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ABSTRACT 

The importance of marginal materials in reducing road construction costs has been realised by 

road agencies around the world. However, utilising marginal materials without any treatment 

in the road base can still cause rutting and shear failure of the pavement due to their defects in 

mechanical, chemical and geological properties. Consequently, to make better use of marginal 

basecourse materials, two objectives are made in this research: Understanding the ‘the marginal’ 

component of aggregates and improving the performance of the marginal aggregates by 

targeting the reason for marginality. 

Five greywacke aggregates were studied in this research. The testing methodology is designed 

to understand the marginality of materials and evaluate the stabilisation techniques. These 

aggregates have been tested according to the local standard New Zealand Transport Agency 

(NZTA) M4 specification and assigned to either premium or marginal aggregate categories. To 

better understand the ‘marginality’ of aggregates, the mineralogical composition of all 

aggregates was determined using geological testing methods. A one-dimensional swelling test 

was developed to determine the effect of swelling minerals on the performance of the water-

saturated aggregates. The stress-strain behaviour of unbound granular aggregates was 

investigated using repeated load triaxial (RLT) tests under soaked and drained conditions. Lime 

and cement were used to treat marginal materials. The stress-strain behaviour of stabilised 

marginal materials was investigated under a soaked condition. 

The results show that the mineralogical and geological characteristics of granular materials 

have a great impact on the mechanical performance of these materials. Sufficient detrimental 

minerals, particularly swelling clay minerals, contained in a material will result in the material 

transforming into a marginal or unacceptable material, particularly when in contact with water. 

It is insufficient to evaluate the quality of the materials by only using a ‘pass/fail’ categorisation 

of engineering tests (specified by local standards). Further infrequently used testing methods 

(e.g. XRD, the swelling test and RLT test) are required, alongside standard test performance 

measures, carried out in the context of the intended aggregate loading/environment.  

Cement and lime stabilisation both improve the mechanical behaviour of marginal aggregate 2 
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under soaked conditions. However, cement stabilisation is more effective than the lime 

stabilisation. 
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CHAPTER 1: INTRODUCTION 1 

 2 

1.1 Overview 3 

Road construction costs are one of the main concerns for most of road agencies around the 4 

world. There are various factors influencing the costs, such as roading materials quality, 5 

protection of natural environment and transport infrastructure. Nowadays tremendous 6 

quantities of roading materials are used annually in the construction and maintenance of 7 

pavements at all levels of the roadway network. Rising energy costs, depletion or shortages of 8 

traditional high-quality roading materials and protection for natural environment in many areas 9 

have led to an increasing financial burden on road agencies (Robnett, 1980). In addition to this, 10 

costs caused by transporting high-quality materials from a long distance may be very high. In 11 

some areas, importing aggregates from a long distance resulted in transportation costs far 12 

exceeding the cost of the aggregates (Robnett, 1980).  13 

To reduce the road construction cost, road agencies have increasing interest in making optimal 14 

use of locally available materials, which involves in the development of “new” materials and/or 15 

the use of so-called “marginal or unacceptable” materials. One indication of the increasing 16 

interest in locally available materials is the fact that more and more research are undertaken to 17 

investigate the feasibility of applying these materials to local roads around the world (Bartley 18 

et al., 2007; Berthelot et al., 2010; Brennan, 1984; Cook et al., 2001; Li et al., 2016a; 19 

Liebenberg & Visser, 2003; Robnett, 1980).  20 

1.2 Definition of marginal and premium materials  21 

Marginal or sub-standard materials were defined by the Permanent International Association 22 

of Road Congresses (PIARC) as (Cook et al., 2001): 23 

"...any material not wholly in accordance with the specification in use in a country or region 24 

for normal road materials but which can be used successfully either in special conditions, made 25 
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possible because of climatic characteristics or recent progress in road techniques or after having 26 

been subject to a particular treatment." (Brunschwig, 1989). A similar definition is also given 27 

by (Robnett, 1980). According to this definition, marginal materials are those that do not 28 

comply with accepted specifications but still have potential to be used, i.e. in lower level road 29 

or treated with stabilisers. This definition also defines marginal materials in a broad sense. 30 

Various materials, such as rocks, soils, gravels and recycled materials (e.g. concrete, bricks, 31 

blast furnace slag, and demolished asphalt pavement) will become marginal materials when 32 

they fail to meet the local specifications in use. These materials can generally be categorised 33 

as five groups, hard rocks, weak rocks, natural gravels, duricrust gravels and manufactured 34 

materials (Cook et al., 2001). This illustrates that not only natural but also non-natural materials 35 

can be defined as marginal materials with a nature of non-compliant with local specifications. 36 

Another definition made by Brennan (1984) more focussed on natural materials is that a 37 

marginal grade aggregate is aggregate produced from a more weathered or weather prone rock, 38 

or hard rock containing weathered seams or weaker sedimentary rocks, which after processing 39 

contains moderate or highly plastic fines, is sensitive to weathering and when compacted will 40 

produce a soaked California bearing ration (CBR) value between 40% and 100%. These 41 

definitions reveal that marginal materials are a lower-quality material; however, many 42 

advantages still exist in utilising marginal materials in pavements. In contrast to marginal 43 

materials, premium materials are defined as those that comply with local specifications and 44 

when compacted will produce a good mechanical performance. Therefore, premium materials 45 

are expected to be a high-quality material and accordingly used in high-level roads, i.e. 46 

highways. “Quality” here refers exclusively to structural support (i.e. modulus and permanent 47 

deformation), not to a single index property of quality such as plasticity or durability, and so 48 

on. Table 1-1 provides an example to show what the marginal materials and premium materials 49 

are in terms of test results of engineering properties following New Zealand specifications. 50 

These results will be discussed further in Chapter 3 and 5. 51 

 52 

 53 
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Table 1-1: An example to show the marginal materials vs. premium materials in terms of 54 

engineering properties (Li et al., 2016b) 55 

 
Sand 

equivalent 
Clay index 

Plasticity index 

Cone penetration 

limit 
Plastic limit Plasticity index 

Requirement by 

NZTA M4 

specification 

Minimum 40 maximum 3.0 N/A N/A 
maximum 5 or 

Non-plastic (NP) 

Premium aggregate 40 1.0 22 NP NP 

Marginal aggregate 31 3.4 30 20 10 

1.3 Advantages of marginal materials 56 

High-quality materials are becoming scarcer over the world, however in some regions much 57 

more than others. This is because consented extractive non-renewable resources (including 58 

aggregates) are being depleted and there are many environmental and other restrictions being 59 

placed on the expansion of both existing quarries and potential new resources. Thus there are 60 

now strong economic, environmental and sustainability imperatives to preserve premium 61 

aggregates for use only where this high quality is required. The impetus is to better use local 62 

marginal materials in appropriate in-service conditions and/or to improve their engineering 63 

performance with special treatments (Li et al., 2013; Mfinanga & Kamuhabwa, 2008). 64 

Significant economic benefits can be realised from the reduction of transport costs associated 65 

with utilising and/or improving marginal materials closer to locations of high demand.  66 

Due to the importance of marginal materials in saving road construction costs, a significant 67 

amount of research has been undertaken worldwide to investigate the availability of applying 68 

marginal materials to the road construction (Berthelot et al., 2007; Brennan, 1984; Cook et al., 69 

2001; Majumder et al., 1999; Xiao et al., 2011). Some of the research on marginal materials 70 

has been successful, resulting in innovative and unconventional approaches that can provide 71 

highly beneficial and cost effective solutions for comparatively lower volume roads in local 72 

regions. On one hand, new pavement design methods were proposed. For instance, in USA 73 

Xiao (2011) found that in a low traffic volume design case the quality of the base materials was 74 

not so critical if a high-quality, stiff subbase exists in roads because a bridging effect is 75 

produced by high quality subbase to better protected the subgrade and offset some detrimental 76 
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effects of low aggregate base stiffness on rutting performance. On the other hand, various 77 

stabilisers were introduced to improve the performance of marginal materials. Apart from 78 

traditional stabilisers (i.e. lime, cement and bitumen), fly ash, slag and chemical binders have 79 

been found to produce a positive effect on the performance of locally available materials 80 

(Andrews, 2006; Wen et al., 2003). In addition, blends of various stabilisers could avoid 81 

disadvantages of a single stabiliser and combine advantages of two or more stabiliser so that 82 

better improve the performance of marginal materials (Bullen & Suciu, 1991). Also the 83 

blending technique (e.g. percentages of stabilisers) were investigated, resulting in inventions 84 

of new stabilisers, e.g. Durabind from New Zealand (Bartley et al., 2007). 85 

Consequently, the innovations and more appropriate approaches provide increased 86 

opportunities for the application of local marginal materials than was previously thought 87 

possible.  88 

1.4 Marginal basecourse materials 89 

Marginal materials are generally applied to subgrade, sub-base base/basecourse or wearing 90 

course of local low-volume roads according to the ability of the materials to perform defined 91 

engineering tasks in a road (Cook et al., 2001; Cook & Gourley, 2002). The ability of the 92 

materials to perform defined engineering tasks, recognised as the quality of the materials, are 93 

normally assessed by their compliance, or noncompliance, with construction material 94 

specifications (Cook et al., 2001). It may be challenging to determine how to best utilise 95 

different qualities of locally available aggregate materials in road bases and sub-bases. 96 

Normally, higher quality aggregates should have better performance than lower quality 97 

aggregate and so will be utilised in pavement layers with higher requirement for material 98 

quality. However, researchers from USA (Lukanen, 1980; Ovik et al., 2000; Xiao et al., 2011) 99 

found lower quality aggregates were even stronger than higher quality aggregates when placed 100 

in pavement granular layers. For example, Lukanen (1980) found early on that certain 101 

Minnesota Department of Transportation (DOT) Class 3 aggregates were even stronger than 102 

Class 6 aggregates when placed in pavement granular layers. In these cases, the aggregate 103 

quality was classified according to the local specification of Minnesota, USA and Minnesota 104 



Chapter 1 

5 
 

DOT aggregates with higher classes are usually considered to be better materials. These 105 

findings surprised these researchers, and hence Xiao (2011) addressed several important issues 106 

in order to make the optimal use base and subbase materials for satisfactory pavement 107 

performance. Two of these issues are where in pavements to place locally available materials 108 

of marginal quality and how to specify material properties on the basis of their end use 109 

performance. 110 

In this research, all marginal materials are considered to be used in the basecourse layer 111 

(unbound base granular materials), so the materials will be evaluated with respect to the 112 

requirement of local specifications for unbound base materials.  113 

Unbound granular materials are being used increasingly in lower volume roads on a worldwide 114 

basis as they are the most economical material option to provide adequate strength to the 115 

pavement structure (Hussain, 2012). In flexible pavements, particularly when unsurfaced or 116 

thinly surfaced with sprayed bituminous surfacings, such as New Zealand pavements (chipseal 117 

surface), unbound base granular layers play an important structural role in the overall 118 

performance of the pavement structure, as shown in Figure 1-1. Utilising marginal granular 119 

materials in the road base can cause rutting and shear failure of the pavement due to their 120 

defects in mechanical, chemical and geological characteristics. Consequently, to make better 121 

use of marginal basecourse materials it is essential that the ‘marginality’ of materials is 122 

thoroughly understood and improvement techniques for the marginal materials are thoroughly 123 

investigated that target the specific marginality. 124 

 125 
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Figure 1-1: A schematic road structure for New Zealand low-volume roads 126 

1.5 Research hypothesis and objectives 127 

In this PhD research, the following hypotheses are included: 128 

i. Current standard system used to assess the quality of aggregates is insufficient to obtain a 129 

comprehensive assessment on aggregates. 130 

ii. The mineralogical composition of aggregates plays an important role in the performance 131 

of aggregates.  132 

iii. The performance of marginal aggregates can be improved targeting at their marginality. 133 

iv. Cement stabilisation is more effective than lime stabilisation in improving the performance 134 

of marginal greywacke aggregates. 135 

The existing major gaps for the research of marginal aggregates are:  136 

I. It is challenging to accurately evaluate the different qualities of locally available aggregate 137 

materials, using current testing methods, so that they can be best utilized in road bases or sub-138 

bases. 139 

II. Aggregates are defined as either marginal or premium on the basis of a sequence of tests, 140 

which are simply interpreted as a pass / fail  141 

III. When this system has been employed some premium aggregates have failed in the field 142 

prematurely. 143 

The reason why this research needs to be completed: 144 

I. This research will show that the use of appropriately stabilized marginal materials, sourced 145 

closer to the site than premium aggregates, will reduce the cost of transport and lower 146 

environmental damage. 147 

II. This research will provide a means of understanding of why some premium greywacke 148 

aggregates prematurely fail in service. 149 

III. This research will show that alternative testing methodologies are needed to better evaluate 150 

aggregates for use in road construction. 151 
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For the above reasons, two general aims are included in this research: one is to understand the 152 

‘the marginal’ component of aggregates from the engineering and geological perspectives and 153 

the other one is to improve the performance of localised marginal aggregate materials by 154 

targeting the reason for marginality. To achieve the two aims the following research objectives 155 

were derived: 156 

1) Ranking marginal aggregates by analysing existing industry laboratory data obtained from 157 

quarry operators on aggregates performance through developing an Analytic Hierarchy Process 158 

(AHP) model. 159 

2) Evaluating the engineering properties of sample materials from selected quarries in the 160 

Auckland, New Zealand region as per the requirement of New Zealand local specifications to 161 

differentiate between premium and marginal materials.  162 

3) Characterising the mineralogical, chemical and swelling properties of materials using 163 

testing methods which have not been specified by local specifications to understand the 164 

‘marginality’ of the materials. 165 

4) Investigating the mechanical behaviour (i.e. permanent deformation and resilient modulus) 166 

of the materials under repeated loading and different moisture conditions. 167 

5) Selecting suitable stabilisers targeting at the marginality of materials to treat thematerials 168 

and investigating the engineering, mineralogical, and mechanical performance of stabilised 169 

marginal materials. 170 

1.6 Scope of research 171 

Marginal materials are usually defined according to local and national specifications. Due to 172 

the difference in the requirement of local specifications for materials in different regions, the 173 

quality of acceptable materials will vary from region to region and country to country. For 174 

example, a sand equivalent (SE) of 40 is required in New Zealand national standards (NZTA, 175 

2006a) while a SE of 35 required in USA (ASTM, 2015) for aggregates used for the highway 176 

base. Thus a material with SE of 38 can be categorised as a marginal material in New Zealand 177 

but possibly (other properties uncertain) as a premium material in USA. In order to evaluate 178 
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the effect of local specifications on the identification of marginal materials, an AHP model was 179 

developed using existing industry data in this research. The materials were ranked based on the 180 

AHP model. As described in Section 1.4, to best utilise different qualities of locally available 181 

aggregate materials in road bases and sub-bases, an important issue needs to be noted on how 182 

to specify material properties on the basis of their end use performance. Currently, in order to 183 

solve this issue, various engineering tests specified in local specification are usually used. 184 

However, local specifications are still generally developed on the basis of the classical 185 

empirical engineering approach of design (Rogers et al., 2004) based on long-term monitoring 186 

of full-scale test roads and index tests. This empirical evaluation of material quality may result 187 

in difficulties in best utilising various locally sourced aggregates in road bases and sub-bases. 188 

This is because a suite of empirical specifications cannot be assured engineering performance, 189 

especially when infield conditions change from empirical test conditions (i.e. loading 190 

magnitudes or patterns change, novel materials are proposed, etc.). Therefore, some non-191 

specified/irregular testing methods, i.e. X-Ray Diffraction (XRD), petrographic examination, 192 

pH tests and one-dimensional swelling tests were considered in this research to assess the 193 

mineralogical, chemical, and geotechnical performance of the materials with the aim of better 194 

understanding the ‘marginality’ of the materials.  195 

To verify the results of the mineralogical, chemical and geotechnical tests, a performance-based 196 

testing method, called Repeated Load Triaxial (RLT) test, was used in this research. This testing 197 

method can evaluate the mechanical performance of materials under repeated traffic simulated 198 

loadings, which simulate the cyclic stresses caused by moving vehicles on pavements. 199 

Additionally, in order to simulate the effect of rainy weather on the mechanical performance of 200 

the compacted materials, the RLT tests were conducted after a four-day soaking process.  201 

Two stabilisers, (lime and cement) were used to treat the marginal materials. The changes in 202 

engineering, mineralogical and mechanical performance of the marginal materials after 203 

stabilisation were investigated. 204 

This research is limited to unbound granular base aggregates obtained from two hard rock 205 

greywacke quarries in the North Island of New Zealand. 206 
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1.7 Structure of the thesis 207 

The structure of the thesis is as follows, 208 

Chapter 2 sets a detailed technical background for this research based upon previous research. 209 

A literature review is divided into two parts, the first on research regarding marginal materials 210 

and the second half about the application of RLT testing methods around the world. 211 

Chapter 3 gives the details of materials studied and testing methodology. The information on 212 

materials and stabiliser used in the extensive experimental programme is also given along with 213 

the results of preliminary index property tests specified by the local specifications. 214 

Chapter 4 develops a multi-factor mathematical model using an AHP framework to assess the 215 

overall weighted performance of the materials, rank the quality of aggregate materials and 216 

demonstrate the effect of changes in requirements of local specifications on the identification 217 

of marginal materials. 218 

Chapter 5 presents the engineering and geological properties of materials, which are 219 

investigated through several irregular test methods, such as water absorption tests, XRD tests 220 

and one-dimensional swelling tests. 221 

Chapter 6 presents the results of RLT tests of the materials and the analysis on the permanent 222 

strain and resilient behaviour of marginal granular materials under repeated loading and 223 

different moisture conditions.  224 

Chapter 7 provides a discussion about understanding the marginality of aggregates through 225 

organising and integrating the results from the other chapters. 226 

Chapter 8 discusses how to select suitable stabilisers and subsequently determine the optimum 227 

stabiliser content to treat the marginal materials. Additionally, the engineering, mineralogical, 228 

and mechanical performance of stabilised marginal materials is investigated. 229 

Chapter 9 gives the conclusions with some general recommendations. 230 
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 Introduction 

As a connection between regions within the world or a country, transportation system has a 

great influence on the economy of a country or a region and the life of people. In the 

transportation system, land transportation is still a primary mode in most regions of the world 

and is developed on various roads/pavements (Hussain, 2012). One of the most important 

functions of a pavement is to withstand the loading imposed by traffic and the resulting stresses, 

which will cause deterioration of the pavement with time, resulting in its failure eventually. 

Consequently, to ensure a reasonable service life of pavements, materials used to construct the 

pavement need to be thoroughly assessed using various tests and then selected according to the 

requirements of specifications.  

However, materials compliant with specifications, known as premium materials, are non-

renewable resources and become scarcer with over exploitation. Additionally, significant 

economic benefits can be realised from the reduction of transport costs associated with utilising 

and/or improving marginal materials closer to locations of high demand. Therefore, non-

compliant materials, known as marginal materials, have been considered to replace premium 

materials in low-volume roads and even high-volume roads after stabilisation (Robnett, 1980). 

However, due to the nature of non-compliance with specifications, marginal materials being 

used in a pavement may cause some significant problems, such as fatigue cracking, rutting, and 

early onset of damage resulting from wheel loading (e.g. shoving) (Berthelot et al., 2010). 

Consequently, there is a need to thoroughly investigate and understand the properties of 

marginal materials before using them in pavements. 

To set a detailed technical background for this research, this chapter contains two parts, the 

first regarding previous of marginal materials (for subgrade, subbase, basecourse and wearing 

course) and the second primarily focuses on the repeated load triaxial (RLT) testing method 
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used to evaluate the mechanical performance of marginal materials. The purpose of this is to 

obtain a comprehensive understanding of marginal material and the application of RLT testing 

methods around the world. 

2.2 Geological properties of rocks  

Unbound granular aggregate materials used in road basecourse are often produced from rocks 

through a crushing and a screening process (Kamali, 2012) (see Figure 2-1). The literature 

review, therefore, starts with an introduction on geological properties of rock. Bartley (1982) 

concluded that one of the main characteristics of an aggregate that affects its performance is 

the rock type. According to the way in which rock formed, rocks are classified into three major 

families, sedimentary rocks, igneous rocks and metamorphic rocks (Vernon, 2004). 

1) Sedimentary rocks are formed by deposition and diagenesis on the surface of the Earth 

at low temperatures and pressures and cover roughly three quarters of Earth’s surface 

(Boggs, 2009). Sedimentary rocks are accumulations of natural rocky or mineral 

grains deposited from a fluid phase (water or air) by physical, chemical, or 

biochemical processes (Boggs, 2009). They are classified into terrigenous clastic 

rocks and chemical and biochemical rocks (Demange, 2012).  

Clastic sediments composed of discrete clasts (i.e. fragments or grains) of materials 

derived from the erosion of other rocks. Greywackes are an example of a clastic 

sedimentary rock (Black, 2009). Chemical rocks form from direct precipitation (e.g. 

from seawater, brackish or freshwater): some carbonate rocks (dolostone and some 

limestone), evaporates (gypsum, rock salt, potash), some siliceous rocks (chert, flint) 

(Black, 2009; Demange, 2012). Biochemical rocks are the accumulation of the 

remains of living organisms (corals, molluscs, foraminifera, stromatolites), such as 

carbonate rocks (lime-stone) (Black, 2009). The source rock used in this research is 

greywacke, which is a source rock producing about 75% aggregates in New Zealand. 

The conditions under which greywacke forms, result in the mineralogical difference 

between greywacke and other sedimentary rocks, furthermore leads to the difference 

in engineering properties. For example, greywacke, consisting of more quartz and 
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albite, usually has greater durability than other sedimentary rocks.  

2) Igneous rocks are formed by crystallisation or solidification of a magma. There are a 

wide range of igneous rock types as the processes by which magmas are formed and 

evolve during their ascent through the earth’s crust are very complex (Black, 2009). 

According to the level of emplacement in the Earth’s crust, igneous rocks are 

classified as extrusive or volcanic rock, hypabyssal rocks and intrusive or plu-tonic 

rocks (Demange, 2012). Basalt and andesite are two examples of volcanic rocks. In 

New Zealand, approximately 25% of all aggregates produced are sourced from 

igneous rocks (Black, 2009). These two source rocks can produce aggregates with 

higher durability because of the process of forming the crystaline structure, which may 

result in a higher density of these two rocks compared to other greywacke sourced 

rocks. 

3) Metamorphic rocks result from the endogenous transformation of other rocks: 

sedimentary rocks, igneous rocks or other metamorphic rocks (Demange, 2012). A 

metamorphic rock is the end-product of a complex history that may involve chemical 

reactions, and commonly also repeated deformation events by heat and pressure 

(Vernon, 2004). Due to the action of plate tectonics, compression and stresses over 

long periods of time, rocks will be deformed and be compacted into a smaller volume 

of space. Consequently, metamorphic rocks are always denser than their original 

materials, and also much less susceptible to erosional breakdown (MTPE, 2001). For 

example, gneiss is the product of metamorphic granite. The mineralogical properties 

of metamorphic rocks are related to that of their original rocks. However, in New 

Zealand, very few aggregates, e.g. Albany conglomerate (Black, 2009), are produced 

from metamorphic rocks. 

Different rocks have different grain sizes and mineralogy, which will result in different sizes 

of aggregate particles abraded during crushing and compaction, and different weathering and 

plasticity properties of the aggregates produced, respectively (Bartley, 1982). Consequently, 

geological properties of rocks need to be considered when aggregate properties are investigated. 
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Figure 2-1: Rock quarried (left) and aggregate products after crushing and screening (right)  

2.3 Marginal materials 

Marginal granular aggregate materials can be grouped within five systems (Cook et al., 2001), 

which are: 

 Hard Rocks: materials that require crushing and processing but retaining properties that 

result in the material not meeting minimum material standards for a crushed stone base. 

 Weak rocks: materials derived from weakly cemented, poorly consolidated or partially 

weathered parent deposits. 

 Natural Gravels: residual soils and gravels that do not meet the minimum material 

standards for natural gravel roadbase. 

 Duricrusts: indurated or partially indurated soils that do not meet the minimum material 

standards for natural gravel roadbase. 

 Manufactured materials: include a range of man-made materials that could effectively be 

re-processed as granular pavement materials, for example, recycled materials. 

A summary review about the five groups of marginal aggregates is given in (Cook et al., 2001). 

Each group is classified as subgroups and within each subgroup consideration is given to the 

potential use of the materials in road construction and to improve the material standard. Some 

important references provide further information to assist in the selection and use of these 

materials are also provided. More details about the five groups of marginal materials can be 

found in Cook’s UK TRL report (2001), which describes typical examples in each group, their 

occurrence and identified the properties of the materials which are used to evaluate the quality 
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of marginal materials. 

2.3.1 Reason for poor performance of marginal materials 

There are many reasons causing poor performance of materials, further resulting in the 

materials failing to meet a ‘premium’ specification and could then be classified as marginal. To 

summarise these reasons, previous related research are collected and reviewed in these section.  

Table 2-1 provides a literature summary on marginal pavement materials, in which the material 

information, effects of marginal materials on as-constructed pavements and selected references 

are discussed. In general, the main index properties used to evaluate the performance of 

granular materials include plasticity, strength and stiffness, durability, and particle 

characteristics (Cook et al., 2001). According to these five index properties, Table 2-1 classifies 

relevant literature into five groups. From the view of index properties, any sub-standard 

property i.e. high plastic fines, low strength, low durability or poor particle characteristics 

(particle grading, particle shape and particle strength), can result in the marginality (poor 

performance) of materials. For example, a marginal granular material with high fines content 

from Saskatchewan, Canada was mistakenly placed on a highway. Shortly after this, localised 

failures began to appear on asphalt concrete which was constructed over the high fines base 

course (Berthelot et al., 2004). The local authority made a forensic structural evaluation of the 

highway section constructed with the wrong materials to determine the cause of the failures. 

The results showed that the high plasticity of fine particles, causing the marginality of the 

materials, had a detrimental effect on the performance of the granular base. 

It should be noted that few publications shown in Table 2-1 discuss the effects of marginal 

materials on the performance of as-constructed pavements as these materials are not supposed 

to be used in field pavements where premium materials are specified due to their non-compliant 

performance with local standards. Also note that recycled materials are categorised as a typical 

marginal material and are included in Table 2-1. 

Table 2-1: A literature critique on marginal materials from the view of index properties 
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Index Material description The property causing material 

marginality 

Effects of marginal materials on 

the as-constructed pavements or 

the application of marginal 

materials to pavements 

Selected 

reference 

Plasticity New Zealand local 

available fine grained 

(argillite) aggregate 

with a particularly 

high swelling clay 

content 

High plasticity Motorway roadbase constructed 

with the aggregate failed. 

(Black, 2004; 

Buckland, 1967; 

Reed, 1967) 

Three types of clayey 

sandy gravel from 

Ghana not meeting 

local specifications 

The three soils had a high degree 

of plasticity.  

These materials had a potential for 

breakdown under mechanical 

stress. When the degree of coarse 

particle breakdown resulting from 

compaction of such materials, 

which prior to compaction met 

grading requirements, was high, 

the resultant compacted material 

no longer met the locally specified 

grading requirements. Premature 

pavement failures occurred when 

using these materials. 

(Frempong & 

Tsidzi, 1999) 

A marginal granular 

material from 

Saskatchewan, 

Canada 

This material with high fines 

content was mistakenly placed on 

a highway.  

Shortly after this, localised 

failures began to appear on asphalt 

concrete which was a layer over 

the high fines base course. 

(Berthelot et al., 

2010; Berthelot 

et al., 2004) 

Dolomite and 

limestone from USA 

The materials were moisture-

susceptible, most probably 

because they contain high plastic 

fines. 

N/A (Santamarina & 

Cho, 2004) 

Strength or 

stiffness of 

compacted 

materials 

The material used for 

the laboratory testing 

was milled from an 

existing road. The 

material consisted of 

an old poorly 

cemented A-2-4 

ferricrete base, a 

multiple-seal 

surfacing, and some 

material from the 

untreated ferricrete 

subbase. 

The California Bearing Ratio 

(CBR) was not high enough to 

reach the requirement of local 

specification.  

The material would be considered 

of subbase quality and would 

normally be considered for a 

subbase. Its use as a base layer 

would not be considered. 

(Liebenberg and 

Visser, 2003) 

Lightweight volcanic 

aggregates from 

Tanzania 

The California Bearing Ratio 

(CBR) after four days soaking 

was less than 80, which could not 

meet the requirement of local 

This material was considered to be 

used in roadbase after 

stabilisation. 

(Mfinanga & 

Kamuhabwa, 

2008) 
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specification.  

Durability Two marginal 

aggregates were 

considered, laterite 

aggregate and pit-run 

gravel. 

Los Angeles abrasion values of 

the aggregates could not meet the 

requirement of the local 

specification in India.  

These marginal aggregates would 

break down due to the crushing 

during the rolling operation. 

(Majumder et al., 

1999) 

Three rock type 

(greywacke, andesite, 

basalt) from four 

quarries in New 

Zealand 

They were partly weathered or 

weathered rocks. All of the rocks 

contain a small proportion of 

swelling clays. 

N/A (Bartley et al., 

2007) 

Particle 

characteristics 

Local Roorkee soil 

from India 

The soil was classified as poor 

graded fine sand which was used 

as a subbase of a rural road. 

N/A (Kumar & Singh, 

2008) 

Texas quarried base 

materials and 

Saskatchewan poorly 

graded base were 

considered marginal 

granular bases. 

The two materials both had high 

fines content and the fine sand, 

failed to meet the requirement of 

local specification. 

N/A (Berthelot et al., 

2010) 

Others (e.g. 

recycled and waste 

materials) 

Recycled concrete 

aggregates (RCA) and 

masonry aggregates 

(RMA) for base course 

in the Netherlands 

Few empirical specifications 

specify recycled base course 

materials in terms of required 

engineering properties, such as 

strength, stiffness and resistance 

to permanent deformation.  

There are usually some problems 

in regards to particle grading and 

particle shape with these 

materials. Stabilisers are always 

used to modify these materials. 

It has been shown in the 

Netherlands that RCA and RMA 

can be very successfully used in 

unbound road base courses. So far, 

over 80% of the material used for 

road bases in the Netherlands are 

unbound mix granulates with 

RMA and RCA. These roads can 

service for a reasonable period. 

(Molenaar & Van 

Niekerk, 2002; 

Van Niekerk, 

2002; Xuan et al., 

2012) 

Recycled crushed clay 

masonry (RCM) with 

recycled concrete 

aggregate (RCA) from 

Australia 

The study had investigated basic 

engineering properties and CBRs 

of the combination of the RCM 

and RCA.  

The Los Angeles Abrasion (LAA) 

values of all mixes in the study 

were out of local specification. 

It was recommended that the 

recycled products should be 

restricted to subbase applications. 

(Azam et al., 

2012) 

Note: N/A means that the result has not been mentioned in the literature. 

From a mineralogical point of view, the type and proportion of clay minerals are a significant 

cause of the poor performance (marginality) of marginal materials. Many aggregates that are 

identified as being non-compliant with respect to the amount and the properties of the aggregate 

fines i.e. a high fine sand content, and/or poor fines quality (as indicated by high clay and/ or 
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plasticity indices) commonly lead to a material’s classification as marginal. This is because 

some clay minerals, particularly swelling minerals (e.g. smectite group) produce undesirable 

internal lubrication effects and therefore a weak internal structure, in contrast to particle 

interlocking, thereby causing a consequent reduction in shear strength and stiffness (Odom, 

1984). They also have the ability to expand when they are released and come into contact with 

water, and push the fine components of the aggregate particles apart (Al-Rawas et al., 1998; 

Little, 1995). Kleyn and Bergh (2008) suggest that 3% smectite in rock can result in dolerite 

pavement construction materials transforming into a marginal or unacceptable material when 

physically broken down (such as during processing). Hussain (2014) demonstrated that high 

proportions of smectite can cause a significant reduction in the performance of the material, 

particularly in high-moisture environments. 

It has been discussed in some research (Bartley et al., 2007; Berthelot et al., 2010; Berthelot et 

al., 2004) that clay minerals cause the ‘marginality’ of materials through increasing the  

plasticity of materials. Bartley (2007) used three marginal aggregates (greywacke, andesite, 

basalt) from four quarries in New Zealand in his research. These weathered and partly 

weathered aggregates, containing a small proportion of swelling clays, had poor plasticity 

properties. (Berthelot et al., 2010; Berthelot et al., 2004) indicates that poor fines quality 

(affected by clays) of granular materials causes high plasticity, further resulting in poor 

mechanistic material properties. 

Few investigations have been conducted on how clay minerals cause materials to tranform into 

marginal materials through influencing strength/stiffness, durability and/or particle 

characteristics. However, the presence of clay minerals in materials has an important impact 

on the index properties of the materials. The following section discusses clay properties in 

materials and shows that these can be correlated with index properties, such as plasticity, 

durability, particle characteristics and strength properties of compacted materials.  

1) Clay and plasticity 

Plasticity, in clay mineral systems, is defined as “the property of a material which allows 

it to be repeatedly deformed without rupture when acted upon by a force sufficient to cause 

deformation and which allows it to retain its shape after the applied force has been removed” 
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(Perkins, 1984). A clay-water system of high plasticity requires more force to deform it 

and deforms to a greater extent without cracking than one of low plasticity which deforms 

more easily and ruptures sooner (Brownell, 2012). 

The plasticity of fine particles is directly related to the occurrence of plastic clay minerals. 

A literature review conducted by (Andrade et al., 2011) reported that clay minerals are 

quite important factors influencing material plasticity. These related factors are moisture 

content, mineralogical composition, particle size distribution, type of exchangeable cations, 

and presence of salts and organic material. The plasticity of clays is related to the 

morphology of plate-like clay minerals (i.e. swelling chlorite and smectite) particles that 

slide over others when water is added, which acts as a lubricant. There is a positive 

relationship between Atterberg limits (used to measure plasticity) and the relative amount 

of phyllosilicates (illite, smectite, kaolinite, chlorite and palygorskite) present in samples 

(Hajjaji et al., 2010). The relationship indicates that these clay minerals strongly influence 

the plasticity of materials. By contrast, plasticity is disproportional to associated minerals 

such as quartz and calcite. This illustrates that quartz and calcite do not have a significant 

impact on the plasticity of materials. A similar conclusion was obtained by other 

researchers (Hawkins et al., 1986). 

A linear correlation exists between the clay content and plasticity index (PI). The plasticity 

index (PI) is used to determine the plasticity of the fine fraction less than 0.425mm of an 

aggregate (NZS, 1991b). The PI increases with increasing clay content (Akayuli et al., 

2013), as shown in Figure 2-2. A similar phenomenon was also observed by other 

researchers (Al-Shayea, 2001). In addition, the clay mineral particle size has a significant 

impact on its plasticity. For example, highly fine grained illite and kaolinite minerals are 

highly plastic while larger grain sizes generally have very low plasticity (Black, 2009). 
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Figure 2-2: Relationship between clay content and plasticity (Akayuli et al., 2013) 

 

2) Clay and durability 

Durability of any construction material is commonly defined as its ability to withstand 

weathering processes (for the most part natural) and/or anthropogenic-driven decay 

(Frohnsdorff & Masters, 1980; Lewry et al., 1994). Durability is one of the most significant 

engineering performance aspects that describes the behaviours of natural stone in the real 

environment (Přikryl, 2013). Specifically, a stone’s durability is proportional to the time 

during which the material can preserve its original characteristics including mineralogical 

and chemical composition, characteristics of the rock fabric, and physical and mechanical 

properties. Further, during its service life, a natural stone element must retain its shape and 

appearance (Sims, 1991).  

Aggregate/soil durability is highly related to the clays type and quantity that the 

aggregate/soil contains. Gökceoğlu et al. (2000) reported that the type and amount of clay 

minerals within a rock were the main factors influencing the durability after they 

conducted a research on 141 samples of different types of weak and clay-bearing rocks 

selected from different parts of Turkey. Related research from New Zealand also 

demonstrated that the proportion of clay minerals within local mudrocks is the principal 

control over the durability of the materials: increased clay content results in lowered 
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durability (J. S. Lowe et al., 2010; Moon & Beattie, 1995). Leyland (2014) suggested that 

the use of quantitative clay analyses can be suitable as a relative indication of one source’s 

potential durability to that of another because of the relationship between clays and 

durability. 

The relationship between clay minerals and durability most likely results from the 

interaction between clay and water, which can favour aggregation-disaggregrtion or 

swelling-contraction processes of clayey particles (Veniale et al., 2001) inducing 

deformations inside the stone and, therefore, reducing the stone’s resistance to total 

breakdown (Delgado Rodrigues, 2001). The interaction is further increased for some 

swelling clays (e.g. smectite and swelling chlorite), which are more sensitive than others 

to swelling when interacting with water (Sebastián et al., 2008). However, even though 

swelling clays decrease the durability in many rock types, their presence is not a 

prerequisite of poor durability (Moon & Beattie, 1995).  

3) Clay and particle characteristics 

Particle characteristics, such as particle size, size distribution and shape, and the 

arrangement of grain contacts (fabric), are said to influence the structure of the granular 

material, further to affect its mechanical behaviour (Bowman et al., 2001). Particle size 

and shape reflect material composition, grain formation and release from the mineral 

matrix, transportation and depositional environments (Santamarina & Cho, 2004). The 

origin of the particle size and shape probably results from the clay minerals, which affect 

the formation of small mineral grains due to the chemical and biological effects of the 

environment (Santamarina & Cho, 2004).  

Clay minerals are formed from material weathering in aqueous environments (typically by 

dissolution of various minerals), and evolve in response to chemical and thermal 

conditions (Velde, 1992). In this process, the crystallographic structure of clay minerals 

e.g., hexagonal shape of kaolinite particles and the tubular shape of halloysite, is the first 

indicator of the particle shape (Santamarina & Cho, 2004).  

4) Clay and strength 

A very small amount of plastic clay can notably influence the mechanical properties of 



Chapter 2 

21 
 

aggregates. If the clay presents as a cementing agent, a small quantity of plastic clay can 

cause significant dimensional change when the clay contacts water (Wangler & Scherer, 

2008). Gonzalez and Scherer (2004) demonstrate that the swelling clay acting as a 

cementing agent has a dramatic effect on the elastic and viscoelastic properties of an 

aggregate. Pike (1992) described the effect of clay fines on concrete compressive strength: 

an addition of 1% kaolinite by mass of cement in concrete is expected to result in a loss of 

compressive strength of 1%, and an addition of 1% illite will cause a loss of compressive 

strength of 2%. In contrast, an addition of 1% smectite will cause a greater loss of 

compressive strength, and as much as 4%. 

Apart from clay minerals, laumontite, which is the only zeolite that has a swelling capacity, 

is reported to have a harmful impact on aggregate performance (Black, 2009; Wakizaka & 

Anan, 2003; Wakizaka et al., 2001). The occurrence of laumontite is likely to cause the 

marginality of aggregate materials. 

2.3.2 Interaction between clay and water 

One of the largest impediments to the use of a greater range of materials in pavement 

construction is the concern over the effects of water ingress, which may lead to premature 

pavement failure (Arampamoorthy & Patrick, 2010). Pavement design textbooks stress that the 

main factor influencing pavement performance is water (Arampamoorthy & Patrick, 2010), 

which is a trigger for potential aggregate failure.  

As discussed in Section 2.3.1, water can cause the swelling of clay minerals contained in 

marginal materials when the materials are in contact with water. When there is water in the 

voids in unbound aggregates, the swelling minerals will expand and push the aggregates apart. 

Nelis and Rowe (2013) reported that aggregates gain undesirable internal lubrication when 

surrounded by (moist) clay mineral particles (i.e. smectite and swelling chlorite), thus their 

shear strength reduces. In addition, expansion of clays cause particles to break over time 

resulting in particle loss, change of grading or loss of strength when wetted (Woodward et al., 

2002). Thus swelling clays in aggregates can produce damaging stresses during a wetting or 

drying cycle, which also lead to deterioration (I. J. Gonzalez et al., 2002). 
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Structure of clay minerals 

All common clay minerals are layer silicates. As seen in Figure 2-3, the individual molecular 

layers of clay minerals are constructed from two structural units: octahedral and tetrahedral 

sheets (Black, 2009). The octahedral sheet with a formula of either Al2(OH)6 or Mg3(OH)6 is 

charge neutral, whereas the tetrahedral sheet with a sheet of silicon ions surrounded by four 

oxygens [Si2O5]
2-, has a negative charge. The OH- in the octahedral sheet is substituted by O2+ 

on the joining plane, then the positive octahedral sheet and the negative sheet can combine 

together to achieve overall charge neutrality in the final mineral molecule. 

The smectite structure is composed of units made up of two silica tetrahedral sheets with a 

middle alumina octahedral sheet (2:1 layer type), as shown in Figure 2-3 (Grim, 1968). This 

structural characteristic differentiates smectite clays from kaolinite clay structures containing 

one tetrahedral and one octahedral sheet (1:1 layer type) and from chlorite clay structures 

consisting of two tetrahedral and two octahedral sheets (Grim, 1968; Little, 1995; Odom, 1984). 

Illite clay structures are similar to smectite clay structures, but in illite adjacent tetrahedral 

sheets are bonded by K+ ions while tetrahedral sheets in smectite are bonded by water and 

exchangeable cations (which will be discussed in the Section below). In smectite, the force of 

the bonding between cations and the layers is not strong and depends on the amount of water 

present. In air-dried smectites the interlayer bonding force is relatively strong as no water 

present between the sheet layer surfaces (see Figure 2-3). However, when saturated, water is 

drawn into the interlayer space causing the clay to swell dramatically (Black, 2009). By 

contrast, chlorite, kaolinite and illite do not have high swelling potential due to the stronger 

force of the bonding between cations and the layers.   
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Figure 2-3: Structures of clay minerals (Black, 2009) 

Exchangeable cations and cation exchange 

Cation exchange capacities (CEC) are quite different within and between clay mineral groups. 

The higher CEC clays have, the higher swelling capacity they can show. Kaolinites, illites, and 

chlorites have much lower CECs compared to smectite (Black, 2009). If the aggregates 

containing certain amount of clay with higher swelling capacity are used in pavements, the 

pavements may show expansion when in contact with water (i.e. in the rainy weather), which 

will result in the structural damage of the pavements. 

The most common exchangeable cations presenting in smectite are Ca2+, Mg2+, Na+ and H+, 

but small amounts of K+ and Li+ present in some smectites. Na+ is readily replaced by Ca2+ and 

Mg2+ due to its lower valency, so that smectite clays tend to be depleted of Na+ when subjected 

to leaching conditions (Odom, 1984). The cation exchange is the basis of lime modification 

(Black, 2009; Paige-Green, 2011), in which Ca2+ from lime will exchange with Na+ from 

smectites.  

The exchangeable cation contained in clays has a major effect on the swelling capacity and 
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some plastic properties (Black, 2009). Air dried Na-smectite has a single water layer while Ca 

and Mg- smectites have two water layers, but when subjected to high humidity conditions, Na 

smectite absorbs larger amounts of water compared to the Ca-exchanged smectites (both 

expanding to have four water layers, i.e. from one for Na and two for Ca). Water absorption 

stops at approximately the liquid limit for Ca-smectites while beyond the liquid limit for Na-

smectites. 

2.3.3 Evaluation system for marginal granular materials 

A good evaluation system for granular materials helps engineers select ‘fit for purpose’ 

materials for use, i.e. the use of higher quality materials where they are most needed, and 

marginal materials in lightly-trafficked applications. To achieve this, extensive testing methods 

have been developed around the world. These testing methods can generally be divided into 

three groups: Regular laboratory engineering tests, mineralogical and chemical tests, and 

engineering performance-based tests. 

Regular laboratory engineering tests 

The screening criteria for the marginal classification of materials are usually based on the 

requirement of local specifications/standards, which specify most approaches and testing 

methods on the basis of material index properties. The approaches and testing methods can be 

grouped in four primary systems in accordance with four index properties (refer Table 2-1), 

including plasticity, strength and stiffiness, durability and particle characteristics. Table 2-2 

provides a summary of the primary approaches and testing methods used to evaluate pavement 

materials. 

Table 2-2 lists the main laboratory testing methods designed to evaluate material properties. 

Apart from these tests, the material properties also need to be investigated by compaction 

testing to determine the compaction characteristics of the material, which directly influences 

the load bearing capacity of the aggregate mix (Cook et al., 2001).  

Table 2-2: Laboratory based index property testing methods used to evaluate pavement 

materials 
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Index Testing methods Description of the material property 

Plasticity of fine 
fractions 

Sand equivalent The relative amounts of silt or clay size particles in 
fine aggregates or fine fractions (i.e. less than 
4.75mm) 

Clay index (methylene blue test) The characteristics of the particles smaller than 
0.075mm to absorb methylene blue. This method is 
actually a chemical test, not an engineering test. It 
is also described in this table because it is 
frequently used in laboratories. 

Plasticity index (plastic limit and liquid limit), 
linear shrinkage test 

The characteristics of the particles smaller than 
0.425mm to behave as a plastic/ cohesive material 
at different moisture contents 

Strength or stiffness of 
compacted materials 

Unconfined compressive strength (UCS), 
soaked California Bearing Ratio (CBR) test 

The capacity of the compacted materials to support 
imposed loads under saturated/unsaturated 
conditions 

Repeated load triaxial test (RLT) The resistance of materials to permanent 
deformation 

Durability Abrasion test i.e. Los Angles abrasion test and 
Micro-Deval abrasion test 

The dry abrasion resistance of aggregates 

Weathering quality index, slake durability test, 
soak test, cyclic freeze-thaw test, cyclic drying-
wetting test, Magnesium or Sodium sulphate 
soundness test 

The abrasion resistance of aggregate to the effects 
of wetting, drying, heating and cooling 

Crushing resistance, 10% fines aggregate 
crushing test 

The crushing strength of individual particles by 
measuring the quantity of fines given a standard 
crushing load 

Particle characteristics Particle size distribution The relative proportions of each size fraction from 
gravel to clay size and their effect on load-bearing 
properties of rocks and soils 

Particle shape including visual description, 
flakiness index test, elongation index test, 
percentage of crushed or broken particles 

The angularity and flakiness of the aggregate 
particles and their ability to interlock together 

Suitable testing methods need to be selected to evaluate the material property as each testing 

method targets different properties. The selected testing methods are expected to accurately 

assess the marginality of materials and their properties. A literature overview of primary testing 

methods used to assess marginal materials is conducted and summarised in Table 2-3. 

The testing methods used in the selected publications are marked with a tick ‘✓’.  It was found 

that multiple testing methods are often simultaneously used in a single study to assess marginal 

materials, as seen in the intersection area of Table 2-3. This illustrates that it is probably 

insufficient to evaluate the performance of marginal materials using only one testing method 

due to the complexity of marginal materials. A combination of multiple testing methods is 

preferred to provide a comprehensive assessment on the performance of marginal materials. 
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Table 2-3: A summary for primary testing methods used in literatures to assess marginal 

materials 

Test method 

 

Selected references 

Unconfined 

compressive 

strength 

Soaked CBR Particle strength 

and durability 

(abrasion test) 

Plasticity test 

of fine fraction 

Repeated load 

triaxial test (RLT) 

(Bullen & Suciu, 1991) ✓     

(Button & Jagadam, 1992)   ✓   

(Bartley, 2001)   ✓ ✓  

(Azam et al., 2012) ✓  ✓ ✓ ✓ 

(Liebenberg & Visser, 

2003) 

✓ ✓  ✓ ✓ 

(Cook et al., 2001; Cook & 

Gourley, 2002; Mfinanga 

& Kamuhabwa, 2008) 

(Evans & Vuong, 2003) 

✓ ✓ ✓ ✓  

(Berthelot et al., 2010; 

Berthelot et al., 2004; 

Gregoire et al., 2009) 

(Molenaar & Van Niekerk, 

2002) 

    ✓ 

Mineralogical and chemical tests 

Wu (1998) discussed the various engineering tests used to characterise aggregate, and 

demonstrated that no strong relationship existed between a particular characteristic and the 

performance of the aggregate in the road. Thus it is probably not sufficient to evaluate a 

material only using engineering testing methods. Engineers are more concerned about how the 

aggregate will perform as a building material and have devised mechanical tests to reject the 

more troublesome rock types (Bartley, 2001), but they often ignore the chemical and 

mineralogical characteristics of materials. Buckle et al. (1987) criticised engineers particularly 

for ignoring the importance of chemical tests, and highlighted that chemistry was of great 

importance in understanding the weathering process of road building materials. Bartley (2001) 

suggested that a joint effort of chemists, geologists and roading engineers was needed to 

conduct more proper assessment of marginal materials. Chemical and mineralogical tests can 

evaluate the characteristics of materials in a more direct way, compared to the standard-

specified engineering tests. For example, some testing methods, e.g. X-ray powder diffraction, 

petrographic examination, and scanning electron microscopy can detect the occurrence of 



Chapter 2 

27 
 

minerals contained in materials and then provide a detailed description of the main mineral 

composition of the materials (Bartley, 2001; Goldstein et al., 2012; Moore & Reynolds, 1989; 

Murphy, 1986). A chemical test, called the clay index or methylene blue test, is frequently used 

in laboratories usually after the sand equivalent test has returned a failed result. This test is used 

to determine the quantity of swelling clays present through evaluating the capability of clay 

minerals to absorb methylene blue (BS, 2013; NZTA, 2006a). It provides a measure of the 

potential instability that exists in materials. However, Bartley (2001) suggested that further 

research was necessary to more clearly identify the reactions that occur between the rock 

minerals and the chemicals used in the clay index test.  

Tests specified by performance-based specification  

A material is considered marginal or non-standard when it fails to comply with the prescribed 

laboratory test specification (traditional specification) limits. In most situations the material 

will automatically be regarded as unacceptable and therefore not suitable for use as a sub-base 

or roadbase (Cook et al., 2001). However, as mentioned previously, specification criteria are 

generally based on easily measurable attributes of materials, such as grading, plasticity and 

strength, which may not correlate well with the fundamental mechanical properties on which 

in-service behaviour of materials depends. The simple ‘fail/pass’ or ‘black/white’ criteria in 

traditional specifications may affect the assessment on the quality of materials. This is because 

firstly, the recipe specifications result from the classical empirical engineering approach of 

design (Rogers et al., 2004) on the basis of long-term monitoring of full-scale test roads and 

index tests, and the empirical specifications cannot be assured completely, especially when the 

conditions change for whatever reason (i.e. loading magnitudes or patterns change, novel 

materials are proposed, etc.). Secondly, much of the development of pavement material 

specifications has occurred during specific time periods or in local regions. Time period and 

environment differences will significantly impact the requirement for materials so that it is 

difficult to establish pavement test sections for the purpose of selecting an alternative pavement 

material. Therefore, these disadvantages of traditional specifications likely cause difficulties in 

the identification of premium and marginal materials.  

A proper specification system needs to be developed to make sure materials can be evaluated 
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in a more reasonable way. For example, most specifications for premium aggregates require 

that the soaked California Bearing Ratio (CBR) of the basecourse aggregate shall not be less 

than 80%, but not all roads are required to take high traffic volumes for which the designed 

soaked CBR value of at least 80% is required. 50% might be adequate for low volume roads. 

However, road controlling authorities are not willing to accept responsibility of failures and are 

restricted to using current approved specifications (Arnold, 2005). As a result, specifications 

should be modified appropriately to enable better use of local marginal materials in appropriate 

in-service conditions and/or to improve their engineering performance with special treatments. 

In Queensland, Australia, the CBR requirement for standard granular roadbase materials may 

be reduced from 80% to 60% when design traffic is less than 1 million equivalent standard axle 

(MESA) (QT, 1990).  

The performance-based specifications are supposed to provide a direct link between material 

properties and their performance in a pavement, such that the performance of these or 

alternative materials could be readily predicted under traffic and environmental conditions 

which varied from those for which the design was originally based (Evans & Vuong, 2003). 

These specifications are made on the basis of laboratory performance tests, which determine 

the material performance measures for the design of granular mixes prior to production. Three 

material performance measures are recommended by Austroads (the association of 

Australasian road transport and traffic agencies) to be included in performance-based 

specifications: shear strength, permanent deformation and resilient modulus (Evans & Vuong, 

2003; Vuong, 2004). These measures have already been identified to relate directly to major 

‘pavement’ performance measures such as shoving, rutting and surface cracking. A similar 

recommendation was made by Roger et al (2004) that primary performance parameters (elastic 

stiffness and strength, and resistance to permanent deformation) should be included in 

performance-based specifications. Fleming (2000) also reported that for simulating in-situ 

pavement performance, performance-based specifications should require the assessment of 

both the stiffness and resistance to permanent deformation of the roading material as it is 

constructed.  

However, it is widely recognised that there is no unique solution measurement of resilient 
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elastic stiffness of a soil or granular aggregate, and thus any measurement must be qualified by 

the conditions (e.g. stress) under which it is measured. Two common testing methods used to 

obtain resilient stiffness and modulus are the California Bearing Ratio (CBR) test and the 

repeated load triaxial (RLT) test. 

The CBR test is a measure of the shear strength of the material and does not necessarily 

correlate with a measure of stiffness or modulus (Sukumaran et al., 2002). Although it is widely 

acknowledged as being not wholly satisfactory that CBR is used as a performance parameter, 

especially on aggregates, CBR has been correlated with pavement performance in many 

countries over many years and provides a reliable comparative empirical indicator of material 

behavior (Rogers et al., 2004). However, such an empirical approach based on CBR is unlikely 

to result in the efficient use of materials and plant and does not easily allow for the use of 

recycled, new or marginal materials, and furthermore does not permit the use of rigorous 

analytical design procedures (Fleming et al., 2000). Roger et al (2004) also confirmed that the 

CBR was not a suitable parameter to use either for laboratory testing to feed analytical design 

models or in-situ as proof of performance. 

The RLT test is another globally accepted method to obtain pavement measurements, such as 

shear strength, resilient modulus and permanent deformation (Evans & Vuong, 2003; Saeed, 

2008). This test has been used by many organisations around the world for many years and has 

become a common laboratory technique available for assessing the stiffness and permanent 

deformation characteristics of materials under repeated loading (Dawson & Gillett, 1998). The 

RLT apparatus can effectively test the performance of granular materials by approximately 

simulating the field stress state in pavements through application of repeated stresses to 

cylindrical specimens. Under cyclic loading, unbound granular materials exhibit elasto-plastic 

behaviour, characterised by increase in stiffness and permanent deformation with load 

repetitions (Gidel et al., 2001). The RLT testing method has been included in many regional 

specifications to better evaluate the performance of local marginal materials (AASHTO, 2007; 

BS, 2004; Evans & Vuong, 2003; NZTA, 2012).  

