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Abstract 

Unbound granular aggregates, due to a comparatively lower cost in comparison to bound 

pavement layers, are extensively used in the construction of road pavements. Thus, it is not 

surprising that a careful testing and selection of these materials is required to ensure a long-

lasting pavement life that avoids early and costly maintenance intervention. In order to 

appropriately evaluate the road aggregates, a series of standardised laboratory tests are 

undertaken to aid appropriate decision making prior to construction phases beginning.  

Generally, it is assumed if properly constructed, that the selection of aggregates based on these 

tests largely guarantees a satisfactory performance of them in the structure of pavements.  

Based on the results of a number of laboratory tests, aggregates have typically been 

categorized into two groups; premium and marginal. Where marginal aggregates are excluded 

from being used in high-trafficked pavement sections or State Highways in New Zealand. 

However, the depletion of high-quality aggregates, in conjunction with the significant cost of 

transport haul distance to site and its adverse environmental effects, has led road agencies in 

New Zealand to consider using locally available aggregates that have a more marginal quality. 

Due to their inherent mineralogical properties, marginal aggregates are usually more 

susceptible to adverse environmental conditions of the pavement structure. Therefore, their 

engineering characteristics can be progressively affected by the in-service weathering 

processes. Generally, because of the initial mechanical crushing, strong compaction, 

continuous in-service traffic loading, and direct interaction with the surrounding environment, 

the process of weathering can be significant in unbound aggregates. This topic is of even higher 

relevance for New Zealand, where there is a high demand for unbound aggregates and its young 

geologically sourced aggregates are generally more susceptible to the diverse environmental 

and climatic conditions. 

Although weathering processes may happen in a relatively short time and can cause ageing 

and deterioration of the structure of aggregates, a quantitative evaluation of its effect on road 

aggregates over the lifetime of the pavement is usually disregarded and properties of aggregates 

are assumed to be constant over time and location. In order to better understand the weathering 

process of aggregates and achieve a more efficient use of them this research develops a field 

and laboratory- based experimental methodology (as follows). Two sources of andesitic 
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unbound aggregates are used in this study, one source of aggregates is characterised to be of 

high quality and the other of more marginal quality according to the local standard New 

Zealand Transport Agency (NZTA) M4 specification. 

- Field-based experiment: The chemical and physical degradation of road aggregates 

within quarries are considered as an observable analogue of in-situ weathering of 

aggregates in the pavement structure. A variety of analytical methods, including thin 

section petrography, X-Ray Fluorescence (XRF), and X-ray Diffraction (XRD) reveal 

the short-term (less than 15 years) in-situ weathering of aggregates. Overall, the 

immediate loss of bases and production of clay minerals are the notable trend of 

chemical weathering of selected aggregates. Moreover, thin-section analysis reveals 

changes in the textural features of aggregates during the weathering. 

- Lab-based experiment (loose aggregates): In order to make the current New Zealand 

standard Weathering Quality Index (WQI) testing a better representative of in-service 

condition of unbound aggregates a series of modifications are proposed to this testing 

methodology. These modifications include improved wetting and drying processes, 

varied characteristics of the weathering solution, and a testing of the wider gradation of 

aggregates. Compared to standard WQI test, the results show 200% and 70% increase 

in CI value and 130% and 230% increase in WCI results of produced fines in premium 

and marginal aggregates, respectively. Thus, it is believed that the modified WQI test 

method better represents the potential in-field pavement weathering of andesitic road 

aggregates.in harsh environmental conditions.   

- Lab-based experiment (loose aggregates): Water is usually known to be a key factor in 

the performance of the structural elements of road pavements. To gain more insight into 

the water-aggregate interactions of UGM, a testing methodology is devised to 

determine the real-time appetite of aggregates for water in various environmental 

conditions. It is concluded that the water absorption of road aggregates depends upon 

the temperature and composition of the solution. Due to the increase in the water 

temperature, 160% and 100% increase in the absorbed water is reported for premium 

and marginal aggregates, respectively. Furthermore, it is concluded that the standard 

water absorption testing methodology generally under-estimates the appetite of 

aggregates to absorb water. In extreme cases, the proposed testing methodology results 

in 130% higher water absorption compared to the standard test.  
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- Lab-based experiment (compacted aggregates): The effect of Wetting and Drying (W-

D) cycles on the performance of compacted aggregates are investigated by conducting 

California Bearing Ratio (CBR) alongside Repeated Load Triaxial (RLT) tests. The 

results show that W-D can affect the properties of fines in the compacted specimens 

and controls the swelling behavior of marginal aggregates. W-D cycles result in 

approximately 40% increase in CI and WCI results of produced fines in both sources 

of aggregates. The W-D can also have an appreciable effect on the permanent 

deformation, resilient modulus and CBR values of specimens. 160% increase in 

permanent deformation is reported for soaked-conditioned premium aggregates, 

whereas marginal aggregates fail in the last stage of the loading. 

Overall, a thorough investigation of andesitic aggregate weatherability has been undertaken 

based upon the fundamental testing techniques required during the selection procedures of 

aggregates to ensure engineering life performance. This investigation includes an 

understanding of the ageing properties of the available aggregates and the local environmental 

condition where the aggregates are to be placed. This can be quite important for marginal 

aggregates, whose properties are usually more susceptible to environmental conditions. 

