubber materials in geotechnical

applications as fill materials for embankments and behind retaining walls.

Unfortunately, very few studies were conducted to investigate the possibility of using

crumb rubber within cement-stabilized aggregate mixtures typically used as base

and/or subbase courses in flexible composite pavement structures. The usage in this

case might be more feasible than in asphaltic mixtures used as base or surface

courses, since the latter two layers usually have a limited thickness (due to their high
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cost) as compared with the greater thickness of cement-stabilized layers achievable

due to their lower unit cost.

Cement-stabilized mixtures are normally used as base or subbase courses within

pavement structures so as to improve the structural capacity of pavement structures

in terms of strength and stiffness. Lim and Zollinger (2003) described cement-

stabilized mixtures as a mixture of aggregate and Portland cement moisturized with

small quantities of water for compaction and cement hydration purposes.

Utilization of cement-stabilized base in a pavement structure provides an excellent

foundation for asphaltic surface course. This is because cement-stabilized mixtures

are less water sensitive, stronger and more uniform (Adaska et al. 2004). Due to

their rigidity, cement stabilized base courses ensure distribution of the applied load

over a large area which in turn reduces the stresses applied on the top of subgrade as

well as bridging the pavement over weak locations. It hence acts to control rutting. In

addition, such layers minimize the fatigue cracking that may happen in the surface

layer. However, stabilization with cement can, unfortunately, make this layer

sensitive to overloading and to fatigue failure and cause shrinkage. This, in turn, can

be considered the main cause of reflection cracking in the surface course. These

cracks are inherent characteristics of cement stabilized aggregate materials/mixtures

(CSAMs). Reflection crack width is normally less than 3 mm and does not affect the

riding quality (Adaska et al. 2004). However, such cracks may reduce the stiffness

and the strength of the layer. A crack width of more than 6 mm can cause problems

ranging from negative impacts on riding quality to permitting the surface water to

ingress into the underlying layers (especially subgrade) and hence accelerating
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premature failure. All the above problems are governed by the crack width in the

cement-stabilized layer since a wider crack, as reported by Adaska et al. (2004), will

cause stress concentrations in the surface layer especially in the absence of a stress

relieving layer (such as a granular material) between the stabilized layer and the

asphaltic layer. Figure 1.1 illustrates graphically the main research problems.

Therefore, the use of rubber from post-consumed tires in cement-stabilized aggregate

mixtures to replace fine aggregate may ensure, firstly, disposing of large quantities of

environmentally detrimental materials, secondly, saving natural resources and finally

mitigating the problems related to cement-stabilization.

Figure 1.1: Main problems undertaken in this research : a. environmental; b. natural

resources scarcity and c. cement-stabilization problems

a b

c
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1.2 Aim and objectives

The aim of this research is to investigate the effect of waste tire rubber and degree of

cementation on the behaviour of cement-stabilized aggregate mixtures intended to be

used as a base course within the pavement structure. This is to be achieved by

developing adequate testing equipment, suggesting testing methodologies,

implementation of quantification procedures and using these to adequately assess the

materials’ properties, in terms of the most influential pavement design properties,

and to understand their behaviour and the mechanisms of their failure. Then the

different experimental properties will be utilized and combined in an analytical study

to best quantify their implications for pavement analysis and design.

The specific objectives of this study include, but not limited, to the following:

1. Investigation of the effect of crumb rubber and the degree of stabilization on the

properties of CSAMs under different static and dynamic testing modes related to

pavement analysis and design. This will be performed mainly in terms of tensile

strength, stiffness and fatigue evaluations.

2. Evaluate the behaviour of modified mixtures, due to rubber and cement, under

nondestructive testing so as to accurately estimate the fatigue performance and

dynamic stiffness modulus.

3. Development of a four-point loading test system to evaluate fatigue performance

and monitoring the permanent deformation, modulus degradation and damage

accumulation during the fatigue life. Then utilizing this equipment to determine
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the fatigue performance and degradation of rubberized and reference cement-

stabilized aggregate mixtures under cyclic flexural loading.

4. Assemble correlations between results from the above tests that will permit

estimation of parameters needed for the pavement design process in an efficient

and cost-effective manner to facilitate the pavement design process and provide

default values for different properties

5. Quantitative characterization of the fractured surfaces and the cracking patterns

obtained in the different modified mixtures. Various techniques are to be

assessed so as to better understand the effect of both rubber and cement on

cracking mechanisms and so as to identify possible relationships between

damage manifestation and mechanical properties and so as to deduce

implications for pavement performance.

6. Investigation, quantitatively at mesoscale level, of the rubber distribution and the

crack propagation mechanism using X-ray CT scanning (of internal structure)

and image processing techniques. The findings are to be used to interpret and

understand the macro-scale behaviour.

7. Conducting analytical study through a numerical multilayer elastic solution

(KENLAYER) to identify the effect of rubber and cement and their combination

on the critical stresses/strains of a pavement structure and, hence, on the layer

thicknesses.
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1.3 Novelty of research

A comprehensive literature review revealed that, according to the author’s best

knowledge, the research presented in this thesis newly, or more deeply than before,

addresses (at minimum) the following areas:

1. The performance of rubberized cement stabilized mixtures. Very few previous

studies have addressed these materials. There is no existing comprehensive

evaluation of these mixtures in terms of popular testing modes under static and

dynamic loading.

2. Evaluation of the effect of cement content on the properties of rubberized

cement-stabilized aggregate mixtures. In spite of extensive research of the

properties of concrete mixtures, it is not easy to find research that has studied

this aspect.

3. The failure mechanisms of rubberized cement-stabilized aggregate mixtures. At

present, this is still unclear even for rubberized concrete. In this study, various

techniques were used to evidence this mechanism.

4. Quantitative characterization of the fractured surfaces of cement-stabilized

materials. This is presented for the first time in this thesis. Moreover, using the

photogrammetric procedure to acquire fractured surface information has rarely

been presented in previous studies.

5. Quantification of the cracking damage in cement stabilized mixtures in general

and rubberized mixture in particular. Fractal analysis is used in this research for

the first time for such quantification.
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6. Analytical modelling of pavement structures to evaluate effect of different

modified mixtures on the pavement responses and design, incorporating strength,

stiffness and fatigue characteristics. Unfortunately, previous research in concrete

mixtures was limited to evaluating the properties of rubberized mixtures without

implementing these properties in the analysis and design of structural member to

assess the benefit of modified mixtures.

7. Investigate and compare different testing modes used to obtain the modulus of

elasticity, as this is the main input for pavement analysis. For cement stabilized

aggregate, there is no comprehensive study at present.

8. Quantitative quantification of rubber distribution of cement-stabilized aggregate

materials containing various rubber contents. This is the first time for such

quantification for rubberized cementitious materials (including concrete).

1.4 Research Methodology and structure of thesis

To achieve the above aim and objectives, the following methodology consisting of

ten tasks was adopted:

Task 1: Review of literature

In this task, an extensive literature review was conducted. The purpose of this task is

to review the previous literature to identify and differentiates between different

stabilized mixtures and rubberized cementitious mixtures and their typical properties.

This also helped to identify the current state of knowledge and the gaps in literature.

Due to the lack of the standardized test, there was a necessity to review the
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characterization techniques that were used by previous researchers and prepare some

suggestion to develop others. To validate the outcomes of this project, it was

important to compare them with previous findings of other researchers therefore

necessitating a review of the previous results and the relationships between different

parameters. The majority of these issues are presented in Chapters 2 and 3.

Task 2: Materials characterization, mixture design and manufacturing

methodology

The purpose of this task is to characterize the mixtures’ materials and waste tire

rubber. Also, it is to design the compacted mixtures in such a way that ensures

comparable results by eliminating any variability between different mixtures. This

was achieved through the manufacturing process. A further purpose is to check how

rubber and cement may affect the compactibility of the mixtures using two different

approaches. This is going to be explained in Chapter 4.

Task 3: Behaviour under monotonic loading at different curing periods

In this task, the behaviour of reference and modified mixtures is evaluated under

monotonic loading in terms of strength and stiffness. As bound mixtures are

normally under tensile action at the bottom of the layer, tensile testing will be used as

the main testing mode in this study. Flexural and indirect tensile testing methods are

employed. However, as there is a possibility for crushing at the top of the cemented

layer, the unconfined compressive strength will also be evaluated. The evaluation of

toughness represents another subtask. This task is presented in Chapters 5 and 6.
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Task 4: Evaluation of cracking pattern, fractured surfaces and internal

structure

To understand the failure mechanism, quantitatively, the cracking patterns for

different modified mixtures are investigated utilizing the fractal dimension concept.

This quantification also includes the study of the fractured surfaces (3D fracturing)

of these mixtures through the implementation of close-range photogrammetry. The

final subtask is to study the cracking propagation and the rubber distribution at the

mesoscale level. This is conducted through X-ray CT scanning combined with image

processing techniques. This is reported in Chapter 5 and 6.

Task 5: Investigation of the performance under non-destructive testing

procedures

This task was to study how rubber and cement and their combination may affect the

non-destructive properties in terms of ultrasonic and resonant frequency testing

methods and assess the effect of curing time. Also, these methods are utilized to

more accurately measure the properties under cyclic testing. Chapter 7 presents the

findings.

Task 6: Development of fatigue test facility and testing tools and methodologies

The purpose of this task is, firstly, to manufacture the necessary tools that help in

sample manufacturing and to improve the accuracy of instrumentation. Secondly its

purpose is to develop a cyclic testing system, specimen preparation and adequate

instrumentation and data logging arrangements. Thirdly it is to develop the necessary
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software to handle and analyse the huge amount of data and perform the necessary

calculations. Chapter 8 focuses on this task.

Task 7: Comparison between different methods used for elastic modulus

estimation

Investigated mixtures represent a broad range of mixtures of different aggregate

composition and degrees of cementation. Therefore, it is intended in this task to

compare different methods (static, dynamic and nondestructive) for characterization

of the stiffness modulus of cementitious mixtures. The results are included as

Chapter 9.

Task 8: Investigating the performance under cyclic loading

This task comprises an investigation of the behaviour of rubberized reference and

modified mixtures (due to rubber and cement and their combination) under cyclic

flexural loading in terms of fatigue performance and dynamic flexural modulus. In

addition, it evaluates the damage accumulation throughout the fatigue life. The latter

is assessed by evaluating the permanent deformation and the degradability of the

dynamic flexural modulus. Finally, it includes preparation of the laboratory transfer

functions which will be used in Task 9. In addition, this task suggests a testing

methodology and performs a study to evaluate the behaviour under indirect tensile

cyclic loading. The latter is evaluated through indirect tensile stiffness test. This is

also useful in evaluating the suitability of the NAT machine for testing the wide

range of cemented mixtures. This is the focus of Chapter 9
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Task 9: Analytical pavement and design

Perform an analytical study using KENLAYER software utilizing the results from

experimental investigation. This combines properties, in terms of stiffness modulus,

strength and fatigue performance, to investigate the effect of both rubber and cement

on stresses, strains and fatigue life of a pavement structural system. This is reported

in Chapter 10.

Task 10: Analysis of results and reporting

Perform the analysis of the testing results in parallel with the experimental program

to ensure the reliability of test results and the suitability of the other laboratory issues

such as instrumentation and also to provide the necessary information for the

analytical study. At the end of the experimental program, synthesize all experimental

results to provide a comprehensive picture of the whole project. Then, draw overall

conclusions and practical implications of the study. This task is the focus Chapters

11.

1.5 Research significance and contribution

If the results of this investigation showed an enhancement in the modified mixture

performance, this will be considered as an optimal solution for both industry and

environment as it will be possible to produce a more sustainable “green” pavement

structure. This is because the utilization of such materials will save the environment

by ensuring proper disposal, protection of the natural resources and reduction in

related issues especially those concerning the consequences of stockpiling.

Furthermore, such modification may produce different mixture with less sensitivity
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to fatigue loading and having different cracking tendencies. Therefore, this research

will demonstrate how rubber and its combination with cement may affect the

behaviour of cement-stabilized aggregate subjected to static and dynamic loading

and will provide an understanding regarding the mechanism of failure and fracturing

of such modified mixtures at both macro and meso scale levels.

In case of asphaltic mixtures, most of their tests are standardized and certain

machines are manufactured and programmed to perform a specific type of testing

such as four- and two-point fatigue and modulus or indirect tensile stiffness modulus

evaluations. However, no standardization, especially under dynamic loading, is

available yet to characterize the cementitious materials in general and it is not

possible to use some of the asphalt-designed equipment due to their limited load

capacity or the unsuitability of testing methodology. No doubt, the right

characterization depends, to large extent, on the right testing. Therefore, a

considerable part of this research was directed to suggest, develop and implement

testing equipment, techniques and methodologies to better characterize these

modified mixtures. The study can, therefore, also be considered as a guide for testing

such materials in the future.

Quantification of the fracturing process and mode is important to understand the

damage mechanism of the modified mixtures. This is not important for rubberized

cemented mixtures only, but for cementitious mixtures in general where changes

occur in terms of aggregate composition and degree of stabilization.
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The merit of this research is its multi-benefits; i.e., in addition to the main objective

of each research element, other side benefits are simultaneously achieved. Examples

of these are:

1. Since the rubber reduces the density of resulting mixtures, it can be said that this

research also investigates the performance of cement-stabilized mixtures of

different achieved densities and their combination with the degree of

cementation.

2. The manufacturing and sample preparation methods, suggested testing

procedures and developed testing equipment, can be considered as a guide for

other researches using different stabilized materials.

3. This research evaluates the performance of a wide range of cement-stabilized

mixtures under different testing types and modes and finds the relationship

between them. These can be utilized to estimate, reliably, different parameters

from each other which will save time and effort during pavement design.

4. This research also investigates how a small change in the aggregate composition

combined with degree of stabilization may affect the final performance and the

mechanism of failure of cement-stabilized aggregate mixtures.

In summary, by studying how the crumb rubber and the degree of stabilization may

affect the properties of cement-stabilized aggregate mixtures, their relationships and

failure mechanism, the investigation presented in this thesis will provide important

information about sustainable pavement mixtures and, in parallel, will enrich and
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broaden the current knowledge, understanding and testing of cementitiously

stabilized materials intended to be used in pavement structures.

1.6 Publications, Prizes and achievements

To validate the findings of this research, gain an approval and acquire suggestions

from different academics to develop this study, five papers were published or are

under review in prestigious civil engineering journals as well as one conference

paper. In addition, some further achievements were also made during the course of

this study. All of these are listed as follows:

 Ahmed Hilal Farhan, Andrew Robert Dawson and Nicholas Howard Thom,

(2016) “Characterization of cement-stabilized mixtures using indirect tensile

testing and fractal dimension” Published. Construction and Building Materials

Journal (Elsevier).

 Ahmed Hilal Farhan, Andrew Robert Dawson, Nicholas Howard Thom, Adam

Sarhat and Martin J. Smith, (2015) “Flexural characteristics of rubberized cement-

stabilized crushed aggregate for pavement structure” Published. Materials and

Design Journal (Elsevier).

 Ahmed Hilal Farhan, Andrew Robert Dawson and Nicholas Howard Thom,

(2016) “Effect of cementation degree on performance of rubberized cement-

bound aggregate mixtures” Published. Materials and Design Journal (Elsevier).
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 Ahmed Hilal Farhan, Andrew Robert Dawson and Nicholas Howard Thom,

(2015) “Rubber modification of cement- stabilized aggregate: delivering more

sustainable pavement mixes” Accepted and Presented at 9th international

conference on road and airfield pavements (ICPT2015), Dalian, China.

 Ahmed Hilal Farhan, Andrew Robert Dawson and Nicholas Howard Thom,

“Effect of Rubber incorporation on the behaviour of cement stabilized aggregate

mixtures under cyclic flexural loading” to be Submitted to Materials and Design

Journal (Elsevier).

 Ahmed Hilal Farhan, Andrew Robert Dawson, Nicholas Howard Thom,

“Rubberized cementitious materials: an overview” to be Submitted to

Construction and Building Materials Journal (Elsevier).

 Ahmed Hilal Farhan, “Cement-stabilized flexible pavement structure

incorporating waste tire materials”, Poster Winner, Infrastructure, Geomatics and

Architecture (IGA2015), 21st January 2015, The University of Nottingham.

 Ahmed Hilal Farhan, “Cement-stabilized flexible pavement structure

incorporating waste tire materials”, Finalist in the Engineering Research

Showcase, 6th May 2015, The University of Nottingham.

An M.Sc. thesis entitled “RAP stabilized with cement and fly ash as a base layer” by

Al-Shandokhi (2015) was supported by the author during the course of this PhD

study.(Farhan et al. 2015; Farhan et al. 2015; Farhan et al. 2016 a; Farhan et al. 2016

b) (Al-Shandokhi 2015)
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Chapter Two

Cement-stabilized mixtures

2.1 Introduction

This chapter discussing three main aspects relating to the cement-stabilized materials.

These are the terminology used to define and differentiate between different

cemented mixtures and the general procedure for the design of these mixtures as well

as the practices adopted in different countries. The majority of previous

investigations do not rely on a standardized test due to the absence of such

specifications, except the basic tests, for the cement-stabilized mixtures. Therefore,

another purpose of this chapter is to review different characterization methods. To

understand how rubber particles as well as their combination with cement may affect

the properties of cement-stabilized mixtures, it was necessary to review the typical

properties of these mixtures. The final goal of this literature review is to identify the

gaps in knowledge in these themes.
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2.2 Pavement types

According to Design Manual for Roads and Bridges (Highway England 2009), there

are four pavement types which are:

1. Flexible pavement: in this type, both surface and base courses are bituminous

bound mixtures.

2. Flexible composite pavement: this type consists of surface and may be upper base

course bound with bituminous materials resting on roadbase made from cement-

bound materials.

3. Rigid pavement: the surface course of this type is a normal concrete layer resting

on subbase course. Concrete surface may be :

a. Jointed unreinforced (URC)

b. Jointed reinforced (JRC)

c. Continuously reinforced (CRCP)

4. Rigid composite: this type includes bituminous bound mixture surface course on

continuously reinforced concrete roadbase.

Figure 2.1 gives a diagrammatic representation of the different types. Sometimes the

subbase course is comprised of stabilized rather than the base course which, in such

pavement types, is unstabilized granular materials. The use of this system is

described as upside-down (Lay, 1986) or inverted pavement (PIARC, 1991)

pavement. The latter arrangement is sometimes used to delay the crack propagation,

after its formation in the cemented layer, to the surface layer
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2.3 Pavement structural components

The components of a highway pavement in accordance with the UK terminology are

(Sunarjono 2008):

1. Foundation: this consists of underlying roadbed soil, capping (if used) and

subbase course. It represents the platform for other layers.

2. Roadbase: it represents the main structural layer within highway structure. The

main function of this layer is to distribute the traffic load in such a way that the

stresses on underlying layer are minimized.

3. Surface (wearing) course: this layer represents the top of pavement structure. The

purpose of this layer is to makes it possible for the pavement structure to provide

good ride quality and skid resistance. In addition, it enables crack propagation

resistance.

Figure 2.1: Types of highway pavements structures. Drawn based on (O'Flaherty 2002)
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2.4 Soil Stabilization

Soil stabilization is defined as the improvement of the strength and durability of a

soil by adding binding agents and/or blending and mixing materials with that soil

(TRL 2003). The blending process includes adjusting gradation to meet the target

requirements. There are many advantages that may come from stabilization. Firstly,

it enhances the shear resistance within the layer. Secondly, it decreases the elastic

deflection that may result in fatigue cracking in the layer or layer(s) above. Thirdly,

by means of densification, the stabilization helps to prevent permanent deformation.

In addition, improving the structural quality of the stabilized layer will ensure the

ability of that layer to spread the applied load over a large area and minimize the

tensile stress at the bottom of asphaltic layer which in turn secures thickness

reduction of the stabilized layer and also, potentially, of the surface course (Grilli et

al. 2013).

2.4.1 Methods of stabilization

Basically, there are two methods for stabilization which are mechanical and chemical.

Mechanical stabilization can be achieved by blending two or more gradations so that

the final mixture meets the required specifications. Bituminous stabilization may be

considered as a type of mechanical stabilization. This is because the latter does not

contains any chemical reactions. Although the compaction can be considered as

another type of mechanical stabilization, in some cases this alone is insufficient to

deliver the required properties.
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Unlike mechanical stabilization, it depends on reactions which take place after

stabilizer addition which may, or may not, involve chemical reaction with the soil or

aggregate being treated. If such reactions do occur, then soil modification rather than

stabilization may be the preferred term. By far the most common stabilizers are the

hydraulic binders such as cement, lime, fly ash, etc. where, these, provide hydraulic

stabilization.

2.5 Base Course Materials

Generally, base course can be classified either as unbound materials such as crushed

rock, natural or crushed gravel, granular materials, etc. or, on the other hand, as

bound materials which are hydraulically stabilized or treated with other types of

chemical additives. Base courses comprised of different material types (bound or

unbound) have different behaviour characteristics, failure mechanism and

performance. In terms of behaviour, unbound mixtures are stress-dependent. In

addition, they resist the applied loads by shear strength developed through cohesion,

which is negligible in the case of granular materials, and internal friction between

particles. With regard to distress mechanism, deformation (rutting) resulting from

shear distortion and densification that results from particle breakdown due to

additional compaction is the main distress mode for unbound materials.

On the other hand, bound materials withstand the traffic loads through shear strength,

particle interlock, chemical bonding and cohesion. Unlike the unbound mixtures,

significant tensile strength and rigidity may exists in case of bound materials which

enables them, as shown in Figure 2.2, to distribute the loads over a wide area which,
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in turn, ensures protection of the subgrade soils from excessive rutting by reducing

the applied vertical stress upon it. Besides, use of bound materials may reduce the

possibility of fatigue failure that may happen in the surface course because the

former will reduce the pavement deflection. These above advantages are still

provided as along as the layer is intact. However, shrinkage cracking may reduce the

load spreading capacity of this layer (Gnanendran and Piratheepan 2009). Also, it

achieves its load spreading ability by attracting stress to itself, thereby promoting the

possibility of fatigue cracking which may occur at the bottom of this layer. In the

light of above discussion, the structural design criteria and philosophy for bound or

unbound materials are significantly different.

2.6 Cement based pavement materials: classification and practice

The use of cement-based materials as construction materials for bases, subbases and

subgrade for different types of pavements is well known world-wide. Some

differences are found in the literatures in describing the broad range of stabilized and

similar materials such as cement-treated aggregate, cement-stabilized aggregate,

Figure 2.2: Stresses distribution on subgrade (Garber et al. 2011).
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cement-modified and cement bound materials. Some authors classified these

materials based on their cement content while others grouped them in accordance

with material strength. Baghdadi (1982) used two terms for the materials treated with

cement which are soil-cement and cement-modified soils. The former contains

enough cement and water to achieve both strength and durability. This type is usually

utilized in the base and subbase construction. The latter, on the other hand, is used to

describe the materials in which only a small quantity of cement is used to reduce

both plasticity and potential volume change. Subgrade construction is the field of

application of this type. Halsted (2010) used cement stabilized base term to describe

both soil cement and cement treated aggregate. Little (1995) classified the materials

to which the cement was added into lightly, moderately, heavily stabilized materials

and stabilised subgrade, based on the amount of added cement. These contain less

than 2%, between 2-4%, more than 4% of cement for lightly, moderately and heavily

stabilized materials, respectively. However, Paul and Gnanendran (2012) considered

the mixture that contain less than 5% cement as a lightly stabilized material.

Stabilized subgrade includes the subgrade soils in which a small amount of cement is

added just to alter their constructability or to reduce swelling and shrinkage potential.

On the other hand, other researchers (Foley 2002) discriminated between various

materials depending on their strength as illustrated in Table 2.1.

In fact, it seems logical that the behaviour, regardless of the terminology, is

controlled by the cement content rather than the strength of the mixtures. This is

because the strength depends, to large extent, on the strength of the parent materials

i.e., the strength of aggregate itself. This is clear if a comparison is made between the
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strength of two mixtures with the same cement-contents but with one manufactured

from virgin and the other from recycled aggregates.

2.6.1 PCA practice

PCA (2005) classifies various cement based materials into different categories, as

shown in Figure 2.3 depending on both water and cement contents. These include

conventional concrete, roller-compacted concrete, soil cement and flowable fill. It

can be seen from this figure that soil cement includes both cement-treated base in

which a sufficient amount of cement is used to satisfy the required structural capacity

and cement-modified soil in which a small quantity of cement is added to improve

some properties.

Although, at low water contents, both roller compacted concrete (RCC) and soil

cement are constructed by rolling, the former has a strength comparable to that of

normal concrete (Balbo 1997; Adaska et al. 2004). Furthermore, some differences in

terms of the construction practices such as using admixtures in RCC e.g. retarders

Degree of binding Design strength (MPa)
Design flexural modulus

(MPa)

Modified UCS< 1.0 <1,000

Lightly bound UCS=1-4 1,500-3,000

Heavily bound UCS>4 >5,000

Table 2.1: Properties of modified, lightly bound and heavily bound

materials (Foley 2002)
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Figure 2.3: Various types of cement based materials (PCA 2005)

also exists (Adaska et al. 2004). Choi and Hansen (2005) reported that the cement-

treated aggregate falls between the RCC and soil cement.

2.6.2 South African practice

Unlike other terminology used, South African specifications, as reported by Theyse

et al. (1996), utilise the term cemented materials to describe all materials to which

the cement is added. They classify these materials into four categories (C1, C2, C3

and C4) based on their strength as shown in Table 2.2. In addition, they also put

certain limitations on the types of aggregate being used for each of which.
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2.6.3 The UK practice

When cement is used as additive, the UK specification, illustrated in BS EN 14227-

1:2004 and BS EN14227-10:2006, groups the materials into two main categories.

When the materials fall within a specific range of gradations, they are classified as

cement bound granular materials (CBGMs) which in turn also contain many

subgroups depending on their strength. Otherwise, they are classified as cement-

stabilised soils or soil-cement. Similarly, Choi and Hansen (2005) define soil-cement

as the materials derived from those that occur naturally. Unlike other classification

systems, the UK specifications consider the material which is cemented so as to

improve its workability and compactibility without improving any structural property

as a part of earthwork process. According to Manual of Highway Work (Highway

England 2009) cement-bound granular materials is divided based on the gradation of

aggregate into CBGM A, CBGM B and CBGM C. Europeans standards in the

recently issued specification (BS EN 14227-1:2013) has classified the cement bound

mixtures in to five types. Each of these types has a specific gradation and other

requirements.

Category UCS, MPa Parent material

C1 6 - 12 Crushed stone

C2 3 - 6 Crushed stone

C3 1.5 - 3 Gravel

C4 0.75 – 1.5 Gravel

Table 2.2: Different categories of cemented materials as defined by South African

mechanistic pavement design method (Theyse et al. 1996)
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2.6.4 International practices

Regardless of the terminology used, when these materials are used in the pavement

structure, different countries have different requirements especially those concerning

minimum strength, cement content, curing, gradation, etc. Table 2.3 summarizes the

requirements of different countries concerning the materials used in the construction

of a semi-rigid pavement where the stabilized materials are used as a base or subbase

layers. It can be concluded from this table, that the gradation of materials to be used

in base course construction is carefully controlled. This ensures maximum density

which will lead to increasing strengths and stiffness.
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Country Austria Belgium Switzerland Germany Spain
Pavement layer Sub-base/base Base sub-base sub-base base

Light traffic Heavy
traffic

Light traffic Heavy traffic Light traffic Heavy
traffic

Minimum strength
C (compression) or st
(splitting tensile) (days)

Rc7 ≥ 2.5 
Rc90 ≥ 10 
(average)

Rc90 ≥ 10 
(single
value)

Rc7 ≥ 2-4 Rc28 ~ 7

Rc7 ≥ 2.5 
Or

Rc28 ≥ 3.8 

Rc7 ≥ 6 or Rc90 ≥ 9 
Rst7 ≥ 0.5 or Rst7 ≥ 0.75 

Cement content (kg/m3)
Min. 90 Min. 100 Min. 60

Uniform sand ~ 180
Well-graded aggregate ~ 95

Usually
100-120

Usually 90-100

Cement type
CEM II 32.5

CEM I OR CEM III/A 32.5
or CEM III/A 42.5

CEM II 32.5 CEM II 32.5 CEM IV/B 32.5

Fly ash/ slag content (%) ≤ 35 ≤ 35 0 0 36-55 

Gradation prescribed NO NO NO NO YES

Crushed aggregate
prescribed NO YES NO NO NO

YES
MIN. 50%

Compaction (% Proctor) Min. 97 97 Min. 98 100 97 mod.

Curing Bitumen
emulsion

Bitumen emulsion +sand
Bitumen
emulsion

Keep moist Bitumen emulsion +sand

Groove joints
no no no

Per 2.5 m
(asphalt
<14cm)

Per 5 m
(asphalt
<14cm)

no no Since 1997

Asphalt cover (cm) 15-17 (heavy
traffic)

15 17-18  ≥ 12 30  12 15 

CTB thickness (cm) 25-30 20 20 15-20 20 20 22-25

Reflection cracking yes often often None when groove joint Often when no groove joints

Experience
35 years 25 years 30 years Groove joint since 1982

Since 1988 300 km with
groove joints

Max. axle load (kN) 105 130 100 115 130

Table 2.3: Practices and criteria used by different countries for cement stabilized materials (Thøgersen et al. 2004)
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Country France UK Italy

Pavement layer Sub-base
Base Sub-bases base

sub-base for heavy traffic
Light traffic Heavy traffic Light traffic Heavy traffic

Minimum strength
C (compression) or st
(splitting tensile) (days)

Rst360 ≥ 1.1 
(Rst28 ≥ 0.66) 

Rc7 ≥ 2-4 Rc28 ~ 7

Rc7 ≥ 2.5-4.5 
Or

Rst7 0.25

Cement content (kg/m3) Min. 70 60-100

Cement type CEM I, II or III 32.5 CEM 32.5

Fly ash/ slag content (%) ≤ 80  40 FA 

Gradation prescribed partly yes yes no yes yes

Crushed aggregate
prescribed no partly yes no yes yes

Compaction (% Proctor) 95 mod. 98 mod. Min. 95 100 (mod. AASHTO)

Curing Bitumen emulsion +sand Bitumen emulsion Bitumen emulsion

Groove joints
no Per 3m Being investigated no

Asphalt cover (cm) 6-8 14 0 10-15 20 20-25

CTB thickness (cm)
15-25

15-25 Depending on traffic
and subbase

Min. 15
15-25 Depending on traffic and

CTB type
20-30

Depending on subbase
Reflection cracking no Yes, with no groove joints no

Experience 25 years, 5000 km main road, 1500 km
motorways

25 years 20 years, 3500 km

Max. axle load (kN) 130 105 120

Table 2.3: Continue…
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2.7 CBGMs constitute and mix design criteria

2.7.1 Cement

Portland cement type I, or CEM 1, class 32.5 N, 42.5 N or 52.5 N, is usually used in

soil stabilization applications. Its amount is usually estimated based on strength

and/or durability requirements. On the other hand, some specifications (PCA, US

corps of engineers) have specific ranges of cement contents for each soil type. Table

2.4 illustrates the approximate range of cement for different types of materials.

Generally, the unconfined compressive strength test is most widely used as a

strength criterion for cement content determination. Although it is does not simulate

the field condition (Brown et al. 1993), UCS is most commonly adopted by many

authors, organizations and specifications due to its simplicity and availability.

However, some countries adopt more advanced tests as additional criteria which

better simulate what will actually happen in the field. For example, Spain and

Czechoslovakia use flexural strength while Italy and France adopt indirect tensile

strength and direct tensile strength, respectively (PIARC Permanent International

Association of Road Congresses,1991).

In the UK specification (BS EN 14227-1:2004), there are two systems for strength

evaluation and further classification of cement bound granular materials. In System I,

compressive strength is utilized while a combination of direct or indirect tensile

strength and modulus of elasticity are adopted within System II. According to this

specification no correlation between the above two systems exists. It seems that the
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above specification tries to transfer from the old system, where the UCS test is used

for strength evaluation, to a more precisely simulative test which is used by other

European countries.

In fact, since the stabilized layer in the reality is subjected to tensile stresses

approximately at its bottom, it is more logical to adopt the tensile stress as a criterion

for mix design in lieu of the UCS test. However, Theyse et al. (1996) reported that if

the stabilized layer is lightly cemented, crushing may occur on the top of the layer

(Figure 2.4). . It can be inferred from the above information that when the layer is

lightly cemented it may behave like unbound materials since the crushing will results

in rutting as in the case of unbound materials. Because of that, in the mechanistic

design of cement stabilized layer, the crushing of at the top of cemented layer is

considered as a design failure mode that should be taken in consideration.

Material description
Possible range of cement content ( percentage

by mass of dry aggregate), Kg/m3

Well-graded hard granular materials 80 - 120

Pulverised Fuel ash 80 - 240

Poorly graded/ uniform hard

granular materials and well graded

weak materials such as shale

130 – 190

Brickearths 170 – 200

Soft chalk 180 - 225

Table 2.4: Approximate range of cement contents for various materials (Shahid 1997)
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2.7.2 Aggregate

Several types of aggregate can be used in cement-treated base construction. These

consist of either natural high quality or marginal and recycled aggregates. Even

though high quality aggregate has a good structural capacity, nevertheless it may be

utilized in a stabilized form especially if heavy traffic loads are expected and/or

weak subgrades exist (PARIC, 1991). On the other hand, there are many reasons to

use recycled aggregate. For example, recycled concrete aggregate or recycled asphalt

concrete may be available as high quality aggregates having environmental benefits,

saving natural resources and saving cost, especially if these types are available in the

vicinity of the project (PIARC 1991).

Figure 2.4: Fatigue crushing at the top of lightly cemented layer (De Beer 1990)
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2.8 Mix design

Since the elements of cement-treated materials are granular materials/aggregates, the

design of such mixtures requires an exact determination of water, cement and

appropriate gradation. However, as stated earlier in this chapter (Table 2.2), some

specifications do not require specific gradations to be used. When a specific

gradation is demanded the selection of aggregate is controlled by that desired

mixture gradation and aggregate from different fractions is usually combined to meet

the desired limits.

The estimation of water content derived from the optimum value that is driven by the

maximum dry density since the latter has a significant effect on the final strength

(Williams 1986). Table 2.5 shows the typical range of moisture content for different

materials which can be adopted for compaction tests.

Finally the amount of cement is governed by strength and/or durability depending on

the criteria adopted. The general mix design sequence is demonstrated in Figure 2.5.

Material description
Possible range of optimum water content

( percentage by mass of dry aggregate),

Clean gravel sand mixtures 4 - 6

As-dug gravel sand mixtures 5 - 7

Crushed rock aggregate 3.5 5.5

Sand 8 - 10

Silts and clays plastic limit

Table 2.5: Tentative range of optimum moisture contents for various materials

(Shahid 1997)
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2.9 Compaction

Compaction plays a very important role that directly affects the performance of

cement-stabilized mixtures. In previous studies, different methods of compaction

have been used during the mix design of cemented materials but the majority of them

have used Proctor methods. For example, Gnanendran and Piratheepan (2008) and

Figure 2.5: Cement-stabilized materials mixture design sequence.
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Gnanendran and Piratheepan (2009) have used the standard Proctor method while

other authors (Su et al. 2013; Barišić et al. 2014; Barišić et al. 2015; Nusit et al. 2015; 

Paul and Gnanendran 2015) utilized the modified Proctor compaction.

In terms of sample fabrication, different authors utilized different methods for

samples compaction. Vibrating hammer compaction was used by some researchers

(Shahid 1997; Thompson 2001). Sobhan and Krizek (1999) and Paul and

Gnanendran (2015) have used the static compression method while Gnanendran and

Piratheepan (2009) utilized the gyratory compactor. In their study, Jameson (2010)

and Jameson and Howard (2012) have used the laboratory roller-compactor to

manufacture slabs which was then sawn as beams.

Zhu et al. (2014) claimed, based on their experimental study, that vibratory

compaction is more effective as compared with static compaction. Regarding the

difference between compaction methods, White and Gnanendran (2005) performed a

study to assess the effect of compaction methods (standard Proctor vs. gyratory

compactor) on the strength and stiffness modulus of cementitiously stabilized

materials. They drew a conclusion that the compaction method does not show any

statistical importance for the investigated properties provided that same density was

achieved. Later, Williams (2013) compared between the Proctor and gyratory

compactor methods to investigate the possibility of using the latter to manufacture

the roller-compacted samples. One of the main his finding is, at lower water contents,

similar densities were achieved by the two methods.
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At higher moisture content, in contrast, the gyratory method tends to produce higher

densities than those achieved by the Proctor method. Based on his findings, the

author considered the gyratory compactor as a good alternative compaction method

that can be used during the mix design stage. However, he criticized this method as

this, due to the higher densities, requires more compaction in the field to achieve the

laboratory density.

The author of this research disagrees with the latter criticism. This is because the

idea is to take full advantage of the mixtures, and this, can be achieved by increasing

their density. This may not be possible if the mixture design relied on a method that

may produce a density less than that can be reached in the field. Furthermore, greater

field compaction can be justified by the higher densities and hence the higher

strengths. In addition, Amer et al. (2003) have reported that the samples

manufactured by gyratory compactor showed similar behaviour with those extracted

from the field, in terms of mechanical properties.

In the absence of an investigation that compares between all the available

compaction methods, it seems that the vibrating hammer compaction method is more

suitable for the compaction of cement-stabilized aggregate mixtures as stated in the

previous literature (Drnevich et al. 2007; Chilukwa 2013). However, the gyratory

compaction method is an alternative as the above literature has shown. Regarding the

laboratory roller compactor, the author of this research believes this may be not

suitable for the current study due to unknown rubber distribution which may result in

uneven distribution between different samples sawn or cored from the manufactured

sample
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2.10 Curing

Curing causes strength improvement of the cement-stabilized materials resulting

from the cement hydration. This improvement depends, to large extent, on the curing

method, duration and temperature. To accelerate the aging of the sample and hence

simulate the long term behavior in a short period, the curing temperature is normally

increased. However, curing at very high temperature may cause microcracking in the

sample (Bullen 1994).

Most previous studies (Sobhan and Krizek 1999; Sobhan and Mashnad 2000;

Gnanendran and Piratheepan 2008; Paul 2011) cured the compacted samples in their

moulds for 24 or 48 hours and then sealed the samples by wrapping them, after

demoulding, with polythene sheets and putting them in a plastic bag. Finally, they

were stored in a humid room with temperature of 20-23 ±2°C for the required curing

period(s).

2.11 Characterization of cement-stabilized mixtures and their typical properties

2.11.1 Unconfined compressive strength (UCS)

Although the UCS test is most widely used to characterize cement-stabilized

mixtures because of its simplicity and low cost, as well as its established

relationships with other properties (Piratheepan et al. 2009; Jitsangiam and Nikraz

2011). Brown et al. (1993) considered this to be unsuitable to evaluate the

performance of these mixtures since it does not simulate the actual behaviour. In

addition, it does not characterize material in terms of the input parameter required
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for structural design (Jitsangiam and Nikraz 2011). Nevertheless, it is still used even

by the UK specification (BS EN 14227-1:2004), through System I. However, the

latter specification adopts both tensile strength and compressive elastic modulus

through System II for CBGMs evaluation. Moreover, as stated earlier in this chapter,

some countries utilize another test such as flexural test for that purpose.

UCS is usually conducted according to BS EN 13286-41. The sample in this test is

compressed till failure and the peak load is recorded to compute the UCS. In addition,

the UCS test can be used to measure the stiffness modulus from stress-strain

relationship in accordance with (BS EN 13286-43:2003). This relationship is

obtained by instrumentation of the tested in and by measuring the deformation for

each load increment.

2.11.2 Tensile strength

Tensile strength can be measured either directly (BS EN 13286-40) or indirectly (BS

EN 13286-42). The direct tensile strength can be considered the most accurate

method for measuring tensile properties. However, the difficulties resulting from

sample preparation and the test set-up to prevent sample eccentricity may limit the

wide-spread use of this method (Carpenter et al. 1992; Thompson 2001). On the

other hand, the ease of in sample preparation represents one of the main advantages

of the indirect tensile test. In addition, it makes it possible to compare results with

those obtained from cored specimens from the field (Thompson 2001).
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2.11.3 Stiffness modulus

Khoury and Zaman (2007) stated that stiffness modulus test is more appropriate than

the unconfined compressive strength to characterize cement stabilized materials and

to evaluate their durability. This is because of its role in pavement design. Stiffness

modulus can be obtain from the cyclic plate loading test (Behiry 2013), the cyclic

compressive strength test (Zhang and Li 2009), the cyclic indirect tensile test

(Khattak and Alrashidi 2006) and the cyclic flexural test (Sobhan 1997).

There are different methods used for design of flexible pavement. Of these, the

mechanistic-empirical pavement design method (Applied Research Associates 2004)

is becoming the most popular method preferred on the other method since it is

normally not restricted to a specific range of construction materials as compared with

other procedures (Lav and Lav 2014). Pavement responses in terms of stresses and

strains resulting from modeling of pavement structure represent the main inputs for

the design of pavements using the mechanistic-empirical method. To calculate these

responses it is necessary to estimate the elastic modulus of the mixtures that form the

pavement layers (Nusit et al. 2015). The more accurate the pavement layer moduli

are estimated, the more accurate the resulting pavement responses.

To accurately estimate this important parameter, different testing methods by various

testing mode have been suggested by different organizations. For example, Austroad

(2010) utilizes the modulus estimated from the flexural test as a pavement analysis

input. Also, this organization recommends using the correlation with UCS in case of

flexural test unavailability (Nusit et al. 2015). In the USA, NCHRP (2004) utilizes
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the elastic modulus computed based on ASTM C469. This test is usually performed

in compressive mode utilizing either laboratory manufactured samples or those

extracted from the field. However, research conducted for PCA by Scullion et al.

(2008) indicated the difficulty and impracticality of the test. Based on their results,

they did not recommend using this test for modulus characterization of cement-

stabilized materials. Moreover, Nusit et al. (2015) criticized the use of this test since

it is conducted under monotonic loading while the pavement, in the reality, is under

the cyclic loading. Past studies conducted on concrete and cement-stabilized

mixtures revealed that the dynamic moduli are higher than those estimated based on

monotonic loading. Dynamic moduli in these studies were estimated utilizing either

ultrasonic or resonant frequency methods.