In New Zealand, the performance-based specification (TNZ, 2000) allows contractors to use 

alternative materials provided they met certain performance criteria (durability and rut 
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resistance), which are indicated by stable behaviour of the basecourse material (Arnold, 2005; 

TNZ, 2000). However, insufficient research has been conducted to influence any change in the 

current standards and specifications. Reasons identified in New Zealand industry for including 

few performance-based specifications included (Arnold, 2005): 

1) Contractors not willing to take the risk of using marginal materials; 

2) Quarry operators not proactive in testing and marketing their local materials; 

3) For sites trialling the use of performance-based specifications the finished road 

pavement did not meet the expectations of project engineers and asset managers. 

2.3.4 Treatment methods for marginal materials 

Marginal materials, by virtue of the fact that they are marginal, are seldom suitable to withstand 

the significant traffic loading required over the expected design period in their untreated state, 

and improvements to the quality of the material are required. Over the years, many researchers 

have made attempts to apply locally available materials to roads by using techniques to improve 

the performance of these materials. Chemical stabilisers such as cement, lime, and bitumen 

have been used with great success in the past to improve the quality and thus the performance 

of materials of marginal quality (Liebenberg and Visser, 2003). Additives that may be used to 

treat marginal aggregates include lime, cement, bitumen and others. These will be discussed in 

the following sections. 

Lime  

Lime is the oldest traditional chemical stabiliser used for soil stabilisation (Mallela et al., 2004). 

It is used in lime stabilisation either as the form of hydrated (slaked) lime (calcium hydroxide), 

or quick lime (calcium dioxide). Lime stabilisation involves two ‘reaction’ processes. The first 

reaction, called lime modification, happens within several hours or days after lime is added to 

materials (Abdi & Wild, 1993; Locat et al., 1990) and involves ion exchange and flocculation 

of the clay minerals (Paige-Green, 2011). The second stabilisation requires a few months or 

years to complete (Jawad et al., 2014). It is similar to the hydration of Portland cement, which 

is a cementation process, involving the pozzolanic reaction between the calcium in the lime 

and silica and alumina in the clay minerals to form calcium silicate hydrates and calcium 
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aluminate hydrates (Eades & Grim, 1960; Paige-Green, 2011), as shown in chemical equations 

(2-1) and (2-2). The formed new mineral phases will grow to physically cement the particles 

together so that the materials are strengthened after lime is added. The pozzolanic reactions can 

be expressed using the following chemical equations (Chen & Lin, 2009; Mallela et al., 2004; 

Yong & Ouhadi, 2007): 

Ca(OH)2 + 𝑆𝑖𝑂2 → 𝐶𝑎𝑂 ∙ 𝑆𝑖𝑂2 ∙ 𝐻2𝑂                 (2-1) 

Ca(OH)2 + 𝐴𝑙2𝑂3 → 𝐶𝑎𝑂 ∙ 𝐴𝑙2𝑂3 ∙ 𝐻2𝑂              (2-2) 

Lime stabilised materials will become less plastic and more friable, and easier to compact. 

Lime stabilisation tends to allow the required dry density to be achieved over a wide range of 

moisture contents by “flattening” the moisture content /density or compaction curve by 

increasing the “plastic phase” component in the mixture (Robinson, 1999). When lime is used 

in soil treatment, due to chemical reaction between clays and lime, soil particles became large-

sized clusters, resulting in texture change (Terrel et al., 1979). The enlarged particle size causes 

the void ratio to increase (Kinuthia et al., 1999), and a decrease in maximum dry density (Jawad 

et al., 2014). The optimum moisture content for the soil-lime mixture compaction increased. 

Hence, the required density can be easily achieved for a larger range of water content, thereby 

conserving time, effort and energy (Mallela et al., 2004; Thompson, 1965). 

A literature survey conducted by Jawad et al (2014) shows that the addition of lime improves 

various properties of soils, i.e. decreasing the plasticity index, increasing soil strength and 

fatigue strength, improving the durability performance, decreasing swelling potential of clays 

and volume change and affecting the soil permeability and compressibility. However, 

carbonation, sulphate attack and environmental impacts are probable causes of failure of lime 

stabilisation in lime-treated soil. 

Suitable lime content needs to be determined to treat materials. A high lime content of 6-8% 

can produce high tensile strength in some materials (Cook et al., 2001). The mechanical 

properties of lime stabilised materials may then be evaluated in the same way as for cement 

stabilised materials. National Institute for Transport and Road Research (NITRR, 1985) in 

South Africa reported that when compared with cement content, there may be an increase in 



Chapter 2 

32 
 

strength up to an optimum lime content beyond which the strength remains constant or may 

even drop. Paige-Green (2011) reported that a lime or cement content of 2-4% by mass was 

mostly used in chemical stabilisation. Bell (1996) indicated that a similar optimum lime content 

needed for maximum modification of the soil is normally between 1% and 3% by weight, and 

further additions of lime will not change the plastic limit, but increase the strength. However, 

other studies recommended optimum lime content between 2% and 8% in soil stabilisation 

(Basma & Tuncer, 1991). Three primary tests are used to determine optimum lime content in 

lime stabilisation. 

Eades and Grim (1966) recommended a test to determine the ‘initial consumption of lime’ or 

ICL. This test is currently used in most countries and is specified as BS 1924-2 (BSI, 1990b) 

or ASTM D6276 (2006). This test determines the amount of lime consumed during the early 

cation exchange and  flocculation reactions through controlling the pH values of a clay-lime-

water system (Ciancio et al., 2014). Clauss and Loudon (1971) mentioned drawbacks in the 

Eades and Grim method and proposed a revised version in their research. The British Standard 

(BS) and ASTM methods specify only the fine fraction (finer than 0.425 mm) of particles is 

used in the test. However, some researchers from South Africa have attempted to apply this test 

to coarser particles (greater than 0.425mm) (Ballantine & Rossouw, 1972; P. Paige-Green & 

Netterberg, 2004).  

Another method to determine ICL was proposed by Hilt and Davidson (1960)where the fine 

fraction less than 0.425 mm is used and the plastic limit (PL) of the soil-lime-water mixture is 

determined. The ICL in this method is the lime content above which no further change in PL 

occurs. However, this method is based on the assumption of the fine soil fraction applying to 

the entire material grading. This assumption can cause inaccurate optimum lime content due to 

the difference in the content of clay minerals between different sizes of fractions. Additionally, 

it is difficult for lime to penetrate into the matrix of coarse particles and react with clay minerals 

in the matrix. 

The strength test, i.e. the unconfined compressive strength (UCS) test and/or CBR test, is also 

a common test used to determine ICL for soils in laboratories (Bell, 1996; Ciancio et al., 2014; 

Kézdi, 2013). Bell (1996) reported that the unconfined compressive strength of lime-treated 
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soil increased rapidly with increasing addition of lime until an optimum lime content (ICL) is 

reached beyond which the strength continues to increase at a reduced rate or begins to decline. 

A comparison between the three tests made by Ciancio et al (2014) showed that a close 

agreement was found between ICLs determined by UCS, PL and pH tests, as shown in Figure 

2-4. He suggested that simple pH and PL tests might provide suitable alternatives to the 

extensive and time consuming UCS test for more rapidly determining the ICL, which might, 

in turn, offer significant cost savings to contractors. 

 

Figure 2-4: UCS, PL and pH test results against lime content (Ciancio et al., 2014) 

Cement 

Cement is a mixture of lime (calcium oxide, CaO), silica (silicon dioxide, SiO2) and alumina 

(aluminum oxide, Al2O3). It will set and harden when in contact with water and can bind 

material particles together. It is believed that the base exchange and cementing action of 

Portland cement with clay is similar to that of lime with clay (Chen, 2012; Croft, 1967; Kézdi, 

2013). Cement stabilisation primarily develops from the cementation process, involving the 

pozzolanic reactions shown in chemical equations (2-1) and (2-2). The strength of cement 

stabilised materials can be obtained from the cementitious links between the calcium silicate 

and aluminate hydration products and the soil particles (Croft, 1967). In the case of marginal 

materials exhibiting inadequate strength characteristics, modification with Portland cement 

may be a cost effective option to raise the quality to the required standards. Small quantities of 

cement may be used to reduce moisture susceptibility and to increase the shear and bearing 

strength. Addition of cement to clays decreases the liquid limit, plasticity index and swelling 
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potential and increases the shrinkage limit and shear strength (Al-Rawas et al., 2005; Miller, 

1997).  

Unlike the effect of lime stabilisation on compaction characteristics, cement stabilisation 

causes the dry density to increase and the optimum moisture content to decrease with the 

increasing cement content (Yoon & Abu-Farsakh, 2009), as shown in Figure 2-5. This is 

because cement, as small particles, fills in the voids between the large particles of soils, then 

the overall void ratio of the mixture consisting of soil/aggregates and cement is lower than that 

of unstabilised soils/aggregates. The decreasing overall void ratio of mixture will result in the 

increase of dry density and the decrease of optimum moisture content (Yoon & Abu-Farsakh, 

2009).  

 

Figure 2-5: Relationship between dry density and moisture content at different cement 

content (Yoon & Abu-Farsakh, 2009) 

The cement content should be as low as possible and at best not greater than 5% (Cook et al., 

2001). Cracking of cement stabilised layers cannot be avoided and must be accepted as an 

essential feature (NITRR, 1986). Paige-Green (2011) recommended that a cement content of 

2-4% by mass be used in chemical stabilisation. Andrews (2006) suggests that typically 

between 1% and 3% cement addition is required to achieve the structural characteristics of 

modified pavements. However, it is important to realise that there is an upper limit on strength 

which, if exceeded, may result in a bound pavement that has different performance 
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characteristics.  

Currently, there are two common methods to determine the optimum cement content: strength 

method and pH method. The strength method can be implemented by using CBR and UCS tests 

(Cook et al., 2001; Austroads, 2006). Due to a positive correlation existing between the 

compressive strength and the cement content (Yoon & Abu-Farsakh, 2009), the upper limit on 

strength mentioned previously is a key parameter to determine the optimum cement content in 

cement stabilisation. Table 2-4 gives an example of strength required for different types of 

stabilisation. The cement stabilised basecourse should meet a strength requirement (the red 

circle as indicated in Table 2-4) under the optimum cement content. 

Table 2-4: Strength required for different types of stabilisation (Andrews, 2006)  

  

Notes: 

1. Four day soaked CBR. 

2. Values determined from test specimens stabilised with general purpose (GP) cement and prepared using 

standard compactive effort, normal curing for a minimum 28 days and 4 hour soaked conditioning.  

Paige-Green et al. (2004) proposed a pH method to determine the optimum cement content in 
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cement stabilisation. It is similar to the pH method used in lime stabilisation. The optimum 

cement content corresponds to the minimum cement content required to produce a clay-water 

pH of around 12.4. However, he also reported that the interpretation of the optimum cement 

content, which is a more recent development, is uncertain. 

Bitumen 

Bitumen stabilisation is sometimes a feasible alternative to cement treatment, particularly in 

cases when bitumen is favourably priced as compared to cement. It may also be favoured in 

situations where resistance to cracking is required (Cook et al., 2001). Liebenberg and Visser 

(2003) indicated that cement contributes to the strength of the material, whereas the addition 

of enough bitumen emulsion improves the flexibility. Bitumen stabilisation may be carried out 

using any of the following materials (Andrews, 2006; Cook et al., 2001): 

 Hot bitumen (usually foamed bitumen) 

 Bitumen emulsion, either as a cationic or anionic emulsion 

 Cut back bitumen  

 Any of the above used in conjunction with cementitious binders 

Bitumen stabilisation may improve the following properties: durability; flexibility (crack 

resistance); resistance to weakening by moisture (water proofing); decreased permeability; and 

increased cohesion (Cook et al., 2001). The strength of bitumen treated materials has 

traditionally been evaluated according to Marshall Stability or Hubbard Field Stability at 60°C. 

Sometimes, other methods, such as Indirect Tensile Strength (ITS), UCS or RLT, are also used 

to assess the performance of bitumen stabilised materials (Andrews, 2006; NZTA, 2013; Wang 

et al., 2012). 

Foamed bitumen is a mixture of air, water and hot bitumen. Injecting small quantities of cold 

water (typically 2%-3% by mass) into hot bitumen (160-180°C) produces an instantaneous 

expansion of the bitumen up to more than 20 times its original volume forming foam (Andrews, 

2006; Wirtgen, 2004). Figure 2-6 illustrates the schematic of manufacturing foamed bitumen. 
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Figure 2-6: Manufacture of foamed bitumen (Andrews, 2006) 

Foamed bitumen mixing with fine materials is preferential when the bitumen is in a foamed 

state because its large surface area bonds to fine particles. Rapid mixing is required to better 

disperse the bitumen throughout the material as the foam collapses very quickly (Andrews, 

2006).  

Bitumen emulsions are manufactured by intensively mixing bitumen (60% by mass), water (40% 

by mass) and a small proportion of emulsifier, dividing up and dispersing the bitumen in the 

water phase (Needham, 1996). Bitumen emulsion treatment is an effective method of achieving 

good dispersion of bitumen in materials with low plasticity characteristics (PI< 6%) (Cook et 

al., 2001). 

Bitumen stabilisation may also be undertaken with a mix of bitumen and light oil (such as 

gasoline and kerosene). In this case, bitumen can be dissolved by such oils so that the viscosity 

of the bitumen is temporarily reduced. Thus, the dissolved bitumen can penetrate pavements 

more effectively, and be sprayed cold or with slight heating and mixed with moist material. 

Austroads (1998) note that this treatment method results in a very slow strength gain and so 

has not been used since the early 1990s (Andrews, 2006). 

Other additives 

Fly ash: Stabilisation of soils and pavement bases with fly ash is an increasingly popular option 

for design engineers in some countries (e.g. USA). Treatment with fly ash improves the 
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engineering properties of locally available materials and produces a structurally sound 

construction base (Little et al., 2000). There are non-self-cementing and self-cementing fly 

ashes used in stabilisation. Stabilisation with self-cementing fly ash provides a method of 

recycling flexible pavements and eliminates the need for expensive new granular base courses. 

Efforts were made to incorporate self-cementing fly ash into CIR (Cold In-place Recycling) 

asphalt material to improve the structural capacity of asphalt pavement base layers (Thomas et 

al., 2000). A longer life was expected for pavements with fly ash-stabilised CIR base course 

compared with pavements with untreated CIR base course. Furthermore, mixtures containing 

fly ash continued to gain strength as they aged (Wen et al., 2003). However, fly ash cannot be 

used in subbase layers, because of its low strength (Kumar & Singh, 2008). 

Cementitious blends: Use of cementitious blends (i.e. cement and fly ash, cement and lime, 

cement and bitumen) may produce a more beneficial pattern of resisting cracks (Austroads, 

1998). Triple-blend stabilised (mixture of three stabilisers), road construction materials are able 

to withstand longer periods of delay in compaction due to their slow strength gains. This 

phenomena makes the stabilised material less susceptible to construction stoppages during base 

and sub-base construction (Bullen & Suciu, 1991). The triple-blend cements used in the 

research by Bullen & Suciu (1991) are blends of ground granulated blast furnace slag, fly ash 

and normal Portland cement. 

Chemical binders: A wide range of synthetic chemical stabilisers have also been used to treat 

pavement materials. The main types of chemical binders include polymers, organic, ionic, salts 

and biological binders (Andrews, 2006). These chemical binders improve the performance of 

materials through reacting with subgrades and pavement materials. However, a few problems 

need to be noted (Cook et al., 2001): 

 Unlike traditional stabilisers (i.e. lime, cement and bitumen), there are no standard 

specifications or test procedures to effectively predict the performance of these stabilisers 

in the field. 

 The effectiveness of some products is significantly influenced by the material type and 

uniformity. 

 The cost of the chemical is often higher than traditional stabilisers. 
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The selection of stabilisers 

A good stabilisation design will include an investigation into the identification of the best 

stabiliser type. For successful stabilisation the material to be stabilised must contain a certain 

amount of the required components. This requires a good understanding of the fundamental 

material properties and environment where the materials are used. Australian road research 

board (ARRB) (1993) and NITRR (1986) groups reported that several principal factors need 

to be considered in selecting the most suitable method of treatment in the field. These factors 

include type of material to be treated, climatic conditions, proposed use of the stabilised 

material, the capabilities and experience of the construction personnel, the availability of a 

specialist construction plant, the availability of testing facilities for investigation and 

subsequent quality control, and relative costs.  

To obtain a preliminary evaluation on the type of stabilisation required for a particular 

pavement material, particle size distribution and Atterberg limits are usually used (Andrews, 

2006). Table 2-5 provides an initial guidance from Austroads on the selection of a stabilisation 

type.  

Cook et al (2001) reported that lime is a better additive than cement for modifying natural 

gravels, particularly plastic materials, because it has less of a tendency to bind particles together 

and cause rigidity. Lime is usually not effective for low cohesion materials and a minimum PI 

of 10% is recommended. However, he also indicated that some natural gravels such as some 

sandstones, decomposed granites and dolerites may present significant strength gain with lime 

stabilisation in spite of the PIs being less than 10%. Paign-Green (2011) suggested that 

although various ‘rules of thumb’ exist, such as materials with a plasticity index (PI) of less 

than 10% should be stabilised with cement and those higher should use lime (DoT, 1986), these 

are not necessarily always good indicators. 

Bitumen stabilisation may be used to resist cracking. For this stabilisation, various guidelines 

have been developed, for example, in a Kenya guideline, the untreated materials should 

generally have a plasticity index (PI) of less than 15%, liquid limit (LL) of less than 40% and 

particles passing a 0.075 mm sieve should be in the range of 10-30% (MoTC, 1987). For 
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materials with higher plasticity characteristics, in UK, Cook et al (2001) recommended that 

pre-treatment with lime may be conducted, but this will tend to be prohibitively expensive in 

the case of low volume sealed roads. 

Table 2-5: A guide to selecting a method of stabilisation (Andrews, 2006)  

 

Note: weighted plasticity index (WPI) = % passing 0.0425 mm × PI. 

Physical stabilisation 

In addition to chemical stabilisation, physical stabilisation i.e. geofibre and geotextiles, may 

also be used in soil/aggregate stabilisation. Geotextiles and geofibre are permeable fabric 

materials and can be used to separate, reinforce, filter or drain. Hoover et al.(1982) reported 

that soil-fibre composites were more effective in improving California bearing ratio (CBR) 

values of sandy soil as compared to silty/clayey soil. Lindh and Eriksson (1990) discovered the 

performance of road stretches where a subbase of sand had been reinforced with 0.25% and 

0.55% (by weight) discrete plastic fibres improved significantly. Tingle et al.(2002) concluded 

that fibre stabilised sands were a viable alternative to traditional road construction materials 

for rural roads. Kumar et al (2008) observed that the CBR value increases with fibre content in 

both cases of soaked and unsoaked conditions. The CBR value also increases with the fibre 
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aspect ratio nonlinearly. Geotextiles and geofibre are sometimes combined with chemical 

stabilisers such as lime, to provide better stabilisation (Chong & Kassim, 2014; G. Yang et al., 

2012). 

2.4 Repeated loading triaxial (RLT) test  

As an important test method, the Repeated Load Triaxial (RLT) apparatus can effectively 

evaluate the mechanical performance of unbound granular materials and simulate the field 

stress state in pavements by applying repeated cyclic stresses to a cylindrical specimen. Under 

cyclic loading, unbound granular materials exhibit elasto-plastic behaviour, characterized by 

resilient modulus and permanent deformation with load repetitions (Gidel et al., 2001). The 

RLT testing has been used in many universities and research laboratories around the world for 

many years. Because of this, it has become the most common laboratory technique available 

for assessing the stiffness and permanent deformation characteristics of aggregate under 

repeated loading (Dawson & Gillett, 1998). 

In order to accurately predict the in-field performance of unbound granular pavement layers, 

field material and test parameters such as similar aggregate size, compaction levels, saturation 

conditions and stress levels need to be replicated in the laboratory. A detailed understanding of 

these parameters in-field and how they can be replicated in the laboratory needs to be achieved. 

Failure to replicate the parameters may result in laboratory based test results which do not 

simulate in-field conditions. This can render RLT tests ineffective and also predict in-field 

performance that is not representative. This section gives an overview of some important 

parameters in the RLT test and an explanation of why they are relevant, how they are controlled 

and their implications on field performance. 

2.4.1 The effect of specimen size, aggregates size and gradings 

Specimen to Aggregate Size Ratio 

Many test variables have to be considered when the RLT test is adopted to assess the in-field 

predicted performance of unbound granular materials. The primary variable is the specimen 

size used for testing. Specimen sizes should be related to maximum Average Least Dimension 
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(ALD) of aggregates which dictates the minimum diameter and height of the specimen. 

Suitable specimen size is important to eliminate the end effects on the measurements of 

mechanical performance (Cheung, 1994; Taylor, 1971) caused by the interface frictional forces 

at the top and bottom of the specimen. Additionally, the effects of sample sizes on the 

performances of samples are complex and undetermined as the size difference will affect the 

overall particle packing arrangement which influences the strength of samples (Lekarp & 

Isacsson, 2001). 

In New Zealand road pavement testing industry and specifications, unlike some other places in 

the world, aggregate larger than that recommended for a given specimen diameter to height 

ratio are used for maximum dry density (MDD) and RLT testing. For determination of MDD a 

maximum aggregate size of 37.5 mm is allowed for a mould size of 150 mm diameter and 125 

mm height. Whereas a 150 mm diameter by 300 mm high specimen is used for RLT testing 

aggregate with a 37.5 mm ALD. According to a wide variety of literature only aggregates 

smaller than 19 mm ALD can be used for these mould sizes as given in per Australian, New 

Zealand, British and American CBR and RLT standards (ASTM, 1996; Austroads, 2007; BS, 

1990a; NZS, 1986a). This inconsistency produces variation in compaction results (Shahin, 

2011). The source of variation is believed to be related to the interlocking of oversized particles 

and interaction with the confining wall of the 150 mm diameter mould. To avoid such variations, 

the USA and UK vibratory compaction specifications require scalping of aggregates retained 

on a 19 mm sieve if a 150 mm diameter mould is to be used for compaction (ASTM, 2008b; 

BS, 1990a). The Australian standards for RLT-testing (AS, 1998) specify a specimen diameter 

of 6 times the maximum aggregate ALD, similar to (Paute et al., 1996; Toan, 1975). Sweere 

(1990) conducted RLT tests on specimens of 150 mm and 400 mm diameters on 0-40 mm 

aggregates. Higher resilient stiffness was found in the smaller specimens with 150 mm 

diameters. He suggested that the 150 mm triaxial apparatus might not be large enough for 

testing unbound granular materials in the pavement foundation. The reason was that when the 

specimen/particle size ratio was too small, the overall particle packing arrangement would be 

affected (Sweere, 1990). Similar compaction principles should be applied to RLT compaction 

specifications in New Zealand when a maximum aggregate size of 37.5 mm is used in a 150 
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mm diameter specimen. 

Although there are no specific maximum aggregate size to specimen diameter ratios that have 

been standardised, generally a ratio ranging from 1:5 to 1:8 is acceptable. TRB recommends 

the sample diameter should be 4 to 5 times the maximum particle size (TRB, 1975). Whereas 

AASHTO recommends the specimen diameter to be 6 times the maximum aggregate size 

(AASHTO, 1986). Other researchers adopt a diameter 7 times greater than the maximum 

particle size (Correia, 1996; Ekblad, 2008; Marachi et al., 1969; Sweere, 1990). If the sample 

has an insufficient ratio between the specimen diameter and maximum aggregate size, the 

overall particle packing arrangement would be affected (Cheung, 1994; Lekarp & Isacsson, 

2001). 

Published literature (Araya et al., 2010) shows that for a compaction mould with a diameter of 

150 mm all particles larger than 19 mm should be removed and replaced by material in the 4.75 

– 19 mm range. This significantly changes the characteristics of the material which no longer 

represents in-field conditions where a maximum aggregate size of 37.5 mm is used. Therefore, 

in order to avoid scaling down (scalping) of the maximum particle size, a larger compaction 

mould with a diameter of 250 mm is used by the University of Auckland which allows for a 

maximum aggregate ALD range from 19 to 42 mm. Table 2-6 provides a summary of aggregate 

size to specimen diameter ratios adopted worldwide. The ratio of specimen height to diameter 

is also included in this table. 
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Table 2-6: Aggregate to specimen size ratios adopted worldwide 

Ratio of 
specimen 
height to 
diameter 

Ratio of maximum 
aggregate size to specimen 

diameter 

Maximum 
aggregate size 

(mm) in  RLT 

Diameter of 
specimen 

(mm) 

Height of 
specimen 

(mm) 
Country Research institute Year 

1:1 

1:20 5 100 100 United States 
University of 

California 
1974 

1:3 50 150 150 United States 
University of 

Illinois 
2003, 
2006 

2:1 

1:5.3 

 
19 100 200 

Australia, 
United States 

School of 
Engineering and 

Information 
Technology, Oregon 

State University 

2011, 
1983 

1:3.8 26.5 100 200 
Australia, 

Spain 

Curtin University of 
Technology, 

Universidade da 
Coruna 

2010, 
2006 

1:2 50 100 200 Brazil 
Federal University 

of RioGrande do Sul 
2010 

1:7.5 20 150 300 
UK, United 

States 

Liverpool John 
Moores 

University/BS, 
Louisiana State 

University 

2009, 
2012 

1:5.7 26.5 150 300 China 

Key laboratory of 
Road Structure and 
Material, Research 

Institute of Highway 

2012 

1:5.4 28.5 150 300 UK 
University of 
Nottingham 

1996 

1:4 37.5 150 300 
New Zealand, 
UK, United 

States 

Pavespec Limited 
(Auckland, New 

Zealand), University 
of Nottingham, 
University of 
Canterbury 

2008, 
1996, 
2006 

1:8 and 1:2.7 20,60 160 320 France 

Laboratorio 
Regional des Ponts 

et Chaussees de 
Bordeaux, 

Laboratoires des 
Ponts et Chaussees 

(LPCs) 

2000, 
1993 

1:10.5 19 200 400 Australia Monash University 1988 

1:6.7 45 300 600 Netherland 
Delft University of 

Technology 
2010 

1:10 40 400 800 Netherland 
Delft University of 

Technology 
1990 

1:5.6, 1:7.9, 1:15.6 and 1:31.3 90,63,32,16 500 1000 Sweden 
Swedish National 

Road 
Administration 

2001 

2.5:1 1:6.7 37.5 250 625 New Zealand 
The University of 

Auckland 
1975 

In a comparative study of test procedures undertaken by Paute (1996) the RLT test procedures 

of four organisations were tested. Three of the four participating organisations used a specimen 

diameter of 150 mm and the maximum aggregate size was limited to 31 mm. The specimen 

height is accepted internationally to be approximately twice the diameter. 
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Influence of Specimen Size on RLT Tests 

The RLT test attempts to simulate traffic loads, confining pressures and boundary conditions 

on the specimen that are representative of loading and pressures in field so that the field 

performance of the layer or pavement can be reliably predicted in the laboratory. In order to 

get accurate results, the particle size distribution (PSD) and density of the basecourse in the 

field also needs to be reproduced in the RLT test. The specimen height is generally twice the 

diameter. That is because a greater length of the specimen with fixed specimen diameter can 

reduce the effect of the end platen on the axial modulus and displacement. Taylor (1971) 

conducted tests on triaxial specimens with three different height to diameter ratios (1:1, 1.5:1 

and 2:1). It was identified that end platen effects lowered the apparent axial modulus of the 

specimen. With the increasing specimen length (with a constant specimen diameter), the end 

effect decreased and became insignificant if the ratio of diameter to height was 1:2 (Taylor, 

1971). 

There are two reasons why the maximum ALD: specimen height: specimen diameter ratio 

needs to be closely controlled. The first of which and probably the most important is the zone 

of approximate homogeneity in a triaxial specimen, as shown in Figure 2-7. Essentially in this 

zone the stress conditions are close to homogeneous rather than varying as is the case near the 

top and bottom platen. Closer to the platens, re-orientation of principal stresses occur as a result 

of platen to aggregate interaction. In contrast, the stresses around the middle of the specimen 

do not experience significant rotation of principle stresses. For triaxial tests re-orientation of 

the stress planes eliminates shear stresses if the principle stresses are the same. Re-orientation 

of principal stresses during shear is a feature of the induced stresses associated with many field 

loading situations. The influence of reorientation on aggregate strength and stress-strain 

response needs to be considered for a reliable prediction of in situ behaviour. The effect of 

principal stress reorientation on permanent strain is not yet fully understood. This is probably 

due to the fact that repeated load triaxial testing, the most common means of reproducing traffic 

conditions in the laboratory, fails to provide for the continuous change in the direction of 

principal stresses. A homogenous state of principle stress rotation throughout the entire 

specimen needs to be achieved for representative simulation of field stress states. 
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In the middle third of the specimen, where the stress conditions are approximately 

homogeneous the LVDT’s (linear variable displacement transducer) are attached to ascertain 

representative deformation in the specimen. To obtain a sufficient volume of approximately 

homogeneous stress conditions, where the principle stresses are vertical and horizontal, the 

height of the specimens must be adequate for the development of this condition. To achieve 

this early triaxial work has shown that the specimen diameter needs to be approximately half 

the specimen height and the maximum aggregate size 1/6th of the diameter. In order to 

accommodate the much used NZ M/4 premium basecourse aggregate, with a maximum 

aggregate ALD of 37.5 mm, these constraints result in a minimum specimen dimension of 

approximately 225 mm in diameter and a height of 450 mm. 

Dawson (1996) and Correia (1996) state that it is important to measure strains over the central 

third using transducers mounted between studs which are incorporated in the sample during 

compaction. The zone of approximate homogeneity for the large scale RLT at the University 

of Auckland, which has a specimen length of 625 mm, is 208 mm. This height of 208 mm is 

also more representative of a typical basecourse layer height, which typically varies from 150 

mm to 200 mm, than the equivalent zone in the small scale RLT test (150 mm by 300 mm) 

which is 100 mm. 

 

Figure 2-7: Zone of approximate homogeneity in a laboratory RLT specimen 

Zone of approximate 

homogeneity 
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Figure 2-8: The shape of the specimen before and after loading in triaxial tests (Li et al., 

2013) 

Additionally, it is important to consider how the specimen deforms, usually in a barrel shape 

(see Figure 2-8). If the specimen is too short and the aggregates are too large then the specimen 

will undergo particle crushing rather than a barrel-like deformation which is characteristic of 

aggregate deformation in the triaxial test for a high frictional material. The shape of 

deformation can be related to end effects of the top and bottom end of the specimen where 

shear transfer takes place.  

Aggregate size and gradings 

In order to determine the effects of aggregate grading on performance of aggregates, Thom 

(1988) conducted cyclic triaxial tests using 75 mm diameter ×150 mm height specimens with 

different gradings. The result (refer Figure 2-9) indicates the effect of grading scale on plastic 

strain (a parameter used as an indicator of the resistance to cyclic plastic strain) is complex. 

Under the condition of light compaction, the plastic strain initially decreases slightly and then 

increases as the grading parameter increases, but for a heavily compacted material, it appears 

the effect of grading ‘n’ is less pronounced. The effect of maximum particle sizes was also 
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explored in this research and it was concluded that elastic stiffness decreases with decreasing 

particle size and plastic strain seems to remain constant.  

The ‘n’ can be defined as follows. The particle size distribution (PSD) can be expressed by 

Talbot’s grading curve (Talbot & Richart, 1923) represented by the value of the exponent n in 

equation 2-3. 

100

n
d

p
D

 
=  

 
                           (2-3) 

Where p= the percentage passing sieve size d 

D= maximum particle size and 

n= grading type factor. 

The exponent n is used as an indicator for the grading of aggregates. A lower value of exponent 

n, such as 0.35, is described as sandy while a higher n of 0.55 is described as rocky (Panchalan 

& Ramakrishnan, 2007). 

  

Figure 2-9: Simplified plastic performance indicators for different gradings (Thom, 1988) 

Note: n is the grading parameter, the greater ‘n’ value, the coarser the material 

Donbavand (1987) carried out repeated load triaxial tests on 150×300mm specimens with 

different maximum aggregate sizes (11mm, 16mm, 22mm, 30 mm and 40 mm). The results 

demonstrated permanent deformation increased with increasing maximum particle sizes. He 

explained it may be because larger particles are easier to break up than smaller ones. The 

aggregate type had an impact on the testing results when the effect of the grading was 
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investigated. For granite from the UK, a decreased grading n resulted in increased permanent 

deformation and lower stiffness, whereas for the limestone the grading had no significant 

impact on permanent deformation and only slight influence on the stiffiness. However, Sweere 

(1990) indicated that materials with finer grading experience lower permanent deformations 

(around 90% reduction under the same testing condition of 𝜎𝑐 𝜎3⁄ ) than those with coarser 

grading by using RLT tests on 400mm×800mm specimens with a maximum aggregate size of 

40mm. However, Sweere (1990) thinks this conclusion cannot be determined with certainty. 

2.4.2 Compaction/Density 

The effect of density, as described by degree of compaction, has been regarded in previous 

studies as being of significant importance for the long-term behaviour of granular materials 

(Barksdale, 1972; Holubec, 1969; Marek, 1977; Thom & Brown, 1988). A similar observation 

was made by Molenaar (2002) who studied recycled unbound materials. He demonstrated that 

the degree of compaction is a more important factor influencing the permanent deformation 

than other factors such as material composition and gradation. A detailed literature review by 

(Lekarp et al., 2000a, 2000b) gives the effect of density on both resilient and permanent strain 

response of unbound granular aggregates. In general, an increase in resilient modulus and a 

significant decrease in permanent deformation occur with increasing densities (or compaction 

level). Barksdale and Itani (1989) indicated that the resilient modulus increased notably with 

increasing density only at low values of mean normal stress. However, at high stress levels, the 

influence of density was found to be less significant. Vuong (1992) reported that at densities 

(over compaction) above the MDD obtained from the modified compaction, the resilient 

modulus is not very density-sensitive. 

Compaction is a key process in the construction of road pavement layers. The compaction level 

is directly related to the density of materials. Thus laboratory methods of compaction used 

should duplicate the field material density as closely as possible and meanwhile avoid physical 

degradation (particle crushing). It is significant in ensuring the structural integrity of the 

pavement layer which influences pavement life and performance. Specifications for basecourse 

compaction in the field are usually a result of aggregate compaction and testing of materials in 
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the laboratory (NZTA, 2005). Laboratory densities are very difficult to replicate in the field. 

This is predominantly due to the compaction environment. Variables such as subgrade type, 

undulating terrain and unknown extent and level of lateral confinement in the field make it 

difficult to simulate field compaction in the laboratory using current methodologies and 

practices. As a consequence aggregate degradation which alters basecourse performance from 

that assessed in the laboratory can occur in the field when targeting laboratory densities.  

It is recommended in the literature that each compacted layer height should be at least twice 

the maximum aggregate ALD. This is to allow for particle re-orientation during compaction. 

For standards and specifications that do not adhere to a minimum aggregate size to specimen 

diameter ratio of 1:6 the compacted layer thickness is usually less than twice the maximum 

aggregate ALD. This is a result of a lack of specimen height required to achieve thicker layers 

of compaction if the same number of layers is to be adopted. In New Zealand there are two 

frequently used standards for compacting basecourse aggregates. The first of which is the 

specification for MDD testing of granular material using vibratory compaction (NZS, 1986b). 

In this test a maximum aggregate size of 37.5 mm is used in a 150 mm diameter by 125 mm 

high specimen, resulting in 3 approximately 40 mm layers of compaction. Whereas the 

specification for RLT testing in New Zealand (NZTA T15) specifies 5 layers of compaction for 

a maximum specimen diameter of 150 mm, height of 300 mm and maximum aggregate ALD 

of 37.5 mm. This results in a layer thickness of 60 mm. Due to the difference in layer thickness 

between the two standards there is a discrepancy in the amount of energy exerted on each layer, 

especially when hammer ratings can vary from 600 to 1200W (NZS, 1986b).  

Paute et al (1996) state that it is very important to standardise compaction methods, by which 

reliable values of permanent strain in RLT testing can be obtained. The real task is to 

realistically provide a repeatable link between results obtained in the laboratory and permanent 

strains occurring in a real pavement. This link remains to be established. 

2.4.3 Degree of saturation 

In many pavements basecourse saturation is heavily associated with the failure of a pavement. 

Once the basecourse is saturated, pore pressure builds up and the basecourse goes through 
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dispersion of compacted density leading to accelerated pavement deformation. Laboratory 

based saturation process is used to simulate cyclic elasto-plastic behaviour of unbound granular 

materials after rainfall events. Toan (1975) reported that the degree of saturation has a 

significant impact on physical characteristics of materials, including resilient strain, Poisson’s 

ratio and permanent strain. 

The saturation process is often carried out before RLT tests to provide adverse but common 

conditions for the specimen to be tested under. The conditions prevailing prior to and during 

pavement failure vary and important variables are the level of water table, precipitation, 

flooding, the drainage capacity of the pavement and berm and the pore water pressure (PWP) 

regime within the pavement. The recommended way to fully saturate a specimen before RLT 

testing is through the application of back pressure with additional passage of Carbon Dioxide 

(CO2) if necessary. Soaking the specimen in a water bath for a number of hours before testing 

is not recommended since often saturation is not achieved due to occluded bubbles of air. It is 

sometimes assumed that precipitation alone causes pavement saturation and the soaking 

process is an attempt to simulate precipitation. This is assuming that the only way in which the 

pavement can become saturated in the field is due to rainfall striking or running across the 

pavement surface which is not necessarily true. Saturation of a pavement can be due to poor 

berm geometry groundwater seepage, capillary action and precipitation (Papagiannakis, 2008). 

A combination of these events may lead to levels of saturation that are more severe than what 

is achieved through soaking. Therefore, in order to test under the most detrimental condition, 

100% saturation of the basecourse is required for an RLT specimen. It is evident from the 

literature that saturation of a specimen increases its permanent deformation and reduces 

resilient response (Cekerevac, 2008; Toan, 1975).  

Granular aggregate specimens generally allow water to freely drain under gravity and capillary 

effects, until a residual saturation level of approximately 60% is reached (Uu, 1973). Toan 

(1975) showed that an increase of saturation level above 80% caused significant increase in 

both recoverable and non-recoverable strain. 

With moisture content increasing and saturation being approached, excess pore-water pressure 

may build up under rapidly applied loads. The excess pore pressure reduces the effective stress, 
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resulting in the lower capability of the material to resist permanent deformation. A literature 

summary made by Lekarp (2000b) reveals that many researchers believe that the combination 

of a high degree of saturation and low permeability, due to poor drainage, causes high pore 

pressure, low effective stress, and consequently, low stiffness and low capability to resist 

permanent deformation (Barksdale, 1972; Dawson et al., 1996; Haynes, 1961; Maree et al., 

1982; Thom & Brown, 1987). 

Figure 2-10 shows that under a degree of saturation change from 65% to 98% the permanent 

deformations increased by more than 100%. Haynes (1961) revealed that the total permanent 

axial strain increased by more than 100% as the degree of saturation increases from 60 to 80%. 

Barksdale (1972) observed a maximum increase of 68% for permanent axial strain in soaked 

samples compared with those tested under partially saturated condition. Salt (2011) also found 

that a change in degree of saturation from 65% to 70% would approximately double the rate of 

permanent deformation and that it was imperative that the degree of saturation was calculated 

and reported for any RLT test used to predict likely performance of a basecourse in practice. A 

study of roading foundation failures in New Zealand found the long-term degree of saturation 

of basecourse was highly significant in the histories of premature distress. The pavements failed 

through shear instability (shoving) in basecourses even though the underlying layer(s) may 

have provided good drainage (Salt, 2011). Thom and Brown (1987) also found that a large 

increase in permanent strain could occur even without buildup of excess pore pressure in the 

material as the water lubricated the contact between aggregate particles within the granular 

basecourse. The long-term degree of saturation must remain less than about 70% for good 

performance. Toan (1975) ascertained that resilient and permanent strains, arising from creep 

deformations, greatly increased with increasing saturation levels of the basecourse. A critical 

degree of saturation of 80% was suggested, above which water content greatly influences 

permanent strains due to repeated loading. 
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Figure 2-10: Effects of saturation on total deflection in RLT tests re-plotted from (Toan, 

1975) 

Note: 6.2 represents 6.2% passing 0.075mm sieve; 9.1 represents 9.1% passing 0.075mm sieve; 11.5 represents 

11.5% passing 0.075mm sieve. 

A good drainage system can significantly improve the stress-strain behavior of soils and 

granular material. Figure 2-11 provides an example of the positive influence of drainage on 

permanent strain development in granular materials in repeated triaxial tests under different 

drainage conditions. 

 

Figure 2-11: A comparison between permanent deformations under different drainage 

conditions (Lekarp et al., 2000b) 

In order to better understand the failure limit of a basecourse (>70% saturation) the acceptable 

saturation levels must extend beyond what is expected to lead to good performance. High pore 

water pressures, which are a product of high levels of saturation, often result in early failures 

of basecourse layers. High PWP can only be replicated in the laboratory after full saturation of 
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the specimen. 

2.4.4 Staged Stress Regimes 

There are two types of loading procedures for the RLT testing used in the laboratories around 

the world, single-stage and multi-stage RLT tests. Before the advantages of multi-stage RLT 

tests were realised, the single-stage RLT test had been most widely used. A single-stage RLT 

test involves repeatedly applying a single level of deviatoric stress to the specimen. This test is 

used to investigate the permanent deformation behaviour of unbound granular materials under 

a constant total stress path. The disadvantage of this test procedure is that attempts to identify 

the effect of repeated stress on permanent deformation require very high numbers of loading 

cycles (Gidel et al., 2001). 

To overcome the disadvantages of the single-stage RLT test, the multi-stage RLT test, which 

conducts staged loading tests, was developed. This test procedure subjects the same specimen 

successively to monotonically increasing levels of repeated stress and assesses the permanent 

strain at different combinations of confining pressure and cyclic vertical load (Arnold, Arnold, 

et al., 2008; Gidel et al., 2001). Additionally, the multi-stage RLT test is thought to cover the 

full spectra of stresses expected in pavements (Arnold, Arnold, et al., 2008; Pidwerbesky & 

Werkmeister, 2006). Gidel (2001) suggested that the staged loading test procedure was a good 

alternative approach to investigate the behaviour of unbound granular materials. Staged loading 

as opposed to single stress loading reduces the number of tests that need to be performed in 

order to investigate the influence of stress, without significantly altering the results. However, 

the effect of stress history on stress-strain behaviour of granular materials occurs as a result of 

the applied loading of the previous stage in staged loading conditions. Lekarp (2000b) believes 

that the permanent deformation behavior of soils and granular materials at any moment is 

directly related to the stress history (i.e., the order of the application of loads). The effect of 

stress history will cause gradual material stiffening, further resulting in a reduction in the 

proportion of permanent to resilient strains during subsequent loading cycles (Brown & Hyde, 

1975). He suggests that a new specimen for each stress path can be used to eliminate the effect 

of stress history in the laboratory permanent deformation tests. 
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British standard (BS, 2004) specifies the single stage RLT test can be performed using Variable 

Confining Pressure (VCP) loading known as method A or Constant Confining Pressure (CCP) 

loading known as method B. However, most research is now conducted with a multi-stage RLT 

test using CCP, which is also specified by standards (AASHTO, 2007; Austroads, 2007; BS, 

2004; NZTA, 2012). 

2.4.5 Stress Level  

Stress levels applied in repeated triaxial tests 

There is no standard test or standard procedure to date (Dawson, 2002; Konrad & Robert, 2003). 

Even though standards for RLT tests are developed in some countries, these standards are quite 

different. The stress levels are, therefore, very different. Table 2-6 provides a literature review 

on stress levels for resilient modulus and permanent deformation test in different standards.  

AASHTO T 307 (2007) gives details on how to obtain resilient modulus of unbound granular 

materials. Prior to the testing, a stress conditioning step is used with 1000 repetitions of a load 

equivalent to a maximum axial stress of 103.4 kPa and corresponding a cyclic axial stress (σ1) 

of 93.1kPa using a haversine shaped load. The confining pressure (σ3) is set to 103.4 kPa. One 

thousand repetitions of stress are used in the conditioning period. The conditioning is to 

eliminate the permanent deformations occurring during the first load cycles of the test, and to 

obtain stable resilient behaviour (independent of the number of cycles) (BS, 2004). This 

conditioning also set out to reduce the effects of initially imperfect contact between the sample 

cap and/or base plate and the test specimen, i.e. a bedding-in phase (Abu-Farsakh et al., 2012b; 

Puppala et al., 1999). Other standards also specify a conditioning phase before the resilient 

modulus characteristics of materials are tested. A constant confining pressure of 70 kPa and a 

maximum axial stress of 340 kPa (for high stress level) or 200 kPa (for low stress level) are 

specified in the British Standard (BS, 2004), with 20,000 stress cycles in the conditioning 

period. (Austroads, 2007), which is the Australian standard, specifies 1,000 cycles of pre-

conditioning to a new specimen that has no previous load history. A confining pressure of 50 

kPa and maximum axial stress of 150 kPa are set in the conditioning period. 

After the conditioning period is completed, testing to evaluate the resilient modulus is 
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performed following loading sequences described in standards or a specific research protocol. 

AASHTO T 307 (2007) has 15 different loading sequences, starting with a sequence with 

confining pressure of 21 kPa and a maximum axial stress of 21 kPa. The other sequences are 

applied to the specimen with a confining pressure of 21 kPa to 138 kPa and stress path ratios 

following 1 30 3   . Each sequence is performed for 100 cycles. In the British Standard 

BS (2004), the stress levels are applied with a confining pressure of 20 kPa to 150 kPa and 

constrained to 1 32 7    (High stress level) or 1 31.8 4.5    (low stress level). 

There are 29 stress paths performed in sequence and each stress path is applied for 100 cycles. 

The Australian Standard Austroads (2007) uses more stress paths and wider range of stress 

ratios to determine the resilient modulus of unbound granular materials. Austroads (2007) uses 

65 stress paths of 200 cycles per stress path and stress path ratios of 1 33 25    . 

Additionally, the confining pressure used has a range of 20 kPa to 150 kPa. The stress level 

adopted in New Zealand Standard (NZTA, 2012) is different from the former three standards. 

The specimen is subjected to 6 stages of RLT test for 50,000 cycles per stage, with the confining 

pressure ranging from 42 kPa to 140 kPa and stress ratio loading paths of 1 3  = 1.8, 3.4, 3, 

3.4, 4.8, and 12 in stage order. 

However, the preconditioning stage is not necessarily required to obtain the permanent 

deformation behaviour of granular materials. No conditioning phase is specified before 

permanent deformation testing by British and Australian standards (Austroads, 2007; BS, 

2004). This might be because a larger number of loading cycles (at least 10,000 cycles as shown 

in Table 2-7) are applied to evaluate the permanent deformation of materials compared to 

resilient modulus and the stable stress-strain behaviour can be achieved in the first thousands 

of loading cycles. Nevertheless, the conditioning phase of 1,000 loading cycles was used in a 

study by (Abu-Farsakh et al., 2012b) to remove unevenness of the top and bottom layers before 

the testing for permanent deformation.  

The stress levels used to assess permanent deformation behaviour is often different from those 

used for resilient behaviour, i.e. British and Australian standards as shown in Table 2-6.  
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Fewer loading sequences are used in evaluating the permanent deformation of materials 

perhaps because of the fact that monitoring the buildup of permanent deformation in these 

materials is a very time-consuming and basically destructive process (Lekarp et al., 2000b).  

Table 2-7: Stress levels for resilient modulus and permanent deformation test in different 

standards 

Standard Test type Loading 

sequences 

Confining stress Axial stress 

AASHTO 

T307 

Resilient 

modulus 

15 Starting with a sequence with a 

confining pressure of 21 kPa and a 

maximum axial stress of 21 kPa. The 

other sequences are applied to the 

specimen with a confining pressure of 

21 kPa to 138 kPa. 

Each sequence is performed for 100 

cycles. 

Stress path ratios following: 

1 30 3   . 

British 

Standard 

Resilient 

Modulus 

29 Confining pressure of 20 kPa to 150 

kPa. Each stress path is applied for 

100 cycles. 

1 32 7  
 (High stress 

level) or 
1 31.8 4.5  

 (low 

stress level). 

Permanent 

Deformation 

Single 

stage/multi-

stage tests 

Single stage test: 

constant confining pressure: 20, 50, 

70, or 150 kPa. 

At least 80,000 cycles 

Multistage test: 28 (high stress 

level)/30 (low stress level) stress 

stages and each involving 10,000 

cycles. 

One stress path for single stage 

test. 

Multi-stage: high stress level :

1 32.3 11    

Low stress level: 

1 32 7    

Austroads Resilient 

Modulus 

65 65 stress paths of 200 cycles per stress 

path  

the confining pressure used has a 

range of 20 kPa to 150 kPa. 

Stress path ratios of 
1 33 25  

. 

Permanent 

Deformation 

3  Constant confining pressure of 50 kPa 1 3  =
8, 10, 12 

Each involving 10,000 cycles 

New 

Zealand 

Resilient 

Modulus and 

Permanent 

Deformation 

6  The constant confining pressure in 

each stage, which ranges from 42 kPa 

to 140 kPa, 

50,000 for each stage. 

1 3  =
 1.8, 3.4, 3, 3.4, 4.8, 

and 12 in stage order 

Influence of Stress Levels  
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The stress level significantly affects RLT test results of unbound granular materials. The 

permanent deformation and resilient modulus of unbound granular materials are strongly 

related to the applied stress state (Espinosa, 1987). Lekarp (2000a and 2000b) reported that the 

resilient modulus and permanent deformation of unbound granular materials are strongly 

dependent on the confining pressure and deviator stress. Furthermore, Lekarp (2000a and 

2000b) demonstrated that the elasto-plastic behaviour of unbound granular materials was 

influenced by other factors, such as the number of load repetitions, principal stress rotation and 

stress history. Failure in granular materials under repeated loading is a gradual process and not 

a sudden collapse as in static failure tests (Lekarp & Dawson, 1998). Some researchers 

(Balkema, Paute, et al., 1993; Pappin, 1979; Raymond & Williams, 1978; Suiker et al., 2005; 

Thom, 1988) have attempted to explain permanent strain behaviour under repeated loading 

using the ultimate shear strength of the material, in which the static failure line is considered 

as a boundary for permanent strain under repeated loading. However, Lackenby (2007) 

concluded it was arbitrary to set the failure value of strain accumulation in static triaxial tests 

as the failure boundary in cyclic triaxial tests after he did some RLT tests on railway ballast 

aggregates. To address this issue, two cyclic triaxial tests were conducted wherein the cyclic 

deviator stress was gradually increased in a stepwise fashion. Figure 2-12 demonstrated a 

gradual failure line by establishing that a stabilising zone was followed by a period of 

destabilisation before start of failure. 
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Figure 2-12: An example of gradual failure of unbound granular materials under repeated 

loading (Lackenby, 2007). 

BB1: Ballast Breakage Index 

2.4.6 Loading Frequency 

Barksdale (1972) noted that the load pulse duration is not only a function of vehicle speed but 

also of depth below the pavement surface. Traffic loading can be represented by a haversine 
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shape load pulse. Once the vehicle passes a section of pavement there is a recovery period 

before the next vehicle exerts load on the pavement. This period of recovery cannot be 

simulated with a loading frequency of 4Hz therefore researchers generally use a frequency of 

1 Hz to better simulate real traffic loading. During RLT testing of unbound granular material, 

Cheung (1994) showed that both axial and radial strains induced at a frequency of 5Hz were 

smaller than results obtained from the test at 0.04Hz. There was also a difference between 

command signal and response from the load cell at the frequency of 5Hz (Cheung, 1994). 

Hence the frequency response of the entire set-up should be checked if RLT testing at higher 

frequencies is to be performed. Ekblad (2008), Dawson (1996a) and Toan (1975) prefer a 

loading frequency of 1Hz, whereas Correia (1996) uses a frequency as low as 0.6 Hz. The trend 

is to use a lower frequency with higher pulse amplitude. For example, Austroads standard for 

RLT testing suggests a loading cycle of 3 seconds with rise and fall times of up to 0.3 seconds 

and a pulse width of 1 sec (Austroads, 2007), seen in Figure 2-13. This approach has merit 

since the load stays on the specimen for a longer duration simulating vehicles slowly travelling 

over a pavement, which would intuitively induce excess pore water pressure resulting in greater 

strains on the pavement. In a study of traffic loads on partially-saturated and unsaturated 

permeable pavements, the stress response and strain induced on the subgrade generally 

decreased with an increase in traffic speed (Modeste, 2015). Modeste (2015) provides some 

evidence but the relationship between rate of loading and migration of excess pore water 

pressure for saturated pavements remains largely unexplored.  

 

Figure 2-13: Loading regime for RLT testing as per Austroads (2007). 
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2.5 Conclusions 

The literature survey was conducted to establish a detailed technical background for this 

research. It has two primary objectives. The first is to collect findings from previous research 

and to summarise the factors resulting in the ‘marginality’ of marginal materials. The summary 

of the previous literature reveals that the occurrence of clay minerals, particularly swelling clay 

minerals, in materials, is a very significant factor resulting in the ‘marginality’ of materials. 

The evaluation system used to evaluate the performance of these materials, i.e. standard-

specified engineering tests, chemical tests, mineralogical tests and performance-based tests 

have also been reviewed. The mineralogical and chemical tests are recommended to identify 

the presence of detrimental minerals for better evaluating the characteristics of materials. The 

performance-based testing method, i.e. RLT tests, simulating the field stress state in pavements 

through applying repeated loading to cylindrical specimens, is recommended to assess the 

stress-strain behaviour of granular materials. Improvement techniques targeting the 

‘marginality’ of the aggregate, i.e. chemical stabilisation and physical stabilisation have also 

been summarised in this chapter. A good understanding of the fundamental material properties 

and environment where the materials are used are required in regards to select suitable 

stabilisation methods to treat marginal materials. 

The second objective was to review test variables, constraints and conditions influencing the 

RLT testing method along with the factors influencing the stress-strain behaviour. The stress-

strain behaviour of granular materials is affected by several factors: specimen and aggregate 

size, aggregate grading, compaction/density, degree of saturation, stress level, and loading 

frequency. The following conclusions can be drawn, 

• A specimen height to specimen diameter ratio of 2:1 is prevalent in literature to avoid end 

effects and to have a more realistic zone of approximate homogeneity. Similarly, a maximum 

aggregate ALD to specimen diameter ratio of 1:6 is accepted and may be used for more 

representative results. 

• Field compaction procedures, energy exertions and compaction duration must be re-

iterated as closely represented in laboratory test condition when compacting RLT specimens. 
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• At high levels of saturation, deformation resistance in the material reduces as excess pore 

water pressure is generated. Therefore, it is necessary to develop proper drainage in granular 

pavement layers to improve pavement performance. Saturation of the specimen is very 

important if the ultimate limit state of unbound basecourse is to be tested. Saturation must 

exceed 70% in order for the specimen to behave like a saturated basecourse does in field. 

• Appropriate preconditioning must be applied to a specimen before resilient modulus 

testing. However, the preconditioning stage is not necessarily required to obtain the permanent 

deformation behaviour of granular materials. The stress levels used to assess permanent 

deformation behaviour is often different from those used for resilient behaviour. 