Furthermore, the Pass/fail criteria of the traditional testing methodologies do not adequately 

consider the durability of road aggregates in the construction, maintenance and environmental 

conditions that an aggregate is placed. It is believed that a grey-scale labelling (i.e. non-binary 

pass/fail status) of aggregates would be more effective in describing the materials’ natural 

variability and statistical distribution to subsequently characterise an aggregates performance 

given the associated environmental and climatic conditions of the target location.  
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 INTRODUCTION 

 Overview 

The properties of road aggregates within the service life of the pavement are associated to 

their engineering characteristics after extraction and the interaction of these materials with the 

surrounding environment after construction. This research aims to consider the potential effect 

of environmental conditions on unbound aggregates from both chemical and material 

perspectives. 

This thesis has been structured based on the University of Auckland’s policy on including 

publications in a thesis: Doctoral Candidates - Including Publications in a Thesis Policy and 

Procedures (UoA, 2018). Chapters 2 to 6 in this thesis include journal publications- either 

published or submitted manuscripts. Accordingly, each of these chapters that was submitted as 

a stand-alone publication have focussed literature reviews on the research aspect of the chapter. 

Therefore, Chapter 1 provides a general overview of the motivations for and objectives of the 

research and Chapter 2 presents a general literature review, which contextualises the objectives 

of the research. 

 Motivation and scope of the research 

The road network plays an important role in the economic growth of countries by providing 

for access by the movement of people and goods. Consequently, there exists a significant 

demand for the investment in road construction, operation and maintenance practices all over 

the world. The road pavement structure (refer to Figure 1-1 for a typical cross section of low 

volumes roads in New Zealand) is designed to withstand the imposed cyclic traffic loads and 

must last an economic asset life cycle within the specific environmental conditions the structure 

traverses.  To achieve this, the quality and durability of the aggregates that forms the main 

structural layers of the pavement must be assessed appropriately before the construction and / 

or maintenance practices are implemented. 
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Figure 1-1: A typical cross section of low traffic roads in New Zealand (not to scale) 

A considerable amount of road aggregate is used in both bound and Unbound Granular 

Layers (UGLs) of a flexible pavement structure. A number of researchers have underlined the 

notable effect of UGLs on the performance of flexible pavement structures (Gandara et al., 

2005, Fookes et al., 1988, Hussain et al., 2014, Chen et al., 2013, Chen, 2009, Sharp, 2009, 

Tao et al., 2008). The importance of the aggregate performance is even more influential  in 

thin-surfaced (i.e. chip sealed or surface dressings) and unsealed road pavements which make 

up the predominant pavement types in New Zealand and many other relatively low traffic 

volume roads (Chen et al., 2013, Chen, 2009, Sharp, 2009, Hussain, 2012). The poor in-service 

performance of the aggregates within UGLs has been reported as a primary cause of the 

premature failure of pavements (Chen et al., 2013, Chen, 2009, Gandara et al., 2005, Fookes 

et al., 1988). 

The depletion or shortage of high-quality aggregates as non-renewable mineral resources, 

in conjunction with the significant cost of transport haul distance to site , has led road agencies 

to consider using more locally available aggregates that have a more ‘marginal’ quality (i.e 

failed one or more premium material specification criteria) (Li, 2018). In lower traffic loading 

conditions, UGLs require lower quality aggregates with increasing pavement depth compared 

to the wearing course, thus, a considerable amount of marginal road aggregates can potentially 

be appropriately used in these layers with appropriate consideration, evaluation and testing. 

This is the reason why there is an increasing international literature devoted to lower quality 

aggregates, alongside the desire for a more sustainable use of these materials in the UGLs 

(Bartley et al., 2007, Li, 2018, Brennan, 1984, Liebenberg and Visser, 2003). 
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 Problem statement  

It has been well established that the ingress of water into the UGLs can cause the premature 

failure of the pavement structure. It is the engineering properties of aggregates (dictated by the 

geological source and type of aggregates), the chemical characteristics of the solution, and the 

environment temperature that can influence the deterioration rate of the UGMs in the presence 

of water. Overall, moisture and in some cases saturated conditions at some periods of the year 

and on some pavement sections (e.g. in cut and in low-lying and poorly drained pavement 

sections) is an inevitable condition of the UGLs. The ingress of moisture / water into these 

layers can either be from the wearing course (top) and/ or shoulder infiltration (sides), rising 

of the water table (below), evaporation, or condensation process (refer to Figure 1-1). Changes 

in the environment due to climate change in recent decades has increased the severity and 

probability of heavy rainfall and greater salt water inundation (de Oliveira et al., 2015). In 

addition, despite that the wearing courses in the flexible pavement are assumed to be 

impervious, they progressively lose their initial waterproof characteristics which allows the 

penetration of water into the UGLs. This can be even more pronounced in thin bituminous 

surfacings (e.g. chip sealed surfaces) and unsealed roads, which are predominant in New 

Zealand. New Zealand has over 94,000 km of roads in its network, of which 35% are unsealed 

and majority part of sealed roads have thin bituminous surfaces. Moreover, about 90% of local 

roads and 50% of state highways have traffic volumes less than 2000 AADT (Annual Average 

Daily Traffic) (MBIE, 2016). 

To achieve a long- lasting pavement and to avoid early and costly maintenance intervention, 

it is important to select durable aggregate in the construction phase (Collis and Smith, 2001, 

Gondal et al., 2008, Woodside and Woodward, 1989, Kleyn et al., 2009, Fookes, 1991). In the 

field of pavement engineering, a series of laboratory tests are undertaken to evaluate the road 

aggregates properties before the construction practices. It has been assumed that a careful 

selection of aggregates, based on these standardised testing methodologies, guarantees the 

satisfactory performance of aggregates in the pavement structures. However, rather than 

providing a guide to the performance of aggregates in the target condition of the pavement 

structure, these tests are mainly aimed at a general assessment of fresh aggregates from a quarry 

source. Table 1-1 summarises the potential shortcomings of the current testing methodologies 

that may affect the road aggregates selection procedure.  
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Table 1-1: Shortcomings of the traditional durability standard tests* 

Comments  Reference  

These tests are mostly empirically based. (Bartley et al., 2007, Bartley, 2001, Alexandria, 2013) 

All sources of aggregates, given their inherent 

differences, are usually assessed using the same 

testing methodologies. 