From observing different researches conducted previously in different countries, a

large diversity was observed regarding the numeric values of the estimated moduli

(see Table 2.6 (which summarizes the numeric values of moduli with type of

aggregate, percent of cement, density, etc.)). It is not clear whether these differences

come from the diversity of testing method and/or due to the type and arrangement of

aggregate on mesoscale level. In addition to these sources of differences, there is

also another variability which is that between the values achieved in the laboratory

and those achieved in field. Several reasons are behind this difference. This might

include the difference between the curing condition, distribution of aggregate,

difference in achieved densities,…etc. Shahid (1997) pointed out, based on his

laboratory and field investigations, that both strength and modulus of elasticity of the

cement-stabilized aggregates are about two-thirds those achieved in the field. In
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addition, Scullion et al. (2008) indicated that there was a 50% reduction in the

modulus value measured in the field as compared with laboratory one.

The use of cement-stabilized mixtures in pavement layer construction is no longer

considered as a design option but it becomes an important part of the modern

pavement structure subjected to heavy loads (Nusit et al. 2015). Therefore, the study

of cement-stabilized mixtures properties and their characterization becomes an

urgent necessity for the most efficient, economic and durable pavement structure. Of

these characterizations, the estimation of the stiffness modulus has special

importance, as stated earlier.
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Author (s) Testing method Aggregate type Cement content Range of elastic modulus, MPa

Scullion et al. (2008)

Nondestructive - Seismic
Limestone aggregate with 19mm
max. aggregate size

3% 14,000-16,000

Compressive- Dynamic
Limestone aggregate with 19mm
max. aggregate size

3% 9,100-11,721

Compressive- Resilient
Limestone aggregate with 19mm
max. aggregate size

3% 7,170-9,308

Sobhan and Mashnad (2003) Flexural -dynamic Recycled concrete aggregate 4% cement + 4% fly ash 690-790

Thompson (2001) Flexural dynamic Gravel aggregate 4.5% - 8.5% 32,000-40,000

Williams (1986) -
Gritstone aggregate
Limestone aggregate

60-150 Kg/m3

90-120 Kg/m3
17,700-40,100
30,400-43,100

Shahid (1997)
Compressive
Indirect tensile

Gravel aggregate
Limestone aggregate

4%-6%
3% - 5%

17,800-38,700 (compressive)
15,500-30,100 (indirect tensile)

Barišić et al. (2015) 
Compressive
Ultrasonic

Gravel-slag mixtures 2%-4%
963-3,650
9,554-19,997

Mandal et al. (2014) Nondestructive- ultrasonic
Sand-cement
Gravel-cement
Clay-cement

6%
3%
12%

17,000-21,000
20,000-41,000
10,000-25,000

Arulrajah et al. (2015) Flexural-dynamic
Recycled concrete aggregate and
recycled glass

3% 9,601-22,600

Disfani et al. (2014) Flexural-dynamic
Recycled concrete aggregate and
crushed brick blends

3% 9,435.3-10,700

Yeo (2011) Flexural-dynamic Crushed rock 1%-6% 15,000-25,000

Table 2.6: Elastic moduli estimated by different methods for different materials and binder contents with their typical values
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Author(s) Testing method Aggregate type Cement content Range of elastic modulus, MPa

BSI (2013)
Compressive
Indirect tensile

Any aggregate comply with EN13242 - 2,000-40,000

Yeo (2011) Flexural-dynamic Crushed rock 1%-6% 15,000-25,000

Thøgersen et al. (2004) - - - 25,000-45,000

Austroad (2008) as reported by
Arnold et al. (2012)

Flexural
Hornfels
Siltstone
basalt

3%
4%
1.5%-3%

12,490-16,560
6,760-13,350
9,500-11,600

Austroad (2008) as reported by
Arnold et al. (2012)

Indirect tensile method
Siltstone
Hornfels

4%
3%

17,580-21,760
23,370

Disfani et al. (2014) Flexural-dynamic
Recycled concrete aggregate and crushed
brick blends

3% 9,435.3-10,700

Arulrajah et al. (2015) Flexural-dynamic
Recycled concrete aggregate and
recycled glass

3% 9,601-22,600

Austroad (2008) as reported by
Arnold et al. (2012)

Indirect tensile method
Siltstone
Hornfels

4%
3%

17,580-21,760
23,370

Austroad (2008) as reported by
Arnold et al. (2012)

Flexural
Hornfels
Siltstone
basalt

3%
4%
1.5%-3%

12,490-16,560
6,760-13,350
9,500-11,600

Thøgersen et al. (2004) - - - 25,000-45,000

BSI (2013)
Compressive
Indirect tensile

Any aggregate comply with EN13242 2,000-40,000

Table 2.6 ………Continued
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Even though different studies have been conducted to estimate the elastic modulus under

different testing methods and modes, these were adopted one or two methods /modes for

specific set of mixtures. There is no study reported in the literature regarding the evaluation

and comparison of different methods and modes. Consequently, this study, in the light of

diversity of the investigated mixtures that includes different aggregate composition and

degree of cementation/ stabilization, it was intended to study and compare different testing

methods and modes in addition to investigating the effect of rubber and cement on the

evaluation direction and hence assess the sensitivity of different testing protocols to the

change of aggregate composition and/or stabilization degree. The practical implication of this

investigation is estimate the elastic modulus reliably, accurately and economically for

pavement analysis.

2.11.4 Fatigue performance and damage

Cement-stabilized pavement layers are normally fatigued due to the effect of repeated traffic

loads. These loads generate tensile stresses/strains at the bottom of these layers (Figure 2.6).

In general, limited studies have been conducted to investigate the fatigue behaviour of

cement-stabilized aggregate. The majority of these studies have reported the fatigue

performance in terms of stress ratio–cycles to failure or S-N curves. Table 2.7 summarizes

some of the established fatigue equations. The most popular fatigue equation appears to be

the one suggested by MEPDG which is

log N=
0.972 βୡଵ− S

0.0825 βୡଶ
(2.1)
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where Nf is the fatigue life, S is the stress ratio and βc1 and βc2 are the field calibration

coefficients. The necessity for field calibration represents the biggest hurdle for mechanistic-

empirical pavement design implementation. Scullion et al. (2008) calibrated Equation 2.1 for

two field conditions which are cement-stabilized granular and cemented fine-grained

materials. The field calibration factors are presented in Table 2.7.

A very few researches of cement-stabilized aggregate were performed to investigate observe

the behaviour during fatigue life. However, (Sobhan and Das 2007; Sobhan et al. 2015)

studied the damage accumulation of cemented materials in terms of permanent deformation

accumulation in laboratory samples. Gnanendran et al. (2011) conducted a large scale study

to estimate the permanent deformation accumulation of cemented materials. In addition,

Sobhan and Mashnad (2003) observed the damage of the cemented materials under cyclic

flexural loading by characterizing the degradation of the dynamic modulus across the fatigue

life.

Figure 2.6: Pavement structure containing CSAM

base under traffic loading (exaggerated deflection)
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2.11.5 X-Ray Computed Tomography

X-ray Computed Tomography (X-Ray CT)can be defined as a non-destructive image

technique by which an image of a sample’s cross-section density distribution is

generated (Hassan 2012). It was first designed for medical applications and then

used in engineering application to visualize the mixture’s internal structure and to

obtain the information in digital form with three-dimensional properties and

geometry (Tashman et al. 2002). As illustrated in Figure 2.7 the elements of an X-ray

CT include source and detector with the test sample between them.

Equation
No.

Model Mixture Author(s)

2.2
S = −0.054 log N + 0.871

Cement stabilized Crushed
aggregate

Balbo (1997)

2.3
S = −0.038 ln N+ 1.08

Crushed recycled
aggregate

Sobhan and
Das (2007)

2.4
S = −0.038 ln N+ 1.047

Crushed recycled
aggregate with HDPE
strips

Sobhan and
Mashnad
(2003)

2.5

S = −0.098 ln N+ 1.126

Slag-lime stabilized
granular materials

Gnanendran
and
Piratheepan
(2009)

2.6
S = −0.1413 ln N+ 1.4121

Cemented macadam Ma et al.
(2015)

2.7
S = −0.1197 ln N+ 1.4199

Cemented gravel Ma et al.
(2015)

2.9
S = −0.0825 ln N+ 0.972

Cement-stabilized
materials

Thompson
(1986)

The latter equation was calibrated by Scullion et al. (2008)

       βc1=1.0645, βc2=0.9003 …for the granular S-C and 
      βc1=1.8985, βc2=2.5580 ….for the fine-grained S-C.

Where: S =stress ratio =
ఙ

ெ ைோ
, MOR = modulus of rupture and Nf = fatigue life

Table 2.7: Previous fatigue correlation extracted from the literature.
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2.11.5.1 Image analysis technique

Image analysis is the process by which an image is converted to a digital form and,

by applying various mathematical procedures, significant information can be

extracted from it. It involves three stages which are image acquisition, image

processing and image interpretation. The first stage utilizes the x-ray to acquire the

image while the remaining two stages may be done using commercial software such

as Image J and Image Pro-Plus (Khan 2010) to process and quantify the required

information.

2.11.5.2 X-ray applications

One of the main advantages of this technique is its non-destructive nature which

means that the same scanned sample can be used for other tests. In addition to its

ability to fathom the internal structure of the sample, it may provide valuable

information to help more completely understand the behaviour of the different

Figure 2.7: Elements of an X-Ray CT set-up (Tashman et al. 2002)
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mixtures. However, the thresholding process which is used to discriminate between

different materials with different densities represents a challenge facing this tool

(Hassan 2012) because it introduce some subjectivity into the analysis. Several

studies have been conducted using x-rays to quantitatively characterize the internal

structure of different mixtures, with emphasis on asphaltic mixtures. The following

applications were conducted:

1. Quantification of air voids and their distribution (Masad et al. 1999; Tashman et

al. 2002).

2. Visualizing fibre distribution (Erdem et al. 2011).

3. Orientation and particle size distribution of aggregate (Masad et al. 1999).

4. Study of internal damage of asphaltic mixtures (Khan 2010; Hassan 2012).

Recently, some researchers (Erdem et al. 2012; Najim and Hall 2013) utilized x-ray

techniques to study, quantitatively, the distribution of air voids in concrete mixtures.

It is worth mentioning that the x-ray technique is used extensively to characterize

asphalt concrete mixtures while its application is still limited in concrete mixture

evaluation. No studies were identified in the literatures that characterize the internal

structure of cement bound granular mixtures by the x-ray technique.

2.12 Previous suggested correlations

To understand the relationship between different parameters and to use them for

estimating some parameters-especially the more advanced one from the simple tests-

many authors have developed correlations. Table 2.8 illustrates the most popular

correlations suggested for different cementitious materials. It will be interesting to
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investigate and proof these correlations and also to see what the role has on

aggregate composition and degree of cementation their applicability.

Author(s) Correlation Units Aggregate type Remarks

Strengths Vs. strengths

Piratheepan et
al. (2009)

ITS = 0.1119 * UCS - Sandy gravel

Wen et al.
(2014)

ITS = 0.86 Fs
-

Range of materials:
clay, silt, sand and
gravel

Wen et al.
(2014)

ITS = 0.12 * UCS
-

Range of materials:
clay, silt, sand and
gravel

Wen et al.
(2014)

Fs = 0.14 * UCS
-

Range of materials:
clay, silt, sand and
gravel

Solanki
(2010)

Fs = 0.41 * UCS -
Range of soils,
stabilizers and
additives

Solanki
(2010)

ITS = 0.16 * UCS -
Range of soils,
stabilizers and
additives

Strengths Vs. moduli

Wen et al.
(2014)

Eit = 7980 * ITS
-

Range of materials:
clay, silt, sand and
gravel

Austroad
(2004)

E = 1814* UCS0.88 +3500 Both in MPa
Used for highly
cemented crushed rock

Austroad
(2004)

E = 2240* UCS0.88 +110 Both in MPa
-used for highly
cemented natural
gravel

Arellano and
Thompson
(1998)

E = 57,500 * UCS0.5 Both in psi
High quality cement
coarse grain materials

Arellano and
Thompson
(1998)

Es =14.4 * UCS0.25 Both in MPa -

Used for
UCS of
more
than 7
MPa

Wen et al.
(2014)

Ef = 131.087* UCS
+62382

Both in psi
Range of materials:
clay, silt, sand and
gravel

CSRA (1986) E = 4.16* UCS0.88 +3484
E in MPa and
UCS in kPa

-

ACI 318-77 E = 33* w1.5 * UCS0.5 Both in psi -

Table 2.8: Previous developed correlation extracted from literature.
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2.13 Concluding remarks

1. Despite its capability and application, X-ray scanning combined with image

processing is seldom utilized to study the internal structure of the cement-

stabilized materials. Therefore, based on its reviewed applications, this may

provide an important technique for understanding the internal structural for the

cemented mixtures.

2. There is no widely accepted characterization protocol for the cement-stabilized

mixture, especially using more advanced techniques.

3. To understand the behaviour and the failure mechanisms of cement-stabilized

mixtures under cyclic loading, there is a need to do more investigation regarding

Lim and
Zollinger
(2003)

E = 4.38* w1.5 * UCS0.75

E, w and UCS
in psi, pcf and
pcs ,
respectively

Crushed limestone

CSRA (1986) E =8 * Fs +3500
E in MPa and
Fs in kPa

Wen et al.
(2014)

Ef = 936.28 * Fs + 62382 Both in psi
Range of materials:
clay, silt, sand and
gravel

Arnold et al.
(2012)

Ef = K * UCS
K=1000 to 1250

- -

Static vs. Dynamic moduli

BS 8110 Part
2

E=1.2Ed - 19 Both in MPa -

Croney and
Croney
(1998)

Ed=10+0.8.Es - - -

Williams
(1986)

Es = 6/7 Ed -

Piratheepan
et al. (2009)

Ed =1.2661Es - Sandy gravel
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damage accumulation and degradation of cemented materials across the fatigue

life of the mixture.

4. Due to its crucial role in pavement analysis and design, it is necessary to

investigate how rubber and cement may affect the measurement methods of

stiffness modulus. It will be also beneficial, especially in the light of the large

diversity of the stiffness moduli value reported in the literature, to compare

between different measurement methods and the typical values obtained from the

modified mixtures when measured by different procedures.

5. Evaluation of the fatigue behaviour of the modified mixtures is an important issue

in an assessment of any materials due to its direct impact on the pavement

analysis and design of the pavement structure subjected to repeated loading.

6. As the rubberized cement-stabilized mixtures will be evaluated for highway

application, there is a need to evaluate their performance under cyclic loading.

However, such testing procedures are not standardized. There is, therefore, need

to develop equipment and suggest testing methodologies to adequately

characterize these characteristics of the materials.

7. Large diversity was noticed in the literature regarding the method used to

characterize the stiffness modulus for cement-stabilized materials. This diversity

also includes the typical values obtained. In addition, no study was found

reporting the differences and comparison between these characterization methods.
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Chapter Three

Rubberized cementitious mixtures

3.1 Introduction

Being the first study that investigates comprehensively the properties and behaviour

of cement-stabilized aggregate mixtures incorporating different amounts of rubber

and cement, it was necessary to review the previous studies conducted regarding the

rubberized cementitious materials. In this chapter, it was intended to define some

terminology related to crumb rubber production. Most importantly, a review of

different rubberized cementitious materials in terms of their mechanical

characteristics is presented. These materials include mainly concrete as well as some

other materials like cemented-stabilized materials and roller compacted concrete.
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3.2 Waste tires

One of the main environmental issues worldwide is the management of solid waste

materials because of increasing amounts of these materials generated each year. It is

estimated that about 250 million scrap tires are generated every year in European

countries. In addition, for eastern Europe, North America, Latin America, Japan and

Middle East, the same figure are produced annually (Oikonomou and Mavridou

2009), while in the United States the amount is about 270 million tires (Siddique and

Naik 2004). For the last thirty years, many investigations have been done in order to

evaluate the feasibility of utilizing these products in various applications in civil

engineering field. The reason behind that can be summarized as follows (Khaloo et al.

2008; Taha et al. 2008; Oikonomou and Mavridou 2009; Pelisser et al. 2011):

1. To reduce the detrimental environmental effects of these materials.

2. To reduce the costs associated with obtaining increasingly unavailable natural

resources.

3. To support the development of construction sustainability.

4. Attempts to produce mixtures with special features to overcome the negative

attributes of concrete such as brittle behaviour and low loading toughness.

5. To find an efficient method to dispose of these wastes without any side effects.

3.2.1 Scrap tire recycling

Recycling is usually applied for passenger car, trucks, and bicycles waste tires.

During this process, the rubber is extracted from tires after removing steel and fabric.

There are three methods for waste tires recycling (Memon et al. 2012), namely
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ambient grinding, cryogenic grinding and aqua-blast methods. However, the first two

methods are most widely used.

Ambient recycling is conducted at room temperature to mechanically reduce the size

of shred using cracker milling. As a result, rough surfaces and large surface areas are

usually obtained by this method. The diagrammatic representation for this method is

shown in Figure 3.1. Cryogenic or freezing grinding as it is sometimes called, on the

other hand, is performed at low temperature (-87 to -198 C) using liquid nitrogen

which makes rubber very brittle and easily fractured (Rahman 2004; Hassan 2012).

Figure 3.2 illustrates the schematic representation for this method. For some soft

materials where it is difficult to grind them into required size at ambient temperature,

the cryogenic one is preferable. Although different methods essentially reduce the

size of large tire pieces and separate the rubber from the steel, different recycling

methods give different surface area which in turn is an important feature of the

rubber obtained. Unlike in the ambient grinding technique, the rubber produced by

cryogenic method mostly has a lower surface area which in turn may cause less

reaction rate with hot bitumen (Memon et al. 2012).

3.2.2 Size based classification

Waste rubber can be obtained from cars or trucks consumer tires. Basically, rubber

particles obtained from the latter source are much stiffer than those produced from

the former one which may lead to stronger and stiffer concrete (Papakonstantinou

and Tobolski 2006). However, the rubber from car tires has been much more used in
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the previous researches (Ganjian et al. 2009). This is because far more car tires are

discarded every year than from trucks.

Figure 3.1: Illustration of Ambient granulating for scrap tire recycling

system (Hassan 2012)

Figure 3.2: Illustration of cryogenic grinding for scrap tire recycling

system (Hassan 2012)
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All previous authors classified the rubber from waste tires into shredded or chipped,

ground and crumb rubber based on its size. However, reviewing previous literature

during the course of this study revealed that there is a conflict between the size

ranges that define the limits between each rubber class. Authors (Eldin and Senouci

1993; Siddique and Naik 2004; Taha et al. 2008) defined the shredded, ground and

crumb rubbers as the particles with size of 13-76 mm, 19-0.15 mm, and 4.75-0.075

mm, respectively. However, Ganjian et al. (2009) classified the crumb size as that

take in between 0.425 mm and 4.75 mm while 0.075 - 0.475 mm represents the size

of ground rubber. The study conducted by Huang et al. (2004) suggested to use the

smaller size of rubber to reduce the potential reduction in the strength of rubber-

modified concrete. Figure 3.3 illustrates the appearance of different rubber sizes

Figure 3.3: Illustration of different sizes of recycled crumb rubber

(Thomas and Gupta 2016)

0.173 mm
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3.3 Review of rubberized cementitious mixtures studies

3.3.1 Rubberized concrete

In the previous researches, rubber was utilized extensively, as compared with other

cementitious materials, in normal concrete and other types of concretes almost as a

replacement of fine or coarse aggregate or both. The following subsections presents a

review of these findings in terms of mixture density, air-voids, strength, modulus of

elasticity, toughness properties and dynamic properties.

3.3.1.1 Air-voids and density

Recently, Erdem et al. (2012) utilized X-ray technique to investigate the air-voids

distribution through different types of aggregate including rubberized concrete

sample as shown in Figure 3.4. It is clear, from this figure, that the air-voids content

in case of rubberized concrete is higher than those of gravel or brick aggregate. This

agreed with previous findings e.g. Khatib and Bayomy (1999) who reported that

rubberized concrete contains higher air-voids than does normal concrete. High air

content may be due to rough surface of rubber particles which in turn tend to entrap

air-voids. In addition, the water repelling tendency of rubber aggregate may attract

air which adheres to the rubber (Khatib and Bayomy 1999). Consequently, the air-

voids increase with rubber content increasing. This air, as well as the rubber content,

has a direct effect on concrete density. Investigations conducted by Eldin and

Senouci (1993), Goulias and Ali (1997), Khatib and Bayomy (1999) and Li et al.

(2004) revealed that the density of concrete in which the fine aggregate was replaced

by rubber particles decreased with rubber percentage increasing. As illustrated in
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Figure 3.5, the maximum decrease in density was between 15% and 23% which

happened when all the fine aggregate was replaced.

The same trend was observed by Eldin and Senouci (1993) and Khatib and Bayomy

(1999) when they replaced coarse aggregate or both fine and coarse aggregate

Figure 3.4: Air-voids distribution through concrete samples

(Erdem et al. 2012)

Figure 3.5: Relationship between density and fine rubber

percentages (Pierce and Williams 2004)
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together by waste rubber. However, in this case the maximum decrease in concrete

density was between 23% and 33% as shown in Figure 3.6. Balaha et al. (2007),

Khaloo et al. (2008) and Taha et al. (2008) also observed the reduction in density

with rubber content increase. When the rubber content in a concrete mixture is lower

than 10-20% of the total aggregate volume, the decrease in the unit weight due solely

to the rubber content is negligible (Khatib and Bayomy 1999).

3.3.1.2 Compressive, flexural and tensile strengths

Investigations (Eldin and Senouci 1993; Topcu 1995; Fattuhi and Clark 1996;

Toutanji 1996; Khatib and Bayomy 1999; Güneyisi et al. 2004; Khaloo et al. 2008;

Taha et al. 2008; Zheng et al. 2008; Atahan and Yücel 2012) have shown that the

compressive strength decreased with rubber inclusion in the case of both fine and/or

coarse aggregate replacement. Some results are collected and summarized in Figure

3.7 and Figure 3.8 as reported by Pierce and Williams (2004).

Figure 3.6: Relationship between density and coarse rubber

percentages (Pierce and Williams 2004)
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In accordance with these figures, the compressive strength was reduced by 80-90 %

when all the coarse aggregate has been replaced by rubber chips. On the other hand,

this figure drops by 65-85 % when the substitution is done only for the entire fine

aggregate. Some of above authors have investigated the replacement of the coarse

aggregate and fine aggregate separately and compared the two effects. They drew a

Figure 3.7: Relationship between compressive strength and rubber

percentages: coarse aggregate replacement (Pierce and Williams 2004)

Figure 3.8: Relationship between compressive strength and rubber

percentages: fine aggregate replacement (Pierce and Williams 2004)
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conclusion which confirms that the reduction in compressive strength is greater when

coarse aggregate is replaced by rubber as compared with fine aggregate replacement.

However, others (Fattuhi and Clark 1996) observed an opposite trend. One possible

explanation for that may lie behind the distribution of rubber within the sample.

However, the above studies were limited to mechanical properties without any

internal structure observations. Consequently, investigation and exploring the

internal structure of the rubberized sample may provide valuable information which

will reinforce the understanding of material’s behaviour.

Two reasons are behind the reduction in compressive strength (Eldin and Senouci

1993; Khatib and Bayomy 1999; Thomas and Gupta 2016). Firstly, the difference in

rigidity between rubber particles and surrounding matrix leads to stress

concentrations in the stiffer matrix and enables the cracks to generate around the

rubber particles which might contribute to the acceleration of the rate of failure.

Secondly, the bad adhesion observed between rubber and matrix may lead to air-

voids like behaviour for rubber aggregate which will cause weakness in the concrete.

Although some authors (Taha et al. 2008) attributed the reduction in strength to the

softening effect of rubber particles as a main contributor, it seems logically that both

of the reasons mentioned, with the second one as a major contributor, are responsible

for strength decrease. This claim can be substantiated by reviewing the studies in

which the rubber was treated to enhance its adhesion with the surrounding matrix

which finally led to a decrease in the reduction of compressive strength. For example,

when Pelisser et al. (2011) treated the rubber with Na OH and used silica fume in

rubberized concrete, the reduction in compressive strength was only 14%. This led



Chapter 3: Rubberized cementitious mixtures

78

them to conclude that the rubber is a good source of aggregate provided that suitable

treatment is used. Also, similar behaviour was obtained by Güneyisi et al. (2004).

Thus the above emphasize the importance of ensuring good adhesion as this

significantly reduces the loss of compressive strength of concrete.

Although many authors have reported the above different reasons, it seems, by

critically analysing the properties of materials constituting the rubberized mixture,

that there is another important factor which may play a role. This is the uniformity of

rubber distribution though the final mixture since the difference in materials’ specific

gravities may lead to segregation of rubber particles which in turn may create weak

areas and cause stress concentrations in the sample which eventually lead to failure.

Jingfu et al. (2009) compared, based on the observation of the rubber distribution in

the fractured surface, between the distribution of rubber in normal concrete and roller

compacted concrete (Figure 3.9). The latter mixture, as revealed from their study,

showed homogeneity in the rubber distribution while in the former mix, on the other

hand, the floating of light rubber caused an increase in the amount of rubber in the

upper part as compared with the lower part. Turatsinze and Garros (2008), when they

cut a large rubberized concrete cylinder, drew the same above conclusion. The study

of rubber distribution is rarely investigated in the literature especially in the

quantitative manner.

In terms of tensile strength, many authors reported reduction in tensile strength as a

result of the substitution of fine and/or coarse with rubber particles. However, a

recent study (Grinys et al. 2012) has reported a slight increase in tensile strength

when a small amount was used. Pierce and Williams (2004) summarized the previous
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findings (Figure 3.10). It can be concluded from Figure 3.10 that the maximum

reduction in tensile strength is between 40-70% which occurred at 100% replacement.

By comparing and contrasting the information in Figures 3.7, 3.8 and 3.10, it can be

said that the rate of compressive strength reduction is more than that of tensile

strength.

Toutanji (1996) studied the effect of incorporating rubber particles on flexural and

toughness properties of rubberized concrete. His results showed that the inclusion of

rubber particles caused a reduction in flexural strength as illustrated in Figure 3.11.

However, the toughness and ductility were increased significantly. In addition, the

reduction in flexural strength was half of that for the compressive strength. In

another study, Aiello and Leuzzi (2010) stated that replacement of fine aggregate had

no effect on the post-cracking behaviour of the modified mixture; whereas

substituting coarse aggregate with rubber affected the above behaviour significantly

and led to a good residual strength, even after cracking.

Figure 3.9: Rubber distribution in rubberized concrete (a) and roller-compacted

concrete (b) (Jingfu et al. 2009)
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3.3.1.3 Modulus of elasticity, toughness and ductility

Elasticity, toughness and ductility represent other important properties that govern

the behaviour of pavement structures in which the modified stabilized mixtures may

Figure 3.10: Relationship between tensile strength and rubber percentages:

fine and coarse aggregate replacement (Pierce and Williams 2004)

Figure 3.11: Load- Deflection for concrete with

different rubber contents (Toutanji 1996)
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serve. Several authors (Goulias and Ali 1997; Topcu and Avcular 1997; Güneyisi et

al. 2004; Khaloo et al. 2008; Zheng et al. 2008; Ganjian et al. 2009; Atahan and

Yücel 2012) reported a decrease in elastic modulus as a result of rubber addition as

shown in Figure 3.12. This is because of the low elastic modulus as compared with

those of aggregate particles (Pelisser et al. 2011). This means that the modified

concrete has less stiffness and less brittleness which in turn will ensure high

deformability and ductility. Furthermore, adding rubber will also increase material

toughness (Balaha et al. 2007; Taha et al. 2008). In fact, high toughness leads to

higher fracture energy and a greater ability to absorb dynamic loads which lead to a

higher cracking resistance and to a higher cracking propagation resistance (Li et al.

2004; Son et al. 2011). Accordingly, Khaloo et al. (2008) observed less width and

less propagation velocity for the cracks in rubberized concrete in comparison with

plain concrete.

Figure 3.12: Relationship between elastic modulus and rubber percentages:

fine and coarse aggregate replacement (Pierce and Williams 2004)
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3.3.1.4 Rubberized concrete under repeated loading

Since most civil engineering structures are designed to support static loads, the

majority of the researches for rubberized concrete were conducted under static or

nondestructive testing, the latter mainly in terms of ultrasonic pulse velocity and

resonant frequency testing methods.

Regarding the nondestructive characterization, previous studies, performed on

rubberized concrete showed a decrease in the speed of the ultrasonic wave through

the rubberized samples. This decreased as the amount of rubber increased in the

rubber-modified concrete. The dynamic modulus of elasticity measured by the

resonant frequency testing also declined as the rubber incorporated in the concrete

sample increased.

However, A limited number of studies were performed to evaluate the behaviour of

such modified mixtures under cyclic loading (Wang et al. 2010; Liu et al. 2013).

However, the recent researches conducted by the latter authors revealed improved

fatigue performance after modification with rubber particles as shown in Figure 3.13.

In terms of the damage evolution, Liu et al. (2013) observe three transition phases

which correspond to the different internal damage development degrees. These

occurred during 10%, 10%-90% and the last 10% of the fatigue life. Zheng et al.

(2008) conducted a compressive cyclic load on rubberized concrete samples and

estimated the brittleness index from the stress-strain hysteresis loop. Their results

showed a lower brittleness after rubber inclusion.
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3.3.2 Cracking and failure patterns

Quantification and observation of cracking mode is important for better

understanding of the mechanism of failure and the way by which the stresses and

strains distribute inside the materials which, in turn, is necessary to optimize the

material’s design. Most of previous studies (Eldin and Senouci 1993; Liu 2013),

relied on the visual observations of the failed samples to drew a conclusion that

rubberized concrete showed gradual and ductile failure as compared with mixtures

containing no rubber (see Figure 3.14, for example). In addition, these rubberized

samples showed significant displacement without full loss of integrity.

Regarding the mechanism of cracking, most studies relied on a logical hypothesises

which unfortunately, usually lacked hard evidence. Eldin and Senouci (1993)

considered rubberized concrete, in their theoretical investigation, as a plate and the

Figure 3.13: Fatigue line for different mixtures reported by (Liu et al. 2013)
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rubber particle in it as voids (due to the lower stiffness of rubber as compared with

surrounding matrix). Based on mechanics of materials principles, they found the

stresses concentrated at the locations of the rubber inclusions. They suggested a

failure mechanism for rubberized concrete illustrated in Figure 3.15. Since they

proved from their theoretical study that the stresses will concentrates at the rubber

edges, this will cause microcracks in the body of the sample. Due to the presence of

the rubber particles of elastic nature, they will act like tiny springs that contribute in

delaying the crack widening.

Further investigation conducted by Duarte et al. (2015), based on the finite element

analysis of indirect tensile test simulation of rubber concrete sample, revealed that

crack initiation starts in the cement matrix near the rubber particle due to stress

concentration at these locations as shown in Figure 3.16.

Figure 3.14: Failure pattern under static compressive loading

for plain (left) and rubberized (right) concretes (Liu 2013)
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Figure 3.15 Modelling rubberized concrete under compressive loading (Redrawn from

(Eldin and Senouci 1993)

Figure 3.16: Finite element analysis of rubberized concrete samples under indirect

tensile testing (Duarte et al. 2015). Blue colour indicates points at which crack

initiation is most likely

Z1

Z1

Z1
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Eldin and Senouci’s assumption that the rubber particles behave as a void seems

logical especially in the light of the huge different of rubber particle and the cement

matrix of high cement content. However, cement-stabilized aggregate mixtures

normally have low cement contents as compared with those used in concrete

mixtures. In addition, unlike conventional concrete, cement-stabilized aggregate,

since it is a compacted mixture, will resist the applied load by aggregate interlocking

and frictional resistance which may make the aggregate role more significant in such

mixtures. Therefore, it will be interesting to investigate the behaviour of rubberized

compacted cement-stabilized aggregate mixtures. Furthermore, the effect of

cementation level can be expected to influence the performance of such modified

mixtures. This will enable an understanding of the effect of relative stiffness between

the rubber and the cement matrix on the final performance of the mixture and the

failure mechanism of the composite material.

3.3.3 Other rubberized cementitious materials

3.3.3.1 Rubberized cement-stabilized materials

From a critical inspection of the literature, there seems to be no readily available

study about use of the rubber in cement-stabilized mixtures. This was confirmed by

Guo et al. (2013). However, he reported just two studies in the Chinese language in

one of which Zhang Rong-hui concluded that the inclusion of rubber powder may

reduce the tensile stress at the bottom of stabilized layer. In addition, it had a positive

effect on mechanical properties and life of pavement. On the other hand, Qin Feng

(2010), in another study, showed that the addition of rubber can enhance the

shrinkage and erosion resistance of cement stabilized mixtures (Guo et al. 2013).
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Shahin and Hong (2010) investigated the effect of crumb rubber and rubber powder

on some mechanical properties of cemented soft clay. Their result revealed a

decrease in strength and stiffness modulus of the modified mixtures. However, less

detrimental effect was observed in the case of the rubber powder as compared with

the crumb one. They attributed that to the larger weak planes created in the soil

matrix after crumb rubber addition.

It seems that the uniformity of the rubber distribution may play a certain role.

Recently, Zhu et al. (2014) studied some properties of cement-stabilized gravel in

which they replaced the gravel aggregate by 0.5%, 1% and 1.5% powdered rubber by

volume. Unfortunately, the authors did not mention the cement content used to

stabilize these mixtures. Their findings showed a decrease in the compressive

strength, where there the decrease was 13% and 19% for the low and high

replacement ratios, respectively. In addition, a Mercury Intrusion Porosimetry (MIP)

test indicated a wider pore distribution range. They concluded that inclusion of

rubber had a positive impact on the durability of the modified mixtures.

Guleria and Dutta (2011) studied the effect on the compressive strength of replacing

the fly ash (of fly as-lime-gypsum mixtures) with tire chips. The replacement levels

were 5%, 10% and 15% by the weight of fly ash. They evaluated the effect of curing

time (7, 28, 90 and 180 days), curing method (desiccator, burlap and water filled

container) and rubber chip treatment method (dry, sodium hydroxide and carbon

tetrachloride). Their results revealed that introducing of rubber chips inside the

recycled composite cause a decline in the UCS value. In addition, the last mentioned
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treatment method proved to be effective in increasing the UCS. Furthermore, the

decrease in the UCS was highest when the sample cured in water filled container.

3.3.3.2 Rubberized roller-compacted concrete

Few studies have been conducted to investigate the effect of replacing the fine

aggregate by rubber (at between 0 to 120 Kg/m3) on the properties of roller-

compacted concrete. In their study, Jingfu et al. (2009) examined the mechanical

properties in terms of tensile strength (direct and flexural), compressive strength and

shrinkage. Their results showed a slight decrease in the compressive strength and

stiffness modulus. The flexural and tensile strengths and the elongation at failure, on

the other hand, were improved after rubber inclusion. Based on their visual

inspection, they observed a uniform rubber distribution and ductile behaviour.

This reported behaviour is not due to rubber particles alone but, rather, to the

combined effect of rubber and cement together. The authors intended to keep the

same level of the compressive strength of the mixtures after rubber inclusion which

made them increased the cement quantity to compensate the reduction resulting from

rubber incorporation. Therefore, the effect of rubber inclusion alone is unclear in the

mentioned study.

Following Jingfu et al. (2009), Meddah et al. (2014) performed an experimental

study to investigate the effect of crumb rubber, by up to 30% of the aggregate

volume, on the mechanical properties of roller compacted concrete manufactured

from gravel aggregates. The main findings from their study are, firstly, reductions in
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compressive, tensile, modulus of elasticity and flexural strength of the mixtures due

to rubber inclusion. However, changing the surface roughness conditions of the

rubber particles, by treatment with Na OH solution, has increased the mechanical

properties. This increase in the compressive strength was about 11 - 28% while the

tensile strength was improved by 15-20% after rubber treatment.

In all the above studies, conducted on compacted rubberized mixtures, the studies

were limited to a few properties. Also, these studies did not take into account the

behaviour of such mixtures under cyclic loading, nor did they investigate

mechanisms of failure.

3.4 Concluding remarks

1. There are very few studies that deal with the investigation of cement-stabilized

aggregate mixtures incorporating tire crumb rubber intended to be used as a base

course in the pavement structure.

2. The internal structure properties, at mesoscale level, in terms of mechanism of

failure, crack propagation and rubber distribution, even in the case of rubberized

concrete, is not mentioned in the present literature.

3. Few studies, even in the case of rubberized concrete, were conducted to

investigate the behaviour of such modified mixtures under cyclic loading.

4. Evaluating the effect of cementation level may improve and broaden the

understanding regarding how incorporation of soft rubber particles in cement-
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stabilized mixtures of different stiffness may affect their behaviour and failure

mechanisms. This is needed since such issues are still unclear even in normal

concrete, despite previous extensive studies related to rubberized concrete.

5. For adequate characterization and future improvement of the behaviour of the

cement-stabilized aggregate mixtures, it is necessary to identify the mechanism

of their failure and support this both quantitatively and qualitatively. One of the

candidate approaches is by observing the internal structure utilizing the

combination of X-ray CT scans and image processing techniques.

6. Another gap in the literature is the quantitative evaluation of the rubber

distribution in the rubberized mixture and the extent to which this distribution

may affect the mechanical properties.
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Chapter Four

Mixture design and initial investigation

4.1 Introduction

Behaviour of composite materials is largely affected by the properties of their

components. Therefore, assessment of these components properties will provide vital

information to design and optimize the mix for these composites and, at the same time,

contributes to the interpretation of the behaviour of the composite mixture. This

chapter describes the material selection, characterisation and mixture design

methodology adopted for conventional and rubberized mixtures, together with some of

their mix design related properties such as density and compacity. The latter is an

important property that influences the final performance, which has led some

specifications (e.g. BS EN 14227-1:2013) to imposes certain limits upon it. Another

purpose of this chapter is to evaluate the possible use of the vacuum saturation method

to estimate the compacity of cement stabilized mixtures since the investigated mixtures

represent a range of mixes of different composition and cementation level (low,

moderate and high). Finally, concluding remarks are presented.
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4.2 Materials used

4.2.1 Aggregates

The aggregate used in this project is a crushed limestone with a nominal maximum

size of 20 mm obtained from Dene quarry in Nottinghamshire, UK. This was collected,

dried and stored in different stockpiles according to their fractions size which are 20

mm, 14 mm, 10 mm, 6 mm, dust and fillers. Figure 4.1 depicts the different sizes used.

.

Figure 4.1: Different sizes of aggregate fractions
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4.2.2 Crumb Rubber

The crumb rubber particles (Figure 4.2) examined in this study was sourced from J

Allcock and Sons Ltd. in Manchester. It was manufactured by mechanical shredding of

waste tires. It was classified as uniformly graded and angular with size ranging from 2

to 6 mm. Two reasons are behind selecting this size. Firstly, from the economic point

of view, this size is cheaper and commonly available as compared with finer ones

(Najim 2012). Secondly, initial examination showed that the gradation of this size is

similar to that of the 6 mm natural aggregate fraction (Figure 4.1) which would be

likely to enable replacement of some of the latter size without a big change in

volumetric relationships of the mix. The chemical composition and physical properties

of the crumb rubber is summarized in Table 4.1 and Table 4.2, respectively.

Figure 4.2: Crumb rubber appearance
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4.2.3 Cement

The cement used in this study as a stabilizing agent is an ordinary Portland cement

CEM I 52.5 N produced by CEMEX company conforming with BS EN 197-1: 2000.

Some of physical and chemical properties as provided by supplier are listed in Table

4.3.

Composition Composition % by weight

Natural rubber 23.1

Synthetic rubber 17.9

Carbon black 28

Steel 14.5

Ash content% 5.1

Fabric, fillers, accelerators, etc. 16.5

Property Value

Specific gravity 1.12

Apparent density 489 kg/m3

Thermal conductivity 0.11 W/k m

Tensile resistance 4.2–15 MPa

Speed of combustion Very low

Water absorption 0.65 (negligible)

Sunlight effect Nil

Weak acids/bases effect Nil

Table 4.1: Chemical composition of crumb rubber (Sukontasukkul 2009)

Table 4.2: Physical properties of crumb rubber (Najim 2012)
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4.3 Tests on Aggregates

4.3.1 Particle size distribution

Particle size distribution for natural aggregate and crumb rubber is performed in

accordance with BS EN 933-1:2012 by sieve analysis through a set of sieves placed on

a mechanical shaker. The gradation of each aggregate fraction is shown on Figure 4.3.

It can be clearly seen from figure that, as mentioned earlier, the gradation of 6 mm is

the closest size to that of crumb rubber,

4.3.2 Particle specific gravity and water absorption

Specific gravity and water absorption of different aggregate fractions was estimated as

outlined in BS EN 1097-6:2000 and BS EN 1097-7:2008 depending on aggregate size.

The results are listed in Table 4.4.

Property Determined as
Specific gravity 3.15
Fineness 420
Oxide Determined as (%)
SiO2 19.6
Al2O3 4.9
Fe2O3 3.1
CaO 63.1
MgO 1.2
SO3 3.4
LOI 2.7
Chloride as Cl 0.05
Alkalis as (Na2O) 0.74

Table 4.3: Physical and chemical properties of cement
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 Characterized by largest size.

4.3.3 Aggregate surface roughness

Rubber particles were characterized to evaluate whether they possessed the required

roughness to provide frictional resistance when compacted with natural aggregate.

The ability to resist applied load in this type of mixture depends to some extent on the

Fraction size*, mm 20 14 10 6 Dust

Dry specific gravity 2.633 2.067 2.608 2.427 2.668

Saturated surface dry specific gravity 2.653 2.634 2.640 2.526 2.674

Apparent specific gravity 2.685 2.679 2.693 2.696 2.686

Table 4.4: Properties of aggregate included in this study (Sunarjono 2008)

Figure 4.3: Particle size distribution of natural aggregate fractions and crumb rubber
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roughness of aggregate particles being used. Rao and Prasad (2002) claimed that the

shear strength increases proportionally with increase in surface roughness of the

aggregate particles. Grinys et al. (2012) pointed out the rough rubber ensures better

binding with the surrounding materials and hence resist stress more effectively.

However, Tasong et al. (1998) pointed out this might depend not only on the aggregate

roughness alone but also on the structure and strength of aggregate particles itself. In

fact, this is also the case for compacted unbound materials. For example, Pan et al.

(2006) attributed the improvement in shear strength to the increase in angularity and

aggregate roughness which led to better interlocking and frictional resistance.

Consequently, characterization of aggregate surface roughness may provide vital

information to explain the mixture behaviour and to ensure if replacement of natural

aggregate with rubber will affect this property.

To this end, surface roughness of both natural aggregate and rubber was measured

using a three-dimensional (3D) non-contact profilometer with laser scanner, Talysurf

CLI 1000 (Taylor Hobson) at the University of Nottingham as shown in Figure 4.4.