• The elasto-plastic behaviour of materials is strongly influenced by stress levels applied. 

The confining pressure, deviatoric pressure, stress paths, load repetitions, rotation of principle 

stress and stress history need to be considered when undertaking RLT tests. 

• Appropriate frequency of testing must be selected that simulates in field traffic movement. 
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CHAPTER 3: MATERIALS AND TESTING 

PROGRAM 

 

3.1 Introduction 

According to NZ government report (NZTA, 2014), traffic loading on roads (heavy vehicle 

will cause more significant damage to the roads) is expected to increase from 236 million 

tonnes in 2012, to 373 million tonnes by 2042, an increase of 58 percent over 30 years. 

Therefore, higher requirements for roads to undertake high traffic loading will be made over 

next thirty years.  

In terms of ensuring long life performance of roads, this research firstly provides a 

mathematical model to select “fitness for purpose” materials so that roads with high 

requirements will be constructed with good-quality materials, which are helpful for extending 

the life of roads. Secondly, the irregular testing methods, e.g. one-dimensional swelling tests 

and XRD tests can better evaluate the performance of materials so the infield performance of 

aggregates is expected to be better predicted. Because of this, better materials or materials 

treated with improvement techniques are used in roads to extend its life. Thirdly, due to the 

negative effect of swelling clays, these clays contained in aggregates have to be killed using 

appropriate stabilisers so that swelling will not be developed in a long time to avoid the early 

damage of roads. To achieve these goals, this research begins with a research methodology and 

the development of an experimental testing programme.  

3.2 Materials studied 

3.2.1 Geological background 

This research focuses on greywacke aggregates since they constitute more than three quarters 

of all aggregates produced in New Zealand for the use in roading pavements and concrete 
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structures, and from both hard rock quarries and river gravels. Five aggregates were 

investigated in this research. They were sourced from two hard rock greywacke quarries in the 

Auckland-Waikato Region of New Zealand’s North Island as indicated in Figure 3-1 (a). Both 

quarries are lithic volcaniclastic sandstones of Mesozoic in age (Edbrooke, 2001) but the source 

rocks in the quarries belong to two different sedimentary and metamorphic facies. Figure 3-1 

shows the facies difference between Quarry 1 and 2, indicating that source rocks of the two 

quarries were formed in different Pressure-Temperature-Depth conditions. The source rocks of 

Quarry 1 are undifferentiated Triassic- Jurassic lithic volcaniclastic sandstones and argillites 

which have crystallised under conditions of the prehnite-pumpellyite facies. The resource for 

Quarry 2 is greywackes of Upper Jurassic in age that has only been diagenetically altered to 

zeolite facies (Black et al., 1993).   

The two quarries can produce aggregates that conform to New Zealand Transport Agency 

(NZTA) M4 specification but they both also produce marginal aggregates (as shown in Table 

3-1). More marginal aggregates are produced from Quarry 2 compared to Quarry 1, a higher 

ratio of marginal to premium aggregate 52:48 in Quarry 2 whereas the ratio of 42: 58 in Quarry 

1.    

       

                 (a)                                  (b) 
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Figure 3-1 (a) Simplified geological map of the North Island of New Zealand showing the 

distribution of greywackes quarried as aggregates. The locations of the five aggregate samples 

studied are indicated (Modified based on the graph from Wilson & Black (2009)). No quarries 

were identified deliberately as per the industry requirements. (b) Pressure-Temperature-Depth 

diagram deducted for field gradient for New Zealand Greywackes. It is modified based on the 

graph of Black’s article (1993). 

3.2.2 Regular engineering properties specified by local specification 

Premium aggregates produced in New Zealand must meet NZTA M4 specifications when used 

for roading purposes on New Zealand State Highways. In New Zealand, NZTA M4 is the 

reference or standard specification that sets out the requirements for basecourse aggregate for 

use on highways and other heavily trafficked roadways (NZTA, 2006b). The primary tests used 

to determine acceptability in the M4 specifications are: crushing resistance (CR), California 

bearing ratio (CBR), weathering quality index (WQI), particle size distribution (PSD) and the 

properties of the fine particles (sand equivalent (SE), clay index (CI) and plasticity index (PI)). 

The M/4 specification (2006) outlines the passing/failing criteria for index property tests 

required for the acceptance of a basecourse aggregate in New Zealand. Figure 3-2 provides a 

flow chart on how the passing/ failing criteria work in assessing aggregate materials. The 

testing methods specified by M4 specification were carried out in accordance with New 

Zealand standards. Among these testing methods, CR, PSD and the property tests of the fine 

particles specified in NZ standard are very similar to the tests specified in British standard (BS, 

1990c, 2012, 2013). WQI is a test more used in New Zealand compared to other countries. The 

details for these tests are given in Section 4.2.2. 
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Figure 3-2: Flow Chart for Basecourse Aggregate Tests specified by NZTA M/4 specification 

(2006b) 

The materials studied are aggregates with a maximum particle size of 40 mm (all passing (AP) 

40) which can be categorised as either premium, or of marginal quality. Local premium 

standards (e.g. NZTA M4 specification) and standard combination of tests shown in Table 3-1 

are used to define marginal and premium materials. Within the marginal classification there are 

three aggregates that have been considered, including Marginal aggregate 1A and 1B (both 

from Quarry 1) and Marginal aggregate 2 (from Quarry 2). The performance of the marginal 

aggregates will be compared with two premium aggregates. M4-compliant aggregate 1 (from 

Quarry 1) and M4-compliant aggregate 2 (from Quarry 2). The M4 aggregate, complying with 
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NZTA M4 specification, is the premium aggregate in this study. Testing data, for the samples 

studied, are listed in Table 3-1 and shown in Figure 3-3. Each test was conducted in duplicate 

by the PhD candidate and an additional result for each test was obtained from the quarries who 

provide aggregates. The quarry results which were done close to my testing time were selected.   

According to the test results and the NZTA M4 specification, the two M4 premium aggregates 

show relatively good properties. M4-compliant aggregate 1 completely complies with NZTA 

M4 specification (passes all tests) and M4-compliant aggregate 2 remains compliant with the 

specification but does not pass all the tests (e.g. plasticity index in Table 1). This is because the 

basecourse aggregate is assessed as a qualified aggregate in fines properties if it complies with 

either Sand Equivalent or Clay Index or Plasticity Index requirement stated in NZTA M4 

specification (2006). In contrast, the three marginal aggregates display either poor fines 

properties (sand equivalent, clay index and plasticity index), a poor PSD result (refer to Figure 

3-3) or a poor WQI (Marginal aggregate 2) result. It can be seen that the aggregates listed in 

Table 1, especially the marginal aggregates, tend to fail to meet the requirements of the fines 

properties (marked with a little ‘f’).  

Table 3-1: Results for the five aggregate materials studied 

Testing method  CBR/% CR WQI 

Fines properties 

Sand equivalent Clay index Plasticity index 

Requirement by 

NZTA M4 

specification 

80 
maximum 

10%@130kN 

AA, AB, BA, 

AC, CA, BB 
40 (minimum) maximum 3.0 

maximum 5 or 

Non-plastic 

(NP) 

M4-compliant 

aggregate 1 
190 p (30) 0.8% (0.6%)p AAp 40 (5)n 1.0 (0.5)p NP (2)p 

M4-compliant 

aggregate 2 
250 (75)p 3.0% (2.2%)p AAp 38 (7)f 2.6 (0.6)p 10 (3)f 

Marginal 

aggregate 1A 
105 (35)p 3.4% (2.3%)p BBp 33 (7)f 3.4 (0.4)f 11 (3)f 

Marginal 

aggregate 1B 
185 (120)p 7.3% (2.6%)p BBp 34 (8)f 3.4 (0.5)f 8 (3)f 

Marginal 

aggregate 2 
165 (90)p 2.5% (1.8%)p CBf 31 (6)f 3.4 (0.5)f 10 (5)f 
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Note 1: The ‘p’ represents pass value. The ‘n’ represents near-failure value. The ‘f’ represents failure value. 

Note 2: Each cell contains the mean value and its range in brackets. The range is the difference between maximum 

and minimum values for each testing result. The range was caused by different operators (i.e. PhD candidate and 

quarry staff and testing equipment (i.e. university and quarry equipment).  

Note 3: The property of broken face content has not been discussed in this research. 

Figure 3-3 shows the PSD results for the five aggregates, including lower and upper limit 

envelopes which are specified by NZTA M/4 specification. The results of two M4 aggregates 

and Marginal aggregate 1A are within specification as their PSD curves are sitting between the 

lower and upper limit envelope. Whilst for the other two aggregates, both curves are out of the 

limit envelope meaning that the two aggregates do not comply with NZTA M4 specification in 

terms of PSD property. Specifically, they are both below the NZTA M4 minimum PSD limit. 

The gaps between the aggregate curve and the NZTA M4 minimum PSD limit envelope occur 

around sieve size 1mm to 10mm for marginal aggregate 2 and for marginal aggregate 1B 

around 0.5mm to 20mm. The gaps reflect the lack of particle sizes in this grain size with the 

corresponding result of the loss of a well graded aggregate with good interlock between 

particles. Pavements constructed by these aggregates are unlikely to compact as well and will 

not produce the required density and durability to withstand appropriate traffic loads over the 

life of the pavement. 

 

Figure 3-3: PSD results of the five aggregate materials 
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3.2.3 Stabilisers and mixing method 

Stabilisers used in this research 

Cement and lime are the stabilising binders used in this research as shown in Figure 3-4. The 

cement is Type GP cement produced by a local company, Golden Bay Cement. It is 

manufactured by grinding Portland cement clinker, gypsum and up to 10% mineral addition. 

The main parameters for this cement are listed in Table 3-2. 

Table 3-2: The main parameters of cement used in this research 

Parameter Units Value 

Relative density t/m3 3.11 

Bulk density-aerated kg/m3 1400 

Bulk density-non aerated kg/m3 1600 

Specific surface area m2/kg 340 

Loss on ignition % 3.1 

Sodium equivalent (NaEq) % 0.55 

Free lime % 2.0 

The hydrated lime (Ca(OH)2) used in this research is produced by McDonalds Lime. This lime 

is a high purity fine white powder which is commonly known as ‘slaked lime’. It has 94% plus 

available lime as Ca(OH)2 and a minimum 90% of particles passing 90 micron sieve. 

 

Figure 3-4: Stabilisers used in this research 

Cement Lime 
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Mixing of marginal granular materials with water and stabilisers 

Firstly, the amount of water and stabiliser required was calculated according to the method 

specified by the draft of NZTA T19 (2013). Subsequently, water was added to the naturally wet 

marginal aggregates until approximately 3% water content was achieved, and then the materials 

(3% water content) were mixed to a uniform condition by hands. This was followed by curing 

the materials for at least 24 hours. Finally, the remainder of water (calculated water content 

minus cured water content) was then added, and mixing continued for a further period of 

approximately 8 minutes (BSI, 1975). 

If compaction is delayed after mixing, the hydration of cement and lime begins to bond particles 

in a loose state and thereby disrupt aggregations resulting in an aggregate that does not reach 

maximum density nor gain its full strength (Osinubi, 1998; P. Wu et al., 2011). Compaction of 

the stabilised materials therefore, should be performed as soon as possible after mixing in order 

to minimise the cement and lime hydration process occurring too quickly prior to the material 

being compacted to a required density.  

3.3 Methodology 

In order to outline testing programmes used in this research, a schematic of the main testing 

methods used is provided in Figure 3-5.  

The five aggregates studied have been investigated according to the local premium standard 

NZTA M4 specification and assigned to either premium or marginal aggregate categories. 

Apart from standard specified engineering tests, the relationship between dry density and water 

content was determined using the small compaction test method, and further to determine the 

maximum dry density (MDD) and optimum moisture content (OMC) of each aggregate. 

Considering the significant difference in OMC between the aggregates, water absorption tests 

were undertaken to assess water absorption capacity of each aggregate. 

To better understand the ‘marginality’ of aggregates, the mineralogical composition of all 

aggregates was determined by conducting X-ray Powder Diffraction analysis (XRD) and 

petrographic examination. A one-dimensional swelling test, using different overburden 
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pressures, was developed to determine the effect of swelling clay minerals on the performance 

of the water-saturated premium and marginal aggregates. Simulated weathering tests were also 

undertaken by soaking the aggregates in water and measuring the changes in pH of the 

leachates with time for a period of up to 180 days. The stress-strain behaviour, i.e. permanent 

deformation and resilient modulus of unbound granular aggregates was investigated using RLT 

tests under repeated loading and different moisture conditions. For the stabilisation of marginal 

aggregates, CBR, UCS, plasticity index (PI) and pH tests were carried out to determine the 

optimum stabiliser content. The stress-strain behaviour of stabilised marginal materials with 

optimum stabiliser content was investigated under a soaked condition. 

 

Figure 3-5: A schematic of main testing methods used in this research 

3.3.1 Vibrating compaction test and water absorption test 

Vibrating compaction test 

The impact of compaction levels on the performance of aggregates is out of scope of this 

research. The same level of compaction was used to prepare specimens by following the 

vibrating compaction method specified by the standard NZS 4402:1986, Test 4.1.3 (1986). This 

compaction test was used to determine the relationship between dry density and moisture 
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content of aggregates, and to determine their Maximum Dry Density (MDD) and Optimum 

Moisture Content (OMC). The compaction hammer used in this study, as shown in Figure 3-6, 

was a Kango 950K electric vibrating hammer with an input energy of 1050 W and a frequency 

of approximate 2000 blows per minute. The parameters of the hammer meet the requirements 

of the standard NZS 4402:1986, Test 4.1.3 (1986). 

Cylindrical steel moulds of approximately 152 mm diameter and 127 mm height were used; 

their precise dimensions were measured with a vernier caliper to determine specimen volumes, 

and to subsequently calculate the specimen densities. The weight of mould was measured using 

a scale with an accuracy of 0.1 gram. Approximately 5.5kgs of aggregate sample was used for 

each test.  

The aggregate was compacted in two equal layers with a compaction time of 180(±10) seconds 

per layer. After the sample compaction was completed, the height of the specimen and the 

weight of the mould with specimen were measured using the vernier caliper and the scale, 

respectively. Finally, each specimen was removed from the mould and placed on a small tray 

before they were placed in an oven for the determination of the moisture content. Each test was 

conducted in duplicate by the PhD candidate and an additional result for each test was obtained 

from the quarries who provide aggregates. The quarry results which were done close to my 

testing time were selected. 
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Figure 3-6: Small vibrating hammer used for compaction tests 

Water absorption test 

During the compaction process, some water penetrates into the aggregate particles, filling in 

the matrix and voids in and between particles. This water was measured in accordance with the 

water absorption test in British Standard (BSI, 2013). Sufficient all-in samples of each 

aggregate were collected from stockpiles. Each sample was then divided into approximately 

20kg using a riffle box. The 20kg sample was oven dried at 110°C for over 18 hours. This was 

followed by dry sieving, using19mm and 2.36mm sieves respectively to divide sample into 

three fractions (greater than 19mm, 2.36 to 19mm, and 0 to 2.36mm). The masses of the test 

portions for the three fractions were not less than 4kg, 2kg and 0.8kg, respectively as per the 

standard method. Before the samples were soaked the portions on the 19 mm sieve and the 2.36 

mm sieve were washed to remove finer particles. The washed water passing 2.36 mm sieve 

was collected and mixed with the dry fraction of 0 to 2.36mm from the previous dry sieving 

test. Each fraction was then immersed in different containers with sufficient water at a 

temperature of (22 ± 3) ℃ for a period of (24 ± 0.5) h to ensure that all the pores and voids 

inside the aggregate were filled with water. The saturated fractions were then surface-dried 

using the approach specified by the BSI standard. In the case of the coarse fractions of ‘greater 

Vibrating hammer 

Cylindrical steel 

mould  

Small Vibrating 

hammer 

Cylindrical steel 

mould  
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than 19mm’ and ‘2.36-19mm’, the surface water was removed by a cloth or towel until the 

sample surface appeared damp. A fan was used to evaporate surface moisture. The fractions 

were stirred at frequent intervals to ensure uniform drying until no free surface moisture could 

be seen and the aggregate particles no longer adhered to one another. Then, each fraction was 

weighed (Mass A) in a saturated surface-dried condition. The oven-dried mass of each fraction 

(Mass B) was then obtained after drying at 105 ± 5 °C for 24 h ± 0.5 h. Three tests were 

performed on each fraction of each aggregate sample. The equation (2) gives the water 

absorption: 

Absorbed Water Content (AWC) =
100( )A B

B

−
              (3-1) 

The resulting surface-dried condition was assessed according to the British standard (BSI, 2013) 

by using a cone mould as seen in the Figure 3-7. Three tests were performed on each fraction 

of each aggregate sample. 

   

  

          (a)                     (b) 

 

          (c)                     (d) 

Figure 3-7: Assessment of surface-dried condition using a cone mould (a), too wet (b), 

surface dried condition (c) and too dry (d) 



Chapter 3 

75 
 

3.3.2 Mineralogical tests 

X-Ray Diffraction tests 

The powder X-ray diffraction data were obtained using a Siemens D5000 Kristalloflex, using 

Cu Kα radiation; run at 30mA and 40 kV; and fitted with a flat-surface sample holder with 360 

degrees rotation. Figure 3-8 provides a photo of an X-Ray diffratometer. Samples were 

prepared as follows: 

Sufficient samples of each aggregate were collected from stockpiles. Samples of each 

aggregate used in this test were firstly sieved through 4.75mm test sieve protected by larger 

sieves, and then the materials retained on 4.75mm sieve were washed with a minimum amount 

of water. The all collected wet materials passing 4.75mm were left at 25°C until dried. 

Subsequently, a portion of the dried sample < 4.75mm of each of the aggregates was firstly 

crushed and then hand powdered and packed into the diffractometer sample holder to provide 

a randomly oriented bulk sample. A second portion of the crushed (but not yet powdered) 

samples was placed in a 10 ml graduated test tube to fill it to the 2mm mark; distilled water 

was added to fill the tube to the 10mm mark. The sample was then shaken to disperse the 

sample in the distilled water. The dispersed sample was then set aside and allowed to settle. 

The clay size fraction still in suspension after 10 minutes was then drawn off and pipetted on 

to a glass slide and allowed to air dry to provide an oriented sample of the clay fraction. Each 

oriented sample was run three times-first as an untreated air dried oriented sample; the sample 

was then placed in a desiccator and held overnight at 30°C in ethylene glycol vapour before 

being taken out, and immediately thereafter, a second X-ray diffractogram was run. Finally, the 

samples were placed in a furnace and held at 550°C for several hours before being cooled and 

the third X-ray diffractogram run. Note that the clay size is the size of minus 2µm. 
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Figure 3-8: X-Ray Diffractometer  

The glycolation step is to identify the presence of swelling clay minerals. In this step, 

sampleswere prepared by mixing the fine aggregates with liquid glycol. The organic molecule 

(glycol) replaces the water in clay minerals of aggregates which is smaller than the glycol 

molecule and the result is that the d spacings (001) of the clay minerals are increased. Every 

mineral has a unique crystalline lattice structure, which can be reflected by the d spacing. The 

d-spacing is defined as the distance between adjacent planes in the crystalline lattice structure. 

The resulting increase in d spacings facilitates the identification of the expanded clay minerals, 

and the presence of swelling clays can be demonstrated even in complex clay mixtures 

(Brunton, 1955). In particular, smectite which is a swelling clay can be easily recognized 

around 17Å after treated with glycol as the large glycol molecule expands the d spacings (001) 

of smectite. 

The heating step in the research methodology is to identify the fundamental structure of the 

minerals and it distinguishes between hydrated clays, for examples, smectites and chlorites as 

at a high temperature of 550℃, two phenomena will happen. One is that the interlayer water 

molecular of the clay mineral will be driven off at 550℃, leading to decreasing d spacing 

(Meunier, 2005), and then the clay mineral can be identified by a comparison of peaks before 

and after heating. The other phenomenon is that the high temperature will cause thermal 

reactions and transformation in certain minerals and allow differentiation between them. It has 

been previously found that transformation takes place in kaolinite, halloysite, illite, and 

smectite by continuous high-temperature X-ray diffraction (Grim & Kulbicki, 1961; Wahl, 

1962).  
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The XRD diffractograms were analysed to identify the presence of clay minerals using Moore 

and Reynolds’ methodology (Moore & Reynolds, 1989). In the case of the random bulk rock 

sample diffractograms, mineral identifications were made by matching d-spacings and their 

intensities with mineral data in the JCPDS (Joint Committee on Powder Diffraction Standards) 

database (Smith & Jenkins, 1996; Wong-Ng et al., 2001) using a software database, Bruker 

EVA. The relative proportions of minerals presented in aggregates were obtained using 

SIROQUANT Software. 

Petrographic examination 

Polarized-light petrographic microscopy provides a non-destructive method to identify solid 

substances with relatively high spatial resolution and to reveal the textural framework of the 

different minerals identified. It also allows an estimate to be made of the amount of minerals 

present, using specific textural characteristics (e.g. structure, fabric, and the relationship 

between the different mineral phases) (Gylland et al., 2013). In this study, petrographic 

examination is used to observe the structure and textural characteristics of minerals in the 

source rocks. Voids in rocks have a significant influence on the durability of rocks. Pappas 

(Pappas & Vallejo, 1997; Schmitt et al., 1994; Vallejo, 2011) reported that the entrapped air in 

the macropores of rocks induced by capillary suction, exerts tension on the solid skeleton, 

causing the pores to fail which results in disintegration of rocks.  

The five aggregates were first sampled from quarry stockpiles. A portion of each aggregate size 

over 19mm was washed in water to remove dust from the surface of the rock chips and then 

air-dried. The clean chips were then examined and chips representative of the different 

components of the rock assemblage were selected based on variations observed in colour, grain 

size, surface texture and shape. Finally, thin-sections of selected representative chips were 

prepared according to standard techniques (Murphy, 1986). Figure 3-9 shows the procedures 

to prepare thin-section samples. 
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Figure 3-9: Preparation of thin-section samples 

3.3.3 Aggregate soaking and pH test 

A pH test was conducted to identify the change in the pH environment of soaked aggregates 

over a certain time period, which would affect the formation of clays in aggregates (Grim, 1968; 

Bartley et al., 2007). Therefore, the investigation in pH environment provides evidence to 

support why aggregates show marginality.  

Four samples with different size ranges were prepared for each aggregate. A sample of 

approximately 10kg of aggregate was taken from stockpiles for each of the five aggregate 

materials then by quartering, the material a representative test sample of aggregate was 

obtained (not sieved i.e. all passing 40mm) for the pH test. The remaining aggregate was firstly 

sieved to provide a sample of the less than 2mm fraction referred to as ‘<2mm’ sample, then 

about half of ‘<2mm’ sample was sieved to provide a sample of ‘<1mm’. Then half of ‘<1mm’ 

sample was sieved once again to provide a sample of ‘< 0.075mm’ (200 mesh). The soaking 

and associated pH tests were conducted on the three sub-samples. 

The ‘<2mm’ sample was tested in accordance with British Standard (BS) 1377: part 3: 1990 

(BS, 1990b) while ‘<1mm’ and ‘<0.075mm’ samples were tested using the method of Kamali 

(2012). Because the British standard test and the research of Kamali used only fine aggregates 

for their pH test, a ‘<40mm’ sample was also prepared to facilitate comparison. The reason that 

fine aggregates were used for the pH test is that they contain a larger proportion of clay. 

However, some clay adheres to the surface of coarse aggregates so that fines separated from 

aggregates cannot be a truly representative sample for the pH test.  

The ratio of aggregates to distilled water is 1:2.5 by weight. An approximate 800g sample from 

each ‘<40mm’ material was placed in a 3000ml container then 1600ml distilled deionised water 
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was added to it. This mixture was then agitated for one minute. A 30g sample from each of the 

sieved ‘<2mm’ materials was placed in a small container with 75ml of distilled deionised water, 

and a 5g sample from each of the sieved ‘<1mm’ and ‘<0.075mm’ materials in a centrifuge 

tube with 12.5ml of distilled deionised water. Each mixture was agitated for one minute. These 

samples were soaked for 180 days and pH values were recorded after 1 day, 2 days, 4 days, 14 

days, 30 days, 90 days and 180 days. Tests were also conducted on a sample of 12.5ml distilled 

deionised water to determine the pH of the water and then to compare results with aggregate-

water mixtures. The samples were kept in a room at a constant 25°C for the five different 

periods. Each suspension was stirred immediately before testing. The pH value of the sample 

suspension was tested by utilising an electronic pH meter, an HQ40d pH meter, at standard 

room temperature, 25.1°C. Figure 3-10 shows containers for the different size of aggregates. 

                          

Figure 3-10: Containers for the pH test (The left is for ‘<40mm’ fraction; the right is for 

‘<2mm’, ‘<1mm’ and ‘<0.075mm’ fractions.) 

3.3.4 One-dimensional swelling test 

This test is used to simulate the swelling characteristics of the five aggregates. Because clay 

minerals are more likely to be more abundant in the aggregate fines than in the coarse particle 

size range, only the fine aggregate grain sizes are considered in this section. 

To determine the swelling potential of the five aggregate materials, a one-dimensional swelling 

test shown in Figure 3-11 was carried out according to standard ASTM D4546-08 (ASTM, 

2008a). The specimens were prepared in a ring with diameter 76mm and height 19mm. Because 

these five aggregates all have nominal maximum aggregate size of 37.5mm, all samples of each 

aggregate used in this test were firstly sieved through 2.36mm test sieve protected by larger 

sieves, then the materials retained on 2.36mm sieve were washed with a minimum amount of 
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water. The all collected wet materials passing 2.36mm were left at room temperature (22±2°C) 

until dried. Approximately 250g of a representative sample passing 2.36mm was taken by the 

quartering method. Specimens in this test should be prepared to duplicate field conditions in 

terms of water content and dry density as closely as possible. The initial moisture content for 

finer fraction passing 2.36mm was obtained based on the optimum moisture content of 

aggregates. The protocol developed was to add a small amount of water (3%) after reaching 

the optimum moisture content of aggregate, as fine aggregates will absorb more water than 

coarse aggregates due to their higher specific surface area.  

In the test, the sample was loaded at the initial moisture content and dry density. Pressure was 

applied for 5 minutes to allow the stress to build and the sample height to stabilise, followed 

by being flooded under the constant applied overburden pressure until swelling ceases. The 

percentage increase in vertical height is defined as the ‘‘swell percent’. Free swell is defined as 

the swelling percentage following absorption of water at a seating pressure of 1kPa, including 

the weight of the top porous stone and load plate (ASTM, 2008a).  

   

Figure 3-11: Odometer for one-dimensional swelling test  

3.3.5 RLT test 

Compaction 

The compacted specimen for RLT tests has a dimension of 150mm in diameter and 300mm in 

height. Prior to the compaction process, the aggregate particles retained on 19 mm sieve were 

removed from samples to achieve a minimum ratio of 6:1 between the diameter of RLT 

specimen and largest aggregate size (AASHTO, 1986; ASTM, 2008c; Balkema, Gomes 
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Correia, et al., 1993). However, each aggregate was still compacted at the same optimum 

moisture content determined from the all-in sample as aggregate particles (19-37.5mm) were 

assumed to have a negligible effect on the optimum moisture content.  

As the small compaction device cannot make a higher RLT specimen with a height of 300 mm, 

the compacted specimen was prepared using a large vibrating compaction machine, as seen in 

Figure 3-12.  

Approximately 12.5kgs of sample was prepared for each compaction test. Each sample 

prepared was divided into five equal portions by mass and then compacted in five layers with 

30 seconds compaction time per layer to achieve uniform compaction. Note that the 30 seconds 

compaction effort of the large compaction device is roughly equivalent to 180 seconds 

compaction effort of the small compaction in terms of dry densities. Each layer had an 

approximate thickness of 60 mm.  

The large electric vibrating hammer was operated at a frequency of 1300 beats per minute and 

a rating of 1750 W power consumption. Although the large compaction device is much more 

powerful than the small one, the grading results between pre and post compaction show that 

no significant particle breakdown occurs during the large compaction test (see Figure 3-13). 

All compaction tests for making the RLT specimen were carried out at optimum moisture 

content (OMC) to achieve maximum dry density (MDD) of materials. A membrane with a 

thickness of 0.5 mm was used for compaction to ensure the specimen could stand freely when 

the split mould was removed. A second membrane was then used post compaction to seal the 

specimen in case the first membrane ripped and tore during the compaction process. 
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Figure 3-12: Large vibrating hammer used for compaction 

 

Figure 3-13: PSD comparison before and after large compaction for M4-compliant aggregate 

2 (left) and marginal aggregate 1A (right) 

Soaking 

In order to evaluate the effect of water on the permanent deformation of marginal and premium 

materials, RLT tests were performed on both unsoaked and soaked samples of each material. 

The soaked condition is that of the specimen following its immersion in a water bath for 4 days 

(96 hours) immediately prior to the RLT tests. The soaked specimen contained within the 
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compaction cylinder mould was placed on a perforated base plate. Subsequently, a perforated 

top plate with an adjustable stem was placed on top of the specimen and then a surcharge of a 

2.0 kg mass was placed on the perforated top plate. After assemblage was complete the 

specimen was immersed in the water bath filled to a level that was approximately 20 mm higher 

than the top of the specimen (NZTA, 2012). A dial gauge was placed on the top of RLT 

specimens to determine their swelling properties. Figure 3-14 shows the assemblage of 

specimen, mould, perforated plates and dial gauge for soaking. 

                     

Figure 3-14: Equipment for soaking of specimen  

Testing setup 

A small scale RLT test was undertaken to investigate permanent strain behaviour of unbound 

granular aggregates. The triaxial cell used to hold the specimen had a diameter of 150 mm and 

height of 300 mm. The cyclic deviator stress was supplied by a Material Testing System (MTS) 

loading frame with an allowable maximum force of ±250 kN (see Figure 3-15). The load cell 

of the MTS device was used to measure the stress applied on RLT specimens.  

Perforated top 

plate 

Compaction 

mould 

Perforated base 

plate 

Surcharge 



Chapter 3 

84 
 

 

Figure 3-15: MTS device used for RLT tests 

Prior to setting up the instruments, the soaked specimen contained within the compaction 

cylinder mould was removed from the water bath and allowed to drain for 15 minutes in order 

to minimise the effect of excess pore water pressure on the mechanical behaviour of the 

materials. Then the split cylinder mould was removed carefully, and the second membrane was 

put around the specimen using a membrane stretcher. 

The triaxial cell, shown in Figure 3-16 was used to accommodate the compacted specimen with 

diameter 150 mm and height 300 mm. An external linear variable displacement transducer 

(LVDT) was used to measure the displacement change of the total height of specimens. Also 

two internal LVDTs were mounted at each side of specimen to obtain more accurate 

displacement measurement. As shown in Figure 3-17, the top and bottom clamps were used to 

hold the LVDTs, which measured the displacement change of the middle one-third height of 

specimens. The holding screws at the side of the bottom clamps were used to fix the LVDTs. 

Rubber bands were used to fix the top and bottom clamps around the specimen as shown in 

Figure 3-17 (right). To make sure the LVDTs were vertically mounted, vertical guide rods were 

used passing through the top and bottom clamps. 

External load cell  



Chapter 3 

85 
 

 

Figure 3-16: Small RLT test equipment 

 

Figure 3-17: LVDT mounting device (left is the schematic and right is the photo) 

A perforated plate, which was different from the perforated plates used for the soaking process, 

was placed at each end of the specimen to provide a good drainage system for the RLT test. 

Then a top cap with a drainage tap shown in Figure 3-18 was placed on the specimen to provide 

top drainage. The top and bottom drains allow the water to travel out of the specimen during 

Rubber 

band 
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testing. Water pressure was used for the RLT tests instead of the more common air pressure. 

Both the pressure boards seen in Figure 3-19 (left) have been calibrated by technicians and 

provide a reliable and stable pressure source. The source of pressure is from an air compressor 

seen in Figure 3-19 (right). The pressure boards can simultaneously supply cell and back 

pressures during RLT tests. 

The prepared sample was then sealed with O-rings and clamps so that the confining pressure 

could be applied. Once the specimen was safely secured in the pressure chamber of the triaxial 

cell, it was conditioned in preparation for RLT testing. 

 

Figure 3-18: Top cap with a drainage tap 

       

Figure 3-19: Pressure boards used to control pressure inside the cell (left) and air compressor 

(right) 
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Stress level, frequency and data acquisition system 

1) Stress levels 

Multi-stage RLT tests on all specimens were performed in accordance with NZTA T15 (2012).  

Six stages of stress levels are used as seen in Table 3-3. The development of six staged RLT 

tests is based on research by Arnold (2008). A seating pressure of 5 kpa was applied and 

maintained for the duration of the test (i.e. between the stages).  

50,000 load cycles are applied for each test stage, but RLT testing can skip to the next stage if 

there is more than 1% permanent axial strain for any particular stage. A cumulative permanent 

strain of 3.3% is assumed to be the end of life (failure) of RLT specimen, which is applied to 

all RLT tests of this research. This value is selected by (Arnold, Werkmeister, et al., 2008; 

Arnold et al., 2010) as the failure criterion for basecourse. In this research, all six stages will 

be applied as long as the failure criterion has not been reached. 

Table 3-3: Stress stages used for RLT tests 

 

Confining 

pressure  
3

(kPa) 

Axial stress  

1  (kPa) 

Mean stress p 

(kPa)  

=
1 3( 2 ) / 3 +   

Deviator stress 

q (kPa) = 

1 3 −  

𝒒 𝒑⁄  

Stage 1 120 210 150 90 0.60 

Stage 2 41.7 141.7 75 100 1.33 

Stage 3 90 270 150 180 1.20 

Stage 4 140 470 250 330 1.32 

Stage 5 110 530 250 420 1.68 

Stage 6 50 600 233.3 550 2.36 

2) Frequency and applied load shape 

NZTA T15 (2012) specification requires the cyclic vertical loading to be applied at 4 Hz in a 

sinusoidal/ haversine form. However, the load pulse of 1 Hz was applied to all tests in a 

haversine form as this is considered to better simulate the traffic loading generally being used 

(Dawson et al., 1996; 1975). The load pulse is applied at 1 Hz in a haversine form as shown in 
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Figure 3-20. 

   

Figure 3-20: Loading frequency and shape applied in this research 

3) Data acquisition system and drainage condition 

Load, confining pressure and deformation data were recorded by a data acquisition system, as 

shown in Figure 3-21. LVDTs and pressure transducer signals were collected by the data logger 

(blue box) and then recorded by a computer. The sampling rate adopted is 20 Hz.  

All specimens were tested in a drained condition, which is a required condition in pavement 

design. The RLT test for each condition and each material were conducted in triplicate. 

          

Figure 3-21: Data acquisition system (Data logger (left), channels for LVDT and pressure 

transducer (middle) and computer to record data (right)) 

3.4 Summary and conclusions 

Five aggregates were investigated in this research. They were sourced from two hard rock 

1.0 s 

Loading time 
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greywacke quarries in the Auckland – Waikato Region of New Zealand’s North Island and the 

geological background of the aggregates has been investigated. The five aggregates studied 

have been tested according to the local standard NZTA M4 specification and assigned to either 

premium or marginal aggregate categories. Both quarries produce premium (i.e. compliant with 

M4 specifications) and marginal (i.e. non M4-compliant) aggregates. Improvement technique, 

i.e. Lime and cement from local companies, were used to treat marginal materials. 

The testing methodology is designed to understand the marginality of materials and evaluate 

the stabilisation techniques. The following tests were included in the testing methodology. 

The relationship between dry density and water content was determined using the small 

compaction test, and further to determine the maximum dry density (MDD) and optimum 

moisture content (OMC) of each aggregate. Due to the significant difference in OMC between 

the aggregates, water absorption tests were undertaken to assess the water absorption capacity 

of each aggregate. 

To better understand the ‘marginality’ of aggregates, the mineralogical composition of all 

aggregates was determined by conducting X-ray Powder Diffraction analysis (XRD) and 

petrographic examinations.  

A one-dimensional swelling test, using different overburden pressures, was developed to 

determine the effect of swelling clay minerals on the performance of the water-saturated 

premium and marginal aggregates. Simulated weathering tests were undertaken by soaking the 

aggregates in water and measuring the changes in pH of the leachates with time for a period of 

180 days.  

The stress-strain behaviour, i.e. permanent deformation and resilient modulus of unbound 

granular aggregates was investigated by using RLT tests under different stress levels in 

different drainage conditions.  

For the potential stabilisation of marginal aggregates, CBR, UCS, plasticity index (PI) and pH 

tests were carried out to determine the optimum stabiliser content. The stress-strain behaviour 

of stabilised marginal materials with optimum stabiliser content was investigated under a 

soaked condition.  
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CHAPTER 4: MARGINAL MATERIAL 

EVALUATION AND SELECTION USING AN 

ANALYTIC HIERARCHY PROCESS (AHP) 

MODEL 

 

4.1 Introduction 

Marginal materials are defined as “those that do not entirely meet the specifications for normal 

road materials to be used in a country or region, but which still have the potential to be used 

successfully in some applications” (Brunschwig, 1989). Apart from Brunschwig’s definition, 

another definition by Brennan (1984) is that a marginal grade aggregate is aggregate produced 

from a more weathered or weather prone rock, or hard rock containing weathered seams or 

weaker sedimentary rocks, which after processing contains moderate or highly plastic fines, is 

sensitive to weathering and when compacted will produce a soaked California Bearing Ratio 

(CBR) value between 40% and 100%. 

However, marginal materials are still not defined clearly. The two qualitative definitions 

concentrate on the performance of marginal aggregates on single properties (e.g. a property 

failing to meet a specific specification rather than the overall quality of marginal aggregates. 

These pass /fail definitions may make some qualified materials be unqualified marginal 

materials, resulting in that these qualified materials fail to be used in roads, further causing a 

waste of materials. For example, if a specific property of a material is slightly lower than the 

requirement of standards/specifications but the other properties are much higher than the 

corresponding requirements, the aggregate would be categorised as a ‘marginal’ aggregate.  

However, this could be a controversial conclusion when considering the repeatability and 

reproducibility of test methods in standards/specifications (ASTM, 2002; BS, 2013) resulting 

in an unqualified result. Furthermore, the recipe specifications result from the classical 

empirical engineering approach of design (Evans & Vuong, 2003; Rogers et al., 2004) on the 
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basis of long-term monitoring of full-scale test roads and index tests. Empirical 

standards/specifications cannot completely assure in-field performance, especially when the 

conditions change (e.g. loading magnitudes or patterns change, novel materials are proposed, 

etc.). Therefore, the pass / fail requirements of specifications/standards for materials only 

considering single index properties do cannot strictly accurately differentiate marginal 

materials from premium materials. There is a need to develop a statistical method which can 

combine the multiple properties and provide an overall evaluation on the quality of the 

materials. 

Another challenge to identify marginal materials is how to rank materials based on multiple 

properties. In other words, the difference between materials needs to be identified 

quantitatively so that people can understand which material is better and which one is worse 

when considering performance. General standards/specifications set requirements for materials 

in single parameter performance of materials (e.g. each property) rather than the overall 

combined performance of materials. Therefore, results are obtained for each property without 

any effect on other properties if tests are conducted following the current 

standards/specifications. For example, assume that there are two materials, with CBR values 

of 78% and 82% (pass criteria >80), and a sand equivalent (SE) value of 42 and 38 (pass 

criteria >40), respectively. It cannot be concluded which material is better through only 

comparing their CBR or SE test results alone. The better way is to combine the two material 

properties to obtain the overall performance of each material and then make a more rational 

decision.   

The above evidence illustrates that the pass / fail specifications/standards for materials only 

considering single index properties cannot accurately differentiate marginal materials from 

premium materials. There is, therefore, a need to develop a mathematical model which can 

combine the multiple properties and provide an overall evaluation on the quality of the 

materials so that the materials can be ranked and marginal materials can be identified. 

Specifically, there are tools that achieve the need to integrate the multiple properties of 

materials. One of these tools is a multi-criteria decision-making tool called the Analytic 

Hierarchy Process (AHP). 
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This chapter discusses the development of a multi-factor mathematical model using an AHP 

framework to assess the overall performance of the materials, rank the quality of aggregate 

materials and evaluate the effect of local specifications on the defined quality of materials. The 

objective was to advance the knowledge and understanding of marginal materials using an AHP 

model, and further to better understand the concept of marginal materials. 

4.2 AHP model and its application 

4.2.1 Analytic hierarchy process (AHP) 

The Analytic Hierarchy Process (AHP) developed by Saaty (1980) is a multiple criteria 

decision-making tool that allows subjective and objective factors to be considered in a decision-

making process. It is used to determine the relative weights of selected criteria and sub-criteria 

in order to obtain an assessment on given alternatives. Saaty (1980) established 9 as the upper 

limit and 1/9 as the lower limit in his scale, which ranges from 1/9 for ‘least important’, to 1 

for ‘equal’, and to 9 for ‘absolutely more important than’ covering the entire spectrum of the 

comparison. The AHP has been used in a wide range of areas, including engineering, social 

sciences, and economics (Saaty & Vargas, 2001). A literature overview by Vaidya and Kumar 

(2006) gives a detailed summary about the application of AHP, which has extended to education, 

manufacturing and political areas. 

Some key and basic steps involved in this AHP methodology are (Saaty & Vargas, 2001) : 

1. Identify the overall goal. State the main problem. 

2. Identify the alternatives.   

3. Identify the criteria that must be satisfied in order to fulfil the overall goal. 

4. Develop a hierarchy of different levels constituting goals, criteria, sub-criteria and 

alternatives based on structuring the problem. 

5. Develop a pairwise comparison matrix (priority matrix) for each level. Compare each 

element in the corresponding level, and then calibrate them on a numerical scale. This requires 

comparisons, where n is the number of elements with the considerations that diagonal elements 
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of the matrix are equal or ‘1’ and the other elements will simply be the reciprocals of the earlier 

comparisons. 

6. Obtain the measurement of alternatives based on criteria and sub-criteria.7. Do a consistency 

test. Calculate the maximum Eigen value λmax, consistency index CI, consistency ratio CR, and 

normalised values for each criteria/alternative. If the maximum Eigen value, CI, and CR are 

satisfactory then a decision is made based on the normalised values; otherwise the procedure 

is repeated until these values lie in a desired range. 

4.2.2 Introduction to engineering properties (factors) of materials 

In New Zealand, the New Zealand Transport Agency (NZTA) M4 specification is the reference 

or standard specification that sets out requirements for premium basecourse aggregate for use 

on highways and other heavily trafficked roadways (NZTA, 2006a). Each material property is 

introduced as follows: 

Crushing Resistance: In the aggregate industry the crushing resistance (CR) test provides the 

relative measure of rock strength. New Zealand standards specify that it measures either the 

percentage of fines produced by a specified load, which is 130 kN for aggregate to be used as 

basecourse (NZS, 1991b), or if aggregates for concrete the number of kilonewtons which 

produce 10% fines passing a 2.36mm sieve (Standard, 1986).  

California Bearing Ratio: The California bearing ratio (CBR) provides a measure of the 

resistance of materials to penetration of a standard plunger under controlled density and 

moisture conditions. In some cases, the soaked CBR test of materials (at least four days soaking) 

is conducted to simulate load-bearing capacity of materials in rainy weather. A soaked CBR of 

more than 80 is specified in the New Zealand standard (NZTA M4 specification). Although the 

CBR is widely acknowledged as not being wholly satisfactory when used as a performance 

parameter, the CBR has been correlated with pavement performance in many countries over 

many years and provides a reliable empirical indicator of material behaviour (Rogers et al., 

2004). 

Weathering Quality Index : The weathering quality index (WQI) provides a method to assess 
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the resistance of aggregate to the effects of wetting, drying, heating and cooling (NZS, 1991b). 

The WQI test involves the rolling force and the expansion/contraction forces of existing clays 

to physically disaggregate the aggregate thus it is really a measure of the degree of lithification 

of the material and the nature of its matrix (Black, 2009). The WQI consists of the aggregate 

percentage retained on a 4.75mm sieve fraction and the cleanness value and might be assessed 

as anyone of AA, AB, BA, AC, CA, BB, BC, CB, or CC. Table 4-1 shows the requirements for 

Weathering Quality Index specified by NZTA M4 specification. 

Table 4-1: Requirements for weathering quality index in NZTA M4 specification 

Cleanness value 

Percentage retained on 4.75mm sieve 

96 to 100 91 to 95 Up to 90 

91 - 100 AA BA CA 

71 - 90 AB BB CB 

Up to 70 AC BC CC 

Although the WQI test is designated to measure the original source rock’s degree of weathering, 

other variables, such as rock matrices and multistage processing (designed to select tougher, 

high crushing resistance and more durable parts of rocks) also significantly influence the WQI 

values of rocks, even having a predominant control on the WQI (Black, 2009). Thus the WQI, 

in some cases, is not an appropriate test to determine the level of weathering.  

Sand Equivalent: The sand equivalent (SE) method covers a field or laboratory test for 

measuring the relative amounts of silt or clay size particles in fine aggregates or fine fractions 

of aggregates(NZS, 1991b). The SE test method is regarded as a rapid method for detecting the 

presence or absence of detrimental fines or clay-like materials in soils and mineral aggregates 

(Hveem, 1953); it has been used for over 60 years and is still being used currently, but there 

are a number of problems with it. Black (2009) reported that the crushing regime and the 

density, size and shape of the sediment particles can cause inaccurate results about the 

percentage of the clay size fraction or the presence or proportion of clay minerals in the material 

in the SE test. Other researchers (Sameshima, 1977; Van Barneveld et al., 1984) also comment 

on the risk of poor material being classified as acceptable and conversely good material being 
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rejected on the basis of a low SE value. 

Clay Index: The clay index (CI) test outlines the method for a methylene blue titration test used 

to estimate the percentage of expansive clay minerals in natural fines or rock powders (NZS, 

1991b). The CI test is considered to be a quicker and more cost effective production test than 

X-ray diffraction (XRD) or differential thermal analysis (DTA) methods (Cole & Sandy, 1980; 

Stapel & Verhoef, 1989). However, all minerals or substances present that have exchangeable 

cations (e.g. zeolites) will cause the high CI test results, further resulting in an incorrect 

assessment of the material quality (Stapel & Verhoef, 1989). 

Plasticity Index: The plasticity index (PI) method covers the determination of the plasticity of 

the fine fraction less than 0.425mm of an aggregate (NZS, 1991b). This test is derived from a 

group of tests collectively known as Atterberg limits, including the shrinkage limit test, liquid 

limit test, plastic limit test, PI test, and Liquidity Index test. The plasticity index is the size of 

the range of water contents where the soil exhibits plastic properties. The PI is the difference 

between the liquid limit and the plastic limit (PI=LL (Liquid Limit) minus PL (Plastic Limit)). 

The determination of the liquid and plastic limits is very subjective and dependent on the 

experience of the tester (Black, 2009). As a consequence, there has been criticism of the 

plasticity index test (Prowell et al., 2005). The clay mineral particle size has a significant impact 

on its plasticity. For example, highly fine grained illite and kaolinite minerals are strongly 

plastic while larger grain sizes generally have very low plasticity (Black, 2009). 

Particle Size Distribution: The particle size distribution (PSD) is a wet or dry sieving test that 

can help to develop the interlock between particles so that aggregates have enough strength to 

resist repeated loads. The cumulative weights of material passing the standard set of sieves are 

recorded and then the cumulative PSD curve can be obtained by displaying the results on a 

graph showing grain size versus percentage passing each individual sieve. The tested 

aggregate’s cumulative particle size curve is used to evaluate the PSD grade of aggregates 

through being compared to a defined desirable particle size distribution envelope. 

PSD is very dependent on both the crushing regime and the strength of the material. “Crushed 

volcanic rocks consistently fall within the allowable particle size distribution envelope while 
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many types of greywacke have difficulty doing so” (Black, 2009). 

4.2.3 Application of AHP method  

The AHP steps given in Section 4.2.1 are applied to the case of ranking aggregates qualities as 

follows (also refer to Figure 4-1),  

1. Identify the overall goal. State the main problem.  

The AHP framework was used to rate the overall performance of the aggregates used in this 

research based upon the engineering properties and furthermore to identify the aggregates 

qualities. Thus the goal (the main problem) is to obtain the ranking of the aggregates qualities.  

2. Identify the alternatives. 

Usually, the AHP method is used to select the best one among several alternatives, but in this 

case, aggregate qualities need to be ranked, so the best, the second best… until the worst need 

to be identified from all alternatives. Therefore, aggregates are defined the alternatives in this 

AHP model.  

3. Identify the criteria that must be satisfied in order to fulfil the overall goal. 

In New Zealand, the New Zealand Transport Agency (NZTA) M4 specification is the reference 

or standard specification that sets out requirements for premium basecourse aggregate for use 

on highways and other heavily trafficked roadways (NZTA, 2006a). The aggregate quality is 

evaluated based on the properties specified by NZTA M4 specifications (Section 4.2.2), so in 

AHP method, these properties automatically become criteria to assess and further rank the 

aggregate quality (the overall goal). As PSD results are obtained based on the weights of 

different sieves, each sieve size become the sub-criteria of PSD in AHP model. Similarly, “the 

aggregate percentage retained on a 4.75mm sieve fraction” and “the cleanness value” are the 

sub-criteria of WQI. In the process, a ‘boundary’ aggregate is assumed to be the boundary 

between premium and marginal aggregates. Any aggregate with higher (or lower) overall 

performance than the ‘boundary’ aggregate would be a premium (or marginal) aggregate. Each 

engineering property of the ‘boundary’ aggregate is assigned a qualified value with the 

minimum requirement specified by the NZTA M4 specification. Take as an example the 
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California Bearing Ratio (CBR) test. NZTA M4 specification (2006) specifies that M4 

aggregates must have a CBR value of not less than 80. Hence, the CBR value of 80 is assigned 

to the ‘boundary’ aggregate. Any aggregate with higher overall performance (i.e. overall 

weights) than the ‘boundary’ aggregate condition in the AHP framework is regarded as a 

premium aggregate or with lower overall performance than the ‘boundary’ aggregate is 

regarded as a marginal aggregate. 

4. Develop a hierarchy of different levels constituting goals, criteria, sub-criteria and 

alternatives based on structuring the problem. 

The hierarchy of different levels (goal, criteria, sub-criteria and alternatives) can be seen in 

Figure 4-1.  

5. Develop a pairwise comparison matrix (priority matrix) for each level. Compare each 

criteria/sub-criteria in the corresponding level, and then calibrate them on a numerical scale. 

This requires comparisons, where n is the number of elements with the considerations that 

diagonal elements of the matrix are equal or ‘1’ and the other elements will simply be the 

reciprocals of the earlier comparisons. This research follows “1/9 to1 and 1-9” scale of Saaty 

(1980), which ranges from 1/9 for ‘least important’, to 1 for ‘equal’, and to 9 for ‘absolutely 

more important than’ covering the entire spectrum of the comparison. 

In this research, Section 4.3.1 give the comparison matrix for the criteria (i.e. PSD, CI, PI, CR, 

CBR, WQI and SE) and the sub-criteria (i.e. different sieve sizes for PSD, and “the aggregate 

percentage retained on a 4.75mm sieve fraction” and “the cleanness value” for WQI).  These 

comparison matrices are obtained from the interview of the experts. 

6. Obtain the measurement of alternatives. 

There are two types of measurement in dealing with ranking alternatives involved in the AHP, 

relative and absolute (Saaty, 1980, 1986). The first ranks a few alternatives by comparing them 

in pairs and is particularly useful in new and exploratory decisions. The latter ranks the 

alternatives in terms of the criteria, ratings or intensities of the criteria, such as excellent, very 

good, good, average, below average, poor and very poor. It is particularly useful in decisions 

where there is considerable knowledge to judge the relative importance of the intensities and 
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develop priorities for them (Saaty & Vargas, 2001). In this research, the aggregates (alternatives) 

are evaluated using absolute measurement (testing values for each property) as each property 

of aggregates (criteria) are tested according to standard testing methods and the corresponding 

testing values (the ratings of the criteria or sub-criteria) are assigned to them. The testing values 

for each property shown in Section4.2.4 were obtained from the database of the quarries. These 

data were then processed for numeric ratings (Section 4.3.2). Saaty and Vargas (2001) explain 

that absolute measurement, sometimes called scoring, is applied to rank the alternatives (e.g. 

aggregates) with regard to either the criteria and sub-criteria (e.g. properties of aggregates), or 

the ratings of the criteria and sub-criteria (e.g. the test results for each property).  

The ‘real’ five aggregates were tested with respect to the NZTA M4 specification. Test data 

obtained for different properties were transformed into the same unit and to make them 

relatively comparable to each other. The data of ‘boundary’ aggregate conditions were 

processed with the same method. The data process is shown in the Section 4.3 ‘Model analysis 

and discussion’. 

7. Do a consistency test. Calculate the maximum Eigen value λmax, consistency index CI, 

consistency ratio CR, and normalised values for each criteria/alternative using the matrix. If 

the maximum Eigen value, CI, and CR are satisfactory then a decision is made based on the 

normalised values; otherwise the procedure is repeated until these values lie in a desired range. 
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Figure 4-1: AHP model for evaluation of the overall performance of aggregates given 

multiple factors 

4.2.4 Database of the aggregates used in this research 

As mentioned in Chapter 3, the five aggregates are named as M4-compliant aggregate 1 (M4 

aggregate from Quarry 1), M4-compliant aggregate 2 (M4 aggregate from Quarry 2), marginal 

aggregate 1A and 1B (both from Quarry 1) and marginal aggregate 2 (from Quarry 2). 

Engineering property tests were conducted according to NZS (New Zealand Standard) 4407: 

1991 (NZS, 1991b).  

The quarries monitored the quality of the five aggregates and the results were recorded monthly 

from 2010 to 2013. The original data can be seen in Appendices part (Appendix A). The annual 

data of each property during each year were averaged and then listed in Tables 4-2, 4-3, 4-4 

and 4-5, of which Tables 4-4 and 4-5 show the results in 2013 to demonstrate how to process 

the data in the AHP model. Note that N/A refers to missing data for M4 aggregate 2 in 2010 
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and 2011. The number of data points for each engineering property in each year and coefficient 

of variation (CoV) is included in these tables (i.e. after the values of engineering properties). 