(Bartley, 2001, Bartley et al., 2007, Williamson, 2005, 

Collis and Smith, 2001, Fookes, 1991, Fookes et al., 

1971, Hudec, 1997, Wu et al., 1999) 

The durability of aggregates is assessed in a general 

condition, which may not necessarily reproduce the 

actual field condition. 

(Chen et al., 2013, Fookes, 1991, Carroll, 2012, 

Williamson, 2005, Price, 1995, Essington, 2015, Yeo 

et al., 2012, Salour, 2015, Senior and Rogers, 1991) 

Accelerating the weathering process using severe 

chemical agents may not completely reflect the actual 

field condition. 

(Bartley et al., 2007, Fookes et al., 1971, Hudec, 1997) 

The properties of produced fines within the durability 

tests are different from the fines produced in the field.  

(Collis and Smith, 2001, Stevens and Salt, 2011, 

Moors, 1972) 

These tests do not include the effect of ageing on 

reduction in properties of aggregates. 

(Bartley, 2001, Senior and Rogers, 1991) 

The durability of aggregates cannot be guaranteed 

using these tests. 

(Collis and Smith, 2001, Fookes, 1991, Bartley et al., 

2007, Fookes et al., 1971, Hudec, 1997, Bartley, 2001, 

Williamson, 2005, Přikryl, 2013, Ciantia and 

Castellanza, 2016, Lowe et al., 2009, Alexandria, 

2013, Lees and Kennedy, 1975, Liu et al., 2012, 

Stevens and Salt, 2011, Hussain, 2012) 
* Notes: 

- There is hardly a strong relationship between the testing results and the performance of aggregates in-service 

conditions (Bartley, 2001, Bartley et al., 2007, Fookes, 1991, Stevens and Salt, 2011). Current durability tests 

have been in use for over many years. Some of these tests have been kept in use due to “simplicity”, rather than 

being replaced by new effective methods, which can be designed based on the growing knowledge of the science 

in the field of geomaterials (Williamson, 2005). 

- Each type of aggregate weathers variably, depends on the textural and mineralogical properties. Additionally, 

varieties of possible pavement environmental conditions provide different weathering circumstances. Thus, it is 

not reasonable to use the same testing methodology to evaluate the durability of all types of aggregates in all 

environmental conditions. 

- The road aggregates are assumed to have constant properties in-service conditions and the selection of aggregates 

are mostly based on a series of experiments on fresh extracted aggregates. Whereas, the complex in-service 

condition is able to reduce the engineering properties of road aggregates over time.  

- The produced fines during the process of weathering are able to affect the deterioration trend of aggregates and 

the layer. However, the noticeable differences between the properties of fine materials that are produced in the 

laboratory and those produced in the field may lead to an inadequate assessing of the durability of aggregates. 

- The aggregate resources in New Zealand are geologically young compared to the Europe and North America 

where most of the engineering tests were originally generated. Additionally, the local environmental condition in 

New Zealand, which varies widely, and the predominant pavement design necessitate locally based testing 

procedures for selection of durable aggregates. 

 

Marginal aggregates do not comply with the minimum criteria of these standardised tests 

for premium quality aggregates (e.g. in New Zealand the M/4 basecourse specification (TNZ-

M/4, 2006)) and thus are excluded from being used in high-trafficked pavement sections. 

However, despite employing UGMs that passed the traditional testing requirements, they still 

suffered from premature failures in the pavement structure (Fookes, 1991, Fookes et al., 1988). 

This may stem from the abovementioned shortcoming of the traditional tests or could be due 

to a number of other environments, construction or traffic loading situations.  
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Pass/fail criteria of the traditional testing methodologies do not adequately consider the 

durability of road aggregates in the construction, maintenance and environmental conditions 

that an aggregate is placed. It is believed that a grey-scale labelling (i.e. non-binary pass/fail 

status) of aggregates, that is a function of the materials’ natural variability and characteristics 

and the environmental condition of the target place, would be more effective. In other words, 

marginal aggregates may have a more premium performance if the reason of marginality is 

recognized and the materials are used in an appropriate place in the pavement or the reason for 

marginality is appropriately treated. Thus, it seems that in some cases there is a potential poor 

selection of UGMs in the pavement structure and while it is not desirable from both social and 

economic standpoints the traditional tests may lead decision makers to reject suitable 

aggregates or alternatively accept poor ones (Williamson, 2005). 

Overall, a thorough investigation based on fundamental testing techniques is required during 

the selection procedure of aggregates. This investigation shall include an understanding of 

properties of the available aggregates and the local environmental condition where the 

aggregates are to be placed. This can be quite important for marginal UGMs, whose properties 

are usually more susceptible to environmental conditions.  

 Research objectives and scope 

The degradation of road aggregates under external loads, e.g. traffic loading, has received 

significant attention in the literature. However, comparatively fewer researches, in the field of 

pavement engineering, has considered the effect of weathering on the durability of road 

aggregates in the service life of the pavement.  