Six samples were selected randomly from the 6 mm natural aggregate and crumb

rubbers. These were mounted on equipment holder then they were scanned. Two

measurements were taken for each sample. The results of examined materials are

summarized in Table 4.5. Results indicate that the roughness of the rubber particles is

around 50% greater than that of natural aggregate. This may lead to a conclusion that,

in terms of frictional resistance, rubber particles have a positive effect, being even

better than natural aggregate, which should ensure good interaction with other particles

when compacted. Furthermore, rough particles secure better adhesion with cement

paste (fine and cement). Segre and Joekes (2000) reported that the roughness of rubber
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particles has a positive effect on the mechanical properties of rubberized concrete

mixtures.

Particle

type

Roughness (mm)

Std.

Dev.

COV

, %

Sample 1 Sample 2 Sample 3

Mean1 2 1 2 1 2

6 mm

natural

aggregate 0
.0

0
70

9

0
.0

0
74

2

0
.0

0
94

0
.0

0
58

3

0
.0

0
75

1

0
.0

0
66

4

0
.0

0
81

6

0
.0

0
24

8

0
.3

0
36

Crumb

rubber 0
.0

1
68

0
.0

1
52

0
.0

1
23

0
.0

1
19

0
.0

1
43

0
.0

2
34

0
.0

1
68

4

.0
0

4
97

0
.2

9
50

Table 4.5: Surface roughness characterization results

Figure 4.4: Surface roughness apparatus at the University of Nottingham

Sample
Laser source
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4.3.4 Aggregate strength and stiffness

Since the main properties that will be investigated in this research are strength and

stiffness, it was desirable to evaluate the strength and modulus of elasticity of the main

components of the mixture (aggregate).This will help understanding of the behaviour

and failure mechanisms of the cement-stabilized mixtures. This was done as follows:

firstly, large limestone blocks were brought from the same quarry that produce the

different aggregate fractions used in this investigation. Then four cylindrical samples

with a dimension of 37.24 mm diameter × 74.08 mm height were cored from these

blocks. These were tested for unconfined compressive strength (UCS) using a RDP

Stiff Testing Machine (1000 kN capacity). Axial deformation was measured via two

Linear Variable Differential Transducers (LVDTs) and the average value was used to

calculate strains at each load increment. Figure 4.5 illustrates appearance of aggregate

cores and the UCS testing configuration.

Figure 4.5: a. Aggregate cores and b. testing set-up for UCS of aggregate
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Figure 4.6 shows the stress-strain relationship of four aggregate samples. As can be

seen from the latter figure, elastic moduli of the four samples are similar with marginal

differences. However, UCS values had a range of 13%. This, in turn, suggests that

differences in the mixtures’ strength may be partially explained due to the variability

of aggregate particle strength.

4.4 Mix design methodology

The gradation described in BS EN 14227-1:2013 - [CBGM2-0/20] was adopted as a

design gradation in this study. Different aggregate fraction sizes mentioned previously

were combined together in different proportions using the trial and error method

(Garber and Hoel 2009). These are 11%, 20%, 11%, 13% and 45% for 20 mm, 14mm,

Figure 4.6: Stress-strain relationship for different aggregate samples.
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10mm, 6mm and dust, respectively. The gradation of the combined aggregate in these

proportions is shown in Figure 4.7.

Three cement contents were used in this study. These are 3%, 5% and 7% by the dry

weight of aggregates. The first two percentages were used and reported by some

authors (Shahid 1997; Wu et al. 2011) while the third level was taken to investigate the

effect of high cement content.

Regarding compaction method, Drnevich et al. (2007) and Chilukwa (2013) reported

that vibratory compaction is the better method that simulates the field compaction

which led them to recommend using this method for granular materials compaction.

Furthermore, the vibratory compaction represent an effective method for compaction

Figure 4.7: Design gradation of cement stabilized mixture used in this study
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the granular materials as reported by Moore et al. (1970). Consequently, the estimation

of optimum moisture content and maximum dry density for different aggregate-cement

mixtures was conducted as described in BS EN 13286-4:2003. The results are

illustrated in Table 4.6.

Due to the fact that aggregate gradation has an important effect on density which in

turn highly affects the strength of the CBGMs (Williams 1986; Sun and Wang 2007),

it was decided to keep the same gradation for virgin and rubberized mixtures. This was

done by volumetric replacement of the 6 mm fraction size with crumb rubber particles

having a similar gradation. This in turn helps to ensure the same packing thereby

making possible comparison of behaviour of mixes (as described later in this thesis)

only on the basis of change to aggregate characteristics. Three replacement levels with

the crumb rubber particles at 5% cement content were used, which are 15%, 30% and

45% by the volume of the 6 mm fraction size, equivalent to 2.1%, 4.2% and 6.2% of

the total volume of aggregate, respectively. To produce comparable mixtures, the

quantity of water and cement were kept constant for all rubber replacement levels.

Maintaining a constant cement content by mass ratio would reduce the weight of

cement for each replacement level when some of the aggregate was replaced by rubber

of low specific gravity. As the water was computed on the basis of mass of cement

plus aggregate, the mass of water would also reduce. Had this approach been adopted,

Cement
content, %

Optimum water content, % Maximum dry density, Kg/m3

3 4.5 2392

5 4.6 2396

7 4.7 2403

Table 4.6: Optimum moisture contents and maximum dry densities
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the rubber content, cement content and water content would all have changed at each

replacement level at the same time. Accordingly, for each cement level, the same

amount of cement and water was used as for the virgin mixtures. In other words, all

volumetric proportions were kept constant for each rubberized mixture for each

nominal cement content.

To evaluate the effect of cement content on the properties of rubberized mixtures, the

mixture of 30% rubber content was investigated at different cement contents, as listed

earlier, and the performance was compared with the same mixtures without rubber.

The investigated mixtures are tabulated in Table 4.7. The different mixtures are

designated depending on the cement and rubber contents where C and R denote cement

content and rubber content, respectively. For example C5R30 indicates a mixture

containing 5% cement content and 30% of the 6 mm aggregate by volume, is rubber.
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Rubber replacement percentages, by volume of 6 mm
natural aggregate

0% 15% 30% 45%

3 C3R0 C3R30

5 C5R0 C5R15 C5R30 C5R45

7 C7R0 C7R30

Table 4.7: Investigated mixtures
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4.5 Samples preparation and curing

To produce comparable mixtures and hence to investigate the effect of rubber and

cement only, variability due to changing aggregate gradation between different

samples was eliminated by batching samples individually (Figure 4.8a). Regarding

mixing sequence, cement and dust were dry-mixed firstly until a uniform color was

obtained. The cement-dust mixture was added to the rest of the aggregate and mixed

for one minute. After adding the appropriate water quantity, all materials were mixed

thoroughly for another two minutes. All mixing was conducted manually. On

completion of mixing, the mixture was compacted in three layers inside a lubricated

spilt mould, with diameter of 101.6 mm, using a Kango 638 electrical vibrating

hammer (Figure 4.8b) with circular tampers of 100 mm and 150 mm for cylindrical

samples and a square tamper of 98 mm × 98 mm for prisms. The compaction time was

60 sec. per layer as recommended by BS EN 13286-51:2004.

Past experience with testing-cement stabilized samples confirmed a very low strain

level developed during testing and that there was a high sensitivity to small

unevenness in the surface of the sample which, therefore, needs accurate

instrumentation (Scullion et al. 2008). From the initial investigations during the course

of this study, the impossibility of achieving a smooth and level surface was noticed.

This made it difficult to fix the instrumentation or conducting accurate testing. To

overcome this problem, it was decided to manufacture the sample to achieve about 115

mm height then trim it down to a 100 mm using a diamond saw.

Three samples were manufactured for each mix. Once the compaction was finished,

specimens were left inside their moulds and covered with wet paper and polythene
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sheets to prevent moisture loss. On the next day, they were demoulded and wrapped

with nylon film and placed in wet polythene bags and closed tightly and left in a humid

room for 28 days. Figure 4.9 illustrates the appearance of the manufactured samples.

Figure 4.9: Samples appearance for different rubber contents at 5% cement.

Figure 4.8: Sample preparation: a. batching aggregate for each

sample and b. details of moulds and compaction equipment.

B

A
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4.6 Some properties related to mixture design

4.6.1 Bulk density determination

Density was estimated, after curing, of small cylinders, big cylinders and prisms using

the water displacement method. Three samples per mixture were assessed. The test is

widely used in concrete (without foil) and asphalt (with foil) technologies. It simply

includes taking the sample weight in air and then in water as shown in Figure 4.10.

Then the density was calculated using Equation 4.1

ρୠ =
wୟ

wୟ−w୵
. 1000 (4.1)

where

ρୠ=bulk density (Kg/m3)

wa = weight of specimen in air.

ww= weight of specimen in water.

Figure 4.10: Density measurement arrangement
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4.6.2 Compacity

The density of the compacted mixture, as stated earlier, represents an important

parameter that greatly affects the final performance of the resulted mixture. Williams

(1986) reported that a 5% decrease in mixture density causes a 40-50% decline in

compressive strength of the mixture. Furthermore, Bhandari (1979) as reported by

Adaska et al. (2004) claimed that there was a decrease in shrinkage tendency by more

than 50% for soils compacted at modified Proctor as compared with those compacted

at Proctor method. The efficiency of compaction can be checked in different ways. In

asphaltic mixtures, this is done by comparing the achieved density versus the

maximum theoretical density and estimating the percentage of air-voids accordingly.

Maximum theoretical density can be computed simply from the density of the

component materials used in the correct proportions assuming there are no air-voids.

The ratio of achieved to the maximum theoretical density is known as the compacity.

In soil mechanics, compaction effectiveness is judged by comparing the achieved dry

density and the maximum dry density that can be achieved in ideal laboratory

conditions and not to the theoretical maximum (i.e., “solid density”).

Referring to William’s conclusion, increasing density slightly will also increase

material strength which means taking greater advantage of the compacted material.

CSAM as a compacted material are designed and governed by the soil mechanics

principles. However, the European specification (BS EN 14227-1:2004) requires that

the ratio between maximum dry density and maximum theoretical dry density should

be above 82%.



Chapter 4: Mixture design and initial investigation

113

Two purposes are behind investigating the compacity. Firstly, to assess how the crumb

rubber of high elasticity may affect the compaction efficiency and secondly to

determine what the role the cements play in this process.

While specifying compacity is a useful control approach, ensuring that the required

degree of particle packing has been achieved, one of its weaknesses is that it does not

specify the method of laboratory compaction. There are many different suggested

laboratory methods including Proctor (BS EN 13286-2), vibrocompression (BS EN

13286-3), vibrating hammer (BS EN 13286-4) and vibrating table (BS EN 13286-5).

Different compaction methods have different compaction effort and may achieve

different packing arrangements even when delivering the same density. This means

that the compacity criterion may be satisfied for one compaction method and not for

another depending on compaction effort. Even when it is achieved the mechanical

response may vary depending on the method by which the specification was satisfied.

Additionally, from the practical point of view, the compacity concept should be

applied to the achieved dry density in the field rather than laboratory maximum dry

density. This is because failing to satisfy the above condition in the laboratory does not

necessarily means failing in the field due to difference between field and laboratory

compaction.

4.6.2.1 Compacity by mathematical method as per BS EN 14227-1:2013

Compacity in accordance with BS EN 14227-1:2013 is defined as “the ratio of the

absolute volume of the solid to apparent volume of the mixture”. This can be

calculated using Equation 4.2 as recommended by the above specification.
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C = ቀ
γ୫

100
ቁ× ൬

a

γ
+

b

γୠ
+

c

γେ
…൰����������������������������������������������������������������������������������������(4.2)

where: C is the compacity factor, γm is the maximum dry density of the mixture and γA,

γB, γC, are particle densities of material A, B and C, respectively; a, b, c represent the

percentages of material A, B, C in the total mixture.

4.6.2.2 Compacity by experimental method

Due to the very limited number of studies performed to evaluate the compacity of

cement-bound mixtures, the applicability of estimating this property experimentally

was evaluated in this study. This was done utilizing the vacuum-saturation method

which is widely used to evaluate the porosity of concrete mixtures. The compacity can

be calculated as (100-porosity), where porosity is expressed as a percentage. The

difference between porosity calculation in concrete technology and porosity (or air-

voids) in asphaltic mixture technology is that the first relies on the direct measurement

of the pores using the volume of water ingressing under vacuum while, in the second,

it is based on subtracting the calculated components’ volumes from the whole volume

of the compacted sample.

In this study, three samples were used for each mix. Specimens were dried at 100 ±

5°C until constant weight was achieved then their weight was recorded. To ensure full

water saturation, the dried samples were placed in a desiccator and subjected to

vacuum for 4 hrs. (Figure 4.11). Then these were kept submerged in water for another

20 hrs. After that, the weights of saturated specimens in water and in air were

recorded. Porosity is computed using Equation 4.3.
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p =
mୱ−mୢ

mୱ−mୱୱ
× 100 (4.3)

where

p= porosity (%).

ms= mass of saturated specimen in air.

md=mass of oven dried specimen.

mss=mass of saturated specimen in water.

4.7 Results and discussion

4.7.1 Bulk density

Figure 4.12 and Figure 4.13 illustrate the effect of rubber replacement proportion and

cement content on the density of CSAMs. Mixture density decreased by 1.097%,

2.35% and 3.885% when the 6 mm natural aggregate was replaced by 15%, 30% and

Figure 4.11: Porosity measurement arrangement

Pump

Pressure controller &meters

Desiccator
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45% rubber particles, respectively as shown in Figure 4.12. As expected, replacing

natural aggregate by crumb rubber caused a decrease in mixture density due to the

lower specific gravity of rubber particles as compared with natural ones. On the other

hand, increasing the cement content in virgin mixtures from 3% to 5% and 7% has

improved the density by 0.49% and 1.11%, respectively while this enhancement is

found to be 1.2% and 1.8%, respectively for the rubberized mixtures (containing 30%

rubber) as illustrated in Figure 4.13. One important issue regarding using of rubber

particle in compacted mixtures is that rubber particles may affect the compaction

efficiency detrimentally due to the high elasticity of the rubber (causing immediate

decompaction when load is removed) or the damping nature of rubber which make it

act as an energy dissipation device. This in turn may be another factor that contributes

to density decline.

Figure 4.12: Effect of rubber content on dry density.

Rubber replacement level, %
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4.7.2 Compacity

4.7.2.1 Effect of rubber content on the compacity of CSAMs

As can see from Figure 4.14, the maximum difference in compacity was at rubber

replacement of 45% which is 0.92% reduction in the compacity of the mixture which

means a decline in density. This can lead, interestingly, to the conclusion that not only

the low specific gravity of rubber is responsible for density reduction, but the reduction

of compaction efficiency, due to the damping effect or elastic rebound of the rubber

particles, is also affecting the density of the mixture negatively. The practical

consequence of the latter findings is to avoid rubber replacement with high volumetric

ratios.

Figure 4.13: Effect of cement content on density

of RCSAMs and CSAMs
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4.7.2.2 Effect of cement content on the compacity of CSAMs and RCSAMs

Referring to Figure 4.15 we can infer that increasing cement content has improved the

compacity of both CSAMs and RCSAMs. However, this enhancement is more obvious

in RCSAMs especially in the case of increasing cement from low to medium contents

where the compacity was increased by 1.1% versus about 0.5% in the case of virgin

mixtures. In other words, the largest drop in compacity due to rubber inclusion was

observed at low cement content. This may be because of damping effect of rubber is

more active in case of low cement content. After 5% cement content usage, the

difference in compacity due to rubber inclusion becomes constant.

Figure 4.14: Effect of rubber content on compacity value.
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4.7.2.3 Comparison between theoretical and experimental procedures

It can be concluded, from the latter two figures that at low cement contents, there is a

difference between theoretical and experimental procedures. Compacity, calculated

experimentally based on porosity, includes the inter-particles voids, voids in cement

paste (fines plus cement) and voids in aggregate particles themselves. In spite of

allowing for occluded voids in the aggregate by using apparent specific gravities to

calculate aggregate volume, some differences are still exist. This is because the volume

of water-accessible voids during the porosity procedure is greater than that estimated

based on particle density test, since the former was conducted under vacuum while the

latter is normally performed under immersion. This makes more water volume

penetrate inside the aggregate particle under vacuum which means a greater estimate

of volume of accessible voids. The latter voids will make that difference especially for

Figure 4.15: Effect of cement content on compacity

value of RCSAMs and CSAMs.
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aggregate of high porosity (e.g. many recycled aggregates). The compacity, from a

technical point of view, represents the inter-particles voids which describe the

compaction efficiency as it is impossible to eliminate aggregate voids.

At high cement levels, on the other hand, the calculated compacity approaches the one

estimated experimentally. The reason behind this can be explained as follows: when

aggregate, cement and water are mixed together and compacted by vibrating hammer,

the water and the fine particles (including cement) will penetrate and make a film

around the aggregate particles. This contributes in making the aggregate particles less

affected by the water during the vacuum saturation process. The above mechanism is

illustrated in Figure 4.16. Another possible factor that may have a positive role in

preventing water to ingress into aggregate particles is the features of the matrix

surrounding the aggregate particles, which may have less porosity due to its high

cement content. Based on the above results and their analysis, it can be said that the

vacuum saturation is unsuitable to estimate compacity of the mixtures at low and

moderate cement contents.

The author believes that the experimental vacuum porosity procedure can be used

indirectly to evaluate the bond strength between aggregate particles and surrounded

matrix. This is because the existence of enough cement content to penetrate open voids

in aggregate particles and to form a film around the aggregate particle will reduce (or

may prevent) water ingress during vacuuming and at the same time will secure a good

bond strength. This hypothesis will be examined in the following chapters.
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Figure 4.16: Mechanism of water penetration and cement paste film coating

4.8 Concluding remarks

1. High roughness of rubber as compared with natural aggregate may ensure good

interaction and adhesion with cement matrix. Consequently, replacement with

rubber will not affect the frictional resistance of the compacted mixtures.

2. It is observed, in the range of tested aggregate cores, that some variability in the

strength of the aggregate mineral may justify the difference in mixture strength.

However, little variability was obtained in the modulus of elasticity of aggregate

cores.

3. Adopting weight proportioning in the mixtures containing light particles like

rubber is a misleading approach which can cause change in all the mixture

component proportions at the same time. Accordingly, it is recommended to
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replace on a volumetric basis when replacing materials with different specific

gravities.

4. The reduction in density of RCSAMs is partly due to the low specific gravity of

rubber and partly due to reduction in the compaction efficiency due to rebound

and damping effects of crumb rubber particles.

5. In the range of investigated mixtures, estimation of compacity based on vacuum-

saturation procedure adopted in concrete mixtures is found to be unsuitable for the

mixtures containing low cement contents due to penetration of water inside

aggregate particles during vacuuming. This could overestimate the porosity and

hence the compacity of the mixtures. However, this overestimation degree reduced

in the mixture with high cement content since these will have a film around

aggregate particles as well as having a dense cement matrix.

6. Cement has a positive effect on compacity of the mixtures which indicates that the

cement strengthening mechanism comes from an increase in binding materials and

at the same time from the density improvements by the pore filling effect.
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Chapter Five

Behaviour under unconfined compressive

and indirect tensile testing

5.1 Introduction

Even though highway pavement layers are subjected to dynamic loads, investigating

the properties in terms of static testing still represents an important approach which

indeed helps to predict mixtures’ behaviour under dynamic loads. From the point of

view of equipment availability and their cost, the machines used for static testing are

normally available and relatively cheap as compared with those used for dynamic

testing. The latter testing is basically complicated and needs a professional person to
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conduct the test and interpret the results which in turn means more time and cost;

something that may be not available due to project size or limited funds. That is why

the mechanistic-empirical pavement design guide (MEPDG) uses a three-level

approach for material properties necessary for pavement analysis and design

(Applied Research Associates 2004). In that guide, Input Level 3 uses default values

for these properties. Input Level 2, on the other hand, utilizes the relationship

between complicated properties and the most available and simple test such as UCS.

Finally, at Level 1 the input properties can be measured experimentally and used for

design purpose directly.

The main focus of this chapter is to perform a laboratory study to evaluate the

mechanical properties of mixtures containing different rubber and cement contents

under monotonic loading and to identify to what extent the aggregate composition

and degree of stabilization affect the relationship between different parameters. This

was performed in terms of unconfined compressive strength (UCS), indirect tensile

strength (ITS), indirect tensile static modulus (Eit), and toughness from indirect

tensile load-deformation curves. In addition, the dynamic properties were also

investigated under cyclic indirect tensile testing. This approach is important since it

enables comparison with the properties of other cementitious materials such as

rubberized concrete mixtures since the latter is normally evaluated by some of the

above methods. Finally, due to the fact that CSAMs containing different rubber and

cement contents would represent a range of aggregate composition and cementation

levels, the established correlation would, in turn, cover a wide range of material

combinations and permit estimation of different parameters from simple tests.
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5.2 Materials, mixture design and samples preparation

Materials, mix design and all preparation steps were kept as previously discussed in

Chapter 4. However, another set of samples was manufactured to evaluate the

compressive stress-strain relationship using standard split moulds of 150 mm

diameter and 300 mm height. All mixing was conducted using a Pancrete mixer of

0.1 m3 capacity. Compaction was conducted utilizing a vibratory compactor attached

to a 150 mm diameter tamper. As stated in Chapter 4, initial investigation showed the

impossibility of achieving a level surface to ensure accurate testing. Therefore, a

removable mould extension was fabricated and used to ensure achieving more than

300 mm height which was then sawn down to a height of 300 mm using a diamond

saw. Three samples were manufactured for each mix. Once the compaction was

finished, specimens were left inside their moulds and covered with wet paper and

polythene sheets to prevent moisture loss. On the next day, these were demoulded

and wrapped with nylon film and placed in wet polythene bags and closed tightly and

left in a humid room for 28 days. Figure 5.1 shows the manufactured samples and

their curing. In addition, small prisms were also manufactured as discussed later in

Chapter 6.

Figure 5.1: Large cylinders (> 300 mm height); b. samples curing.
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5.3 Experimental Procedures

5.3.1 Unconfined Compressive Strength (UCS) Testing

BS EN 13286-41:2003 was adopted throughout this project to assess unconfined

compressive strength (UCS). A 2500 kN testing machine was used as shown in

Figure 5.2. Three cylindrical samples with dimension of 100 mm dia. x 100 mm

height were manufactured in accordance with BS EN 14227-1:2013 for each mixture

and the average value was recorded as an UCS. When any reading differed from the

average by 20%, this reading was discarded and the average of other two was

adopted (BS EN 14227-1:2013). The UCS values were computed from the following

equation:

UCS =
P

A
(5.1)

Where

P= ultimate compressive failure load, N

A= cross sectional area of the sample, mm2

5.3.2 Compressive stress-strain relationship

This test was conducted on large cylinders of 150 mm diameter x 300 mm height in

accordance with BS EN 14227-1:2013. Regarding the axial deformation

measurement, this was conducted firstly using four linear displacement

Potentiometers (LDPs) and secondly using four LVDTs. These were fixed to studs

glued on the surface of the sample. This gluing was preceded by a preparatory step to

ensure the verticality and horizontality of these instruments. Test setups and

preparation steps are shown in Figure 5.3. In spite of the great care taken in test setup
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preparation, large differences were obtained from the four LDPs and LVDTs

readings. This may be attributed to the cracking underneath the LVDT studs which

caused detachment of the LVDTs which in turn caused a difference in reading

especially in this type of material where the developed strain is small.

To overcome this problem, it was decided to use a non-contact method to measure

the axial deformation along the sample. To this end, a video gauge camera

manufactured by Imetrum® Company limited was used for that purpose. This

technique relies on an image processing principle by tracking specific points,

previously defined, using the machine software, on the specially prepared surface.

With this measurement technique it was decided to use prismatic samples since

tracking the target on a flat surface is more accurate and easier than on the curved

surface of a cylinder. The testing was conducted as follows: Firstly, the samples were

prepared by painting the surface to be monitored with a white paint; then a little

Figure 5.2: UCS testing machine used in this study.
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spray with black paint was performed. So, the final face comprised black dots on a

white background. This facilitates tracking during the test. Then, the sample was

placed and aligned between testing platens and a lamp was placed in front of the

sample to ensure a bright surface. Afterward, the camera was fixed in front of the

prepared surface in such a way that ensures display of the prepared face. An Instron

machine 8500 with a capacity of 2000 kN was used to test the samples. To

investigate the post-peak behaviour, the test was performed in deformation control

mode at a rate of 0.5 mm/min. Figure 5.4 shows the test setup and the different

preparation steps.

Figure 5.3: Sample preparation and instrumentation setup: a. checking
instrumentation alignment; b. LDPs setup and c. LVDTs setup

A

B C
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Figure 5.4a: Preparations for test face of samples for video gauge testing.

logging computer

camera
light source

Instron computer

Figure 5.4b: Instron machine and test configuration used for compressive test with
video gauge
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5.3.3 Static indirect tensile testing

BS EN 13286-42:2003 was adopted for indirect tensile strength (ITS) assessment by

applying compressive load diametrically to the test cylinders. A 200 kN Instron

testing machine was used. The testing machine and the test arrangement is depicted

in Figure 5.5. Three cylindrical samples with dimensions of 100 mm dia. x 100 mm

height were manufactured in accordance with BS EN 14227-1:2013 for each mixture

and the average value was recorded as an ITS. When any reading differed from the

average by 20%, this reading was discarded and the average of the other two was

adopted (BS EN 14227-1:2013). The indirect tensile strength (ITS) was calculated

using the following equation:

ITS =
2P

πhd
(5.2)

Where

P= failure load, N

h= thickness of specimen, mm

d= diameter of specimen, mm

Figure 5.5: Instron machine and configuration used for indirect tensile testing.

DRP LVDTs Energizer
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5.3.3.1 Indirect tensile static modulus

Modulus is normally measured jointly with the ITS value to classify a cement-bound

mixture as specified in BS EN 14227-1:2013. This was performed in parallel with

the ITS test in accordance with BS EN 13286-43:2003 by measuring the lateral

deformation of the samples for each load application. In the latter specification, the

static modulus of elasticity should be computed based on 30% of ultimate indirect

tensile load and its corresponding lateral deformation. However, estimating modulus

of elasticity utilizing the formula provided in the latter specification would give

inaccurate results since this formula is derived and used for a specific LVDTs

arrangement in which both LVDTs are mounted diametrically opposite to each other

(i.e., gauge distance equal to diameter of sample). Accordingly the following formula

was used as provided by Solanki and Zaman (2013)

E୧୲=
2P

π. d. t. ∆H൫Dଶ + D
ଶ൯
൜(3 + υ)Dଶ. D

+ (1 − υ)D
ଷ− 2D൫Dଶ + D

ଶ൯�tanିଵ൬
D

D
൰൨ൠ�����������������������������������(5.3)

Where P = load; d = diameter of sample; t = sample thickness; =்ܪ∆ lateral

deformation; Dg = LVDTs gauge distance and ߭= Poisson’s ratio

5.3.3.1.1 Deformation measurement setup development

The LVDTs used in this study are DC type energized by two transducer indicator

E309 units manufactured by RDP Electronics ltd. These instruments were connected

to the internal data logger of the testing machine to log data at a frequency of 10 Hz.
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Past experience with testing of cement-stabilized samples has revealed a very low

strain level developing during testing and high sensitivity to the small unevenness

which needs accurate instrumentation (Scullion et al. 2008). Accordingly, two

methods were attempted to measure the lateral deformation of the sample. The first

method is by fixing two LVDTs diametrically using external magnetic stands as

shown in Figure 5.6. This method gave inconsistent results due to sliding of the

LVDT’s tips which resulted from the rocking of the specimen during the test.

Therefore, a new measurement setup method was developed during the course of this

study to accurately measure the lateral deformation. This was done by gluing two

LVDTs on both surfaces of the sample though two aluminium holders manufactured

for that purpose. Another problem affecting the accuracy of measurement is the

difficulty in aligning the four LVDT holders on the sample faces. This problem was

also raised by Wen Haifang (2014) in NCHRP report 789. To overcome this problem,

they recommended using a gluing jig to ensure parallelism and precise alignment of

the LVTDs’ blocks. In this study, a gluing jig was manufactured as shown in Figure

5.7. This consists of two wooden plates to be placed at the sample’s top and bottom

with a circular groove at the plate centre to accommodate the sample ends. At the

centre of each groove, a rectangular hole of width equal to the width of the LVDT

holder was drilled. To ensure parallelism of these two holes at the top and bottom of

the sample, another four circular holes were drilled in each plate in such a way as to

ensure the four holes of the top plate coincide with those of the bottom one and, thus,

the two rectangular holes. On mounting the sample on the bottom plate, the top plate

was placed and the four long screws were tightened with the ends at the eight circular

holes (Figure 5.7 and Figure 5.8). After that a gluing gun was used to glue the LVDT

blocks to the surfaces of the sample.
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Figure 5.8: Fixing LVDTs holders through the new instrumentation setup

Rectangular hole

Gluing gun

Figure 5.7: Manufactured gluing jig parts

Long screw

Circular groove

LVDT block

Figure 5.6: Trial arrangement for lateral deformation measurement.

Magnetic stand

LVDTs
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5.3.3.2 Toughness based on indirect tensile testing

Toughness is an important material property. This is because it relates to the energy

absorbency which reflects the material’s ability to resist fracture under monotonic,

cyclic or impact loading (Shahid 1997; Liu 2013). To obtain the post-peak load-

deflection behaviour and hence quantify toughness of the material, the ITS test was

performed at a deformation rate of 0.5 mm/min. The corresponding deflection was

measured as mentioned earlier. To evaluate the post-peak loading bearing capacity

enhancement, the area under the load-deformation curve can be used to compute the

toughness or energy absorption capacity of the material. The estimation of toughness

in this manner may include the improvement in strength and ductility due to rubber

incorporation as stated by Sobhan and Mashnad (2000). However, due to the

reduction in the strength of the mixture as a result of rubber inclusion, it is necessary

to normalize the load to its ultimate value to evaluate the enhancement in terms of

ductility only. This is also logical since in mechanistic pavement design the stress is

usually normalized with respect to the strength and the stress ratio is normally used.

The methodology used by Huang et al. (2005) and Modarres (2013) was adopted to

calculate toughness indices from the indirect tensile normalized load-deformation

curves as follows

Toughness index =
Aୈ − A୮

D − D୮
(5.4)

where ܣ and ܣ are the areas under the normalized load-deformation curve up to a

specific deformation (ܦ) and deformation at peak load (Dp), respectively. The former

deformation is larger than the latter. For comparable results, toughness indices for all
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mixtures were calculated at the same deformation (Huang et al. 2005). This was 1.2

mm which was selected on the basis that all mixtures reached this deformation value

after their failure and hence this permits comparison between load-carrying

capacities after failure. However, the C7R0 showed very slight deformation after

ultimate load i.e., much less than 1.2 mm, which made it incomparable with the other

mixtures and it is therefore a brittle mixture. Even though this mixture could have

been tested at a lower loading rate which would probably increase its apparent

toughness, this would also affect its indirect tensile strength value. Moreover, to

make a meaningful comparison between different mixtures, it is necessary to test all

of them at the same loading rate.

5.3.3.3 Quantification of damage through fractal analysis

To provide a better understanding of the mechanism of failure for this type of

mixture, the failure cracking pattern was characterized quantitatively using fractal

analysis. This technique has been extensively used in normal concrete to quantify

cracking patterns (Erdem et al. 2012; Farhidzadeh et al. 2014) and fractured surfaces

(Issa and Hammad 1994; Carpinteri et al. 1999; Guo et al. 2007). However, no

published study was found in the literature regarding the quantification of surface

cracks of cement-stabilized mixtures using fractal analysis. In this study, the fractal

analysis was performed in terms of the fractal dimension. In addition, the cracking

density was also estimated to evaluate the crack separation.
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5.3.3.3.1 Fractal dimension

In the current study, fractal dimension was estimated using the box-counting method

(Mihashi et al. 2006; Erdem and Blankson 2013). An initial investigation performed

to extract topological information concerning the cracked area using image

processing software, ImageJ, had difficulty in differentiating between the cracks and

the rubber particles utilizing a grey thresholding process. For this reason it was

decided to digitize the crack network using the following procedure: Images of failed

samples were firstly captured using a high resolution camera. These images were

inserted into a computer aided design (AutoCAD) software and scaled up to reflect

the actual dimensions. The cracks were digitized after that using the software tools.

Then, these were covered by imaginary meshes with rectangular grid sizes

decreasing step-wise linearly. Then the number of grid squares required to cover the

cracks was counted at each step. Finally, the fractal dimension was computed from

the slope of the line joining the logarithm of the number of grid squares encountered

by the crack and the logarithm of the grid square dimension. Figure 5.9 illustrates

fractal dimension estimation methodology alongside with failure patterns of the

mixtures containing different rubber contents while Figure 5.10 shows the typical

determination of the value of fractal dimension.
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5.3.3.3.2 Crack density

Figure 5.9: Sample cracking pattern traced from failed samples showing application of box
counting methodology

Figure 5.10: A plot of log of box size versus the log of box count (Mihashi et al. 2006)
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Cracking density can be estimated by dividing the total length of the cracks by the

cross-sectional area of the sample as shown in equation below (Hassan 2012) :

Crack density =
∑ l୧

୧ୀଵ

A
(5.5)

Where: ∑ l୧

୧ୀଵ = total length of the cracks and A= total area of the sample cross-

section. The total cracks length was measured using computer aided-design software

(AutoCAD) tools. In this study, the average of three samples was used for each

mixture.

5.3.3.3.2 Fracture energy and fracture toughness based on fractal analysis

Even though the fracture energy and fracture toughness can be estimated from the

macro mechanical testing, some researchers have proposed methods to estimate these

parameters based entirely on the fractal analysis of the cracking pattern or depending

on both fractal analysis and mechanical testing as shown below.

Williford (1989) formula

Williford as cited by Pramanik et al. (2012) and Erdem and Blankson (2013) in his

patents has suggested a method and, accordingly, formulae to estimate the fracture

energy (JIC) based on the fractal dimension of the cracks and the material properties

as follows:

J େ୍ = CL(ୈ౩ିଶ) (5.6)
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where

ܥ =
గ�ௌ

మ

ா
; JIC =fracture energy; L = scale of observation; Sy = ultimate strength; E=

modulus of elasticity and Ds=fractal dimension. The toughness of the material (KIC)

can then be calculated from the estimated fracture energy from:

K େ୍ = ඥJ େ୍E (5.7)

In this research, since the purpose is to evaluate the effect of rubber and/or cement on

the ductility of the materials and not to evaluate their effect on strength, it was

decided to normalize the load to its ultimate strength and hence evaluate the effect of

rubber on the materials’ ductility only.

Guo et al. (2007) formula

Guo et al. (2007) proposed a formula to compute the fracture energy based entirely

on the surface macro-crack as follows

Wୱ

G
= a�൬

δ
a
൰
ଵିୈభషౚ

(5.8)

where Ws is the energy dissipated at the surface of the crack, Gf is the fracture energy

at the observation scale δ, a is the Euclidean length (equal to the diameter of the

sample) and D1-d is the fractal dimension that should be computed as explained

previously (Section 5.3.3.3.1).
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5.3.4 Cyclic indirect tensile testing

In spite of adopting the static modulus of elasticity to characterise cement-stabilized

materials as presented, for example, in BS EN 178866-12, using the cyclic testing as

reported by Nusit et al. (2015) is necessary for mechanistic pavement design since it

is representative of what actually happens in the field. As is well-known, no

standardization has been issued yet regarding estimation of dynamic stiffness

modulus using the repeated load indirect tensile test (Marradi and Lancieri 2008).

Many authors (Gaspard et al. 2003; Khattak and Alrashidi 2006; Gnanendran and

Piratheepan 2008) have estimated the indirect tensile resilient modulus. However, all

the above authors developed their own test assumptions and arrangements which, in

turn, make this test difficult to perform since test set-up, instrumentation and

interpretation of results needs time as well as a professional operator. This may make

this test restricted primarily to the research field.

In the asphaltic mixtures industry, the Nottingham Asphalt Tester (NAT) machine is

customarily used in the UK and elsewhere mainly for dynamic stiffness modulus

estimation or fatigue estimation in an indirect tensile mode as discussed in BS EN

12697-26-2012. Using the NAT machine to characterize the cement-stabilized

mixtures is an attractive option especially from the economic and uniformity points

of view. This is because this usage will ensure the convenience of using the same

equipment for testing both bituminous and cement stabilized mixtures. In addition,

utilizing a standardized testing system may ensure uniformity in assessment of

pavement mixtures and save effort in terms of testing set up and results analysis by

utilizing accompanied software. Due to the limitation of the latter machine, Nunes
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(1997) fabricated a loading rig allowing NAT-like loading in a universal testing

machine at much greater load capacity than the 4.3 kN limit usually available. This

was to allow effective testing of cement-stabilized materials of high stiffness. The

purpose of this section is to study the performance of different mixtures under

repeated indirect tensile load. This, in turn, will ensure at the same time a second

advantage by evaluating the feasibility of utilizing the current Nottingham Asphalt

Tester (NAT-NU14) of capacity 14 kN (not available to Nunes in 1997) to estimate

dynamic indirect tensile stiffness modulus for cement-stabilized mixtures. Finally,

suggestion a test procedures and protocol to estimate stiffness using the NAT

machine.

The testing was conducted as follows: Firstly, the specimens were manufactured,

cured and prepared as discussed in Section 4.3.2. However, each sample was

manufactured to ensure a height of 85±5 mm which was then trimmed to 70 mm

(except for C7R0 where 60 mm is the final sample height to fit with the capacity of

the machine). Then, BS EN 12697-26-2012 was adopted to conduct the resilient

modulus testing. However, since the load control testing mode is preferred for

cemented materials (Nunes 1997), it was adopted rather than the deformation control

mode specified in the specification. This is because targeting the horizontal

deformation as 3-7 um, as specified in the latter specification, was suggested

depending on the past experience with asphaltic mixtures testing. However, this, in

fact, may not necessarily ensure that the cemented materials will remain in the elastic

range. Therefore, from the point of view of the author, for cemented materials or any

new material other than hot mix asphalt, it is necessary to conduct the indirect tensile

strength (ITS) first (either instrumented with LVDTs if a resilient modulus test needs
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to be conducted in deformation control mode or simple ITS if it is intended to

evaluate the modulus in load control mode). This is to ensure applying stress/strain

within the elastic range. Austroad (2008) as reported by Arnold et al. (2012)

recommended using less than 40 % of the material strength for conducting the

resilient modulus test. Furthermore, the British specification mentioned earlier

recommended 30 % for estimation static modulus. To keep the material within the

elastic range and to stay within the machine limit, the maximum applied stress was

selected to ensure a stress ratio (applied stress/indirect tensile strength) of 30%. After

mounting the sample on the testing sub-frame and setting up the instrumentation

yoke supplied with machine, the NAT-NU14 was used for sample testing. Figure

5.11 illustrates the testing arrangement using the NAT machine. Five pulses (Marradi

and Lancieri 2008) were applied to estimate the resilient modulus by averaging the

modulus values computed from each pulse. These five pulses were preceded by five

conditioning pulses.

Figure 5.12 depicts the applied load pulses and the resulting deformation. As can be

seen from the latter figure, both load and corresponding lateral deformation are in a

good synchronization which means no phase angle (i.e. no viscoelastic behaviour or

frictional) exists. The resilient modulus for each pulse was calculated using the

following formula

E୰ =
P(υ + 0.27)

.ݖ h
(5.9)
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where: Er is the resilient modulus (MPa), h is mean thickness of the sample (mm), P

is the peak value of applied load (N), υ and z are Poisson’s ratio and horizontal

deformation amplitude, respectively. Poisson’s ratio was assumed as 0.25 (Barišić et 

al. 2015).

Figure 5.12: Cyclic load wave applied by NAT machine and corresponding deformation

Figure 5.11: Cyclic indirect tensile testing NAT machine with close-up view of test
configuration.
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5.3.5 Mesostructural investigation

To better understand the failure mechanism and to observe how the cracks

propagated, failed specimens were scanned using an X- ray CT machine (Figure

5.13). This includes two systems located in the same cabinet. The first one is the

mini focus system of a 300 kV X-ray source and a linear detector. The second system

is a micro focus having a 225 kV source with an area detector. To ensure sufficient

power of X-ray for penetration through stabilized mixtures, the first system was used

in this investigation. Two scans were done for each sample at the top and bottom of

the middle third of sample. The resolution of the reported scan is 0.065 mm/pixel.

Image J was used to manipulate the CT scan by extracting, enhancement and

filtration. The scanned images using the X-ray CT technique depend on the

properties of each component inside the sample being scanned. low density

component is usually appeared as the darker one while, on the other hand, the

brighter object corresponds the denser component.

Figure 5.13: X-Ray CT machine parts and alignment of sample.
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5.4 Results and discussion

5.4.1 Unconfined Compressive Strength (UCS) Test

5.4.1.1 Effect of rubber content on UCS

The effect of rubber content on UCS of cement-stabilized mixtures is shown in

Figure 5.14 at curing ages of 7, 28 and 365 days. As is shown from that figure,

incorporating crumb rubber particles in place of the natural aggregate resulted in a

compressive strength decline for the mixtures where the UCS, at 28 day age, was

dropped by 12.35%, 29.35% and 37.7% when the 6 mm natural aggregate was

replaced by 15%, 30%, and 45% rubber, respectively. This is expected since the

natural aggregate of high strength and stiffness (as shown in Chapter 4) is replaced

by the rubber particles of low strength and stiffness (Grinys et al. 2012). The low

strength of the rubber particle is also expected to reduce the efficiency of aggregate-

to-aggregate load transmission through these particles. Furthermore, incorporating

the rubber particles has reduced the density due to their low specific gravity and their

negative impact on the compaction efficiency (as discussed in Chapter 4) which

resulted in a drop in the mixture strength. Regarding the curing period, there is an

increase in the UCS as the curing age increases which is fundamentally due to

increase in the hydration products that increase the strength of the cement mortar as

well as the bond strength between aggregate particles. It is worth mentioning that the

increasing cement content (within the range of investigated cement contents) has a

beneficial impact on the material density and strength as demonstrated previously.
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5.4.1.2 Combined effect of rubber and cement contents on UCS

Figure 5.15 illustrates the effect of cement content and curing period on the UCS of

both control and rubberized mixtures containing a rubber particle content equal to

30% of the 6 mm fraction. As can be seen from that figure, the general trend is an

increase in UCS value as cement content increases since cement will increase the

strength of a material’s matrix and the bond between particles. In addition, there was

an improvement in this parameter with curing time, since hydration is a time-

dependent process. The development rate of UCS, in general, is proportional to the

amount of cement because the more cement in the mixture the more the hydration

products (Barišić et al. 2015) and hence the more the strengthening and binding

effect.