Table 4-2: Testing results of the aggregates in 2010-2012 

   
 M4-compliant 

aggregate1 

M4-compliant 

aggregate2 

Marginal 

aggregate 1A 

Marginal 

aggregate 1B 

Marginal 

aggregate 2 

California 

bearing ratio 

(CBR/%) 

2010  278 (4, 0.351) N/A 240 (30, 0.198) 173 (2, 0.430) 125 (1) 

2011  291 (4, 0.107) N/A 224 (18, 0.295) 105 (1) 165 (4, 0.276) 

2012  261 (3, 0.170) 210 (7, 0.219) 194 (11, 0.232) 165 (1) 175 (3, 0.125) 

Crushing 

resistance (%) 

2010  1.1 (4, 0.095) N/A 2.6 (29, 0.206) 3.6 (2, 0.484) 3.8 (2, 0.057) 

2011  1.1 (4, 0.165) N/A 2.7 (18, 0.199) 2.8 (1) 2.7 (3, 0.284) 

2012  1.4 (3, 0.208) 2.9 (7, 0.254) 2.0 (11, 0.254) 2.3 (1) 3.0 (3, 0.173) 

Weathering 

quality index 

2010 

Percentage 

retained on 

4.75mm sieve 

98 (5, 0.005) N/A 93 (30, 0.024) 94 (2, 0.008) 89 (2, 0.015) 

Cleanness value 97 (5, 0.009) N/A 89 (30, 0.053) 89 (2, 0.032) 79 (2, 0.117) 

2011 

Percentage 

retained on 

4.75mm sieve 

98 (4, 0.013) N/A 93 (18, 0.019) 92 (1) 91 (3, 0.013) 

Cleanness value 96 (4, 0.023) N/A 90 (18, 0.058) 95 (1) 75 (3, 0.100) 

2012 

Percentage 

retained on 

4.75mm sieve 

95 (3, 0.046) 93 (7, 0.0157) 93 (11, 0.014) 94 (1) 88 (3, 0.030) 

Cleanness value 91 (3, 0.050) 87 (7, 0.062) 88 (11, 0.085) 98 (1) 79 (3, 0.081) 

Sand equivalent 

 2010  48 (33, 0.126) N/A 43 (95, 0.163) 43 (10, 0.201) 38 (8, 0.264) 

 2011  48 (14, 0.180) N/A 40 (41, 0.171) 42 (8, 0.228) 41 (12, 0.223) 

 2012  51 (16, 0.179) 49 (28, 0.188) 39 (22, 0.129) 42 (5, 0.308) 40 (12, 0.256) 

Clay index 

 2010  1.0 (30, 0.143) N/A 2.0 (94, 0.306) 2.6 (4, 0.321) 3.5 (2, 0.116) 

 2011  1.4 (14, 0.251) N/A 1.9 (41, 0.213) 2.4 (2, 0.030) 2.9 (6, 0.295) 

 2012  1.1 (16, 0.397) 1.9 (28, 0.125) 2.0 (22, 0.310) 2.3 (3, 0.129) 3.3 (5, 0.349) 

Plasticity index 

 2010  6 (5, 0.264) N/A 8 (29, 0.208) 11 (3, 0.877) 12 (3, 0.216) 

 2011  3 (4, 1.186) N/A 9 (19, 0.163) 9 (2, 1.414) 12 (5, 0.833) 

 2012  3 (2, 1.414) 7 (7, 0.690) 8 (11, 0.445) 11 (2, 0.067) 11 (5, 0.364) 

Note: The results are presented in the form of values (the number of data points, CoV). In some cases, only 1 point 



Chapter 4 

101 
 

was recorded in a year, so no CoV is included in these cases. 

Table 4-3: PSD results of aggregates in 2010-2012 

 Year 37.5mm 19mm 9.5mm 4.75mm 2.36mm 1.18mm 0.6mm 0.3mm 0.15mm 0.075mm 

M4-compliant 
aggregate 1 

2010 
(66) 

98.8 
(0.011) 

73.0 
(0.086) 

53.1 
(0.090) 

38.1 
(0.108) 

25.5 
(0.132) 

15.9 
(0.154) 

10.4 
(0.167) 

6.9 
(0.193) 

5.2 
(0.238) 

4.2 
(0.331) 

2011 
(28) 

99.1 
(0.010) 

76 
(0.048) 

52.3 
(0.074) 

37.6 
(0.096) 

24.4 
(0.130) 

15.4 
(0.135) 

9.9 
(0.149) 

6.7 
(0.161) 

5.1 
(0.226) 

4 (0.308) 

2012 
(32) 

99.3 
(0.012) 

76 
(0.078) 

53.9 
(0.090) 

41.2 
(0.104) 

28.6 
(0.134) 

18.1 
(0.141) 

11.4 
(0.131) 

7.5 
(0.171) 

5.6 
(0.235) 

4.5 
(0.432) 

M4-compliant 
aggregate 2 

2010  N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

2011 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

2012 
(68) 

99.8 
(0.004) 

73 
(0.057) 

49.4 
(0.097) 

36.4 
(0.103) 

23.5 
(0.130) 

15.1 
(0.151) 

10.2 
(0.151) 

7.4 
(0.154) 

5.8 
(0.183) 

4.8 
(0.277) 

Marginal 
aggregate 1A 

2010 
(143) 

99.4 
(0.010) 

71.2 
(0.083) 

48.3 
(0.121) 

33.6 
(0.125) 

22.2 
(0.136) 

14.5 
(0.154) 

10.0 
(0.170) 

7.1 
(0.223) 

5.5 
(0.271) 

4.4 
(0.383) 

2011 
(58) 

99.5 
(0.007) 

76.1 
(0.053) 

52.4 
(0.081) 

35.9 
(0.096) 

23.9 
(0.108) 

15.8 
(0.122) 

11.1 
(0.144) 

8.2 
(0.171) 

6.5 
(0.218) 

5.4 
(0.392) 

2012 
(33) 

98.9 
(0.008) 

72.9 
(0.070) 

50.0 
(0.103) 

35.4 
(0.105) 

23.1 
(0.110) 

15.4 
(0.134) 

10.5 
(0.167) 

7.8 
(0.202) 

6.1 
(0.261) 

4.9 
(0.349) 

Marginal 
aggregate 1B 

2010 
(14) 

100 
(0.003) 

76.7 
(0.084) 

46.0 
(0.134) 

25.3 
(0.162) 

16.7 
(0.222) 

10.7 
(0.311) 

8.3 
(0.286) 

6.3 
(0.314) 

5.0 
(0.351) 

4.7 
(0.509) 

2011 
(12) 

99.3 
(0.008) 

71.3 
(0.087) 

44.7 
(0.159) 

26.0 
(0.213) 

16.3 
(0.196) 

11.0 
(0.165) 

8.0 
(0.183) 

6.3 
(0.256) 

5.3 
(0.346) 

4.3 
(0.480) 

2012 
(9) 

99.3 
(0.009) 

71.3 
(0.083) 

47.0 
(0.134) 

29.7 
(0.180) 

18.7 
(0.242) 

12.7 
(0.268) 

9.3 
(0.290) 

7.3 
(0.311) 

6.0 
(0.321) 

5.0 
(0.401) 

Marginal 
aggregate 2 

2010 
(10) 

100.0 
(0) 

80.5 
(0.084) 

51.7 
(0.146) 

31.7 
(0.232) 

20.8 
(0.319) 

14.2 
(0.395) 

10.8 
(0.424) 

8.2 
(0.466) 

6.2 
(0.565) 

4.5 
(0.625) 

2011 
(18) 

99.8 
(0.005) 

77.2 
(0.055) 

46.8 
(0.098) 

27.8 
(0.103) 

18.0 
(0.098) 

12.5 
(0.126) 

9.0 
(0.146) 

7.0 
(0.171) 

5.8 
(0.216) 

4.7 
(0.325) 

2012 
(18) 

99.7 
(0.006) 

68.3 
(0.135) 

40.8 
(0.181) 

24.8 
(0.195) 

16.0 
(0.191) 

11.0 
(0.205) 

8.2 
(0.228) 

6.5 
(0.235) 

5.2 
(0.288) 

4.2 
(0.380) 

Note: In the ‘Year’ column, the number of gradation curves is given in the bracket. For each sieve aperture, the 

results are presented in the form of values (CoV).  
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Table 4-4: Engineering property data for the five aggregate materials studied (2013) 

 
California 
Bearing ratio 
(CBR/%) 

Crushing 
resistance (%) 

Weathering quality index 
Sand 
equivalent 

Clay index 
Plasticity 
index 

Requirement by 
NZTA M4 
specification 

80 
maximum 
10%@130kN 

Percentage 
retained on 
4.75mm 
sieve 

Cleanness 
value 

40 (minimum) maximum 3.0 

maximu
m 5 or 
Non-
plastic 
(NP) 

M4-compliant 
aggregate1 

265p (1) 0.6p (1) 98p (1) 98p (1) 58p (4, 0.171) 2.0p (4, 0.123) 6n (1) 

M4-compliant 
aggregate2 

190p (3, 
0.052) 

2.6p (4, 0.163) 94p (4, 0.011) 92p (4, 0.05) 43n (30, 0.109) 1.7p (30, 0.230) 
4n (4, 
1.159) 

Marginal 
aggregate 1A 

204p (6, 
0.336) 

2.0p (6, 0.242) 92p (6, 0.020) 
92p (6, 
0.039) 

48p (12, 0.178) 2.2p (11, 0.187) 
11f (6, 
0.097) 

Marginal 
aggregate 1B 

185p (1) 1.7p (1) 91p (1) 95p (1) 42n (2, 0.083) 2.4p (1) 7f (1) 

Marginal 
aggregate 2 

165p (1) 3.6p (1) 90p (1) 85p (1) 38n (4, 0.301) 2.9n (2, 0) 
13f (2, 
0.170) 

Boundary 
aggregate 

80n 10n 75n 91p 40n 3.0n 5n 

Note 1: The ‘p’ represents pass value. The ‘n’ represents near-failure value. The ‘f’ represents failure value. 

Note 2: The results are presented in the form of values (the number of data points, CoV). 

Table 4-5: PSD results of the aggregates and NZTA M4 specification PSD envelope (2013) 

 37.5mm 19mm 9.5mm 4.75mm 2.36mm 1.18mm 0.6mm 0.3mm 0.15mm 0.075mm 

M4-
compliant 

aggregate 1 
(10) 

97.8 
(0.014) 

67 
(0.05) 

48.3 
(0.111) 

37 
(0.122) 

24 
(0.125) 

15.3 
(0.174) 

9.8 
(0.186) 

6.7 
(0.169) 

5.1 
(0.198) 

4 (0.511) 

M4-
compliant 

aggregate 2 
(52) 

99.8 
(0.005) 

73.5 
(0.051) 

50.4 
(0.094) 

35.9 
(0.116) 

23.6 
(0.164) 

15.2 
(0.179) 

10.4 
(0.181) 

7.6 
(0.186) 

5.9 
(0.209) 

4.6 (0.308) 

Marginal 
aggregate 
1A (20) 

99.0 
(0.020) 

71.8 
(0.096) 

48.5 
(0.139) 

33.8 
(0.140) 

21.8 
(0.149) 

14.2 
(0.156) 

10.0 
(0.175) 

7.3 
(0.206) 

5.8 
(0.244) 

4.8 (0.394) 

Marginal 
aggregate 

1B (3) 

97.0 
(0.012) 

61.5 
(0.167) 

33.5 
(0.340) 

17.5 
(0.452) 

10.0 
(0.495) 

6.0 
(0.533) 

4.0 
(0.433) 

3.0 
(0.433) 

2.5 
(0.333) 

1.5 (0.433) 

Marginal 
aggregate 2 

(7) 

100.0 
(0.005) 

87.5 
(0.101) 

61.0 
(0.169) 

37.5 
(0.202) 

25.0 
(0.213) 

17.0 
(0.234) 

13.0 
(0.233) 

10.0 
(0.259) 

8.0 
(0.303) 

7.0 (0.491) 

Boundary 
aggregate 

100 66-81 43-57 28-43 19-33 12-25 7-19 3-14 0-10 0-7 

Maximum 100 81 57 43 33 25 19 14 10 7 

Minimum 100 66 43 28 19 12 7 3 0 0 

Note 1: 0.075mm, 0.15mm, 0.3mm ..., 37.5mm are the test sieve apertures. 
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Note 2: The PSD results of the four boundary aggregates are shown in an interval form because they are supposed 

to sit in the PSD envelope specified by the NZTA M4 specification and any value in the specified envelope is 

considered to be equally important. 

Note 3: In the ‘Year’ column, the number of gradation curves is given in the bracket. For each sieve aperture, the 

results are presented in the form of values (CoV). 

4.3 Model analysis and discussion 

4.3.1 Weight of engineering properties (criteria) 

The priorities of criteria and sub-criteria (aggregate properties) were obtained through 

analysing pairwise comparison matrices. The pairwise comparison was obtained through 

interviewing the four experts and averaging their scales for each pair comparison. The original 

data for the interviews are given in Appendix B. The four experts have been working in areas 

related to aggregates, and pavement design and specification changes (e.g. quarry technical 

managers) for many years. The information for the experts has also been included in Appendix 

B. In the interview, the experts were shown how to express their expert opinion (i.e. relative 

weightings) in the Table 4-6, which is the questionnaire temple used to collect their opinion. It 

should be noted that the green area in the table is the original data from experts for the pairwise 

comparisons/relative weightings. The red area is the reciprocal of data in the green area. Each 

cell in the green area is filled with a relative weight between two engineering properties. For 

example, in the row of ‘WQI’, the relative weights are expressed in the form of WQI/CR and 

WQI/CBR, respectively. If one gives opinions of 2 and 3 in this row (green area), the column 

of ‘WQI’ in the red area should be 1/2 and 1/3 (reciprocal) for CR/WQI and CBR/WQI, 

respectively. When averaging the relative weights of the experts, the number/scale was rounded 

to the nearest whole number. The priority vector in Table 4-7, 4-8 and 4-9 was obtained using 

‘Matlab’. 

 

 

 



Chapter 4 

104 
 

 

Table 4-6: The questionnaire template used to obtain experts’ opinions on relative weights  

 CR CBR WQI SE CI PI PSD 

CR   1/2     

CBR   1/3     

WQI 2 3      

SE        

CI        

PI        

PSD        

Pairwise comparisons/relative weightings were made in the matrices with a 1-9 scale to 

represent the degree of importance as shown in Tables 4-7, 4-8 and 4-9. 

Table 4-7 shows the pairwise comparison matrix for material properties and the priority vector 

(relative weight of each property) in the last column. The clay index with the highest value of 

0.259 is the most important criterion influencing the overall performance of aggregates. This 

is likely because the clay index can more accurately reflect the percentage of expansive clays 

and better respond to the weathering than other properties (Bartley et al., 2007). The priority 

vector was used to determine the final relative weight of each aggregate material, which will 

be discussed in Section 4.3.4.1 ‘Ranking of the materials’. 

Table 4-7: Pairwise comparison matrix for material properties 

 CR CBR WQI SE CI PI PSD 
Priority 

vector 

CR 1 1 2 1/2 1/3 1/2 1/2 0.092 

CBR 1 1 1 1 1/3 1/2 1/3 0.085 

WQI 1/2 1 1 1 1/4 1/3 1/2 0.076 

SE 2 1 1 1 1/2 1 1/2 0.120 

CI 3 3 4 2 1 2 1 0.259 

PI 2 2 3 1 1/2 1 1 0.167 
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PSD 2 3 2 2 1 1 1 0.202 

The maximum eigenvalue λmax=7.198, CI (the consistency index) =0.033, and CR (consistency ratio) =0.025. 

Tables 4-8 and 4-9 list the pairwise comparison matrices for the sub-criteria of WQI and PSD, 

respectively. The pairwise comparison was also obtained through interviewing the four experts 

and averaging their scales for each pair comparison. The two sub-criteria of WQI with the same 

value of 0.5 are equally important as shown in Table 4-8. In Table 4-9, test sieve apertures of 

2.36mm and 0.075mm are considered to be the two most important sub-criteria of PSD, both 

with a priority value of 0.173. This is likely because the test sieve aperture 2.36mm is 

considered as the boundary size between coarse and fine particles of aggregates, and 0.075mm 

is a key sieve aperture to measure the cleanness of aggregates. 

Table 4-8: Pairwise comparison matrix for sub-criteria of Weathering Quality Index (WQI) 

 
Percentage retained on 4.75mm 

sieve 
Cleanness value Priority vector 

Percentage retained on 4.75mm 

sieve 
1 1 0.5 

Cleanness value 1 1 0.5 

CI=0 and RI (Random Index) =0. 

Table 4-9: Pairwise comparison matrix for sub-criteria of PSD 

 mm 

mm 

37.5 19 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 importance 

37.5 1 2 1 1/3 1/3 1/2 1/2 1/2 1/2 1/3 0.051 

19 1/2 1 1/2 1/5 1/5 1/3 1/3 1/4 1/3 1/5 0.029 

9.5 1 2 1 1/3 1/3 1 1/2 1 1/2 1/3 0.059 

4.75 3 5 3 1 1 2 2 2 2 1 0.166 

2.36 3 5 3 1 1 2 3 2 2 1 0.173 

1.18 2 3 1 1/2 1/2 1 1 1 1/2 1/2 0.079 

0.6 2 3 2 1/2 1/3 1 1 1 1/2 1/3 0.079 

0.3 2 4 1 1/2 1/2 1 1 1 1 1/2 0.087 

0.15 2 3 2 1/2 1/2 2 2 1 1 1/2 0.105 

0.075 3 5 3 1 1 2 3 2 2 1 0.173 
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λmax=10.162, CI =0.018, and CR =0.012. 

4.3.2 Data process for numeric ratings for engineering properties 

The numeric rating for each property is listed in Table 4-4, which are transformed in Table 4-

10 according to Equation (1) and (2) below (Cheng, 1999; Torfi et al., 2010; T. Yang & Hung, 

2007; Zhang et al., 2005). The purpose of the transformation is:  

1. to make all data/information uniform and further to make the results of the properties 

comparable (i.e. CI and PI are the ‘smaller-the-better type’ while CBR, CR, sub-criteria of WQI, 

and SE are the ‘larger-the better type’). If the data of the two types are not processed before 

conducting an AHP process, the relative weights in AHP cannot be obtained reasonably),  

2. to normalise each numeric element into the range of [0, 1] and   

3. to obtain the scoring of each aggregate material under criteria or sub-criteria. 

(I) The-larger-the-better type 

[ min{ }]

[max{ } min{ }]

ij ij

ij

ij ij

x x
r

x x

−
=

−
                        (4-1) 

(II) The-smaller-the-better type 

[max{ } ]

[max{ } min{ }]

ij ij

ij

ij ij

x x
r

x x

−
=

−
                        (4-2) 

where ijx , i =1, 2, …6, j =1, 2, …, 7, is the numeric element in the matrix of Table 4-4 and 

ijr , i =1, 2, …6, j =1, 2, …, 7, is the normalised numeric element based on Equation (4-1) 

and (4-2). 
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Table 4-10: Scoring of each aggregate according to each property 

 

California 

bearing ratio 

(CBR/%) 

Crushing 

resistance (%) 
Weathering quality index 

Sand 

equivalent 
Clay index 

Plasticity 

index 

   

Percentage 

retained on 

4.75mm 

sieve 

Cleanness 

value 
   

Requirement by 

NZTA M4 

specification 

0 0 0 0.462 0.100 0 0.889 

M4-compliant 

aggregate 1 
1.000 1.000 1.000 1.000 1.000 0.769 0.778 

M4-compliant 

aggregate 2 
0.595 0.787 0.826 0.538 0.250 1.000 1.000 

Marginal 

aggregate 1A 
0.670 0.851 0.739 0.538 0.500 0.615 0.222 

Marginal 

aggregate 1B 
0.568 0.883 0.696 0.769 0.200 0.462 0.667 

Marginal 

aggregate 2 
0.459 0.681 0.652 0 0 0.077 0 

Boundary 

aggregate 
0 0 0 0.462 0.100 0 0.889 

 (III) The-closer-to-the-specified-range-the-better type  

The passing percentage at each sieve aperture neither belongs to the smaller-the-better type nor 

the larger-the better type, but belongs to the-closer-to-the-specified-range-the-better type. For 

example, the passing percentage at 4.75mm is between 28% and 49% with respect to AP 40 

(all materials passing a 40mm sieve), specified by the NZTA M4 specification. Any number in 

the range of 28% - 49% is considered the best and equally important. In regards to this, 26% is 

considered better than 16% as it is closer to the minimum number of range (28%). Similarly, 

46% is considered better than 56% as it is closer to the maximum number of the range (49%). 

Consequently, Table 4-5 shows the numeric ratings under the sub-criteria of PSD (i.e. the 

passing percentage at each sieve), which are transformed in Table 4-11 according to Equation 

(4-3) (Zhang et al., 2005). 
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1

1

m
,

m

ij

ij

x
x q

q

−


−
            

ijr =   1.0,
1 2[ , ]ijx q q                               (4-3) 

                                    
2

2

,
ij

ij

M x
x q

M q

−


−
             

Where ijx , i =1, 2, …6, j =1, 2, …, 10, is the numeric element in Table 4-5; ijr , i =1, 

2, …6, j =1, 2, …, 10, is the normalised numeric element based on Equation (4-3); m is the 

allowable minimum number for ijx  and M is the allowable maximum number for ijx ; 
1q  is 

the minimum number of the interval and 
2q  is the maximum number of the interval. In the 

previous example,  
1q  is 28%, 

2q is 49%, m is 0, and M is 100%. 

Table 4-11: Scoring of each aggregate under each sieve aperture (sub-criteria of PSD) 

 37.5mm 19mm 9.5mm 4.75mm 2.36mm 1.18mm 0.6mm 0.3mm 0.15mm 
0.075m

m 

Requirement by 

NZTA M4 

specification 

1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

M4-compliant 

aggregate 1 
0.980 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

M4-compliant 

aggregate 2 
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

Marginal 

aggregate 1A 
0.990 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

Marginal 

aggregate 1B 
0.970 0.930 0.780 0.630 0.530 0.500 0.570 1.000 1.000 1.000 

Marginal 

aggregate 2 
1.000 0.660 0.910 1.000 0.789 0.833 1.000 1.000 1.000 1.000 

Boundary 

aggregate 
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

Note: The PSD results of the boundary aggregate are assumed to be in the PSD envelope specified by the NZTA 

M4 specification. 
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4.3.3 Ranking of the aggregates 

The data analysis for ranking the aggregate materials is shown in Table 4-12. Based on 

mathematical analysis, the aggregates can be ranked as follows: 

M4-compliant aggregate 1 (0.904) > M4-compliant aggregate 2 (0.833) > Marginal aggregate 

1A (0.642) > Marginal aggregate 1B (0.595) > Boundary aggregate (0.346) > Marginal 

aggregate 2 (0.380) 

Where ‘>’ does not mean ‘bigger’, but ‘better’. It reflects a preference for the alternatives 

(aggregates). 

The ranking results for the properties of the five aggregates in 2010, 2011 and 2012 are shown 

in Table 4-13. A consistent result between each year was obtained: M4-compliant aggregate 1 > 

M4-compliant aggregate 2 > Marginal aggregate 1A > Marginal aggregate 1B > Boundary 

aggregate > Marginal aggregate 2.  

4.3.4 Validation of the AHP model 

Ranking 

The AHP model can describe the overall performance of aggregates in a quantitative way, 

which makes it possible to compare the qualities of the aggregates to each other so that 

appropriate aggregates can be selected for different road construction purposes. As per the 

ranking for the five aggregates in 2010, 2011, 2012 and 2013, the M4-compliant aggregates 1 

and 2 are the best two aggregates of the five. Based on the information provided by the quarries, 

these two aggregates are used as premium aggregates in field road construction and the other 

three aggregates are used as aggregates for low-volume roads. Therefore, the AHP model has 

a potential to select the best aggregates in quality within a range of aggregates however this 

does not mean that a lower scoring aggregate is not appropriate in specific in-field conditions. 

Selection of marginal aggregates 

The two M4-compliant aggregates, marginal aggregate 1A and marginal aggregate 1B are 

better than the boundary aggregate due to the higher overall AHP weighting, while marginal 
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aggregate 2 with lower overall weighting is worse than the boundary aggregate. As the 

boundary aggregate is the boundary between premium aggregates and marginal aggregates, the 

two M4 aggregates, marginal aggregate 1A and marginal aggregate 1B can be defined as 

‘premium’ material theoretically based on AHP model analysis and the marginal aggregate 2 

as ‘marginal’. 

However, marginal aggregates 1A and 1B can be appropriately utilised in road construction in 

certain conditions rather than using potentially higher cost premium materials. The reason 

causing the inconsistency is the original individual pass/fail criteria mentioned previously, 

where the PI values exceeded the limits specified by the NZTA M4 specification and the PSD 

results of marginal aggregate 1B was out of the specified limit of the specification.  

As the real ‘premium aggregates’, M4-compliant aggregates 1 and 2 are still slightly exceeding 

the limit of specification in terms of the PI values, i.e. in 2010 and 2013 for M4-compliant 

aggregate 1, and in 2012 for M4-compliant aggregate 2. But it is not rational to arbitrarily 

regard them as marginal aggregates. This is because in the other years their PI values met the 

requirement of NZTA M4 specification. In this scenario, it is essential to compare the overall 

performance of the two M4-compliant aggregates and the boundary aggregate. Considering 

that the overall weights of the two M4-compliant aggregates are significantly over that of the 

boundary aggregate in Table 4-13, theoretically, the two M4-compliant aggregates can be 

categorised as premium aggregates, which reconfirm their application as good-quality 

materials in field road construction. 

Therefore, the validation of the AHP model demonstrates that there is a need to make a 

combined analysis of the individual properties (specification pass/fail criteria) and overall 

performance (AHP model) in the process of evaluating the quality of aggregates. 
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Table 4-12: Data analysis for ranking all the five materials 
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Table 4-13: Ranking all the five materials in 2010, 2011 and 2012 

 M4-compliant 

aggregate 1 

M4-compliant 

aggregate 2 

Marginal 

aggregate 1A 

Marginal 

aggregate 1B 

Marginal 

aggregate 2 

Boundary 

aggregate 

2010 0.977 N/A 0.709 0.529 0.309 0.470 

2011 0.999 N/A 0.625 0.515 0.437 0.360 

2012 0.987 0.739 0.609 0.543 0.344 0.397 

2013 0.904 0.833 0.642 0.595 0.346 0.380 

4.4 The effect of specification requirements on defining marginal 

materials 

Different local specifications have different requirements for aggregate properties. Table 4-14 

provides the requirements of specifications for the aggregate index engineering properties in 

different countries. For example, for the sand equivalent, the British standard (2013) specifies 

a minimum value of 30  as the requirement for the highway base aggregate in contrast with a 

minimum value of 35 specified by the ASTM standard (2015).  

Table 4-14: Specification requirements for aggregate properties in various countries 

 
California 
bearing ratio 
(CBR/%) * 

Crushing 
resistance (%) 

Weathering quality index Sand equivalent Clay index 
Plasticity 
index 

   
Percentage 
retained on 
4.75mm sieve 

Cleanness 
value 

   

M4 specification 
(New Zealand) 

80 (min) 

The produced 
fines percentage 
at 130kN is 
required to be 
less than 10%. 

75 (min) 91 (min) 40 (min) 3.0 (max) 5 (max) 

Australian 
standard 

N/A 

A minimum of 
100 kN is 
required to 
produce 10% 
fines. 

N/A N/A N/A 3.0 (max) 2-6 (range) 

British standard N/A N/A N/A N/A 65 (min) 1.0 (max) N/A 

ASTM (USA) N/A N/A N/A N/A 35 (min) N/A 4 (max) 

* Value applicable to material passing 19.0 mm sieve: compacted at Optimum Moisture Content to 98% of 
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Modified Maximum Dry Density as determined by test; then soaked for four days prior to CBR testing. 

As boundary aggregate is set in accordance with the minimum requirements of local 

specifications in each index property, the change in requirements of local specifications will 

cause a different boundary aggregate, further influencing the identification of marginal 

aggregates.  

Apart from the boundary aggregate condition, it is assumed that the three other boundary 

aggregate conditions are also set. They are named as 80%, 120% and 140% boundary aggregate 

conditions, of which their index engineering properties decrease by 20% and improve by 20% 

and 40%, respectively, based on the index engineering properties of the boundary aggregate. 

The new AHP model and ranking results are provided in Figure 4-2 and Table 4-15 and 16. All 

analysis on the new model is based on the data from 2013. 

 

Figure 4-2: AHP model for the nine aggregate materials 

Note: The percentages (80%, 120% and 140%) represent each of their engineering properties improved by -20%, 
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20% and 40% respectively based on the boundary aggregate.  

Table 4-15: Engineering property data for the nine aggregate materials studied (2013) 

NA 
California 
Bearing 
ratio 
(CBR/%) 

Crushing 
resistance 
(%) 

Weathering quality index Sand 
equivalent Clay index Plasticity 

index 

   
Percentage 
retained on 
4.75mm sieve 

Cleanness 
value    

M4-compliant 
aggregate1 265 0.6 98 95 58 2.0 6 

M4-compliant 
aggregate2 190 2.6 94 80 43 1.7 4 

Marginal 
aggregate 1A 204 2.0 92 80 48 2.2 11 

Marginal 
aggregate 1B 185 1.7 91 80 42 2.4 7 

Marginal 
aggregate 2 165 3.6 90 80 38 2.9 13 

Boundary 
aggregate 80 10 75 91 40 3.0 5 

80% boundary 
aggregate 64 12 60 72.8 32 3.6 6 

120% boundary 
aggregate 96 8 90 100 48 2.4 4 

140% boundary 
aggregate 112 6 100 100 56 1.8 3 

 

Table 4-16: Scoring of each aggregate under each property for the nine aggregate materials 

NA 
California 
Bearing 
ratio 
(CBR/%) 

Crushing 
resistance (%) Weathering quality index Sand 

equivalent Clay index Plasticity 
index 

 
  

Percentage 
retained on 
4.75mm sieve 

Cleanness 
value    

M4-compliant 
aggregate1 1.000 1 0.950 0.926 1.000 0.842 0.700 

M4-compliant 
aggregate2 0.627 0.825 0.850 0.706 0.423 1.000 0.900 

Marginal 
aggregate 1A 0.697 0.8775 0.800 0.706 0.615 0.737 0.200 

Marginal 
aggregate 1B 0.602 0.904 0.775 0.816 0.385 0.632 0.400 

Marginal 
aggregate 2 0.502 0.737 0.750 0.449 0.231 0.368 0 

Boundary 
aggregate 0.080 0.175 0.375 0.669 0.308 0.316 0.800 

80% boundary 
aggregate 0 0 0 0 0 0 0.700 

120% boundary 
aggregate 0.159 0.351 0.750 1.000 0.615 0.632 0.900 

140% boundary 
aggregate 0.239 0.526 1.000 1.000 0.923 0.947 1.000 
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The particle size distribution results of the five real aggregates and the boundary aggregate are 

listed in Table 4-5 and the scoring of each aggregate for each sieve aperture is shown in Table 

4-11. As 120% and 140% boundary aggregates are better than the boundary aggregate in each 

index property, their PSD results is within the PSD envelope specified by the NZTA M4 

specification. Therefore, considering that PSD belongs to the-closer-to-the-specified-range-

the-better type introduced in Section 4.3.2, these two aggregates score 1 at each sieve aperture. 

The PSD result of 80% boundary aggregate is assumed to be 80% of the lower limit (i.e. 

minimum value) specified by the NZTA M4 specification as shown in Table 4-17, so the 

corresponding scoring at each sieve aperture can be determined based on Equation (4-3). Table 

4-18 shows the scoring of each boundary aggregate at different sieve apertures. 

Table 4-17: PSD results of the four boundary aggregates and NZTA M4 specification PSD 

envelope 

 37.5mm 19mm 9.5mm 4.75mm 2.36mm 1.18mm 0.6mm 0.3mm 0.15mm 0.075mm 

Boundary 

aggregate 
100 66-81 43-57 28-43 19-33 12-25 7-19 3-14 0-10 0-7 

80% 

boundary 

aggregate 

80 52.8 34.4 22.4 15.2 9.6 5.6 2.4 1.0 1.0 

120% 

boundary 

aggregate 

100 66-81 43-57 28-43 19-33 12-25 7-19 3-14 0-10 0-7 

140% 

boundary 

aggregate 

100 66-81 43-57 28-43 19-33 12-25 7-19 3-14 0-10 0-7 

Maximum 100 81 57 43 33 25 19 14 10 7 

Minimum 100 66 43 28 19 12 7 3 0 0 
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Table 4-18: Scoring of the boundary aggregates at each sieve aperture 

NA 37.5mm 19mm 9.5mm 4.75mm 2.36mm 1.18mm 0.6mm 0.3mm 0.15mm 
0.075m

m 

Boundary 

aggregate 
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

80% boundary 

aggregate 
0.800 0.800 0.800 0.800 0.800 0.800 0.800 0.800 1.000 1.000 

120% boundary 

aggregate 
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

140% boundary 

aggregate 
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 

Table 4-19 shows the material ranking result, M4-compliant aggregate 1 > 140% boundary 

aggregate > M4-compliant aggregate 2 > 120% boundary aggregate > Marginal aggregate 1A > 

Marginal aggregate 1B > Boundary aggregate > Marginal aggregate 2 > 80% boundary 

aggregate. 

M4-compliant aggregate 2 (0.851) mentioned in Section 4.3.4.2, will be categorized as 

marginal aggregate if 140% boundary aggregates (0.870) is the boundary between marginal 

and premium aggregates. This is because M4-compliant aggregate 2 has a lower overall ranking 

(overall performance) and also a much lower ‘weathering quality index’ (index property) than 

140% boundary aggregate. In contrast, marginal aggregate 1B (0.660) will be classified as a 

M4 compliant aggregate if 80% boundary aggregates (0.290) is set as the boundary between 

marginal and premium aggregates. In this case, each index property of marginal aggregate 1B 

is close to or higher than that of 80% boundary aggregate, and the overall ranking (overall 

performance) is much higher than that of 80% boundary aggregate. 

As a result, the selection of a boundary is very important in identifying marginal or premium 

aggregates. Boundary aggregates with a higher requirement (i.e. 120% or 140% boundary 

aggregates) will result in the ‘premium’ aggregates identified under a lower requirement (i.e. 

M4-compliant aggregate 2) being the marginal aggregates. Boundary aggregates with a lower 

requirement (i.e. 80% boundary aggregates) will result in the ‘marginal’ aggregates identified 

under higher requirement (marginal aggregate 1B) being the premium aggregate. 
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Considering that standards result from empirical engineering design approaches (Evans & 

Vuong, 2003; Rogers et al., 2004) and the repeatability and reproducibility of test methods 

(ASTM, 2002; BS, 2013), the requirements for the boundary aggregate (the minimum 

requirements of standards) should have a range interval rather than be constant. 

Table 4-19: Material ranking  

 M4-

compliant 

aggregate 1 

M4-

compliant 

aggregate 2 

Marginal 

aggregate 

1A 

Marginal 

aggregate 

1B 

Marginal 

aggregate 2 

Boundary 

aggregate 

80% 

boundary 

aggregate 

120% 

boundary 

aggregate 

140% 

boundary 

aggregate 

Overall 

ranking 
0.905 0.851 0.697 0.660 0.478 0.517 0.290 0.702 0.870 

4.5 Summary and Conclusions 

Current definitions about whether a material is classified as a ‘marginal’ material cause 

difficulties in fully characterising and understanding the predicted in-field performance of 

materials. The understanding of marginal materials suffers from the limitation of not focusing 

on the overall performance of the materials but on pass / fail test properties. To overcome this 

limitation and better understand marginal materials, this research was conducted using the AHP 

mathematical model based on multiple factors (various engineering properties and 

performance). The first step was to determine the relative weights of criteria, including CBR, 

WQI, CR, SE, CI, PI and PSD, and the relative weights of sub-criteria, including ‘percentage 

retained on a 4.75mm sieve’ and ‘cleanness value’ of WQI, and sieve apertures of PSD. The 

second step was to process data based on the engineering properties of each material using 

mathematical methods. The third step calculated the overall weight of every material and 

further ranked the overall performance of the materials.   

The identification of the AHP analysed marginal materials was conducted along with the setting 

of boundary aggregate conditions using the monitored data from 2010 to 2013. The following 

conclusions can be drawn: 

The clay index (CI) with the highest relative weight was the most important property (criterion) 

influencing the overall performance of aggregates through the weight analysis. The ‘percentage 

retained on a 4.75mm sieve’ and ‘cleanness value’ with the same relative weights were of equal 
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importance for the weathering quality index (WQI). The 2.36mm and 0.075mm sieves were 

two of the most important test sieve apertures in affecting the results of Particle Size 

Distribution (PSD) 

The AHP model provides a good method to select the best aggregates within a range of 

aggregates. It can describe the overall performance of aggregates in a quantitative way, which 

allows the qualities of the aggregates to be compared to each other so that appropriate 

aggregates can be selected for different road construction purposes. The setting of a boundary 

aggregate is very important in the process of analysing the quality of aggregates using the AHP 

model. It provides a boundary line of the overall performance between premium and marginal 

aggregates.  

The validation of the AHP model demonstrates there is a need to carry out a combined analysis 

on the individual properties (specification pass/fail criteria) and overall performance (AHP 

model) in the process of evaluating the quality of aggregates.  

The selection of a boundary aggregate is very important in the process of identification of 

marginal aggregates. Boundary aggregate conditions with higher/lower requirements will 

result in the premium/ marginal aggregate being marginal/premium aggregates.  

The relevance of this conclusion is that current specifications of considering the results of 

multiple test properties to determine marginality of aggregates do not appropriately assess an 

aggregate’s ability to perform adequately through the asset life cycle in in-field conditions. 

Standards in different regions with different requirements for aggregates (i.e. boundary 

aggregate conditions) probably result in the same aggregate falling incorrectly into different 

pass /fail qualities (e.g. ‘premium’ or ‘marginal’). The result is an inaccurate utilisation of local 

and scarce non-renewable mineral resources (currently classified as marginal materials). 

Alternatively and even more importantly, using material that is currently classified as premium 

under current specifications, but for in-field performance, could demonstrate that it will not 

perform adequately as currently predicted. 

The AHP model still has an adverse aspect, that is, the subjectivity from deciding pairwise 

comparison matrices cannot completely be removed. However, this model is an improvement 
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over the present practice. The application of the model for ranking materials provides a good 

quantitative method to transform the values of all material properties into the same unit and 

further to compare the overall performance of materials, rather than the limited comparison of 

single properties. The proposed AHP method enables better decision making when selecting 

aggregate materials to perform through the lifecycle of the in-field asset and will lead to a better 

and more economic utilisation of local non-renewable mineral resources. 
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CHAPTER 5: ENGINEERING AND 

GEOLOGICAL PROPERTIES OF MARGINAL 

GRANULAR GREYWACKE AGGREGATES 

 

5.1 Introduction 

The pavement specification design is to provide guidance for better utilising granular materials 

in pavements. In New Zealand, NZTA M4: 2006 (currently being revised) is the reference or 

standard specification that sets out the requirements for basecourse aggregate for use on 

highways and other heavily trafficked roadways. The primary tests used to determine 

acceptability in the M4 specifications are: crushing resistance (CR), California bearing ratio 

(CBR), weathering quality index (WQI), particle size distribution (PSD) and the properties of 

the fine particles as measured by sand equivalent, clay index or plasticity index tests. Additional 

requirements related to broken faces, and the particle size distribution (i.e. the “grading” of the 

material) may also be required.  

Aggregates used in high-volume traffic roads have to either meet all the specifications required 

to be categorised as premium aggregates, or follow treatment of marginal aggregates to 

improve their materials properties so that they then meet the specifications. However, some 

aggregates when placed in service quickly show signs of fatigue and/or fail prematurely in 

either case needing expensive remedial action (Berthelot et al., 2004; Gray et al., 2011). This 

most probably results from limitations in empirical specifications. Therefore, it is insufficient 

to only use test methods specified by the local specification (i.e. NZTA M4 specifications) to 

explore the ‘marginality’ of granular materials.  

In this chapter, the engineering and geological properties of materials are investigated through 

several irregular test methods, such as water absorption tests, XRD tests and one-dimensional 

swelling tests. These tests can be divided into two categories: one is to determine the 

mineralogical (geological), chemical and swelling properties of materials; the other one is to 
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determine the reasons for the observed difference in optimum moisture content (OMC) 

between greywacke aggregates of similar sedimentary petrographic type and in doing so to 

better understand the causes of marginality in greywacke aggregates. Additional tests may also 

be required for other geologically sourced aggregates but this was not within the context of this 

research. 

5.2 Mineralogical properties 

The quality of a greywacke aggregate is largely related to the clay mineralogy of the aggregate 

as discussed in Chapter 2 (literature review). Hence, a mineralogical investigation was 

conducted using XRD tests and petrographic examination to identify the presence of clays in 

aggregates.  

5.2.1 X-ray diffraction test 

The XRD patterns for the clay mineral components of the clay-size fraction (oriented clay 

sample) of five aggregates are shown in Figure 5-1. The basal spacing for the clay mineral 

component of the clay-size fraction (oriented clay sample) of the five aggregates over the 2theta 

range 0 to 10 degrees are shown in Figure 5-1(a), (b) and (c). The M4-compliant aggregate 1 

is seen to contain only the sharp basal peaks for chlorite and illite (with a small peak belonging 

to laumontite). The diffractograms for the oriented clay size fractions of the other four samples 

(Figure 5-1 (b) and (c)), show a 14Å peak, which expands to 17Å after glycolation treatment, 

thus indicating the presence of an expanding clay mineral. That part of the glycolated peak 

which collapses to 10Å after heat treatment at 550°C indicates the presence of smectite; Should 

the peak only collapse to 14Å then the presence of a “swelling chlorite” that is an interstratified 

chlorite-smectite or chlorite-vermiculite mineral is indicated. Such interstratified minerals 

often form as the result of weathering of chlorite (Moore & Reynolds, 1989; Velde & Meunier, 

2008). The swelling clay minerals occur in the three marginal aggregates and in the M4-

compliant aggregate from quarry 2.  

Laumontite, a zeolite, also shows a certain water-absorption capability and will swell when in 

contact with water (Black, 2009). The XRD results show that laumontite, which is at 
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approximate 9.46Å peak, exist in the five aggregates. However, the peak at 9.46Å is not 

significant for M4 aggregate 1 but significant for M4 aggregate 2 and the three marginal 

materials. This indicates that M4-compliant aggregate 2 and the three marginal aggregates have 

higher laumontite content compared to M4-compliant aggregate 1. 

 

 

(a) 

 

(b) 

Figure 5-1(a) and (b): XRD patterns for the M4- compliant aggregates from quarry 1 (a) and 

quarry 2 (b) in which the area of the diffractogram covering clay mineral basal spacings is 

enlarged 
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Figure 5-1(c): A collage of the enlarged clay basal spacings of the three marginal aggregates, 

1A and 1B from quarry 1 and 2 from quarry 2. 

Note: Q-quartz; Al-albite; Am-amphibole; C-chlorite; SC-swelling chlorite; I-illite; M-montmorillonite; P-

prehnite; L-laumontite (zeolite group); H-heulandite (zeolite groups) 

As the whole rock (bulk) diffractograms of the 1mm to 4.75mm fraction of the five aggregates 

have very similar XRD patterns, indicating that the primary minerals in them are primarily the 

same, only an XRD pattern is shown in Figure 5-2 to give an example of the whole rock 

diffractograms. These primary minerals include quartz, feldspar (albite), chlorite and illite/mica. 

In addition, Zeolite is also observed in the M4-compliant aggregate 2 and the three Marginal 

aggregates.  

Table 5-1 lists the relative proportion of each mineral in aggregate material using software 

SIROQUANT, including the results of whole rock samples and clay-size samples. It should be 

noted that the quantitative analysis for minerals is only an estimate of the amount of every 

mineral in each sample, which is used to observe the effect of the mineral content on the 

swelling property of samples. It is difficult to give an accurate amount of minerals using this 

analysis. 

Based on the analysis performed using SIROQUANT, the amount of minerals in each aggregate 

material shows significant differences in proportions between the clay-size samples and the 

bulk samples. The clay-size samples generally have a greater proportion of clay minerals than 

do the whole rock (bulk) samples. In particular, chlorite is dominant over the clay minerals 

identified in each samples. In contrast, quartz and albite (feldspar) are dominant in the whole 
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rock (bulk) samples, found at least 78.3% in marginal aggregate 1B. In the meantime, a small 

quantity of clay minerals is identified in the bulk sample of each aggregate material. It is 

noteworthy that illite may include some detrital biotite, which is relatively common in these 

mica sandstones, as it is hard to differentiate biotite from illite due to their similar XRD patterns. 

Furthermore, chlorite may also be in the detrital (sand) grains as it is a characteristic mineral 

of sediments metamorphosed to prehnite pumpellyite and zeolite facies. 

A high total clay amount is observed in clay sample results of both M4-compliant aggregates 

and marginal aggregates, which is indicated in Table 5-1. Apart from this, laumontite also 

occurs in every aggregate but there are higher quantities in marginal aggregate 1A and 1B. In 

addition, a small amount of smectite is quantified in the three marginal aggregates.  

From the XRD results of bulk samples , minerals with swelling capacity, including swelling 

chlorite, smectite and laumontite, are more likely to occur in marginal aggregates, which also 

show higher clay content than do the M4-compliant aggregates. Thus, the marginal aggregates 

probably possess a higher swelling potential than do the M4-compliant aggregates based on 

the analysis of clay-size samples and bulk samples.  

 

Figure 5-2: XRD traces of whole rock samples 

Note: F-feldspar; Q-quartz; Al-albite; C-chlorite; I-illite; S-smectite; Z-zeolite; M-muscovite  
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Table 5-1: Analysis of the content of minerals in five aggregates 

Note: In Clay Assemblage, the XRD results after treatments with Glycolation are shown, as the addition of glycol 

facilitates the identification of the expanded clay minerals, as discussed in Chapter 3.  

5.2.2 Petrographic examination 

The materials analysed are all volcanoclastic greywacke sandstones and argillites of Mesozoic 

age that have been variously either diagenetically altered or metamorphosed from zeolite to 

prehnite-pumpellite metamorphic facies (Black et al, 1993).   

Thin-sections have been cut of representative greywacke sandstones and argillites from all 

quarries. Representative microphotographs are shown in Figures 5-3 to 5-7. Detrital (clastic) 

grains of quartz and albitised plagioclase (white grains) can be clearly seen in all thin-sections. 

The fine-grained clay-rich matrix of the sandstones appears grey or brownish in thin-sections. 

The clay grain-sized fraction of the greywackes which was separated, concentrated and subject 

to X-ray powder diffraction analysis (as shown in Figure 5-1) to determine its mineral content 

has revealed that smectite minerals are the dominant clay component.   

Iron-magnesium minerals such as pyroxenes and amphiboles, which are common in volcanic 

  
Chlorite/

% 

Illite/Biotite

/% 
Smectite/% Quartz/% Albite/% 

Laumonite 

(Zeolite)/% 

Heulandite 

(Zeolite)/% 

Amphibole 

% 

Muscovite/

% 
Prehnite/% 

Clay 

Assemblage 

(glycolation) 

M4-compliant 

aggregate 1 
35.4 15.7  15.7 22.3 7.8   3.2  

Marginal 

aggregate 1A 
29.2 8.7 12.9 11.3 14.4 11.1 10.3 1.0 1.3  

Marginal 

aggregate 1B 
31.0 1.4 5.0 10.2 10.7 17.2 23.5 0.3 0.7  

M4-compliant 

aggregate 2 
21.0 2.8 0.2 24.5 28.1 7.0 7.7 1.8 0.4 1.3 

Marginal 

aggregate 2 
43.2 9.1 1.0 19.3 10.9 4.3 4.6 0.1 0.4 7.1 

Whole Rock  

M4-compliant 

aggregate 1 
 0.1  38.2 51.8    9.7  

Marginal 

aggregate 1A 
1.7 5.1 0.2 38.4 52.1 0.6 1.5 0.4   

Marginal 

aggregate 1B 
8.8 8.4 1.1 32.9 45.4 1.3 1.6 0.5 0.1  

M4-compliant 

aggregate 2 
1.2 4.2  40.2 50.7 1.4 0.4 1.3  0.7 

Marginal 

aggregate 2 
Not available 
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rocks and volcaniclastic sandstones, will readily alter to smectite at ambient temperatures and 

pressures. In the marine environment smectites may also form diagenetically and remain stable 

to low grades of metamorphism where they either transform into illite or to chlorite (Meunier, 

2005). 

The breakdown of coarse-grained greywacke sediments is primarily the result of the presence 

of swelling clays in the clay size fraction,. In a rock containing a range of particle sizes, the 

coarser sand and grit particles are held together by a fine grained matrix rich in clays. 

Expansion of the clays can cause particles to break over time, resulting in particle loss, change 

of grading or loss of strength when wetted (Woodward et al., 2002). Thus swelling clays in 

aggregates can produce damaging stresses during a wetting or drying cycle, which may 

ultimately lead to deterioration of the pavement (I. J. Gonzalez et al., 2002). Thus, it is 

important to determine the nature of clay minerals present in  the claysize fraction of 

greywacke aggregates.  

Figures 5-3 to 5-7 show features of the micro-texture and microstructure of the five aggregate 

materials studied in this research. Note that the magnification is given by the scale bar—lower 

magnification on the left and higher magnification on the right. The identification of minerals 

contained in clays is with the help of Professor Philippa Black from School of Environment of 

the University of Auckland. 

Figures 5-3 to 5-7 show features of the micro-texture and micro-structure of the five aggregate 

materials studied in this research. Note that the magnification is given by the scale bar, lower 

magnification on the left and higher magnification on the right. 

  

(a)                                (b) 

100µm 1000µm 
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Figure 5-3: Microphotographs of M4-compliant aggregate 1 

The chips of M4-compliant aggregate 1, shown in Figure 5-3 (a) and (b), primarily consist of 

angular quartz (white) and albite (grey) with prehnite veins. The grey/green material in the 

matrix, some of which is adhering to the surface of quartz, is probably chlorite. 

  

(a)                                (b) 

Figure 5-4: Microphotographs of marginal aggregate 1A 

Figure 5-4 (a) and (b) shows quartz-rich and albite-rich aggregate along with a prehnite vein 

(white dashed rectangular). The olive brown material in the matrix (as shown in red dashed 

circles) is smectite, while the green material sticking to the surface of quartz is probably chlorite. 

   

(a)                                (b) 

Figure 5-5: Microphotographs of marginal aggregate 1B 

Figures 5-5 (a) and (b) show a concentration of angular quartz and albite grains in the aggregate 

and in 5-5 (a) a number of quartz veins. In the matrix, brown clay material (probably smectite)  

can be seen, however a general lack of lithic clastic material is shown in Figure 5-5 (b). The 

1000µm 100µm 
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lower levels of lithic clastic material will lead to a lesser quantities of fines in Marginal 

aggregate 1B compared with other aggregates. 

  

(a)                                (b) 

Figure 5-6: Microphotographs of M4-compliant aggregate 2 

M4-compliant aggregate 2, shown in Figure 5-6 (a) and (b), contains abundant quartz and albite 

with a prehnite vein. The small amount of olive brown material in the matrix is either smectite, 

or oxidised chlorite; the grey/green minerals are chlorite.  

   

(a)                               (b) 

Figure 5-7: Microphotographs of marginal aggregate 2 

Figure 5-7 (a) and (b) shows the abundance of quartz and albite in marginal aggregate 2. Brown 

smectite can be identified in the matrix, and the lithic content appears to be higher than in the 

other aggregates. Green chlorite is also found in the matrix. The curved shaped brown mineral 

in Figure 5-7 (b) is detrital biotite. 

Petrographic examination is important in assessing the potential performance of an aggregate 
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because the nature of the minerals in an aggregate has a significant impact on the engineering 

performance of aggregates. For example, in a greywacke which is largely composed of quartz 

and albite minerals., the appearance of prehnite veins provides information about the Pressure 

Temperature regime (ie metamorphic conditions) under which the rock was formed andthe 

weathering characteristic of aggregates from such a source rock can be deduced. . Smectite, a 

swelling mineral, is a detrimental mineral that will negatively affect plasticity and the durability 

properties of of aggregates. Chlorite is a clay mineral, not known to be detrimental in most 

field conditions unless it transforms into smectites as the result of weathering or diagenetic 

alteration. 

5.3 Weathering characteristics, aggregate soaking and pH test 

Weathering characteristics of the five aggregates was introduced in Chapter 3, but in this 

section it is discussed in detail to better explain the results of soaking aggregate tests. The 

weathering quality index (WQI) test was introduced in Section 4.2.2. Table 5-2 lists the test 

results of the five aggregates. Marginal aggregates, in general, show poorer weathering 

resistance characteristics compared to M4-compliant aggregates. Marginal aggregate 2 is a 

more highly weathered aggregate than the other materials, because apart from marginal 

aggregate 2, the other four aggregates have WQI results meeting the requirement of the 

standard.  

Table 5-2: WQI results of the five aggregates 

The pH of the control sample (distilled deionised water) was approximately 6.55. Over the 

soaking period of 6 months (180 days), all the aggregate-water mixtures became slightly 

Testing method  Cleanness value Percentage retained on 
4.75mm sieve WQI 

M4-compliant aggregate 1 98 97% AA 

M4-compliant aggregate 2 95 96% AA 

Marginal aggregate 1A 85 91% BB 

Marginal aggregate 1B 89 92% BB 

Marginal aggregate 2 80 90% CB 
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alkaline, with pH values ranging from 7 to 9. Figure 5-8 displays the measured changes in pH 

of the five aggregate materials with time for the different aggregate sizes. The results confirm 

an earlier pilot study (Kamali, 2012) that in general, the leachate becomes alkaline following 

soaking for a short time (one day) and then becomes less alkaline with time, even becoming 

neutral after 180 days’ soaking. An exception is the ‘< 2mm’ leachate of Marginal aggregate 2, 

which produced a pH of around 7 after 90 days’ soaking and a slightly increased pH value after 

180 days of soaking.  

The three aggregates from Quarry 1 show very similar patterns of pH change with time.  

However, the aggregates from Quarry 2 show a notably different pattern.  The leachate of M4-

compliant aggregate 2, which is similar to that of the three aggregates from Quarry 1, was more 

alkaline than that of marginal aggregate 2 from the same quarry. (Essington, 2004) reported the 

relationship between pH and mineral weathering schemes. The pH of soils/aggregates 

decreases with their age, a high pH characterising relatively young soils/aggregates and a low 

pH characterizing relatively old soils/ aggregates (i.e. more highly weathered soils/aggregates). 

The predictions provide an explanation for why marginal aggregate 2 with a poor weathering 

quality index property (see Table 5-3) has the lowest pH value.  

Acidic environments (pH values <7) favour the formation of kaolin minerals, whereas a neutral 

to alkaline environment favours smectites (Grim, 1968; Bartley et al., 2007). Normally rain 

water has a pH that varies from 5.5 to 6 (i.e. it is always very slightly acidic) and will became 

slightly alkaline almost immediately when it comes in contact with the aggregate. Thus, it can 

be expected that the chemical environment of wet aggregates in quarry stockpiles will become 

slightly alkaline in the short term. However, in the long-term, the change toward an acidic 

condition will favour kaolin formation.  