The investigation of the weatherability of UGMs within different climatic conditions was a 

relatively new perspective at the time of this study.  The primary objective of this study is to 

provide a greater understanding of the effect of weathering on UGMs and the subsequent 

impact on the performance of UGLs using reproducible and repeatable laboratory tests that 

represent more realistic in-field conditions. Ideally, an appropriate laboratory testing 

methodology should be able to reflect the dominant conditions of road aggregates in the 

construction in-situ place and for the varying seasonal conditions. However, as outlined in 

Section 1.3, there is a lack of testing specification procedures in the traditional testing methods 

to determine meaningful indicators of the performance of road aggregates in-service 

conditions. On this basis, road aggregates are mostly assumed to have constant characteristics 

over time and the ageing of UGMs is disregarded in the design stage. Moreover, determining 
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the effect of environmental conditions, including the chemical characteristics and the 

temperature of the solution, on weathering process of road aggregates formed the secondary 

set of objectives for this study.  

The general set of objectives that needed to be evaluated in order to test the weatherability 

of UGMs are as follows: 

1) Review and evaluate methods to determine the short-term and long-term effects of 

environmental conditions on geomaterial. This involved: 

a) Reviewing the weatherability of geomaterials from other sectors and / or materials and 

applying knowledge from the other fields to the field of pavement engineering. 

b) Determining the determinant environmental agent(s) and their impact on the properties 

of geomaterials. 

2) Evaluate the real-time effect of natural environmental conditions on the properties of road 

aggregate in the quarry. 

3) Evaluate the existing laboratory testing methods in New Zealand, which is specifically used 

to determine the durability of UGMs in loose conditions. At the time of the research, the 

Weathering Quality Index (WQI) and water absorption tests are widely used to determine 

the weatherability of UGMs and their appetite to absorb water, respectively. However, 

these testing methodologies simplify the environmental condition and fail to consider the 

determinant weathering conditions for the locally sourced and available aggregates. It is 

believed that proposing simple modifications to the current testing methodologies can 

improve their abilities to represent the actual field condition and thus better evaluate the 

durability of UGMs. To improve the suitability of these tests some modifications are 

proposed which briefly include: 

a) Wetting and Drying (W-D) process, the chemical characteristics of the solution, and 

the gradation of aggregates in the WQI test. 

b) The testing methodology and the characteristics of the solution in the water absorption 

test. 

4) Determine the effect of short-term weathering (a limited number of W-D cycles) on the 

properties of compacted UGMs, using CBR and RLT tests. CBR and RLT tests were 

conducted on samples in dried, OMC, and saturated conditions. All RLT tests were 
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conducted in drained conditions and followed the six stages of loading from NZTA T15 

(NZTA, 2012) testing methodology for the small RLT test. 

 The structure of the research 

This thesis composed of seven chapters in the following manner: 

Chapter 1- Introduction (the current chapter) 

Chapter 1 sets the research context, introduces the motivation of the research and describes 

the general problem(s). Additionally, this chapter presents the objectives of the research, which 

will be used to develop the methodology and test the validity of the research questions. 

Chapter 2- Literature review  

Chapter 2 provides an overview of the available literature about the concept of the current 

research. This chapter mainly addresses the marginality concept, short-term weatherability of 

UGMs, and the possible effect of environmental conditions (the weathering processes) on 

durability characteristics of UGMs. The essential information is sourced from related fields, 

like, agricultural, geotechnical, meteorological, and pavement engineering. The appropriate 

methodologies for further evaluation of the weatherability of UGMs are chosen based on the 

concepts that are developed in this chapter. 

Chapter 3- Case study, weathering process of andesitic UGMs in the quarry 

Chapter 3 examines the real-(short) time effect of in-situ environmental condition on the 

properties of a specific andesitic UGMs. The variation in physical and chemical characteristics 

of aggregates are investigated using a variety of analytical methods, including X-ray diffraction 

(XRD), X-ray florescence (XRF), and thin section analysis. The image processing is also 

implemented to interpret the variation in the colour and textural features of aggregates during 

weathering processes. Whilst it is not an exact replica of the in-use condition of UGMs, the 

introduced methodology in this chapter can be used as a fast testing procedure to determine 

durability of UGMs in local environmental conditions. 

Chapter 4- Modified Weathering Quality Index (MWQI) test 

Chapter 4 briefs the shortcomings of the New Zealand Weathering Quality Index (WQI) test 

(NZS, 2015) to recognise the physical and chemical weathering of UGMs. Then, a series of 

modifications, including adjusting the aggregate gradation, Wetting and Drying (W-D) 

process, and properties of the solution, are proposed to this testing methodology in order to 
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improve its effectiveness in evaluating the weatherability of UGMs. The effect of weathering 

is evaluated by the quality of and quantity of produced fines (passing the 75-micron sieve), 

retained abrasion resistance, and the degree of changes to the gradation of aggregates. 

Chapter 5- Water absorption, a trigger for weathering of UGMs 

Considering the significant effect of water on weatherability of UGMs, Chapter 5 introduces 

a methodology to steadily determine the water absorption of these materials. The method is 

based on Archimedes’ principle. It is recommended that the proposed procedure can provide a 

better understanding of water-aggregate interactions from the time they get in contact and thus 

is able to replace the traditional water absorption testing procedure. 

Chapter 6- The effect of weathering on the engineering properties of laboratory compacted 

aggregates 

Chapter 6 investigates the effect of weathering processes on the performance of compacted 

UGMs. The weathering process is simulated by various cycles of Wetting and Drying (W-D). 

The most determinant condition of the solution (temperature and chemical composition, 

concluded from chapter 4) is selected for each source of aggregates. Moreover, the performance 

of compacted aggregates is indicated by the California Bearing Ratio (CBR) and Repeated 

Load Triaxial (RLT) tests. 