Figure 5.14: Effect of rubber content on UCS at 7, 28
and 365 days
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Regarding the combined effect of cement and rubber on the UCS, it was observed

from the same figure that the UCS declined due to the partial replacement of natural

aggregate with crumb rubber at all cementation levels. Furthermore, interestingly, the

decline in the UCS value due to rubber incorporation increased as cement content

increased, although the increase was less marked as the cement content increased

from 5% to 7%. The latter behaviour can be explained as follows: the aggregates in a

compacted cement aggregate mixture are interlocked and bonded by the cement

matrix to each other which makes them resist the applied loading like an

indeterminate structure, i.e. the structure carries the applied load in such a way that

each element in the structural system carries part of that load in proportion to its

relative stiffness. This means that as cement content increases the difference in the

stiffness between rubber particles and surrounding materials will also increase. This,

in turn, means that, stresses will be shed from the compliant rubber particles toward

the stiffer surrounding materials which will thus absorb more load than the rubber

particles. This will result in greater stress concentrations in that material since the

rubber will increasingly behave like a void. On the other hand, in the case of low

cement content this stiffness difference is lower, which will maximize the role of

rubber particles in this structural system. Thus the void-like behaviour depends, to a

large extent, on the relative stiffness between rubber particles and surrounding matrix.

Figure 5.16 illustrates the relationship between the UCS at 28 days and UCS at both

7 days and 360 days for all different investigated mixtures (of different rubber and

cement contents). This is also compared with both concrete and cement-stabilized

aggregate mixtures relationships as reported by American Concrete Institute (ACI)

and Lim and Zollinger (2003), respectively. It can be inferred from the latter figure
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that at late ages (i.e. 365 days) the current results are in a good agreement with these

authors. This, in turn, means the neither rubber nor cement have an effect on the

relationship between the UCS at different curing periods. In addition, both of them

agree with the ACI reported results. However, at early ages the ACI model gives a

conservative prediction for the stabilized materials’ strength. The most important

conclusion herein is that the development of strength is largely governed by the

cement content of the mixtures and percentage of rubber in the mixture.

Figure 5.15: Effect of cement content on UCS of
control and rubberized mixtures at 7, 28 and 365 days
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5.4.2 Compressive stress-strain relationship

The problem of testing cement-stabilized aggregate mixtures was discussed in a

report prepared for the Portland Concrete Association (PCA) by Scullion et al.

(2008). These authors concluded that the compressive stiffness modulus is a very

difficult test to conduct and not recommended for routine testing. They attributed that

to the low strain levels normally developed which make it difficult to obtain

consistent and accurate results. In addition, these low strains are highly sensitive to

any change in the sample geometry, resulting in large differences between the

measurements even in the case of small unevenness in the testing surface.

In this study, in spite of the great care in sample preparation and testing, many

samples’ results were unsuccessful because they were non-reasonable or showed

Figure 5.16: Variation of UCS at 28 days with UCS at 7 and 360 days
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large variability even after introducing rubber particles. Therefore, it is not advised to

conduct this test due to the difficulties associated with sample preparation and

instrumentation for accurate data acquisition. However, from the limited results,

Figure 5.17 shows the compressive stress-strain behaviour for cemented mixtures

containing 5% cement content and different amounts of crumb rubber. It can be seen,

qualitatively, that the post-peak behaviour and the ductility of the mixtures

proportionally increase as the rubber content of the mixture increases.

Since the cement-stabilized base course within the pavement structure is normally

subjected to tensile stress/strains at its bottom, the tensile testing modes are more

simulative of the likely in-situ failure mode and will be adopted to characterize and

understand the mechanical behaviour and the failure mechanism of these types of

mixtures.

Figure 5.17: Load-axial deformation relationship for different mixtures.
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5.4.3 Indirect tensile strength (ITS)

5.4.3.1 Effect of rubber content on ITS

It is generally accepted that all cementitious materials (including concretes) are weak

in tension and exhibit brittle behaviour (Khelifi et al. 2015). It was found that

replacement of natural aggregate by crumb rubber has a negative effect on the

indirect tensile strength (ITS) as shown in Figure 5.18. ITS decreased by 3% for

each 1% of rubber replacement. This can be attributed, in addition to the lower

modulus of elasticity, to the decrease in the number of contacts points between

natural aggregate particles as a result of compacity drop. This will lead to a reduction

in the efficiency of aggregate interlock and, hence, to an accelerated mixture

deterioration since interlock is one of the main mechanisms for sustaining loads.

Similar to UCS, ITS also increased with increase in curing period for the same

reasons. The same decrease in ITS was observed at both 7 and 28 days for all mixes

except C5R45 where there was no further reduction in this parameter, perhaps

because of a specific rubber distribution.

5.4.3.2 Combined effect of rubber and cement contents on ITS

In terms of indirect tensile strength, it was observed, as shown in Figure 5.19, that

the ITS value increased proportionally with higher amounts of cement and/or long

curing periods. Similar to the UCS, the reduction in ITS is more obvious at higher

cement level than at low contents for the same reasons as stated above.



Figure 5.18: Effect of rubber content on ITS at 7, 28
and 365 days
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Figure 5.20 shows the relationship between UCS and ITS values for different

mixtures at different ages. From this figure, it can be inferred that the ITS value is

around 10% of the UCS applicable for all investigated mixtures at all curing ages.

This means that the relationship between UCS and ITS is a unique relation regardless

of mixture composition (aggregate type, degree of cementation and curing period). Ji

et al. (2015) in their study for different natural aggregate/recycled asphalt pavement

aggregate (RAP)/recycled cement base aggregate blends stabilized with different

cement contents concluded that there was a linear relationship in which the

UCS=9.786 x ITS. Arellano and Thompson (1998) reported a ratio of between 10% -

15%. Thus the current results confirm these earlier findings.

Figure 5.20: Variation of UCS with ITS for different
ages, cement and rubber contents.
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5.4.3.3 Failure patterns

In terms of failure mode during indirect tensile testing, the reference mixtures tend to

fail in a brittle way resulting in a complete separation of sample halves. This was

more obvious at high cement content. In contrast, the mixtures modified with crumb

rubber at all cement contents did not experience such a failure mode. Instead, the

samples look intact with narrow crack openings. Figure 5.21 and Figure 5.22

illustrate the failure patterns under indirect tensile testing for cement-stabilized

mixtures having different rubber contents and cement contents, respectively. This, in

turn, confirms the ductile behaviour of such mixtures due to rubber incorporation as

stated by Duarte et al. (2015). For UCS samples (Figure 5.23 and Figure 5.24), the

same behaviour was observed where the mixtures with no rubber failed by crushing

of large pieces from the sample while the rubberized mixtures showed longitudinal

cracks without complete failure. This also confirms a ductile behaviour and

improvement in energy absorbency. Thus, when rubberized mixtures are used as a

base course in the pavement structures, such failure behaviour may have a positive

impact on the asphaltic surface course since the narrow crack in these modified

layers should contribute to maintaining low tensile strains in overlying asphalt

courses. This is because a wide crack in a base course imposes a high tensile strain

on the asphaltic course above it. Solanki (2010) stated that reduced crack size have a

positive effect on a pavement structure by minimizing reflection cracking.
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Figure 5.22: Failure patterns of ITS samples containing
different combinations of rubber and cement contents.

Figure 5.21: Failure pattern of ITS samples containing different rubber
contents and 5% cement. .

Figure 5.23: Failure patterns of UCS samples containing different
rubber contents and 5% cement.
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5.4.4 Load-deformation curves and toughness

5.4.4.1 Effect of rubber content on load-deformation curves and toughness

The load-deformation relationships for different mixtures are illustrated in Figure

5.25 through Figure 5.28. As can see from these figures, post-peak load carrying

capacity increased with rubber content. From these curves, toughness index was

calculated quantitatively as presented in Figure 5.29. It is clearly shown that at all

replacement levels there was an improvement in the energy absorption capacity of

the mixtures. This improvement was around 27%. However, the differences between

the toughness amongst rubberized mixtures can be attributed to the local distribution

of the rubber inside the sample which resulted in different crack propagation and

hence different toughness indices. Despite the differences between toughnesses of

the rubberized mixtures, all of these mixtures have greater toughness than the control

Figure 5.24: Failure patterns of UCS samples containing
different combinations of rubber and cement contents.
replacement.
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ones. The implication is that the rubber provides energy absorbency to the mixture

which may then provide better performance under cyclic or fatigue loading

(Modarres and Hosseini 2014).

Although many researchers reported similar behaviour when they investigated the

effect of rubber on toughness of normal concrete, no clear reasons were reported to

Figure 5.25: load-deformation curve
for C5R0

Figure 5.26: load-deformation curve
for C5R15

Figure 5.27: load-deformation curve
for C5R30

Figure 5.28: load-deformation curve
for C5R45
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explain this behaviour. However, Chiaia et al. (1998) claimed that the ductility

improvement when using weak aggregates is due to a change in the mechanism of

microcracking.

The reasons behind ductility improvement due to rubber addition in cement-

stabilized materials might be:

a) Partly because the crumb rubber particles helped to delay crack propagation by

relieving some induced local stresses

b) and partly due to embedding of weak particles inside stiff media lengthening the

crack path since the crack path tends to propagate through these weak points.

In addition, since the cracks tend to be propagating as a main crack and branches

rather than one main crack, especially for rubber rich mixtures (Figure 5.29), this

would cause more energy dissipation as described by Shah et al. (1995) and Erdem

(2012). This is evidenced as presented later (Section 5.4.6).

Figure 5.29: Effect of rubber content on toughness indices
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To clarify the mechanism of failure and to elucidate the above hypotheses, X-ray CT

was utilized to investigate the internal structure of failed samples at mesoscale level.

Part (b) of the suggested mechanism is evidenced in Figure 5.30 to Figure 5.32

which show how the cracks propagated for different mixtures containing different

rubber contents. Examining these scans clearly supports the suggested failure

mechanism as the cracks can be seen to connect rubber particles as indicated by the

red arrows in the same figure and tend to avoid areas without rubber (as predicted by

reason (b) above). On the other hand, evidencing the explanation (a) can be

performed by critically examining the load-deformation relationships. Comparing

and contrasting these relationships with the mechanism of fracture process in

concrete proposed by Löfgren (2005) (Figure 5.33) reveals, interestingly, a delay in

both micro and macro cracking for the RCSAMs during the fracture process where

both micro and macro cracking growth zone in rubberized mixtures is greater than

those of the control mixture. The latter evidence clearly supports the crack growth

delay hypothesis presented above. This was also supported by the tortuous and

complex crack patterns as highlighted in fractal analysis. No doubt the applicability

of this proposed mechanism depends, to some extent, on the distribution of the

rubber particles. The more uniform the rubber distribution, the more uniform the

stress/strain distribution can be anticipated to be inside the mixture.
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Figure 5.30: Cracks propagation mechanism for C5R15

Figure 5.32: Cracks propagation mechanism for C5R45

Figure 5.31: Cracks propagation mechanism for C5R30
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5.4.4.2 Combined effect of rubber and cement contents on load-deformation

relationships and toughness

Figure 5.34 through Figure 5.37 demonstrate the load-deformation relationships for

some investigated mixtures of different cement contents. From these curves,

toughness indices were estimated (Section 5.3.3). It can be clearly seen from Figure

5.38 that inclusion of more cement caused a reduction in the toughness or energy

absorption capacity of the mixture. However, an improvement occurred in the

toughness value after modification with crumb rubber at all cement levels. Greater

toughness was observed at higher cement contents. This leads to the conclusion that

as far as the toughness of the materials is concerned, incorporating rubber in the

cemented mixture at high cement content will be beneficial for improving the energy

absorption capacity of the material. However, in spite of this, both conventional and

rubberized mixtures of low cement content are still tougher than those with high

cement contents. Nevertheless, increasing toughness of the material of high strength

Figure 5.33: Schematic illustration of fracture process (Löfgren 2005)
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(as compared with materials of low cement content) will ensure less pavement

thickness with improved fatigue behaviour.

-0 0.5 1 1.5 2 2.5 3

Deformation, mm

0

10000

20000

30000

40000

50000

60000

70000

Sample 1

Sample 2

Sample 3

C3R0

Figure 5.34: load-deformation curve
for C3R0

Figure 5.36: load-deformation curve
for C7R0

Figure 5.37: load-deformation curve
for C7R30

Figure 5.35: load-deformation curve
for C3R30
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It is suggested that the mechanism of toughness improvement is by lengthening the

crack propagation path for both reference and rubberized mixtures. This action might

decrease the crack growth rate at both micro and macro levels. If an assumption is

made that the crack always propagates through the weak points, then this may

explain the toughness changes. At low cementation levels, the bond between the

aggregate particles and cement mortar (fines and cement) is probably the weakest

element in the internal structure of the mixture. Propagation through weak points

(primarily around the aggregate particles) will lengthen the crack path and increase

the toughness of the mixture. At high cementation degree, on the other hand, there is

no contributor to delay the crack propagation due to the better bond between the

aggregate and surrounding materials and the dense cement mortar. The will

accelerate the crack growth and propagation which in turn decreases the toughness of

the materials.

Figure 5.38: Effect of cement content on toughness indices.
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The above hypothesis can be proved by inspection of the load-deformation curves for

different mixtures and interpreting the fracturing process in the way proposed by

Löfgren (2005). Comparing Figures 5.34 and Figure 5.36 in the light of the

fracturing mechanism suggested in Figure 5.33 implies that the zones of micro and

macro crack growth are greater in the case of low cement content than that of high

cement content. However, when the rubber was incorporated in the poor cement

mixture, no big change occurred in the latter zones (compare between Figure 5.34

and Figure 5.35). On the other hand, at 7% cement content, a greater improvement in

cracking zones is implied, as a result of rubber inclusion (compare Figure 5.36 and

Figure 5.37). The above evidence therefore strongly supports the assumption

mentioned above.

Figure 5.39 illustrates the X-ray CT scans of the internal structure of the mixtures

having different cement contents. It can be seen from that figure that the crack

appears to preferentially propagate through the rubber particles, regardless of the

cement content.

(a) (b)
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5.4.5 Indirect tensile elastic modulus of elasticity (Eit)

5.4.5.1 Effect of rubber content on static modulus of elasticity

As the stiffness of the mixture depends, to a large extent, on the stiffnesses of its

constituents, replacement of stiffer natural aggregate having a modulus of elasticity

of 57 GPa by softer crumb rubber particles caused a drop in the stiffness of the

modified mixture. Figure 5.40 shows the effect of different rubber replacement level

on the modulus of elasticity of the stabilized mixture containing 5% cement content.

The reasons for the increase in the stiffness of C5R45 relative to C5R30 is not known

although it might be because of the less uniform distribution of rubber particles in the

mixture. Perhaps an accumulation of rubber particles caused a stress concentration

and resulted in premature failure of the sample without large deformation. However,

regardless of the individual behaviour, adding rubber can generally be seen to cause

a reduction in material stiffness.

Figure 5.39: Crack propagation mechanism of rubberized mixtures of
different cement contents: a. C3R30; b. C5R30 and c. C7R30

(c)
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5.4.5.2 Combined effect of rubber and cement contents on static elasticity modulus

The effect of cement content on the static modulus of elasticity of reference and

rubberized cement-stabilized mixtures is illustrated in Figure 5.41. It can be said,

based on the results depicted in the latter figure, that the greater the cement content

the greater the stiffness of the mixture. It can be inferred that, for control mixtures,

because the stiffness of aggregate is the same for all mixtures having different

cement contents as measured in Chapter 4, the stiffness of mixtures is controlled, to

large extent, by the stiffness of the matrix (fines plus cement) and its bond with

aggregate particles. Thus, increasing the binder in the mixture will produce a matrix

with less deformability which means a higher stiffness of the overall mixture. On the

other hand, a drop of the stiffness was observed at all cementation levels due to

rubber inclusion which is more obvious in the mixture of low cement content than in

Figure 5.40: Effect of rubber content on indirect
tensile static modulus
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that of high cement content. This can be attributed to the relative stiffness of the

rubber particles with respect to the surrounding materials which maximizes their role

in both load carrying capacity and deformability of the mixture (as discussed in

section 5.4.1)

Due to the difficulties associated with measurement of the stiffness modulus in terms

of equipment and skilled staff, it is desirable to correlate this property with simple

tests like ITS or UCS. Figure 5.42 and Figure 5.43 show the relationship between

static modulus of elasticity and ITS and UCS, respectively. As can be seen from

these figures the stiffness modulus is related to the ITS (R 2 =0.69) and UCS (R 2

=0.82) linearly which permits the estimation of the stiffness modulus reasonably

from these simple tests. Few correlations were reported in literature regarding the

relationship between ITS and indirect tensile stiffness modulus. However,

Figure 5.41: Effect of cement content on indirect tensile static modulus
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Gnanendran and Piratheepan (2008) reported a linear relationship between these

parameters. Comparing and contrasting the current findings with previous studies

reveals a good agreement between them and less sensitivity of these relationships to

the change in either aggregate composition or degree of cementation.

Figure 5.42: Variation of indirect tensile static stiffness modulus versus ITS

Figure 5.43: Variation of indirect tensile static stiffness modulus versus UCS
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5.4.6 Damage quantification

Figure 5.44 demonstrates the determination of the fractal dimension according to the

methodology presented in Section 5.3.3.3 where the slopes of these lines represent

the fractal dimension for the mixtures containing 5% cement and different rubber

contents. Fractal dimensions and fracture energies (calculated accordingly using

Equations 5.6 and 5.8) for different rubber replacement levels are tabulated in Table

5.1. Generally, higher fractal dimensionality and fracture energy are observed as

rubber replacement level increases. This means that as rubber content increases,

more energy will be dissipated during fracture of the sample as suggested by Guo et

al. (2007) and Erdem (2012). The possible explanation for this phenomenon is that

when the cracks developed they propagated through the weak points (i.e., rubber

particles), as noted previously. Before the crack propagation, the rubber particles are

able to absorb some of the energy developed at the crack tip as the tip reaches them,

especially at the microcracking level. This is due to rubber’s extensibility and tensile

strength. In addition, more energy will disperse since the cracks more easily

propagate as branches rather than as one main crack, which agrees with Yan et al.

(2003) who attributed this to the disordered crack growth characteristics found in a

mixture’s internal structure during load application. Together, these explanations

determine why more energy was absorbed by the mixture before failure.
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The dissipated energy at the surface macro-crack as derived based on fractal analysis,

seems related to the toughness of the mixture calculated from the load-deformation

responses where both increased after rubber incorporation. This supports the above

explanation and confirms that a strong relationship exists between the cracking

pattern, represented by the fractal dimension, and the toughness, a finding which is

consistent with Yan et al. (2002) and Tang and Wang (2012). It is also in line with

energy dissipation capacity improvement reported by Atahan and Yücel (2012) when

they investigated the effect of rubber on the fracture energy of normal concrete

during impact tests.
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Figure 5.44: A graph of log of box count against the log
of box size for mixtures of different rubber contents
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On the other hand, the fractal dimensions and corresponding fracture energies for

different cement contents for both reference and rubberized mixtures are shown in

Figure 5.45 and Table 5.1. It can be clearly seen that the use of rubber has increased

the fractal dimension and accordingly the fracture energy for all cement contents

with maximum improvement occurring at moderate cement content (5%). The reason

for the large increase in fractal dimension and fracture energy due to rubber inclusion

at 5% cement content is unclear. Regarding the cracking density, Table 5.1 confirms

the increase in the cracking density as the rubber content increases. This, in turn,

indicates that the cracks were propagated and separated over a large area as reported

by Hassan (2012). In other words, this wide separation indicates that the crack

propagated through rubber particles which, in turn, supports the previous hypotheses

reported in the current investigation (Section 5.4.4).
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Figure 5.45: A graph of log of box count against the log of box size
for reference and rubberized mixtures of different cement contents
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5.4.7 Comparison fracture energy

Comparison between different methods for fracture energy and toughness estimation

reveals that, regardless of the numeric values, these approaches give the same picture

regarding the improvement in toughness and fracture energy after rubber inclusion at

each investigated cement contents. Inspection of Table 5.1 indicates that at 5%

cement content for example, the toughness and fracture energy improved after

inclusion of 15%, 30% and 45% rubber content. On the other hand, toughness and

fracture energy were also enhanced for C3R0 and C7R0 when modified with 30% of

crumb rubber. This leads to the conclusion that the estimation of toughness or

fracture energy can provide a quick and simple method to judge the effect of changes

in mix parameters.

Mix
Crack
density

Fractal
dimension

Fracture energy Toughness
Fracture energy
Williford (1998)

Ws/Gf
Williford

(1998)
Experimental

C5R0 0.0175 1.013 0.02004 103.99 0.801 0.500

C5R15 0.0247 1.166 0.02734 164.40 0.906 0.613

C5R30 0.0319 1.219 0.03190 192.70 0.945 0.550

C5R45 0.0329 1.214 0.03056 189.67 0.941 0.545

C3R0 0.0230 1.151 0.03080 157.06 0.895 0.575

C3R30 0.0321 1.177 0.05964 169.88 0.914 0.647

C7R0 0.0205 1.135 0.02439 149.93 0.883 0.001

C7R30 0.0334 1.193 0.03006 178.06 0.926 0.530

Table 5.1: Fracture energies and toughness indices based on fractal analysis and
experimental procedures
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5.4.8 Overall discussion of failure mechanism

Duarte et al. (2015) based on their finite element simulation of the ITS test,

concluded that the initiation of cracks starts in the cement matrix near the rubber

particle. In addition, they revealed that the damage and cracking is more

concentrated in the concrete mixtures containing no rubber but this is not the case for

the rubberized concrete where the damage is more dispersed. Examining the failure

pattern and observing the internal structure of the failed specimens revealed that,

regardless of the cement content, the cracks tend to propagate through the rubber

particles which is also shown from the fractal analysis where the cracks are more

dispersed in rubberized mixtures. However, it seems that this tendency depends to

some extent on the degree of cementation by the cement paste, where greater

tendency was observed when the cement content was higher. It is believed that this

behaviour is strongly interrelated with the void-like behaviour (mentioned earlier) of

these rubber particles. Rubber particles embedded inside a stiff matrix behave like a

void which attracts the crack. When this happen, the crack will reach the rubber and

the latter will try to absorb and relieve the stress on the crack tip. For this reason, the

rubber particles will delay the crack growth at microcracking stage and propagation

at the macroscale level. This explanation is supported by the load-deflection curves.

For this reason, more toughness was observed in rubberized mixtures of high cement

content. Similarly, at moderate cement level, the toughness was also improved due to

the reasons above. However, comparing and contrasting the reference and rubberized

mixtures’ behaviour at high and moderate cement contents revealed that the degree

of toughness improvement is higher at high cement content whereas this is not the

case for 5% cement. In the latter mixture, less improvement was observed due to

rubber inclusion. This is because, for the reference mixture of 5% cement content,
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the less dense matrix structures may have micro-voids that delay the crack

propagation since these micro cracks consume part of the energy due to the micro-

crack shielding phenomenon defined by Shah et al. (1995) as cited in Erdem (2012).

Consequently, for this reason, this mixture exhibited certain toughness. Per contra,

reference mixtures stabilized with 7% cement might have a dense matrix and better

bond with the aggregate particles which reduces, or may eliminate, the toughness of

these mixtures. When rubber is introduced into these mixtures, propagating cracks

through the rubber particles and hence lengthening the crack path, combined with

delaying crack growth, are the reasons for greater improvement in the mixtures with

high cement contents.

5.4.9 Cyclic indirect tensile testing

The indirect tensile stiffness modulus under cyclic loading follows the same trend as

the static indirect tensile modulus as shown in Figure 5.46 and Figure 5.47 where a

drop occurred in this parameter due to rubber incorporation as discussed in Section

5.4.2. However, comparing stiffness modulus value under cyclic load (Figure 5.46

and Figure 5.47) with those under static load (Figure 5.40 and Figure 5.41) reveals

that stiffness under cyclic loading is always greater than the static stiffness modulus

(Figure 5.50). Similar behaviour was observed by Gnanendran and Piratheepan

(2008). This might be attributed to the rate at which the load was applied. The greater

the loading rate the more the stiffness modulus.
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Figure 5.46: Effect of different rubber contents on
indirect tensile resilient modulus

Figure 5.47: Effect of cement content on indirect tensile
resilient modulus
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Similarly to the static case (Figure 5.41), both reference and rubberized mixtures

clearly showed the same trend in the stiffness value with the greater stiffness loss

when rubber is added at low cementation level (Figure 5.47). Therefore it is possible

to conclude that the NAT machine is an appropriate device to estimate the stiffness

modulus under dynamic loading. In addition, it is possible to estimate this dynamic

stiffness modulus from the testing under monotonic loading or vice versa, as there is

a linear relationship between these two parameters as illustrated in Figure 5.48 with

a high degree of correlation (R2=0.98).

Since this correlation covers a range of cementitious mixtures (cement and rubber

contents), it can be inferred that a unique relationship exist between these parameters

regardless of degree of stabilization and aggregate composition. Figure 5.49 and

Figure 5.50 demonstrates the linear relationship between ITS and UCS and dynamic

stiffness modulus, respectively, which also shows a fairly high degree of correlation

although there are clear outliers (Figure 5.48). All these relationships are in a good

agreement with those reported by Gnanendran and Piratheepan (2008). These authors

have reported that the simple relationships between UCS or ITS and the more

advanced tests can be considered as an important tool for estimating pavement

design inputs especially in the absence of sophisticated equipment and/or

professionals.
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Figure 5.48: Correlation of indirect tensile moduli under static and cyclic loading

Figure 5.49: Variation of ITST versus ITS
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5.5 Concluding Remarks

Based on the experimental program and the analysis of results discussed in this

chapter:

1. There was a drop in both UCS and ITS for the mixtures in which the natural

aggregate was replaced by the crumb rubber at all investigated cementation

levels. This can be attributed to the lower stiffness and strength of the rubber

particles as compared with the natural aggregates. Another contributory factor to

this decline is the damping effect of the rubber particles which affects the

compaction negatively.

2. Both ITS and UCS improved when mixtures contained more cement for both

CSAMs and RCSAMs. In addition, both of these strength parameters increase as

IT
S

T
,

G
P

a

Figure 5.50: Variation of ITST versus UCS
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curing period increase. This is due to the relative improvement in compactibility

of the mixtures and due to the increase in the hydration products as a result of

increase in cement content and/or curing period. This latter increase is

responsible for the enhancement of both the matrix strength and the bond

between this matrix and the aggregate particles.

3. Failure patterns of both ITS and UCS samples confirm a ductile behaviour once

rubber is added. The higher integrity and narrower cracking of the rubberized

mixtures as compared with those containing no rubber is beneficial for overlying

pavement surface courses since it may contribute to mitigating reflection

cracking from the base course (where rubber modified mixtures would be used)

cracking.

4. Behaviour of cemented rubberized mixtures containing different cement

contents is governed by the relative stiffness of rubber particles and surrounding

materials. At low cementation levels, the relative stiffness is low which permits

more even stress/strain distribution across the sample and hence less stress

concentration near the rubber particles. In the mixtures with high cement

content, on the other hand, the stiffness mismatch between rubber and matrix is

high which causes more stress concentrations around the rubber particles since

the surrounding matrix absorbs more energy proportional to its stiffness. In other

words, at high cementation level the rubber particles might behave like a void,

with the degree of this void-like behaviour dependent on the cement content.

This behaviour caused a greater decrease in the material’s strength when rubber

particles were introduced in rich cement mixtures compared to less reduction in

more poorly cemented mixtures.
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5. Characterization of the stress-strain relationship in compression is extremely

difficult even in rubber rich concrete mixtures. Recorded strain values are

usually heavily dependent on sample preparation and instrumentation for

accurate measurement because of a very low deformation at failure.

6. It was observed that the ITS is around 10% of the corresponding UCS. The

relationship between ITS and UCS is independent of aggregate composition and

degree of cementation.

7. An improvement in the mixtures’ toughness occurred due to rubber

incorporation. This improvement is thought to be due to both delaying the crack

propagation at micro and macro levels by relieving the stress induced at the

crack tip and due to lengthening the crack path when cracks propagate through

rubber particles. In this study both of these mechanisms were evidenced. On the

other hand, a drop in the material toughness was observed when more cement

was used with greater reduction at high cement content. In contrast, the greater

improvement in toughness occurred at high cement content after rubber

modification of the mixture. Nevertheless, the toughness improved after

introducing rubber particles at all cement contents.

8. Inclusion of rubber inside cement-stabilized mixtures reduced the material

stiffness which can be attributed to the softness of the rubber particles as

compared to the natural aggregate. For all cement contents less stiff mixtures

were produced when the rubber was used with the most significant reduction

observed at low cementation degree.
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9. Results were compared with previous studies conducted by other authors .This

gives more validity to the previously proposed correlations since the current

research was conducted on various aggregate compositions and cement contents.

At the same time, it defines on how cement and rubber may affect the

relationship between different mechanical properties. Moreover, the greater

confidence in these property relationships permits estimation by simple and

available testing methods of the properties that would otherwise require

advanced tests.

10. Fractal analysis reveals a higher fractility of the mixtures with increasing rubber

which indicates more energy is dissipated during the fracture process. This can

be considered a positive sign regarding the fatigue performance.

11. As compared with experimental or experimental-fractal analysis methods,

estimation of the toughness and/or fracture energy can be conducted, with some

degree of reliability, based on the analysis of surface cracks utilizing the fractal

analysis alone.

12. As compared with difficulties encountered in terms of preparation of testing

setup, accuracy of instrumentation and interpretation of results, using the NAT

machine to characterize cementitious stabilized materials can be considered an

excellent option to evaluate the behaviour of these mixtures under dynamic

loading. However, adopting the procedure used normally for evaluating asphaltic

mixtures in this machine would be likely to deliver misleading and inaccurate

results for cementitious materials. This is because the standard procedure does

not ensure that these stiff materials are tested within their elastic range.
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Chapter Six

Flexural Characterization and understanding

6.1 Introduction

Many authors (Arellano and Thompson 1998; Disfani et al. 2014; Arulrajah et al.

2015) confirm that cementitiously stabilized pavement layers, in realistic conditions,

are subjected to bending action. Therefore, they stated that the flexural test is the

most simulative to what is actually experienced in reality. Consequently, the flexural

test as reported by Disfani et al. (2014) is considered the preferred method to

characterize cementitiously stabilized materials as compared with other methods. In

addition, unlike the direct and indirect tensile testing methods, flexural testing
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produces a uniform tensile stress at the bottom of sample and does not need special

gripping or alignment arrangements, respectively. Notwithstanding, the indirect

tensile testing mode is still an important alternative due to the difficulties in

preparing and handling the prisms (Solanki 2010) or in case of weakly cemented

samples which may be damaged during installation in the flexural test arrangement.

However, this test is criticized since it considers only the uniaxial stress state

(Triches 2009). Even though the characterization of a pavement under dynamic load

application is more realistic because of its simulative nature, it is necessary to

evaluate the behaviour under monotonic loading to estimate the stress ratios required

to evaluate the behaviour under dynamic loading. These important flexural

characteristics include strength, toughness, modulus and fatigue.

The objective of this chapter is to provide a comprehensive evaluation of the flexural

properties of RCBGMs containing different percentages of crumb rubber. At the

same time the effect of cement content on the properties of RCSAMs is compared

with those of CSAMs. It is worth mentioning that some of the latter properties are

prerequisites for the fatigue performance evaluation which will be presented in

Chapter 9.

To understand the performance of the different mixtures under flexural loading and

their failure mechanism, a part of this chapter is directed to study the fractured

surfaces at mesoscale level. This includes firstly the characterization of these

fractured surfaces and, secondly, quantitative evaluation and comparison. The

purpose is to investigate the potential relationship between crumb rubber particles

and the type of cracking and the effect of these soft rubber particles on the crack
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propagation during flexural loading. Since the distribution of crumb rubber inside a

cement-stabilized mixture is likely to play an important role in stress and strain

distribution across the different types of specimens, it was decided to assess,

quantitatively, this distribution and to evaluate the probable segregation of these

particles.

6.2 Materials, mixture design and samples preparation

The same materials and mixture design were used as discussed in Chapter 4. All

mixing was conducted in a pan mixer with a capacity of 0.1 m3. In terms of mixing

sequence, the cement and dust were firstly mixed together until a uniform colour was

achieved then this was added to the rest of aggregate and mixed thoroughly for one

minute. After that, mixing for another two minutes was done after adding the

required quantity of water. To provide a meaningful comparison and correlations and

to overcome any source of variability due to the change in rubber content or

gradation .., etc., it was decided to conduct two steps: firstly, to use the same

compaction method used previously and, secondly, to batch, mix and compact each

prism individually. Standard 100 mm x 100 mm x 500 mm steel moulds were used

for manufacturing prisms. In order to achieve a uniform density, regular dimensions

and a smooth surface for accurate testing, a mould extension was fabricated to fit on

top of the mould and used so that more than a 100 mm height was achieved. The

specimen was then sawn down to 100 mm height using a diamond saw. After

placement in the mould, the mixture was compacted in three layers using a Kango

368 vibrating hammer fitted with a 100 mm x 100 mm square tamper. Figure 6.1

illustrates the manufacturing process steps.
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Due to the fact that the compacted mixtures are sensitive to the density of the mixture,

manufacturing uniform samples will permit comparison between different modified

mixtures. Furthermore, it will eliminate the most of the variability that result due to

differences in fabrication. To this end, the following methodology was used for

prism manufacture. After mixing and placing the fresh materials into mould, the mix

was compacted slightly and then a plywood plate of dimension to fit into the steel

mould was used to fit above the fresh mix. Afterwards, compaction was applied in

such a way as to ensure applying the same compaction effort for each part of the

prism. The adopted compaction methodology is shown in Figure 6.1c. The

compaction time was 60 second per layer at each position and each was scarified

prior to compaction of the next layer. Triplicate samples were manufactured for each

mix. All manufactured samples were left inside their moulds and covered with wet

paper and polythene sheets to prevent moisture loss. After 24 hours, they were

demoulded and wrapped with nylon film and placed in wet polythene bags and

closed tightly. Then, they were moved to the humid room and kept for 28 days. After

28 days curing, samples were demoulded, then the samples were trimmed-off as

shown in Figure 6.2. After that, the measurement of density was conducted using the

water displacement method.
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Figure 6.1: Sample preparation: a. mixing of materials; b. Sample moulds and

moulding; c. compaction procedure and d. samples curing
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6.3 Testing equipment and procedure

Flexural testing was conducted in accordance with BS 188: Part 118:1983. A 200 kN

capacity closed loop deflection controlled Zwick 1484 universal testing machine was

used for the static flexural testing program. The four-point bending test configuration

was used for prismatic specimens spanning 300 mm. To obtain the post-peak load-

deflection behaviour, the test was conducted under deformation control at a stroke

rate of 0.05 mm/min and the corresponding deflection was measured at mid-span

using two linear variable differential transducers (LVDTs). These were mounted

utilizing the Japanese yoke arrangement. The average value from these two LVDTs

was used as the measure of deflection at each load application. Figure 6.3 illustrates

the flexural testing configuration.

Figure 6.2: Sample preparations (a) sawing prismatic samples. (b) Sawn specimens

A B
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6.4 Methods of analysis

6.4.1 Flexural strength and static flexural modulus

Tests were conducted at 28-day age and the average of triplicate specimens was used

to represent each mix. The flexural strength was computed utilizing the following

formula

Fୱ =
PL

bhଶ
(6.1)

where Fs, L, P, b, h are the flexural strength in MPa, beam span in mm, ultimate load

in N, width of the prism in mm and height of the prism in mm, respectively. Static

flexural modulus of elasticity can be estimated from the linear part of the load-

deflection curve based on 30% of the ultimate load and its corresponding deflection

Figure 6.3: Static flexural testing configuration.

Yoke arrangement

Distribution platen

Targe
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(Arnold et al. 2012). Based on elastic theory, flexural stiffness modulus, Ef, can be

computed using the following equation

E=
Pa(3Lଶ − 4aଶ)

4bhଷδ
(6.2)

If ܽ=


ଷ
is substituted in equation 6.2, then this becomes,

E=
23PLଶ

108bhଷδ
(6.3)

where: a= span between load application points in mm and =ߜ deflection at mid-span

in mm. It should be noted that in this study the shear deformation was neglected.

This is because the square of the ratio between beam height and span i.e., (h/L)2 is

much less than unity (Jitareekul 2009).

6.4.2 Flexural toughness

Toughness can be considered as an indication of the ability of a material to absorb

energy (Erdem 2012) or, in other words, it is an expression of the energy required to

fully fail the specimen. In terms of normal concrete, a limited amount of research has

been conducted to quantify the toughening effect due to rubber replacement (Najim

and Hall 2012). Flexural toughness was estimated from the area under the load-

deflection curves as standardized in the ASTM C 1018 method which is most widely

used. This specification defines the toughness in terms of three indices (I5, I10 and I20)

which were calculated by dividing the area under the load-deflection curve at
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deflections of 3, 5.5 or 10 times the first crack deflection, respectively, by the area

under the curve up to the deflection when the first crack was observed. Figure 6.4

illustrates the methodology of the toughness estimation procedure.

6.5 Flexural testing results and discussion

6.5.1 Flexural strength

Figure 6.5 illustrates the effect of rubber replacement on flexural strength. A clear

reduction in strength is seen as the amount of rubber replacement increases. It seems

that the introduction of rubber has an adverse effect on the aggregate interlocking,

which can be considered, in this type of mixture, as the main factor for frictional

resistance development. The latter is the mechanism by which the compacted

mixtures resist applied traffic loading. In addition, the reduction in flexural strength

Figure 6.4: Toughness determination methodology. Redrawn from (Erdem 2012).
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can be attributed also to the drop in both tensile and compressive strengths due to

replacement of natural aggregate of high strength by the softer rubber particles.

Regarding the effect of cement, it can be seen from Figure 6.6 that increasing the

amount of cement resulted in an increase in flexural strength of the material for both

reference and rubberized mixtures due, no doubt, to increase in hydration products

that enhanced bonding of aggregate with surrounding materials. Also, this is

associated with an increase in both tensile and compressive strengths. The same

figure also shows that the decrease in the material strength due to rubber inclusion is

more pronounced in heavily stabilized materials than those lightly cemented. This

behaviour is consistent with the trend observed in the indirect tensile testing program

presented in Chapter 5. Therefore, it will be more feasible, from the strength point of

view, to use rubber as an aggregate replacement in weakly cemented mixes. This is

because in the stronger mixtures, the cost may increase due to using more cement

Figure 6.5: Effect of rubber replacement on flexural strength
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and causing more reduction in the material’s strength. However, such a decision is

not easy to take at this stage since the pavement structural design not only depends

on strength but on other parameters such as stiffness and fatigue behaviour.

Figure 6.7 and Figure 6.8 depict the relationships between flexural strength and UCS

and ITS, respectively. As can see from Figure 6.8, the tensile strength obtained from

the indirect tensile method is less than the value estimated based on flexural testing.

This is because the elastic behaviour assumed previously (Equation 6.3) does not

occur up to failure (Williams 1986; Arellano and Thompson 1998). On the other

hand, Figure 6.7 shows that there is a strong relationship between flexural strength

and the UCS (R2 = 0.99). This means that the former value can be computed from the

latter parameter. The developed correlation as presented on the figures is highly

consistent with the suggested correlation in Wen et al. (2014). This suggests that the

Figure 6.6: Effect of cement content on flexural strength



Chapter 6: Flexural characterization and understanding

202

correlation between the latter two parameters is a unique relation regardless of the

aggregate composition and the degree of stabilization.

6.5.2 Load-deformation relationships and flexural toughness

Figure 6.9 through Figure 6.16 show the load-deformation relationships for different

investigated mixtures. From these, the toughness values were computed in

accordance with the procedure discussed in Section 6.4.2. The conclusion that can be

drawn from Figure 6.17 is that the replacement of natural aggregate by rubber

enhances the toughness of the resulted mixtures. This can be attributed to the same

reasons as discussed in Chapter 5 (Section 5.4.4).

These findings are very consistent with the behaviour observed under indirect tensile

testing as presented in the previous chapter. Furthermore, many authors (Toutanji

1996; Aiello and Leuzzi 2010; Guleria and Dutta 2011; Najim 2012) have reported

Figure 6.7: Flexural strength and UCS

relationship.

Figure 6.8: Flexural strength and ITS

relationship.
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similar improvement in flexural toughness due to the inclusion of rubber in concrete

mixtures. In addition, this means improvement in deformability of the material and,

hence, the formation of a more ductile material (Topcu 1995). In fact, this may

ensure a mixture with less sensitivity to fatigue cracking which is, as reported by

Brown (2012), the main mode of failure in bound base courses of pavement

structures. The will be checked later in Chapter 9.

Figure 6.9: Load-deformation curves
for C5R0

Figure 6.10: Load-deformation curves
for C5R15

Figure 6.11: Load-deformation curves
for C5R30

Figure 6.12: Load-deformation curves
for C5R45
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Figure 6.13: Load-deformation curves
for C3R0

Figure 6.14: Load-deformation curves
for C3R30
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Figure 6.15: Load-deformation curves
for C7R0

Figure 6.16: Load-deformation curves
for C7R30
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In spite of the improvement in the material toughness due to the replacement of

natural aggregate with rubber, the addition of more cement has no obvious effect on

the toughness value of the rubberized mixtures. The toughness indices I5, I10, I20 for

the CSAM and RCSAM show (Figure 6.18) the same behaviour at different cement

contents. However, the toughness was improved due to rubber inclusion at all cement

contents as is clear from the same figure. This supports the interpretation that the

mechanism of a slight increase in toughness due to rubber addition may depend on

the delaying (when the crack reaches the rubber particles) and lengthening (since the

crack propagates through the rubber particles) of the crack propagation. If it were a

crack bridging effect, we would expect to see increased toughness with increased

cement content because of the better bond between rubber and adjacent material.

Figure 6.17: Toughness indices for CSAMs containing

different amounts of rubber and 5% cement
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6.5.3 Static flexural modulus of elasticity

Figure 6.19 clearly shows that there was a reduction in the stiffness of mixtures due

to replacement with rubber particles. This, in fact, confirms the same behaviour

presented previously (Chapter 5) and is in good agreement with previous findings

conducted for concrete mixtures (Turatsinze and Garros 2008; Najim and Hall 2012).

By comparing and contrasting the CSAMs and RCSAMs (Figure 6.20), it seems that

the increase in cement content has increased the materials’ stiffnesses for both types

with the same rate of change. However, there was a pronounced increase in the

stiffness of the mixtures when cement content increased from 3% to 5% and little

further benefit when the cement was increased to 7%. This may suggest, in terms of

Figure 6.18: Toughness indices for CSAMs containing

different amounts of cement and 30% rubber
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stress attractiveness, that the use of higher than 5% cement to stabilize the mixture

may not improve the ability of the mixtures to attract stress in pavement since the

latter depends largely on the stiffness of that layer in which these mixtures will be

used. In many circumstances a reduced stiffness without significant strength loss

would be desirable, reducing brittleness and attraction of load. Nevertheless,

increasing the latter by using stiffer cement-stabilized materials may be beneficial

especially in cases that require designing the stabilized layer as the main structural

layer of a pavement.