The results indicate that in the roading environment, where aggregates are compacted and water 

may be retained, the leachate will become an alkaline environment (in the short term), which 

over time tends to become a neutral environment, in which smectite forms in aggregates, 

eventually moving towards an acidic condition in the long term. This acidic state favours the 

formation of kaolin. Saturation with water over prolonged periods will result in the occurrence 

of detrimental clay minerals, further leading to the failure of pavements. 
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Figure 5-8: pH values recorded for leachate of the soaked samples  

Note: The straight line in each graph represents the pH value of 7 (neutral). 

5.4 One-dimensional swelling test 

Testing the swelling potential of the aggregate fines was conducted to ascertain the presence of 

active minerals such as smectite. When there are appreciable quantities of active minerals such 

as smectite, the fabric (defined as the arrangement of the particles) and the structure (which 

includes the fabric and the inter-particle forces) of the compacted aggregate (Mitchell & Soga, 

1976) will deteriorate on wetting leading to a greater propensity for plastic volumetric strain to 

occur on repeated loading. The arrangement of the particles will change, leading to a reduction 

in the inter-particle forces that give the basecourse its capacity for strength and stiffness. 

5.4.1 Free swell percentage 

Figure 5-9 shows the relationship between swelling and time for the same five aggregates using 

a free swelling test. For the free swelling test, the volumetric strain is recorded by a dial gauge 
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at specific time intervals as given in ASTM D4546-08 (2008a). The 4-day free swelling test 

indicates that the volume of M4-compliant aggregate 1 and marginal aggregate 1A remains 

constant after being inundated with water. However, M4-compliant aggregate 2, marginal 

aggregate 1B and marginal aggregate 2 exhibt a 0.054%, 0.027% and 0.060% volume increase, 

respectively.  

5.4.2 Swelling properties of ‘premium’ and ‘marginal’ aggregates 

It is interesting that both M4 materials are regarded as ‘premium’ aggregates with respect to 

local specification (i.e. NZTA M4 specification) but they show completely different swelling 

properties. The difference in swelling properties stems from the different mineralogical 

characteristics, shown in Figure 5-1, which indicates the presence of swelling minerals, i.e. 

swelling chlorite and smectite, in M4-compliant aggregate 2. The other reason resulting in the 

difference is that M4-compliant aggregate 2 is made from source rocks of Quarry 2 with zeolite 

facies, which probably has higher laumontite content, leading to higher swelling potential. 

Higher laumontite content is also the reason that the aggregates in Quarry 2 possess higher 

swelling potential compared to the aggregates from Quarry 1. The high swelling potential of 

M4-compliant aggregate 2 indicates that this aggregate will most probably swell when in 

contact with water over prolonged periods even though it is considered as a premium aggregate 

according to the local specification. 

It is noteworthy that the marginal aggregate 1B and marginal aggregate 2 show certain swelling 

potential but there is no swelling that appears for marginal aggregate 1A. It is most likely 

because the content of swelling minerals is not sufficient to perform swelling properties 

although smectite and swelling chlorite are present in the aggregate. It also illustrates that 

marginal aggregate 1A are not so ‘marginal’ when in contact with water over a certain period. 

5.4.3 Swelling property, mineralogical property and fines property 

Fines properties in NZTA M4 specification include clay index, plasticity index and sand 

equivalent. As per the specification, there is a need to conduct either a clay index or plasticity 

index test after confirming that the material has failed the sand equivalent results. Therefore, 
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M4-compliant aggregate 2 are categorized as a premium aggregate with good fines properties 

as the result of its clay index meets the requirement of NZTA M4 specification. 

However, a discrepancy occurs when this ‘premium’ aggregate becomes a ‘marginal’ material 

with high swelling potential after being saturated for a certain time and the XRD results confirm 

the presence of swelling minerals. It therefore seems that the requirements for fines properties 

of basecourse aggregate in NZTA M4 specification are not fully appropriate. A comparative 

study on the relationship between the sand equivalent and clay index by Lowe (2011) suggests 

that there is no significant correlation between them. The lack of correlation should be regarded 

as a review of the test methods, and it highlights discrepancies in the NZTA M4 specification, 

which would have a significant bearing on the ability to define a correlation between the two 

measures. Black (2009) also reported that there is no significant correlation either between the 

three tests or their ability to determine the presence of moisture sensitive fines. Therefore, the 

premium aggregate whilst in accordance with NZTA M4 can still possess poor fines properties 

or have the potential to be marginal when it does not pass all three fines properties. 

 

Figure 5-9: Free swelling test results as a function of time, in minutes 
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5.5 Optimum moisture content (OMC) and maximum dry density 

(MDD) 

The relationship between moisture content and dry density for the five aggregates is shown in 

Figure 5-10. The compaction test for each material was repeated (with five values of water 

content each time)  so two compaction curves were obtained for each material. The mean of 

OMCs and MDDs are summarised in Table 5-3. The OMCs range from 5 to 8% and show some 

differences between the aggregates. In each quarry, the marginal aggregates have a much higher 

OMC than the M4-compliant aggregate, i.e. 18.2% and 23.6% increment in OMC for the two 

marginal aggregate 1A and 1B compared to the M4-compliant aggregate in quarry 1 and a 27.0% 

increment for the marginal aggregate in quarry 2 compared with  the M4-compliant aggregate 

from quarry 2. Other researchers (Karan et al., 2014; Lowe, 2007; Zlender, 2008) have also 

shown that the OMCs of M4 aggregates are usually between 4-5%, which is much lower than 

the OMCs of marginal materials. However, not much variation occurs in the MDD between the 

marginal aggregates and the M4-compliant aggregate for each quarry, but generally the 

marginal aggregates have lower MDDs than the M4-compliant aggregate in each quarry.  

 

Figure 5-10: Moisture-density relationships for the five aggregates 
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Table 5-3: Dry densities and moisture contents of the five aggregates 

Aggregate Optimum moisture content 
(OMC), % 

Maximum dry density (MDD), 
t/m3 

M4-compliant aggregate 1 5.5 (Mean of 5.1% and 5.9%) 2.34 (Mean of 2.36 and 2.32) 

Marginal aggregate 1A 6.5 (Mean of 6.4% and 6.5%, 
18.2% increment compared to M4 

aggregate 1) 

2.28 (Mean of 2.30 and 2.25, 
2.6% decrease compared to M4 

aggregate 1) 

Marginal aggregate 1B 6.8 (Mean of 6.7% and 6.8%, 
23.6% increment compared to M4 

aggregate 1) 

2.20 (Mean of 2.20 and 2.20, 
6.0% decrease compared to M4 

aggregate 1) 

M4-compliant aggregate 2 6.3 (Mean of 6.1% and 6.5%,) 2.24 (Mean of 2.22 and 2.25) 

Marginal aggregate 2 8.0 (Mean of 8.0% and 7.9%, 
27.0% increment compared to M4 

aggregate 2) 

2.22 (Mean of 2.22 and 2.21, 
0.9% decrease compared to M4 

aggregate 1) 

One of the impediments to using a greater range of materials in pavement construction is the 

widely held concern about the effect of water ingress on marginal aggregates, and the role of 

water in premature pavement failure (Arampamoorthy & Patrick, 2010). Many researchers 

have concluded that water is an important factor in triggering changes in properties that affect 

aggregate marginality (Lekarp et al., 2000a, 2000b; Stevens & Salt, 2011; Thom & Brown, 

1987; Toan, 1975; Werkmeister, 2003a). Thus, using marginal materials with high OMC, is 

also likely to cause significant problems, such as rutting and early onset of wheel load based 

damage (e.g. shoving) (Berthelot et al., 2010; Berthelot et al., 2004).  

Factors that significantly influence the OMC include aggregate type and compaction effort 

during construction (Braja, 2014). The properties included in aggregate type are grain-size 

distribution, the shape of the aggregate grains, their specific gravity and the percentage and 

type of clay minerals present (Braja, 2014; Guerrero, 2004). It has also been demonstrated that 

recycled materials had higher OMCs than natural materials due to their irregular particle shape 

and higher water absorption capacity (Poon & Chan, 2006). As per the type of clay minerals, a 

diagram by (Braja, 2014) (Figure 5-11) shows the compaction curves obtained from four soils. 

The results indicate that highly plastic clays, e.g. those containing smectite, usually have much 

higher OMCs with lower corresponding MDD than silty clays or sandy silts. Therefore, the 

nature of the clay minerals in the aggregate (even though the proportion of fines in aggregates 

is low) is important and highly plastic clays within aggregate, such as those containing 

abundant smectite, have much higher OMCs. Grain size is also important as indicated in Figure 
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5-11. Due to the utilisation of the same compaction effort (i.e. the same compaction time, the 

same vibrating compaction hammer and the same surcharge weight), only the factor of the 

aggregate type was considered in this study. To identify the reasons for the difference in the 

OMCs between marginal and M4-compliant aggregates, the test methods, i.e. particle size 

distribution, flakiness index, water absorption and X-ray diffraction tests, have been carried 

out and are given in the following sections.  

  

Figure 5-11: Typical compaction curves for four soils (Braja, 2014). 

5.6 The effect of factors on the OMC of marginal aggregates 

5.6.1 Particle size distribution (PSD) 

Figure 3-3 in Chapter 3 shows the PSD results for the five aggregates, including the lower and 

upper limit envelopes, which are specified by NZTA M4 specification.  

The PSD can be expressed by Talbot’s grading curve (Talbot & Richart, 1923) represented by 

the value of the exponent n in equation 5-1. 

100

n
d

p
D

 
=  

 
                                                       (5-1) 
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Where p= the percentage passing sieve size d 

D= maximum particle size and 

n= grading type factor. 

The exponent n is used as an indicator for the grading of aggregates. A lower value of exponent 

n, such as 0.35, is described as sandy while a higher n of 0.55 is described as rocky (Panchalan 

& Ramakrishnan, 2007). Lay (2009) reported that in most specifications the exponent n was 

found to be between 0.3 (fine grading) and 0.5 (coarse grading). The n values lower than 0.3 

or higher than 0.5 would represent fine or coarse grading out of the limit of the specifications. 

The exponent n for the five aggregates and the limits of NZTA specification were calculated 

and listed in the Table 5-4. It is clear that marginal aggregates 1B and 2 have coarse gradings, 

for which the exponent n values are 0.61 and 0.65, respectively. These gradings for marginal 

aggregate 2 lie in part outside the limits specified by NZTA. However, the PSDs of the other 

three aggregates with n values of 0.54 to 0.55 fit within the limits of NZTA specification.  

Research conducted by Arnold (2007) to find the relationships between OMC and the PSDs of 

aggregates ( shown in Figure 5-12), indicated that the OMC of aggregates decreases with the 

increasing exponent n i.e. the gradings change from fine to coarse. A similar conclusion was 

reached by Karan (2014) for permeable aggregates, which had a much lower OMC values 

compared to that of the OMC values of aggregates fitting within the limits specified.  

However, the data from this research are in conflict with the conclusions of both Arnold and 

Karan in that the marginal aggregates 1B and 2 with higher exponent n (coarse gradings) have 

higher OMC values than the two M4-compliant aggregates with lower n (i.e. relatively fine 

gradings). Thus, it is concluded that factors other than grading are responsible for the higher 

OMCs of marginal aggregates 1B and 2. 

Similarly, grading by itself cannot be the cause of the higher OMC of marginal aggregate 1A 

relative to the M4-compliant aggregate from the same quarry, since marginal aggregate 1A has 

a similar exponent n (i.e. a similar grading) which should result in a similar OMC to that of the 

two M4-compliant aggregates. 
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Figure 5-12: Effect of Talbot’s grading exponent, n (Equation 1) on MDD and OMC (Arnold 

et al., 2007)  

Table 5-4: Exponent n of the aggregates 

 M4-

compliant 

aggregate 1 

M4-

compliant 

aggregate 2 

Marginal 

aggregate 

1A 

Marginal 

aggregate 

1B 

Marginal 

aggregate 

2 

Lower limit 

for PSD of 

NZTA 

specification 

Upper limit 

for PSD of 

NZTA 

specification 

n 0.54 0.55 0.55 0.61 0.65 0.61 0.40 

5.6.2 Flakiness Index (FI) 

The Flakiness Index is used in this research to assess the particle shape of aggregates retained 

on sieve 4.75 mm. The FI represents the percentage by mass of flaky particles, which are 

particles with a least dimension (thickness) less than 0.6 of its mean dimension. The mean 

dimension is defined as the mean of the smallest sieve aperture through which the particle 

passes and the largest sieve on which the particle is retained. 

The individual aggregate samples were mixed and divided using a riffle box into 10-15 kg 

samples. These samples were then oven-dried at a temperature of 105 °C. The samples were 

tested in accordance with Australian Standard (AS, 1999). In this test, a series of special sieves, 

called as bar or rectangular sieves (as shown in Figure 5-13,) were used to separate the flaky 

particles.   
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Figure 5-13: Bar sieves used in this research 

 

Figure 5-14: FI results of the five aggregates 

Note: The test result for each material is shown in a form of maximum, minimum and mean values. 

It is believed that the mixtures containing more angular particles exhibit higher optimum water 

content than the mixtures with fewer angular particles as angular grains is not easy to be 

compacted tightly (Shakoor & Cook, 1990). The increase in flaky particles content causes 

increasing void ratio of mixtures (Darabadi & Taherkhani, 2015), resulting in a greater amount 

of water that can fill the voids resulting in an increasing OMC.  
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The FI test results shown in Figure 5-14 are quite consistent with the results of optimum water 

content. The relative percentage of flaky particles occurring in aggregates is as follows:  

Quarry 1, M4-compliant aggregate 1 < marginal aggregate 1A < marginal aggregate 1B  

Quarry 2, M4-compliant aggregate 2 < marginal aggregate 2 

The same order can be also found for the OMCs of the aggregates in each quarry. This 

illustrates that the higher percentage of flaky particle of the marginal materials could contribute 

to their higher OMCs. 

5.6.3 Water absorption test 

A literature review (Guerrero, 2004; Soliman & Shalaby, 2015) shows that the fines content 

(i.e. the component passing the 0.075mm sieve) has an important influence on the OMC of 

materials but has a negative relationship to the OMC. The five aggregates that were studied in 

this research have similar percentages of fines within a range of 4.2% to 5.0% (as shown in 

Table 5-5), which is only a small portion of each aggregate. Thus it would not be expected that 

the fines would have a significant effect on the water absorption capability of the aggregates 

sufficient to explain the observed difference between the aggregates.  

In order to accurately assess the water absorption capacity of the aggregates, it is necessary to 

take into account all size fractions included in aggregates, instead of only considering fine 

particle sizes (i.e. those passing a 0.075mm sieve).  

Table 5-5: Percentage of different fractions for the five aggregates 

Fractions Greater than 
19mm, % 

2.36-19.0mm, % 0.075-2.36mm, % 0-0.075mm, % 

M4-compliant 
aggregate 1 24.0 47.4 24.1 4.5 

M4-compliant 
aggregate 2 27.0 49.5 18.7 4.8 

Marginal aggregate 
1A 27.1 49.8 18.2 4.9 

Marginal aggregate 
1B 28.7 52.6 13.7 5.0 

Marginal aggregate 
2 31.7 52.3 11.8 4.2 
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Figure 5-15 (a), (b), and (c) displays the water absorption capabilities of the different size 

fractions of each aggregate. It is clear from the data that the aggregates’ water absorption 

capability increases with the decreasing size fractions for each aggregate.  

At first glance, it seems that the marginal aggregates generally have higher water absorption 

capabilities than the M4-compliant aggregates. This is consistent with the observation that the 

marginal aggregates have higher OMCs and the M4 aggregates lower OMCs. However, due to 

the difference in the percentage of different size fractions in the aggregates, the overall water 

absorption capability of individual aggregates may differ. Equation 5-2 has been used to 

calculate the overall water absorption capability of the aggregate including all fractions. The 

percentages of each fraction of each aggregate can be found in Table 5-5, from which, for 

example, the percentage of the fraction of 0-2.36mm, can be obtained by adding the 

percentages of 0.075-2.36mm and 0-0.075mm. The calculated results are shown in Figure 5-

15 (d). 

(%      *           )
     

100

of each fraction water absorptioncapabilityof each fraction
Overall water absorptioncapability =

    (5-2) 

The water absorption results show, the marginal aggregates have higher overall water 

absorption capabilities than the M4-compliant aggregate 1, which results in the marginal 

aggregates having higher OMCs. The reason for M4 aggregate 2 not showing a similar water 

absorption to M4 aggregate 1 is discussed below and reinforces the principle that no single 

factor can be found to explain the complex qualities of aggregates. 

  

               (a)                                        (b) 
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(c)                                        (d) 

Figure 5-15: Water absorption test results for different size fractions of the aggregates studied 

5.6.4 OMCs of two M4 compliant aggregates 

The OMC of M4-compliant aggregate 2 (6.0%) exceeds that of the M4-compliant aggregate 1 

(5.1%). Based on the above analysis, compared to M4-compliant aggregate 1, M4-compliant 

aggregate 2 has a higher percentage of flaky particles and higher water absorption capability, 

thereby possibly contributing to the higher OMC. Additionally, the two M4 compliant 

aggregates with produced from different quarries have significantly different water absorption 

capabilities. The observed difference is most probably the result of the different mineralogical 

characteristics of the source rocks in the two quarries, which has been confirmed by the XRD 

results discussed in Section 5.2.1. It has been found that swelling minerals i.e. smectite, 

swelling chlorite and higher amount of laumontite, are presented in M4-compliant aggregate 2. 

The presence of these swelling minerals causes higher water absorption due to their swelling 

property, further resulting in higher OMC.  

5.7 Summary and conclusions 

It was explored in this chapter how the swelling minerals occurring in the aggregates influences 

the properties of the materials using XRD test, petrographic microscopic examination and the 

swelling test.  Furthermore, an investigation into how detrimental the clay minerals are was 

undertaken by analysing the pH environment change with increasing soaking time. 

Additionally, the factors causing the higher OMCs of marginal greywacke aggregates were also 
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investigated and in doing so, to better understand the causes of marginality in greywacke 

aggregates. The following conclusions can be drawn from the test results and analyses. 

• The swelling clay minerals, smectite and “swelling chlorite”, were found in the three 

marginal aggregates and M4-compliant aggregate 2. Laumontite, one of zeolites that 

has swelling capabilities, occurs in the five aggregates. However, the M4-compliant 

aggregate from quarry 1 has less quantity of laumontite than the M4-compliant 

aggregate from quarry 2 and the three marginal aggregates. Petrographic microscopic 

examination also showed that smectite presents in the matrix of three marginal 

aggregate and M4-compliant aggregate 2.  

• Saturation with water over prolonged periods will change the chemical environment 

(i.e. pH environment) of the aggregate initially to alkaline conditions which will favour 

the formation of smectite. With prolonged soaking the leachates become neutral which 

favours the formation of kaolin. The results indicate that in the roading environment, 

where aggregates are compacted and water may be retained, the leachate will become 

an alkaline environment (in the short term), which over time tends to become a neutral 

environment, in which smectite forms in aggregates, eventually moving towards an 

acidic condition in the long term. This acidic state favours the formation of kaolin. 

Saturation with water over prolonged periods will result in the occurrence of 

detrimental clay minerals, further leading to the failure of pavements. Additional 

research is required to consider the common seasonal cycling effect of wet / dry cycles 

over summer / winter cycle. 

• Two M4-compliant aggregates from different quarries exhibit completely different 

swelling properties being saturated for a certain time duration. The M4-compliant 

aggregate from Quarry 2 shows much higher swelling potential due to the presence of 

swelling minerals and the source rocks with a zeolite facies. This aggregate still has the 

potential to be marginal even though it is regarded as a ‘premium aggregate’ as it passes 

an NZTA M4 specification. Marginal aggregate 1B and 2 show swelling properties but 

no swelling occurred in marginal aggregate 1A. It is most likely because the content of 

swelling minerals is not sufficient to perform swelling properties although smectite and 
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swelling chlorite are present in the aggregate. It also illustrates that marginal aggregate 

1A are not so ‘marginal’ when in contact with water over a certain period. 

• Based on the analysis of factors influencing the OMCs, grading is not the cause of the 

higher OMCs of marginal aggregates 1A, 1B and 2 compared to M4 compliant 

aggregate in each quarry. FI test results reveal that the higher percentage of flaky 

particle in the marginal materials contributes to their higher OMCs. Compared to the 

M4-compliant aggregate in each quarry, the marginal aggregates have higher overall 

water absorption capabilities, which lead to their higher OMC. The swelling clay 

minerals i.e. smectite and “swelling chlorite” and higher amount of laumontite found 

in the three marginal aggregates all have swelling properties which, result in higher 

water absorption properties, which contribute to the higher OMCs of marginal materials. 

A comparison between the OMCs of the two M4-compliant aggregates demonstrates 

that the higher percentage of flaky particles and the higher water absorption capability 

contribute to the relatively higher OMC of M4-compliant aggregate 2. Additionally, the 

two aggregates with similar qualities produced from different quarries have 

significantly different water absorption capabilities. The difference results from the 

varying mineralogical characteristics of the source rocks of the two quarries. The M4-

compliant aggregate from Quarry 1 does not contain swelling clays and is non-plastic. 

The presence of smectite, “swelling chlorite”, and high amounts of laumontite in M4-

compliant aggregate 2, is the cause of its higher water absorption, further resulting in 

higher OMC. 

A suite of engineering tests has been discussed in this chapter (specified by local standards) 

that are usually used to describe the performance of an aggregate. The work establishes that 

aggregates do not necessarily fall into a ‘pass/fail’ or ‘black /white’ categorisation. Further non-

specified and irregular used testing methods (e.g. XRD and the swelling test) are required, 

alongside standard test performance measures, carried out in the context of the intended 

aggregate loading/environment. This will allow an improved basis for deciding whether the 

aggregate is suitable for purpose. 
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CHAPTER 6: PERMANENT STRAIN AND 

RESILIENT RESPONSE OF MARGINAL 

MATERIALS 

 

6.1 Introduction 

6.1.1 Background and scope 

Granular pavement materials exhibit two types of deformation under repeated loading:  

1) Resilient (recoverable) deformation, which could lead to fatigue cracking of the 

overlying bound surfacing materials e.g. asphalt or chip seal  

2) Permanent deformation, which could cause the rutting of pavements (Lekarp & Dawson, 

1998).  

Relationships exist between stress, strain, modulus and the number of load cycles. These 

relationships may be divided into the two types of mechanical behaviour listed above. To 

obtain a general understanding of permanent and resilient strain, Figure 6-1 gives a simple 

illustration of resilient and permanent strains in granular materials during one cycle of load. 

Using untreated marginal materials in pavements with heavy traffic loading is likely to cause 

significant problems, such as rutting and early onset of wheel load-based damage (e.g. shoving) 

(Berthelot et al., 2010; Berthelot et al., 2004; Black, 2004; Buckland, 1967; Reed, 1967). Many 

researchers (Bartley et al., 2007; Berthelot et al., 2004; Hussain et al., 2014; Kleyn & Bergh, 

2008) have concluded that swelling clay minerals (e.g. smectite) contained in marginal 

materials are an important factor in the poor performance of pavements since these materials 

will deteriorate when in contact with water (Hussain et al., 2014). Consequently, to determine 

the suitability of using marginal materials in pavements it is essential that the response, 

particularly the permanent strain, of the materials under moist conditions and repeated loading 
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needs to be thoroughly explored and understood.  

The purpose of the work carried out for this chapter was to evaluate and understand the 

permanent deformation and resilient behaviour of marginal granular materials using RLT tests 

under different moisture conditions. The permanent strain and resilient behaviour of the 

materials was analysed based on the shakedown approach and some existing computational 

models.  

 

Figure 6-1: Resilient and permanent strains in granular materials during one cycle of load 

application 

6.1.2 Permanent strain behaviour of unbound granular materials (UGM) 

Modelling permanent strain with respect to number of load cycles and/or stress levels 

Progress in understanding permanent strain behaviour has been slower than in understanding 

resilient behaviour. One of the reasons is perhaps the time required to perform a test and the 

destructive nature of each test (Dawson, 2002; Lekarp et al., 2000b). The permanent strain 

response is a result of -plastic behaviour of granular materials, which is influenced by several 

factors: stress level, principal stress reorientation, number of load applications, moisture 

content, stress history, density, fines content, grading, and aggregate type (Lekarp et al., 2000b). 

A summary of factors influencing permanent deformation build-up is given in a literature 

review by Lekarp (2000b). Suitable methods to predict the permanent deformation of UGM 
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need to be explored and employed. Over the years, some researchers have attempted to outline 

procedures for predicting permanent strain response of UGM. Different modelling techniques 

found in the literature and the mathematical expressions are summarised in Tables 6-1 and 6-

2.  

Table 6-1: Modelling permanent strain with respect to the number of load cycles  

Author Relationship Parameters 

Barksdale (1972) 𝜀1
𝑝
= 𝑎 + 𝑏 ∙ 𝑙𝑜𝑔(𝑁) a, b 

Veverka (1979) (Lekarp et 

al., 2000b) 
1

p b

ra N =  
r , a and b  

Khedr (1985) 
𝜀1
𝑝

𝑁
= 𝐴 ∙ 𝑁−𝑏 A, b 

Paute (1988) 𝜀1
𝑝∗

=
𝐴√𝑁

√𝑁 + 𝐷
 𝜀1

𝑝∗
 permanent deformation 

after the first 100 cycles 

A, D parameters function of 

stress level 

Tseng and Lytton (1989) 𝜀1
𝑝(𝑁) = 𝜀0 ∙ 𝑒

−(
𝜌
𝑁
)𝛽

 𝜀0, 𝜌, 𝛽 

Sweere (1990) 𝜀1
𝑝
= 𝑎𝑁𝑏  a, b 

Hornych (1993) 𝜀1
𝑝∗

= 𝐴(1 − (
𝑁

100
)
−𝐵

) 𝜀1
𝑝∗

 permanent deformation 

after the first 100 cycles 

A, D 

Vuong (1994) 𝜀1
𝑝
= 𝜀1

𝑟 (
𝑎

𝑏
)𝑁𝑐 𝜀1

𝑟 resilient axial strain 

a, b, c 

Wolff and Visser (1994) 𝜀1
𝑝
= (𝑐𝑁 + 𝑎)(1 − 𝑒−𝑏𝑁) a, b, c 

Huurman (1997) 𝜀1
𝑝(𝑁) = 𝐴 ∙ (

𝑁

1000
)
𝐵

+ 𝐶 ∙ (𝑒𝐷
𝑁

1000 − 1) A, B, C, D parameters 

function of the level of stress 

Vuong (2001) 𝜀1
𝑝(𝑁) − 𝜀1

𝑝(100) = 𝐵𝑙𝑜𝑔(
𝑁

100
) 𝜀1

𝑝(100)  is total vertical 

permanent strain for the 

100th cycle 

B 

Arnold (2004) 𝜀1
𝑝
= 𝐶 + 𝐴𝑁𝐵 A, B, C 
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Table 6-2: Modelling permanent strain with respect to stress levels 

Author Relationship Parameters 

Lashine et al (1971) 𝜀1
𝑝
= 𝑎

𝑞

𝜎3
 a, 

𝜎3 confining stress 

q deviator stress 

Barksdale (1972) 𝜀1
𝑝
=

𝑞 𝑎𝜎3
𝑏⁄

1 − (
𝑅𝑓 ∙ 𝑞 ∙ (1 − 𝑠𝑖𝑛𝜑)

2(𝐶 ∙ 𝑐𝑜𝑠𝜑 + 𝜎3𝑠𝑖𝑛𝜑)
)

 a, b, 

𝑅𝑓 = ratio of applied deviator stress q 

to deviator stress at failure qr 

𝜑 friction angle, C cohesion 

Shenton (1975) 𝜀1
𝑝
= 𝐾(

𝑞𝑚𝑎𝑥

𝜎3
)𝑎 K, a, 

𝑞𝑚𝑎𝑥  maximum applied deviatoric 

stress 

Lentz and Baladi (1981) 𝜀1
𝑝
= 𝜀0.95𝑆ln(1 − 𝑞 𝑆⁄ )−0.15

+ [
𝑛(𝑞 𝑆⁄ )

1 − 𝑚(𝑞 𝑆⁄ )
]ln(𝑁) 

𝜀0.95𝑆  axial strain at 95% of the 

deviatoric stress at failure, n, m slope 

of the failure line, S deviatoric stress at 

failure 

Nishi (1994) 𝜀1
𝑝,𝑢𝑙𝑡

= 𝑘
𝑞𝑎

𝑝𝑏
 k, a, b 

𝜀1
𝑝,𝑢𝑙𝑡

 ultimate permanent axial strain 

Lekarp and Dawson (1998) 
𝜀1
𝑝
(𝑁𝑟𝑒𝑓)

(𝐿 𝑝0⁄ )
= 𝑎(

𝑞

𝑝
)𝑏 a, b 

𝜀1
𝑝
(𝑁𝑟𝑒𝑓) : permanent strain after a 

reference number of cycles 𝑁𝑟𝑒𝑓>100 

𝐿 = √𝑝2 + 𝑞2  

𝑝0 reference mean stress 

Arnold et al (2008) 𝜀𝑝(𝑟𝑎𝑡𝑒𝑜𝑟𝑚𝑎𝑔𝑛) = 𝑒𝑎𝑒𝑏𝑝𝑒𝑐𝑞 − 𝑒𝑎𝑒𝑏𝑝

= 𝑒𝑎𝑒𝑏𝑝(𝑒𝑐𝑞 − 1) 

e=2.718282 

𝜀𝑝(𝑟𝑎𝑡𝑒𝑜𝑟𝑚𝑎𝑔𝑛)  = secant 

permanent strain rate or can be just 

permanent strain magnitude, 

a, b, c 
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Table 6-3: Modelling permanent strain with respect to stress levels and the number of load 

cycles 

Author Relationship Parameters 

Pappin (1979) 𝜀𝑠
𝑝
= 𝑓𝑛(𝑁) ∙ 𝐿 ∙ (

𝑞

𝑝
)2.8 𝜀𝑠

𝑝
 permanent shear strain, 

𝑓𝑛(𝑁)  shape function, depending on 

the number of cycles N, p mean normal 

stress,𝐿 = √𝑝2 + 𝑞2 

Lentz and Baladi (1981) 𝜀1
𝑝
= 𝜀0.95𝑆ln(1 − 𝑞 𝑆⁄ )−0.15

+ [
𝑛(𝑞 𝑆⁄ )

1 − 𝑚(𝑞 𝑆⁄ )
]ln(𝑁) 

𝜀0.95𝑆  axial strain at 95% of the 

deviatoric stress at failure, n, m slope 

of the failure line, S deviatoric stress at 

failure 

Paute et al (1994) 

𝜀1
𝑝∗

= 𝑓(𝑁)

𝑞
𝑝 + 𝑝∗

𝑏(𝑚 −
𝑞

𝑝 + 𝑝∗
)

 

𝜀1
𝑝∗

 permanent axial strain after the 

first 100cycles 

b, 𝑝∗,  

m slope of failure line in p, q space 

𝑓(𝑁) function of the number of cycles 

N 

Gidel et al (2001) 𝜀1
𝑝(𝑁) = 𝜀10

𝑝
∙ [1 − (

𝑁

𝑁0
)
−𝐵

] ∙ [
𝐿𝑚𝑎𝑥

𝑝𝑎
]𝑛

∙
1

(𝑚 +
𝑠

𝑝𝑚𝑎𝑥
−
𝑞𝑚𝑎𝑥

𝑝𝑚𝑎𝑥
)
 

𝐿𝑚𝑎𝑥 = √𝑝𝑚𝑎𝑥
2 + 𝑞𝑚𝑎𝑥

2 , 𝑝𝑎 =

100𝑘𝑃𝑎 , 𝑁0  is reference number of 

cycles, 𝜀10
𝑝

, B, n, m, s are parameters 

of the equation 

Modelling permanent strain using a shakedown approach 

Shakedown theory was first proposed by Sharp and Booker (1984), and can be used to evaluate 

the permanent strain of granular materials under repeated loading. The ‘shakedown approach’ 

is currently a popular model, which is believed to have potential as a tool in pavement design 

(Cerni et al., 2012; Dawson, 2002; Werkmeister, 2003). It is based on the concept that low 
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stresses result in a final equilibrium state and high stresses lead to rapid growth of permanent 

strain and eventual failure. This suggests the existence of a certain stress level called the 

shakedown stress that separates stable from unstable behaviour of granular materials (Lekarp 

et al., 2000b).  

After an analysis of data from RLT tests, Werkmeister (2003) proposed an approach to define 

the shakedown stress,  as given by Equation (6-1) 

1max

1max

c




 



 
=   

 
                          (6-1) 

Where 
1 =axial stress, 

c = cell pressure, and ,  = model constant. 

As per the shakedown stress, the permanent deformation response can be divided into three 

categories: a plastic shakedown range (range A), intermediate response - plastic creep (range 

B) and incremental collapse (range C) (Werkmeister et al., 2004), as shown in Figure 6-2 (a). 

Figure 6-2 (b) reflects the change of permanent strain rate with cumulative permanent strain. 

The explanation for the permanent deformation response within these three categories can be 

found in Collins et al. (1993); Sharp and Booker (1984); Werkmeister et al. (2004).  

In range A the response is plastic only for a finite number of load applications during the initial 

compaction period and then becomes purely resilient after completion of compaction. The 

permanent strain rate quickly decreases to a very small level in this range. This range often 

occurs at low stress levels. 

In range B the applied stress is low enough to avoid a sudden collapse. The material achieves 

a long-term stable response with accumulation of limited plastic strain and the development of 

further permanent strain is slow and reaches a nearly constant level. However the material will 

likely approach failure with further extensive load cycles. 

Range C is incremental collapse. The repeated loading is so heavy that the permanent strain 

rate decreases very slowly or even increases. Failure occurs in a small number of load cycles. 

Note the term permanent strain rate when used here is the permanent strain (x 10-3) per loading 

cycle. 
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                (a)                           (b) 

Figure 6-2: Classification of permanent strain behaviour (Soliman & Shalaby, 2015; 

Werkmeister, 2003b; Werkmeister et al., 2004) 

The behaviour of a well-designed unbound granular layer should be within the plastic 

shakedown or the plastic creep regions with an acceptable total permanent deformation. 

Consequently, the boundaries A-B and B-C are very important in determining whether the 

material will fail. Thus it is necessary to identify the shakedown limit when classifying in which 

category the unbound granular material lies.  

BS EN 13286-7 (2004) provides a practical method for defining these range limits. The 

procedure consists of performing a number of stages of RLT tests at increasing deviator stress 

and confining stresses and then analysing the cumulative permanent strains from the 3000th to 

5000th load cycle ( 5000 3000p p   = −  ). The stress level corresponding to an accumulated 

permanent deformation value of 0.045×10-3 strain defines the plastic shakedown limit, while 

the stress level corresponding to a value of 0.4×10-3 strain defines the plastic creep limit.  

Werkmeister (2006) also proposed limiting values to predict the permanent deformation 

behaviour after an analysis of results from many RLT tests. When the permanent strain rate 

exceeded 1×10−5, the A-B boundary was reached, and when the permanent strain rate was 

greater than 8×10−5, the B-C boundary was reached. The so-called ‘plastic shakedown limit’ 

defines the A-B boundary and the ‘plastic creep limit’ defines the B-C boundary.  

6.1.3 Resilient behaviour of UGM 

Since 1960, numerous research efforts have been devoted to characterising the resilient 
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behaviour of UGM (Lekarp et al., 2000a). Most current pavement design methods were 

developed on a basis of linear elastic theories, which provide good results for rigid pavements 

with bituminous or cement-treated base and subbase layers. However, the elastic theories are 

less suitable for flexible, low traffic pavements with unbound granular bases due to their 

nonlinear and time-dependent elastoplastic response under traffic loading (El abd et al., 2004). 

To deal with the nonlinear behaviour, the resilient behaviour of UGM is usually defined by the 

resilient modulus and Poisson’s ratio. The resilient modulus reflects the capability of materials 

to resist deformation under repeated loading. 

Lekarp (2000a) considered the resilient behaviour of UGM to be very complex and influenced 

by many factors, such as stress conditions, density, moisture content, fines content, grading, 

aggregate type, number of load applications, stress history, load duration, frequency and 

sequence. Among these factors, the most important factor is the stress conditions (A. Gonzalez 

et al., 2007; Lekarp et al., 2000a). Therefore, the relationship between the resilient modulus 

and stress conditions needs to be investigated and understood. 

Much effort has been made to develop models that can describe and predict the non-linear 

resilient behaviour of unbound granular materials with respect to stress levels (Lekarp et al., 

2000a). In this chapter two main models are discussed. 

K-θ Model 

The K-θ model is used widely for analysing the relationship between resilient modulus and 

bulk stress and is supported by data obtained from RLT tests with constant confining pressure. 

The equation (6-2) is expressed as: 

𝑴𝒓 = 𝑲𝟏𝜽
𝑲𝟐                            (6-2) 

Where 𝜃 = 𝜎1 + 𝜎2 + 𝜎3, which represents bulk stress (and is 3 times the mean stress), and 

𝐾1 and 𝐾2 are constants (Hicks, 1970). 

However, the K-θ model has some deficiencies. Firstly, although the equation expresses the 

relationship in a simple way, it can only be used for a very limited stress regime (Nataatmadja 

& Parkin, 1989). Secondly, it cannot predict the correct resilient stress-strain response of 

granular materials under repeated loading (Nataatmadja & Parkin, 1989). Thirdly, Poisson’s 



Chapter 6 

153 
 

ratio ʋ is usually considered to have a constant value when calculating stresses and strains in 

pavements, but measurement of radial strain in RLT  testing has shown that Poisson’s ratio  

varies with the applied stress level (Sweere, 1990). Another drawback is that only the sum of 

the principal stresses is considered to influence the resilient modulus. However, this is 

insufficient since it ignores deviatoric stresses and additional stress parameters are required 

(Lekarp et al., 2000a). May and Witczak (1981) noted that the in-situ resilient modulus of a 

granular material is a function not only of the bulk stress but also of the magnitude of the shear 

strain induced by shear (deviatoric stress).  

Uzan Model 

To overcome the deficiencies of the K-θ model, Uzan (1985) introduced the deviator stress into 

the K-θ model and expressed this relationship as Equation (6-3): 

 

𝑴𝑹 = 𝑲𝟏 ∙ 𝑷𝒂 ∙ (
𝜽

𝑷𝒂
)
𝑲𝟐

∙ (
𝝉𝒐𝒄𝒕

𝑷𝒂
)𝑲𝟑  or   𝑴𝑹 = 𝑲𝟏 ∙ 𝑷𝒂 ∙ (

𝜽

𝑷𝒂
)
𝑲𝟐

∙ (
𝒒

𝑷𝒂
)𝑲𝟑  (6-3) 

 

Where 𝑀𝑅 =resilient modulus, 𝜃 =bulk stress= 𝜎1 + 𝜎2 + 𝜎3 , 𝜎1 =major principal stress, 

𝜎2 =intermediate principal stress= 𝜎3  for 𝑎𝑀𝑅  test on cylindrical specimen, 𝜎3 =minor 

principal stress or confining pressure in the triaxial tests, 𝜏𝑜𝑐𝑡 =octahedral shear 

stress=
1

3
√(𝜎1 − 𝜎2)2 + (𝜎1 − 𝜎3)2 + (𝜎2 − 𝜎3)2 =

√2

3
(𝜎1 − 𝜎3) for cylindrical specimens in 

triaxial tests, i.e. the deviation from the mean normal stress in the octahedral plane, 

𝑃𝑎=normalising stress (atmospheric pressure = 100kPa = 14.7psi), q= deviator stress (shear 

stress) and 𝐾1, 𝐾2, 𝐾3=model parameters obtained from regression analysis. 

The Uzan model is believed to be one of the most comprehensive for predicting the resilient 

moduli of unbound granular base and subbase materials (Pan et al., 2006). 

Explanation for resilient strain behaviour of UGM using the shakedown approach  

Werkmeister et al (2004) attempted to explain the resilient strain through shakedown theory 

after an analysis on several RLT specimens. As shown in Figure 6-3 (a), a material within the 
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plastic shakedown or plastic creep range exhibits a constant level of resilient strain while a 

significant decrease of resilient strain is observed for materials within the incremental collapse 

range. Thus the differing resilient strain response with the number of loading cycles allows the 

plastic behaviour in Range C to be separated from those in Range B. They also reported that 

Ranges A and B can be distinguished by a resilient-deformation transition zone at 

approximately 0.5×10−3 strain indicated in Figure 6-3 (b). 

 

 

                    (a)                                                                           

 

                   (b) 

Figure 6-3: Classification of resilient strain behaviour (Soliman & Shalaby, 2015; 

Werkmeister et al., 2004) 
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6.2 Permanent strain behaviour  

As marginal aggregate 1A has similar geological and mineralogical characteristics to marginal 

aggregate 1B, marginal aggregate 1A with a lower swelling potential will not be discussed in 

this chapter. The MDDs and OMCs of the materials less than 19mm are shown in Table 6-4. 

Each material was divided into five equal portions by mass and then compacted in five layers 

to achieve uniform compaction and to maintain ±1% of target maximum dry density. The 

details of the compaction are given in Chapter 3. 

Table 6-4: A summary of MDDs and OMCs of the four aggregates 

Materials MDD, T/m3 OMC, % 

M4-compliant aggregate 1 2.284 5.1 

Marginal aggregate 1B 2.158 6.8 

M4-compliant aggregate 2 2.187 6.0 

Marginal aggregate 2 2.154 8.0 

6.2.1 Cumulative permanent strain  

Laboratory results 

The cumulative permanent strain is the accumulation of permanent strain added over all load 

cycles. Two methods are used to describe the accumulation of permanent strain. One is to 

describe the relationship between the accumulation of permanent strain and cyclic 

loading/stresses as shown in Figure 6-4. The more commonly used method is to describe the 

cumulative permanent strain as a function of the number of load cycles (see Figure 6-5).  
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Figure 6-4: The accumulation of permanent strain per load cycle under different stress levels 

Figure 6-5 shows the curves of the cumulative permanent strain (the average of three specimens 

for each condition) versus the number of cycles for the four materials under different moisture 

conditions. The unsoaked specimens of all four materials generally maintain a low cumulative 

permanent strain under all stress levels. However, soaking of the specimens for 96 hours causes 

different degrees of increase in the cumulative permanent strain for the materials (see Table 6-

5). In particular, the soaked specimens of marginal aggregate 2 develop a much higher 

cumulative permanent strain (200%) compared with the unsoaked specimens, particularly after 

250,000 load cycles. The effect of the soaking process on the permanent deformation behaviour 

of the four materials will be further discussed in detail in Section 6.2.2 and 6.2.3. 

 

Cumulative permanent strain after n cycles 



Chapter 6 

157 
 

 

Figure 6-5: A summary of cumulative permanent strain of M4-compliant and marginal 

aggregates  

Note that the unit of 10-3 represents milli-strain. 

Table 6-5: Cumulative permanent strain under different moisture conditions for all four 

materials 

 Unsoaked Soaked Increase in cumulative permanent 
strain from soaking, % 

M4-compliant aggregate 1 3.001×10-3 3.121×10-3 4.0 

Marginal aggregate 1B 3.075×10-3 3.480×10-3 13.2 

M4-compliant aggregate 2 3.379×10-3 4.216×10-3 24.8 

Marginal aggregate 2 4.982×10-3 14.606×10-3 193.2 

6.2.2 Permanent strain rate  

Secant permanent strain rate 

The rate of permanent strain is considered to be more appropriate to evaluate RLT multi-stage 

tests than the sum of the permanent strains because it is not clear how permanent strain for each 
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part of the multi-stage test should be added together. Also the sum of the permanent strains of 

all stages will likely over-estimate the amount of permanent deformation (Werkmeister, 2003, 

Arnold, 2004). As seen in Figure 6-6, the permanent deformation curve of each stage of a RLT 

test can be separated into two distinct sub-stages. In the first sub-stage (i.e. the immediate post-

compaction stage from the 1st to 25,000th load cycles), the material accumulates a significant 

amount of the permanent deformation. This is thought to be due to limited particle reorientation, 

characterised by rotation and sliding of the individual particles, and some insignificant inter-

particle attrition (Werkmeister, 2003). The second sub-stage (from 25,000th to 50,000th load 

cycle), in which the material accumulates permanent strain at a much lower rate, produces a 

more stable/equilibrium state. It is considered that this equilibrium state (second sub-stage) is 

unaffected by differences in sample preparation and previous stage applications in the multi-

stage tests and can represent the permanent strain rate for each stage (Arnold, 2004).  

Hence, the permanent strain rate of the second sub-stage was used to analyse the stress-strain 

behaviour of materials in this study. Arnold (2004) defined the permanent strain rate, as the 

secant rate of the permanent strain between the 25,000th and 50,000th load cycles for each 

stage, as he found that the scatter in RLT results was reduced by using this method. The 

following equation shows how the secant permanent strain rate (Psec) for each stage is obtained: 

𝑃𝑠𝑒𝑐 = (𝑃50,000𝑡ℎ − 𝑃25,000𝑡ℎ) 25000⁄                     (6-7) 

Where 𝑃50,000𝑡ℎ   and 𝑃25,000𝑡ℎ  are the cumulative permanent strain at the 50,000th and 

25,000th load cycles in each stage, respectively. 
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Figure 6-6: Permanent Strain Points for determination of Psec (NZTA, 2012) 

All RLT test results were analysed using Equation (6-12). The average secant permanent strain 

rates, Psec, for each condition were used in this section. The averages were calculated from 

triplet tests for each condition with coefficients of variation equal to or less than 32%. Due to 

the high load of lab work, I do not have sufficient data of RLT tests to do a meaningful statistical 

analysis. The range reflecting the variation of Psec is shown in Figure 6-7 (a), (b), (c), (d) and 

(e) (refer to the black line on each column). 

It is difficult to compare the permanent strain rate in the first two stages between soaked and 

unsoaked conditions due to the differences in sample preparation (described as the post-

compaction stage in Section 6.2.2.1). The difference in sample preparation affects the 

permanent deformation in the first stage, including the sub-stage from the 25,000 to 50,000 

loading cycles. It is assumed that the effect of the difference in sample preparation will last 
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20,000 load cycles (Arnold, 2004), but will probably extend to greater than 100,000 or even 

270,000 load cycles (Abu-Farsakh et al., 2012a; Werkmeister et al., 2004). Therefore, the two 

particular stages from the 25,000th to 50,000th and from the 75,000th to 100,000th load cycles, 

are probably still affected by the difference in sample preparation, resulting in the difficulty in 

comparing the permanent strain rate in the first two stages between soaked and unsoaked 

conditions. Thus Psec from stages 3 to 6 (i.e. Table 6-6) are more suitable for the purpose of 

comparison between different moisture conditions. 

The six-stage RLT test was designed to cover the full spectra of stresses within a pavement 

with increasing stress levels applied to specimens from stages 1 to 6 (Arnold, Werkmeister, et 

al., 2008). Thus it is anticipated Psec will increase from stages 1 to 6. However, Psec does not 

increase with the increasing stage, as indicated in Figure 6-7. The lowest secant permanent 

strain rate usually occurs at stages 3 or 4. This is because on one hand, the first two stages are 

still affected by the differences in sample preparation, resulting in higher Psec for stages 1 and 

2 in comparison to stages 3 and 4. On the other hand, Gidel et al. (2001) demonstrated that the 

permanent strain increased with an increasing 𝑞 𝑝⁄  ratio. However, stress ratios (𝑞 𝑝⁄ ) of the 

six-stage RLT test designed by Arnold do not always increase from stages 1 to 6 as shown in 

Table 3-2, which is presented here again.  

Table 3-2: Stress stages used for RLT tests 

 

Confining 

pressure  
3

(kPa) 

Axial stress  

1  (kPa) 

Mean stress p (kPa)  

=
1 3( 2 ) / 3 +   

Deviator stress q 
(kPa) = 

1 3 −  
𝒒 𝒑⁄  

Stage 1 120 210 150 90 0.60 

Stage 2 41.7 141.7 75 100 1.33 

Stage 3 90 270 150 180 1.20 

Stage 4 140 470 250 330 1.32 

Stage 5 110 530 250 420 1.68 

Stage 6 50 600 233.3 550 2.36 

Figure 6-7 gives Psec results of M4-compliant and marginal aggregates at each stage. For M4-

compliant aggregate 1 shown in Figure 6-7 (a), the soaking process causes a decrease in Psec. 

However, considering that moist conditions have a negative effect on the stiffness and 
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deformation resistance, resulting in an increase in Psec (Lekarp et al., 2000b), it is thought that 

an observed decrease in Psec caused by the soaking process is probably due to testing errors. 

This also indicates that the mechanical behaviour of M4-compliant aggregate 1 is not affected 

by water. A similar conclusion for marginal aggregate 1B (see Figure 6-7 (b)) can be drawn 

due to similar Psec between unsoaked and soaked conditions. 

However, M4-compliant aggregate 2 (see Figure 6-7 (c)) and marginal aggregate 2 (see Figure 

6-7 (d) and (e)) show a significant increase in permanent strain rate after four days of soaking, 

i.e. from stages 3 to 6. The increased degrees of secant permanent strain rates after the soaking 

process are summarised in Table 6-6. The increase in Psec of the soaked specimen indicates a 

high susceptibility of M4-compliant aggregate 2 and marginal aggregate 2 to moisture due to 

the presence of smectite or swelling chlorite in these two materials.  

 

   (a) M4-compliant aggregate 1                 (b) Marginal aggregate 1B 

 

    (c) M4-compliant aggregate 2 
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     (d) Marginal aggregate 2                   (e) Marginal aggregate 2                                        

Figure 6-7: Secant permanent strain rate of the four materials under unsoaked and soaked 

conditions 

Note: Figure (e) is the magnified version of Figure (d) in first five stages. 

Table 6-6: Psec results (10-3/loading cycle) under different moisture conditions for the four 

materials studied 

 Stage Unsoaked Soaked Increase in Psec from 
soaking, % 

M4-compliant aggregate 
1 

3 1.60E-06 1.16E-06 -27.50 

4 1.38E-06 9.89E-07 -28.33 

5 2.82E-06 1.73E-06 -38.65 

6 7.47E-06 5.89E-06 -21.15 

Marginal aggregate 1B 3 2.75E-06 2.02E-06 -26.55 

4 2.57E-06 2.30E-06 -10.51 

5 3.98E-06 5.56E-06 39.70 

6 6.54E-06 6.57E-06 0.46 

M4-compliant aggregate 
2 

3 2.50E-06 4.01E-06 60.40 

4 2.41E-06 6.28E-06 160.58 

5 3.46E-06 6.56E-06 89.60 

6 5.77E-06 1.08E-05 87.18 

Marginal aggregate 2 3 2.63E-06 4.41E-06 67.68 

4 1.05E-06 4.25E-06 304.76 

5 3.16E-06 5.52E-06 74.68 

6 2.56E-05 1.35E-04 427.34 
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The shakedown approach 

In this section, the RLT test data were analysed based on the shakedown approach introduced 

in Section 6.1.2.2. Figures 6-8, 9, 10, and 11 show the curves of permanent strain rate versus 

cumulative permanent strain for the 4 materials utilised in this work. Note that the points 

plotted in graphs were selected in a form of one point every 2,500 cycles. To differentiate the 

shakedown ranges, Table 6-7 provides several values of permanent strain rates of boundaries 

between shakedown ranges based on Werkmeister (2003). 

The permanent strain responses of M4-compliant aggregate 1 and marginal aggregate 1B are 

within the plastic shakedown range (i.e. permanent strain rate is less than 1×10−5) for all stages 

irrespective of whether the aggregate is in the unsoaked or soaked condition (see Figures 6-8 

and 6-9). Figure 6-10 gives permanent strain rates of shakedown ranges and boundaries. 

However, distinct permanent strain behaviour occurs in M4-compliant aggregate 2 and 

marginal aggregate 2 as shown in Figure 6-10 and 6-11. The permanent strain response of M4-

compliant aggregate 2 is within the plastic shakedown range across the six stages under the 

unsoaked condition. Nevertheless, plastic creep behaviour (i.e. the permanent strain rate is 

between 1×10−5 and 8×10−5) is observed in stage 6 after the soaking process, in spite of the 

first five stages being within the plastic shakedown range. Stage 6 is designed to evaluate the 

mechanical behaviour of granular materials under high stress levels (i.e. heavy loads). It can 

be used to differentiate the quality of materials and further to determine whether the materials 

can be used in road basecourse (NZTA, 2012; Austroads, 2007).  

For marginal aggregate 2, the permanent strain response is within the plastic shakedown range 

in the first five stages but within the plastic creep range in Stage 6 (i.e. high stress level). A 

significant difference in permanent strain response happens when this material is exposed to 

an extended period of soaking. The soaked specimens show incremental collapse behaviour 

(i.e. permanent strain rate is significantly greater than 8×10−5) in Stage 6 although the 

permanent strain response in the first five stages remains in the plastic shakedown range.  

The results illustrate that the aggregates (i.e. M4-compliant aggregate 2 and marginal aggregate 

2) containing swelling minerals have a reasonably good capability to resist permanent 
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deformation in dry conditions but will deteriorate when in contact with water when under stress. 

This is particularly true under high stress levels due to the presence of swelling clay minerals 

in the aggregates. However, marginal aggregate 1B, which contains swelling minerals, is not 

affected by the water in regards to its mechanical behaviour. This is likely to be related to the 

lower swelling potential of the aggregate as discussed in Chapter 5. The results also illustrate 

how the plastic behaviour of aggregate changes radically when a material with high swelling 

potential is exposed to an extended period of soaking. Such materials show poor deformation 

response when compared with aggregates with low swelling potential in the same conditions. 

These results highlight the problematic mechanical behaviour of the aggregates with high 

swelling potential when they are in a high moisture environment. The relationship between 

swelling potential and permanent strain response of aggregates will be further discussed in 

Chapter 7. 

Table 6-7: Permanent strain rates of shakedown ranges and boundaries 

Range Permanent strain rate (10-3) 

A (plastic shakedown) Less than 1×10−5 

A-B boundary Equal to 1×10−5 

B (plastic creep) Between 1×10−5 and 8×10−5 

B-C boundary Equal to 8×10−5 

C (incremental collapse) Greater than 8×10−5 
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(a) Under unsoaked conditions 

 

(b) Under soaked conditions 

Figure 6-8: Permanent strain rate versus permanent strain for M4-compliant aggregate 1 
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(a) Under unsoaked conditions 

 

(b) Under soaked conditions 

Figure 6-9: Permanent strain rate versus permanent strain for marginal aggregate 1B 
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(a) Under unsoaked conditions 

 

(b) Under soaked conditions 

Figure 6-10: Permanent strain rate versus permanent strain for M4-compliant aggregate 2 



Chapter 6 

168 
 

 

(a) Under unsoaked conditions 

 

(b) Under soaked conditions 

Figure 6-11: Permanent strain rate versus permanent strain for marginal aggregate 2 

6.3 Resilient behaviour 

6.3.1 Resilient modulus 

Although resilient modulus is not the best representative for the quality of granular materials, 

especially for crushed rocks (Araya, 2011), it is still used as an indicator for the mechanical 

performance of granular materials due to its advantage of requiring less time to perform a test. 
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The data from the previously described six-stage RLT tests specified by NZTA T15 (2012) 

were used to obtain the resilient modulus of granular materials in this research. The RLT test 

was conducted in triplicate. 