Chapter 7- Conclusions and recommendations 

Chapter 7 summarises the results of the research and provides recommendations for better 

evaluation of durability of aggregates. This chapter also outlines interesting avenues for future 

research.  

Figure 1-2 shows the general framework of the thesis. 
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Figure 1-2: Overall approach of the thesis 
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 LITERATURE REVIEW 

 Introduction 

This review chapter includes two main sections. The first section presents the possibility of 

weathering (weatherability) of UGMs in the pavement structure and discusses the potential 

effects of weathering on durability properties of these materials. It was consistently found that 

water is the most destructive weathering agent in UGLs, which is able to cause both chemical 

and physical degradation of these materials. To this end, the second section of the review 

primarily focuses on the role of water in UGLs through a published review article (Article 1).  

Related journal article: 

 

Sangsefidi, E., D. J. Wilson, T. J. Larkin and P. M. Black (2019). The role of water in 

unbound granular pavement layers: A review. Transportation Infrastructure Geotechnology pp: 

289-317. 

 UGMs in the pavement structure 

Unbound aggregates, the main component of Unbound Granular Layers (UGLs), are 

referred to as Unbound Granular Materials (UGMs) in this thesis. Due to their relatively lower 

costs in comparison to bound layers, UGMs are fundamental components of the pavement 

structure and they are very widely used across the world in road construction (Collis and Smith, 

2001, Williamson, 2005). For example, UGMs constitute about 90% of the volume of base-

courses (Williamson, 2005). Thus, it is not surprising that the quality and durability of these 

materials in their in-service condition plays an important role in the performance of pavements. 

The poor performance of UGMs has been reported to be the root cause of premature pavement 

failures, which has resulted in earlier than planned and costly maintenance interventions 

(Fookes, 1991, Gandara et al., 2005, Chen, 2009, Chen et al., 2013). This is especially true for 

pavements with thin bituminous surfaces (Chen, 2009, Hussain, 2012, Chen et al., 2013) or 

where unbound layers are used for the whole structure (Collis and Smith, 2001). Please refer 

to 1-1 for a typical cross section of flexible pavement structure in the low volume roads. 

Ideally, UGLs in a pavement are required to resist deterioration over the design life (Arnold 

et al., 2003, Arnold and Werkmeister, 2006). Failures in these layers can occur due to various 

https://link.springer.com/article/10.1007/s40515-019-00084-9
https://link.springer.com/article/10.1007/s40515-019-00084-9
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reasons; either related to the traffic loading, due to the in-field environmental effects, or the 

aggregates themselves (Hussain, 2012). Even though environmental conditions, and mainly the 

presence of water, can exacerbate the deterioration of UGMs (Chen et al., 2006, Chen et al., 

2013), the majority of the literature focused on the effect of non-environmental factors on 

aggregate pavement performance.  The presence of moisture / water is an inevitable component 

within UGLs at various times of the year and to varying degrees of saturation.  Therefore, one 

of the important functions of the UGLs is to provide adequate drainage for the water that may 

intrude from the surface or sides of the road (Mišcˇevic and Vlastelica, 2010). Overall, 

materials used in the basecourse are specified not to be moisture sensitive (Hussain, 2012, Chen 

et al., 2013). Aggregate that is moisture sensitive can deteriorate the properties of granular 

materials while they are in-service, and thus affects the performance and life of the pavement 

(Chen et al., 2013, Nassiri and Bayat, 2013, Van Aswegen and Steyn, 2013). 

 Marginality concept of aggregates 

In geological terms, marginal aggregates are mostly produced from the already weathered 

or weather prone parent rocks (Brennan, 1984). In the field of pavement engineering, 

‘marginality’ is a label assigned to define lower quality aggregate resources, which do not 

comply with the requirement of the local specifications (Robnett, 1980, Brunschwig, 1989). In 

New Zealand the TNZ M/4 specification (TNZ, 2006) defines the quality standard aspects of 

‘premium’ basecourse aggregates based upon a series of engineering tests. As such, ‘marginal’ 

aggregates are those that fail to meet the required ‘premium’ criteria (TNZ, 2006). In a recent 

NZTA funded research report (Ivory, 2019) it has been suggested that marginal materials 

should be re-classified as ‘alternative materials’ that can also include recycled materials to 

provide a better potential classification of the material. 

The acceptability of UGMs is determined based upon a series of tests, which includes:  

crushing resistance (CR), weathering quality index (WQI), California bearing ratio (CBR), 

particle size distribution (PSD) and the properties of the fine particles (clay index (CI), sand 

equivalent (SE), and plasticity index (PI)). Table 2-1 shows the testing requirements for 

premium aggregate following New Zealand specifications. These tests are very similar to the 

tests specified in British Standard (B.S., 1990b, B.S., 1990a, B.S., 2012, B.S., 2013a, B.S., 

2013b); however, WQI test is more used in New Zealand and will be discussed in detailed in 

Chapter 4. TNZ M/4 specification (TNZ, 2006) outlines pass/fail criteria based on index 

properties tests (Figure 2-1). As shown, UGMs are assessed as “premium” aggregates if they 
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pass CR, WQI, and CBR tests and comply with either CI or SE, or PI requirements. These 

pass/fail criteria do not adequately describe the natural variability of aggregates and may also 

label statistically reasonable quality resources of aggregates as being ‘poor’. For example, if 

even one property of an aggregate is slightly lower than the M/4 specification requirement and 

the other properties are much better than their corresponding requirements, it would still be 

categorised as a “marginal” aggregate. Whereas, aggregates which are tested and slightly pass 

the requirements would be called a “premium” material.  A conclusion from testing the two 

materials that one material is a ‘premium’ material and the other ‘marginal’ is questionable. 