Figure 6.19: Effect of rubber replacement on static flexural stiffness
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Figures 6.21, 6.22 and 6.23 illustrate the relationships between static modulus of

elasticity and UCS, ITS and flexural strength, respectively. From these, it can be

concluded that there was a good relationship between these latter parameters.

However, it seems that the UCS is better correlated with flexural modulus as

compared with the other two. These correlations can be used to estimate, reliably, the

flexural modulus from the simple parameters in case of the unavailability of

advanced tests or skilled testing staff, as recommended by the Mechanistic-Empirical

Pavement Design Guide under Input Level 2.

Figure 6.20: Effect of cement content on static flexural stiffness

3 4 5 6 7
Cement content, %

32

36

40

44

48

F
le

x
u

ra
l

st
if

fn
e

ss
,

G
P

a

RCSAMs

VCSAMs

R2 =0.87

R2 = 0.71



Chapter 6: Flexural characterization and understanding

209

Figure 6.23: Flexural strength and modulus relationship
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Figure 6.22: Static flexural modulus and ITS relationship
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Figure 6.21: Static flexural modulus and UCS relationship
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6.5.4 Failure patterns

Observing fractured surfaces of failed samples reveals that, at low cement contents

(3%), the dislocation of the aggregate particles is the predominant failure mode. In

samples contained 5% cement content, the cracks were propagated through the

aggregate particles (aggregate fracture) and around the aggregate (aggregate

dislocation). Finally, in highly cemented mixtures, the majority of aggregate particles

were fractured. Figure 6.24 illustrates the three different failure patterns.

The reason behind these three failure patterns may be because of the different bond

strengths between aggregate particles and the aggregate-cement matrix interface.

This is largely controlled by the presence and penetration of the water-cement slurry

under compaction pressure and because of the density of the cement matrix (fines

plus cement) giving reasonable strength around the aggregate particles. The latter

observations and explanation support the hypothesis proposed in Chapter4 (Section

4.3.1) regarding the performance obtained during vacuum-saturation testing.

Figure 6.24: Failure pattern of CSAMs at different binding degrees: A.3% cement,

B. 5% cement and C.7% cement (Red and black arrows indicate failure through and

around aggregate, respectively)
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6.6 Quantification of the flexural induced fractured surfaces

To provide more understanding regarding the effect of rubber on the behaviour of

CSAMs and the mechanism of their failure, a quantitative evaluation of the flexural

induced fractured surfaces was performed in terms of 3D tortuosity, volumetric

surface texture ratio (VSTR) and roughness number (Ra).

6.6.1 Quantification parameters

6.6.1.1 Volumetric Surface Texture Ratio (VSTR)

This was suggested by Vandenbossche (1999). The volumetric surface texture ratio

(VSTR) is the texture volume above and below the mean plane (Figure 6.25) divided

by the total projected area. VSTR can be calculated from predetermined segments on

the surface using the following equation (Chupanit and Roesler 2008):

VSTR =
∑|R୧. A୧| + ∑หS୨. A୨ห

∑(A୧+ A୨)
(6.4)

where

Ri=distance above mean plan.

Sj=distance below mean plane.

Ai and Aj= projected area of each grid (1 mm2).

To estimate these surface parameters, it is necessary to acquire the fractured surface

in terms of xyz coordinates.. This was done utilizing a photogrammetry procedure.
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One application of the VSTR is its use to calculate volumetric surface texture (VST)

which is used for calculation of joint load transfer and joint shear stiffness in analysis

of cracked flexible pavements (Vandenbossche 1999; Chupanit and Roesler 2008;

Vandenbossche et al. 2014).The surface area was calculated according to the

methodology presented in Chupanit and Roesler (2008).

6.6.1.2 3D tortuosity

Tortuosity can be defined as the ratio between the actual crack length and the

projection of that crack (Hassan 2012). In this research, the earlier definition was

extended to evaluate the 3D tortuosity as the ratio of the surface area of the fractured

surface to the projection of that surface. The surface area of the fractured surface was

estimated according to the methodology presented in Chupanit and Roesler (2008) as

the summation of all small triangles (formed by connecting the xyz data) which form

that surface (Figure 6.26) using the following equations:

Surface

Mean plan

Figure 6.25: Illustration of fractured surface and the plane surface.
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Area = ඥS(S − a)(S − b)(S − c)(6.3) (6.5)

S =
a + b + c

2
(6.6)

a = ඥ(xଵ − xଶ)ଶ + (yଵ − yଶ)ଶ + (zଵ − zଶ)ଶ (6.7)

b = ඥ(xଶ − xଷ)ଶ + (yଶ − yଷ)ଶ + (zଶ − zଷ)ଶ (6.8)

c = ඥ(xଷ − xଵ)ଶ + (yଷ − yଵ)ଶ + (zଷ − zଵ)ଶ (6.9)

6.6.1.3 Arithmetic mean roughness (Ra)

This is another measure to describe the fractured surface either on a two (fracture

profile) or a three (fractured surface) dimensional basis. This can be estimated using

the following formula (Padilla 2008):

Figure 6.26: Surface area estimation methodology (Chupanit and Roesler 2008)
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Rୟ =
1

mn
  |Z(x୧, y୧) − Zୟ୴|

୬ିଵ

୨ୀ

୫ ିଵ

୧ୀ

(6.10)

Where

m, n= number of points in x and y directions, respectively.

Z(xi,yj)=topographical data of the surface.

Zav=average surface height which can be calculated as follows:

ܼ௩ =
1

mn
  Z(x୧, y୧)

୬ିଵ

୨ୀ

୫ ିଵ

୧ୀ

(6.11)

6.6.2 Fractured surfaces characterization methods

To estimate the previous surface parameters, it is necessary to acquire the

topographical information for these fractured surfaces in digital form of xyz data.

Several methods were used in the past for acquisition of the fractured surfaces of

concrete and rock samples. These include vertical scanning interferometer (Erdem

and Blankson 2013), laser scanning (Carpinteri et al. 1999; Chupanit and Roesler

2008), 3D scanner (Hong et al. 2006; Werner et al. 2013), dyed water tank (Issa and

Hammad 1994; Issa et al. 2003), probes method (Vandenbossche 1999;

Vandenbossche et al. 2014) and photogrammetric methods (Lee and Ahn 2004). In

this research, due to unavailability of the above techniques, it was intended to use the

photogrammatric procedure for fractured surface topographical data acquisition.

Even though the laser scanning by profilometry utilized in Chapter 4 (Section 4.3.3)

can be used, in theory, to characterize the fracture surfaces, the limitation associated
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with the available version of machine (maximum difference between surface points

is 10 mm) has prevented its use in this part of the study.

6.6.3 Photogrammetric method

Surface characterization using a photogrammetric procedure provides many

advantages especially in terms of its fast applicability and medium cost. In addition,

the generated 3D model can be improved by adding more images. However, this may

be time consuming since the processing demands more time (Santos and Júlio 2013).

There are two main approaches that can be used to process digital images to generate

3D surfaces using either algorithms from photogrammetry or from the motion (SfM)

technique which has been largely developed by the computer vision community.

Using close-range photogrammetry, it is possible to reach an estimated accuracy of

better than 1mm with non-metric cameras (Remondino and Fraser 2006). There are

a number of commercial photogrammetric software packages able to give accurate

3D surface measurements. In SfM, however, often the visualisation and automation

of the 3D model is more important than the accuracy. Similar to stereo-

photogrammetry, SfM can use a set of images acquired with a consumer grade

camera to generate a 3D surface. The main difference compared to photogrammetry

is that image acquisition can be more flexible in relative position and attitude of the

images. The procedures that both photogrammetry and SfM share are: camera

calibration, image matching, and inverse triangulation with bundle adjustment for 3D

point cloud generation. Figure 6.27 shows this sequence of adopted activities.
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The photogrammetric and SfM processes were used to generate the 3D surface

modelling of fractured cement-stabilized aggregate samples in terms of a cloud of X,

Y, Z coordinated points. Firstly, the fractured surfaces were carefully trimmed, from

the rest of the fractured halves, to avoid any damage that may affect them. Two

samples were used for each mixture. To minimize the processing time and to help

extraction of the coordinates defining the fractured surface, the sides of each sample

were painted white and placed on a white background. This helped the process of

removing unwanted point as it is easier to differentiate points on the fractured surface

from those on the white surfaces. Then, several images from different angles and

positions were captured, after control point fixing, using a Canon 5D Mark II high

resolution camera. A datum is required to define the coordinate system and four

specially designed markers of 50 x 50mm which were placed on each of the samples

as shown in Figure 6.28b and surveyed using a reflectorless total station (LeicaTPS

1200) in order to produce coordinates so they could be used as control points in the

image orientation process, see Figure 6.27. The experimental procedure is illustrated

in Figure 6.28.

Figure 6.27: A flow diagram of the photogrammetric and structure from motion processes

(Farhan et al. 2015).
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Figure 6.28: Photogrammetric procedure preparation steps: a. painted fractured samples; b.

fixing references; c. image capturing from different angles and d. surveying references

coordinates on fractured surfaces
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Eight fractured samples were modelled and transformed to their ‘total station'

coordinate system utilizing the aligning tool in Cloud Compare software

(CloudCompare 2013). Cloud Compare provides details of the transformation

process such as the transformation matrix, Root Mean Square Error (RMSE) of the

transformation and the recovered scale. With four control points on each sample the

RMSE values of the residuals give a quality estimate when transforming each sample

to a local ‘total station’ coordinate system This gives an indication of the estimated

quality of the coordinates defining the surface. RMSE values for different scanning

are tabulated in Table 6.1. As can see from the latter table, significant differences

among RMSE values exist between different samples of the same mixture especially

for C5R0 and C5R15. This can be attributed to the process of surveying and

measuring targets or the difference in the angle of image capturing during image

acquisition process (Santos and Júlio 2013), where the RMSE value is a scanning-

dependent parameter. However, as can be seen from Table 6.1 all the RMSE values

are well below 1mm with an average RMSE value of 0.64mm. This was considered

acceptable for the purposes of these experiments. Based on the work by Beshr and

Abo Elnaga (2011), RMSE values of less than 0.2mm are achievable for the

coordinates of the marks based on a range of less than 2m, and an inclination of less

than 45°, so there appears to be the possibility of further improving the technique in

the future.

Sample
ID

C5R0-
1

C5R0-2 C5R15-1
C5R15-

2
C5R30-

1
C5R30-

2
C5R45-

1
C5R45-

2

RMSE
(mm)

0.54 0.20 0.68 0.44 0.84 0.82 0.88 0.73

Table 6.1: RMSE of the residuals at the control points on the fractured
surface (Farhan et al. 2015)
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6.6.4 Fractured surface quantification findings

Based on the above procedure, the 3D digital fractured surfaces were constructed

from the xyz coordinates for each surface as shown in Figure 6.29 through Figure

6.36. From these surfaces, the tortuosity, roughness and VSTR were estimated from

the procedures mentioned above. Figures 6.37, 6.38 and 6.39 reveal that the inclusion

of rubber causes greater tortuosity, roughness and VSTR, respectively, for all

replacement levels. This can be explained as follows. An increase in the embedded

rubber particles increases the number of weak points because of the large differences

between moduli of rubber and adjacent particles. This, in turn, may causes cracks to

divert via these weak points, hence changing (and maybe lengthening) the crack path

so that it becomes more tortuous. However, amongst the rubberized mixtures, the

smaller differences between the values of tortuosity, roughness and VSTR might be

because of the local distribution of the crumb rubber inside the sample. In addition,

each surface parameter gave different rankings where C5R15 has, for example, the

larger VSTR while C5R30 has the larger tortuosity. Chupanit and Roesler (2008)

have reported the same behaviour and they attributed that to unavoidable differences

in the scale and resolution when scanning to assess both surface parameters.

Based on these results it can be concluded that the great benefit from the rubber

inclusion, in terms of the load transfer efficiency, can be achieved up to 30% rubber

replacement. After that the crack may propagate in such a way that produce less

tortuosity since the density of rubber distribution inside the mixtures may make a

crack propagates straightforward through these rubber particles. This, in fact,

confirms the same conclusion presented in Chapter 4 regarding avoidance of higher

replacement levels.
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Figure 6.29: Samples of fractured surface scan of C5R0-1

Figure 6.30: Samples of fractured surface scan of C5R0-2
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Figure 6.31: Samples of fractured surface scan of C5R15-1

Figure 6.32: Samples of fractured surface scan of C5R15-2
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Figure 6.34: Samples of fractured surface scan of C5R30-2

Figure 6.33: Samples of fractured surface scan of C5R30-1
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Figure 6.35: Samples of fractured surface scan of C45R0-1

Figure 6.36: Samples of fractured surface scan of C45R0-2
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Figure 6.37: Effect of rubber content on 3D tortuosity

Figure 6.38: Effect of rubber content on roughness number.
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6.6.5 Implications of fractured surface study

The practical implication of tortuosity increase is production of tougher and less

brittle materials as observed by Guo et al. (2007) who introduced a brittleness

parameter as the inverse of the tortuosity value (brittleness parameter =A/As, where

As and A represent the surface area of the fracture surface and the projection of that

surface, respectively). In addition, these findings also support the previous ones

reported in this Chapter and Chapter 5 in terms of toughness and fractal analysis.

Unlike dowelled rigid pavements, aggregate interlock represents the only means for

load transfer between blocks after cracking. A rougher crack is likely to ensure good

load transfer efficiency across the crack after its formation (Vandenbossche 1999;

Vandenbossche et al. 2014) from which greater material toughness results. This, in

turn, may reduce the risk of reflective cracking and increase the shear stiffness of the

joint.

Figure 6.39: Effect of rubber content on VSTR.
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6.7 Failure mechanism

In support of the previously mentioned hypothesis that the rubber deflects the crack

route through the mixture, the amount of rubber per perpendicular unit length across

the fractured surface was determined by an image processing technique utilizing the

ImageJ software. Firstly, the fracture surfaces images were captured using a high

resolution camera. Then these were converted from RGB mode to an 8 bit greyscale.

ImageJ tools were then utilized to conduct thresholding (Figure 6.40) and,

eventually, to estimate the rubber content across this surface. The resulting

measurement was compared with the quantity used which was known from the mix

design. It was found, as shown in Figure 6.41, that the proportion of rubber visible on

the crack surface is more than that used. Furthermore, this difference increases as

rubber content increases. The above results confirm that the cracks propagate around

rubber particles which supports the conjecture of longer crack paths. This, in fact,

explains clearly the increased flexural toughness reported in this chapter. Findings of

the investigation conducted for flexure-induced cracking of the prismatic samples

seem quite consistent with the previous findings conducted for the cylindrical

specimens failed under indirect tensile testing. This, in turn, suggests that there is a

unique failure mechanism of the cemented aggregate as previously explained,

regardless of the method of characterization.
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6.8 Rubber distribution study

Rubber particles have an important effect on the cracking and crack propagation

mechanism as evidenced in this chapter and in Chapter 5 where it was observed that

the cracks propagate through these particles. Therefore, rubber distribution inside the

Figure 6.40: Analysis of rubber quantity through fractures surface: a. captured image, b.

thresholded image and c. thresholding process.

Figure 6.41: Effect of replacement level on

amount of rubber across the fractured surfaces.
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mixture has an important effect on the stress/strain distribution and hence the crack

initiation and propagation. Consequently, to provide a comprehensive understanding

about the mixtures in which some rubber particles were incorporated, it is necessary

to investigate the internal structure at mesoscale level to quantify the rubber

distribution inside rubberized samples. This is believed to be the first time that the

quantitative rubber distribution for cementitious materials (not just cement-stabilized

mixtures) containing different amounts of rubber has been attempted. This is also to

ascertain if a non-uniform rubber distribution would cause asymmetrical stress

distribution and hence reduce the load carrying capacity of the samples. To this end,

rubber distribution will be quantitatively examined both vertically and radially and

the segregation will also be evaluated.

6.8.1 Experimental procedure and image analysis

Cylindrical and prismatic samples, manufactured as previously described were used

in this investigation. Three mixtures were used in this study: C5R15, C5R30 and

C5R45. The X-ray machine at The University of Nottingham was used.. Image

cropping, scaling, filtration and thresholding were conducted using ImageJ software.

Initial investigations showed that there were two cases with images having a high

degree of disruption. These occurred in the case of wet or hot samples.. For this

reason, and before scanning, the samples were dried for 24 hours at 105° C. After

that, these were left for 4 hours to cool down. Samples were mounted in the X-ray

machine and some "Blue tack" was placed underneath the sample to avoid any

rocking during the sample scanning.
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6.8.1.1 Interval of X-ray scanning

It is generally accepted that the less the scanning interval, the less information is lost.

However, from initial scanning trials, it was observed that the scanning requires

about 8 minutes per slice which means around 26.7 hours (plus setup time) is

required to scan a sample of 100 mm diameter at 0.5 mm intervals. Since the

objective of this study is to quantify the rubber distribution of particle sizes ranging

from 2 to 6 mm, it will be adequate to do x-ray scanning at an interval of 1 mm. The

X-ray machine described in Chapter 5 was used for X-ray scanning to produce a

hundred 2D images at 1 mm slice interval for each sample. These were converted to

8-bit format for more processing and analysis.

6.8.1.2 Filtration and thresholding

Due to insufficient illumination, the scanned images may contain some noise. For

better and accurate data acquisition from these images, it is necessary to remove this

noise through filtering of the images. This can be conducted through a smoothing

process which is considered as the simplest method of filtering. This process proved

to be effective in the case of small noise problems.

Image thresholding is a process to separate and extract the desired objects of the

image from the background of that image based on the pixel's density. Images are

normally produced with a grey scale ranging from 0 (the darker pixels) to the 255

(the lighter pixels). Thresholding is normally conducted by choosing a value on the

grey scale to define a region of interest. The result of this process is the conversion of

the grey scale image to a binary image (black/white image) where the pixels having a
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value below the threshold value are converted to black while those above will be

converted to white.

6.8.1.3 Image analysis methodology

It was observed during the initial investigation that the grey level of the rubber

particles and of the air-voids is quite similar which makes it extremely difficult to

discriminate between these two components. Therefore, the following methodology

was suggested and implemented for thresholding. Firstly, the threshold value was

selected based on visual observation. Then the analysis was conducted and the

amount of rubber in the rubberized samples was estimated from image analysis. The

latter was compared with the actual amount of rubber used in the mixture based on

the mix design. If these were equal then the initial value could be considered as the

design threshold. Otherwise, another threshold value was attempted until the amount

of rubber calculated based on image analysis and from mix design were equal.

Initial inspection of the scanned images revealed some rubber clusters in the

horizontal plane (Figure 6.42). For better assessment of rubber distribution in

cemented mixtures, it is necessary to evaluate the distribution both vertically and

radially. Vertical distribution can be computed by studying the change in rubber

percentage from one image to the next above or below.
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To this end, the radial distributions were evaluated along with the rubber segregation

methodology by evaluating the rubber contents and distribution in the internal core

and external ring of equal cross-sectional areas. The details are presented in the next

section.

6.8.1.4 Segregation analysis

The rubber segregation was evaluated based on image analysis using ImageJ

software and the methodology presented in Erdem (2014) was adopted. Erdem's

methodology assesses the aggregate segregation, quantitatively, in concrete samples

both horizontally and vertically. After capture, images were filtered and thresholded

as previously discussed. The binary images along the sample height were used to

estimate the volume of total rubber in the upper and lower halves and this was

expressed as a ratio of the total rubber volume in the whole samples (Figure 6.43a)

using Equations 6.4 and 6.5.

Figure 6.42: Samples x-ray images showing the rubber clustering in cemented mixtures
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ܴ௨ =  ௩ܸ௨ ÷ �ܸ 



ୀଵ

(6.12)

ܴ=  ௩ܸ÷��ܸ



ୀଵ

(6.13)

where Rvu, Vvu and Vaf represent volumetric ratio of rubber in upper half, volume of

aggregate in upper half and volume of aggregate in whole sample, respectively.

Similarly, Rvl, Vvl and Vaf are for the lower half. In terms of horizontal segregation,

Erdem’s methodology was adjusted in this research since his was suggested to

evaluate the horizontal segregation in cubical specimens. Therefore, instead of the

lower and upper parts in horizontal direction used by the latter author, internal and

external parts were used in this research (Figure 6.43b). Then the volumetric ratios in

external (Rve) and internal (Rvi) parts were calculated as follows:

ܴ =  ௩ܸ ÷ ܸ



ୀଵ

(6.14)

ܴ=  ௩ܸ÷ �ܸ 



ୀଵ

(6.15)

To assess the segregation quantitatively, Erdem (2014) stated that he used the

following criteria:

Rvu=Rvl=1 and Rre=Rri=1 No segregation
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1.0 > R୴୳  ≥ 0.85    or       1.0 > R୴୪ ≥ 1.15                             Moderate segregation

1.0 > R୰ୣ  ≥ 0.85    or       1.0 > R୰୧ ≥ 1.15                                                                         

R୴୳ < 0.85 or R୴୪> 1.15 High segregation

R୰୧൏ ͲǤͅͷݎ��������� > 1.15

Erdem (2014) used these criteria to describe the segregation of aggregate in a

concrete mixture. These are on the basis of ±15% deviation from uniform

distribution (i.e., 50:50). Unfortunately, this author provided an incorrect

formalization for the percentages in the upper, lower, internal and external zones.

Inspection of the criteria and the formalized equation in their present forms reveals

that the resulting proportion will never be more than 100%. Therefore, the

expressions given above (Equations 6.12, 6.13, 6.14 and 6.15) have been modified to

make them consistent with the provided criteria. This was conducted by adjusting the

dominator of the latter equation to become 50% of ܸ.

Figure 6.43: Methodology for radial (a) and vertical (b) segregation evaluation

(a) (b) Volume of internal part= volume of external part
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6.8.2 Rubber distribution and segregation results and discussion

6.8.2.1 Vertical and radial rubber distribution

Figure 6.44 illustrates the rubber distribution along the sample height for different

rubberized mixtures. This figure shows that the rubber distribution is fairly uniform

for C5R15 and C5R30 where the standard error was estimated as 7.9% and 7.6% for

the latter two mixtures, respectively. The C5R45 showed the larger variability

(standard error of 14.8%) as compared with the other two replacement levels. This,

in fact, confirms the assumption made in Chapter 5 (Section 5.2.2) regarding the

non-uniform rubber distribution.

Regarding the radial distribution, Figure 6.45, Figure 6.46 and Figure 6.47 show the

rubber distribution in the internal core and external ring for investigated rubberized

mixtures. There is a uniform rubber distribution throughout the sample height in both

Figure 6.44: Vertical rubber distribution for different RCSAMs
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internal and external parts of the C5R15 sample as is clear from Figure 6.45. The

standard error of the mean in these parts is 3.7% and 6.25%, respectively.

In the sample of C5R30, the same previous distribution was observed. However,

4.7% and 5.3% are the standard error of the vertical rubber distribution in the internal

and external parts, respectively. Finally, the C5R45 sample demonstrated a large

variability where the standard error of the rubber distribution across the sample

height was estimated as 10.4% and 9.1%, respectively, for internal and external

sample parts.

Figure 6.45: Radial rubber distribution in

external and internal parts of C5R15 sample
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6.8.2.2 Rubber segregation analysis

Rubber segregation deals with the quantity of rubber in the different parts (upper,

lower, internal and external) of the rubberized sample. Table 6.2 shows rubber

Figure 6.46: Radial rubber distribution in

external and internal parts of C5R30 sample

Figure 6.47: Radial rubber distribution in

external and internal parts of C5R45 sample
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segregation analysis for cement-stabilized aggregate mixtures containing different

rubber replacement levels. In terms of the uniformity of rubber distribution, as can be

seen from this table, C5R30 showed the least variation both vertically and radially

where these are 1% and 0.3%, respectively. The 3D representation of the rubber in

the latter mixture sample is illustrated in Figure 9.48. However, the maximum

variation was less than 20% which can lead to a conclusion that there was a

reasonable uniformity in the rubber distribution across the cylindrical samples. This,

in turn, is expected to mean that the particular distribution of the rubber particles

inside the cemented mixtures has little effect on the strength reduction of the

modified mixture. Due to the scope of this research and the expensive cost of the

scan, one sample was X-rayed for each mixture.

Mixture

Vertical distribution Radial distribution

Segregation

Degree

Rvu

(Rvu/0.5)

Rvl

(Rvl/0.5)

Difference
Rre

( Rre/0.5)

Rri

( Rri/0.5)

Difference

C5R15
56.32%

(112.6%)

44.57%

(89.1%)
11.64%

59.9%

(80.2%)

40.11%

(119.8%)
19.8% High

C5R30
49.89%

(99.77%)

50.10%

(101.8%)
1%

50.15%

(99.7%)

49.85%

(100.3%)
0.3% moderate

C5R45
57.66%

(115.3%)

41.68%

(83.4%)
16.1%

49.10%

(101.8%)

50.90%

(98.2%)
1.8% High

Table 6.2: Rubber segregation analysis for RCSAMs containing different amount of rubber

Rvu+Rvi should be sum to 100%; Rre+Rri should be sum to 100%.

Small errors are observed due to the discretization of the X-ray CT scans
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To answer an interesting question regarding the uniformity of rubber distribution in

prismatic samples, a simple qualitative study was conducted. Firstly, three samples

were manufactured by the same procedure as described earlier and cured for 28-days.

Afterwards, these were sliced longitudinally at top third, middle third and bottom

third. A sample of rubber distribution is depicted in Figure 6.49 and Figure 6.50.

From these figures, the uniformity of the rubber distribution across different samples

containing different amounts of rubber can be seen qualitatively (Farhan et al. 2015).

Based on the rubber distribution investigation, it can be concluded that there is no

significant non-uniformity in the rubber distribution in the investigated mixtures.

However, from observing the rubber distribution at 45% replacement level, there is

some indication that higher replacement ratios might be prone to larger variations.

Figure 6.48: Sample of 3D distribution for RCSAMs containing 30% rubber replacement
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This confirms the effectiveness of the mixing method in producing reasonably

uniform distribution. In addition, it is possible for future studies (to avoid the heavy

duty work and speed up the manufacturing process) to core samples from the

manufactured slabs since this will not affect the results due to uncertainty of rubber

distribution.

Figure 6.49: Samples of rubber distribution in the middle of

prismatic specimens containing (a) 15%, (b) 30% and (d) 45%

Figure 6.50: Samples of rubber distribution in prismatic specimen

containing 30% rubber replacement at (a) top, (b) middle and (d) bottom
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6.9 Concluding remarks

Conclusions regarding the flexural properties

1. A reduction occurred in the flexural strength of the cemented mixtures upon

rubber incorporation. This increased as rubber replacement increased. On the

other hand, increasing cement content improves the flexural strength. However,

the reduction in flexural strength due to rubber inclusion seems to be larger in

the case of heavily stabilized mixtures than in lightly cemented mixtures.

2. Static flexural modulus was reduced as a result of using the soft rubber particles.

Increasing stabilizer content increases the stiffness of both rubberized and

reference mixtures. Stiffnesses of both rubberized and reference mixtures are

sensitive to the addition of stabilizer up to about 5% cement content. Further

addition of cement will probably not be beneficial since the cost of more cement

may not lead to a noticeable improvement in stiffness.

3. Replacement of natural aggregate with crumb rubber has a positive impact on

producing tougher pavement mixtures. Furthermore, this finding is observed at

all cement contents. However, cement content does not have a clear effect on the

flexural toughness of either the reference or the rubberized mixtures.

4. Good bond was achieved at higher cement contents. Observing the fractured

surfaces of highly cemented samples reveals that majority of the cracks were

propagated through aggregate.

5. The following correlations presented in Table 6.3 below are concluded:
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Conclusions regarding the characterization of flexural-induced fractured surfaces

1. The photogrammetry method was found to be an effective method to

characterize the fractured surfaces of the failed samples.

2. Inclusion of rubber in cement-stabilized aggregate mixtures resulted in a

tortuous, larger VSTR and rougher cracking patterns as compared with the

reference mixture. This, in turn, should ensure improvement in the load transfer

across the cracks. The variability in improvement with different rubber contents

can be attributed to the local rubber distribution and scanning resolution

dependency of these characterization measures.

No. Correlation Parameters and units Figure No. R2

1 Fs=1.262 * ITS
Fs= flexural strength, MPa

ITS=indirect tensile strength, MPa
6.8 0.62

2 Fs=0.135 * UCS

Fs= flexural strength, MPa

ITS=unconfined compressive

strength, MPa

6.7 0.99

3 Ef= 2.74 * ITS +32
Ef = static flexural modulus, GPa

ITS=indirect tensile strength, MPa
6.22 0.63

4
Ef = 0.41 * UCS

+28.45

Ef = static flexural modulus, GPa

ITS=indirect tensile strength, MPa
6.21 0.82

5 Ef= 2.7 * Fs +29.7
Ef = static flexural modulus, GPa

Fs= flexural strength, MPa
6.23 0.62

Table 6.3: Flexural properties correlations
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3. Quantification of the rubber quantity across the fractured surfaces revealed

larger amounts of rubber which indicates the flexure-induced cracks were

preferentially propagated through these particles.

4. The findings from the fractured surface characterizations are consistent with the

fractal analysis (presented in Chapter 5) and internal structural observations

performed for the samples failed under indirect tensile testing. This provides

support for the proposed failure mechanism of rubberized cement-stabilized

aggregate mixtures which assumes that the cracks are propagating through the

rubber particles embedded inside the mixture.

5. Studying the fractured surfaces of the failed specimens, at mesoscale level,

provides important information regarding the failure mechanism and nature of

the mixtures (brittle vs. ductile).

Conclusions regarding the mesoscale characterization of internal structures

1. Quantitative analysis of the rubber distribution revealed a uniform vertical

rubber distribution at 15% and 30% replacement levels. However, greater non-

uniformity in this distribution appeared at 45%.

2. The radial rubber distribution revealed that the vertical distribution in the

internal core and external ring (of the same cross-sectional area) is fairly

uniform especially in C5R15 and C5R30 mixtures.

3. Segregation analysis revealed that the least segregation occurred in the mixture

containing 30% rubber replacement.
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4. Qualitative observations conducted for prismatic samples showed and confirmed

the fairly uniform rubber distributions seen in the cylindrical specimens.
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Chapter Seven

Non-destructive evaluation and their correlations

7.1 Introduction

Non-destructive methods, namely ultrasonic and resonant frequency testing, have

been used extensively over the last forty years to investigate the properties of

different types of concrete. These studies resulted in a standardization of these testing

in ASTM C597-09, ASTM D2845-95 and ASTM C1018 for concrete and rock.

However, a limited number of investigations was reported in the literature regarding

the application of this type of testing to characterize cemented materials (Su et al.

2013; Mandal et al. 2014).
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Therefore, the main focus of this chapter is to evaluate, firstly, the properties of

cement-stabilized aggregate mixtures containing different amounts of rubber

particles under different cementation levels. This will help to determine to what

extent the rubber and its interaction with cement may affect the properties. This may

help to reveal the sensitivity of these characterization methods to the small change in

aggregate composition and degree of cementation and hence this will lead, at the

same time, to the evaluation of the feasibility and suitability of non-destructive

testing to characterize cementitiously-stabilized mixtures in general. Since the

investigated mixtures include different aggregate compositions or degrees of

compaction bonded at different cement contents, the correlation of their response

under non-destructive testing with other advanced or destructive tests will provide an

important tool to estimate the advanced properties at less cost and effort. It should be

noted that the correlations between different tests represent the second input level

methodology for pavement analysis and design as recommended by mechanistic-

empirical pavement design guide (Applied Research Associates 2004). This is also a

quick and cheap method for assessment of the materials in the field as reported by Su

et al. (2013). Finally, a new application was proposed in this research for non-

destructive testing as a useful tool to accurately assess the mixtures’ behaviour under

cyclic loading. This latter methodology will be used in this research for further

characterization of CSAMs.

7.2 Importance of the non-destructive testing for pavement design

The mechanistic-empirical pavement design guide (Applied Research Associates

2004) recommends that one of three input levels (1-3) is to be used in pavement
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analysis and design to characterize pavement mixtures (Hilbrich and Scullion 2007).

Firstly, Input Level 1 represents the highest level of reliability by measuring the

material’s fundamental properties directly from the materials to be used in pavement

construction. Secondly, due to the fact that the advanced testing methods almost

always require well-trained staff and a sophisticated laboratory which may be not

always available, the guide introduced Input Level 2. In this level, simple, economic

and available testing is conducted and the fundamental properties are then estimated

from correlations with these test results. Finally, Input Level 3 relies totally on the

default values for these properties. Despite adopting the resonant frequency as a

design input by some authors (Nunn 2004; Lav et al. 2006), non-destructive testing

provides valuable information to develop correlations with the results of the most

advanced tests and these, in turn, provide the required inputs for pavement analysis

and design with less time, effort and cost. These laboratory-based correlations along

with the direct measurement in this field can be used for quality control purposes by

estimating the in situ strength and stiffness.

7.3 Materials, mixture design and samples preparation

Materials, mix design and all sample preparation steps were kept as previously

discussed in Chapter 4. In this chapter, the measurement of non-destructive

properties was conducted for all different samples’ shapes. The reasons behind this

are, firstly, to ensure measuring both destructive and non-destructive performance for

the same samples and hence obtaining an accurate correlation and the possibility of

estimation of different parameters from non-destructive testing. In addition, it is to

investigate the effect of sample size on the final property.
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7.4 Experimental Procedures

7.4.1 Ultrasonic Pulse Velocity (UPV)

Ultrasonic pulse velocity test is a rapid test that can be used to assess a material’s

properties both in laboratory and in the field. This test was conducted to estimate the

pulse velocity and the dynamic modulus of elasticity non-destructively in accordance

with ASTM C597. The ultrasonic longitudinal propagation stress wave speed was

measured by PUNDIT-Plus (Portable Ultrasonic Non-destructive Digital Indicating

Tester) manufactured by CNS Farnell, UK. This consists of three parts which include

transducer, receiver and electronic control part as shown in Figure 7.1. The direct

transmission method was used to measure pulse velocity and dynamic modulus and

for both beams (prisms) and cylinders by fully contacting both transducer and

receiver to the sample ends via coupling gel. To ensure reliability of results, the

apparatus was first calibrated using the calibration bar.

Figure 7.1: PUNDIT-Plus Apparatus and measuring arrangement
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7.4.2 Resonant-frequency testing

Resonant-frequency is used alternatively to the UPV method to characterize the

dynamic properties non-destructively. It was originally developed in United States by

Powers in 1938 (Popovics 1998). Unlike the UPV testing, where it is possible to test

different sizes and types of samples both in laboratory or in situ, resonant–frequency

is used in laboratory for specific sizes of prisms and cylinders (Hassan and Jones

2012). A vibration generator excites the sample. Vibrations are induced at a specific

frequency bands until a standing resonant wave is produced. This occurs when both

the exciting and sample natural frequencies match. As is well known, the natural

frequency of the material is governed by the properties of the material such as

modulus of elasticity and Poisson’s ratio. Therefore, this test is used to find these

properties non-destructively based on the principle explained above (Lav et al. 2006).

In this study, this test was conducted in order to estimate dynamic modulus of

elasticity and dynamic shear modulus. These parameters can be used for pavement

analysis and design (Nunn 2004; Lav et al. 2006). From these two moduli, dynamic

Poisson’s ratio can also be calculated.

Dynamic modulus of elasticity was measured non-destructively using resonant

frequency testing by the ERUDITE tester in accordance with the equipment manual

and ASTM C215-02. In this test (Figure 7.2), the sample was supported at its centre

on the equipment bench and clamped into correct position. The driver and pick up

parts were placed in different locations depending on whether dynamic modulus of

elasticity (longitudinal mode) or dynamic shear modulus (torsional modulus) was

being estimated. Using the recommended frequency range for the specific mode of
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test and starting from a low frequency, the frequency was increased gradually until

the output meter showed the maximum value which indicates the fundamental

resonant frequency of the material. These were used to calculate the dynamic

modulus of elasticity and dynamic shear modulus using Eq. 7.1 and Eq. 7.2,

respectively. From these two variables, the dynamic Poisson’s ratio was calculated

from Eq. 7.3 as provided in ASTM C1018.

Eୢ୰ = D. M. (nᇱ)ଶ (7.1)

Gୢ = B. M. (nᇱᇱ)ଶ (7.2)

υௗ = ൬
Eୢ୰
Gୢ

− 1൰�������������������������������������������������������������������������������������������������������������������(7.3)

where

D = 5.093.൬
L

dଶ
൰����… … . . for cylinders (7.3)

D = 4 .൬
L

b. h
൰��������… … . . . for prisms (7.3)

B = ൬
4. L. R

A
൰����������������������������������������������������������������������������������������������������������������������(ૠ.)

n’= fundamental longitudinal frequency, Hz

n” = fundamental torsional frequency, Hz

M = mass of sample, kg.

L = length of the sample, m

d = diameter of the cylindrical sample



Chapter 7: Non-destructive evaluation and their correlations

255

A = Area of specimen cross-section, m2

h,b = cross-section dimensions of the prismatic sample, m

R = shape factor = 1 for cylindrical sample;= 1.183 for prismatic sample with square

cross-section

7.5 Results and discussion

7.5.1 Uniformity of different samples densities

One of the important issues that should be taken into consideration when comparing

the behaviour under different testing mode or when correlating different parameters

Figure 7.2: Resonant frequency test configuration: a. Torsional
mode arrangement; b. longitudinal mode arrangement

Driver

Pick-upb

a

Clamping arrangement
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resulting from different tests, especially for these compacted mixtures, is the

uniformity of densities of the samples used in these testing. In this section, a

comparison between the densities of different samples (small cylinders, large

cylinders and prisms) was conducted to ensure comparable results between testing

performed on different samples sizes and shapes. Figure 7.3 summarizes the densities

of the manufactured samples containing increasing amounts of crumb rubber. It is

obvious that, as previously concluded the incorporation of more rubber decreases the

density and this trend is valid for different types of samples. Furthermore, the

variation in density across the various specimen types at each investigated rubber

content, is negligible with a calculated coefficient of variation of less than 1%.

On the other hand, the same trend as observed previously (Chapter 4) is valid for all

other specimens’ types where the addition of cement slightly improves the density of

Mixtures
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2400

2550

2700

C5R0 C5R15 C5R30 C5R45

Large cylindrical samples

Small cylindrical samples

Prismatic samples

CoV= 0.82%
Stdev= 20.6

CoV= 0.61%
Stdev= 129.2

CoV= 0.44%
Stdev= 10.2

CoV= 0.5%
Stdev= 12

Figure 7.3: Effect of rubber content on densities of different samples types
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the sample. In addition, the uniformity of densities across all the manufactured

samples’ types is obvious as shown in Figure 7.4. Coefficient of variation for

reference mixtures is than 1% for all cementation levels while for rubberized

mixtures it is also less than 1% except at low cement content. From these findings it

can be conclude that there is uniformity in the manufacturing process and, most

importantly, the comparison and correlation between different tests (even using

different types of samples) is valid and accurate.

Even though there is only a small variability between different samples’ densities, as

mentioned above, it can be seen from both figures (Figure 7.3 and Figure 7.4) that

the prisms had slightly higher densities than the large cylinders and the latter

presented larger densities than the small cylinders. This can be attributed to the side

friction at the mould face which is high in small cylinders and less and even less in

large cylinders and prismatic samples, respectively.
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Figure 7.4: Effect of cement content on densities of different samples types
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7.5.2 Ultrasonic pulse velocity (UPV)

Figure 7.5 shows the effect of various rubber replacement levels on the UPV values.

A decline in UPV value occurred as result of partial replacement of natural aggregate

by the crumb rubber. Zheng et al. (2008) claimed that a lower modulus of elasticity

of rubber particles is responsible for the reduction in wave velocity. This decrease in

the UPV value can be attributed to the decrease in aggregate interlocking and hence

contact efficiency due to rubber incorporation. The rubber probably caused a

decrease in the contacts points between the stiffer natural aggregate particles which,

in turn, would affect the transmission of ultrasonic wave. Furthermore, some of the

wave energy might be absorbed by the rubber particles of higher elasticity.

Figure 7.5: Effect of age and rubber content on the UPVs
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The same figure also illustrates the effect of curing age on the UPV. Similar to UCS

and ITS, UPV improved with length of curing which might be due partly to the

improvement of cement mortar and particles’ bond which contributes in accelerating

the wave transmission through these contacts points. Due to the fact that the wave

transmission speed through medium or high voids is less than that of low voids,

another possible reason for this increase is probably the reduction in the mixtures

voids due to the increase in the hydration products (Bogas et al. 2013). A similar

trend was observed by Mohammad (2011) and Su et al. (2013). In general, the

improvement in the UPV occurred during the early ages where (except for C5R45)

the increase in UPV between 7 and 28 days age is more pronounced than that which

occurred between 28 days and 365 days. These results are consistent with Su et al.

(2013) who reported that a greater development in the UPV occurred between 1 day

and 7 days. Soil-lime mixtures investigated by Yesiller et al. (2001) was confirmed

the same behaviour with longer curing ages.

To overcome the heterogeneity of cementitious mixtures and to provide accurate

correlation between different tests (utilizing different sample shapes and

dimensions), the non-destructive measurements were conducted for each type of

sample i.e., every destructive measurement was preceded by a non-destructive

measurement hence ensuring measurements for matching samples.

Figure 7.6 demonstrates the effect of rubber content on the UPVs of different

samples types. It can be clearly seen from this figure that the decrease in the UPVs

is observed for each sample shape with some variation between these shapes. The

coefficient of variation is estimated as 2.9%, 2.7%, 3.9% and 4.2% for 0, 15%, 30%
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and 45% rubber replacement levels, respectively. On the other hand, the general

trend regarding the effect of cement on the UPVs is improvement in this property as

cement content increases as shown in Figure 7.7. Again, slight variations were

observed in the UPVs values. Even though there was slight variation in the

measurement across different samples’ shapes, the greater variation was observed in

the rubberized mixture as compared with the reference ones for all cement contents.

This might be because of the slight variation in the rubber distribution as presented in

Chapter 6. However, the non-destructive testing is still insensitive to the rubber

distribution as compared with the destructive testing.

Mixtures
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CoV= 2.7%
Stdev= 129.2

CoV= 3.9%
Stdev= 183.4

CoV= 4.2%
Stdev= 188

Figure 7.6: Effect of rubber content on UPVs of different samples
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7.5.2.1 Effect of combined effect of cement and rubber on UPV

Regarding the effect of cement content on UPVs of rubberized and reference

mixtures, it can be seen from Figures 7.8 that increasing cement content causes an

improvement in the UPVs of the mixtures. Furthermore, increasing curing time has a

positive impact on the transmission ability of the ultrasonic wave through the sample.