The resilient moduli (Mr) of each cycle was calculated according to following Equations (6-8), 

(6-9) and (6-10) specified by NZTA T15.  

 

𝑀𝑟 =
∆𝜎1

∆𝜀1𝑟(𝑁)
                               (6-8) 

∆𝜎1 = 𝜎1𝑚𝑎𝑥 − 𝜎1𝑚𝑖𝑛                           (6-9) 

∆𝜀1𝑟(N) = 𝜀1𝑁_𝑢𝑛𝑙𝑜𝑎𝑑𝑒𝑑 − 𝜀1𝑁_𝑙𝑜𝑎𝑑𝑒𝑑                    (6-10) 

Where 𝜎1𝑚𝑎𝑥  and 𝜎1𝑚𝑖𝑛  are the maximum and minimum principal vertical stress, 

respectively; 𝜀1𝑁_𝑢𝑛𝑙𝑜𝑎𝑑𝑒𝑑  and 𝜀1𝑁_𝑙𝑜𝑎𝑑𝑒𝑑  are the strain of specimen in the unloaded and 

loaded portion of the Nth loading cycle, respectively. Figure 6-12 shows a schematic 

representation of stress and strain system in RLT tests  

 

(a) 
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(b) 

Figure 6-12: Schematic representation of stress (a ) and strain (b) systems in RLT tests 

Figure 6-13 gives the relationship between the resilient modulus of the four aggregates and the 

number of load cycles. The resilient modulus generally remains constant after an unstable 

period in the first few thousand load cycles of each stage. The resilient modulus between the 

25,000 and 50,000 load cycles was used to define the resilient modulus of a stage, which is the 

average value of resilient modulus between the 25,000 and 50,000 load cycles. Table 6-8 gives 

the resilient modulus of the four aggregates under different moisture conditions for the six 

stages. The range of the resilient modulus at each stage, reflecting the difference between 

maximum and minimum values, is also given in this table. As can be seen in Figure 6-13 and 

Table 6-8, the M4-compliant aggregates generally have higher resilient moduli compared to 

the marginal aggregates across the six stages. Additionally, the insensitivity of the resilient 

modulus of the aggregate to moisture can be observed although a slight reduction in resilient 

modulus occurs after four days of soaking regardless of the type of aggregates.  
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(a) M4-compliant aggregate 1 

 

(b) Marginal aggregate 1B 
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(c) M4-compliant aggregate 2 

 

(d) Marginal aggregate 2 

Figure 6-13: Resilient modulus versus number of load cycles for different aggregates 
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Table 6-8: Resilient modulus of the four aggregates under different moisture conditions 

 
Moisture 

condition 

Stage 1 

(MPa) 

Stage 2 

(MPa) 

Stage 3 

(MPa) 

Stage 4 

(MPa) 

Stage 5 

(MPa) 

Stage 6 

(MPa) 

M4-

compliant 

aggregate 1 

Unsoaked 633 (202) 280 (59) 430 (112) 528 (137) 447 (76) 356 (32) 

Soaked 481 (159) 261(102) 368 (66) 433 (43) 388 (23) 332 (13) 

Marginal 

aggregate 1B 

Unsoaked 525 (163) 213 (23) 379 (38) 452 (32) 420 (17) 359 (7) 

Soaked 514 (51) 227 (9) 399 (16) 466 (14) 414 (12) 346 (21) 

M4-

compliant 

aggregate 2 

Unsoaked 439 (132) 236 (52) 357 (57) 417 (21) 381 (11) 329 (7) 

Soaked 472 (236) 232 (84) 390 (130) 407 (97) 361 (54) 319 (19) 

Marginal 

aggregate 2 

Unsoaked 310 (12) 170 (12) 301 (9) 374 (4) 357 (4) 290 (12) 

Soaked 315 (9) 176 (16) 278 (1) 349 (3) 333 (3) 265 (13) 

Note: Each cell contains the average value of resilient modulus and its range. 

6.3.2 Modelling resilient modulus behaviour 

The relationship between resilient modulus and stress states is discussed in this section using 

the models described in Section 6.1.3. Based on the model, the effect of moisture conditions 

on the resilient behaviour of granular materials can be investigated over a wide range of stress 

levels rather than only six stress stages used in RLT tests.  

K-θ Model 

The regression analysis of RLT data was based on Equation (6-2). A sample of the regression 

analysis is given in Figure 6-14, which shows the plot of the measured MR-values versus the 

sum of the principal stresses, θ, together with the fitted K-θ model for M4-compliant aggregate 

1 under unsoaked conditions. For the four materials tested in different moisture conditions the 

model parameters are summarised in Table 6-9. As seen from Figure 6-14 and the values of the 

correlation coefficient R2 in Table 6-9, the K-θ model is not a suitable model to provide a good 

fit between the measured values of MR and its model-predicted value. In particular, as the red-

dashed circles indicate in Figure 6-14, different resilient moduli were obtained even though the 

sum of principle stresses remained constant (i.e. stages 1 and 3 with the same sum of principle 

stresses of 450 kPa, and stages 4 and 5 with 750 kPa). This illustrates that other than θ, other 
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stress factor(s) have an effect on the resilient modulus of the material. Figure 6-15 indicates 

that the resilient modulus decreases with increasing deviator stress/shear stress when θ remains 

constant for all aggregates and moisture conditions. A similar conclusion was obtained by other 

researchers (May & Witczak, 1981; Uzan, 1985). It is clearly necessary to take into account 

deviator stresses when developing a model to analyse the resilient behaviour of granular 

materials.  

 

Figure 6-14: Measured and K-θ model predicted values of resilient modulus (Mr) versus sum 

of principal stresses ( ) for M4-compliant aggregate 1 under unsoaked conditions 
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Table 6-9: The K-θ model parameters for the four materials studied under different moisture 

conditions 

Material code Moisture 
condition 

K-θ Model parameters 

 

K1 K2 R2 

M4-compliant 
aggregate 1 

Unsoaked 63.6209 0.3067 0.2503 

Soaked 68.1711 0.2713 0.3525 

Marginal 
aggregate 1B 

Unsoaked 19.5704 0.4744 0.5123 

Soaked 28.0996 0.4184 0.4615 

M4-compliant 
aggregate 2 

Unsoaked 42.6580 0.3388 0.5077 

Soaked 55.7699 0.2967 0.3210 

Marginal 
aggregate 2 

Unsoaked 16.2892 0.4556 0.7330 

Soaked 9.5477 0.5481 0.8277 

 

 

                    (a)                                  (b) 

(a) Stage 1 ( 90d kPa = ) and 3 ( 180d kPa = ) with the same sum of principle stress of 450 

kPa 

(b) Stage 4 ( 330d kPa = ) and 5 ( 420d kPa = ) with the same sum of principle stress of 750 

kPa 

Figure 6-15: The relationship between the deviator stress/shear stress and the resilient 

modulus 
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Uzan Model 

Uzan (1985) included the deviator stresses  in the K-θ model and proposed a modified model 

as shown by Equation 6-3. The method of regression used for the Uzan model is similar to the 

regression used for the K-θ model. The model parameters K1, K2, K3 and the correlation 

coefficient R2 are obtained through the regression analysis. A summary of these model 

parameters for the four materials in different moisture conditions is provided in Table 6-10. 

The high values of the correlation coefficient R2 indicate that the Uzan model can provide a 

good fit between the measured values of MR and its model-predicted value. To demonstrate the 

good fit between measured and model predicted values, Figure 6-16 provides a sample 

comparison between measured and Uzan model predicted Mr for unsoaked M4-compliant 

aggregate 1. The measured and model predicted values nearly overlap as shown in Figure 6-

16(a). In addition, Figure 6-16(b) provides the relationship of the measured Mr against the 

model predicted Mr. The line of equality is used to describe the degree of the model predicted 

Mr fitting the measured Mr. When the point is close to the line of equality, the model predicted 

Mr will fit the measured Mr well (the closer, the better). In Figure 6-16(b) the points are 

generally very close to the line of equality. Consequently, the Uzan model can provide a good 

fit between the measured values of Mr and its model-predicted value and hence the Uzan model 

will be used to investigate the effect of moisture conditions on the resilient modulus of granular 

materials over a wide range of stress levels.  

 

(a) Model predicted and measured resilient modulus at each stage 
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(b) The relationship between model predicted and measured resilient modulus 

Figure 6-16: Comparison between measured and Uzan model predicted Mr for unsoaked M4-

compliant aggregate 1 

Table 6-10: The Uzan model parameters for all the granular materials under different 

moisture conditions 

Material code 
Moisture 
condition 

Uzan Model parameters 

 

K1 K2 K3 R2 

M4-compliant 
aggregate 1 

Unsoaked 1.1515 1.0975 -0.5879 0.9987 

Soaked 1.3482 0.8191 -0.4073 0.9989 

Marginal 
aggregate 1B 

Unsoaked 0.8633 1.1508 -0.5029 0.9807 

Soaked 0.9719 1.0805 -0.4923 0.9814 

M4-compliant 
aggregate 2 

Unsoaked 1.2178 0.8322 -0.3668 0.9921 

Soaked 1.1574 0.9112 -0.4568 0.9399 

Marginal 
aggregate 2 

Unsoaked 0.8471 0.8776 -0.2449 0.9621 

Soaked 0.8855 0.8466 -0.2907 0.9759 

The Uzan model-predicted curves for the four materials and different moisture conditions are 

plotted in Figure 6-16, which describes the relationship between the resilient modulus and the 

sum of principle stresses   with confining pressure. Note that the original Uzan model 

expressed as Equation (6-3) describes the relationship between the resilient modulus, and the 
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sum of principle stresses  and the deviator stress. The reason that confining pressure rather 

than deviator stress is selected is that the range of confining pressure can be determined but no 

range can be determined for deviator stress. The range from 10 to 150 kpa for the confining 

pressure is specified by several roading organisations (Austroads, 2007; NZTA, 2012; BS, 2004; 

AASHTO, 2007). Based on the parameters obtained in Table 6-14, Uzan model predicted 

curves plotted in Figure 6-16 are extrapolation of the lab data under several confining pressures 

(10kpa, 30kpa, 50kpa, 70kpa, 90kpa, 110kpa, 130kpa and 150kpa).  

For all the four materials, the soaked specimen have higher resilient modulus than the unsoaked 

specimen in the low stress region (i.e. low   and low confining pressures) as seen in Figure 

6-16(a), (b), (c) and (d). However, in the high stress region (i.e. high   and high confining 

pressures) the unsoaked specimen has higher resilient modulus. This suggests there is a reversal 

of the effect of soaked/unsoaked on the resilient modulus existing in certain stress region. As 

indicated in Figure 6-16(a), (b), (c) and (d), the stress region in which the reversal of the effect 

of soaked/unsoaked exists is marked as green circles. However, as the observation is based on 

an extrapolation and we don’t have lab data to rigorously confirm this effect, the reason causing 

the reversal of the effect of soaked/unsoaked cannot be given at this stage.   

 

(a) M4-compliant aggregate 1 
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(b) Marginal aggregate 1B 

 

(c) M4-compliant aggregate 2 
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(d) Marginal aggregate 2 

Figure 6-17: The effect of moisture conditions on the resilient behaviour of granular materials 

under stress levels 

Note: Solid and dashed lines represent the unsoaked condition and soaked condition, 

respectively. 

6.4 Conclusions 

This chapter has dealt with the laboratory characterisation of the mechanical behaviour of four 

granular materials (two materials from each quarry consisting of one premium and one 

marginal material, respectively). The permanent strain and resilient behaviour of the materials 

was analysed based on the results of small-scale RLT tests. A four-day soaking process, which 

simulated wet conditions that pavements experience, was used to evaluate the sensitivity of 

granular materials to moisture to better understand their marginality. Various computational 

models, including the shakedown approach were used to analyse the mechanical behaviour of 

the materials. The following conclusions can be obtained: 

1. The unsoaked specimens generally maintain a low cumulative permanent strain under 

different stress levels for all four materials. However, soaking of the sample for 96 

hours causes different degrees of increase in the cumulative permanent strain for the 
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materials. In particular, of all the aggregates the soaked specimens of marginal 

aggregate 2 developed much higher cumulative permanent strain (200%) compared 

withthe unsoaked specimens, notably after 250,000 load cycles. 

2. The analysis of secant permanent strain rate (Psec) show that in addition to marginal 

aggregate 2, the soaking process causes a significant increase in Psec for M4-compliant 

aggregate 2 as a result of the smectite and/or swelling chlorite contained in the materials. 

However, for M4-compliant aggregate 1 and marginal aggregate 1B, the soaking 

process does not cause an increase of Psec. This indicates that these two materials are 

not significantly affected by water in regards to the mechanical behaviour even though 

smectite and/or swelling chlorite were observed in marginal aggregate 1B. 

3. The shakedown approach illustrates that the aggregates containing swelling minerals 

(i.e. M4-compliant aggregate 2 and marginal aggregate 2) have a reasonably good 

capability to resist permanent deformation in dry conditions but will deteriorate when 

in contact with water particularly under high stress levels due to the presence of 

swelling clay minerals. However, marginal aggregate 1B, which also contains swelling 

minerals, displays insignificant susceptibility to moisture. This may be related to the 

lower swelling potential of the aggregate. The results also illustrate how the plastic 

behaviour of aggregate changes radically when a material with high swelling potential 

is exposed to an extended period of soaking, showing poor deformation response when 

compared with aggregates with low swelling potential in the same conditions. These 

results highlight the problematic mechanical behaviour of the aggregates with high 

swelling potential when they are in a high moisture environment. 

4. The results of the six-stage RLT tests show the insensitivity of the resilient modulus of 

the aggregate to moisture although a slight decrease in resilient modulus occurs after 

four days of soaking regardless of the type of aggregates. However, the M4-compliant 

aggregates generally have higher resilient moduli compared to the marginal aggregates.  

5. The Uzan model is a more suitable model to predict the resilient behaviour of granular 

materials compared to the K-θ model. The Uzan model can provide a good fit between 

the measured values of MR and its model-predicted value. Through the analysis on the 



Chapter 6 

182 
 

Uzan model, the soaked specimen have higher resilient modulus than the unsoaked 

specimen in the low stress region (i.e. low   and low confining pressures). However, 

in the high stress region (i.e. high   and high confining pressures) the higher resilient 

modulus occurs on the unsoaked specimen rather than the soaked specimen. This 

suggests there is a reversal of the effect of soaked/unsoaked on the resilient modulus 

existing in certain stress region. However, as the observation is based on an 

extrapolation and we don’t have lab data to rigorously confirm this effect, the reason 

causing the reversal of the effect of soaked/unsoaked cannot be given at this stage. 

6. For marginal aggregate 2, after four days soaking, there is a great difference shown in 

the permanent deformation than in its resilient modulus . This illustrates that compared 

to the resilient modulus the permanent deformation is a better indicator to evaluate the 

susceptibility of marginal aggregate 2 to moisture. 
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CHAPTER 7: MARGINALITY OF GRANULAR 

MATERIALS  

 

7.1 Introduction 

In the previous chapters much attention has been given to various properties of the granular 

materials (such as engineering index properties, mineralogical and geological properties, 

swelling properties and mechanical properties). The focus was on the test results and how these 

results were interpreted. Little discussion was given about understanding the marginality of 

aggregates by organising and integrating these results, which is one of the aims of this research. 

Therefore, in this chapter a discussion will be given of the previous results from index 

engineering property tests (i.e the tests specified by NZTA M4 specification), other less 

frequent tests (i.e. XRD, petrographic examination and one-dimensional swelling tests) and 

RLT tests. In doing so the aim is to better understand the marginality of the aggregates used in 

this study. Figure 7-1 gives the process of understanding the marginality of aggregates. 

 

Figure 7-1: Understanding the marginality of aggregates 

 



Chapter 7 

184 
 

7.2 Marginal aggregates defined with respect to NZTA M4 

specification 

Table 7-1 provides a summary of the engineering index properties of the five aggregates, as 

presented in Chapter 3, and their compliance or otherwise with respect to NZTA M4 

specifications (2006). This allows the quality of the aggregates to be differentiated on the basis 

of the 7 tests shown in Table 7-1. As seen in the table, it can be concluded that the latter three 

aggregates (i.e. marginal aggregate 1A, 1B and 2) will be classified as marginal since these 

aggregates fail to meet one or more of the requirements of the M4 specifications. Similarly, the 

conclusion may be reached that the first aggregate is categorised as a premium aggregate. The 

aggregate left undefined as to its classification is the second aggregate, which does not pass 

two of the three requirements for the engineering properties of fine particles, but it is still 

defined as a M4-compliant aggregate. This conclusion is reached on the basis of the M4 

specifications. 

As described in Chapter 3, NZTA M4 testing specification for fine particles includes clay index, 

plasticity index and sand equivalent but does not require a pass in all three tests. The 

specification requires a positive result in either a clay index or plasticity index test if the 

material has failed the sand equivalent test. Thus the M4 aggregate from quarry 2, which failed 

the sand equivalent and the plasticity index test, is still categorised as a premium aggregate 

with good fines properties because its clay index meets the requirement of NZTA M4 

specification, as shown in Table 3-1 of Chapter 3.  

 

 

 

 

 

 

 

 



Chapter 7 

185 
 

Table 7-1: Summary of these five aggregates 

     Engineering properties of fine particles 

 Crushing 
resistance 

Weathering 
quality 
index 

California 
bearing 

ratio 

Particle size 
distribution 

Sand 
Equivalent 

Clay 
index 

Plasticity 
index 

Summary 
for fines 
property 

M4-compliant 
aggregate 1 

√ √ √ √ √? √ √ √ 

M4-compliant 
aggregate 2 

√ √ √ √ × √ × √ 

Marginal 
aggregate 1A 

√ √ √ √ × × × × 

Marginal 
aggregate 1B 

√ √ √ × × × × × 

Marginal 
aggregate 2 

√ × √ × × × × × 

Note: √ representss the property meeting the requirement of NZTA M/4 specification. × represents the property 

failing to comply with NZTA M/4 specification. √? represents the property nearly failing to meet the requirement 

of M/4 specification, carrying with it the associated uncertainty. 

7.3 The response of granular materials under wet conditions and 

repeat loading 

As discussed in Chapter 5, when ‘premium’ M4-compliant aggregate 2 and marginal aggregate 

2 are water saturated, a high swelling capacity rapidly develops, as shown in Figure 5-9. 

However, in comparison to M4-compliant aggregate 2 and marginal aggregate 2, marginal 

aggregate 1B shows much lower swelling potential. There was no significant swelling 

occurring for M4-compliant aggregate 1 and marginal aggregate 1A. It is known and described 

in the literature review that the performance of granular materials is largely influenced by the 

swelling potential of aggregates when they have contact with water. A high swelling potential 

of an aggregate probably causes the poor performance as the swelling minerals contained in 

the aggregates have the ability to expand when they are released and come into contact with 

water, causing separation of the aggregate particles (Al-Rawas et al., 1998; Little, 1995).  

Therefore, to address the effect of the swelling potential on the mechanical performance of 

granular materials, the RLT test, a test method used to simulate moving vehicles on pavements, 
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was conducted. Before the RLT test, a soaking process of four days duration was conducted to 

simulate very wet conditions and develop the swelling capacity of the materials prior to repeat 

loading.  

The results of the RLT tests show that the plastic behaviour of the aggregates (i.e. M4-

compliant aggregate 2 and marginal aggregate 2) changes radically when the material with high 

swelling potential is first exposed to an extended period of soaking, especially in stage 6 (high 

stress levels). For example, the permanent strain response of an unsoaked M4-compliant 

aggregate 2 is within the plastic shakedown range in Stage 6 but takes on plastic creep 

behaviour after being soaked in water for four days. The secant permanent strain rate (Psec) in 

stage 6 also shows a significant increase after the soaking process. The plastic behaviour of 

marginal aggregate 2 changes even more radically, from a plastic creep range to the incremental 

collapse range, with a considerable increase in the secant permanent strain rate, after the 

soaking process. However, no significant changes in the permanent strain responses are 

observed for M4-compliant aggregate 1 and marginal aggregate 1B under unsoaked and soaked 

conditions. 

To make a comparison between the swelling potential and the mechanical performance of the 

aggregates, the degree of the susceptibility of the permanent strain behaviour to moisture is 

defined as the change in Psec caused by the soaking process. Table 7-2 provides a summary of 

previous results of Psec in stage 6 and the swelling capacities of the materials. It can be seen 

that the degree of susceptibility of the permanent strain behaviour to moisture is consistent with 

the swelling potential of the aggregates (described in chapter 5). Higher swelling potential leads 

to a larger increment of secant permanent strain rate. This illustrates that the degree of the 

susceptibility of permanent strain behaviour to moisture increases with increasing swelling 

potential.  
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Table 7-2: A comparison between swelling potential and susceptibility of permanent strain 

behaviour to moisture 

 Stage 

Psec, 

unsoaked (10-

3/ loading 

cycle) 

Psec, soaked 

(10-3/ loading 

cycle) 

Change in the Psec  

caused by soaking, % 

Swelling potential 

(fractions less than 

2.36 mm), % 

M4-compliant 

aggregate 1 
6 7.47E-06 5.89E-06 -21.15 0 

Marginal 

aggregate 1B 
6 6.54E-06 6.57E-06 0.46 0.027 

M4-compliant 

aggregate 2 
6 5.85E-06 1.08E-05 84.62 0.054 

Marginal 

aggregate 2 
6 2.56E-05 1.35E-04 427.34 0.060 

A difficulty in understanding and therefore interpretation occurs in the results between 

engineering index property tests (in Table 7-1) and tests performed infrequently, i.e. RLT tests 

and swelling tests. M4-compliant aggregate 2 shows high swelling capacity and significantly 

decreased mechanical performance after being soaked. In contrast, marginal aggregate 1B with 

low swelling potential shows good resistance to permanent strain in dry conditions and 

insignificant change in permanent deformation behaviour after being exposed to an extended 

period of soaking. This leads to the question ‘what causes the marginality of the materials’? 

7.4 The possible reason for the ‘marginality’ of aggregates 

There must be physio-chemical change in M4-compliant aggregate 2 and marginal aggregate 

2 after the four days soaking process, such that the two materials show a decrease in mechanical 

performance, as discussed in Section 7.3. 

Figure 5-1, 5-4, 5-5, 5-6 and 5-7 show that the swelling minerals i.e. smectite, swelling chlorite 

and laumontite occur in M4-compliant aggregate 2 and the two marginal aggregates. These 

swelling minerals are expected to swell when they are in contact with water, resulting in 

possible structural damage. When the aggregate containing swelling minerals is immersed in 

water, this water is drawn into the interlayer space of the swelling clay minerals contained in 

the aggregate, causing the clay to swell dramatically (Black, 2009). The swelling clay minerals 
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will expand and push the fine components of the aggregate particle apart (Nelis et al., 2013) 

leading to a loss of structure of the aggregate. On the other hand, the water drawn into the 

interlayer space weakens the interlayer bonding force of swelling clay minerals (Black, 2009). 

In RLT tests, the water drawn into the interlayer space will probably not immediately drain out, 

even under drained conditions. Eventually, the marginal aggregate gains an undesirable loss of 

integrity from the original fabric and structure being partially destroyed as well as internal 

lubrication when surrounded by (moist) swelling clay mineral particles (i.e. smectite and 

swelling chlorite). The result is a reduction in shear strength and stiffness and a corresponding 

increase in permanent strain rate, as also found by Odom (1984).  

In order to identify whether or not water from the soaking process is immediately drained out 

under drained conditions during RLT tests on soaked specimens, the moisture contents after 

compaction and also after RLT tests were established.  Figure 7-2 gives a flowchart for the 

testing procedure. Moisture content I, II and III were determined from this procedure. Moisture 

content I was obtained using the aggregate left after the specimen was compacted. Moisture 

content II and III were determined for unsoaked and soaked conditions, respectively, using the 

whole compacted specimen following repeat loading in the RLT test.  

As can be seen in Figure 7-3 (a), the moisture content has decreased after the RLT tests for 

unsoaked specimens for all the four materials. This illustrates that the water content reduces 

between compaction and completion of the RLT test due to the evaporation during the six-stage 

drained RLT tests. In soaked condition, a similar reduction in the moisture content can be 

observed for M4-compliant aggregate 1 and marginal aggregate 1B (see Figure 7-3 (b)) due to 

the water evaporation. A visual inspection showed that no water was retained in the matrix of 

these two materials. Therefore, their mechanical performance has not significantly changed 

after the four days of soaking. 

In contrast, in soaked condition, M4-compliant aggregate 2 and marginal aggregate 2 clearly 

exhibit increases in moisture content following the RLT tests as seen in Figure 7-3 (b) (red dash 

circles). The increases indicate that some water from the soaking process has not drained out 

during the drained RLT tests. This water was drawn into the interlayer space of the swelling 

minerals contained in M4-compliant aggregate 2 and marginal aggregate 2, following the 
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processes described above and resulting in weaken bonding forces between particles, leading 

to decreased shear strength and a lowered capability to resist permanent deformation.   

 

Figure 7-2: The simple flowchart for the testing procedure used in this research 

 

(a) Under unsoaked conditions 

 

(b) Under soaked conditions 
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Figure 7-3: The change of moisture contents of the materials in the testing procedure 

Although swelling clay minerals were presented in marginal aggregate 1B, there was no 

significant change in permanent deformation after the soaking process, probably because the 

quantity of swelling minerals is not sufficient to have a significant impact on the rheology of 

this aggregate. This explanation is reinforced by the low swelling potential of the material.  

Additionally, the results of pH testing following soaking, as described in Chapter 5, reveals 

that saturation with water over prolonged periods will change the chemical environment of the 

aggregate initially to alkaline conditions which will favour the formation of smectite. With 

prolonged soaking the leachate becomes pH neutral which favours the formation of kaolin. 

Thus in the roading environment, where aggregates are compacted and water may be retained, 

the leachate will establish an alkaline environment in the short term, which over time tends to 

become a pH neutral environment, in which smectite forms in aggregates, eventually moving 

towards an acidic condition in the long term. This acidic state favours the formation of kaolin. 

Saturation with water over prolonged periods will result in the occurrence of detrimental clay 

minerals, further leading to the failure of pavements. 

Based on the above discussion, it is evident that the mineralogical and geological 

characteristics of granular materials have a great impact on the mechanical performance of 

these materials. Sufficient detrimental minerals, particularly swelling clay minerals contained 

in a material will probably result in the material transforming into a marginal or unacceptable 

material, particularly when in contact with water.  

7.5 Evaluation system  

A study of the relationship between the sand equivalent and clay index by Lowe (2011) showed 

that there was no significant correlation between these two tests and that the time specified in 

the sand equivalent test for the equilibrium settling was insufficient for New Zealand 

greywacke material. Lowe’s finding along with the discussion about the marginality of granular 

materials reveal that it is insufficient to evaluate the quality of the materials only by using a 

‘pass/fail’ or ‘black /white’ categorisation of engineering tests (specified by NZTA M4 

specification). Further infrequently used testing methods (e.g. XRD, the swelling test and RLT 
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test) are required, alongside standard test performance measures, carried out in the context of 

the intended aggregate loading/environment. 

The free swell test data determined in this study reveals that the percentage swell of saturated 

aggregates is also time dependant; some aggregates quickly swell while others only begin to 

swell after a relatively long period of stability. The results show that the test methods currently 

used to distinguish between premium and marginal aggregates are inappropriate and hence 

ineffective indicators of the potential performance of greywacke aggregates when they are 

water immersed.  

More research needs to be undertaken to understand the causes of swelling and the reasons for 

the time-delay in the start of the swelling process observed in the case of some aggregates.  

7.6 The effect of aggregate sizes on the mechanical performance 

of granular materials 

7.6.1 Large scale RLT test  

In this research, aggregate particles greater than 19 mm were removed for the small scale RLT 

tests to ensure a minimum ratio of 6:1 between the diameter of RLT specimen and maximum 

aggregate ALD size. However, in the case of the large RLT specimen (diameter 250 mm and 

height 625 mm) the largest aggregate size is 37.5 mm, which is what is used in the field when 

compacting M4 aggregates. 

Therefore, the specimen used in the small RLT test (diameter 150 mm, height 300 mm) is not 

fully representative of field procedure. The change in the aggregate size could affect the 

mechanical properties and hence the assessment of the marginality of the materials. In order to 

test the performance of full-grading aggregates (i.e. all passing 37.5 mm), a large scale RLT 

test, as shown in Figure 7-4, was conducted using a specimen with a diameter 250mm and 

height 625mm by Karan et al. (2014). The same stress levels, loading frequency and shape 

were used in the large RLT test as described in Chapter 3 for the small RLT test. A 

preconditioning phase with 1,000 load cycles was applied before the six-stage large scale RLT 

test. A confining pressure of 103.4 kPa and a cyclic axial stress of 93.1kPa were set in the 
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preconditioning period.  

Full-grading specimens of M4-compliant aggregate 1 were used in the large scale RLT test in 

drained and unsoaked conditions. This section will analyse the combined data from the small 

and large RLT tests to investigate the effect of aggregate sizes on the mechanical performance 

of granular materials. The OMC and MDD achieved for the large RLT specimen, compacted 

by the vibrating compactor, were 4.7% and 2.231T/m3, respectively. As described in Chapter 

6, the OMC and MDD achieved for the small RLT specimen were 5.1% and 2.284T/m3, 

respectively. The large scale RLT test was also carried out in triplicate. 

 

  

Figure 7-4: The large scale RLT cell (left) and specimen (right) 

7.6.2 Permanent deformation behaviour 

The preconditioning phase described above was used for large specimens with a maximum 

particle size of 37.5 mm in the large scale RLT test to eliminate some permanent deformations 

occurring during the initial load cycles. However, the preconditioning phase has not been used 

in small RLT tests. In spite of this at termination of the test higher cumulative permanent strain 

still occurred with the large specimen as shown in Figure 7-5. This solely attributes to the 

significantly higher cumulative permanent strain of the large specimen in Stage 6.  

As discussed in Section 2.4.5, the preconditioning stage is not necessarily required to obtain 

the permanent deformation behaviour of granular materials. No conditioning phase before 
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permanent deformation tests is specified by British and Australian standards (Austroads, 2007; 

BS, 2004). Consequently, the preconditioning stage is not considered to have a significant 

influence on permanent strain rate. 

A comparison of Psec between the large and small specimen is made in Figure 7-6 and Table 7-

3.  In relatively high stress levels (i.e. from Stage 4 to 6), considerable increases in Psec can be 

observed for the large RLT specimen. However, a different change occurs in lower stress levels 

of Stage 1 to 3 the secant permanent strain rate decreasing with the increasing maximum 

particle size.   

Figure 7-7 gives the relationship between permanent strain rate and cumulative permanent 

strain based on the shakedown approach for the large RLT specimen. The first five stages of 

the specimen are within the plastic shakedown range (i.e. permanent strain rate is less than 

1×10−5) while Stage 6 is within the plastic creep behaviour (i.e. permanent strain rate is between 

1×10−5 and 8×10−5). In contrast, the permanent strain response of the small RLT specimen is 

within the plastic shakedown range for all six stages as seen in Figure 6-9(a).  

 

Figure 7-5: Comparison of cumulative permanent strain between small and large RLT tests 

for M4-compliant aggregate 1 
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Figure 7-6: Comparison of secant permanent strain rate between small and large RLT tests 

for M4-compliant aggregate 1 

Note: The coefficients of variation defined in Chapter 6, for the small and large specimen, are 27% and 38%, 

respectively. The black line on each column represents the range of the secant permanent strain rate for each stage. 

Table 7-3: The effect of aggregate sizes on the secant permanent strain rates (10-3/loading 

cycle) 

 Stage Small RLT specimen 

 

 

Large RLT specimen 

 

 

 

Increase in secant permanent 
strain rate of the large RLT 
specimen (maximum particle 
sizes of 37.5 mm) compared 
to the small RLT (maximum 
particle sizes of 19 mm), % 

M4-compliant 
aggregate 1 

1 5.61E-06 3.99E-06 -28.87 

2 2.36E-06 1.75E-06 -25.90 

3 1.60E-06 1.5E-06 -10.56 

4 1.38E-06 6.37E-06 361.25 

5 2.82E-06 6.53E-06 131.49 

6 7.47E-06 2.58E-05 245.50 
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Figure 7-7: Permanent strain rate versus permanent strain for M4-compliant aggregate 1 

using the large scale RLT test 

Note that the points plotted in graphs were selected in a form of one point every 2,500 cycles. 

7.6.3 Resilient behaviour 

The resilient modulus for each stage is obtained using the method described in Section 6.3.1. 

There is a significant effect of the maximum particle size on the resilient modulus of M4-

compliant aggregate 1 as seen in Figure 7-8 and Table 7-4. The resilient modulus of the large 

specimen compared to the small specimen shows a notable decrease with the increasing 

maximum particle size for all six stages. The extent of the increase is quite different between 

each stage and has no significant correlation with the stress levels.  



Chapter 7 

196 
 

 

Figure 7-8: Comparison of resilient modulus between small and large RLT tests for M4-

compliant aggregate 1 

Table 7-4: Resilient modulus for the small and large RLT specimen for M4-compliant 

aggregate 1  

  
Stage 1 
(MPa) 

Stage 2 
(MPa) 

Stage 3 
(MPa) 

Stage 4 
(MPa) 

Stage 5 
(MPa) 

Stage 6 
(MPa) 

M4-
compliant 
aggregate 

1 

Large RLT-37.5 
mm 

307 (28) 201 (14) 285 (17) 333 (13) 314 (9) 267 (3) 

Small RLT-19 
mm 

633 (202) 280 (59) 430 (112) 528 (137) 447 (76) 356 (32) 

Decrease in 
resilient 

modulus of large 
specimens 

compared to 
small specimens 

(%) 

106.2 39.3 50.9 58.6 42.4 33.3 

Note: Each cell contains the average value of resilient modulus and its range, which is the difference between 

minimum and maximum values. 

7.6.4 Discussion 

The results above illustrate that the aggregate size range, has a great influence on the 

mechanical behaviour of the premium greywacke aggregate. The reduction of maximum 
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particle sizes results in a better resistance to permanent deformation and an increase in resilient 

modulus. However, this finding is not consistent with the previous studies, which reported that 

a significant decrease in stiffness was found on scaling down the grading of granular materials 

(Donbavand, 1987; Lekarp & Isacsson, 2001; Sweere, 1990) and no significant relationship 

existed between the permanent strain response and the maximum particle sizes (Lekarp & 

Isacsson, 2001).  

One of the likely reasons causing the inconsistency is the difference in the specimen size used 

between this research and the previous studies. The previous studies used the same specimen 

sizes for different grading scales of the material to investigate the effect of the aggregate size 

on the mechanical performance of materials. However, in this research, the large specimen size 

(i.e. 250 mm diameter and 625 mm height) were used for the full-grading material and the 

small specimen size (i.e. 150 mm diameter and 300 mm height) for the scalped aggregate with 

the size less than 19 mm. Sweere (1990) conducted a series of RLT tests on specimens of 150 

mm and 400 mm diameters seperately to examine the effect of the specimen size on the resilient 

behaviour of two materials. Higher resilient stiffness was found in the smaller specimens with 

150 mm diameters for a crushed masonry. This outcome agrees with the finding of this research. 

However, it is noted that he had not scaled down the materials to achieve a maximum particle 

size less than 19mm for the smaller specimens as was done in this research.  

The analysis above reveals that the aggregate size influences the mechanical behaviour of the 

material. However, the nature and the extent of this effect are very complex and difficult to 

determine. None of the previous studies have replicated what was done in this research making 

a direct comparison difficult. The complexity of the effect is confirmed by the study from 

Lekarp and Isacsson (2001).  

Apart from the aggregate size, grading is another reason causing the inconsistency. With the 

aggregates larger than 19 mm scalped, the original full-grading (all passing 37.5 mm) would 

be changed so that the interlock between aggregate particles is modified, resulting in a different 

mechanical performance from the scalped aggregates less than 19 mm. Additionally, the 

compaction characteristics (i.e. OMC and MDD) of small and large specimens are different as 

described in Section 7.6.1. This would also result in different mechanical performance. 
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Membranes used in small and large specimens are also of different thickness; silicone 

membranes used had a thickness of 0.5 mm for small specimens and rubber membranes with a 

thickness of 3 mm for the large specimens. These membranes with different thicknesses will 

have an influence on the confining effect on the specimen  used in RLT tests, leading to 

different mechanical performance between small and large specimens. 

It is, therefore, recommended that RLT specimens are made large enough to allow testing of 

granular materials at their field gradings.  

7.7 Summary and conclusions 

This chapter describes the steps taken to understand the reasons for the marginality of 

aggregates by organising and integrating the results of various properties of the granular 

materials (such as index engineering properties, mineralogical and geological properties, 

swelling properties and mechanical properties). The effect of the aggregate grading and size on 

the mechanical behaviour of M4-compliant aggregate 1 was investigated. The following 

conclusions can be obtained: 

1. The quality of the granular materials under study was assessed according to NZTA M4 

specification. However, an inconsistency occurs in the results between engineering 

index property tests, specified by NZTA M4 specification, and RLT tests and swelling 

tests. The good quality aggregate (M4-compliant aggregate 2), assessed according to 

M4 specifications, shows high swelling capacity and significantly decreased 

mechanical performance after being soaked for 4 days. In contrast, marginal aggregate 

1B, with low swelling capacity, demonstrates good resistance to permanent strain 

before and after being exposed to an extended period of soaking. 

2. The work presented in this chapter show that the mineralogical and geological 

characteristics of granular materials have a great impact on the mechanical performance 

of these materials. Sufficient detrimental minerals, particularly swelling clay minerals, 

contained in a material will result in the material transforming into a marginal or 

unacceptable material, particularly when in contact with water. 
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3. It is insufficient to evaluate the quality of the materials by only using a ‘pass/fail’ or 

‘black /white’ categorisation of engineering tests (specified by local standards). Further 

infrequently used testing methods (e.g. XRD, the swelling test and RLT test) are 

required, alongside standard test performance measures, carried out in the context of 

the intended aggregate loading/environment. It is recommended that more research 

needs to be undertaken to further understand the causes of swelling and the reasons for 

a time-delay in the start of some of the swelling process. 

4. A comparison of the mechanical performance between a small (150mm x 300mm) 

scalped specimen and the original full-grading material used to form a large specimen 

(250mm x 625mm) reveals that the aggregate grading and specimen size influences the 

mechanical behaviour of the material. Specifically, the reduction of maximum particle 

sizes results in an improved resistance to permanent deformation and an increase in 

resilient modulus. However, the nature and the extent of this effect are very complex 

and difficult to determine and is little helped by the international literature. The OMC, 

MDD of specimens and membranes used in RLT tests are also the factors causing the 

difference in the mechanical performance between small and large specimens. It is 

recommended that RLT specimens are made large enough to allow testing of granular 

materials at their original gradings i.e. that intended to be used in the field. As the 

mineralogical characterisation and mineralogy-related engineering properties are 

considered the main reasons causing the marginality of the materials studied in this 

research, it is still reasonable to use scalped aggregate (less than 19 mm) as an indicator 

of the performance of the original fully-graded material. However prediction of field 

performance is best determined by using large scale specimens that have a diameter to 

maximum ALD of 6, as is recommended in the international literature.  
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CHAPTER 8: STABILISATION OF 

MARGINAL GRANULAR MATERIALS 

 

8.1 Introduction 

One of the aims of this research is to explore the effectiveness of techniques used for improving 

the performance of marginal granular materials. Previous chapters reveal that the presence of 

the swelling minerals, particularly swelling clay minerals i.e. smectite and “swelling chlorite”, 

in aggregates is a key factor causing the marginality (poor performance) of aggregates. As 

discussed in Chapter 2, lime and/or cement stabilisation is a cementation process, involving 

the pozzolanic reaction between the calcium (in the lime compounds added to the aggregate) 

and silica and alumina in the clay mineral component of the material to form calcium silicate 

hydrates and calcium aluminate hydrates. The new mineral phases will grow to physically 

cement the particles together so that the material is strengthened. Meanwhile, the susceptibility 

of marginal aggregates to moisture can be significantly decreased as the swelling clays are 

consumed through the pozzolanic reaction. As a result, lime and cement stabilisations are 

selected to improve the performance of marginal aggregate materials by targeting the reason 

for marginality (i.e. swelling clay minerals). 

In this chapter the optimum stabiliser content, also called initial consumption of stabilisers, is 

first determined through pH, plastic limit (PL) and mechanical (CBR or unconfined 

compressive strength (UCS)) methods. The three methods recommended to determine 

optimum stabiliser content have been introduced in Section 2.2.4. Of the three methods, the pH 

and PL methods are designed for soil treatment while the mechanical methods are suitable for 

both soil and aggregates. In this chapter an investigation is made of the suitability of the pH 

and PL methods for treating aggregate and a comparison made of the three test methodologies. 

In addition, the effect of stabilisers on engineering properties of fine particles, mineralogical 

composition and mechanical behaviour of marginal aggregates is investigated at the optimum 
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stabiliser content.  

8.2 Determination of optimum stabiliser content 

8.2.1 Sample preparation  

Fine particles less than 0.425mm were used in the pH and PL test. The samples for these fine 

particles were prepared using the wet sieve method as some fine particles stick on the surface 

of coarse particles as shown in Figure 8-1. The all-in samples were sieved through a 0.425mm 

test sieve suitably protected by larger sieves. The material retained on the 0.425mm sieve was 

washed and all protecting sieves were also washed with distilled water. The resulting 

suspension was first filtered, and then dried at less than 30°C. Before starting the pH and PL 

tests, the dried samples were mixed thoroughly with either lime or cement in a dry state. For 

mechanical methods, aggregates of less than 19mm were used to ensure a minimum ratio of 

6:1 between the diameter of CBR or UCS specimen and largest aggregate size (AASHTO, 1986; 

ASTM, 2008c; Balkema, Gomes Correia, et al., 1993). 

 

Figure 8-1: Fine particles sticking on the surface of coarse particles 

8.2.2 Optimum lime content (OLC)  

The suitability of pH and PL methods for determination of the OLC of aggregates 

Testing methods for pH, PL and CBR tests 

The pH method developed by Eades and Grim (1966) has been specified by specifications, in 

BS 1924-2 (1990b) or ASTM D6276 (2006). In the pH method, approximate 20 g of mixture 

10 mm
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of lime (Ca(OH)2) and materials passing sieve 0.425mm was added to 100 mL of distilled water 

and shaken for 30 s, and then for another 30 s every 10 min for a total of one hour. The pH of 

the resulting suspension was then tested with a pH meter for use up to pH values of 13.0 

readable to 0.05 pH unit. The OLC corresponds to the minimum lime content required to 

produce a suspension pH of 12.4, namely a lime-saturated solution.  

Six proportions of lime (0%, 2%, 3%, 4%, 5% and 6% by mass) were selected to treat fine 

fractions of the marginal materials separately. The pH test for each material and each proportion 

was repeated twice. Although the pH test was conducted only on the fine fraction of the 

stabilised material, i.e. that fraction most reactive to lime, the results are assumed to apply to 

the full-grading material.  

The lime-saturated solution was prepared by mixing 5 g of lime with 100 ml of distilled water. 

The mixture was then shaken for 30 seconds, and then shaken for another 30 seconds, at 10 

minute intervals, for the first hour and then every hour for 4 hours. The suspension was left in 

the tightly stoppered bottle for 24 h before its pH value was determined. The method requires 

the pH value of the suspension at 25 °C in the range 12.35 to 12.45. The measured pH value of 

the lime-saturated solution used in this research was 12.41.  

The PL test method was conducted according to New Zealand Standard (NZS, 1991a), which 

is similar the PL test method specified by (ASTM, 2014; BSI, 1990a). A 30g sample is required 

for the plastic limit test.  

The mechanical method used was the CBR test, carried out according to (NZS, 1991c). The 

stabilised CBR specimens were compacted using a small vibrating compaction machine as 

shown in Chapter 3. In this research, the required amount of lime and the percentage of water 

to be added for optimum mixing purposes were calculated according to the methods specified 

by (NZTA, 2013). The method for mixing marginal granular materials with water and 

stabilisers has also been described in Chapter 3.  

Prior to the CBR testing, the stabilised compacted specimens were cured for 7 days to obtain 

strength in sealed plastic bags at a room temperature of 22°C ± 2°C. The curing was followed 

by soaking the sample for four days in a water bath in order to evaluate the moisture 
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susceptibility of the specimens. Figure 8-2 shows the curing and soaking processes, which were 

also used in UCS tests and RLT tests for stabilised marginal aggregates. After removing the 

specimens from the water bath, they were drained for no longer than 15 minutes prior to be 

tested.  

  

Figure 8-2: The curing and soaking processes used in stabilisation 

pH, PL and CBR results 

Before the pH and PL methods were applied to all marginal aggregates, a comparison between 

three methods was made to determine the suitability of the pH and PL methods for determining 

the OLC for aggregates using marginal aggregate 1B as an example.  

Figure 8-3 shows the results of the pH, PL and CBR tests of marginal aggregate 1B stabilised 

to the range of lime contents up to 6%. The CBR results show that a plateau is achieved at and 

after 4% lime content possibly due to increasing rates of the lime-swelling clays pozzolanic 

reaction up to the point of lime saturation, whereupon the reaction rate becomes stable (Hilt & 

Davidson, 1960). Thus the 4% of lime content corresponding to the beginning of the plateau is 

regarded as the OLC of marginal aggregate 1B. 

The OLCs determined using the PL and pH method show good agreement with the OLC of 4% 

identified by the CBR testing. The PL becomes roughly constant above 4% lime content. At 

3.2% lime content the pH = 12.4 which is close to the OLC determined by the CBR testing. 

The results indicate that marginal aggregate 1B, prepared to a lime content less than 4%, had 
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insufficient lime to saturate the pore water, because the pH environments of these materials 

were less than the 12.4 limit and so had a reduced capacity to react the swelling clay minerals 

into calcium silicates and aluminates. However, it is most likely the case that the water was 

sufficient to hydrate all calcium silicate products but the hydration process is not enough to 

incur the maximum strength of the material (Ciancio et al., 2014). Ciancio also provided an 

explanation for the behaviour of a material prepared to lime contents higher than its OLC used 

in his research. In this latter case, the lime would be sufficient to saturate the pore water (under 

pH conditions >12.4), but the full hydration could not be achieved due to there being 

insufficient water. The pozzolanic reaction is affected by the availability of water not by the 

lime content. As a consequence, similar amounts of cementitious compounds were formed 

providing similar strength/stiffness for all specimens that have more than 4% lime content. 

Therefore, the comparison between the OLCs for marginal aggregate 1B as determined by pH, 

PL and CBR tests indicates that pH and PL tests are useful methods for determining the 

approximate value of the OLC of marginal aggregates.  

  

                 (a)                                     (b) 

  

 (c)                                      (d) 
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Figure 8-3 (a-c): pH, PL and CBR values versus lime content for marginal aggregate 1B  

Note that Figure 8-3(b) is a magnified version of the portion outlined in 8-3(a). The test result (PL, pH and CBR) 

at each lime content is shown in a form of maximum, minimum and mean values (which are indicated in Figure 

8-3 (b)).  

Determination of OLCs for marginal aggregate 1A and 2 

For marginal aggregate 1A and 2, the pH and PL methods were used to determine the OLCs as 

the discussion in the previous section concluded that these two methods are suitable for the 

determining OLCs of marginal aggregates.  

Figures 8-4 and 8-5 show the pH and PL test values for marginal aggregate 1A and 2, 

respectively. Figure 8-4 shows that an OLC of approximately 3% for marginal aggregate 1A 

can be obtained when the pH value equals 12.4 at roughly 3% and that the PL value becomes 

stable after the 2% lime content has been reached. Paige-Green (2011) suggests that to ensure 

that there is sufficient lime for early reactions to go to completion and furthermore, there is still 

enough lime remaining to promote effective cementation, extra amounts of lime need to be 

added to attain the appropriate design strengths. Hence, the higher OLC of 3%, which was 

determined using the pH method, has been selected as the final OLC for marginal aggregate 

1A. 

As can be seen from Figure 8-5, the OLC of 3.5% determined using the pH method (pH = 12.4 

at 3.5% lime content) shows good agreement with the OLC of 4% determined by the PL testing. 

Thus 4% lime content can be regarded as the OLC for marginal aggregate 2.  

 

Figure 8-4: pH (left) and PL (right) values versus lime content for marginal aggregate 1A  
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Figure 8-5: pH (left) and PL (right) values versus lime content for marginal aggregate 2  

Note that the test result at each lime content is shown in a form of maximum, minimum and mean values. 

8.2.3 Optimum cement content (OCC) 

Cement is a mixture of lime, silica and alumina. It is believed that the base exchange and 

cementing actions that occur when Portland cement is mixed with clay are similar to that of 

lime (Chen, 2012; Croft, 1967; Kézdi, 2013), so the methods (pH, PL and mechanical methods) 

used to determine OLCs of marginal aggregates were used to identify the Optimum Cement 

Content (OCC) of marginal aggregates in this section. The difference in method used to 

determine optimum stabiliser content existing between lime and cement stabilisation will also 

be discussed. 

The suitability of pH and PL methods for determining the OCC of aggregates 

It was found that samples with cement contents greater than or equal to 1% had excessive 

strength and could not be penetrated sufficiently to produce a CBR value. Consequently, the 

more suitable unconfined compressive strength (UCS) test, shown in Figure 8-6, was used for 

the stabilised samples. The UCS specimen with a diameter of 150mm and a height of 300mm 

was compacted using a large vibrating compactor used for compacting RLT specimens. The 

UCS test was conducted according to ASTM D2166 (2013). A loading rate of 2mm/min was 

applied to the specimen until the maximum compressive strength was reached. Figure 8-7 gives 

the relationship between strain and compressive strength in UCS tests; the unconfined 

compressive strength, that is, the maximum compressive strength can be determined. When the 

unconfined compressive strength was reached, cracks were observed on the side of the 
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specimen as can be seen in Figure 8-8.  

The tests were conducted in triplicate for each of the following amounts of cement: 0%, 1%, 

2%, and 3%, with 7 days curing time for the stabilised samples before the UCS test. The 7 days 

curing was followed by 4 hours soaking. (NITRR, 1986). 

 

 

Figure 8-6: UCS test 

 

Figure 8-7: An example of the relationship between strain and stress in UCS tests 
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Figure 8-8: Cracks observed on the side of UCS specimens after maximum strengths were 

reached 

Figure 8-9 provides a good positive correlation between compressive strength and cement 

content for marginal aggregate 1B and 2. The positive correlation agrees with the conclusion 

of (Yoon & Abu-Farsakh, 2009). No plateau in compressive strength occurred between 0 and 

6% cement for marginal aggregate 2. There might be a plateau showing up after the cement 

content reaches 6% but at this cement percentage the plateau probably indicates a bound 

pavement as Andrews (2006) suggests that between 1% and 3% cement added is typically 

required to achieve the structural characteristics of modified pavements and that higher cement 

contents may cause a bound pavement which has different performance characteristics to that 

of an unbound pavement. Cook et al. (2001) also suggests that the cement content should be as 

low as possible and at best not greater than 5%. Paige (2011) recommends a cement content of 

2-4% by mass be used in chemical stabilisation.  

Therefore, a plateau in compressive strength with cement content is not expected to be obtained 

when determining the OCC of marginal aggregates.  

As can be seen in Figure 8-10, the results of the PL test used to determined the OCC for 

marginal aggregate 2 are similar to the results observed for the UCS tests, in that a positive 

relationship exists between PL values and cement content, without any plateau occuring in the 

range of 0 to 6% cement content. As for the pH test, the measured pH value for saturated pure 
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cement was 12.21, which is similar to the pH value of 12.4 in lime stabilisation but could not 

be reached for any saturated mixture of fine fractions, distilled water and cement in the range 

of 0-6% cement content. A pH value of 12.21 may be achieved at a cement content higher than 

6% but this content will probably result in a bound granular aggregates as has been mentioned 

previously.  

Paige et al (2004) attempted to determine the optimum cement content in cement stabilisation 

using the pH method and obtained the optimum cement content corresponding to the minimum 

cement content required to produce a clay-water pH of around 12.4. However, the possibility 

of a bound pavement occurring when the OCC is determined using the pH method was not 

taken into account by Paige although he did report that the interpretation of the optimum 

cement content, which is a more recent development, is uncertain. The inapplicability of the 

pH method to cement-soil stabilisation because of the more complex nature of the hydrating 

cement particles was also noted by (Prusinski & Bhattacharja, 1999). As a result, for the 

purpose of building unbound granular pavements, it is not feasible to determine the OCC for 

marginal aggregates using the PL and pH methods. 

To achieve a modified stabilisation and avoid a bound pavement, Austroads (2006) 

recommends the addition of 1% cement to provide an initial assessment and that adjustment 

then be made in association with laboratory testing. The required UCS after 28 days curing and 

4 hours soaking is recommended to be in the range 0.7 to 1.5 MPa (Andrews, 2006). Prusinski 

(1999) also believes that the high compressive strength values of 2.0 to 5.5 MPa (corresponding 

to high cement amount) after four hours soaking are inappropriate for cement modification and 

stabilisation. As shown in Figure 8-9, in our study 1% cement stabilised marginal aggregates 

generally reach the required strength in spite of being cured for only 7 days. A 28 days curing 

period will lead to a higher strength, so we conclude that the addition of 1% cement is suitable 

for an initial assessment of marginal aggregate 1B and 2. Compared to marginal aggregate 1B 

and 2, marginal aggregate 1A contain less swelling minerals as described in Chapter 5, so 1% 

cement is also used for marginal aggregate 1A. 
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                   (a)                                     (b) 

Figure 8-9: The results of UCS tests for stabilised marginal aggregate 1B (a) and 2 (b) 

 

Figure 8-10: PL and pH tests for stabilised marginal aggregate 2  

Note: The pH value of saturated pure cement is 12.21. The test result at each lime content is shown in a form of 

maximum, minimum and mean values. 

8.3 The effect of stabilisation on the optimum moisture content 

(OMC) and maximum dry density (MDD) of granular 

materials 

To explore the effect of stabilisation on the OMC and MDD of granular materials, the 

relationship between moisture content and dry density at different stabiliser contents is 

investigated in this section using marginal aggregates 1B and 2 as examples. 
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8.3.1 The effect of lime stabilisation 

Figure 8-11 shows that increasing the lime content increases the OMC and decreases the MDD 

of marginal aggregate 1B and 2. This result agrees with the conclusion made by Austroads 

(2006) shown in Figure 8-12. This effect is a result of the fine grained nature of hydrated lime 

and further increased by delaying compaction after the addition of the lime (Andrews, 2006). 