The procedure in coming to this conclusion does not take into account the statistical variability, 

nor potential errors in the standard testing, and the fact that these tests are based on empirical 

approaches mainly developed for aggregates with different geological and service conditions 

compared to New Zealand aggregates. 
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Figure 2-1: Basecourse aggregate selection procedure (TNZ, 2006). 

It is important to understand that marginal materials still have the potential to be used in the 

construction of pavements (Robnett, 1980). There are two main theories of using marginal 

aggregates in the literature. On one hand, it is accepted that marginal aggregates are better to 

be used in lower trafficked roads (Robnett, 1980). On the other hand, it is widely accepted that 

with specific roading construction techniques or stabilisation treatment methods, the ‘marginal’ 

material can be ‘treated’ to modify their behaviour and lead to an appropriate use of these 

materials in the field (Robnett, 1980, Brunschwig, 1989).  
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Table 2-1: Testing requirements for premium UGMs 

Testing method Crushing Resistance 
Weathering 

Quality Index 

(WQI) 

CBR PSD Fine properties 

Clay Index 

(CI) 

Sand Equivalent 

(SE) 

Plasticity Index 

(PI) 

Requirement 
Max. 10% 

@130 kN 

AA, AB, BA, AC, 

CA, BB 

80% The envelope is specified 

in the specification 3.0 (Max.) 40 (Min.)  

5 (Max.) or 

Non-Plastic 
(NP) 

 

It is typically believed that marginal aggregates generally have lower strength in comparison 

to the compliant aggregate. Additionally, it is more probable that clay minerals exist in the 

structure of marginal aggregates. These minerals have a great affinity for water and may break 

down into plastic fines in the presence of water, then gradually permeate the entire UGLs. 

Overall, the more weathered the parent rock is, the more susceptible the resultant aggregate is 

to additional weathering (Bartley et al., 2007). Conversely, there are some reports (Kersten and 

Skok Jr, 1969, Ovik et al., 2000, Xiao et al., 2011) that have highlighted a comparable 

engineering performance of lower quality aggregates within UGLs. The acceptable 

performance of marginal aggregates has been mostly related to good drainage characteristics, 

limited fluctuations in the moisture content, presence of less fine-grained materials, specific 

design, construction and maintenance procedures of the UGLs that utilise lower quality 

aggregates. On this basis, (Xiao et al., 2011) outlined a framework for the optimal use of 

marginal aggregates. Most importantly, he believed that road aggregates must be selected based 

on the end use conditions in the pavement. 

2.3.1. The importance of using marginal aggregates 

All road aggregates are non-renewable mineral resources and require appropriate and 

sustainable resource management.  In many locations high quality (premium) aggregates are in 

limited supply depending upon where the need is in a country. To make the matter more 

complex, new environmental restrictions limit the extraction (access) to premium aggregates 

in some regions / locations, which causes an increase in transportation costs of aggregates 

sourced from further afield. Furthermore, economic and sustainability imperatives require 

preservation of premium aggregates for the use in construction places where the high-quality 

aggregates are required (Li, 2018). Under these conditions, there is a growing desire by road 

controlling authorities and resource planners for the more sustainable use of marginal 

aggregates for road construction and maintenance activities. To this end, it is essential to 

understand the inherent properties of road aggregates and their behaviour in-service conditions, 
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beyond the traditional testing procedures (refer to Section 1.3 for the related shortcomings of 

the traditional durability tests). 

Due to the growing importance of the more sustainable and appropriate selection and use of 

local and in many cases more marginal aggregates, a number of studies have been conducted 

around the world to investigate the possibility of applying these materials in road construction 

practices (Brennan, 1984, Majumder et al., 1999, Cook et al., 2001, Berthelot et al., 2007, Xiao 

et al., 2011). Some of these research studies have led to innovative approaches in using these 

aggregates in low volume roads. Besides, a wide range of stabilisers has produced positive 

effects on the performance of marginal aggregates (Li, 2018). In addition, to reduce the 

disadvantages related to a single stabilizer, (Bullen and Suciu, 1991) recommended using a 

specific mixture of stabilisers. Furthermore, (Xiao et al., 2011) introduced a new pavement 

design for low volume roads. The design includes using a bridging effect of stiff (high quality) 

subbase in the low volume road in order to reduce the contributing role of the basecourse layer 

in the performance of the pavement structure.  However, each pavement design needs to 

carefully consider not only initial construction and traffic loading scenarios but life cycle 

pavement maintenance activities and how different failure mechanisms can lead to very 

different maintenance procedures and life cycle cost effects.   

 Durability of UGMs  

Aggregates undergo wear and tear throughout their life, and it is required that they resist 

crushing, degradation and disintegration when used in the pavement structure (Wu et al., 1998). 

Durability is a principal requirement of road aggregates to evaluate their natural or imposed 

damaging processes whilst in service conditions (Fookes et al., 1971, Fookes et al., 1988, 

Fookes, 1991, Collis and Smith, 2001, Erichsen et al., 2008, Kleyn et al., 2009, Přikryl, 2013). 

Poor durability characteristics can negatively affect, to a greater or lesser degree, all other 

engineering parameters of aggregates in their service life (Kleyn et al., 2009). Therefore, any 

assessment of the potential durability of a source of aggregates must take into account the 

quarrying processes and any imposed mechanical stressing and environmental conditions to 

which the aggregate would be subjected in-service (Fookes, 1991). The concept of durability 

in this context, just like (Fookes et al., 1971, Woodside and Woodward, 1989, Fookes, 1991, 

Collis and Smith, 2001, Přikryl, 2013), is defined as the resistance of rock to weakening and 

disintegration when subjected to short term weathering processes in-service life of the 

aggregate. Overall, durability is the inverse concept of weatherability (Fookes et al., 1971).  
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Weatherability, or durability of UGMs, is not an absolute measure and is primarily a 

function of several variables that are of an internal and/or external nature (Přikryl, 2013). 