However, for both control and rubberized mixtures, it seems that the increase

ultrasonic wave velocity is more pronounced when cement content increase from 3%

to 5% as compared with that between 5% and 7%. These findings are consistent with

the other findings reported in Chapter 6 and Chapter 5.

Figure 7.7: Effect of cement content on UPVs of different samples
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It worth mentioning that, in the concrete industry, it possible to classify the quality of

these mixtures based on their UPVs as reported by Solis-Carcaño and Moreno

(2008). Comparing these criteria with the current UPV results at 28 days reveals that

C5R0 and C5R15 can be classified as excellent quality while the quality of C5R30

and C5R45 is good. For control mixtures of different cementation levels, the

mixtures having 5% cement or higher can be classified as excellent quality mixtures

while those below 5% are classified as of good quality. For rubberized mixtures in

which 30% of the 6mm fraction size was replaced by an equivalent volume of rubber,

despite the differences between the UPVs, all mixtures classified as good quality,

regardless of cement content.

Figure 7.8: Effect of age and cement content on the UPVs
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Figures 7.9 and Figure 7.10 reveal an exponential relationship between the strength

in terms of UCS and ITS and UPV value. Shariq et al. (2013) and Su et al. (2013)

have also reported such a relationship for normal concrete and cementitious-

stabilized mixtures, respectively. In pavement design, it necessary in case of

unavailability of complex testing or to reduce the cost, to use the correlation between

the advanced tests and a simple test, as recommended by the mechanistic–empirical

design through Input Level 2. Figure 7.11 through Figure 7.14 illustrate some

correlations that have been developed to estimate the important parameter for

pavement design from the non-destructive testing. It can be seen from these figures

that there is a strong relationship between these parameters and non-destructive one

which means that allow all of the parameters to be estimated reliably. These also may

be used to ascertain if the strength/stiffness in the field meets the specification or

structural design assumptions. The best way to do the latter is by using the ultrasonic

pulse velocity test and their associated correlations since the latter test is customarily

used to assess the civil engineering structural elements non-destructively.

The developed correlation between ITS value and UPV is very important to estimate

the stress ratio at which to test a sample for resilient modulus or for fatigue in the

indirect tensile mode as discussed latter in Section 7.5.
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Figure 7.9: Variation of UPVs versus UCSs

Figure 7.10: Variation of UPVs versus ITSs
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7.5.3 Dynamic modulus of elasticity

Dynamic modulus of elasticity can also be estimated from the ultrasonic pulse

velocity using the following formula (Mardani-Aghabaglou et al. 2013):
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Figure 7.14: Variation of UPVs versus
static indirect tensile modulus

Figure 7.12: Variation of UPVs versus
flexural strength @3% and 7% cement
content

Figure 7.11: Variation of UPVs versus
flexural strength @ 5% cement content

Figure 7.13: Variation of UPVs versus
static flexural modulus
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Edu =
 ρ UPV2(1+ν)(1-2ν)

1 − ν
(7.5)

where ρ and ν are the density and Poisson`s ratio, respectively. The bulk density of

the fabricated beams was estimated using the water displacement method. Since the

effect of rubber and cement on the dynamic modulus of elasticity follows the same

trend as that of the UPV, therefore this effect is not presented. However, to show the

typical values for these modified mixtures and compare these with the typical values

resulted from other stiffness modulus testing modes, these typical values and the

relationship with results obtained from other testing procedure will be presented in

Chapter 9.

7.5.4 Dynamic modulus of elasticity, dynamic shear moduli and dynamic

Poisson’s ratio

Similar to the static modulus of elasticity results, there was a decrease in both

dynamic modulus of elasticity and dynamic shear modulus due to rubber replacement,

as shown in Figure 7.15. This is because these two moduli depend on mixture density

and type of aggregate. However, these parameters decreased linearly at all

replacement levels. This, in fact, supports the above hypothesis regarding the

possible effect of rubber accumulation at higher rubber replacement i.e., C5R45. This

was also evidenced in Chapter 6 when the rubber distribution was studied. During

non-destructive testing, there was zero applied stress which eliminates the formation

of micro-cracks and possible creep (Najim and Hall 2012). In other words, it depends

on the mixture constituents and mixture fabrication alone. For this reason, it can be

concluded that non-destructive test results do not depend, to a large extent, on rubber
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distribution as compared with the sensitivity of the results of destructive tests to

rubber distribution.

Regarding the impact of cement on the dynamic properties and similarly to the static

modulus of elasticity, there was an increase in both dynamic modulus of elasticity

and that of rigidity due to increase in mixture cement content, as depicted in Figure

7.16. Despite the higher dynamic moduli of elasticity values as compared with static

ones, the former tends to be highly consistent with the latter where both of them

confirm that the reduction in the moduli values due to rubber inclusion is greater at

low cement content as compared with higher contents. This, in fact, demonstrates the

ability of the non-destructive testing to distinguish between different modified

mixtures containing different amounts of cement and their high sensitivity to the

small change in the aggregate structure due to incorporation of a small amount of

rubber.

Figure 7.15: Effect of rubber replacement level on
dynamic modulus of elasticity and shear modulus
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With regard to dynamic Poisson’s ratio, Figure 7.17 shows a broad decline in the

value of this parameter as the rubber content increases in the mixture. Nehdi and

Khan (2001) have reported in their review paper that some authors found that

incorporating rubber in a normal concrete mixture resulted in a drop in the Poisson’s

ratio value while, on the other hand, others reported opposite findings. Since this

ratio is the amount of lateral strain with respect to the axial strain, Poisson’s ratio

from a logical point-of-view should increase due to the introduction of elastic

particles, because of the increase in the elasticity of the whole mixture. However,

from the author’s point-of–view, the above interpretation is valid if the comparison is

made between two homogenous mixtures with different degrees of elasticity.

RCSAM containing different materials of different strengths and stiffness is a

composite material of complex behaviour. Bearing this in mind, the possible

Figure 7.16: Effect of cementation level on dynamic
modulus of elasticity and shear modulus
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explanations for the decrease in Poisson’s ratio comes from the fact that, in case of

low rubber content, when the RCSAM is compressed axially, rearrangement, on a

mesoscale level, may occur for the compacted particles. As the rubber particles are

much softer and compressible than the surrounding materials and natural aggregate,

such property might make the rubber particles like venues or spaces into which the

aggregate particles may rearrange themselves. This, in turn, will results in less

overall lateral deformation and hence a decrease in the Poisson’s ratio value. In fact,

this explanation depends, to some extent, on the amount of rubber in the mixture.

Figure 7.18 demonstrates the effect of cementation on the Poisson’s ratio of both

virgin and rubberized mixtures. A decline in Poisson’s ratio occurred for both

mixtures because the higher stiffness/ lower deformability due to high cement

content and fewer tendencies for particle rearrangement will cause a decrease in the

overall lateral deformation which in turn reduces the Poisson’s ratio.
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Figure 7.17: Effect of rubber replacement level on dynamic Poisson’s ratio



Chapter 7: Non-destructive evaluation and their correlations

270

7.5.4.1 Effect of sample size on stiffness and shear moduli form resonant-

frequency testing

Even for normal concrete where the resonant frequency test was used extensively,

little information was found in the literature regarding the effect of sample size on

the moduli values. Kesler and Higuchi (1954) as reported by Malhotra and Carino

(2003) observed that the resonating frequencies of longer concrete beams is more

than that of smaller beams resulting in higher moduli for the former.

In this research, to quantify the effect of different sample size on resonant frequency

output, the test was conducted on cylindrical samples 150 mm in diameter by 300

mm high. The same trend as discussed in Section 5.4.3 was obtained. However,

comparing and contrasting the moduli values that resulted from both sample sizes
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Figure 7.18: Effect of cement content on dynamic Poisson’s ratio
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revealed higher values for these parameters when measured using the prisms

samples. Figure 7.19 illustrates the relationship between dynamic moduli from

prisms and that from large cylinders. From this figure it can be concluded that the

moduli measured from the prisms is higher than obtained using large cylinders by

14.5%. Another important conclusion that can be drawn from this comparison is the

independency of the relationship (between moduli from two different sample sizes)

on the aggregate composition or cementation degree, as data points for different

mixtures follow the same relationship.

7.6 New proposed application for non-destructive testing

Mechanistic pavement design is significantly dependent on the fatigue performance

of the cementitiously stabilized mixtures, and the stress ratio at which they are called

Figure 7.19: Dynamic moduli for large cylinders versus prismatic samples for
different rubberized and reference samples under different stabilization degrees
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to operate. Stress ratio can be defined as the ratio between the applied flexural stress

and the flexural strength. In fatigue characterization, the conventional approach is to

measure first the flexural strength of the mixture based on the static flexural test

testing program and then to estimate the stress ratios to be applied to the different

specimens in flexural fatigue tests. However, due to the heterogeneity of CSAMs,

this approach does not necessarily ensure that a representative flexural strength is

obtained and applied. Balbo (1997) attributed the dispersion in the results of fatigue

test to the definition of the materials’ strength and hence the S-N relationship.

Sobhan and Das (2007) tried to overcome this problem by correlating the flexural

strength of full-sized beams to the flexural and compressive strengths of beams and

cubes sawn from fatigue failed specimens. In this way they were able to estimate the

actual flexural strength and, hence, stress ratio of the fatigued specimens. However,

the latter methodology needs large beams to be tested and contains several cutting

processes which would incur additional time, cost and effort. In this research, to

overcome the heterogeneity of the CSAMs and to better estimate the actual flexural

strength and hence stress ratio and fatigue characteristics accordingly, the following

methodology is proposed:

1. Measure the UPVs of the samples to be tested for static flexural strength.

2. Measure the flexural strength by performing the static flexural test for different

samples.

3. Making a correlation between the UPVs and the static flexural strengths for

different samples.
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4. In the fatigue test, measure the UPVs for the samples to be tested, then using the

correlation developed in 3, estimate the flexural strength for the same sample

that will be tested for fatigue.

5. The average of the static flexural strength from the static flexural testing

program and the estimated flexural strength from the correlation (4) should be

used to estimate the stress ratio.

This methodology, in fact, is not limited only to the fatigue test but can be used also

to estimate the stress ratio for the stiffness modulus determination under cyclic

loading both in indirect tensile, direct tensile or flexural testing modes. Furthermore,

it permits estimation with less effort and cost since the ultrasonic test is cheap and

available and can be used for different samples sizes. More importantly, due to the

fact that some samples are normally tested after a specific time, using this

methodology may overcome the inaccuracy due to adopting the same static flexural

test results for samples cured for 28 days as for fatigue samples cured for more than

28 days due to the delay of fatigue testing.

To permit estimation, and due to the fact that the current investigation includes

different aggregate compositions or degrees of compaction and different cementation

levels, the developed correlation in this research can be used to estimate the flexural

strength of cement-stabilized aggregate materials and to estimate the stress ratio

without conducting the static flexural testing program. The current methodology will

be used for further characterization of fatigue behaviour presented in Chapter 9.
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7.7 Concluding Remarks

1. A new application and methodology was proposed for using of non-destructive

tests as a tool to overcome the CSAMs’ heterogeneity and hence to gain accurate

fatigue or elastic modulus estimation by accurately determination the actual

materials’ strength and hence stress ratio.

2. Good correlations were observed between the mechanical properties (mainly

strength and stiffness) from different testing modes and the properties obtained

from non-destructive tests. These can be used to estimate both simple and

advanced test results easily and non-destructively with less time and effort. It

can be used also to estimate the properties of the materials in the field for quality

control purposes.

3. Incorporating rubber in cement-stabilized mixtures, even at small content levels,

caused a noticeable reduction in both UPV value and dynamic modulus of

elasticity and shear modulus estimated by the resonant frequency method.

4. An increased in the dynamic modulus of elasticity and shear modulus was

observed as a result of increasing the cement content for both virgin and

rubberized cement-stabilized aggregate mixtures.

5. Increasing the curing age caused an increase in the UPV values estimated from

ultrasonic testing for all investigated rubber and cement contents.
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6. Poisson’s ratio measured from resonant-frequency method decreases as the

rubber content in the mixture increases. Similarly, this ratio also increases as a

result of cementation level increase.

7. There were only slight differences in the trend of stiffness moduli evaluated by

non-destructive testing methods and destructive methods. These differences

were attributed to rubber distribution. The values of moduli determined by both

methods were sensitive to the amount of rubber in the mixture. Taken together

this implies that the non-destructive methods are suitable for evaluation the

quality of CSAMs and RCSAMs both in laboratory and for filed quality control.

8. Effect of specimen size on resonant-frequency is addressed and a relationship

between moduli (elastic modulus and shear modulus) values was established. In

general, a linear relationship exist between them where the moduli measured

using the cylindrical sample of size (150 mm x 300 mm) is smaller than that

measured from (100 mm x 100 mm x 500 mm) prisms.

9. It seems that the relationship between different sample sizes is not affected by

neither aggregate composition/degree of compaction nor the content of cement

used to bind the mixture. From this, it can be inferred that there is a unique

relation between moduli measured using different sizes of samples.

10. The correlations formulated in this chapter are summarized in the table below.
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No. Correlation Parameters and units R2
Figure

No.

1 UCS = 0.008474e.ଵଵ଼଼∗�బ.ఱ

UCS= unconfined compressive

strength, MPa

UPV=Ultrasonic pulse velocity.

m/s

0.82 7.9

2 ITS = 0.000866e.ଵଵ∗�బ.ఱ ITS=indirect tensile strength,

MPa
0.68 7.10

3
Fs=0.00301 *UPV – 11.101 for 5%

cement content
Fs= flexural strength, MPa 0.84 7.11

4

Fs=83.021-

0.0378*UPV+0.00000044*UPV2 for

3% and 7% cement content

Same as above. 0.81 7.12

5 Ef = 0.0242 * UPV -80.62

Ef = static flexural modulus,

GPa 0.72 7.13

4 Eit = 6.976 e0.067 * UPV

Eit = static indirect tensile

modulus, GPa 0.9 7.14

Table 7.2: Developed relationships between strength, stiffness and nondestructive parameters



Chapter 7: Non-destructive evaluation and their correlations

277

7.8 References

Applied Research Associates, I. (2004). Guide for Mechanistic-Empirical Design of

New and Rehsbilitated Pavement Structures. Illinois.

Balbo, J. T. (1997). High quality cement treated crushed stones for concrete

pavement bases. Proceedings of the Sixth International Purdue Conference on

Concrete Pavement November.

Bogas, J. A., M. G. Gomes and A. Gomes (2013). "Compressive strength evaluation

of structural lightweight concrete by non-destructive ultrasonic pulse velocity

method." Ultrasonics 53(5): 962-972.

Hassan, A. and S. Jones (2012). "Non-destructive testing of ultra high performance

fibre reinforced concrete (UHPFRC): A feasibility study for using ultrasonic and

resonant frequency testing techniques." Construction and Building Materials 35: 361-

367.

Hilbrich, S. and T. Scullion (2007). "Rapid alternative for laboratory determination

of resilient modulus input values on stabilized materials for AASHTO mechanistic-

empirical design guide." Transportation Research Record: Journal of the

Transportation Research Board(2026): 63-69.

Lav, A. H., M. A. Lav and A. B. Goktepe (2006). "Analysis and design of a

stabilized fly ash as pavement base material." Fuel 85(16): 2359-2370.

Malhotra, V. M. and N. J. Carino (2003). Handbook on Nondestructive Testing of

Concrete Second Edition, CRC press.

Mandal, T., J. M. Tinjum and T. B. Edil (2014). non-destructive testing of

cementitiously stabilized materials using ultrasonic pulse velocity test 2.

Transportation Research Board 93rd Annual Meeting.



Chapter 7: Non-destructive evaluation and their correlations

278

Mardani-Aghabaglou, A., Ö. Andiç-Çakir and K. Ramyar (2013). "Freeze–thaw

resistance and transport properties of high-volume fly ash roller compacted concrete

designed by maximum density method." Cement and Concrete Composites 37: 259-

266.

Mohammad, I. K. (2011). Non-Destructive Testing for Concrete: Dynamic Modulus

and Ultrasonic Velocity Measurements. Advanced Materials Research, Trans Tech

Publ.

Najim, K. B. and M. R. Hall (2012). "Mechanical and dynamic properties of self-

compacting crumb rubber modified concrete." Construction and Building Materials

27(1): 521-530.

Nehdi, M. and A. Khan (2001). "Cementitious composites containing recycled tire

rubber: an overview of engineering properties and potential applications." Cement

Concrete and Aggregates 23(1): 3-10.

Nunn, M. (2004). Development of a more versatile approach to flexible and flexible

composite pavement design : prepared for highways agency, TRL report.

Popovics, S. (1998). Strength and related properties of concrete: A quantitative

approach, John Wiley & Sons.

Shariq, M., J. Prasad and A. Masood (2013). "Studies in ultrasonic pulse velocity of

concrete containing GGBFS." Construction and Building Materials 40: 944-950.

Sobhan, K. and B. M. Das (2007). "Durability of soil–cements against fatigue

fracture." Journal of Materials in Civil Engineering 19(1): 26-32.

Solis-Carcaño, R. and E. I. Moreno (2008). "Evaluation of concrete made with

crushed limestone aggregate based on ultrasonic pulse velocity." Construction and

Building Materials 22(6): 1225-1231.



Chapter 7: Non-destructive evaluation and their correlations

279

Su, Z., D. Fratta, J. M. Tinjum and T. B. Edil (2013). Cementitiously Stabilized

Materials Using Ultrasonic Testing. Transportation Research Board 92nd Annual

Meeting.

Yesiller, N., J. Hanson, A. Rener and M. Usmen (2001). "Ultrasonic testing for

evaluation of stabilized mixtures." Transportation Research Record: Journal of the

Transportation Research Board(1757): 32-42.

Zheng, L., X. Sharon Huo and Y. Yuan (2008). "Strength, Modulus of Elasticity, and

Brittleness Index of Rubberized Concrete." Journal of Civil Engineering , ASCE.

Specifications

ASTM C597-09, Standards test method for pulse velocity through concrete

ASTM D2845-95, Standards test method for laboratory determination of pulse

velocities and ultrasonic elastic constants of rock.

ASTM C 1018, Standards test method for flexural toughness and first crack strength

of fibre-reinforced concrete



Chapter 8: Development of fatigue testing system

280

Chapter Eight

Development of fatigue testing facility

8.1 Introduction

Construction materials are normally evaluated using different testing types and

modes. The accuracy of performance prediction of materials depends on how close

these types and modes simulate the boundary conditions of loading, stress state and

supporting system. Therefore, unlike ordinary concrete mixtures where the majority

of applied loading is static loading, highway mixtures are normally characterized

under repeated or cyclic loading. This is because these mixtures, forming the

pavement structure, are subjected to vehicular loading. From a structural point of

view, if the applied load is less than the structural capacity then no failure may occur.

However, repeating a load that is less than the structural capacity may cause a fatigue

failure after a certain number of load repetitions. Accordingly, the evaluation of the
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fatigue performance of the structures expected to carry repeated load is of utmost

importance to better simulate the field pavement condition.

The purpose of this chapter is to discuss the development of a test facility for cyclic

flexural loading. This also includes the instrumentation setup and mounting

arrangement. Since this facility will be used for flexural modulus under cyclic load

and to investigate fatigue behaviour of selected mixtures, some initial investigation

will be included in this chapter. Finally, the methodology to deal with the large

volume of data from fatigue test will be also presented.

8.2 Fatigue testing configuration and previous studies

A number of testing methods have been developed to characterize the fatigue

behaviour of constructional materials. These includes two point bending, three point

bending, four point bending, supported beam, indirect tensile, direct tensile,

compressive, tension-compression and wheel tracking method. Figure 8.1

summarizes different fatigue test methods. In their pioneering study to evaluate

fatigue test procedures, Tangella et al. (1990) compared different fatigue testing

methods in terms of simplicity, ability to simulative the real pavement condition and

ability to correlate the laboratory results with in-service pavement structure response.

Based on their results, they ranked these methods with the flexural fatigue receiving

the highest ranking followed by direct and then indirect tensile testing. However, Di

Benedetto et al. (2004) concluded that the fatigue life measured by indirect tensile

testing was the shortest as compared with other methods which was, as they claimed,

due to the significant permanent deformation accumulation rate. Consequently, they
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drew a conclusion that the fatigue lives are highly affected by the testing method and

mode of testing.

8.3 Wave form and fatigue testing mode

There are different wave forms that can be applied during the fatigue test. These

include sinusoidal, haversine, square and triangular waveforms. Amongst these,

sinusoidal and haversine waveform are the most widely used in pavement mixtures

characterization during the dynamic modulus or fatigue life estimation as reported by

Figure 8.1: Different fatigue test arrangements
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Huang (2004). In addition, ASTM D-7460 adopts the haversine waveform for

asphaltic mixtures testing. Therefore, it will be used in this research for performance

characterization under cyclic loading.

Regarding the mode of load, fatigue test is conducted either in controlled stress or

controlled strain modes. In the former mode, the stress amplitude is maintained while

the strain amplitude increases due to the cyclic application of the stress. In the

controlled strain mode, on the other hand, the amplitude of strain is kept constant

while the resulting stress decreases due to crack initiation. The applicability of either

stress or strain controlled modes depends on the field situation that is to be simulated.

Controlled stress mode is normally used for mixtures intended to be used in thick

pavement layers. In contrast, the other mode is utilized to simulate the mixtures used

in thin layers.

8.4 Fatigue failure analysis criteria

Various definitions were found in the literature regarding the fatigue failure point.

These definitions depend, to some extent, on the fatigue test mode. In a stress

controlled fatigue test, the failure is assumed to occur either at the full fracture of the

samples or at the point at which the mixture stiffness reaches 10% of its original

value (Rowe 1996). In strain controlled mode, on the other hand, the failure point

corresponds to the number of cycles at which the initial stiffness drops by 50%

(Rowe 1996). The reason for adopting 10% stiffness reduction in stress controlled

mode as compared with 50% in the strain controlled mode is because, in the stress

controlled mode, the cracks are propagated very quickly after their initiation which
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makes the number of cycles at 50% stiffness reduction approximately equals to that

at which the collapse occur (Li 2013) as shown in Figure 8.2. Van Dijk (1975)

considered the number of cycles corresponding to a strain equal to twice the initial

strain as the failure point. Although the 50% stiffness reduction is the failure

criterion most widely accepted (AASHTO T321-03;BS EN 12697-24, 2004; (Pais

and Minhoto 2010) by the asphalt mixtures community, this has been criticized by

some scholars who claim that this basis does not reflect any change in the mixture

properties. Consequently, other authors attempted to define the failure point more

clearly by suggesting new fatigue criteria. Rowe and Bouldin (2000), for example,

adjusted Hopeman’s energy ratio methodology by plotting the cycle multiplied by

the dynamic modulus at that cycle as y-axis versus the cycle number. From this

graph, the fatigue failure point was defined as the peak point on that curve. This

definition is applicable for both stress and strain controlled testing. Arizona State

University proposed a new methodology based on the Rowe and Bouldin’s

suggestion. In this modification, the values of Rowe and Bouldin s’ y-axis should be

divided by the initial stiffness (Prowell et al. 2010).

Figure 8.2: Idealized illustration of stress and strain controlled failure points (Li 2013).
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8.5 Initial stiffness

Some diversity regarding the definition of the initial stiffness for use in the fatigue

test has been found in the literature. Sobhan and Mashnad (2003) considered the

initial modulus to be that calculated at 5% of the fatigue life. As a justification of this

claim, they pointed out that after this point the rate of permanent deformation

become more stabilized. Jitareekul (2009) also reported that the initial reduction in

the sample stiffness occurred at 5% of the fatigue life. On the other hand, other

authors like Li (2013) reported that the initial stiffness is the one that can be

calculated after a few cycles (50-100) from the beginning of the test. Australian

practice (Jameson and Howard 2012) computes the elastic modulus from the resilient

deformation after 100 pulses. From a practical point of view, it seems that the

evaluation of dynamic stiffness at a specific number of cycles is more logical than

the other suggestions. This is because, customary, it is required to evaluate the

modulus in a short term test without conducting long term testing (i.e., fatigue).

Therefore it is required to adopt such simple evaluation technique.

8.6 Development of fatigue testing facility

This test arrangement used for the work described in this thesis was developed for

two purposes. Firstly is to study resilient modulus of the different mixes. Secondly, is

to investigate the fatigue characteristics of rubberized mixtures and the ones

containing no rubber. According to Di Benedetto et al. (2004),the test development

contains many steps including actuator set-up, manufacturing necessary fittings for

the test and alignments, data acquisition system and instruments calibration. Each of

the above steps will discuss in the following subsections.
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8.6.1 Actuator installation and set-up

A 25 kN load capacity actuator manufactured by the Servocone Company was used

for cyclic flexural testing. The total stroke for this actuator is ± 100 mm. The

Servocone controller (Figure 8.5) was used which is driven by LabVIEW software.

The control software monitor and display the response in real time. During cyclic

loading the load is logged from the internal load cell of the actuator, the actuator

position from its internal LVDT and test time. In addition, the software is able to

provide a two-axis plot of any of these three parameters. Three wave functions can

be generated and applied during the cyclic loading: sine, square and triangular.

To set-up a loading system, a steel frame, made of two columns connected by a

horizontal beam, was installed by screwing it on the floor slab using 12 x 5 cm bolts

then the actuator was attached to the that frame using bolts and plates as shown in

Figure 8.3. These bolts and connections were bolted tightened to avoid any slack

which may affect the rigidity of the frame and hence affect the accuracy of results.

Afterwards the actuator was connected to the central hydraulic system in the

structures laboratory at the University of Nottingham.
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8.6.2 Manufacturing and aligning test fittings

This step consists of manufacturing the bottom and upper parts of the test using

plates and rollers (Figure 8.4a) which ensure the same loading configuration that was

used in static flexural testing as previously discussed in Chapter 6. The lower part

was placed on the floor and screwed to the frame using steel bars and screws. It is

worth mentioning that all these steel parts were selected to eliminate any probable

deformation that may occur in these parts themselves. Once again, all these were

connected tightly to ensure a stiff testing facility. This was done after ensuring that

Figure 8.3: Installing testing frame and actuator and the hydraulics.

Load cell

To central hydraulics
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both rollers lay at the same level using a levelling bulb and aligning so that the

actuator head coincided with the centre of the distance between rollers. All these

process are shown in Figure 8.4b.

8.6.3 Data acquisition system and instruments calibration

Unlike traditional fatigue testing where the parameters of interest are the number of

cycles that cause failure and the repeated flexural load, the current testing program

intends to investigate the degradation that occurs in the materials due to repeated

loading. This is assessed in terms of stiffness reduction as a result of permanent

strain accumulation. This purpose requires a higher level of data acquisition for load-

deflection during the test than for traditional fatigue testing. Consequently, an

external data acquisition system manufactured by Servocone was utilized to acquire

load-deflection data at frequency of 20 Hz. Because the adopted loading frequency is

2 Hz., this will ensure recording 10 points per cycle. Due to the limited ability of the

actuator controller to acquire data (load and position) at the required frequency, the

actuator controller was connected to the external data logger to move and acquire

Figure 8.4: Manufacturing and installation of test fittings: a. top and bottom parts;

b. installation and alignment.

Stiffener

A B
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both the load and the actuator position readings with the required logging frequency.

Accordingly, the recorded data comes from four channels. These are load from

actuator load cell, two linear variable differential transducers (LVDTs) and actuator

position. All of these data are monitored in real time utilizing the data logger

software. The two LVDTs (LVDT 1 and LVDT 2) were used to record the value of

beam deflection at the mid-span and the average value was considered as the value of

deflection. However, to reduce the size of the logged data file and hence facilitate

data handling and processing, only one LVDT was used to log the deformation at the

mid-span of the prism. This is also justified since the sample was trimmed and

prepared so as to eliminate any big difference in the reading of the two LVDTs as

investigated in the initial trials. The configuration of these connections is as follows:

the LVDTs are connected directly to the data acquisition system while both the load

signal from the load cell and the actuator position signal were moved from the

actuator controller to the data acquisition box due to limited capability of data

logging. The data acquisition output file contains four columns corresponding to

load, position, LVDT reading. Figure 8.5 provides a schematic representation of all

the connections while Figure 8.6 shows the test arrangement.
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Figure 8.5: Fatigue test facility developed during the course of this study
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Figure 8.6: Schematic technical representation for the developed fatigue test facility.
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8.6.4 Instrumentation mounting and LVDTs Calibration

The mid-span deflection was measured using the two LVDTs, manufactured by DRP

Company, UK. In this part of study, to protect the instrumentations it was decided to

measure the deformation externally as used by many authors (Sobhan and Mashnad

2000; Khoury 2005; Triches 2009; Mandal 2012; Alderson and Jameson 2014; Wen

Haifang 2014). Due to the expected small rate of deformation, it was decided to

avoid any source of vibration around the test facility that may be generated by other

testing or by personnel movement around the test facility. This was done by

mounting the LVDTs firmly using two magnetic stands connected by steel rod. Both

of these stands were placed on heavy steel parts having a square cross section and

separated from the floor by rubber sheets. This mounting system is shown in Figure

8.7. A thick aluminium plate was glued on top of beam, as performed by Fu et al.

(2009). The movement of the LVDT head will generate a voltage output. Both

LVDTs were calibrated using calibration blocks (Figure 8.8) and a calibration

equation was formulated to convert the voltage output to corresponding

displacement. Figure 8.9 is the calibration curves for both LVDTs.

Figure 8.7: Instrumentation mounting arrangement.

Target

Heavy steel bar
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8.6.5 Initial investigations results

In these trials, the tests were conducted under stress-controlled mode whereby the

stress was cycled with a maximum value less than the material strength. As stated

Figure 8.9: Calibration curves for LVDT 1 and LVDT 2.

Figure 8.8: Illustration of LVDT calibration using

blocks of known thickness
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previously, the stress ratio is defined as the ratio between the maximum applied

stress and the strength of the material, expressed as a percentage.

Figures 8.10 and Figure 8.11 illustrate the load and the corresponding deformation

waveform for the CSAM containing 30% rubber and 5% cement (i.e C5R30)

subjected to stress ratio of 90%. From this figure it can be seen that the stress was

successfully applied at a constant amplitude and frequency. However, observing the

rate of deformation and comparing and contrasting this with that obtained during the

static flexural test revealed that there was large deformation during this test. The

difference was about 400% which would indicate a supposed reduction in the

stiffness modulus by 31 GPa as compared with the static one (see Chapter 6). Paul et

al. (2015) pointed out that the external mounting of the LVDTs causes

underestimation of the material stiffness due to deformation overestimation.

Therefore it was important to determine whether this increased strain (or reduced

modulus) was a result of the loading or was artefact of the instrumentation

arrangements.
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For this reason, it was decided to use another measurement tool to check whether there was a

problem with the instrumentation or the mounting system. To achieve this, some trial prisms

were instrumented using two strain gauges (PL-60-11) having range of 60 mm manufactured

by Sokki Kenkyujo Company. These were glued on the bottom of the sample via Araldite ®

2000 PLUS adhesive glue. Leaving one day to ensure that the glue had hardened,

connections, wiring up and electrical testing were conducted. Figure 8.12 illustrates some of

the strain-gauging stages. After that, the gauges were connected to the data acquisition

system to log data from these strain gauges.

To compare with the static testing program, ensure more accuracy and to eliminate any

variability due to repeated load application, two steps were conducted. The first is to include

the on-sample instrumentation (i.e. yoke) arrangement used in the static flexural program

(Figure 8.13). The second step is to apply the load monotonically at a constant deformation

rate of 0.06 mm/min. Since the horizontal extreme fibre strain was read from the strain

gauges, the LVDT vertical deformation reading was converted to the equivalent strain (௧ߝ)

Figure 8.12: Strain gauging: a. Strain gauges and wired sample; b. Electrical circuit testing.

A B
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using beam bending theory to make the results comparable with each other. This was done

using the following equation:

௧ߝ =
ͳʹ ݄ߜ

ଶܮ͵ െ Ͷ ଶܽ
(8.1)

Where ௧ߝ = tensile strain (mm/mm); ߜ ൌ vertical deflection at the mid-span (mm); a =

distance between load application point (a=L/3) (mm) and h = average sample height (mm).

The results and comparison between different measurement means and arrangements are

shown in Figure 8.14. Based on that figure, it can be conclude that there was a big difference

between the on-sample instrumentation and external instrumentation. Furthermore, the result

obtained from LVDT through on-sample arrangement is highly consistent with the strain

Figure 8.13: On-sample instrumentation arrangement.

Yoke
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measured via the strain gauge. This in turn gives validity to the use of the yoke arrangement

in flexural testing. In addition, comparing and contrasting the on-sample results with the

results presented in Chapter 6 reveals the reliability of the on-sample results in comparison

with the response measured from the external measurement.

8.6.6 Data handling and processing

One objective of this research was to investigate the performance of the selected mixture

during the fatigue test in terms of permanent deformation increase, decrease in stiffness

modulus and the rate of damage accumulation. So, it is necessary to log data points within

each cycle to facilitate tracking of the performance as fatigue develops. Consequently, the

data were logged and stored as a text file during the fatigue test in a frequency that ensures
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Figure 8.14: Comparison between different instrumentation arrangements
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following the characteristics described below can assessed with a reasonable accuracy.

However, as this means the acquisition of a huge amount of data, the processing, calculation

and plotting using Microsoft Excel was unsuccessful since the latter has a limited capacity in

terms of number of cells that can processed and/or plotted. For this reason, a computer code

was written in Microsoft QuickBasic programming language for processing and analysing

fatigue data. Once the analysis was completed, Grapher 11 software developed by Golden

Software Company was used for the purpose of data plotting due to its ability to

accommodate and plot huge amounts of data (around 1,000,000,000 points).

8.7 Concluding remarks

1. Based on the review of literature, it was revealed that the flexural fatigue testing method

is the preferred method in terms of its simulative nature to the in-service pavement and

due to its simplicity.

2. Instrumentation setup has a significant impact on the assessment of the final response

during fatigue testing. The external measurement arrangement overestimates the mid-

span deformation. This would result in an underestimation of the mixture stiffness which

may result in uneconomical pavement design. However, on-sample instrumentation

using strain gauges and yoke arrangements are substantially identical and will form the

basis of the instrumentation used in the test described in the later chapters.

3. A smooth load waveform was generated and applied to the trial specimens with a fairly

smooth corresponding deformation wave. These initial investigations confirm the

applicability and validity of the developed cyclic load facility to characterize the

mixtures under cyclic loads.
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4. For better tracking the fatigue performance throughout the test, and since the fatigue test

generates a large data file, a computer code was written for handling and processing the

fatigue data.

5. It is necessary to provide a standardized form of the fatigue test procedure. This test

protocol should include all the test details starting from sample preparation and ending

with the method of interpretation of test results.
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Chapter Nine

Fatigue and dynamic modulus performance

9.1 Introduction

Highway pavements in the field are subjected to dynamic loading as a result of the

movement of vehicles. These moving loads produce stresses, typically, that are less

in magnitude than the material strength. However, repetition of these relatively small

stresses a certain number of times may produce fatigue failure. Fatigue is the primary

mode of failure for cementitious pavement layers and for the whole pavement

structure. Accordingly, fatigue behaviour of materials should be evaluated (and

considered at the design stage) to better simulate the realistic pavement condition.
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The purpose of this chapter is to investigate the performance of the modified

mixtures under cyclic loading to understand how rubber, cement and their

combination may affect fatigue responses. This will include determination of the

fatigue equation (also known as the S-N curve) and the mechanism by which the

pavement structure will be damaged. This will be achieved by estimating the

permanent deformation accumulation and the degradation of pavement stiffness

across pavement life. In addition, it is intended to show the applicability of the

dissipated energy ratio approach for cementitious materials. In this Chapter, the

information from Chapter 6 and Chapter 7 will be used in estimating flexural

strength. In addition to the objectives previously mentioned, the results of this

chapter will be used as a prerequisite for the pavement analysis and design phase of

the study which will be presented in Chapter 10 to show the design implications of

this research.

9.2 Pavement fatigue failure

Fatigue cracking is one of the main load-induced distresses that may occur as a result

of the application of cyclic loading due to traffic movement. Therefore, this type of

cracking can be considered as one form of structural failure that may occur in

flexible and semi-rigid pavements.

Regarding the potential fatigue failure in cementitiously stabilized layers, practices

adopted by different countries express different points of view about the form of this

failure. For example, the South African design practice (Theyse et al. 1996) suggests

two potential locations for this type of failure. These are either compression fatigue
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at the top of the cemented layer or tensile fatigue at the bottom of this layer.

According to this practice, the first type may occur for pavements with thin surface

courses and/or lightly cemented base courses. On the other hand, the current

mechanistic-empirical pavement design guide (Applied Research Associates 2004),

only adopts tensile fatigue at the bottom of the cemented layer.

In fact, there is no absolute point of view regarding the potential fatigue failure

location (compression on top or tensile at bottom of the layer) because the behaviour

is complex and depends on several factors including thickness and relative stiffness

of the different layers, the degree of cementation and the condition of underlying

courses. Consequently, the key approach is to perform structural analysis and, based

on the pavement responses, the critical criteria can be assessed.

9.3 Interpretation of fatigue performance

There is no doubt that the research conducted regarding the characterization of

fatigue performance of asphaltic mixtures is far ahead of that performed for cement-

stabilized mixtures (Liu and Wang 2014). Very limited studies have been conducted

to investigate and understand the fatigue behaviour in terms of tracking and

quantifying of the damage development during the test. This helps to draw a clear

picture of damage accumulation until specimen reach complete failure. This, in turn,

may provide vital information regarding the mechanism by which the cement-

stabilized mixture fails under cyclic flexural loading. In asphaltic mixture

technology, two approaches are normally adopted for fatigue behaviour analysis

which are stiffness-based and dissipated energy-based approaches.
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9.3.1 Stiffness reduction approach

During the application of fatigue loading, the crack development process, and hence

induced damage, results in stiffness reduction throughout the fatigue life of the

mixtures. This reduction, conceptually, follows three stages of evolution as shown in

Figure 9.1. Stage I represents the adaption stage in which rapid stiffness drop may

occur. In stage II, the reduction in stiffness is more stabilized and tends to decrease

linearly. Finally, fracture cracking by rapid growth of microcracks and formation of

macrocraks represents stage III. Different authors have used this approach to define

the number or cycles to failure as stated in Chapter 8.

9.3.2 Dissipated energy approach

Some authors have criticized the stiffness reduction approach (as illustrated in Figure

9.1) as the latter, they claim, is an arbitrary criterion and does not correspond to any

change in the material properties. Therefore, they considered the dissipated energy

method as a more reasonable and accurate method to estimate fatigue life.

Figure 9.1: Stiffness reduction approach illustration (Wu et al. 2013)
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Sinusoidally loading a beam manufactured from a viscoelastic material will result in

a phase lag between the applied load and the measured deformation. In this case, a

hysteresis loop will be obtained from the plotted load-deflection relationship as

illustrated in Figure 9.2. Hysteresis loops for all specimens at a range of stages

during loading are shown in Appendix B. The area inside the loop represents the

dissipated energy per loading cycle. This can be calculated as follows:

ω୬ = π. σ. ε. sinߠ (9.1)

Where: ω= energy dissipated in cycle n; σ୬ = stress amplitude in cycle n;ε୬ = strain

amplitude in cycle n and ߠ = phase angle in cycle n ߠ) = 360. .݂ ;(ݐ∆ f =loading

frequency and time=ݐ∆ interval between maximum load and maximum deflection.

The phase angle is zero or 90° for purely elastic or entirely viscous materials,

respectively. Dissipated energy is largely related to the binder viscous flow where the

energy is dissipated as heat. Other researchers as reported by Rowe (1996) confirm

that this energy is also associated with microcracks and crack surface formation.

Many researchers have used this approach to study the behaviour of asphaltic

mixtures as discussed in Chapter 8.
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This approach was derived based on the theory of viscoelasticity. However, some

researchers, as pointed out by Liu and Wang (2014), claimed that cement concrete,

which is normally assumed to be an elastic material, has viscoelastic characteristics.

Accordingly, Liu and Wang (2014) draw a conclusion that the dissipated energy

approach is applicable for studying the fatigue behaviour of the cement–stabilized

mixtures due to the similarity between the latter and concrete mixtures.

In this research, it is intended to study how both rubber and/or cement will change

the behaviour of the materials under fatigue loading through two objectives. The first

is to investigate the combined effect of both rubber and cement on phase angle. The

second is to investigate effect of rubber and cement contents on the applicability of

the dissipated energy approach.

Figure 9.2: Typical hysteresis loop and dissipated energy concept.
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9.3.2.1 Dissipated energy ratio (DER)

One of the criteria that is traditionally used to define the fatigue failure is based on

the energy dissipated during the fatigue test. This energy can be estimated by the

following expression (Gnanendran and Piratheepan 2009)

Energy Ratio =
w

ቀ
 

୬
ቁ

(9.2)

where w0 =initial dissipated energy at the start of test. The dissipated energy is then

calculated using Equation 9.1.

Thus, equation 9.2 above can be rewritten as:

Energy Ratio =
n. (π. σ. ε. sin θ)

(π. σ୬. ε୬. sin θ୬)
(9.3)

By substitution of ε = σ/D୫ (where Dm is the dynamic stiffness modulus) into

Equation 9.3 gives:

Energy Ratio =
n. (π. σ

ଶ. D୫ ୬. sin θ)

(π. σ୬ଶ. D୫ . sin θ୬)
(9.4)

where Dm0 and Dmn refer to the dynamic stiffness modulus at the start of test and at

the nth cycle, respectively.
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In a fatigue test conducted under stress-control the value of stress remain constant

across the testing which means thatߪ = ߪ . As shown later (Section 9.9.1), the

change in sin ߠ is zero. By substituting these in Equation 9.4, the equation below

results:

Energy Ratio =
n. D୫ ୬

D୫ 
(9.5)

As the idea is to plot the Energy Ratio against number of cycles to identify the peak

of the curve which is taken to be the failure point (Artamendi and Khalid 2013), for

plotting purposes the denominator of the above equation can be ignored (Gnanendran

and Piratheepan 2009). The results for all mixtures are presented in Appendix C.

9.4 Materials, mixture design and sample preparation

Materials, mix design and all sample preparatory steps were kept as previously

discussed in Chapter 6. All samples were tested at 28 days. In the dynamic modulus

testing program, duplicate samples were manufactured and tested for each mixture.