When lime is used in soil treatment, the chemical reaction between clays and lime produces 

products which cause the soil particles to became aggregated forming large clusters, which 

result in texture change (Terrel et al., 1979). The enlarged particle size causes the void ratio to 

increase (Kinuthia et al., 1999) and as a consequence a further decrease in MDD (Jawad et al., 

2014). The OMC for the soil-lime mixture compaction also increases and as a consequence 

more water needs to be added to lime stabilised materials to achieve the OMC compared to the 

unstabilised materials. 

 

                   (a)                                     (b) 

Figure 8-11: The relationship between dry density and moisture content for lime stabilised 

marginal aggregates 1B (a) and 2 (b) 
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Figure 8-12: An example of the relationship between dry density and moisture content for a 

lime stabilised material from (Andrews, 2006) 

8.3.2 The effect of cement stabilisation  

The addition of cement decreases the OMC and MDD of marginal aggregate 1B and 2 as shown 

in Figure 8-13 (a) and (b). With the increasing cement content the OMC and MDD of marginal 

aggregate 2 decrease further as seen in Figure 8-13 (b). The decrease in MDD with the 

increasing cement content is likely caused by the same mechanism as that of lime stabilisation, 

i.e. soil particles cluster together to form large-sized aggregates and the enlarged particle size 

causes the void ratio to increase, which produces the decrease in MDD (Jawad et al., 2014; 

Terrel et al., 1979). However, this conclusion is contrasted by (Yoon & Abu-Farsakh, 2009), 

whose study confirms that the addition of cement results in an increase in MDD of sands as 

shown in Figure 2-5. Yoon et al. (2009) concluded that cement fills in the voids between sand 

particles, which then reduces the overall void ratio of the soil-cement mixture to a level below 

that of unstabilised soils. The decreasing overall void ratio of the mixture will result in an 

increase of dry density. The aspect of the two explanations that is debateable is whether or not 

soils contain sufficient clays to form large-sized clusters as a result of the chemical reaction 

between cement and clays when the soil is mixed with cement. In Yoon’s research, a sand 

differs from clay soils in which it may not contain sufficient clay minerals to provide the silica 
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and alumina needed to react with cement to form sufficient large-sized aggregated particles (of 

calcium silicate hydrates and calcium aluminate hydrates). If there is insufficient large-sized 

‘cluster particles’ then there will not be a significant increase in the voids between sand 

particles. In this case the unreacted cement will infill the voids between the sand particles so 

that the overall void ratio of the mixture decreases and the MDD increases. However, the 

marginal materials used in this study contain significant amounts of swelling clay minerals (Li 

et al., 2016b), which react with cement to form large-sized clusters causing the increasing void 

ratio with only minor amounts of cement filling in the voids between aggregate particles. The 

MDDs of the materials therefore decrease. 

As shown in Figure 8-13, the OMCs of the two marginal materials tend to decrease with 

increasing cement content. This trend is not consistent with the changes in the OMCs of lime 

stabilised marginal materials, which increase with the addition of lime, but agrees with the 

change in the OMC of the cement treated sands that was the subject of Yoon’s research. Thus 

it appears that the changes in OMC are related to the type of materials treated. Research 

conducted by Kersten (1961) indicated that different soils exhibited marked differences in 

optimum moisture content and maximum dry density after cement stabilisation, as shown in 

Table 8-1. 

Table 8-1: Changes in maximum dry densities and optimum moisture contents of cement 

soils (Kersten, 1961) 

Soil group and type 
Change in maximum dry density 

(pounds per cubic foot/pcf) 
Change in optimum moisture 

content (%) 

A-2 sandy loams 0 to +3 -1 to +1 

A-3 sands 0 to +6 0 to -1 

A-4 silts and loams 0 to -6 0 to +3 

A-5 silts -3 to +1 0 to -3 

A-6 medium clays 0 to +1 0 to -2 

A-6 heavy clays -1 to +2 0 to -4 

 

Another possible cause for the differences could be the chemical reactions between stabilisers 

and water. As shown in Formula (8-1) and (8-2), when water, aggregates and cement are mixed, 
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water (𝐻2𝑂) reacts with tricalcium silicate (𝐶𝑎3𝑆𝑖𝑂5) and dicalcium silicate (𝐶𝑎2𝑆𝑖𝑂4) to form 

calcium silicate hydrate (𝐶𝑎𝑂𝑆𝑖𝑂2𝐻2𝑂)  also represented by C-S-H in cement chemistry 

notation) and calcium hydroxide (𝐶𝑎(𝑂𝐻)2) (Prusinski & Bhattacharja, 1999). On the other 

hand, the two product phases C-S-H and calcium hydroxide will not be dehydrated or 

decomposed at the temperature of 105 °C, which is used to dry the wet material when 

determining the moisture content of the material. This is because the chemically bound water 

in the phase C-S-H is considered to be lost in the range of temperatures 150-900 °C (Escalante-

Garcia, 2003) while the dehydration reaction of calcium hydroxide is reported to happen in the 

range of temperatures 330-450 °C (Irabien et al., 1990). Thus water is consumed but no water 

is produced in the chemical reactions. This, therefore, results in a decrease in optimum moisture 

content (OMC) of the mixture. 

𝐶𝑎3𝑆𝑖𝑂5 + 3𝐻2𝑂 → 𝐶𝑎𝑂𝑆𝑖𝑂2𝐻2𝑂 + 2𝐶𝑎(𝑂𝐻)2                          (8-1) 

𝐶𝑎2𝑆𝑖𝑂4 + 2𝐻2𝑂 → 𝐶𝑎𝑂𝑆𝑖𝑂2𝐻2𝑂 + 𝐶𝑎(𝑂𝐻)2                          (8-2) 

In contrast to cement stabilisation, lime stabilisation does not consume any water in the 

pozzolanic reactions (2-1) and (2-2) if the hydrated lime is used, for example, in this research. 

Hence, its OMC shows a different trend (of increasing).  

 

   (a)                                    (b) 

Figure 8-13: The relationship between dry density and moisture content for cement stabilised 

marginal aggregate 1B (Figure 13a) and 2 (Figure 13b) 

8.4 The effect of stabiliser on mineralogical composition 

X-Ray Diffraction (XRD) analysis was used to identify changes in the mineralogical 
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composition of the marginal aggregates following the stabilisation. The particles size less than 

4.75 mm of each aggregate was used as swelling clay mineral are concentrated in the fine 

particle sizes of aggregates. 

Sufficient all-in samples of each aggregate were obtained from stockpiles. The samples of each 

aggregate were sieved through a 4.75mm test sieve protected by larger sieves, and then the 

materials retained on the 4.75mm sieve were washed with a minimum amount of distilled water. 

The wet materials passing the 4.75 mm sieve were left at 25°C until dried. The samples were 

then mixed with stabilisers (at the optimum stabiliser contents determined in Section 8.2) and 

sufficient distilled water. Subsequently, the mixtures were placed in air-tight containers as 

shown in Figure 8-14 and cured for 7 days so that the swelling clays would react with the 

stabilisers as much as possible. This was followed by drying the mixtures at a room temperature 

22±2°C.  

A portion of the dried sample of each aggregate was processed to provide the randomly oriented 

bulk sample and oriented (untreated and glycolated) samples of the clay fraction for the XRD 

test according to the procedure stated in Section 3.3.3.  

 

Figure 8-14: Air-tight containers used to cure stabilised marginal aggregates; lids are shown 

to the right of the containers. 

The XRD patterns of marginal aggregate 2 are used as an example shown in Figure 8-15 to 

investigate the effect of stabiliser on the mineralogical characteristics. The XRD patterns of the 

other two marginal aggregates with stabilisation can be found in the Appendix. Note that the 
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bulk random samples were used to obtain the mineralogical composition of materials and the 

oriented (i.e. untreated and glycolated) samples of clay fraction are primarily for the 

information of clay minerals contained in the aggregates. 

The diffractograms for the oriented clay size fractions of unstabilised marginal aggregate 2 (see 

Figure 8-15(a)) show a 14Å peak, which expands to 17Å after glycolation treatment, thus 

indicating the presence of an expanding clay mineral. Following the addition of 1% lime being 

into the aggregate, the smectite contained in the aggregate has collapsed (i.e. no longer has a 

swelling capacity) but still occurs in the aggregate, which can be confirmed by a weak peak at 

5.2˚ 2 θ (17Å) of the glycolated sample as shown in Figure 8-15(b). When the 4% of lime, 

which is the optimum lime content determined previously, is added, no significant peaks for 

smectite can be observed (see Figure 8-15(c)). This indicates that most of lime has reacted with 

the smectite contained in the aggregate. This is a desirable result in lime stabilisation, which 

would improve the performance of the aggregate and extend the life of pavements constructed 

with the aggregate.  

In order to identify the products of the chemical reaction between lime and smectite, a 

comparison of XRD patterns of unstabilised and 4% lime stabilised marginal aggregate 2 is 

made in Figure 8-15 (d). The most significant difference is the new peaks that occur at 1.930, 

2.630 and 4.923 Å in the aggregate following lime stabilisation, which indicate the presence of 

portlandite. Portlandite, so-called hydrated lime with a chemical formula of (𝐶𝑎(𝑂𝐻)2 ) 

(Anthony, 1990), indicates some unreacted lime. In addition to these peaks a range of 

amorphous peaks between 2.785 Å and 2.893 Å occur in lime stabilised marginal aggregate 2, 

(green circle in Figure 8-15 (d)), which indicate the presence of calcium silicate hydrates (C-

S-H) (Hunnicutt, 2013; Ma et al., 1999; Richardson, 2008), which are a product of the chemical 

reaction between lime and smectite. The product of C-S-H is expected to provide the binding 

force in lime stabilisation (Little, 1995; Richardson, 2008), which will improve the 

performance of marginal aggregate. 



Chapter 8 

217 
 

 

(a) XRD patterns of clay fraction of unstabilised marginal aggregate 2  

 

(b) XRD patterns of clay fraction of 1% lime stabilised marginal aggregate 2 

 

 

Smectite 

 

Smectite 

Oriented untreated 

Glycolated 
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(c) XRD patterns of clay fraction of 4% lime stabilised marginal aggregate 2 

 

(d) A comparison of XRD patterns (bulk random samples) for unstabilised and lime (4%) 
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stabilised marginal aggregate 2  

Figure 8-15: XRD patterns for marginal aggregate 2 with lime stabilisation 

The cement stabilised marginal aggregate 2 shows a similar XRD pattern observed for lime 

stabilised marginal aggregate 2 (see green circle in Figure 8-16(b)) which indicates that 

portlandite and C-S-H occur in the cement stabilised aggregate. The indication reflects that the 

occurrence of the chemical reaction between cement and smectite. The product of C-S-H would 

provide the binding force in cement stabilisation, which will facilitate a better mechanical 

performance of the material. However, the smectite contained in the aggregate has not been 

completely consumed by the addition of 1% cement to the aggregate as indicated by a weak 

smectite peak for the glycolated sample (see Figure 8-16 (a)). There is a risk that the remaining 

smectite might deteriorate the aggregate performance in a long term. Thus more cement is 

probably needed to deplete the smectite contained in this material when the material is used in 

pavements. However, as described in Section 8.2.3, the addition of greater than 1% cement 

would result in a bound pavement, which has different performance characteristics to that of 

an unbound pavement. Therefore, in order to ensure an unbound granular material, 1% of 

cement is selected as OCC in this research. 

 

(a) XRD patterns of clay fraction of 1% cement stabilised marginal aggregate 2 
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(b) A comparison of XRD patterns (bulk random samples) for unstabilised and cement 

stabilised marginal aggregate 2 

Figure 8-16: XRD patterns for marginal aggregate 2 with cement stabilisation 

8.5 The effect of stabiliser on mechanical behaviour of the 

marginal aggregate 

8.5.1 The effect of stabiliser on permanent strain behaviour of marginal 

aggregate 2 

The stabilised marginal aggregate 2 specimens were prepared at the relevant OMC for lime or 

cement addition. The OLC of 4% (lime) and the OCC of 1% (cement), which were utilised, as 

determined in Section 8.2. This was followed by curing the material for seven days and then 

soaking it for four days as shown in Figure 8-2. The specimen was drained for no longer than 

15 minutes after removed from the water bath. RLT tests of cement and lime stabilised marginal 
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aggregate 2 were conducted in triplicate.  

Figure 8-17 gives the relationship between the cumulative permanent strain and the number of 

load cycles for untreated, lime and cement stabilised marginal aggregate 2. The cumulative 

permanent strain for each material shown in Figure 8-17 is the average of the triplets. It 

provides a general comparison of the growth of cumulative permanent strain between the three 

treatment methods. The statistical analysis is given in the following permanent strain rate 

method. 

However, as described in Chapter 6, the permanent strain rate method is more appropriate to 

evaluate RLT multi-stage tests. Figure 8-18 shows the effect of treatment methods on the secant 

permanent strain rate (Psec) of marginal aggregate 2 under soaked condition. The average Psec 

were calculated from triplet tests for each treatment method. The range reflecting the variation 

of Psec is shown in Figure 8-18 (refer to the black line on each column). The reduction of Psec 

after the material being treated with stabilisers is shown in Table 8-2. Marginal aggregate 2 

generally has decreased secant permanent strain rates after being treated with lime and cement. 

In particularly, a considerable decrease can be found in stage 6 for lime and cement stabilised 

aggregates. This illustrates that the capability of marginal aggregate 2 to resist permanent strain 

at high stress levels is significantly improved as the swelling minerals contained in the material 

are depleted through the chemical reaction between swelling minerals and lime/cement.   

Cement stabilised marginal aggregate 2 has the lowest secant permanent strain rate for all six 

stress stages among the three treatment conditions. In addition, its permanent strain response 

is always within the plastic shakedown range (range A) for all six stages as shown in Figure 8-

19. Note that each point plotted in graphs was selected every 2,500 cycles. The boundary values 

of permanent strain rates between shakedown ranges were given in Chapter 6. These results 

demonstrate that the cement stabilisation is very effective for improving the permanent strain 

behaviour of marginal aggregate 2 under soaked conditions. In comparison to cement 

stabilisation, lime stabilisation with higher Psec, is less workable as can be seen in Figure 8-18 

and Table 8-2. However, its plastic shakedown behaviour for all six stages (see Figure 8-20) 

indicates that lime treatment is still feasible, and a practical proposition, for improving the 

permanent strain behaviour of marginal aggregate 2. For example, the permanent strain 
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response of the material under soaked conditions changes from incremental collapse behaviour 

of Stage 6 (see Figure 6-11) to plastic shakedown behaviour with the addition of lime. Note 

that it seems that lime stabilisation is not working at stage 5 as Psec increases with lime added 

into the material, as shown in Figure 8-18 and Table 8-2. The reason for this result is currently 

not known but the result is could be a statistical outlier or could be because lime stabilisation 

is less effective.  

 

Figure 8-17: A summary of cumulative permanent strain of marginal aggregate 2 treated with 

lime and cement 

 

(a) Psec of marginal aggregate 2 treated with lime and cement for all six stages 
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(b) Psec of marginal aggregate 2 treated with lime and cement for first five stages 

Figure 8-18: The effect of different treatment methods on the secant permanent strain rate of 

marginal aggregate 2 under soaked condition (Figure (b) is a magnified version of Figure (a) 

for the first five stages) 

Note: The coefficient of variation of Psec of marginal aggregate 2 treated with lime and cement for all six stages is 

less than 32%, 45% and 49% for untreated, lime treated and cement treated marginal aggregate 2, respectively. 

Table 8-2: Mean triplet secant permanent strain rates (10-3/loading cycle), and % percentage 

improvement, for marginal aggregate 2 with different treatment methods 

Stage 

Untreated Lime treated Cement treated 

Secant 
permanent 
strain rate 

Secant 
permanent 
strain rate 

% reduction achieved 
from addition of lime  

Secant 
permanent 
strain rate 

% reduction achieved 
from addition of cement 

1 7.55E-06 3.50E-06 53.62 3.66E-06 51.51 

2 4.11E-06 3.10E-06 24.54 1.83E-06 55.46 

3 4.41E-06 6.68E-07 84.84 5.20E-07 88.21 

4 4.25E-06 2.92E-06 31.31 2.39E-06 43.80 

5 5.52E-06 6.78E-06 -22.88 (Outlier) 2.01E-06 63.53 

6 1.35E-04 6.81E-06 94.96 1.41E-06 98.96 
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Figure 8-19: Permanent strain rate versus permanent strain for cement stabilised marginal 

aggregate 2 

Note that Range A, B and C are plastic shakedown, plastic creep and incremental collapse range, respectively. 

 

 

Figure 8-20: Permanent strain rate versus permanent strain for lime stabilised marginal 

aggregate 2  
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Note that Range A, B and C are plastic shakedown, plastic creep and incremental collapse range, respectively. 

8.5.2 The effect of stabiliser on resilient behaviour of the marginal 

aggregate 

Laboratory results 

As shown in Figure 8-21 and Table 8-3, significant increases in resilient modulus can be 

observed for marginal aggregate 2 after being stabilised with lime or cement. These 

observations reinforce that the addition of lime or cement improve the mechanical performance 

of marginal aggregate 2 under soaked conditions. Apart from a similar resilient modulus at 

Stage 1, cement stabilised marginal aggregate 2 generally exhibits much higher resilient 

modulus from Stage 2 to 6 than lime stabilised marginal aggregate 2. This is due to the unique 

cementing process of cement stabilisation. As described in Chapter 2, both the lime and cement 

stabilised materials obtain strength from the cementing process, involving the pozzolanic 

reaction between the calcium in the lime/cement and silica and alumina to form calcium silicate 

hydrates and calcium aluminate hydrates (Eades & Grim, 1960; P Paige-Green, 2011). The new 

mineral phases will grow to physically cement the particles together so that the material- bonds 

are strengthened after lime/cement is added. The difference between the two stabilisations is 

that silica and alumina in the pozzolanic reaction are from the swelling clay minerals contained 

in aggregates in the lime stabilisation while the silica and alumina are from both the swelling 

clay minerals contained in aggregates and cement itself in the case of cement stabilisation. 

More calcium silicate hydrates and calcium aluminate hydrates can be produced from the 

cement stabilisation so that the aggregate particles are bonded more strongly with a resulting 

higher strength. 
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Figure 8-21: Resilient modulus versus number of load cycles for marginal aggregate 2 with 

different treatment methods 

Table 8-3: Resilient modulus for marginal aggregate 2 with different treatment methods  

Stage 

Untreated Lime treated Cement treated 

Resilient 
modulus with a 

range 

Resilient 
modulus 

with a range 

Increment based on 
resilient modulus of the 
untreated material , % 

%, Increase of resilient 
modulus achieved from 

addition of lime 

Resilient 
modulus 

with a range 

%, Increase of resilient 
modulus achieved from 

addition of cement 

1 315 (9) 850 (238) 170 803 (233) 155 

2 176 (16) 468 (51) 166 616 (283) 250 

3 278 (1) 619 (80) 123 775 (264) 179 

4 349 (3) 645 (45) 85 938 (253) 169 

5 333 (3) 571 (17) 71 901 (225) 171 

6 265 (13) 404 (8) 52 761 (183) 187 

Note: Each figure/number for the resilient modulus is in a form of the average value of resilient modulus and its 

range in brackets, which is the difference between minimum and maximum values. 
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Modelling analysis 

The Uzan model as described in Chapter 6 is used to assess the effect of lime/cement on the 

resilient modulus of marginal aggregate 2 in a wide range of stress levels. Table 8-4 lists the 

Uzan model parameters for marginal aggregate 2 with lime and cement stabilisation using the 

regression method. To demonstrate the suitability of the Uzan model for predicting the resilient 

modulus of lime and cement stabilised marginal aggregate 2, Figures 8-22 to 24 provide 

comparisons between measured and Uzan model predicted Mr for soaked unstabilised, soaked 

lime-stabilised and soaked cement stabilised marginal aggregate 2, respectively. The measured 

and model predicted values of resilient modulus at each stage are very close as shown in Figure 

8-22(a), 8-23(a) and 8-24(a). In addition, Figure 8-22(b), 8-23(b) and 8-24(b) provide the 

relationship of the measured Mr against the model predicted Mr for soaked unstabilised, soaked 

lime-stabilised and soaked cement stabilised marginal aggregate 2, respectively. The line of 

equality is used to describe the degree of the model predicted Mr fitting the measured Mr. When 

the point (is close to the line of equality, the model predicted Mr will fit the measured Mr well 

(the closer, the better). For the three aggregates, the points are generally very close to the line 

of equality. Consequently, the Uzan model can provide a good fit between the measured values 

of Mr and its model-predicted value and hence the Uzan model will be used to investigate the 

effect of lime and cement stabilisation on the resilient modulus of marginal aggregate 2 over a 

wide range of stress levels. 
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(a) Model predicted and measured resilient modulus at each stage 

 

(b) The relationship between model predicted and measured resilient modulus 

Figure 8-22: Comparison between measured and Uzan model predicted Mr for soaked 

marginal aggregate 2 
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(a) Model predicted and measured resilient modulus at each stage 

 

 

(b) The relationship between model predicted and measured resilient modulus 

Figure 8-23: Comparison between measured and Uzan model predicted Mr for soaked lime 

stabilised marginal aggregate 2 
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(a) Model predicted and measured resilient modulus at each stage 

 

 

(b) The relationship between model predicted and measured resilient modulus 

Figure 8-24: Comparison between measured and Uzan model predicted Mr for soaked cement 

stabilised marginal aggregate 2 
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Table 8-4: The Uzan model parameters for marginal aggregate 2 with different treatment 

methods 

Treatment 
method 

Moisture 
condition 

Uzan Model parameters 

 

K1 K2 K3 R2 

Untreated Soaked 0.89 0.85 -0.29 0.9759 

Lime stabilised Soaked 2.35 0.85 -0.60 0.9589 

Cement 
stabilised 

Soaked 
4.21 0.45 -0.12 0.9076 

Figure 8-25 gives the Uzan model-predicted curves for untreated, lime and cement stabilised 

marginal aggregate 2. As shown in the analysis in Section 6.3.2.2, the Uzan model predicted 

curves plotted in Figure 8-25 are extrapolated of the lab data values under several confining 

pressures (10kpa, 30kpa, 50kpa, 70kpa, 90kpa, 110kpa, 130kpa and 150kpa). It can be found 

that both lime and cement stabilisation improves the resilient behaviour of marginal aggregate 

2. However, lime stabilised marginal aggregate 2 shows a decrease in resilient modulus with 

the increasing mean principal stress (i.e. sum of principal stress). In the high stress region (i.e. 

high and high confining pressures), the resilient behaviour has not been improved as 

significantly as in the low stress region for lime stabilised marginal aggregate 2. In contrast, 

cement stabilised marginal aggregate 2 exhibits an increase in resilient modulus with the 

increasing sum of principal stresses. In addition, in the high stress region the resilient behaviour 

is improved as significantly as in the low stress region for cement stabilised marginal aggregate 

2. However, as the observation is based on an extrapolation, No lab data can be used to 

rigorously confirm this observation.   
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Figure 8-25: The effect of lime and cement on the resilient behaviour of marginal aggregate 2 

under stress levels 

8.6 Conclusions 

The presence of the swelling minerals, particularly swelling clay minerals i.e. smectite and 

swelling chlorite (interlayered chlorite - smectite) in aggregates is an important cause of their 

poor performance (marginaligy). In order to mitigate those properties which affect the 

performance of aggregates sufficiently to relegate them into marginal aggregate category this 

chapter has focused on techniques for improving the performance of marginal materials 

providing an understanding of how lime and cement stabilisation work to improve the 

engineering performance of aggregates containing swelling clay minerals (i.e. marginal 

materials in the road basecourse.  

Two common stabilisers (lime and cement) were considered in this research. The optimum 

lime/cement contents have been determined using pH, PL, and mechanical methods. The effect 

of stabilisers on the OMC and MDD of compacted aggregates has been discussed. The 

mineralogical characteristics of the stabilised marginal aggregates were examined to identify 
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the changes in mineralogical composition that occurred during stabilisation. The mechanical 

performance of stabilised marginal aggregates under soaked conditions and repeated loadings 

was analysed using RLT tests. The following conclusions are drawn: 

1. The OLC of marginal aggregate 1B as determined using pH, PL and CBR testing 

methods is 4%. The comparison between the OLCs for marginal aggregate 1B 

determined by pH, PL and CBR tests indicates that pH and PL tests are useful for 

determining the approximate value of the OLC of marginal aggregates. Based on the 

pH and PL methods, the OLCs for marginal aggregate 1A and 2 are obtained, which are 

3% and 4%, respectively. 

2. The OCCs of marginal materials could not be determined using pH and PL methods 

through a comparison with the UCS methods. Based on the results of UCS tests, 1% 

cement addition is suitable for initial assessment on cement stabilised marginal 

aggregate 1B and 2 as these materials when treated with 1% cement can meet the 

requirement of UCS strength recommended by Austroads for the purpose of building 

unbound pavements. Marginal aggregate 1A contain less swelling minerals, so 1% 

cement is also used for marginal aggregate 1A. 

3. The addition of lime increases the OMC and decreases the MDD of the marginal 

materials. This is because the chemical reaction between clays and lime causes soil 

particles to aggregate and form larger-sized particles which cause texture change. The 

enlarged cluster size causes the void ratio to increase, which result in a further decrease 

in MDD. The OMC for the soil-lime mixture increased. Consequently, more water 

needs to be added to lime stabilised materials to achieve the OMC compared to the 

materials in the unstabilised state. 

4. The addition of cement decreases the OMC and MDD of the materials. This effect is 

further increased with increasing cement content. The decrease in MDD with the 

increasing cement content is likely to be caused by a mechanism similar to that of lime 

stabilisation, in which soil particles aggregate into larger-sized clusters and the enlarged 

particle size causes the void ratio to increase, which causes a decrease in MDD. The 

OMCs of the two marginal materials tend to decrease with the increasing cement 



Chapter 8 

234 
 

content. This tendency could be caused by the type of materials treated with cement. 

(Kersten, 1961) concluded that different soils exhibited marked differences in optimum 

moisture content and maximum dry density after cement stabilisation. Another cause is 

that water is consumed but no water is produced in the chemical reactions between 

cement and swelling minerals. This, therefore, results in a decrease in the optimum 

moisture content (OMC) of the mixture. 

5. The XRD results indicate that most of the smectite contained in the marginal aggregate 

is depleted through the chemical reaction between lime and smectite when 4% of lime 

is added. After lime stabilisation, portlandite, i.e. the unreacted lime, has been detected 

in the stabilsed material. The calcium silicate hydrates (C-S-H), a product of the 

chemical reaction between lime and smectite, is found in the lime stabilised marginal 

material 2. This confirms the occurrence of the chemical reaction. The product of C-S-

H is expected to provide the binding force in lime and cement stabilisation and 

consequently, improves the performance of marginal aggregate 2. A similar XRD 

pattern observed for the cement stabilised marginal aggregate indicates that portlandite 

and C-S-H also occur in cement stabilised aggregate. However, smectite contained in 

the aggregate has not been completely consumed by the addition of 1% cement. This 

results in a risk that the remaining smectite might deteriorate the aggregate performance 

in the long term. 

6. The secant permanent strain rate of marginal aggregate 2 generally decreases with 

differing degrees after the addition of lime and cement. At high stress levels, the 

permanent strain behaviour of marginal aggregate 2 under soaked conditions is 

significantly improved, as the swelling minerals contained in the material are depleted 

through the chemical reaction between swelling minerals and lime/cement. Cement 

stabilisation is shown to have been very effective in improving the permanent strain 

behaviour of marginal aggregate 2 under soaked conditions. The cement stabilised 

marginal aggregate 2 has the lowest secant permanent strain rate and its permanent 

strain response across all six stages remains within the initial plastic shakedown range. 

In comparison to cement stabilisation, a lime stabilised specimen, with its higher secant 
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permanent strain rate, is less workable. However, its plastic shakedown behaviour 

across all six stages indicates that lime treatment is still a feasible option for improving 

the permanent strain behaviour of marginal aggregate 2. 

7. Significant increases in the resilient modulus of marginal aggregate 2, following its 

stabilisation with lime or cement, reinforces the conclusion that the addition of lime or 

cement improve the mechanical performance of marginal aggregate 2 under soaked 

conditions. Specimens of cement stabilised marginal aggregate 2 generally exhibit 

much higher resilient moduli from Stage 2 to 6 than the equivalent lime stabilised 

specimen. This is due to the unique cementing process of cement stabilisation, which 

more strongly binds the aggregate particles together. The model analysis from 

extrapolation of lab data reveals that the resilient modulus of lime stabilised marginal 

aggregate 2 decreases with increasing mean principal stress (i.e. sum of principal stress). 

In the high stress region (i.e. high     and high confining pressures), the resilient 

behaviour was not improved as significantly as that achieved in the low stress region. 

In contrast, cement stabilised marginal aggregate 2 exhibits an increase in resilient 

modulus with an increasing mean principal stress and the isotropic stress level does not 

have a significant effect on the degree of improvement resulting from cement 

stabilisation. 
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CHAPTER 9: CONCLUSIONS AND 

RECOMMENDATIONS 

 

9.1 Introduction 

There are now strong economic, environmental and sustainability imperatives to preserve 

premium aggregates for use only where this high quality is required. The impetus is to better 

use local marginal materials in appropriate in-service conditions and/or to improve their 

engineering performance with special treatments. Significant economic benefits can be realised 

from the reduction of transport costs associated with utilising and/or improving marginal 

materials closer to locations of high demand. 

Utilising marginal granular materials in the road base can cause rutting and shear failure of the 

pavement due to their defects in mechanical, chemical and geological characteristics. 

Consequently, to make better use of marginal basecourse materials it is essential that the 

‘marginality’ of materials is thoroughly understood and improvement techniques for the 

marginal materials are thoroughly investigated that target the specific marginality. 

The two main objectives of this research were to understand ‘the marginal’ component of 

aggregates from the engineering and geological perspectives and to improve the performance 

of localised marginal aggregate materials by targeting the reason for marginality. A suite of 

sub-objectives was set to achieve the two main objectives: 

1) Ranking marginal aggregates by analysing existing industry data on aggregates 

performance through developing an Analytic Hierarchy Process (AHP) model. 

2) Evaluating the engineering properties of sample materials from selected quarries in the 

Auckland, New Zealand region as per the requirement of New Zealand local specifications to 

differentiate between premium and marginal materials.  

3) Characterising the mineralogical, chemical and swelling properties of materials using 
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testing methods which have not been specified by local specifications to understand the 

‘marginality’ of the materials. 

4) Investigating the mechanical behaviour (i.e. permanent deformation and resilient modulus) 

of the materials under repeated loading and different moisture conditions. 

5) Selecting suitable stabilisers targeting the marginality of materials to treat the materials and 

investigate the engineering, mineralogical, and mechanical performance of stabilised marginal 

materials. 

In order to reach these objectives and sub-objectives, engineering (index engineering property 

tests and RLT tests), mineralogical and chemical, and geotechnical testing methods were used 

to evaluate the performance of marginal materials, in doing so to better understand the 

marginality of the aggregates used in this research. By targeting the marginality of the materials, 

techniques for improving the performance of marginal materials have been investigated. Two 

stabilisers (lime and cement) were considered in this research. The mineralogical 

characteristics of the stabilised marginal aggregates were examined to identify the changes in 

mineralogical composition that occurred during stabilisation. The mechanical performance of 

stabilised marginal aggregates under soaked conditions and repeated loadings was analysed 

using RLT tests. 

Based on these evaluations, investigations and analysis on the marginal materials, relevant 

conclusions are obtained and summarised in this chapter. In addition, the recommendations 

related to RLT testing conditions and equipment size, stabilisation of marginal materials, and 

interaction between water and marginal aggregates are also provided. 

9.2 Main conclusions and original contributions 

The main conclusions will be grouped into the following six areas with respect to the objectives 

and sub-objectives of this research. 

Ranking marginal aggregates through developing an Analytic Hierarchy Process (AHP) 

model 

• The AHP model provides a good method to select the best aggregates within a range of 
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aggregates from multiple test parameters. It can describe the overall performance of 

aggregates in a quantitative way, which allows the qualities of the aggregates to be 

compared to allow more appropriate aggregate selection for different road construction 

options and in service life traffic loadings. 

• Standards in different regions with different requirements for aggregates (i.e. boundary 

aggregate conditions) most likely result in the same aggregate falling incorrectly into 

different qualities (e.g. ‘premium’ or ‘marginal’). The result is an inaccurate utilisation of 

local and scarce non-renewable mineral resources (currently classified as marginal 

materials). Alternatively and even more importantly, using material that is currently 

classified as premium under current specifications, but for in-field performance, could 

demonstrate that it will not perform adequately as currently predicted. 

 

Index engineering properties of sample materials from selected quarries in the Auckland, 

New Zealand region as per the requirement of New Zealand local specifications  

• According to the test results and the NZTA M4 specification, the three marginal aggregates 

mainly display poor fines properties (sand equivalent, clay index and plasticity index). 

That is the reason why these materials are defined as marginal materials. In contrast, the 

two M4 premium aggregates show relatively good properties. M4-compliant aggregate 1 

completely complies with NZTA M4 specification (passes all tests) and M4-compliant 

aggregate 2 remains compliant with the specification but does not pass all the tests (e.g. 

plasticity index in Table 1). This is because the basecourse aggregate is assessed as a 

premium qualifying aggregate in fines properties if it complies with either Sand Equivalent 

or Clay Index or Plasticity Index requirement stated in NZTA M4 specification (2006).  

 

Mineralogical, chemical and swelling properties of materials 

• The results of X-Ray Diffraction (XRD) test and petrographic microscopic examination 

show the presence of the swelling clay minerals (i.e. smectite and “swelling chlorite”) in 

the three marginal aggregates and M4-compliant aggregate 2. 
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• The results of aggregate soaking pH test indicate that in the roading environment, where 

aggregates are compacted and water may be retained, the leachate will become an alkaline 

environment (in the short term), which over time tends to become a neutral environment, 

in which smectite forms in aggregates, eventually moving towards an acidic condition in 

the long term. This acidic state favours the formation of kaolin. Saturation with water over 

prolonged periods will result in the occurrence of detrimental clay minerals, further leading 

to the failure of pavements. 

• The result of one-dimensional swelling tests show that the premium aggregate defined 

according to specifications still has the potential to be marginal when in contact with 

moisture over reasonable time periods. Accordingly, marginal aggregate defined according 

to specifications might not show potential marginal properties when in contact with 

moisture over sustained periods.  

• Based on the analysis of factors influencing the OMCs of the aggregates studied in this 

research, percentage of flaky particles, water absorption capability and the mineralogical 

property (i.e. swelling minerals) are the main causes of the higher OMCs of marginal 

aggregates.   

 

Mechanical behaviour (i.e. permanent deformation and resilient modulus) of the 

materials under repeated loading and different moisture conditions 

• The analysis of permanent strain behaviour of the aggregates based on cumulative 

permanent strain, secant permanent strain rate and shakedown approach reveal that the 

aggregates containing swelling minerals have a reasonably good capability to resist 

permanent deformation in dry conditions but will deteriorate when in contact with water 

particularly under high stress levels due to the presence of swelling clay minerals. However, 

marginal aggregate 1B, which also contains swelling minerals, displays insignificant 

susceptibility to moisture due to the lower swelling potential of the aggregate. The results 

illustrate how the plastic behaviour of aggregate changes radically when a material with 

high swelling potential is exposed to an extended period of soaking, showing poor 

deformation response when compared with aggregates with low swelling potential in the 
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same conditions. These results highlight the problematic mechanical behaviour of the 

aggregates with high swelling potential when they are in a high moisture environment. 

• The resilient modulus of the aggregate is not susceptible to moisture although a slight 

decrease in resilient modulus occurs after four days of soaking regardless of the type of 

aggregates. The M4-compliant aggregates generally have higher resilient moduli 

compared to the marginal aggregates.  

 

Understanding the marginality of granular materials 

• By organising and integrating the results of engineering index property tests, mineralogical 

and geological tests, swelling tests and RLT tests, it can be concluded that the 

mineralogical and geological characteristics of granular materials have a great impact on 

the mechanical performance of these materials. Sufficient detrimental minerals, 

particularly swelling clay minerals, contained in a material will result in the material 

transforming into a marginal or unacceptable material, particularly when in contact with 

water. 

• It is insufficient to evaluate the quality of the materials by only using a ‘pass/fail’ or ‘black 

/white’ categorisation of engineering tests (specified by local standards). Further 

infrequently used testing methods (e.g. XRD, the swelling test and RLT test) are required, 

alongside standard test performance measures, carried out in the context of the intended 

aggregate loading/environment.  

• A comparison of the mechanical performance between a small (150mm x 300mm) scalped 

specimen and the original full-grading material used to form a large specimen (250mm x 

625mm) reveals that the aggregate grading and specimen size influences the mechanical 

behaviour of the material. However, the nature and the extent of this effect is very complex 

and difficult to determine and is little helped by the international literature. The OMC, 

MDD of specimens and membranes used in RLT tests are also significant factors causing 

the difference in the mechanical performance between small and large specimens. It is 

recommended that RLT specimens are made large enough to allow testing of granular 

materials at their original gradings i.e. that intended to be used in the field.  
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Stabilisation of marginal materials 

• The comparison between the OLCs for marginal aggregate 1B determined by pH, PL and 

CBR tests indicates that pH and PL tests are useful for determining the approximate value 

of the OLC of marginal aggregates. However, the OCCs of marginal materials could not 

be determined using pH and PL methods through a comparison of the UCS test method 

results. This is because pH and PL testing results have not shown any plateau which occurs 

in determination of the OLC. 

• The XRD results of stabilised materials indicate that most of the smectite contained in the 

marginal aggregate 2 is depleted through the chemical reaction between lime/cement and 

smectite when cement/lime is added. After the stabilisation, portlandite and the calcium 

silicate hydrates (C-S-H), a product of the chemical reaction between lime/cement and 

smectite, are found in the stabilised marginal material 2. This confirms the occurrence of 

the chemical reaction. The product of C-S-H is expected to provide the binding force in 

lime and cement stabilisation and thereby improve the performance of marginal aggregate 

2. However, smectite contained in the aggregate has not been completely consumed by the 

addition of 1% cement (OCC). This results in a risk that the remaining smectite might 

deteriorate the aggregate performance over a longer in-field service life. 

• Cement stabilisation is very effective in improving the permanent strain behaviour of 

marginal aggregate 2 under soaked conditions. This is because cement stabilised marginal 

aggregate 2 has the lowest secant permanent strain rate and its permanent strain response 

is always within the plastic shakedown range across all six stages. In comparison to cement 

stabilisation, a lime stabilised specimen, with its higher secant permanent strain rate, is 

less workable. However, its plastic shakedown behaviour across all six stages indicates 

that lime treatment is still a feasible option for improving the permanent strain behaviour 

of marginal aggregate 2. 

• Significant increases in the resilient modulus of marginal aggregate 2, following its 

stabilisation with lime or cement, reinforces the conclusion that the addition of lime or 

cement improve the mechanical performance of marginal aggregate 2 under soaked 



Chapter 9 

242 
 

conditions. Specimens of cement stabilised marginal aggregate 2 generally exhibit much 

higher resilient moduli than the equivalent lime stabilised specimen. This is due to the 

unique cementing process of cement stabilisation, which more strongly binds the aggregate 

particles together. 

Main contribution to the research domain 

The original contributions of this thesis are: 

 Current research classifies an aggregate as marginal based on a single “fail” index property. 

For the first time a mathematical method was employed to combine these index properties 

and to assess the overall performance of the materials. 

 An alternative test was developed to evaluate the properties of the fine particles – a 

swelling test. 

 It was demonstrated that the mineralogical composition of aggregate has a significant 

influence on the performance of the aggregate through illustrating the premium-quality 

aggregate compliant with standards did not show ‘premium’ performance. Premium 

aggregates complying with engineering standards (i.e. M4-compliant aggregate 2) may 

have poor mechanical performance after contacting with water as these aggregates contain 

detrimental minerals (e.g. smectite). The engineering standards cannot well evaluate the 

quality of the aggregates, thus the mineralogical characteristics of aggregate needs to be 

investigated to better assess the quality of the aggregates. Previously, there were no studies 

demonstrated that the mineralogical composition of aggregate has a significant influence 

on the performance of the aggregate through illustrating the premium-quality aggregate 

did not show ‘premium’ performance. 

 

9.3 Recommendations to current evaluation system of aggregates 

and limitations of this PhD research 

It is insufficient to evaluate the quality of the materials by only using a ‘pass/fail’ or ‘black 

/white’ categorisation of engineering tests (specified by local standards). Further infrequently 
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used testing methods (e.g. XRD, the swelling test and RLT test) are required, alongside 

standard test performance measures, carried out in the context of the intended aggregate 

loading/environment. 

The AHP framework can help decision-makers to make a better decision on what is marginal 

aggregate. However, it is not easy to obtain sufficient data for making a good decision. XRD, 

thin-section and RLT tests may not be applied for all industry testing but are good supplements 

for index engineering property test if possible. 

Additionally, my research is based on greywacke aggregates from North Island of New Zealand. 

The findings of this research may not be applicable for other types of aggregates and aggregate 

from South Island. 

 

9.4 Recommendations for future work 

On the basis of the experimental research and data analyses discussed in this study, along with 

the extensive literature study, the following recommendations are made: 

 

Understanding the interaction between water and compacted granular materials 

• As described in Chapter 7, the swelling minerals are expected to swell when they are in 

contact with water, resulting in possible structural damage. When the aggregate containing 

swelling minerals is immersed in water, this water is drawn into the interlayer space of the 

swelling clay minerals contained in the aggregate, causing the clay to swell dramatically. 

The water drawn into the interlayer space will probably not immediately drain out, even 

under drained conditions. Eventually, the marginal aggregate gains an undesirable loss of 

integrity from the original fabric and structure being partially destroyed as well as internal 

lubrication when surrounded by (moist) swelling clay mineral particles (i.e. smectite and 

swelling chlorite). The result is a reduction in shear strength and stiffness and a 

corresponding increase in permanent strain rate.  

This interpretation reveals the interaction mechanism between water and marginal 
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aggregates, but it is only based on international literatures about interaction between water 

and swelling minerals. Currently no experimental data can be used to reinforce this 

interpretation. Therefore, it is necessary to develop a method to monitor the interaction 

between water and marginal/premium aggregates in the RLT test so that the mechanism of 

how the mechanical performance of marginal aggregate deteriorates under soaked 

conditions can be investigated. 

 

Particle size distribution-possible marginality 

• In this research, two of the three marginal materials (marginal aggregate 1B and 2) have 

PSD curves out of the envelop limits specified by NZTA M4 specification. These PSD 

curves are the possible reason causing the marginality (poor mechanical performance) of 

marginal materials. Therefore, in order to identify whether or not the PSD is the reason, it 

is recommended to make a similar PSD curve of a marginal aggregate to that of a M4-

compliant aggregate by grading aggregates and then mixing different grades of particles. 

Subsequently, a comparison between the mechanical performance of the marginal 

materials with original and modified PSD curves can be investigated. If there is no 

significant difference, it means that PSD is not the reason causing the marginality of the 

marginal material.  

 

Large RLT test 

• The aggregates used in this research were scalped and only particles less than 19 mm were 

used for the RLT test due to the constraint of the small RLT testing equipment (150 mm 

x300 mm). This does not represent typical full-grading in-field AP 40 materials, so the 

aggregates that are RLT tested less than 19 mm in itself cannot completely reflect the 

performance of the full-grading AP40 materials. It is recommended that RLT specimens 

are made large enough to allow testing of granular materials at their original gradings i.e. 

in NZ AP40 that are intended to be used in the field. 
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Undrained condition 

• Only drained conditions are considered in this research as the effect of excess pore water 

pressure on the performance of granular materials is not expected. Under drained 

conditions, the excess pore water pressure is supposed to be zero so that water from the 

soaking process will influence the mechanical performance of aggregates containing 

swelling minerals through lubricating interlock between particles and interaction with 

swelling minerals.  

However, when the drainage voids get blocked by dust particles and/or abraded aggregate 

materials, water cannot be well drained out, and it is believed that excess pore water 

pressure will be developed in the pavement, and then the effective stress in the material 

decreases with a subsequent decrease in both material strength and stiffness.   In this 

situation, the unbound granular materials is said to be in undrained condition, which will 

significantly accelerate the failure of pavements. Consequently, it is necessary to consider 

the mechanical performance of granular materials under undrained conditions. 

 

Foamed bitumen stabilisation 

• Cement and lime stabilisation were selected in this research as they can react with swelling 

clay minerals contained in the aggregate. However, these two stabilisers may cause a 

tensile failure (e.g. crack) in pavements. In order to avoid the tensile failure and improve 

the performance of pavement materials, foamed bitumen is a good option. It is 

recommended to conduct an investigation on foamed bitumen stabilisation for marginal 

materials. 
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APPENDICES 

APPENDIX A: Original data recorded by the quarries 

Quarry 1 

M4-compliant aggregate 1 

Date California 

bearing ratio 

Crushing 

resistance 

Weathering quality index Clay index Plasticity 

index 

Sand 

equivalent 

Year Day/Month   Percentage 

retained 

on 4.75mm 

sieve 

Cleanness 

value 

   

2010 11/2     0.9  56 

11/2     0.9  49 

11/2     0.9  53 

11/2 420 1 98 96 0.9 6 49 

19/4       39 

19/4       44 

01/7       45 

01/7     1.1  45 

01/7     0.9  44 

01/7     1.1  51 

01/7     1.1  55 

06/7 200 1 97 98 1.2  39 

06/7   98 97 0.9 7 43 

09/8     0.8  41 

09/8     0.9  43 

12/8     0.9  53 

12/8     0.9  41 

22/9 245 1 98 97 0.9 4 40 

22/9     1.1  47 

22/9     0.9  41 

22/9     1.2  51 

20/10     0.9  51 

05/11 245 1.2 98 96 0.9 8 39 

05/11     0.9  52 

05/11     0.7  60 

05/11     0.9  43 

25/11     1.2  62 

25/11     1.2  47 
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25/11     1.2  47 

26/11     0.9 5 48 

26/11     1.2  45 

26/11     0.9  51 

26/11     1  47 

2011 11/2 275 1.2 96 98 1.3 NP 51 

11/2     1.2  52 

11/2     1  50 

11/2     1  59 

04/5     1.4  48 

04/5     1.4  62 

04/5     1.9  62 

12/5 245 1.1 99 96 1.3 7 37 

12/5     1  37 

27/5 305 0.8 98 97 0.9 NP 41 

29/6 340 1.1 98 93 1.4 5 37 

05/7     1.9  44 

26/7     1.4  47 

26/7     1.9  47 

2012 14/6 205 1.8 98 96 1.4  46 

14/6     1.9  42 

14/6     1.4  46 

14/6     1.4  47 

08/10     0.4  51 

08/10     1.4  38 

08/10     0.4  48 

08/10     0.4  37 

06/12 280 1.4 90 89 0.9 7 62 

06/12     0.9  59 

06/12     1.4  61 

06/12     0.9  44 

07/12 280 1.2 97 98 0.9 NP 45 

07/12     1.2  60 

10/12     1.4  59 

10/12     1.2  65 

2013 09/1 265 0.6 98 98 1.9 6 66 

09/1     1.9  66 

24/1     1.9  49 

24/1     2.4  49 

Note: NP is ‘Non-plastic’. 