Among the internal variables are the genesis of the natural stone, its mineralogical and chemical 

composition, the type of rock fabric and its symmetry, and the presence of inhomogeneities, as 

well as a broad range of physical properties. The external variables can be viewed as the 

environment to which the natural stone is exposed (Přikryl, 2013). 

2.4.1. The concept of weathering 

Berzelius stated, "The soil is the chemical laboratory of nature in whose bosom various 

chemical decompositions and synthesis reactions take place in a hidden manner" (from 

(Carroll, 2012)). The result of this laboratory is a special process that affects the properties of 

including material and the whole mass, entitled weathering. Hilgard (1910) following 

Dakuchaev (1928) recognised weathering factors and discussed them at length (from (Fookes 

et al., 1971)). After that, weathering is defined in a number of ways depending on the standpoint 

of the definer (Price, 1995). To cover the concept of weathering, a possible definition for the 

weathering can be: the irreversible response (Price, 1995, Ceryan, 2009), alteration and 

breakdown (Price, 1995) of the geomaterials to their exposure to the new condition at the near 

surface (Dearman, 1975, Price, 1995, Bartley, 2001, Bartley et al., 2007, Ceryan, 2009) mainly 

by physical and/or chemical reactions with water and air (Price, 1995, Bartley, 2001, Bartley 

et al., 2007, Ceryan, 2009, Carroll, 2012). These proccesses bring change to the characteristics 

of material (colour, texture, composition, firmness or form) (Dearman, 1975, Ceryan, 2009) 

and lead to formation of clay, iron oxides and other weathering products (Price, 1995).  

In general, from an engineering point of view, weathering can be interpreted as a generalised 

decay of the mechanical properties of the original materials (Ciantia and Castellanza, 2016). In 

the field of pavement engineering, weathering is a response of road materials to the 

environmental changes and the construction of the road brings about the required changes 

(Price, 1995). Road construction is generally conducted close to the earth’s surface (Price, 

1995, Shrivastava, 2014) in which the process of weathering, erosion, transportation and 

deposition are conspicuously active. These processes can lead to modifying the mineralogy and 

texture of the road aggregates and engineering properties of the pavement after the construction 

of the road (Price, 1995, Shrivastava, 2014).  
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2.4.1.1. Physical and Mechanical Processes of Weathering 

Physical weathering processes is generally the forerunners of chemical weathering. The 

main contributions of physical weathering are to loosen rock masses, reduce particle sizes, and 

increase the available surface area that then allows increased chemical attack (Mitchell and 

Soga, 2005). In certain climatic conditions, an important reason for natural physical weathering 

is related to the crystal growth of salts or water molecules during freeze and thaw conditions.  

The role and significance of freeze-thaw in physical weathering of road aggregates has been 

debated with opposing resulting conclusions (Mitchell and Soga, 2005). A rapid rate and high 

amplitude of daily temperature changes are required to generate the necessary pressures to 

disintegrate some road aggregates.  However, it is not clear whether these environmental 

conditions can be directly linked to the dominant changes that occur in the pavement structure. 

In contrast, it has been demonstrated that the freezing process of a thin film of adsorbed water 

in the surface layer of rock promotes increased weathering (Mitchell and Soga, 2005). Some 

research in cold climates, with 100 annual daily cycles of freezing and thawing, (Pardini et al., 

1995, Regüés et al., 1995) consider the cyclic freezing and thawing as the most important factor 

in the physical weathering process. 

Instead, the findings regarding the crystallization of salts seem to be more straightforward. 

Moisture ingress often contains salts originating from atmospheric pollutants or the 

surrounding ground (McCabe et al., 2013). Furthermore, some soluble salts such as sulfate and 

chloride are released by weathering processes (Alexandria, 2013). During the drying process, 

physical pressures are exerted on the pore walls of the aggregates by the crystallisation of salts 

(Alexandria, 2013, McCabe et al., 2013). The exerted pressure can result in developing micro-

fractures in the structure of aggregates or in the worst-case it may lead to disintegration of them 

(McCabe et al., 2013). This natural process is similar in process to that which occurs in the 

sulfate soundness test (Alexandria, 2013). The soundness test determines the durability of 

aggregates because of formation of salt crystals in their pores. Aggregates are repeatedly 

submerged in a saturated solution of sodium or magnesium sulfate, followed by a drying in air. 

Then the testing result is reported as the “mass loss”. The soundness test was originally 

developed in 1818 and then several variations of this method were used to evaluate the 

durability of aggregates (Fournari and Ioannou, 2019). 

Most of the current research into salt weathering is concerned with mechanical damage that 

takes place through crystallization or hydration (McCabe et al., 2013). For example, sulfate salt 
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in igneous aggregates from an area in Virginia State, USA caused deterioration of aggregates 

in the basecourse under an asphalt pavement (Alexandria, 2013). A similar situation was 

observed in South Africa where the sulfate was released because of the weathering of sulfides, 

which occurred in pavement bases after being constructed (Alexandria, 2013). The presence 

and behaviour of moisture is perhaps the key control on the nature and scale of damage 

produced by salt weathering (McCabe et al., 2013). A prolonged time of wetness, in many 

environments results in greater exposure of the aggregates to the presence of salts in solution 

(McCabe et al., 2013) and will result in a greater depth of salt penetration (McCabe et al., 

2007).  