Regarding the number of beams that should be tested to represent the fatigue

behaviour of the mixture, Ghuzlan and Carpenter (2000) stated that to establish a

representative fatigue curve, at least four samples must be tested.Li and Dong (2011)

also used four beams to establish the fatigue line of cement-stabilized recycled

aggregate. Due to the time-consuming nature of the fatigue test, several researchers

(Sobhan and Mashnad 2003; Oliveira 2006; Jitareekul 2009) have also used one

beam per stress ratio. In this research, for each mixture, four beams of 100 mm x 100
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mm x 500 mm dimension were prepared in such a way that one beam is tested per

stress ratio. Based on sample fatigue testing trials, the approximate time required to

repeatedly load each fatigue specimen was estimated, then the beam specimens were

manufactured with the aim of ensuring that they reached an age of 28 days on the

day of testing. However, delays in commencing fatigue testing for some samples, by

between 3 and 7 days, were unavoidable. Similar observation was reported by

Sobhan and Mashnad (2003) who mentioned that a delay of one week in sample

testing occurred during their fatigue testing program. Inaccuracies arising from this

have been mitigated by a procedure described later in Section 9.7.1.

9.5 Load application and configuration

Based on the aforementioned discussion regarding the suitability of fatigue testing

mode to simulate the field condition, it was decided to use the four-point flexural

testing method performed under stress controlled testing mode. The frequency of

load was selected as 2 Hz since this will better simulate the real traffic loading

(Sobhan and Mashnad 2000). The load was applied at different stress ratios. The

stress ratio can be defined as the ratio between the applied maximum load and the

material strength. During the cyclic test the load amplitude cycles between maximum

and minimum values. The maximum value was computed based on the required

stress ratio for that test which is calculated based on the estimated flexural strength

while the minimum load was adopted as 10% of the required maximum load

(Sobhan and Mashnad 2000). Thereby compression-compression actuator application

was ensured. The reason behind applying the minimum load is to prevent any

probable impact loading which, in turn, may affect the LVDT readings detrimentally.
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9.6 Resilience, permanent and total deformation, and dynamic modulus

When the load is applied on a CSAM sample, it will deform proportionally to that

load although each material type will behave differently from others. For pure elastic

materials, all this deformation will be recovered when the load is removed. For

viscoelastic materials, not all the deformation may be recovered and some permanent

deformation will arise as shown in Figure 9.3. Some researchers, as documented by

Liu and Wang (2014), who studied the behaviour of concrete mixtures, claimed that

concrete showed such a viscoelastic behaviour. Based only on the recoverable

deformation, the flexural dynamic modulus is normally calculated using the

following equation:

Eୢ =
23PௗLଶ

108bhଷδ
(9.6)

Where:ܧௗ =flexural dynamic modulus; Pd = applied dynamic load; L=beam span;

distance between supports a = L/3; in the test report here ߜ = recoverable dynamic

deformation and I= Beam cross section moment of inertia. Hence:

Figure 9.3: Total, elastic and permanent deformation
during cyclic loading(redrawn from (Huang 2004)
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9.7 Testing methodology and procedures

9.7.1 Estimation the actual strength of the mixture

Estimation of the actual flexural strength is an important step for dynamic modulus

estimation and characterization of fatigue performance. This is because improper

estimation of this parameter may lead to misleading or inaccurate results since the

applied load in both procedures is normally computed as a percentage of the

materials strength. Therefore, in both dynamic modulus and fatigue testing

procedures, the methodology suggested in Chapter 7 (Section 7.10) will be used to

estimate the actual flexural strength of the samples to be tested in this chapter.

9.7.2 Flexural dynamic modulus and fatigue testing

Up to now, there is no widely adopted test to estimate the dynamic modulus of

prisms ,manufactured from cement-stabilized materials, under dynamic flexural

loading (Khoury 2005). For the program described here, at the end of curing period,

the specimen was trimmed by diamond saw to achieve a 100 mm height as discussed

in the flexural testing program (Chapter 6). Then, the density of each specimen was

measured using the water-displacement method to confirm uniform densities as this

enables reliable comparison between results. After that, the UPVs for different

samples were measured according to the procedure explained previously in Chapter

7. The required applied stress was estimated based the required stress ratio and

estimated flexural strength. The latter was computed as the average of the static

flexural strength (Chapter 6) and the flexural strength computed on the basis of the

developed correlation between flexural strength and the measured UPV value

(Section 7.5.2.1). To avoid the probable sudden failure due to the turbulence in the



Chapter 9: Fatigue and dynamic modulus performance

315

hydraulic oil, especially at the beginning of actuator powering, a dummy wooden

sample was first used until the uniformity of oil supply and circulation was ensured.

The sample was then mounted and all necessary instruments were fixed and

connected. In fatigue and dynamic modulus characterization, the stress-controlled

mode was adopted by applying a constant flexural stress computed on the basis of

the required stress ratio. A stress ratio of 40% was used to measure the flexural

dynamic modulus. This will guarantee testing within the elastic range of the material

(Gonzalez et al. 2010; Arnold et al. 2012; Alderson and Jameson 2014). In this

testing program 100 load pulses were applied and the average of the recoverable

deformation during the second 50 cycles (Gonzalez et al. 2010) was used for flexural

dynamic modulus calculation.

Regarding fatigue testing, four stress ratios were used. These were 90%, 85%, 80%

and 75% of the static flexural strength. Due to the limited time available for this

project, it was intended to characterize fatigue behaviour and produce transfer

functions for only two mixtures. These were C5R0 and C5R30. To investigate the

effect of other rubber contents and the effect of cement on both reference and

rubberized mixtures, the other six mixtures were only tested under 90% and 85%

stress ratios. Figure 9.4 illustrates the adopted plan for the fatigue testing program.

Using the actuator software, a haversine wave-form was selected to apply a flexural

load that cycled between the minimum and maximum values. Utilizing data

acquisition software, load cell, position and LVDTs were configured and defined.

Immediately after starting the application of the repeated loads, the data acquisition
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system was started to acquire and generate the data file which was then converted to

a text file for further calculation and processing.
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Behaviour under flexural fatigue

Testing conditions: cyclic load at 2 HZ.

Frequency, stress ratio of 90% and 85%

Behaviour of RCSAMs and CSAMs under flexural fatigue

Reference Mixtures

C3R0

C5R0

C7R0

Figure 9.4: Testing planning for the behaviour under flexural cyclic loading.

Fatigue performance evaluation

Testing conditions: cyclic load at 2 HZ. Frequency,

stress ratio of 90%, 85%, 80% and 75%

Reference Mixture

C5R0

Rubberized Mixture

C5R30

Rubberized Mixtures

C3R30

C5

C7R30

R15

R30

R45
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9.8 Flexural dynamic modulus and comparison with other methods

Table 9.1 shows the experimental results of the dynamic flexural modulus testing

program. As can be seen from that table, there is uniformity in the manufactured

samples in terms of the measured densities and the flexural strengths estimated from

the ultrasonic testing. The dynamic flexural modulus estimated from this mode of

testing follows the same trend as previously discussed under different methods and

modes of testing (Section 5.4.5 and Section 7.5.4).

To compare between different testing methods and modes, all previously presented

data are summarized in Table 9.2. It can be concluded from this summary that the

dynamic modulus is larger than the static one in the case of both indirect tensile and

flexural testing modes. The difference between static and dynamic flexural modulus

seems to be cement content-dependent where, in the case of flexural testing, the

difference between the latter and former increases as cement content increases.

However, no such behavior occurred in the case of indirect tensile testing.

Regarding the highest and lowest moduli values measured by six different methods

(Table 9.2), the modulus measured by indirect tensile and ultrasonic methods showed

the lowest and highest values, respectively. The relationships between stiffness

moduli estimated using different testing modes are shown in Table 9.3 and Appendix

D. Based on the figures shown in Table 9.2, it can be concluded that the resonant

frequency method provides approximately the same results as the dynamic flexural

testing. This means that in terms of test cost, difficulty and availability of testing, the
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dynamic modulus estimated by means of resonant frequency can be used reliably for

pavement analysis and design.
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Mix ID Density

(kg/m3)

SR req’d

(%)

FSSF

(MPa)

UPV,

(m/s)

FSUT

(MPa)

FS Design

(MPa)

Maximum applied

load, (kN)

Minimum applied

load, (kN)

Frequency,

(Hz)

Dynamic modulus

(average) (GPa)

C5R0-1 2526.4 40 4.4 5107 4.26 4.33 5.773 0.6 2
44.9

C5R0-2 2520.6 40 4.4 5102 4.245 4.323 5.76 0.6 2

C5R15-1 2497.2 40 4 5020 4.1 4.05 5.34 0.5 2
43.3

C5R15-2 2489 40 4 5015 3.98 4 5.12 0.5 2

C5R30-1 2458.7 40 3.6 4985 3.9 3.75 5.1 0.51 2
44.5

C5R30-2 2458.57 40 3.6 4985 3.9 3.75 5 0.5 2

C5R45-1 2428 40 3.28 4798 3.33 3.3 4.14 0.4 2
38.5

C5R45-2 2423 40 3.28 4770 3.246 3.26 4.7 0.47 2

C3R0-1 2501.5 40 2.657 4812 3 2.8 3.72 0.35 2
38.8

C3R0-2 2514.2 40 2.657 4730 2.70 2.68 3.57 0.35 2

C7R0-1 2527.3 40 5.282 5165 5.22 5.25 7 0.7 2
51.55

C7R0-2 2529.9 40 5.282 5175 5.29 5.285 7 0.7 2

C3R30-1 2452.64 40 2.29 4670 2.48 2.385 3.31 0.331 2
34.6

C3R30-2 - - - - - - - - -

C7R30-1 2463.6 40 4.135 5020 4.2 4.16 5.55 0.6 2
47.9

C7R30-2 2458.5 40 4.135 5015 4.165 4.15 5.534 0.6 2

Table 9.1: Densities, UPVs and estimation of the actual flexural strength for dynamic flexural modulus.

SR req’d : required stress ratio. FS UT : estimated flexural strength based on ultrasonic correlation (Chapter 7)

FSSF: flexural strength based on static flexural testing program (Chapter 6). FS Design : estimated design flexural strength to be applied.
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It can be observed from Table 9.2 that for different investigated mixtures and under different

testing regimes, the maximum mean of the coefficient of variation is below 14.8% which can

be considered acceptable and normal in laboratory characterization. However, except for the

static testing, the COV means for all other characterization techniques are below 5%

Furthermore, the non-destructive testing showed less variability as compared with other

Mixture
Static testing

Dynamic non-destructive
testing

Dynamic testing

Indirect
tensile

Static
flexural

Ultrasonic
testing

Resonant
frequency

Indirect
tensile

flexural

C5R0
StdDev.

CoV

32
1.6
4.9%

44.12
3.67
8.3%

65.45
1.24
1.86%

46.4
0.85
1.8%

43.67
1.21
2.77%

44.9
2.28
5.1%

C5R15
StdDev.

CoV

30
1.96
6.5%

42.30
9
21.2

62.45
0.53
0.8%

43.70
0.61
1.4%

42.58
0.45
1.06%

43.3
0.21
0.4%

C5R30
StdDev.

CoV

28
6.65
23.6%

37.60
4.62
12.2

60.85
0.69
1.1%

41.40
0.6
1.45%

41.80
1.06
2.53%

44.5
2.9
6.5%

C5R45
StdDev.

CoV

29
2.53
8.6%

30.31
1.1
3.64%

55.8
0.67
1.2%

38.61
0.84
2.2%

35.95
0.63
1.77%

38.5
4.95
12.8%

C3R0
StdDev.

CoV

26
3.76
14.4%

39.10
14.16
36.2%

57
1.27
2.2%

40.27
1.55
3.7%

39.85
0.98
2.46%

38.8
1.77
4.5%

C3R30
StdDev.

CoV

14
5.6
41.4%

34.52
4.4
12.8%

53.4
35.15
0.78
2.1%

35.27
4.42
12.5%

34.6

C7R0
StdDev.

CoV

32
0.25
0.8%

43.86
6
13.6%

67.4
0.28
0.4%

49.57
1.31
2.6%

44.15
0.73
1.67%

51.55
0.176
0.3%

C7R30
StdDev.

CoV

28.5
0.26
0.9%

38.19
4.05
10.6%

61.55
0.35
0.5%

42.70
1.35
3.1%

41.75
0.88
2.105%

47.9
0.16
0.3%

CoV
range

0.8%-
41%

3.6%-
36.2%

0.4% - 2.2%
1.4% -
3.7%

1.06%-
12.5%

0.3%-
12.8%

CoV
Mean

12.6% 14.8 1.1% 2.3% 3.3% 4.3%

Table 9.2: Summary of comparison between different stiffness modulus (in GPa)
characterization methods.
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techniques while greater variability was observed in the case of testing under static loading.

Also, it can be concluded that, firstly, the possible dynamic modulus range of the lightly

stabilized mixtures is 26-40.2 GPa. For moderately cemented mixtures this range is from 28

GPa to 46.4 GPa. Finally, heavily stabilized mixtures have dynamic moduli ranging between

28 GPa and 49 GPa. These above possible ranges apply for different cement stabilized

crushed fractioned aggregate mixtures having different ranges of densities.

No. Relationship R2 Parameters Figure No.

1 Ed = 1.1055*Ef 0.99 Ed=dynamic flexural modulus

Ef=static flexural modulus

D.1

2 Ed = 1.02*Edr 0.99 Edr=dynamic modulus estimated by

resonant frequency method

D.2

3 Ed = 1.05Edu – 20.57 0.84 Edu=dynamic modulus estimated by

ultrasonic method

D.3

4 Ed = 1.426*ITST – 14.91 0.76 ITST= indirect tensile stiffness

modulus estimated under cyclic

indirect tensile loading

D.4

5 Ed = 1.53*Eit 0.99 Eit=Static indirect tensile modulus D.5

9.9 Fatigue testing program

9.9.1 Effect of rubber and cement on phase angle of cement-stabilized aggregate

From observing both loading and deformation amplitudes of tested mixtures, it was noticed

that for different cement and rubber contents, there is no time lag between loading and

resulting deformation curves. This confirms that the phase angle remain zero regardless of

cement or rubber contents. Recently, Nusit et al. (2015) measured the dynamic modulus (in

Table 9.3: The relationships between moduli of elasticity estimated under static, dynamic and

nondestructive testing.
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compressive mode) for cement-stabilized granular materials utilizing the same procedure

frequently used for asphaltic mixtures. They reported that the measured phase angle was

ranging between 1.63° and 5.2° and, accordingly, they drew a conclusion that cement

stabilized materials are pure elastic materials since the measured angle is close to zero.

9.10 Fatigue testing program results

9.10.1 Fatigue lives

9.10.1.1 Effect of rubber on the fatigue behaviour of CSAMs

Table 9.4 and Table 9.5 show the measured densities, UPVs and corresponding estimated

flexural strength, design flexural strength, loading details and fatigue lives for different

mixtures. As can be seen from that table, the densities of different sample belonging to

different mixtures are comparable with the measured densities of the samples used in the

static flexural testing program (Chapter 6). This confirm the uniformity of specimen

manufacturing which in turn indicates the accuracy in adopting the static flexural results as a

prerequisite for fatigue testing so as to estimate the flexural strength of the samples to be

tested for fatigue. Based on these, it can be seen that the estimated flexural strength (from the

correlation with ultrasonic testing) is close to that of the static flexural strength.

Figure 9.5 and Figure 9.6 illustrate the effect of rubber replacement level and effect of

cement on fatigue lives, respectively. The general trend that can be concluded from Figure

9.5 is that the fatigue lives of the mixtures improved as a result of rubber inclusion, where the

more the rubber content the longer the fatigue lives. Interestingly, it seems that this degree of

improvement depends, to some extent, on the applied stress ratio. As is clear from the latter
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figure at high stress ratio (i.e., 90%) there is no clear behaviour where, except for the mixture

C5R30, the fatigue life remains constant or may decrease as a result of rubber inclusion. For

lower stress ratios (below 90%), on the other hand, there is an obvious increase in the fatigue

life for all replacement levels as compared with the reference mixture. This behaviour may be

attributed to the duration of the microcracking stage. It is thought that this microcracking

period, in a stress-controlled experiment, increases as the stress ratio decreases. Evidence was

presented in Chapter 5 and Chapter 6 that the cracks are almost developed and/or propagating

through the aggregate particles and, accordingly, it is suggested that the mechanism of

toughness improvement is by retarding the crack propagation as the stress developed at the

crack tip is absorbed/relieved by rubber particles, especially at microcracking level. Also, it

was reported by Modarres and Hosseini (2014) that there is a strong relationship between

toughness and performance under cyclic loading.
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Mix ID Density

(kg/m3)

SR req’d

(%)

FSSF

(MPa)

UPV,

(m/s)

FSUT

(MPa)

FS

Design

(MPa)

Maximum

applied load,

(kN)

Minimum

applied load,

(kN)

Frequency,

(Hz)

Cycles to failure,

Nf

C5R0-90 2529.2 90 4.4 5219 4.6 4.5 13.5 1.3 2 130

C5R0-85 2526.4 85 4.4 5107 4.26 4.33 12.2 1.2 2 3890

C5R0-80 2524.5 80 4.4 5197 4.53 4.46 12 1.2 2 36500

C5R0-75 2527.3 75 4.4 5165 4.45 4.4 11 1.1 2 113500

C5R30-90 2460 90 3.6 4935 3.742 3.67 11 1.1 2 5000

C5R30-85 2452.5 85 3.6 4980 3.84 3.72 10.4 1 2 50445

C5R30-80 2459.3 80 3.6 4970 3.847 3.84 10.24 1 2 146907

C5R30-75 2458.3 75 3.6 4970 3.78 3.7 9.2 0.9 2 550000

C5R15-90 2490 90 4 5144 4.371 4.39 13.2 1.3 2 33

C5R15-85 2497 85 4 5133 4.378 4.37 12.3 1.2 2 45000

C5R45-90 2426.3 90 3.28 4975 3.86 3.5 10.6 1 2 120

C5R45-85 2425 85 3.28 4911 3.67 3.475 9.8 1 2 55726

Table 9.4: Densities, UPVs and estimation of the actual flexural strength for fatigue tests.

SR req’d : required stress ratio. FS UT : estimated flexural strength based on ultrasonic correlation (Chapter 7)

FSSF: flexural strength based on static flexural testing program (Chapter 6). FS Design : estimated design flexural strength to be applied.
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Mix ID Density

(kg/m3)

SR req’d

(%)

FSSF

(MPa)

UPV,

(m/s)

FSUT

(MPa)

FS

Design

(MPa)

Maximum

applied load,

(kN)

Minimum

applied load,

(kN)

Frequency,

(Hz)

Cycles to failure,

Nf

C3R0-90 2507 90 2.66 4798 3.33 2.99 9 1 2 199

C3R0-85 2492 85 2.66 4812 2.66 2.66 7.54 0.7 2 -

C7R0-90 2527.3 90 5.282 5165 5.22 5.25 15.70 1.5 2 3696

C7R0-85 2529.9 85 5.282 5175 5.29 5.285 15.80 1.5 2 1538

C3R30-90 2452.6 90 2.282 4670 2.48 2.385 7.4 0.75 2 5403

C3R30-85 2438 85 2.28 4901 3 2.64 7.5 0.75 2 1655

C7R30-90 2458.5 90 4.135 5076 4.57 4.57* 12.9 1.3 2 4120

C7R30-85 2463.6 85 4.135 5138 5.13 5.13 14.5 1.5 2 116796

Table 9.5: Densities, UPVs and estimation of the actual flexural strength for fatigue tests.

SR req’d : required stress ratio. FS UT : estimated flexural strength based on ultrasonic correlation (Chapter 7)

FSSF: flexural strength based on static flexural testing program (Chapter 6). FS Design : estimated design flexural strength to be applied.

*Static value was ignored because the delay in testing at the specific age.
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In fact, the findings observed during the fatigue testing agree with the mechanism

suggested previously regarding the toughness improvement. This is supported by

Figure 9.5 which shows some increase in the fatigue life (at moderate and low levels)

when rubber is added.

9.10.1.2 Combined effect of cement and rubber on the fatigue behaviour of CSAMs

Regarding the effect of cement on the fatigue life, Figure 9.6 shows the fatigue life,

in general, improved due to rubber inclusion at all cement contents with the highest

improvement occurring at high cement content. This is consistent with finding of

toughness improvement mentioned in Chapter 5 (Figure 5.36). This appears to

indicate that the fatigue life is broadly proportional to the toughness of the mixture.

The question that arises now is: "Will the reduction in the mixture strength, due to

rubber incorporation, be compensated by the improvement in fatigue life and the

reduction of stress attractiveness due to the reduction in the stiffness modulus?" To

answer this question it is necessary to investigate the practical implications of rubber

inclusion by combining the observed stiffness, strength and fatigue performance

through pavement analysis and design.
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Figure 9.6: Effect of cement content on fatigue lives of reference
and rubberized mixtures @ 90% and 85% stress ratios

Figure 9.5: Effect of rubber contents on fatigue lives of CSAMs
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9.11 Dynamic deformations

During repeated loading, the total deflection was recorded for each cycle including

the recoverable and permanent deformation (see Figure 9.3). Figure 9.7 through

Figure 9.12 illustrate the measured vertical dynamic deformation at mid-span for the

tested prisms for selected mixtures. Appendix A shows the vertical dynamic

deformation for all mixtures. Utilizing the developed computer code for fatigue data

processing (Chapter 8), the maximum and minimum deformation was extracted for

each cycle along with the fatigue life. These values were drawn (Figure 9.7 through

Figure 9.12 and Appendix A), as illustrated in red and green lines, respectively.

From these two values, the recoverable deformations were calculated at each cycle to

quantify the development of dynamic modulus across the fatigue life. It should be

noticed, from these figures, that the deformation profile across the fatigue life is

composed of three regions, as discussed in Section 9.3.1. From observing the results

presented in Appendix A, at higher stress ratios, there are two regions. The first

extends from the beginning until 95% of the fatigue life. However, at low cement

contents, this only lasted until 90% of the fatigue life. At lower stress ratios, the

dynamic deformation curve shows three regions regardless of cement or rubber

contents.
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Figure 9.7: Vertical deformation under
cyclic loading for C3R0@90% stress ratio

Figure 9.8: Vertical deformation under
cyclic loading for C3R30@85% stress ratio
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9.12 Stress ratio-Number of cycles to failure (S-N) curves

It is customary to express the fatigue test results in terms of stress ratio-fatigue life or

S-N curves. The general form of S-N curves is reported in the literature as:

SR = a ∗ lnN + b (9.7)
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Figure 9.12: Vertical deformations under
cyclic loading for C7R30@85% stress ratio

Figure 9.11: Vertical deformation under
cyclic loading for C7R0@85% stress ratio

Figure 9.10: Vertical deformation under
cyclic loading for C5R30@85% stress ratio

Figure 9.9: Vertical deformation under
cyclic loading for C5R0@85% stress
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The cycles to failure (in log scale) were plotted against the stress ratio as shown in

Figure 9.13. From these, the S-N curves were obtained for both C5R0 and C5R30 as

shown in Equation 9.8 and Equation 9.9, respectively.

SR = −0.02022 ∗ lnN + 1 (9.8)

SR = −0.01748 ∗ lnN + 1.0155 (9.9)

These relationships can be considered as laboratory based transfer functions which

are normally incorporated in the mechanistic empirical pavement design procedure

for pavement performance prediction. Both Equation 9.8 and Equation 9.9 are good

fits to the plotted data as shown in Figure 9.13. This confirms the suitability of the

suggested methodology for actual flexural strength estimation, as presented in

Chapter 7, and the uniformity of prism manufacturing and other preparatory steps.

As is clear from Figure 9.13, at all stress ratios, the fatigue lives of the rubberized

mixtures is greater than that of the reference mixture.

9.13 Endurance limits and fatigue strength

Endurance limit as defined by Sobhan and Mashnad (2003) is the stress level at

which the tested sample can withstand two million cycles without fatigue failure.

Based on the developed fatigue equation (Equation 9.8 and Equation 9.9) the

endurance limits are70% and 76% for reference (C5R0) and rubberized (C5R30),

respectively. Sobhan and Mashnad (2001) reported that the endurance limit for

unreinforced and fibre-reinforced cemented recycled concrete aggregate were 56%

and 77% respectively.
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9.14 Evaluation of Damage accumulation

9.14.1 Permanent deformation accumulation

Across the fatigue life, permanent deformation accumulates gradually which

indicates the accumulation of damage in the mixture (Grzybowski and Meyer 1993).

This plastic deformation will contribute directly to the rutting of pavement structure

(Sobhan and Das 2007).

Figure 9.14 and Figure 9.15 illustrate the permanent deformation for the stabilized

mixtures with different rubber contents at 90% and 85% stress ratios. It is evidenced

from the former figures that at 90% stress ratio, the accumulated permanent

deformation is smaller for rubberized mixtures. In addition, phase I of the permanent

Figure 9.13: S-N curve for reference and rubberized mixtures @ 5% cement content
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deformation profile is very short or may not exist. This explains and supports the

hypothesis just mentioned regarding the reduction in the fatigue life of rubberized

mixture at higher stress ratio which is attributed to the shortness of the microcracking

phase. Thus, this was quickly followed by a rapid macrocracking stage and hence

failure without excessive deformation.

At lower stress ratios, on the other hand, it can be observed from Figure 9.15 that

more deformation was accumulated in rubberized mixtures as compared with

reference one. In addition, it can be noticed that there are three regions which was

previously discussed (Section 9.3.1). These results are consistent with findings

reported in Shah and Chandra (1970). These authors used non-destructive testing

methods to observe the occurrence and rate of microcrack growth due to fatigue

testing. They found that at low stress ratios (70% and below), there was stable and

slow microcracking growth while at higher stress ratios (80% and higher), on the

other hand, a faster growth rate of these microcracks occurred.
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Figure 9.14: Permanent deformation accumulation for mixtures
containing different rubber contents @ 90% stress ratio

Figure 9.15: Permanent deformation accumulation for mixtures
containing different rubber contents @85% stress ratio
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Regarding the effect of cement on the permanent deformation accumulation of

rubberized mixtures (with 30% rubber replacement), it is obvious from Figure 9.16

that, at high 90% stress ratio, different mixtures showed low levels of permanent

deformation with a slightly higher permanent deformation in low cemented mixture

as compared with moderately or highly cemented ones. However, at 85% stress ratio,

rubberized mixtures of different cementation levels experienced higher permanent

deformation levels as compared with those tested at higher stress level with the

higher permanent deformation occurring in rubberized mixtures of higher

cementation levels. This, in fact, is well agreed with the fatigue lives findings where

a better improvement, in terms of fatigue lives, occurred at lower stress ratios.

Furthermore, the existence of the three mentioned phases is clearer at low

cementation levels for both rubberized and reference mixtures.

On the other hand, it seems that the stress ratio also has the same effect on the

permanent deformation accumulation rate of the reference mixtures having different

cement contents. Comparing and contrasting the effect of rubber content in mixtures

having different cement contents (Figure 9.16 and Figure 9.17 versus Figure 9.18 and

Figure 9.19) reveals, at high stress ratios, no big difference between the rates of

permanent damage accumulation due to rubber inclusion. However the deformation

accumulated at failure is more than in the case of rubberized mixtures at all cement

contents. At 85% stress ratio, on the other hand, this rate of accumulation is greater

in the case of rubberized mixtures with large improvement occurring at higher

cement contents. In addition, there is a big difference in the deformation experienced

at failure when the rubber is incorporated.
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Figure 9.16: Permanent deformation accumulation for rubberized
mixtures containing different cement contents @ 90% stress ratio
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Figure 9.17: Permanent deformation accumulation for rubberized
mixtures containing different cement contents @ 85% stress ratio



Chapter 9: Fatigue and dynamic modulus performance

337

Figure 9.18: Permanent deformation accumulation for reference
mixtures containing different cement contents @ 90% stress ratio

Figure 9.19: Permanent deformation accumulation for reference
mixtures containing different cement contents @85% stress ratio
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From these findings, it can be also concluded that there is a proportional relationship

between the rate of damage accumulation and the fatigue life. This means the more

the accumulated deformation the more the fatigue life of the mixtures.Sobhan and

Mashnad (2002) presented similar permanent deformation growth when they

investigated the performance of roller compacted concrete. Also, it has been

previously found that the normalized permanent deformation and normalized cycles

are related by the following formula (Sobhan and Das 2007; Paul 2011; Gonzalez

2014; Sobhan et al. 2015)

∆୮

∆୮୫ ୟ୶
= cଵ൬

N୧

N
൰
మ

(9.10)

where

∆୮ = permanent deformation.

∆୮୫ ୟ୶ = total accumulated permanent deformation at failure.

c1 and c2 = regression constants.

Ni = cycles number up to cycle i.

Nf = total number of cycles up to failure.

Using the permanent deformation experimental data obtained from this investigation,

a regression analysis was used to produce relationships between permanent

deformation and number of cycles. Table 9.6 shows the regression coefficients for

different mixtures. It can see from this table that the coefficient of determination (R2)

for all mixtures at all investigated stress ratios (except C5R45@90% SR) is above

0.69. This tends to confirm that at all rubber and cement contents the permanent
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deformation still follows the same trend. It is worth mentioning that Sobhan and

Mashnad (2002) stated that these equations can be used to predict the permanent

deformation at any stage of the fatigue life of the pavement.

9.14.2 Dynamic modulus degradation

Fatigue life of pavement materials in general can be defined as the number of load

applications that the materials can sustain at a particular stress/strain level. In

addition, in design of a pavement structure, this level of stress/strain should not

R2c2c1Stress ratio, %Mixture ID

0.691.5731440.25638190C3R0

0.940.2240790.7760790C7R0

--------------------85C3R0

0.9430.568830.5973385C7R0

0.790.4251930.27720490C3R30

0.890.4660410.30374990C7R30

0.920.7905760.37825385C3R30

0.950.395640.71981185C7R30

0.830.88150.74632590C5R0

0.811.2231470.30612690C5R15

0.81.0471870.23974490C5R30

0.350.6545560.19327790C5R45

0.940.4687340.66927785C5R0

0.710.1962140.44142385C5R15

0.920.365520.63858585C5R30

0.860.2955840.68038185C5R45

Table 9.6: Regression coefficients for permanent deformation of investigated
mixtures.
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exceed the maximum values established for the materials via static tests. Therefore,

in the design of pavement structures, it is traditional to increase the layer thickness to

ensure that the calculated pavement responses are sufficiently below their maximum

values.

In analysis and design of pavement structures, it is normally assumed that the

modulus of elasticity remains constant across the fatigue life. This latter assumption

is not necessarily correct due to the degradation of the material stiffness throughout

its life (Oliveira 2006). Therefore, it can be concluded that it is not only important to

investigate the fatigue performance in terms of the number of cycles up to failure, but

it is also necessary to observe and monitor the material behaviour throughout the

fatigue life to ascertain the accuracy of pavement design assumptions. In addition,

observing the behaviour of the materials during the fatigue test may provide vital

information to understand the mechanism of their damage under fatigue loading.

Therefore, in this part of study, an investigation was performed to investigate the

behaviour of the rubberized mixtures containing different amounts of crumb rubber,

rubberized mixtures of different degrees of stabilization and reference mixtures with

different degrees of cementation under fatigue loading. This was performed in terms

of modulus degradation throughout the fatigue life.

Figure 9.20 and Figure 9.21 show the effect of rubber content on the degradation of

dynamic modulus of the cemented mixtures subjected to fatigue loading. As can be

seen from these figures, at 90% stress ratio, rubber does not have a noticeable effect

on the degradability of the modified mixtures where approximately the same

modulus was achieved across the majority of the fatigue lives. However, a slight
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reduction is observed in the elastic modulus of the mixture with 45% rubber

replacement. Similarly, at lower stress ratio, the latter behaviour was also observed in

the case of the 45% replacement level. The large degradation in the dynamic

modulus would mean an uneconomical layer thickness since similar performance

would require a thicker layer to maintain the same level of stress/strains in the

underlying and overlying pavement layers. Therefore, in terms of the degradability,

the performance of rubberized mixtures does not differ much from that of

unmodified mixtures except at high stress states and high rubber replacement

percentage.

Regarding the effect of cement content, it can be seen from comparing Figure 9.22

and Figure 9.23 with Figure 9.24 and Figure 9.25 that the rubber has no clear effect

on the degradability of flexural dynamic modulus at all examined cement contents.

However, it seems that the degradability of mixtures with low cement contents (3%)

is larger as compared to mixtures with moderate (5%) and high cement contents

(7%). From a practical point of view, this means a need for greater layer thicknesses

when constructing using low stabilizer content so as to maintain the same

strain/stress levels in the pavement system.

Dynamic modulus degradation curves for the majority of the investigated mixtures

showed only two regions. In the other words, the first phase does not exist in these

mixtures. This was followed by Phase II which last until 95% and then the rapid

degradation Phase III starts. Observations conducted by Paul (2011) for lightly

stabilized materials showed similar behaviour.
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Figure 9.20: Evolution of dynamic modulus of elasticity for
CSAMs of different rubber replacement @90% stress ratio

Figure 9.21: Evolution of dynamic modulus of elasticity for
CSAMs of different rubber replacement @85% stress ratio.
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Figure 9.22: Evolution of dynamic modulus of elasticity for
RCSAMs of different cement contents @90% stress ratio.

Figure 9.23: Evolution of dynamic modulus of elasticity for
RCSAMs of different cement contents @85% stress ratio.
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Figure 9.24: Evolution of dynamic modulus of elasticity for
CSAMs of different cement contents @90% stress ratio.

Figure 9.25: Evolution of dynamic modulus of elasticity for
CSAMs of different cement contents @85% stress ratio.
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9.14.3 Dynamic load-deformation hysteresis loops

Figure 9.26 through Figure 9.31 illustrate the typical load-deformation hysteresis for

some mixtures while the complete set of hysteresis curves for investigated mixtures

at 90% and 85% stress ratios is shown in Appendix B. By comparing and contrasting

Figures 9.26, 9.28 and 9.30 with Figures 9.27, 9.29 and 9.31, it can be seen that the

dissipated energy (i.e., the area inside the loop hysteresis) is greater due to rubber

inclusion at all cementation levels. Furthermore, it seems, from these figures, that

more energy was dissipated after 90% of the fatigue life had been consumed for all

mixtures. These results are consistent with the permanent deformation findings

discussed earlier in Section 9.14.1.

Figure 9.26: Load-deformation hysteresis
loops for C3R0@90% stress ratio

Figure 9.27: Load-deformation hysteresis
loops C3R30@90% stress ratio
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9.14.4 Fatigue damage accumulation assessment through dissipated energy

approach

There is no doubt that research regarding the fatigue of asphaltic materials and their

analysis methods is more advanced as compared with cement-stabilized mixtures. As

mentioned earlier, various methods are normally used to define the fatigue failure.

Recently, Gnanendran and Piratheepan (2009) have used the stiffness reduction and

Figure 9.28: Load-deformation hysteresis
loops for C5R0@90% stress ratio

Figure 9.29: Load-deformation hysteresis
loops for C5R30@90% stress ratio

Figure 9.30: Load-deformation hysteresis
loops for C7R0@90% stress ratio

Figure 9.31: Load-deformation hysteresis
loops for C7R30@90% stress ratio
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dissipated energy approaches to define the fatigue failure of lightly stabilized

materials. Similar results were obtained by these authors using these two approaches.

In contrast, the investigations conducted by Paul (2011) in his PhD study for lightly

stabilized aggregate showed that the dissipated energy approach results in

conservative fatigue lives where these lives were about 86% of those estimated based

on complete collapse of the sample.

Due to the limited information regarding the applicability of the dissipated energy

approach to define the fatigue failure of cemented materials, it was intended, in this

section, to investigate this applicability especially in the light of the mixture variety

in terms of aggregate composition and stabilization degree. Also, this approach was

introduced very recently in the draft of the new European standards (BS EN 12697-

24:2015) as an alternative criterion to define the fatigue failure life of asphaltic

mixtures. The curves presented in Appendix C show the implementation of the

dissipated energy ratio method to locate the fatigue failure, as a peak of the curve, for

different investigated mixtures. Figure 9.32 through Figure 9.34 represent typical

results. To compare between the fatigue lives determined based on the full collapse

of the sample and that estimated based on the dissipated energy ratio approach, the

latter was plotted against the former to observe the relationships between these two

criteria, as shown in Figure 9.35. As can see from this figure, the fatigue life

estimated based on dissipated energy approach is close to (around 97% of) that

corresponding to the point of sample fracture. This figure also shows that all

mixtures, of different cement and rubber contents, follow the same relationship with

an extremely high R2 (0.99); indicating the interchangeability of these two

approaches.
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versus cycles number for C7R30@85

Figure 9.33: Variation in energy ratio
versus cycles number for C5R30@85

Figure 9.32: Variation in energy ratio
versus cycles number for C3R30@85
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9.15 Concluding remarks

Based on the results presented in this chapter, the following conclusions can be

drawn:

1. Inclusion of crumb rubber improves the fatigue lives of the cement-stabilized

mixtures. This degree of improvement depends, to some extent, on the stress

ratio. In general, the fatigue lives of samples tested at less than 85% stress ratio

increase as the rubber content increases. Furthermore, this improvement

occurred for all cementation levels with the highest improvement in the case of

the highest cement content.
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2. More permanent deformation was accumulated as the rubber content increased

especially at lower stress ratios (less than 85%). The same behaviour was

observed in the case of both the rubberized and reference mixtures at all cement

contents.

3. Comparing and contrasting fatigue and permanent deformation accumulated

across the pavement life indicates the strong relationship between these two

parameters. This suggests that the improvement in fatigue life comes from the

fact that more deformation was accumulated in the mixtures.

4. The mechanism of fatigue improvement is probably because the rubber particles

delay the crack propagation, especially at the microcracking stage, by absorbing

and relieving the stress at the crack tip and by lengthening the crack path. This

explanation is supported by the observation that the fatigue life, at lower stress

ratios, improved since the microcracks grew more slowly which permits

absorbance and relief of the stresses and the crack could take the longest path (as

evidenced by more accumulated permanent deformation).

5. The dissipated energy approach was implemented, through the dissipated energy

ratio concept, to define the fatigue life of cementitious material, to show the

difference between this approach and the complete collapse concept and finally

to observe how the rubber, cement and their interaction may affect this

behaviour. The results revealed that regardless of the rubber or cementation level

the fatigue lives estimated by these two principles are close to each other and

very simply and reliably related by a factor of 0.97Lf=Le where Lf is the fatigue
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life determined on the basis of specimen collapse and Le is the life determined

by dissipated energy approach.

6. Estimating the actual flexural strength on the basis of ultrasonic pulse velocity is

a practical and useful means of accurately estimating applied stress ratio in

fatigue tests. This helped to reduce the scatter in results.

7. The possible dynamic modulus range of the lightly stabilized mixtures is 26-40.2

GPa. For moderately cemented mixtures this range is from 28 GPa to 46.4 GPa.

Finally, heavily stabilized mixtures have dynamic moduli ranging between 28

GPa and 49 GPa. These above possible ranges apply for different cement

stabilized crushed fractioned aggregate mixtures having different ranges of

densities.

8. Comparing different stiffness modulus characterization methods (destructive vs.

non-destructive) and modes (flexural vs indirect tensile and static vs dynamic)

revealed that the resonant frequency testing method can be adopted to estimate

reliably the dynamic modulus of elasticity economically and simply for

pavement analysis in mechanistic empirical pavement design procedures.

9. The permanent deformation development follows the same trend reported

previously for stabilized mixtures at all rubber replacement levels, degrees of

stabilization and applied stress ratios.

10. To quantify and optimize the effect of rubber in a pavement structure, it is

necessary to investigate if the reduction in the mixture strength will be
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compensated by the improvement in the fatigue life and reduction in the stress

attractiveness due to stiffness reduction of the rubberized mixtures.

11. In pavement design, the degradability of the layer mixtures should also be taken

into consideration. This is because the reduction in the dynamic modulus will

reduce the stress attracted to a certain layer which, in turn, may induce more

stress/strains in underlying and overlying layers for which they are not designed.

This in turn may accelerate the pavement failure and/or reduce the economic

ability of the layer if its thickness must be increased to compensate for the effect

of reduced modulus.

12. The description of the fatigue behaviour in terms of transfer functions is limited

to the comparison between the reference mixture and the rubberized mixture

stabilized with 5% cement contents. It is recommended to study the transfer

function at different cement contents. This will also help to expand knowledge

regarding the effect of cement under other stress ratios.
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Chapter Ten

Pavement Analysis and Design

10.1 Introduction

In the mechanistic-empirical pavement design approach, different layer properties

are usually involved. The most important ones are strength, dynamic modulus of

elasticity and fatigue performance. Modifying cement-stabilized aggregate mixtures

with different amounts of rubber and/or cement has resulted, as determined in the

previous chapters, in different strengths, moduli and fatigue performances. An

interesting question therefore arises: how do the rubber and cement affect the final

pavement performance? Or expressed differently, what is the effect of interactions

between the different pavement design inputs that result from modification of the

aggregate with rubber and cement on the pavement responses and design thickness of

different layer(s)? In addition, will the improvement in fatigue performance
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compensate for the decline in the materials’ strength in the light of the slight

reduction in the materials’ stiffnesses? To answer these questions it is necessary to

implement a mechanistic-empirical design methodology utilizing a multilayer elastic

analysis and experimental-derived strength, stiffness and fatigue results.

The purpose of this chapter is to describe such an implementation and to present the

responses, mainly in terms of stresses, strains and deflections. Then, these pavement

responses are employed with the laboratory transfer functions to gain understanding

of the effect of modification on the final layer thickness or the fatigue life of the

modified layer. In addition, since the mixtures of different cement contents showed

different degrees of degradability, a study was also made of the effect of

degradability of the pavement mixture on the performance of different pavement

layers.

10.2 Pavement arrangements and properties

To achieve the objectives of this chapter, 64 hypothetical pavement sections (Table

10.1) were taken into consideration to study different pavement arrangements with

various layer properties. Pavement sections consist of a Hot Mix Asphalt (HMA)

surface course, a CSAM base course, a granular subbase and a soft subgrade. The

latter was selected to simulate the worst case in which a rigid layer is logically used.

For simplicity, the load is assumed to be applied by a single axle and a single tire.

Figure 10.1 illustrates, diagrammatically, the assumed pavement structure. Regarding

the pavement properties, these were extracted from the experimental investigation

presented in the previous chapters. The thickness range for base course differed,
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depending, based on the cement content of these layers. The surface course, subbase

course and subgrade were allotted typical properties as documented in the literature.

Typical properties and thicknesses for these other layers are presented in Table 10.2.

Case No.