 

Particle size distribution for M4-compliant aggregate 1 
Date 53.0mm 37.5mm 19.0mm 9.5mm 4.75mm 2.36mm 1.18mm 0.600mm 0.300mm 0.150mm 0.075mm 
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2010 11/2 100 99 75 59 45 29 17 10 6 4 3 

11/2 100 99 70 54 40 26 17 10 6 4 3 

11/2 100 98 59 44 31 20 12 8 5 3 2 

11/2 100 99 77 61 46 30 18 9 5 4 3 

11/2 100 100 76 61 46 30 19 12 8 6 5 

11/2 100 99 68 53 40 27 17 11 8 6 5 

11/2 100 99 62 46 33 21 13 9 6 5 4 

11/2  100 77 59 44 30 18 12 8 6 5 

19/4 100 99 68 48 35 21 12 7 4 3 2 

19/4 100 99 71 52 36 25 16 10 5 3 2 

19/4  100 73 51 34 21 14 9 5 4 3 

19/4  100 68 46 34 23 15 10 7 5 4 

19/4  100 73 53 37 25 16 10 7 5 4 

19/4  100 70 49 32 20 12 8 5 4 3 

19/4 100 99 71 56 44 32 20 11 6 4 2 

01/7 100 98 64 49 39 30 18 10 6 3 2 

01/7  100 74 55 38 18 8 5 3 2 1 

01/7  100 82 59 38 25 16 9 6 4 3 

01/7  100 71 52 34 23 14 9 5 3 2 

01/7  100 73 52 35 20 12 8 5 3 2 

01/7  100 69 53 42 31 19 11 7 5 4 

01/7 100 99 67 52 42 31 21 13 8 4 3 

01/7 100 99 70 54 39 21 12 7 5 4 3 

06/7 100 99 83 60 41 26 14 9 5 4 3 

06/7 100 99 70 51 34 25 16 10 7 5 4 

06/7 100 98 73 52 36 22 13 9 6 5 4 

06/7 100 96 71 53 41 26 15 10 6 4 3 

06/7 100 100 81 59 40 26 15 10 6 4 3 

06/7 100 98 64 49 35 22 12 7 4 3 1 

09/8 100 98 73 52 39 26 17 11 7 4 3 

09/8 100 97 68 51 40 29 20 14 9 7 5 

09/8 100 99 80 58 40 25 15 10 7 5 4 

09/8 100 98 66 50 36 24 15 9 6 5 4 

12/8 100 97 71 53 31 21 13 9 6 5 5 

12/8 100 97 75 52 36 24 15 11 7 5 3 

12/8 100 99 76 58 43 30 18 10 6 5 3 

12/8  100 88 63 40 26 16 11 6 5 3 

12/8  100 84 64 47 28 16 12 6 5 3 

12/8 100 98 76 57 42 27 15 9 6 4 2 

22/9 100 99 79 55 39 25 16 11 7 5 4 

22/9  100 71 53 43 28 17 11 8 6 5 

22/9  100 81 56 36 24 16 10 7 5 4 

22/9 100 98 84 64 47 30 18 11 8 6 4 

22/9 100 99 81 57 41 28 17 11 7 5 4 

22/9 100 97 63 48 38 25 15 9 5 3 2 

22/9 100 96 69 47 33 22 13 8 5 3 2 

22/9 100 97 76 51 32 21 12 7 4 3 2 

20/10 100 98 82 60 40 28 18 11 6 4 2 

05/11 100 98 72 49 32 20 12 9 5 3 2 

05/11 100 99 59 44 35 24 15 11 7 6 5 

05/11 100 98 72 49 35 24 16 11 8 6 4 

05/11 100 96 77 52 34 23 14 10 6 5 4 

05/11 100 99 83 60 41 29 18 13 7 6 5 

25/11 100 98 72 47 32 21 13 9 6 4 3 

25/11 100 100 81 57 37 24 16 12 7 5 3 

25/11 100 99 67 49 36 24 15 12 6 4 3 

25/11 100 99 72 54 38 25 14 10 5 4 2 

25/11 100 97 64 50 38 26 16 12 6 4 3 

25/11 100 99 80 58 40 26 17 11 6 4 3 

25/11 100 97 71 53 36 24 16 12 6 4 3 

26/11 100 99 77 50 32 22 14 8 6 4 3 

26/11 100 99 69 51 39 26 17 11 7 6 5 

26/11 100 98 77 57 42 29 18 13 8 6 5 

26/11 100 99 68 52 41 28 17 11 8 6 5 

26/11 100 99 78 56 38 26 17 11 8 6 5 

26/11 100 98 69 47 35 24 15 9 6 5 4 
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2011 07/2 100 98 73 49 37 22 14 9 6 3 2 

07/2 100 100 68 47 36 26 18 12 7 5 3 

07/2 100 99 82 54 36 25 17 11 7 4 3 

07/2 100 99 81 50 32 21 14 9 6 4 2 

07/2  100 72 49 37 25 16 10 6 4 3 

07/2 100 99 79 53 36 24 16 10 7 5 3 

07/2  100 77 54 33 22 14 9 6 4 3 

07/2 100 99 70 47 36 23 16 9 6 5 4 

07/2 100 99 70 49 39 27 17 11 7 5 4 

07/2 100 99 77 50 35 23 14 9 6 4 3 

07/2 100 98 77 47 31 20 12 8 5 4 3 

07/2 100 99 73 50 38 22 14 9 7 5 4 

04/5  100 78 50 36 24 15 10 7 5 4 

04/5  100 79 55 37 24 16 11 8 6 5 

04/5 100 100 77 55 38 22 13 9 6 3 2 

04/5 100 99 78 56 41 27 15 9 6 4 2 

04/5 100 98 75 56 39 24 16 10 6 4 2 

04/5  100 76 57 41 24 15 8 4 3 2 

04/5  100 76 48 32 21 14 9 6 5 4 

12/5  100 84 59 39 26 16 10 6 4 2 

12/5 100 98 76 58 45 30 18 11 7 5 3 

27/5 100 99 77 56 39 20 13 8 6 4 4 

29/6 100 97 73 53 40 27 17 11 7 6 4 

05/7 100 97 78 57 40 28 18 11 7 5 4 

26/7  100 77 57 42 26 15 9 6 5 4 

26/7  100 76 48 32 21 14 9 6 5 4 

26/7  100 81 55 37 23 13 9 6 4 3 

26/7  100 78 58 45 34 22 15 10 8 6 

2012 14/6  100 86 59 42 28 18 11 7 5 4 

14/6  100 79 45 30 21 15 10 7 5 4 

14/6 100 99 78 56 43 28 19 12 8 6 5 

14/6  100 67 44 35 23 15 10 6 5 4 

14/6  100 81 55 39 22 12 8 5 3 2 

14/6  100 78 44 29 20 12 8 5 3 2 

14/6  100 79 54 42 30 20 12 7 5 3 

14/6  100 65 43 34 26 19 11 6 4 2 

08/10  100 72 54 43 26 16 10 7 5 4 

08/10  100 75 54 40 28 18 11 7 5 4 

08/10  100 69 51 40 26 16 11 7 5 4 

08/10 100 95 74 54 39 28 19 12 8 6 5 

08/10  100 67 50 40 25 15 9 5 3 2 

08/10 100 99 71 50 38 23 16 10 6 4 2 

08/10  100 70 53 41 27 17 11 6 4 3 

08/10 100 99 82 58 42 30 19 12 7 5 3 

06/12 100 98 74 56 46 33 20 13 8.6 6.4 5.2 

06/12  100 83 57 43 33 22 13 8.4 6.2 5 

06/12  100 67 48 40 32 21 13 8.4 6.1 4.8 

06/12  100 79 59 47 32 19 12 8.2 6.2 5 

06/12 100 98 75 56 45 31 18 11 6.6 4.2 1.5 

06/12  100 86 58 43 32 20 11 6.8 4.2 1.5 

06/12 100 99 65 47 39 27 16 9.4 5.3 3.2 1 

07/12 100 97 82 61 47 32 19 11 6.3 4 1.2 

07/12 100 99 81 58 44 30 18 11 7.3 5.6 4.6 

07/12 100 99 75 55 44 30 17 9 4.9 3.1 2 

07/12 100 99 77 54 40 28 17 12 8.7 6.8 5.5 

10/12 100 99 80 58 43 31 19 12 8.6 6.7 5.5 

10/12 100 97 77 55 42 33 21 13 8 5.1 3.2 

10/12 100 99 77 55 45 34 21 12 7.3 4.6 2.8 

10/12 100 99 74 53 39 27 17 11 7.7 5.4 3.6 

10/12 100 97 71 51 39 25 14 8.4 5.4 3.7 0.77 

2013 08/1 100 98 72 55 44 28 18 11 7.2 5.4 4.3 

08/1 100 99 68 49 36 24 15 10 6.9 5.2 4.1 

08/1 100 98 63 49 37 24 16 9.9 6.6 4.8 3.8 

08/1 100 96 65 40 31 20 12 8.2 6 4.8 3.9 

09/1 100 96 67 46 35 21 11 6.4 4.2 2.9 2 

09/1 100 96 72 55 38 23 13 8 5.1 3.5 1.5 
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09/1 100 97 69 51 41 25 13 7.4 4.8 3.2 0.7 

09/1 100 98 68 49 34 22 15 9.7 6.2 4.2 1.3 

24/1  100 63 49 38 29 19 12 7.1 4.5 1.8 

24/1 100 98 63 39 29 21 14 9 6.1 4.1 2.5 

 
 
 
 
Marginal aggregate 1A 
 

Date California 

bearing ratio 

Crushing 

resistance 

Weathering quality index Clay index Plasticity 

index 

Sand 

equivalent 

Year Day/Month   Percentage 

retained on 

4.75mm sieve 

Cleanness 

value 

   

2010 22/1 245 2.5 87 93 2.5 11 44 

17/2 180 3.5 91 82 2.4 8 50 

17/2     2.4  37 

17/2     1.9  39 

17/2     1.9  51 

17/2 185 2.5 94 87 2.3 9 46 

17/2     2.0  44 

17/2     2.2  40 

17/2     2.4  35 

22/2 225 2.5 91 85 3.1 9 37 

22/2     2.9  45 

22/2     2.9  37 

22/2     3.2  49 

22/2     3.1  44 

25/2 300 2.2 93 93 3.3 9 44 

25/2     3.2  45 

25/2 255 3.2 90 91 2.9 8 57 

29/3 235 3. 1 91 89 3.0 9 40 

29/3     2.8  38 

29/3     3.3  51 

29/3     2.8  38 

29/3 310 3.0 91 82 2.8 14 41 

08/4 215 2.9 94 87 2.8 10 33 

12/4     2.4  31 

12/4     2.2  35 

12/4     2.3  43 

13/4 360 1.4 93 83 2.9 11 37 

13/4     2.3  46 

13/4     2.3  41 

13/4     1.8  44 

27/4 240 3.0 92 87 2.4 9 31 
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27/4     2.4  34 

30/4 270 2.7 90 93 2.3 9 34 

30/4     2.3  34 

30/4     2.3  32 

30/4     2.2  36 

06/5 260 2.3 92 87 1.9 10 33 

06/5     1.9  39 

06/5     1.4  47 

06/5     1.8  33 

12/5 245 1.8 93 89 2.1 9 35 

12/5     2.8  41 

12/5     1.8  35 

12/5     2.3  30 

12/5 245 1.6 94 87 2.3 11 31 

27/5     2.3  30 

27/5     2.3  32 

27/5     2.3  33 

27/5 190 2.9 91 87 5.0 10 30 

02/6     2.2  32 

02/6 280 1.6 94 91 1.6 13 41 

29/6     1.9  32 

29/6 275 2.6 93 78 1.7 9 34 

20/7 240  96 95 1.7 7 38 

20/7     1.7  44 

28/8     1.7  42 

28/8     1.7  38 

28/8     1.4  43 

28/8 220 2.5 93 93 1.4 9 37 

28/8     1.5  43 

28/8     1.6  36 

28/8 260 2.6 92 91 1.4 9 42 

16/9     1.9  36 

16/9     1.7  39 

17/9     1.5  37 

17/9     1.7  37 

18/9 235 2.5 97 98 1.1 6 42 

04/10     1.2  37 

04/10     1.7  41 

04/10        34 

11/10 240 3.4 94 85 1.4 7 49 

11/10 235 2.4 94 91 1.2 6 46 

11/10 215 2.3 96 95 1.4 6 51 

21/10     1.6  51 
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21/10     1.4  45 

21/10     1.6  45 

22/10     1.4  42 

03/11     1.2  54 

05/11 245 2.3 95 95 1.5  57 

12/11     1.7  51 

12/11     1.7  58 

12/11     1.7  52 

19/11 275 3.4 89 95 2.2 9 50 

01/12     1.4  41 

01/12     1.7  42 

01/12     1.7  41 

04/12 200 2.5 94 93 2.2 7 40 

10/12     1.9  36 

10/12     1.9  48 

10/12     2.2  41 

10/12 180 2.5 94 95 2.2 8 46 

20/12 100 2.6 94 91 1.9 9 41 

29/12     1.2  45 

29/12     1.2  44 

29/12     1.3  45 

2011 19/1     2.1  38 

19/1     2.7  40 

19/1     2.1  42 

01/2 135 2.3 95 95 1.3 8 33 

21/2     1.4  34 

21/2 150 3.2 95 95 1.3 8 48 

07/3 240 3.1 93 95 1.2 10 40 

14/3 220 2.5 95 95 1.2 7 50 

17/3     1.2  55 

21/3     1.5 10 41 

21/3     1.7  41 

21/3     1.5  50 

30/3     2.0  51 

30/3 220 2.2 94 91 2.1 10 48 

26/4 255 2.9 95 93 1.4 11 43 

26/4     1.7  51 

06/5     2.2  45 

06/5 235 3.5 91 89 3.0 11 38 

30/5     2.1  37 

30/5 260 2.8 93 89 2.2 8 38 

08/6     2.4  48 

08/6 195 3.3 90 87 2.4 10 45 
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13/6     1.9  46 

13/6 225 2.3 92 87 1.8 6 46 

05/7     1.9  34 

05/7 225 3.0 90 91 1.9 10 29 

05/7     1.9  28 

05/7 290 2.0 91 75 1.9 9 30 

05/7     2.3  43 

05/7 210 3.5 94 93 2.3 8 38 

15/8     1.9  38 

15/8 210 3.5 94 93 1.8 8 33 

28/9     1.9  36 

28/9 90 2.2 92 93 1.9 10 35 

20/10     2.4  35 

20/10 170 2.3 93 82 2.4 8 33 

21/11     1.9  38 

21/11 355 2.2 91 95 1.9 7 33 

06/12     1.9  30 

06/12 345 2.1 94 93 1.9 10 38 

22/12     1.9  35 

2012 10/1 225 2.3 92 91 1.9 9 46 

10/1      1.4  36 

16/2 170 1.7 95 98 1.4 11 36 

16/2      1.9  36 

13/4 220 2.0 93 82 2.4 7 44 

13/4      2.4  37 

18/4 215 1.3 94 95 1.9 5 34 

18/4      1.9  42 

09/5 190 2.3 94 72 1.4 6 46 

09/5      1.9  40 

29/5 275 2.2 93 95 1.4 7 41 

29/5      2.4  39 

21/6 185 2.5 91 83 3.8 12 37 

21/6      1.4  39 

10/7      2.4  31 

01/8 110 2.8 93 91 1.9 10 31 

01/8      2.4  33 

02/8 135 2.4 93 89 1.4 11 33 

02/8      2.9  45 

02/8 195 1.6 94 83 1.9 7 34 

09/11      1.4  41 

09/11 210 1.2 91 89 1.4 NP 47 

2013 07/1       2.9  50 

07/1 210 2.6 96 98 2.9 9 50 
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23/1      1.9  50 

23/1 135 1.7 92 93 1.9 10 65 

20/2      1.9  57 

20/2 270 1.9 92 91 1.9 11 54 

06/3         42 

06/3 240 2.4 93 93 2.4 11 45 

27/3      2.7   

27/3         34 

17/4 260 1.5 91 87 2.0 11 37 

17/4      2.0  46 

17/4 105 1.5 91 91 2.0 12 44 

 

Particle size distribution for marginal aggregate 1A 
Date 

63.0mm 37.5mm 19.0mm 9.5mm 4.75mm 2.36mm 1.18mm 0.600mm 0.300mm 0.150mm 0.075mm 

2010 22/1   100 73 51 37 21 12 8 5 3 2 

17/2   100 76 53 37 25 17 11 8 6 4 

17/2   100 77 51 35 24 16 11 8 6 4 

17/2   100 75 53 37 24 16 10 7 5 3 

17/2   100 75 52 35 23 15 11 7 5 4 

17/2 100 99 78 55 38 24 14 10 7 5 4 

17/2   100 67 44 32 22 13 9 5 3 2 

17/2   100 69 46 33 21 14 11 7 5 4 

17/2 100 99 73 52 38 26 18 12 9 7 6 

22/2   100 74 53 38 25 16 11 7 5 3 

22/2 100 99 75 54 39 25 17 12 8 6 4 

22/2   100 74 52 34 22 14 9 7 5 5 

22/2   100 74 48 31 19 13 8 5 4 3 

22/2   100 74 50 34 21 12 7 4 3 2 

25/2   100 82 59 42 27 15 8 5 4 3 

25/2 100 99 79 52 32 19 13 8 5 4 3 

25/2   100 74 52 35 23 15 10 7 7 5 

29/3   100 76 53 35 22 13 7 4 2 2 

29/3   100 79 55 35 20 11 7 4 3 2 

29/3   100 75 53 37 23 15 10 6 4 3 

29/3 100 98 80 56 38 26 17 12 8 5 3 

29/3 100 98 58 36 25 16 11 7 6 5 4 

08/4 100 98 57 35 23 15 10 7 5 3 2 

12/4   100 77 54 35 22 13 9 6 4 3 

12/4   100 77 55 37 24 16 12 9 7 6 

12/4   100 79 56 38 22 13 8 6 4 3 

13/4   100 78 56 38 24 14 9 6 4 3 

13/4 100 99 76 54 36 22 11 6 4 3 2 

13/4   100 79 57 38 23 15 9 6 4 3 

13/4 100 100 79 56 38 25 17 12 9 7 6 

27/4 100 99 76 55 36 25 16 10 7 5 4 

27/4 100 96 66 43 29 20 14 9 6 4 3 
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30/4 100 99 76 56 38 23 14 9 6 4 3 

30/4   100 77 56 37 24 14 9 6 4 3 

30/4 100 100 77 54 36 24 16 11 9 7 5 

30/4 100 98 76 55 36 21 13 7 5 3 2 

06/5   100 62 42 28 19 13 9 7 5 4 

06/5 100 99 66 43 29 20 14 9 6 4 3 

06/5   100 76 56 38 23 14 8 5 3 2 

06/5   100 75 53 35 22 12 7 4 3 2 

12/5 100 99 78 58 40 27 16 9 6 4 3 

12/5 100 100 65 44 31 21 14 9 6 4 3 

12/5 100 100 72 48 33 21 12 8 4 3 2 

12/5 100 99 66 43 31 20 14 10 7 6 5 

12/5 100 99 74 47 32 20 13 9 6 4 3 

27/5 100 98 64 41 27 18 11 7 5 3 2 

27/5 100 99 79 58 41 27 16 10 7 5 3 

27/5 100 100 71 48 33 22 14 9 6 4 3 

27/5 100 99 68 48 34 23 15 10 7 5 3 

02/6   100 72 48 32 20 13 9 7 5 4 

02/6   100 73 48 32 20 12 8 5 4 2 

02/6 100 99 72 50 36 22 12 8 5 4 2 

02/6 100 98 75 52 36 24 15 10 6 5 3 

29/6 100 100 78 45 37 25 15 9 6 4 2 

29/6 100 99 66 43 33 24 17 12 9 7 6 

29/6 100 98 68 45 35 25 17 12 8 5 4 

29/6 100 98 62 39 27 19 12 8 5 3 2 

20/7 100 99 69 49 35 25 17 10 7 4 3 

20/7   100 76 55 38 25 16 10 7 5 3 

20/7   100 68 46 33 22 14 10 8 6 5 

20/7 100 99 67 47 33 21 14 9 7 5 3 

28/8 100 96 59 38 26 18 12 9 6 4 3 

28/8 100 98 66 45 30 20 14 9 7 4 3 

28/8 100 98 69 44 30 18 12 8 5 4 2 

28/8   100 57 38 28 19 12 9 7 5 4 

28/8   100 54 35 26 18 13 9 7 5 3 

28/8 100 99 66 44 33 26 16 11 8 5 3 

28/8 100 98 73 51 35 23 15 11 9 7 6 

16/9 100 98 74 52 34 24 15 10 7 5 3 

16/9 100 100 64 46 32 21 13 10 7 5 4 

16/9 100 99 77 56 37 20 12 8 5 3 2 

16/9 100 97 64 45 31 19 12 9 6 4 3 

17/9 100 99 78 61 46 29 20 14 11 9 8 

17/9 100 96 78 63 48 31 19 13 9 6 4 

17/9 100 96 65 43 31 20 13 8 5 4 3 

17/9   100 77 57 40 25 14 9 5 4 3 

18/9 100 99 78 56 37 24 11 5 3 2 1 

18/9 100 98 73 51 35 22 12 8 5 3 2 

18/9 100 98 74 54 39 27 17 10 6 3 2 
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18/9   100 70 52 39 27 15 9 6 4 2 

04/10 100 97 69 46 33 23 15 10 3 2 1 

04/10   100 72 50 35 24 15 10 7 5 3 

04/10 100 98 69 47 36 24 15 11 7 5 3 

04/10 100 98 66 45 33 23 15 10 8 6 5 

04/10 100 96 67 47 34 21 13 8 6 4 3 

04/10 100 98 73 53 38 24 15 11 7 5 3 

11/10 100 97 77 57 42 30 19 13 9 6 4 

11/10   100 83 60 43 31 19 12 8 5 4 

11/10   100 80 57 41 26 15 9 5 3 1 

11/10 100 99 80 57 40 26 14 8 5 3 1 

11/10   100 79 55 39 25 14 8 4 2 1 

11/10   100 75 49 32 20 11 7 4 3 2 

21/10   100 81 63 46 32 20 12 6 3 2 

21/10 100 99 80 54 33 22 14 10 7 6 5 

21/10   100 78 56 36 20 12 9 6 4 3 

21/10 100 97 73 51 35 21 13 9 6 4 3 

22/10 100 99 75 52 35 23 16 12 8 6 4 

22/10   100 80 56 37 19 11 9 6 4 3 

22/10   100 79 54 37 23 14 10 8 6 5 

03/11   100 77 53 36 22 14 9 6 4 3 

03/11   100 86 63 43 24 14 9 6 4 2 

05/11   100 77 54 37 24 15 10 7 5 3 

05/11   100 85 61 43 21 11 7 4 3 2 

05/11   100 76 51 35 23 14 9 6 4 3 

12/11   100 75 52 35 22 15 10 7 5 3 

12/11 100 99 76 53 36 24 14 9 6 4 2 

12/11   100 73 46 32 20 13 9 6 5 4 

12/11 100 99 77 52 35 21 12 8 5 3 2 

12/11 100 99 74 49 33 22 14 9 6 4 3 

12/11 100 99 67 42 30 21 14 10 7 6 5 

19/11   100 70 44 30 19 12 8 5 4 2 

19/11   100 70 49 34 22 13 9 6 4 3 

19/11 100 99 69 43 29 19 12 8 5 4 3 

19/11 100 98 73 47 33 21 13 9 6 4 2 

01/12 100 99 65 41 28 20 13 10 7 5 4 

01/12 100 98 66 40 27 19 12 8 5 3 2 

01/12 100 99 78 55 36 22 13 10 6 5 3 

01/12 100 98 80 57 39 24 15 10 7 5 3 

01/12 100 99 74 49 32 21 13 10 6 4 3 

04/12 100 98 69 44 32 23 16 12 8 6 5 

04/12 100 99 67 45 32 18 11 7 4 3 2 

04/12 100 99 78 54 35 22 12 9 4 3 2 

04/12 100 99 73 50 33 22 14 10 6 5 4 

04/12 100 99 78 54 36 23 14 9 6 4 2 

04/12 100 99 81 59 43 31 22 13 8 6 4 

10/12   100 75 50 35 20 12 8 5 3 1 
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10/12 100 99 74 51 35 22 15 10 7 6 4 

10/12   100 75 50 32 19 11 8 5 4 3 

10/12 100 99 74 51 37 26 19 12 8 6 4 

10/12   100 80 56 37 22 12 7 5 4 3 

10/12   100 80 56 35 23 14 9 6 4 3 

10/12   100 75 48 33 21 14 10 8 6 5 

10/12   100 76 50 34 22 13 8 6 4 3 

20/12 100 99 79 56 38 26 16 10 7 5 2 

20/12 100 99 70 46 31 18 10 6 4 3 2 

20/12 100 98 67 45 30 22 14 10 7 5 3 

20/12   100 68 46 32 21 12 8 6 4 3 

29/12 100 99 73 49 34 21 13 9 6 4 2 

29/12   100 80 56 37 21 14 9 6 5 3 

29/12   100 75 53 35 22 14 9 6 4 1 

29/12   100 83 59 40 24 16 10 7 5 4 

29/12   100 64 37 25 15 10 7 6 5 4 

29/12 100 99 58 35 24 15 10 7 5 4 2 

2011 19/1 100 99 74 51 35 23 14 9 6 4 1 

19/1 100 99 69 47 33 22 14 9 6 4 3 

19/1 100 99 76 54 37 26 17 11 7 5 3 

01/2 100 99 76 54 34 22 15 10 7 6 5 

21/2   100 82 57 35 24 16 11 7 5 1 

21/2 100 99 75 54 36 25 16 10 7 5 3 

07/3 100 98 82 55 38 23 14 10 7 5 4 

14/3 100 99 84 57 37 21 14 9 6 4 3 

17/3   100 82 60 44 28 17 12 8 5 3 

21/3   100 72 48 33 21 12 8 6 5 4 

21/3   100 72 49 34 21 13 9 6 4 2 

21/3   100 77 50 34 23 15 10 7 5 3 

30/3 100 97 69 44 31 22 15 10 7 4 3 

30/3 100 99 77 55 38 24 17 11 8 5 4 

26/4   100 78 57 39 26 15 10 7 4 2 

26/4   100 83 60 40 27 18 12 7 5 3 

26/4   100 71 45 31 22 15 10 8 6 5 

06/5 100 98 69 44 29 20 13 8 6 4 3 

06/5   100 78 54 37 25 15 9 6 4 3 

06/5   100 69 46 33 22 15 10 7 6 5 

30/5   100 71 46 32 22 12 8 5 4 3 

30/5   100 71 49 33 23 16 10 7 5 3 

30/5 100 99 78 57 40 29 19 13 9 7 6 

08/6   100 79 56 39 26 15 10 7 5 3 

08/6 100 99 72 47 32 21 13 8 5 3 1 

08/6 100 99 79 56 39 27 18 13 9 7 6 

13/6   100 75 53 35 24 14 9 6 4 2 

13/6   100 78 56 39 23 16 11 8 6 4 

13/6 100 99 73 50 34 23 15 10 8 6 5 

05/7 100 99 73 48 33 24 18 11 8 6 4 
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05/7   100 78 53 36 23 12 7 5 3 1 

05/7   100 80 57 41 27 17 12 8 7 6 

05/7   100 83 59 41 29 18 11 7 5 3 

05/7 100 99 72 51 31 20 13 9 7 5 3 

05/7   100 75 51 33 22 15 10 8 6 5 

15/8 100 99 77 51 32 23 16 11 8 6 4 

15/8 100 99 76 52 31 20 13 9 7 5 4 

15/8 100 99 74 50 32 21 14 10 8 6 5 

15/8 100 98 70 46 28 18 12 8 6 4 3 

28/9 100 99 77 54 33 22 15 10 8 6 4 

28/9   100 74 52 34 22 15 12 10 8 7 

28/9   100 75 52 34 21 15 10 7 5 4 

28/9   100 82 60 41 29 19 12 8 6 4 

20/10   100 77 54 38 27 18 13 9 7 6 

20/10 100 99 74 52 37 25 15 10 6 4 3 

20/10   100 78 55 38 24 16 10 7 5 4 

20/10 100 99 78 53 37 24 16 12 9 7 6 

21/11 100 99 73 50 34 22 14 9 6 5 3 

21/11   100 77 54 38 26 17 11 8 6 4 

21/11 100 99 80 55 38 24 16 11 8 7 5 

21/11 100 98 80 57 39 26 17 11 8 6 4 

06/12 100 100 79 54 37 25 15 9 6 4 2 

06/12   100 78 55 39 26 17 12 9 7 6 

06/12 100 99 79 53 35 22 13 7 4 4 2 

06/12   100 83 63 42 27 17 11 7 5 3 

22/12   100 78 53 36 25 18 12 9 7 6 

22/12   100 73 50 33 19 12 8 5 4 2 

22/12   100 71 49 33 23 16 10 7 5 3 

2012 10/1 100 99 76 52 37 25 16 11 8 6 5 

10/1   100 78 54 37 25 16 11 7 5 4 

16/2   100 76 52 35 22 13 8 6 4 3 

16/2 100 99 77 55 38 25 17 12 9 7 6 

13/4 100 99 76 54 37 24 15 9 7 5 3 

13/4 100 99 81 57 39 25 14 9 6 4 3 

18/4 100 99 79 53 37 27 19 14 10 8 6 

18/4   100 75 51 36 19 12 8 6 4 3 

09/5   100 78 55 38 24 15 9 6 4 3 

09/5   100 79 55 39 20 12 8 7 6 6 

29/5 100 98 74 53 37 24 16 11 8 6 4 

29/5   100 78 53 37 23 13 8 5 4 2 

29/5 100 99 64 41 28 18 12 9 6 5 4 

21/6   100 67 42 28 19 13 9 6 4 3 

21/6 100 99 64 41 28 18 11 7 5 4 2 

21/6 100 98 72 48 34 23 16 11 8 6 5 

10/7   100 71 48 34 22 14 9 6 5 3 

10/7   100 71 46 32 21 12 8 5 3 2 

10/7   100 70 47 33 22 15 10 8 6 5 
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01/8 100 99 66 42 29 19 12 7 4 3 2 

01/8 100 98 61 38 26 18 12 8 6 4 3 

01/8 100 99 74 52 36 23 15 10 7 5 3 

01/8 100 99 71 50 36 22 13 8 5 3 2 

02/8 100 99 73 50 35 24 17 11 8 6 4 

02/8 100 98 66 44 32 22 15 10 7 5 3 

02/8 100 98 73 51 38 24 16 12 9 8 6 

02/8 100 98 73 52 37 25 16 11 8 6 4 

02/8 100 99 76 51 34 24 16 10 7 5 3 

02/8 100 98 66 44 32 23 17 11 9 7 5 

09/11 100 99 66 41 29 20 14 9 6 4 4 

09/11 100 98 72 49 33 21 13 8 6 4 2 

09/11 100 99 75 54 37 25 16 10 7 5 4 

09/11 100 98 75 53 36 25 15 10 7 5 3 

2013 07/1 100 99 64 40 29 19 12 8 6 4 3 

07/1 100 98 56 35 26 17 11 8 6 5 4 

23/1 100 97 59 35 25 16 10 6 4 3 2 

23/1 100 99 74 51 36 24 15 9 6 5 3 

20/2 100 99 80 56 39 22 13 9 6 5 4 

20/2 100 99 82 57 39 23 15 9 6 4 2 

06/3 100 99 79 54 37 25 17 11 8 5 3 

06/3   100 76 53 38 24 16 12 9 7 6 

06/3 100 97 76 53 37 27 17 11 8 5 3 

27/3 100 99 75 49 32 20 12 7 5 3 2 

27/3 100 99 71 47 31 19 12 9 6 5 4 

27/3   100 76 49 32 21 14 9 6 4 3 

27/3 100 97 67 44 31 21 14 8 6 4 3 

17/4 100 98 70 43 29 21 15 10 8 6 5 

17/4 100 91 64 41 27 17 11 7 5 3 2 

17/4 100 99 71 47 33 22 15 10 8 6 3 

17/4   100 78 57 40 28 18 12 9 7 6 

27/5 100 99 72 53 38 25 15 10 7 5 3 

27/5 100 99 74 50 37 22 15 10 8 6 4 

27/5 100 99 73 52 35 24 15 10 7 5 1 

 
 
Marginal aggregate 1B 
 

Date California 

bearing ratio 

Crushing 

resistance 

Weathering quality index Clay index Plasticity 

index 

Sand 

equivalent 

Year Day/Month   Percentage 

retained on 

4.75mm 

sieve 

Cleanness 

value 

   

2010 20/1          38 

23/3           36 

23/3 225 2.5 93 87 1.9 10 36 
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30/4      1.8   39 

17/5      3.4   60 

11/8          31 

11/8        NP 50 

30/9 120 5.1 94 91 3.1 12 46 

16/11           46 

02/12           39 

2011 14/1           42 

14/1           61 

20/5           41 

09/6           32 

27/7           33 

27/7      2.4 9 36 

06/9 105 2.7 92 95 2.3 NP  

30/11           40 

07/12           49 

2012 09/1 165 2.3 94 98 1.9 10 44 

11/4           34 

11/6      2.4 11 32 

09/7       2.4    

06/8           43 

18/10           66 

2013 14/1 185 1.7 91 95 2.4 9 45 

18/4           40 

 
Particle size distribution of marginal aggregate 1B 
 

Date 37.5 19.0 9.5 4.75 2.36 1.18 0.600 0.30 0.150 0.075 

Year Day/Month             

2010 20/1 100 63 32 17 10 6 4 3 2 1 

23/3 100 77 47 27 18 12 9 7 5 4 

23/3 100 74 48 28 18 12 8 6 4 3 

30/4 100 83 52 30 19 13 9 6 5 3 

17/5 100 77 53 32 23 15 9 6 4 3 

17/5 100 73 42 23 16 11 9 7 6 6 

11/8 100 73 44 24 14 9 7 5 4 3 

11/8 100 80 49 26 16 9 7 5 4 4 

30/9 100 81 54 26 19 6 5 3 2 1 

30/9 100 83 53 31 19 12 8 5 4 2 

30/9 100 76 46 23 12 6 4 3 2 1 

16/11 100 66 39 20 12 7 5 3 2 2 

16/11 99 67 42 24 14 8 5 4 3 2 

02/12 100 71 45 27 20 14 9 7 4 3 

2011 14/1 98 81 50 28 18 11 6 4 3 2 

14/1 100 81 57 40 25 15 9 5 3 2 

20/5 100 77 46 27 18 12 8 5 4 3 
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09/6 98 63 34 18 12 8 5 3 2 1 

27/7 100 71 47 28 18 12 6 3 2 1 

27/7 99 67 40 22 14 10 7 6 5 4 

06/9 100 71 41 23 15 10 7 5 3 2 

06/9 100 81 56 33 20 13 9 7 6 5 

27/9 99 76 54 31 19 12 7 5 4 3 

27/9 99 66 38 23 15 10 8 6 5 4 

30/11 99 71 44 25 15 10 6 4 3 2 

07/12 100 80 52 30 18 10 6 4 3 2 

2012 09/1 100 74 50 31 20 13 10 7 6 5 

11/4 100 76 49 30 21 14 9 7 5 4 

11/6 100 66 42 26 16 11 7 5 3 2 

11/6 99 64 39 23 14 10 7 6 5 4 

09/7 98 62 36 21 10 6 4 3 3 2 

09/7 99 76 52 35 22 15 11 9 7 6 

06/8 98 78 54 35 23 16 11 8 6 4 

18/10 98 68 43 24 15 9 6 4 3 2 

03/12 99 73 48 28 19 12 9 6 4 3 

2013 14/1 97 60 34 18 10 6 4 3 3 2 

14/1 97 63 33 17 10 6 4 3 2 1 

18/4 99 81 58 36 22 14 8 6 4 1 

 

 
Quarry 2 
 
M4-compliant aggregate 2 
 

Date California 

bearing ratio 

Crushing 

resistance 

Weathering quality index Clay index Plasticity 

index 

Sand 

equivalent 

Year Day/Month   Percentage 

retained 

on 4.75mm 

sieve 

Cleanness 

value 

   

2012 19/10 230 2.0  92 80 1.9 NP 35 

19/10       1.4  28 

19/10       1.4  36 

19/10       1.9  40 

31/10 235 3.1  93 85 1.9 10 36 

31/10       2.4  43 

31/10       1.9  39 

31/10       1.9  45 

09/11 265 2.4  94 85 1.9 9 46 

09/11       2.4  43 

09/11       1.9  49 

09/11       1.4  47 

28/11 235 4.2  92 83 1.9 NP 49 

28/11       1.9  48 
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28/11       1.9  49 

28/11       1.9  48 

14/12 125 2.5 96 95 2.4 11 51 

14/12       1.9  54 

14/12       1.9  52 

14/12       1.9  52 

20/12 190 2.9 92 87 1.9 10 55 

20/12       1.9  56 

20/12       1.9  57 

20/12     1.9  57 

20/12 190 2.5 93 93 2.1 9 63 

20/12       1.9  52 

20/12       1.9  66 

20/12       1.9  65 

2013 17/1 210 2.5  94 95 1.9 8 41 

17/1       1.9  42 

17/1       1.9  42 

17/1       1.9  42 

13/2 205 3.2  96 95 1.4 NP 41 

13/2       1.4  42 

13/2       1.4  42 

13/2       1.4  42 

21/3      1.2  43 

21/3      1.4  38 

21/3      1.6  45 

21/3      1.6  40 

21/3 190 2.5 94 87 1.2 9 40 

21/3       1.8  49 

21/3       0.9  38 

21/3       1.7  33 

25/3      1.7  45 

25/3      1.8  40 

10/4     1.6  51 

10/4     1.2  42 

10/4     1.3  48 

10/4     1.5  39 

10/4      1.7  47 

10/4      1.7  52 

10/4      1.5  48 

10/4      2  43 

09/5  2.2 94 89  2.6 NP 38 

09/5      2.3  35 

09/5      2.5  35 
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09/5      2  38 

 
Particle size distribution of M4-compliant aggregate 2 
 

Date 
53.0 37.5 19.0 9.5 4.75 2.36 1.18 0.600 0.300 0.150 0.075 

2012 19/10 
 100 70 44 33 22 14 9.9 7.2 5.5 4.5 

19/10 
 100 65 44 33 23 16 11 8 6.1 4.8 

19/10 
 100 73 51 38 25 16 11 7.9 6.3 5.3 

19/10 
 100 75 52 39 28 19 13 7.1 4.9 3.3 

19/10 
 100 69 44 32 22 13 8.6 5.8 4 2.7 

19/10 
 100 77 56 42 28 17 11 7.4 5.3 3.3 

19/10 
 100 66 45 34 23 14 9.6 6.7 4.7 3.1 

19/10 
 100 75 52 39 27 17 11 7.4 4.9 3.2 

19/10 
 100 66 41 30 21 17 9.9 7.3 5.7 4.6 

19/10 100 99 71 48 35 24 15 11 7.6 5.9 5.8 

19/10 
 100 73 48 35 24 15 11 7.9 6.3 5.9 

31/10 
 100 75 52 39 27 18 12 8.5 6.3 6.1 

31/10 
 100 66 42 30 20 13 8.9 6 4.2 2.7 

31/10 
 100 70 47 34 23 15 11 7.8 5.4 3.5 

31/10 
 100 75 49 36 25 16 11 7.9 5.6 3.6 

31/10 
 100 72 50 37 24 15 9.9 6.7 4.7 3.3 

31/10 
 100 80 57 42 30 19 13 9.6 7.5 5.9 

31/10 
 100 72 41 38 26 16 9.8 6.8 5.2 4.5 

31/10 100 99 78 56 41 26 16 11 8.5 6.8 5.5 

31/10 
 100 78 56 42 28 19 13 9.5 7.2 5.5 

31/10 100 99 75 53 38 28 18 11 7.4 5.1 3.6 

31/10 
 100 71 50 37 25 14 8.8 5.6 4 2.9 

31/10 
 100 78 57 41 28 19 12 7.9 5.5 3.8 

09/11 100 99 80 56 41 28 18 11 7.4 5.2 3.7 

09/11 100 99 74 53 40 23 13 8.7 6.7 5.7 4.8 

09/11 
 100 75 52 39 20 10 7.1 6.1 5.6 5.0 

09/11 
 100 70 48 35 20 13 9.5 8.0 7.0 6.0 

09/11 
 100 69 40 25 16 9.3 6.6 5.2 4.3 3.7 

09/11 100 99 76 53 39 25 18 9 5.5 3.9 2.6 

09/11 
 100 74 51 37 25 16 11 7.2 5.1 3.2 

09/11 
 100 75 51 38 25 16 11 7.7 5.5 3.4 

09/11 
 100 72 49 34 22 14 9.7 6.5 4.6 3.2 

09/11 
 100 75 52 39 29 19 12 9 6.9 5.3 

09/11 
 100 68 44 33 24 17 12 8.6 6.6 5.2 

09/11 100 99 71 49 36 24 16 11 8.4 6.7 5.4 

28/11 
 100 69 45 33 24 17 12 9.3 7.4 5.8 

28/11 100 99 72 50 36 26 17 11 7.2 4.7 2.8 

28/11 
 100 70 46 34 23 14 9.4 6.3 4.4 2.6 

28/11 
 100 74 50 37 25 15 8.6 5.8 4.2 2.8 

28/11 
 100 69 45 33 24 16 11 7.1 4.7 2.9 

28/11 
 100 68 42 29 17 11 7.5 5.6 4.4 3.5 

28/11 
 100 75 52 37 20 13 7.9 5.8 4.6 3.6 

28/11 
 100 68 47 35 23 15 9.9 7.1 5.5 4.3 

28/11 
 100 70 47 34 22 15 10 7.4 5.6 4.3 

28/11 
 100 75 52 37 24 16 11 7.7 5.8 4.4 

28/11 
 100 69 48 38 26 18 12 8.6 6.4 4.8 

28/11 
 100 78 50 35 22 14 10 7.6 5.8 4.4 
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28/11 
 100 71 49 36 23 15 13 10 8 6.5 

14/12 
 100 63 40 27 16 10 6.8 4.8 3.4 2.1 

14/12 100 99 72 50 35 22 13 8.2 5.5 3.8 2.3 

14/12 
 100 74 49 36 25 16 10 6.7 4.8 3.2 

14/12 
 100 72 48 34 22 15 9.3 6.3 4.4 2.8 

14/12 
 100 78 56 40 26 16 11 7 4.8 3 

14/12 
 100 72 50 35 24 17 11 7.4 5.3 3.6 

14/12 
 100 74 53 39 27 17 11 7.3 5 3.1 

14/12 
 100 73 52 36 25 17 11 7.6 5.3 3.5 

20/12 
 100 83 62 45 28 17 11 7.2 5.4 4.1 

20/12 100 99 76 52 36 22 13 9 6.3 4.8 3.7 

20/12 
 100 76 52 36 20 12 7.8 5.6 4.2 3.2 

20/12 
 100 80 57 41 23 13 8.7 6.1 4.6 3.5 

20/12 
 100 71 47 33 19 13 8.9 6.7 5.2 4.1 

20/12 
 100 71 48 33 19 14 9 6.7 5.2 4.1 

20/12 
 100 74 50 35 22 14 9.7 7.2 5.8 4.7 

20/12 
 100 72 48 36 21 13 8.8 6.4 4.7 3.4 

20/12 
 100 80 60 43 29 19 12 7.7 5.3 3.2 

20/12 
 100 72 49 34 23 14 9.3 6.4 4.3 2.7 

20/12 
 100 80 53 36 21 13 9 6.1 4.2 2.5 

20/12 
 100 81 60 43 28 18 13 8.5 5.7 3.4 

2013 17/1 
 100 74 52 37 26 18 12 8.5 5.5 3.1 

 17/1 
 100 80 60 43 29 18 11 6.9 4.6 3.1 

 17/1 
 100 69 45 32 20 12 8 5.6 4 2.6 

 17/1 
 100 70 48 34 21 13 9 6.3 4.6 3.1 

 17/1 100 99 71 48 34 23 15 9.8 6.7 4.5 2.7 

 17/1 
 100 73 49 36 26 19 12 8.3 5.6 3.5 

 17/1 100 99 79 54 40 26 18 12 8.8 6.8 5.3 

 17/1 
 100 81 61 45 28 18 12 9.4 7.6 6 

 17/1 
 100 77 55 41 37 17 12 8.6 6.8 5.5 

 17/1 
 100 77 55 38 22 14 9.5 6.9 5.4 4.3 

 17/1 
 100 68 45 33 20 13 8.9 6.7 5.2 4.2 

 17/1 
 100 75 54 40 24 14 9.2 6.7 5.3 4.3 

 13/2 
 100 74 53 39 25 16 11 7.7 6 4.8 

 13/2 
 100 69 48 36 24 15 11 8.2 6.4 5.2 

 13/2 
 100 74 49 36 25 16 10 7.1 4.8 3.1 

 13/2 
 100 83 61 44 31 23 15 10 6.9 4.1 

 13/2 
 100 77 55 39 26 16 10 6.3 4.3 1.8 

 13/2 
 100 75 53 37 23 14 9.7 6.7 4.8 2.9 

 13/2 100 99 79 59 43 28 17 11 7 4.6 2.8 

 13/2 
 100 79 59 43 30 20 12 8.2 5.4 3.4 

 13/2 
 100 68 44 31 21 13 8.9 6.1 4.1 2.6 

 13/2 
 100 73 53 38 24 16 11 7.4 5.2 2.5 

 21/3 
 100 78 55 40 28 18 12 8.2 5.8 3.7 

 21/3 100 99 70 47 34 24 16 10 6.8 4.7 3.1 

 21/3 
 100 67 45 31 20 12 8.4 7 4.6 3.7 

 21/3 100 99 73 47 32 20 12 7.5 5.3 4.1 3.2 

 21/3 100 99 76 52 37 26 17 11 8.1 6.2 4.8 

 21/3 
 100 72 51 35 22 14 9.8 7.4 6.1 5.1 

 21/3 
 100 73 50 36 24 16 11 7.7 5.8 4.4 

 21/3 
 100 71 48 33 21 14 9.3 6.8 5.3 4.1 



Appendices 

285 
 

 25/3 
 100 70 46 32 18 11 6.9 4.2 3.1 2 

 25/3 
 100 70 50 35 22 14 9.5 6.2 4.2 2.6 

 25/3 
 100 70 47 31 18 10 5.9 3.6 2.5 1 

 25/3 
 100 71 50 34 21 14 9.7 6.4 4.4 2.8 

 25/3 100 98 68 46 32 23 17 11 7.5 4.9 2.8 

 25/3 100 99 74 53 37 26 17 11 7.2 4.7 2.7 

 10/4 
 100 79 57 41 29 18 12 7.9 5.6 4 

 10/4 
 100 74 51 35 23 14 9.4 6.6 5 3.9 

 10/4 
 100 79 57 40 30 19 13 8.7 6.4 4.8 

 10/4 
 100 76 55 38 23 16 10 7.3 5.6 4.1 

 10/4 
 100 78 56 40 26 16 11 7 4.8 3 

 10/4 
 100 72 50 35 24 17 11 7.4 5.3 3.6 

 10/4 
 100 74 53 39 27 17 11 7.3 5 3.1 

 10/4 
 100 73 52 36 25 17 11 7.6 5 3.5 

 09/5 
 100 72 44 28 19 13 9 6.8 5.4 4.4 

 09/5 100 99 71 45 31 24 17 12 8.7 6.7 5.2 

 09/5 
 100 72 48 35 27 18 13 9.1 6.9 5.4 

 09/5 100 99 70 44 29 19 13 9.1 6.9 5.4 4.3 

 09/5 100 99 74 47 31 17 9 5.2 3.5 2.5 1.5 

 09/5 
 100 71 44 30 20 13 8.4 5.9 4.2 2.7 

 09/5 
 100 73 49 35 23 14 9.5 6.6 4.7 2.9 

 09/5 100 99 72 45 29 17 10 6.9 4.8 3.4 2.3 

 
 
Marginal aggregate 2 
 

Date California 

bearing ratio 

Crushing 

resistance 

Weathering quality index Clay index Plasticity 

index 

Sand 

equivalent 

Year Day/Month   Percentage 

retained 

on 4.75mm 

sieve 

Cleanness 

value 

   

2010 25/2  3.6 90 85 2.8 9 51 

30/4       39 

02/6       33 

02/7       25 

12/8 125 3.9 88 72 3.3 12 27 

19/8      14 31 

03/11       49 

01/12       43 

2011 11/1          43 

21/2 195 3.6 90 68 1.4 6 38 

24/3        61 

27/4 205    2.4 7 54 

28/7        37 

03/8 155 2.5 92 83 2.9 18 31 

06/9        39 

30/9        45 
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04/10      1.9  36 

12/10 105 2.1 90 75 2.4 NP 38 

03/11       3.4 20 31 

05/12          34 

2012 11/1          44 

02/2 190 2.7 89 87 3.4 10 43 

06/3        33 

05/4      2.4 8 46 

02/5        36 

15/6 150 3.6 90 77 2.9 9 38 

02/7        30 

06/8       10 27 

10/9        42 

09/10 185 2.7 85 75 2.5  32 

14/11          40 

03/12        5.2 18 66 

2013 07/1          50 

01/2 165 3.6 90 85 2.9 11 41 

27/3          36 

04/4        2.9 14 23 

 
 
 
 
Particle size distribution of marginal aggregate 2 
 

Date 37.5 19.0 9.5 4.75 2.36 1.18 0.600 0.300 0.150 0.075 

2010 25/2 100 81 62 49 38 29 21 14 10 7 

30/4 100 66 43 28 19 12 7 3 0 0 

02/6 100 89 65 41 26 17 12 8 6 5 

02/7 100 79 49 27 17 11 9 7 5 3 

12/8 100 76 48 31 20 14 10 8 6 4 

19/8 100 82 51 32 22 15 12 9 7 4 

04/10 100 83 54 33 23 16 13 10 8 7 

04/10 100 76 45 26 15 9 6 3 2 1 

03/11 100 74 43 26 17 12 9 7 5 4 

01/12 100 87 52 28 16 10 6 4 3 2 

2011 11/1 100 74 41 23 16 12 8 5 4 2 

21/2 100 74 42 28 18 13 9 7 6 5 

21/2 100 68 42 27 18 12 8 5 4 2 

24/3 99 71 43 27 19 14 10 7 5 3 

27/4 100 80 49 27 18 12 9 6 5 3 

27/4 100 81 51 29 18 12 8 6 5 4 

28/7 100 75 44 25 16 11 7 6 4 3 

03/8 100 74 43 26 17 12 9 7 6 5 

03/8 98 70 39 23 15 10 7 5 4 3 

06/9 100 81 53 30 17 9 6 5 3 2 

30/9 99 81 52 30 19 13 9 7 6 5 

30/9 100 80 51 29 18 12 8 6 5 3 

04/10 100 81 50 28 18 12 8 6 5 3 

12/10 100 78 46 27 18 12 9 7 6 4 
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12/10 100 75 46 26 16 11 7 5 4 3 

03/11 100 72 39 19 12 8 6 4 3 2 

05/12 100 75 47 27 18 13 10 8 6 5 

05/12 100 79 48 26 17 11 8 6 4 3 

2012 11/1 100 77 48 27 17 11 8 6 4 3 

02/2 99 55 31 19 11 8 6 5 4 3 

02/2 98 54 29 16 11 7 5 4 3 2 

06/3 100 76 48 27 18 13 10 5 2 1 

05/4 100 80 49 30 19 12 9 7 5 4 

05/4 100 82 51 29 18 12 8 5 4 3 

02/5 99 68 42 25 18 9 6 4 3 2 

15/6 100 75 48 30 19 13 9 7 6 4 

15/6 99 75 47 29 15 8 5 4 3 2 

02/7 100 74 44 25 16 11 8 7 5 3 

06/8 100 53 29 17 11 8 6 5 4 4 

06/8 100 53 28 16 11 7 5 4 3 2 

10/9 100 71 38 21 14 10 8 6 5 4 

09/10 99 73 44 27 17 12 9 7 6 5 

09/10 100 71 40 22 14 9 6 4 3 2 

14/11 100 75 45 28 18 12 8 6 5 4 

03/12 100 74 44 26 19 13 10 8 6 5 

03/12 99 73 43 24 16 10 7 5 4 2 

2013 07/1 99 70 42 25 17 12 8 6 4 3 

01/2 100 90 64 41 26 17 13 10 8 7 

01/2 100 92 66 41 29 21 14 10 7 4 

27/3 100 79 52 31 21 13 9 6 4 2 

04/4 100 85 58 34 24 17 13 10 8 7 

04/4 100 82 54 32 21 14 9 7 5 3 

16/5 99 73 44 25 16 11 9 6 5 3 

 
 

 

 

APPENDIX B: Data from experts about relative weights for 

the AHP model 

 

Pairwise comparison matrix for material properties 

 

Expert 1 (New Zealander, currently Laboratory Technical Manager-Construction Materials of 

a quarry, 25 years’ experience in aggregates) 

 CR CBR WQI SE CI PI PSD 

CR 1 2 1 1/3 1/4 1/3 1/4 

CBR 1/2 1 1 1/2 1/6 1/2 1/5 

WQI 1 1 1 1/2 1/2 1/2 1/3 

SE 3 2 2 1 1 1/2 1/2 
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CI 4 6 2 1 1 4 2 

PI 3 2 2 2 1/4 1 1/2 

PSD 4 5 3 2 1/2 2 1 

 

Expert 2 (New Zealander, laboratory supervisor of a quarry-manage daily operations of the 

laboratory, 15 years’ experience in aggregates) 

 CR CBR WQI SE CI PI PSD 

CR 1 1/2 4 1 1/3 1 1/2 

CBR 2 1 2 1 1/2 1 1 

WQI 1/4 1/2 1 1/2 1/6 1/4 1/4 

SE 1 1 2 1 1 1 1 

CI 3 2 6 1 1 3 1 

PI 1 1 4 1 1/3 1 2 

PSD 2 1 4 1 1 1/2 1 

 

 

Expert 3 (New Zealander, Technical Manager, 28 years’ experience of pavements design, 

including the specification changes) 

 CR CBR WQI SE CI PI PSD 

CR 1 4 3 1/3 1/2 2 1 

CBR 1/4 1 1/2 1 1/3 4 1/2 

WQI 1/3 2 1 2 1/5 5 2 

SE 3 1 1/2 1 1/3 2 1/3 

CI 2 3 5 3 1 4 2 

PI 1/2 1/4 1/5 1/2 1/4 1 1/2 

PSD 1 2 1/2 3 1/2 2 1 

 

 

Expert 4 (Chinese, currently Chief Execution officer, having more than 15 years’ consultancy 

experience in pavement design and aggregate mixing design)  

 CR CBR WQI SE CI PI PSD 

CR 1 1 4 1/2 1/4 1/4 1/2 
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CBR 1 1 3 2 1/2 1/5 1/4 

WQI 1/4 1/3 1 1 1/4 1/5 1/2 

SE 2 1/2 1 1 1/2 1/2 1/3 

CI 4 2 4 2 1 1 1/2 

PI 4 5 5 2 1 1 2 

PSD 2 4 2 3 2 1/2 1 

 

Note: The green area is the original data from experts for the pairwise comparisons. The red area is the 

reciprocal of data in green area. 

 

Pairwise comparison matrix for sub-criteria of Weathering Quality Index (WQI) 

 

Expert 1 (New Zealander, currently Laboratory Technical Manager-Construction Materials of 

a quarry, 25 years’ experience in aggregates) 

 Percentage retained on 4.75mm sieve Cleanness value 

Percentage retained on 4.75mm sieve 1 1 

Cleanness value 1 1 

 

 

Expert 2 (New Zealander, laboratory supervisor of a quarry-manage daily operations of the 

laboratory, 15 years’ experience in aggregates) 

 Percentage retained on 4.75mm sieve Cleanness value 

Percentage retained on 4.75mm sieve 1 1 

Cleanness value 1 1 

 

 

Expert 3 (New Zealander, Technical Manager, 28 years’ experience of pavements design, 

including the specification changes) 

 Percentage retained on 4.75mm sieve Cleanness value 

Percentage retained on 4.75mm sieve 1 1 

Cleanness value 1 1 

 

Expert 4 (Chinese, currently Chief Execution officer, having more than 15 years’ consultancy 

experience in pavement design and aggregate mixing design) 
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 Percentage retained on 4.75mm sieve Cleanness value 

Percentage retained on 4.75mm sieve 1 1 

Cleanness value 1 1 

Note: The green area is the original data from experts for the pairwise comparisons. The red area is the 

reciprocal of data in green area. 

 

 

Pairwise comparison matrix for sub-criteria of PSD 

Expert 1 (New Zealander, currently Laboratory Technical Manager-Construction Materials of 

a quarry, 25 years’ experience in aggregates) 

mm 

mm 

37.5 19 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 

37.5 1 4 1/2 1/4 1/5 1 1/2 1/3 1/3 1/4 

19 1/4 1 1/3 1/6 1/7 2 1/2 1/6 1/4 1/6 

9.5 2 3 1 1/2 1/4 3 1 1 1 1/3 

4.75 4 6 2 1 1/2 4 3 1 2 1/2 

2.36 5 7 4 2 1 4 5 2 3 1 

1.18 1 1/2 1/3 1/4 1/4 1 1 1/2 1/3 1/4 

0.6 2 2 1 1/3 1/5 1 1 1/2 1/3 1/3 

0.3 3 6 1 1 1/2 2 2 1 1 1/2 

0.15 3 4 1 1/2 1/3 3 3 1 1 1/2 

0.075 4 6 3 2 1 4 3 2 2 1 

 

Expert 2 (New Zealander, laboratory supervisor of a quarry-manage daily operations of the 

laboratory, 15 years’ experience in aggregates) 

mm 

mm 

37.5 19 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 

37.5 1 1 2 1/2 1/2 1/2 1/3 1 1 1/3 

19 1 1 2 1/4 1/3 1/4 1/3 1/2 1 1/3 

9.5 1/2 1/2 1 1/4 1/3 1/2 1/4 1/2 1/2 1/4 

4.75 2 4 4 1 1 2 2 3 4 2 
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2.36 2 3 3 1 1 1 2 2 3 1 

1.18 2 4 2 1/2 1 1 1 2 2 1 

0.6 3 3 4 1/2 1/2 1 1 3 3 1 

0.3 1 2 2 1/3 1/2 1/2 1/3 1 1 1/2 

0.15 1 1 2 1/4 1/3 1/2 1/3 1 1 1/4 

0.075 3 3 4 1/2 1 1 1 2 4 1 

 

 

Expert 3 (New Zealander, Technical Manager, 28 years’ experience of pavements design, 

including the specification changes) 

mm 

mm 

37.5 19 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 

37.5 1 2 2 1/3 1/3 1 1 1/2 1/2 1/2 

19 1/2 1 1 1/5 1/4 1/2 1/2 1/3 1/2 1/4 

9.5 1/2 1 1 1/3 1/2 1 1/3 1 1/3 1/3 

4.75 3 5 3 1 2 3 3 2 3 2 

2.36 3 4 2 1/2 1 2 3 2 2 1 

1.18 1 2 1 1/3 1/2 1 1 1/2 1/2 1/3 

0.6 1 2 3 1/3 1/3 1 1 1 1/2 1/3 

0.3 2 3 1 1/2 1/2 2 1 1 1 1/2 

0.15 2 2 3 1/3 1/2 2 2 1 1 1 

0.075 2 4 3 1/2 1 3 3 2 1 1 

 

 

Expert 4 (Chinese, currently Chief Execution officer, having more than 15 years’ consultancy 

experience in pavement design and aggregate mixing design) 

mm 

mm 

37.5 19 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 

37.5 1 3 1 1/2 1/2 1/3 1/2 1/2 1/3 1/4 

19 1/3 1 1/3 1/6 1/5 1/6 1/4 1/4 1/5 1/6 

9.5 1 3 1 1/3 1/2 1/2 1 1 1/3 1/3 
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4.75 2 6 3 1 2 1 2 3 1 1/2 

2.36 2 5 2 1/2 1 1 2 1 1 1/2 

1.18 3 6 2 1 1 1 2 1 1/2 1 

0.6 2 4 1 1/2 1/2 1/2 1 1 1/3 1/4 

0.3 2 4 1 1/3 1 1 1 1 1/2 1/2 

0.15 3 5 3 1 1 2 3 2 1 1/2 

0.075 4 6 3 2 2 1 4 2 2 1 

 

Note: The green area is the original data from experts for the pairwise comparisons. The red area is the 

reciprocal of data in green area. 

 

APPENDIX C: XRD patterns for bulk samples of M4-

compliant aggregate 1 and 2, and marginal aggregate 1B and 

2 
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APPENDIX D: XRD patterns for marginal aggregate 1A with 

lime stabilisation 

 

Figure D-1: XRD patterns of clay fraction of unstabilised marginal aggregate 1A 

 

Figure D-2: XRD patterns of clay fraction of 1% lime stabilised marginal aggregate 1A 
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Figure D-3: XRD patterns of clay fraction of 3% lime stabilised marginal aggregate 1A 

 

 

Figure D-4: A comparison of XRD patterns (bulk random samples)  between unstabilised and 

lime (3%) stabilised marginal aggregate 1A 
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APPENDIX E: XRD patterns for marginal aggregate 1A with cement 

stabilisation 

 

Figure E-1: XRD patterns of clay fraction of 1% cement stabilised marginal aggregate 1A 
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Figure E-2: A comparison of XRD patterns (bulk random samples) between unstabilised and 

cement stabilised marginal aggregate 1B 

 

APPENDIX F: XRD patterns for marginal aggregate 1B with lime 

stabilisation  

 

Figure F-1: XRD patterns of clay fraction of unstabilised marginal aggregate 1B 
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Figure F-2: XRD patterns of clay fraction of 1% lime stabilised marginal aggregate 1B 

 

Figure F-3: XRD patterns of clay fraction of 4% lime stabilised marginal aggregate 1B 
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Figure F-4: A comparison of XRD patterns (bulk random samples) between unstabilised and 

lime (4%) stabilised marginal aggregate 1B 
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APPENDIX G: XRD patterns for marginal aggregate 1B with 

cement stabilisation 

 

Figure G-1: XRD patterns of clay fraction of 1% cement stabilised marginal aggregate 1B 

 

Figure G-2: A comparison of XRD patterns (bulk random samples) between unstabilised and 

cement stabilised marginal aggregate 1B 
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