Surface course

thicknesses

(mm)

Base course

thickness

(mm)

Subbase

thickness

(mm)

Mix type
No. of
Pavement
sections

Low cement content

1
40 and 50 175-250 (25)* 200

C3R0
16

2 C3R30

Moderate cement content

4

40 and 50 125-170 (15) 200

C5R0

32
5 C5R15

6 C5R30

7 C5R45

High cement content

9
40 and 50 100-150 (15) 200

C7R0
16

10 C7R30

Figure 10.1: Pavement structure configuration (not to scale)

Table 10.1: Analysis and design matrix

* The number in the brackets represents the thickness increment
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10.3 Traffic loads and analysis software

Cement-stabilized aggregate bases are normally used in highways that are anticipated

to carry heavy traffic loads. Reviewing the criteria of different countries revealed that

France, Spain and Belgium use the highest maximum axle load which is 130 kN

(Thøgersen et al. 2004). For the purpose of this study the latter axle load was

adopted. The tire pressure was adopted as 750 kPa. The analysis of the structural

pavement system was conducted using the KENPAVE software. This was developed

by Professor Huang (Huang 2004) at Kentucky University. KENPAVE consist of

two systems which are KENLAYER and KENSLABS used for flexible and rigid

pavement analysis and design, respectively. KENLAYER is a multilayer elastic

solution system under single, dual, dual-tandem and dual-tridem wheel loads. Each

layer can be considered as a linear elastic, nonlinear elastic or viscoelastic material.

In this study, all layers are considered as linear elastic materials. This is because the

purpose of this study is to show the effect of the relative change in the materials’

elastic behaviour resulting from different rubber and cement contents and their

combinations.

Layer Type Modulus of elasticity, MPa Reference

Surface HMA 2800 Lav et al. (2006)

Subbase Granular 96.6 Hadi and Bodhinayake (2003)

Subgrade Soft soil 50 Huang (2004)

Table10.2: Typical properties for surface, subbase and subgrade courses
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10.4 Pavement failure criteria

For successful structural design of any civil engineering structure, including

pavement structures, it is necessary to understand their possible failure mode (Brown

2012). The deterioration of the pavement structure normally occurs gradually due the

accumulation of damage resulting from different factors including traffic loads and

environmental conditions. However, as stated by Brown, traffic loads can be

considered as the main reason behind the deterioration of the pavement structure.

In conventional flexible pavement design two critical failure modes occur due to two

critical responses. The first mode is fatigue cracking in the bound layer resulting

from the tensile stress/strain at the bottom of that later. This can be considered as a

structural failure. Rutting of the subgrade due to the excessive compressive

stress/strain on its upper surface represents the second failure mode. The latter mode

is a functional failure. Since the purpose of pavement structural design is to ensure it

serves its role both structurally and functionally, it is necessary to design the

pavement to resist both these failure modes. In situations where there is more than

one bound layer, the tensile criterion should be checked at the bottom of each bound

layer (Figure 10.2). However, in the case of a composite pavement structure, in

which there is a rigid base course, it is almost always the tensile stress at the bottom

of this layer that is the critical criterion. In this study, the following failure locations

will be checked:

1. Bottom of HMA- to check the tensile strain which may cause fatigue cracking.
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2. Bottom of CSAMs and RCSAMs- to check the tensile stress which may cause

fatigue cracking.

According to the South African mechanistic-empirical pavement design method

(Theyse et al. 1996), another possible failure mode is crushing at the top of the

cemented layer. This means that the compressive stress must be compared with the

unconfined compressive strength of a certain mixture. Therefore, this parameter will

also be estimated and checked here. Rutting, that may occur at the top of the

subgrade, which is characterized by the compressive strain at the top of the subgrade

will be ignored in this investigation due to the high stiffness and hence good load-

spreading achieved by the cemented layers.

10.5 Methodology and Mechanistic pavement design

Unlike the empirical pavement design methods, which are restricted to a specific

range of pavement materials and were developed from the observations of the

performance of existing pavement structures in full-scale trial sections, the

Figure 10.2: Pavement structure critical responses for design

q = 750 kPa
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mechanistic-empirical method permits design for any new material (Lav et al. 2006).

It relates the pavement responses from mechanistic analysis with the pavement

materials performances measured in the laboratory and is calibrated utilizing

specially designed trial pavement sections. The fatigue cracking criteria depend on

transfer functions for the different layers in which fatigue cracking may occur. For

asphaltic mixtures, the transfer function developed by the Asphalt Institute was

adopted as follows:

ܰ = 0.0796 (௧ߝ)
ିଷ.ଶଽଵ(ܧ)ି.଼ହସ (10.1)

where Nf is the number of traffic load application to reach fatigue failure, ௧ߝ is the

horizontal strain at the bottom of asphalt layer and E is the stiffness modulus of the

asphalt surface course. Transfer functions for reference and rubberized cement-

stabilized aggregate mixtures will be used as presented in Equation 9.9 and Equation

9.10, respectively. Figure 10.3 demonstrates the methodology adopted in this

research and the relationship with other project elements.

10.6 Pavement analysis results

10.6.1 Vertical stress and strain distributions

The pavement structures in Table 10.1 were adopted to investigate the effect of both

rubber and cement on vertical and horizontal stresses and strains. Figure 10.4

illustrates the effect of rubber and cement on the vertical stresses. As expected, there

is a reduction in vertical stress as the depth from the pavement surface increases. In

addition, neither rubber nor cement has an effect on the vertical stress distribution.

Also, the compressive stress levels (that might cause crushing failure at the top of the
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cemented layer) are small as compared with the material’s compressive strength.

Therefore, only the tensile stress at the bottom of the cemented layer is likely to be

critical for this layer. Figure 10.5 shows the vertical strain distribution for all the

different cementitious base course alternatives. It can be seen from that figure that, as

the stiffness of the mixture decreases due to increasing rubber replacement, the stress

at the bottom of the cemented layers slightly decreases. However, a considerable

increase in the vertical strains applied at the top of the subgrade occurred with this

rubber content increase. Similarly, the subgrade becomes less strained as the rigidity

of the CSAM/RCSAM increases due to increased cementation.

Figure 10.3: Pavement analysis and design methodology adopted.
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Figure 10.4: Effect of different cemented layer properties on vertical stresses

Figure 10.5: Effect of different cemented layer properties on vertical strains
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10.6.2 Horizontal stress and strain distributions

The horizontal stress distributions for different cementitious base courses of different

cement and rubber contents are illustrated in Figure 10.6. It can be seen that the

horizontal stress at the bottom of the cemented layer only slightly increases as the

amount of rubber increases. On the other hand, there is greater applied stress as the

cement content increases. In terms of tensile strains, it can be seen from Figure 10.7

that the strains at the bottom of HMA surface course increase due to incorporation of

more rubber in the cemented mixtures while increasing the cementation level of the

layer causes a decrease in the strains applied at the bottom of the surface course. The

absence of tensile strain at the bottom of the asphaltic surface course Figure 10.7 is

partly explained by the assumption that the surface course is in full contact (full

friction) with the CSAM base course.

Figure 10.6: Effect of different layer properties on horizontal stresses
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In the light of this analytical study of the pavement structure, it can be concluded that

the reduction in the stiffness of the cemented layer (the main structural element in the

pavement structure) increases the horizontal strain at the bottom of the HMA surface

layer, decreases in the horizontal stress at the bottom of the layer itself and an

increases the vertical strains applied at the top of the subgrade. But the effect of

rubber replacement and additional cement (> 3%) is always relatively small. Because

the effect of rubber is opposite to the effect of cement, the change in pavement

behaviour due to the inclusion of rubber can be offset by greater thickness or more

cement so as to keep the same level of strains in the overlaying and underlying layers

(surface and subgrade).

Figure 10.7: Effect of different layer properties on horizontal strains
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10.7 Pavement design sensitivity analysis

The effect of rubber replacement level on the CSAM/RCSAM fatigue life is

illustrated in Figure 10.8 and Figure 10.9 for 40 mm and 50 mm surface courses,

respectively. It can be seen from these figures that, except for the cemented base

course of the C5R15 mixture, as rubber content increases the fatigue life of the

cemented base course decreases. Practically this means, for the projected design

traffic, the required layer thickness increases slightly as the rubber content increases.

This, however, can be justified by disposing the waste materials which in turn will

reduce the cost of stockpiling and provide a cleaner environment. The layer made

from C5R15 presents, approximately, the same performance and hence the same or

even less thickness is required.

Figure 10.8: Allowable load applications for 40 mm surface
course and variable cement-stabilized base thicknesses
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Regarding the effect of cement content (Figure 10.10 and Figure 10.11), for the same

layer thickness, the rich cement layer has a longer life as compared with those poorly

cemented or, in other words, thinner heavily cemented layers can be used for a

specific design life as compared to lightly cemented ones. In terms of effect of

cementation level on the performance of rubberized mixtures (i.e, CXR30, where

X=3, 5 and 7%), it seems that the rubber inclusion reduces the design life of the

cemented layers. However, this conclusion is not completely valid for the lightly

cementitious materials where the inclusion of rubber improved the design life of

these modified mixtures. Furthermore, the thickness of the HMA surface has only a

slight effect on the performance of the cemented base. It is noted that in the design

figures above some of estimated lives are unrealistically high. These were calculated

to demonstrate the behavioural trend only.

Figure 10.9: Allowable load applications for 50 mm surface
course and variable cement-stabilized base thicknesses
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Figure 10.10: Allowable load applications for 40 mm surface
course and variable cement-stabilized base thicknesses

Figure 10.11: Allowable load applications for 50 mm surface
course and variable cement-stabilized base thicknesses
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10.8 Overall discussion regarding pavement design

As rubber content increases, the fatigue life of the layer in the pavement structure

decreases with the exception of the C5R15 mixture (Figure 10.8 and Figure 10.9) for

which the fatigue life increases and this increase becomes more significant as the

thickness of the layer increases. Even though, for a particular stress, the fatigue life

increased (as presented in Chapter 9, Section 9.12) and the stiffness was slightly

reduced due to rubber incorporation, there was a drop in the fatigue life of the

cemented layer. This is because the reduction in strength overcame the effect of any

improvement in fatigue life of the rubberized mixture or of any stress redistribution

due to the reduction of stiffness of the modified mixtures. However, this behaviour

seems not to be the case for the C5R15 due to the lower reduction in that mixture’s

strength.

In a similar way, for the same layer thickness, adding more cement improves the

design life of the base course layer. This is because the improvement in the strength

of the materials results in a decline in the stress ratio and hence an improvement in

the design life in terms of fatigue of that layer. For the rubberized cemented layers

having light, moderately and heavy cement content, it can be concluded that

replacement with rubber has a negative effect on the design life of the modified layer

and this effect increases as the cement content increases. This is because, as

concluded in Chapter 6, the decrease in flexural strength is more significant for

heavily-stabilized materials than for lightly-stabilized ones. Hence, the decrease in

the fatigue life in lightly-cemented rubberized mixtures is less significant than in the

case of heavily cement-stabilized layers.
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In this investigation the three important parameters that help to determine the design

life of pavement layers are the stiffness modulus, strength and the fatigue

performance. However, for mixtures having different cement contents the fatigue

performance was not evaluated. Instead, this fatigue life was estimated based on

reference mixture having 5% cement content. Similarly, the transfer function for

rubberized cemented mixtures of 5% cement content was adopted to estimate the

fatigue life for mixtures of different cement contents. In fact, it is not easy to find in

the literature a study about the effect of cement content on the fatigue performance of

cement-stabilized aggregate. This may be because the quantity of cement is normally

restricted to avoid shrinkage cracking, which may cause only slight differences

between cemented layers containing low quantities of cement. This was also

concluded by (Marradi and Lancieri 2008) through their study that revealed a slight

increase in fatigue performance when 4% instead of 2% cement was added to an

aggregate. For soil-cemented mixtures, the Accelerated Load Facility (ALF) testing

conducted by Metcalf et al. (1999) revealed that there was a slight increase in fatigue

life due to cement content increasing from 4% to 10%. This may be due to

microcracking resulting from shrinkage that probably occurs in a highly cemented

layer. This may cause a decrease in both strength and fatigue life of the layer.

However, these differences have not been included in the computations included in

this chapter as the changes in values for the materials studied here are not known

and, probably, are small.
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10.9 Effect of stiffness degradation on pavement analysis and design

The fatigue life of pavement materials can, in general, be defined as the number of

load applications that the materials can sustain at a particular stress/strain level. In

addition, in the design of a pavement structure, this level of stress/strain should not

exceed the maximum values established, on the basis of the material’s strength.

Therefore, in the design of a pavement structure, it is traditional to increase the layer

thickness to ensure that the calculated pavement responses are sufficiently below

their maximum values. In this design approach, as stated by Oliveira (2006), the

stress/strain is assumed constant across the fatigue life which is not correct due to the

degradation of the material stiffness throughout the pavement’s life. It was observed

in Chapter 9 that the same level of modulus degradability was achieved after

replacement with crumb rubber except in the rich rubber mixture (C5R45). In

addition, a considerable degradation occurred in the reference mixtures with low

cement contents and even much reduction in the rubberized mixtures with low

cementation levels while, on the other hand, less degradation was observed in the

case of 5% and 7% cement contents.

Accelerated loading facility (ALF) testing of cemented sections as reported by

Jameson (2010) revealed that the modulus of this layer reduced to 10% of its initial

value during its fatigue life. In addition, Theyse et al. (1996) also reported a similar

reduction value. To take into consideration the effect of modulus degradation or

modulus reduction different authors have suggested different procedures.
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Oliveira (2006) suggested a cumulative pavement design approach to take the

degrading response of the pavement layer into pavement design consideration. This

approach was later used by Kuna (2014). Their design calculations, through

implementation of the suggested approach, revealed that stiffness reduction causes

stress redistribution that results, in turn, in the fatigue life of the layer increasing and

hence there is a reduction in the required layer thickness due to the degradation of the

layer.

Based on the above conclusion, it seems that the degradability of the layer is a

positive phenomenon as far as fatigue considerations are concerned. However,

Oliveira (2006) and Kuna (2014) appear to have overlooked the fact that the

reduction in the required thickness of the cemented base course will be at the

expense of greater requirement in the overlying and underlying layers. This can be

explained as follows: fundamentally, if the load is applied on a composite structure,

every member in this structure will carry part of that load proportional to its stiffness.

This means that the reduction in the stiffness of any member will cause a reduction in

the load-carrying capacity of that member. To satisfy the equilibrium condition, this

must accompanied by an increase in stresses/strains in other layers due to the

redistribution of stresses. Based on this principle, the reduction in the stiffness of the

one particular layer will cause a reduction in the stresses applied to this layer, and

hence the stress ratio, which will permit a reduction in the required thickness. This

reduction will cause an increase in the horizontal and vertical strains at the bottom

and on top of surface course and subgrade, respectively. This, in turn, requires a

compensatory increase in the thickness of the surface layer, to bring the stresses and

strains in the surface layer back to a permissible value.
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It can be concluded that the degradability of the structural pavement layer has a

detrimental effect on pavement performance if this not allowed for when designing

the layers above or below.

From the above discussion, the following questions arise and need to be answered.

1. To what extent does the degradation of the main structural layer affect the

pavement responses?

2. How it is possible to accommodate this phenomenon in pavement analysis and

design?

3. Quantitatively, what is the overall impact on design?

An attempt at answering these questions is included in Section 10.10 and 10.11.

10.10 Effect of difference between laboratory and field results on pavement

design

In addition to the reduction in the stiffness modulus due to the degradation during

cyclic testing, another reduction may occur due to the difference between laboratory

and field values of stiffness and strength.

Technically, the transfer functions, which reflect the fatigue behaviour of the

mixtures, are normally calibrated by constructing field trial sections to take into

consideration the actual fatigue performance. In the previous chapter, a comparison

between stiffness moduli resulting from different testing modes showed the typical

ranges and values of cement-stabilized aggregate mixtures. However, field results are

almost invariably less than those achieved in the laboratory since the latter are

normally conducted under controlled conditions (curing, compaction, mixing…, etc.)
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which may not be achievable in the field. In addition, shrinkage cracking that may

occur after construction may also contribute to reduction in the rigidity of a cemented

layer when considered as an extensive sheet rather than as a specimen of small

dimensions. For example, laboratory investigation and field trials conducted by

(Shahid 1997) revealed that the strengths and stiffnesses achieved in field trials were

about two-third of those achieved in the laboratory.Thøgersen et al. (2004) also

recommended adoption of a similar difference between the actual and laboratory

moduli. Similarly, investigations conducted by the American Portland Concrete

Association (PCA) (Scullion et al. 2008) showed that the laboratory stiffness

modulus is approximately twice that measured from field cores. Regarding the

fatigue life, there was a substantial difference between field and laboratory

performance. This difference depends, to a large extent, on the degree of

microcracking in the mixture (Jameson and Howard 2012)

To show, quantitatively, the effect of the stiffness reduction on the designed

pavement structure comprising a 40 mm surface course (E=2800 MPa), 150 mm

CSAM base course (C5R0), 200 mm granular subbase course (E=96 MPa) and soft

subgrade (E= 50 MPa), Two cases are considered: firstly, full contact and secondly

friction-less interface between pavement layers. It is assumed that the stiffness of the

base course gradually decreases and the pavement structure is then reanalysed for

each reduction to show its effect on the critical responses. The result of this

sensitivity study is illustrated in Figure 10.12 and Figure 10.13 for the above two

cases, respectively.
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In Figure 10.12, all the new responses were normalized to their initial values before

stiffness reduction. As can be seen from the figure, a reduction in the stiffness of the

cemented base course to 70% of its original value will result in a decrease in the

applied stresses at the bottom of this layer by 25%. This will be accompanied by

dramatic increase in the horizontal and vertical strains at the bottom of the surface

course and on the top of the subgrade, respectively. These increases are 220% and

180%, respectively. These are both compressive strains. Figure 10.13, on the other

hand, shows around 20% reduction in the applied stresses at the bottom of the

cemented layer due to the 70% stiffness reduction. In addition, the tensile strain at

the bottom of the surface course increased by 30% while an approximate 110%

increase in compressive strain occurred on the top of subgrade. In both cases, there is

an increase in the compressive strain applied on the subgrade due to the reduction of

CSAM base stiffnesses which in turn reduced the load spreading achievable by the

rigid layer, as shown in Figure 10.14.

Based on the above discussion it can be concluded that it is not only important to

investigate the fatigue performance in terms of the number of cycles to failure, but it

is also necessary to observe and monitor the material behaviour throughout the

fatigue life to ascertain the accuracy of the pavement design. Secondly, the

difference between field and achieved stiffnesses should also be taken into

consideration. Neither overestimation nor underestimation of the stiffness modulus

of the stiff layer in a composite pavement will ensure a conservative design. For

example, if a very low stiffness modulus was assumed during the structural design,

this would result in a thinner base layer. Then if the modulus is much bigger than the
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assumed value, premature failure would result due to stress attraction to a too-thin

layer.

Figure 10.12: Effect of cemented mixture stiffness on
pavement critical responses (no bond between layers)

Figure 10.13: Effect of cemented mixture stiffness
reduction on pavement critical responses (Fully bonded)
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Due to the fact the degradability of the pavement mixtures is different if the test is

performed in stress or strain controlled condition, it is recommended to study the

degradation of different pavement materials under both stress and strain controlled

conditions. This may be beneficial to adjust some adjustment factors to take this

parameter in consideration.

10.11 Suggested design approach

To accommodate the reductions in stiffness modulus into pavement analysis and

design whether due to damage accumulation during the service life or due to the

reduction in stiffness resulting from differences between laboratory and field

consequential upon shrinkage cracking, the following procedure is suggested. The

assumption is that the base layer is the main structural layer in the pavement

structure. Firstly, the pavement structure should be analysed with all necessary inputs

and the initial dynamic modulus of the cemented layer. Then, the thickness of this

layer should be computed based on the calculated stress at the bottom of this layer.

After that the pavement structure should be reanalysed with the previously calculated

base course thickness and a reduced stiffness of the main structural cement-stabilized

Figure 10.14: Schematic illustration of the effect the cemented base modulus
degradation on the stresses applied on the subgrade
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layer, and the necessary asphalt layer thickness computed. Since the adoption of a

value of stiffness for the cemented layer at sample collapse (or even slightly before

collapse) may be considered to give an uneconomical design, it is suggested that

using the stiffness modulus at the end of stage II (Section 9.3.1) would give the

appropriate reduced stiffness modulus.

Alternatively, the pavement structure may be analysed using the materials properties

with the initial dynamic modulus for the cemented layer as before. Then, the design

of all layers should be performed based on the computed responses. After that,

reanalyse the pavement structure based on the computed thickness but with the

reduced stiffness modulus of the cemented course. Finally, increase the cemented

layer thickness until the calculated strains in all other layers are equal to or less than

the calculated responses resulted from the first analysis.

An alternative design procedure, to permit consideration of the difference between

laboratory and field densities, is as follows. The stiffness of the base course could be

measured after construction by a broad, layer-based, graphical method (e.g. the

falling weight deflectometer) or by appropriate correlation. Then the thickness of the

surface course can be adjusted accordingly so as to maintain the strain level in the

asphalt at least as small as in the analysis based on laboratory test values of the

cemented layers modulus.
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10.12 Concluding remarks

1. A slight reduction in the stress induced at the bottom of the cemented layer was

observed due to rubber incorporation. This suggests that the replacement of

natural aggregate by crumb rubber does not have significant effect on load

attraction by the modified cemented layer.

2. It seems that the reduction in a materials' strength due to rubber incorporation

over-rides any improvement in layer performance due to the material's fatigue

life increase even allowing for a slight reduction in the material's stiffness.

However, this was not the case for the mixtures manufactured with the lowest

rubber content i.e., C5R15. Adding rubber may, however, be justified if the

change in the cracking pattern and the probable improvements in the durability

of the mixtures are taken into consideration. These two factors are not included

yet in the mechanistic-empirical pavement design guide.

3. Large volumes of crumb rubber extracted from waste tires can be consumed in a

pavement structure construction provided that additional cement is used. This

increase in the cementation level will compensate for the reduction in the

strength due to replacement with the crumb rubber. However, the shrinkage

cracking, usually accompanying high cement content, and the difficulties in

compaction should be taken into consideration.

4. The design should consider the reduction of the stiffness modulus of the main

structural layer (cemented base course) either from degradation during service or

due to difference between laboratory and the field conditions. The degradation is
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more obvious in the case of low cement content mixtures. Ignoring this issue

will result in applying more stresses/strains to the underlying and overlying

layers for which they may not be designed.

5. A design approach is suggested to accommodate the above issue which may

ensure accurate estimation of layer thicknesses in such a way as to ensure all

critical stresses may still lie within limits.

6. It is recommended to analyze the CSAM layer after crack development by

modeling the cracks with appropriate calculated load transfer stiffness based on

the estimated VSTR.

7. It is recommended to conduct an economic study (after collecting sufficient data

regarding the cost of disposing, stockpiling,…, etc.) to investigate whether the

increased thickness of the layers in which the rubber was included will be

feasible and economical, as compared with the reference mixture, or not.
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Chapter Eleven

Conclusions and Recommendations

11.1 Introduction

Mitigation of the environmental issues related to end-of-use tires, contribution in

saving the natural resources and modification of the properties of cement-stabilized

aggregate mixtures for possible reduction of the shortcomings of cement stabilization

are the main three motivations behind this investigation. This research was

undertaken to characterize, at macroscale and mesoscale levels, the behaviour of the

cement-stabilized aggregate mixtures modified with different rubber contents and to

investigate the effect of degree of combined rubberization and stabilization under

different modes of static and dynamic loading. In addition, it was also intended to
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study the internal structure of these modified mixtures, at mesoscale level, to better

understand the mechanism of their failure. This was conducted by developing,

suggesting and implementation different testing equipment, methodologies and tools

and using them to evaluate the pavement design-related properties and then using

them in a pavement analysis and design study to understand the effect of modified

layers on the pavement responses and design.

The big picture conclusions drawn based on the analysis of the research findings are

presented in Section 11.2. The important conclusions on the basis of individual

chapters are grouped into different investigation areas conducted in this study and

presented in Sections 11.3 to Section 11.9.

11.2 Main Conclusions

Rubber can be used in the construction of cement-stabilized aggregate mixtures.

However, this should be added in small quantities to avoid the difficulties and the

need for more compaction which combined with the low specific gravity will reduce

the density and strength accordingly. This, in turn, demands more pavement

thickness.

Rubber addition reduced compressive strength and tensile strength (both indirect

tensile and flexural). At the same time, this modification slightly reduces the stiffness

modulus of the modified later. Despite the larger reduction in the material’s stiffness

once the rubber was added, such modification caused less reduction in the materials

strength at low cement content. This reduction was found to be governed by the void-
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like behaviour which depends on the relative stiffness between the rubber particles

and the surrounding matrices of different cement contents. Since the pavement

design is more affected by strength than by stiffness, accordingly, using the rubber in

the poorly cemented mixtures would be more useful than in highly cemented ones.

Ignoring the probable shrinkage that accompanies high cement content, it is possible

to both reduce the thickness of cemented mixtures and keep disposing of waste tire

rubber by using more cement.

Cracking investigation utilizing visual inspection of the cracking pattern of the failed

samples, 3D fractured surfaces though photogrammetry and the 2D surface crack

utilizing the fractal analysis procedure, revealed that addition of rubber modifies the

cracking behaviour of the rubber-modified mixture. Cracks (after rubberization)

became more tortuous, widely separated and narrow. This will strongly relieve and

overcome the reflection cracking due to the reduced stresses generated at less-width

cracks. These cracks may develop at a slower rate than in un-rubberized mixtures

since the modified mixtures tend to absorb more energy before failure.

Regarding the behaviour under cyclic loading, the modification with rubber has a

positive effect on the fatigue life at all investigated cementation levels. The

mechanism behind this enhancement seems to be the same that resulted in toughness

improvement. The degradability is not affected by rubber addition. However, both

reference and rubberized mixtures showed greater degradability at lower stabilization

degree.
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A study of the amount of rubber on the flexural-induced fractured surfaces, and of

the internal structure of the ITS-failed samples, showed that the mechanism of failure

of the rubberized mixtures involved preferential propagation of cracks through, or

around, the rubber particles. This behaviour was observed at all cement contents.

Quantitative evaluation of the rubber distribution revealed broadly uniform rubber

distribution. However, the rich rubber mixture showed a larger degree of non-

uniformity in rubber distribution which further confirms the conclusion just

mentioned above regarding the undesirability of using high rubber content. Uniform

rubber distribution indicates that rubber distribution has no effect on the strength

reduction. Propagation of the cracks through rubber particles contributed (especially

at microcracking level) to the delay and lengthening of the crack propagation which,

in turn, improved the toughness under static loading and prolonged the fatigue life of

the mixtures. These improvements in rubber-modified mixtures’ toughnesses and

fatigue lives were observed at all investigated cement contents.

Analytical study and experimental results showed that the reduction in strength due

to rubberization overcame the improvement in stiffness and fatigue life. However,

the lowest rubber mixture showed similar or better behaviour to that of the

comparable un-rubberized mixtures.

Lastly, regarding techniques, methodologies and tools developed in this study, it can

be concluded that:

 The manufacturing procedure showed a high degree of consistency.
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 The NAT machine and the suggested methodology can be used to characterize

cement-stabilized mixtures.

 Fractal analysis was found to be a useful tool to discriminate between different

cracking patterns and to judge roughly the fracture energy of cement-stabilized

mixtures.

 Photogrammetry procedures form an important tool to study the fractured

surfaces which in turn can be used to investigate the three dimensional cracking

response and to estimate the load-transfer efficiency in advanced analytical

studies.

 The cyclic loading facility together with the selected instrumentation system was

found to be adequate to study, comprehensively, the fatigue behaviour of

cemented mixtures and to estimate the dynamic flexural modulus.

 Utilization of the suggested fatigue testing methodology incorporating

nondestructive testing proved its effectiveness in accurately evaluating the

fatigue behaviour by reducing data scatter.

11.3 Conclusions related to mix design and sample preparation

1. The reduction in the density of the cement-stabilized aggregate mixtures is partly

because of the lower density of the rubber particles as compared with the natural

aggregate and partly due to reduced compaction efficiency due to the damping

or high elasticity of the crumb rubber particles. This suggests avoiding high

rubber replacements.
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2. The cement strengthening mechanism comes from the binding effect due to

cement hydration and from enhancement of the mixture compactibility due to its

filling action.

3. It is possible to use the experimental porosity method (used normally for

concrete mixtures) to evaluate the compacity of the cement-stabilized aggregate

mixtures provided that 5% cement content or more is used. However, for lower

cement content this method underestimates the compacity of the mixture. This

can be used as an indirect method to judge the bond nature between the

aggregate and surrounding materials.

4. Comparison between different manufactured samples (small cylinders, big

cylinders and prisms) proved that the manufacturing method of cement-

stabilized aggregate mixtures produced uniform densities. This permits reliable

comparison between different mixtures’ properties and use of correlations to

estimate the advanced test results from the results of simple tests.

11.4 Conclusions related to static mechanical characterization

1. There was a reduction in unconfined compressive, indirect tensile and flexural

strengths when adding crumbed rubber. This reduction is due to the low strength

and stiffness of the rubber particles and due to the reduction in the achieved

density. From the strength point-of-view, the addition of rubber affects the

pavement design detrimentally. This, in turns, means a need for a thicker

pavement. However, other factors like stiffness and fatigue performance must

also be considered.
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2. Increasing cement content improves the strength of reference and rubberized

mixtures. However, the behaviour of rubberized cement-stabilized mixtures is

governed by the relative stiffness between rubber particles and the surrounding

materials. This was observed through different testing methods. At low cement

contents, the reduction in the strength, due to rubber incorporation, is less than

that at higher cement content. This is due to the higher relative stiffness which

makes rubber particles behave like voids in the latter case and hence leads to

more stress concentrations. Therefore, from the strength point of view,

replacement of natural aggregate by crumb rubber is more feasible at low

cement contents.

3. Comparison with the previously suggested correlations revealed that the

relationship between compressive and tensile strengths seems not affected by

aggregate composition or degree of cementation of these mixtures.

4. Rubberization of cement-stabilized mixtures has a positive effect on the

toughening of these mixtures. Two mechanisms are behind toughness

improvement: first, through delaying the crack propagation by stress relief at the

crack tip. Secondly, though lengthening of the crack path. This improvement

was observed and evidenced at all cementation levels.

11.5 Conclusions related to fracture pattern, internal structure and mechanism

of failure

1. Regarding the failure patterns, the rubberized mixtures showed, during different

testing modes, ductile behaviour as compared with the brittle behaviour of the
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reference mixtures. In addition, high integrity and narrow cracking was also

observed in case of rubberized mixtures. This behaviour is more obvious at 5%

and 7% cement content. This suggests the addition of rubber may mitigate the

detrimental cracking pattern of the cementitious materials having higher cement

content.

2. Inclusion of rubber increases the fractal dimension of the cement-stabilized

mixtures which indicates, based on the analysis of surface crack, more dissipated

energy during the fracture of these mixtures.

3. Internal structure observations at mesoscale level of the failed samples from

indirect tensile testing and quantification of the rubber quantity through flexural-

induced fractured surfaces indicated that the failure mechanism of this type of

mixture is by preferential propagation of the cracks through or around the edge

of the rubber particles. This mechanism is valid at all levels of cementation.

4. Characterization of the fractured surface revealed an increase in the crack

roughness and tortuosity and greater VSTR in the case of rubberized mixtures as

compared with the reference mix. However, the rubber distribution plays an

important role in the variation between different mixtures. This also

demonstrates the reason for less brittle mixtures. From the point-of-view of load

transfer efficiency (through cracks) it can be said that rubber incorporation has a

beneficial effect on this efficiency.

5. Quantitative analysis, through intensive X-ray scanning and image analysis, of

the internal structure indicated uniform rubber distribution both vertically and
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radially for all replacement levels. However, less uniformity was observed in the

case of the richest rubber mixture.

6. Based on the mechanical characterization results it can be suggested that, in

rubberized cement-stabilized aggregate mixtures, the cracks start and propagate

through or around the edge of the rubber particles. The cracks attractiveness to

the rubber particles comes from higher relative stiffness between these soft

particles and surrounding stiff medium. This mechanism was evidenced and

proved based on internal structure investigation at mesoscale level, fractal

analysis, quantitative study of fractured surfaces and quantification of rubber on

the fractured surfaces. These were conducted by studying the failed samples

under indirect tensile and flexural testing methods.

7. The mechanism of fatigue improvement is due to the rubber particles delaying

the crack propagation, especially at the microcracking level, by absorbing and

relieving the stress at the crack tip and by lengthening the crack path. For this

reason, it was observed that the fatigue life, at lower stress ratio, improved since

the microcracks grew slowly which permits absorbance and relief of the stresses,

and the crack took a longer path which was evidenced by more accumulated

permanent deformation.

11.6 Conclusions related to nondestructive testing of cementitious materials and

comparison with static and dynamic testing

1. Ultrasonic pulse velocity dropped noticeability as a result of rubber

incorporation. In addition, both modulus of elasticity and shear modulus,
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measured through resonant frequency, declined due to rubber incorporation.

Taken together, this reveals the importance of the aggregate composition and

degree of stabilization on the performance as measured by nondestructive

testing.

2. Increasing the curing period has a positive effect on both reference and

rubberized cementitious materials. This indicates that the inclusion of rubber

particle does not have a detrimental effect on the strength development.

3. Incorporation of rubber particles reduces the stiffness of cement-stabilized

mixtures for all cement contents. However, a larger drop was noticed at 3%

cement content whereas less reduction occurred at 5% and 7% cement contents.

This suggests, from a stiffness point-of-view, that the inclusion crumb rubber is

more beneficial at 5% and 7% cement contents since, at these cementation

levels, the stress attraction by the cemented layer may not be greatly affected by

rubber inclusion since the latter has less impact on the stiffness modulus.

4. Comparing different stiffness modulus characterization methods (destructive vs.

nondestructive) and modes (flexural vs indirect tensile and static vs dynamic)

showed that the resonant frequency testing method may be adopted to estimate

the dynamic modulus of elasticity accurately, economically and simply for

pavement analysis in mechanistic empirical pavement design procedures.
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11.7 Conclusions related to fatigue testing facility and characterization tests and

techniques

1. The developed fatigue testing facility was found to be adequate to characterize

the fatigue performance of the cementitious materials. Comparison between

instrumentation setups, by comparing the developed facility results with other

methods, indicates that on-sample instrumentation provided more accurate

results.

2. Fractal analysis was observed as a good tool for evaluating the cracking patterns

and fracture energy of cement-stabilized mixtures. This was able to discriminate

between different mixtures at different rubber contents. It seems that the fractal

analysis in terms of fractal dimension is more sensitive to aggregate composition

than to cement content.

3. Innovative utilization of photogrammetry techniques proved to be a reasonable

and accurate means of acquiring measurements of fractured surfaces.

4. Utilization of the NAT machine can be considered as an efficient method to

characterize cement-stabilized mixtures under dynamic load conditions.

However, adoption of the asphaltic mixtures procedure is inaccurate for

characterization of cementitious materials. Instead, the methodology and

procedure suggested in this study can be used to ensure proper characterization

of CSAMs and RCSAMs.

5. Characterization of the internal structure of the rubberized cement-stabilized

aggregate mixture through X-ray scanning, combined with the image processing
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technique, was found to be an effective tool to study and differentiate between

different mixtures in terms of crack propagation and rubber distribution.

6. The suggested methodology for estimating the actual flexural strength utilizing

the nondestructive testing was found to be very useful, accurate, cost-effective

and simple.

7. The higher sensitivity of nondestructive characterization methods to the small

changes in the mixtures’ internal structures, due to aggregate composition

change and degree of stabilization, indicates those methods’ suitability to

characterize such mixtures, especially in the light of their comparable results to

destructive testing.

11.8 Conclusions related to fatigue performance and pavement analysis and

design

1. From a fatigue life prospective, incorporation of crumb rubber in cement-

stabilized aggregate has a positive impact. This behaviour is observed at all

investigated cement contents under stress ratios of lower than 85%. This

improvement is accompanied by increasing the permanent deformation.

2. Implementation of the dissipated energy approach to identify the fatigue failure

life and comparison with fatigue life, estimated on a full collapse basis, revealed

no significant difference between the two approaches regardless of rubber

content or degree of cementation.
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3. Combining the experimental program analysis results with the pavement

analysis and design procedures revealed that the reduction in strength overcomes

all other enhancements resulting from either fatigue life increase or reduction in

the layer stiffness modulus. However, this is not the case for a base course

manufactured from C5R15 (a mixture contains 5% cement content and 15%

replacement of the 6 mm natural aggregate fraction size) where the improvement

of the fatigue life compensates the strength reduction.

4. The degradability of the stiffness modulus should be considered in pavement

analysis and design since ignoring this phenomenon will accelerate pavement

failure due to the application of additional stress/strains on underlying and

overlying layers as stress is less attracted to the cemented layer resulting from its

stiffness degradation.

5. Replacement of natural aggregate by the crumb rubber does not have an effect

on degradability of the modified cemented mixture. However, the rich rubber

mixtures showed slight degradation across the fatigue life. On the other hand,

large degradation was observed in the poorly cemented mixtures as compared

with mixtures having moderate and high cement contents.

11.9 Recommendations for future research

Due to the limited time and resources available for this study, some research areas

need more investigation to validate the use of crumb rubber extracted from waste

tires within cement-stabilized aggregate layers. These can be summarized as follows
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1. It is suggested to investigate the durability of the modified mixtures under

different testing protocols to ensure that the effect of both rubber and cement,

and their combination, is understood.

2. Investigation of the fatigue performance of rubberized mixtures under other

cement contents (i.e., 3% and 7%) will be of great importance so as to identify

the most suitable degree of stabilization for rubberized cement-stabilized

mixtures.

3. It is recommended to construct a trial pavement section or large scale

experiment to evaluate the in-situ performance of a flexible pavement structure

containing rubberized cement-stabilized base course. Such a study will be useful

for evaluating site construction, nature of cracking and evaluating the load-

transfer efficiency across the cracks after their formation.

4. It is suggested to investigate the effect of stress ratio and loading frequencies on

the flexural dynamic modulus of cemented mixtures with different cement and

rubber contents. This may show to what extent the stiffness moduli of the

mixtures having different aggregate composition and cement content are affected

by the frequency or by the stress ratio.

5. Since the present study was limited to one aggregate type and gradation, it is

recommended to study other aggregate types and gradations, as well as other

rubber types and gradations, to better understand the effect of the interaction

between aggregate type and gradation with rubber replacement.
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6. Studying the second phase of rubberized mixtures’ performance after failure is

important to understand the effect of rubber on the behaviour of this layer after

transferring from acting as fully bound to a fragmented layer.

7. It is suggested to investigate the effect of rubber incorporation on the shrinkage

characteristics of cement-stabilized aggregate mixtures.
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Appendix A

Vertical deformation histories under cyclic loading

The vertical deformation histories under cyclic loading, described in Chapter 9, for

different investigated mixtures are presented in Figure A.1 through Figure A.18

Figure A.2: C5R0@85% stress ratioFigure A.1: C5R0@90% stress ratio

Figure A.3: C5R0@80% stress ratio Figure A.4: C5R0@75% stress ratio
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Figure A.6: C5R15@85% stress ratio

Figure A.7: C5R30@90% stress ratio

Figure A.5: C5R15@90% stress ratio
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Figure A.8: C5R30@85% stress ratio
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Figure A.9: C5R30@80% stress ratio
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Figure A.14: C7R30@90% stress ratio

Figure A.13: C3R30@85% stress ratio

Figure A.11: C5R45@85% stress ratio
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Figure A.10: C5R45@90% stress ratio
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Figure A.12: C3R30@90% stress ratio
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Figure A.15: C7R30@85% stress ratio
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Figure A.16: C3R0@90% stress ratio

Figure A.17: C7R0@90% stress ratio Figure A.18: C7R0@85% stress ratio
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Appendix B

Load-deformation hysteresis loops

The load-deformation hysteresis loops for different investigated mixtures are presented in

Figure B.1 through Figure B.17

Figure B.2: C5R0@85% stress ratio

Figure B.1: C5R0@90% stress ratio
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Figure B.4: C5R0@75% stress ratio

Figure B.3: C5R0@80% stress ratio

Figure B.5: C5R30@90% stress ratio
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Figure B.6: C5R30@85% stress ratio

Figure B.8: C5R15@85% stress ratio

Figure B.7: C5R15@90% stress ratio
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Figure B.9: C5R45@90% stress ratio

Figure B.10: C5R45@85% stress ratio

Figure B.11: C3R30@90% stress ratio
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Figure B.12: C3R30@85% stress ratio

Figure B.14: C7R30@85% stress ratio

Figure B.13: C7R30@90% stress ratio
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Appendix B: load-deformation hysteresis loops

B - 6

Figure B.15: C3R0@90% stress ratio

Figure B.16: C7R0@90% stress ratio

Figure B.17: C7R0@85% stress ratio
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Appendix C: Dissipated energy approach results

C-1

Appendix C

Dissipated energy approach results

The dissipated energy approach was used in Chapter 9 to determine the fatigue life

for different mixtures as presented in Figure C.1 through Figure C.17.
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Figure C.1: Variation in energy ratio
versus cycles number for C5R0@90

Figure C.2: Variation in energy ratio
versus cycles number for C5R0@85

Figure C.3: Variation in energy ratio
versus cycles number for C5R0@80

Figure C.4: Variation in energy ratio
versus cycles number for C5R0@90
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Figure C.5: Variation in energy ratio
versus cycles number for C5R15@85

Figure C.6: Variation in energy ratio
versus cycles number for C5R30@90

Figure C.7: Variation in energy ratio
versus cycles number for C5R30@85

Figure C.8: Variation in energy ratio
versus cycles number for C5R30@80
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Figure C.9: Variation in energy ratio
versus cycles number for C5R45@90

Figure C.10: Variation in energy ratio
versus cycles number for C5R45@85

Figure C.11: Variation in energy ratio
versus cycles number for C3R0@90
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Figure C.12: Variation in energy ratio
versus cycles number for C3R30@90

Figure C.13: Variation in energy ratio
versus cycles number for C3R30@85

Figure C.14: Variation in energy ratio
versus cycles number for C7R0@90

Figure C.15: Variation in energy ratio
versus cycles number for C5R0@85
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Figure C.17: Variation in energy ratio
versus cycles number for C5R30@85

Figure C.16: Variation in energy ratio
versus cycles number for C7R30@90



Appendix D: Dynamic moduli relationships

D - 1

Appendix D

The relationships between different moduli of elasticity estimated by static, dynamic and

nondestructive testing were described in Chapter 9. The graphical representations are

illustrated in Figure E.1 through Figure E.5.
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Figure D.1: Relationship between dynamic
flexural modulus and static flexural modulus

Figure D.2: Relationship between dynamic flexural modulus and
dynamic modulus estimated by resonant frequency method
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Figure D.4: Relationship between dynamic flexural
modulus and dynamic indirect tensile modulus

Figure D.3: Relationship between dynamic flexural modulus
and dynamic modulus estimated by ultrasonic method

Figure D.5: Relationship between dynamic flexural
modulus and static indirect tensile modulus