The process of mining induces a variation in the stress–strain state of the initial rocks 

(Mitchell and Soga, 2005, Ciantia and Castellanza, 2016). Overall, the reduction in the 

effective confining pressure can cause formation of cracks and joints in the aggregates 

(Mitchell and Soga, 2005), which may lead to a marked alteration of the mechanical properties 

of the resultant aggregate (Ciantia and Castellanza, 2016). In the road pavement, UGMs are 

also subjected to the external abrasive forces of traffic loads that can break them down over 

time and change their gradation (Palassi and Danesh, 2016). The effect of physical and 

mechanical weathering on road aggregates is usually presented by the change in their Particle 

Size Distribution (PSD) (Lees and Kennedy, 1975). By changing in aggregate gradation, it is 

reasonable to assume that the engineering properties of the layer would be adversely affected 

especially if the finer fractions and aggregate mineralogy is moisture susceptible. It may lead 

to early failures of pavement through consolidation, cracking, and other problems (Rangaraju 

and Edlinski, 2008, Palassi and Danesh, 2016).  

2.4.1.2. Chemical Processes of Weathering 

Chemical weathering is a natural weathering process of geomaterials that occurs under the 

prevailing environmental conditions (Essington, 2015) and results in transforming the 

materials to a more stable (Mitchell and Soga, 2005, Essington, 2015), or soluble (Mitchell and 

Soga, 2005, Essington, 2015) phases. Practically, all chemical-weathering processes depend 

on the water-rock interactions (Mitchell and Soga, 2005, Ceryan, 2009). Hydration, that is, the 

surface adsorption of water, is the trigger of all chemical reactions, many of which proceed 

simultaneously (Mitchell and Soga, 2005). 

Approximately twenty primary and secondary minerals exist in the structure of road 

aggregates (Lees and Kennedy, 1975). The chemical weathering of road aggregates is 
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determined by the expected response of these minerals to the local environmental conditions 

(Bartley et al., 2007). Overall, minerals have different inherent tendencies to alter by 

weathering processes that are partly related to the structure and composition of the minerals 

and partly to the environmental conditions (Carroll, 2012). The relative susceptibility of sand- 

and silt-sized primary silicate minerals to weathering is established in the Goldich stability 

series (Figure 2-2) (Bartley et al., 2007, Huang et al., 2011, Carroll, 2012, Essington, 2015). 

Goldich established that the order in which a mineral’s stability decreases is identical to the 

order of silicate crystallization from a cooling magma (Goldich, 1938), formally described as 

the Bowen reaction series (Barbu, 2005).  

 

Figure 2-2: Goldich stability series for sand- and silt-sized particles (Huang et al., 2011) 

This observation has been explained by the degree of disequilibrium between the high 

temperature magma, in which a mineral was initially formed, and the terrestrial’ low 

temperature in which minerals are weathered (Bartley et al., 2007, Essington, 2015). Minerals 

that reside at the highest positions of the stability diagram, such as olivine and Ca-plagioclase, 

are the most easily weathered and are most likely the first to disappear from the structure of 

aggregates as a result of chemical weathering (Essington, 2015). These minerals crystallised at 

the highest temperatures, under the most anhydrous conditions (Bartley et al., 2007) and 

correspondingly have high base and divalent cation contents (Essington, 2015). Minerals at the 

bottom of the diagram, such as quartz and muscovite, are crystallised at lower temperatures, 



Chapter 2: Literature Review 

24 

 

 

are the most resistant to weathering, and are expected to remain in aggregates that have been 

extensively weathered (Bartley et al., 2007, Essington, 2015). These minerals are principally 

composed of Si and Al (with a low cation content, except for K+) (Essington, 2015).  

Essington considered other factors that may influence the relative susceptibility of primary 

silicate minerals (Essington, 2015). Table 2-2 summarizes these factors. 

Table 2-2: Factors that affect the stability of primary silicates 

Factor Effects on the mineral stability 

Si to O ratio The Si-O bond is approximately 50%covalent, while bonds involving divalent cations 

and oxygen are predominantly ionic. Therefore, the reduction in Si to O ratio, lead to the 

smaller the amount of covalent character in the crystal- chemical bonds and increasing 

base cation contents. 

Weakest bond The weakest bonds are the first to be broken in a weathering environment. 

In all silicate minerals, with the exception of quartz, the weakest bond is that which holds 

the tetrahedral structural units together or balances the charge of the aluminium 

tetrahedron. Many of these bond types are predominantly ionic in nature, such as the 

alkali and alkaline earth element bond with oxygen. However, even bonds that approach 

the Si-O bond in covalent character, such as the Fe II -O and Mn II -O bonds, are 

relatively weak bonds due to the low valency of the cations (typically 2+) and the high 

coordination they occupy (typically octahedral or CN=6). 

 

Isomorphic 

substitution 

The isomorphic substitution of Al3+ for Si4+ in tetrahedral coordination tends to reduce 

mineral stability.  

First, the lower the covalent character of the Al-O bond relative to the Si-O bond the less 

stable the result.  

Second, the radius ratio of Al3+ with oxygen as the anion is greater than the limiting radius 

ratio for six-fold (octahedral- see Pauling rules). Consequently, the Al- tetrahedron is 

distorted which distorts and destabilizes the mineral structure. The mineral instability is 

directly related to the degree of isomorphic substitution of Al3+ for Si4+. 

Presence of 

oxidizable metals  

Almost all iron in the primary silicates occur in the Fe II oxidation state. The oxidation 

of Fe II and the less common Mn II in the presence of O2, 

First, create a charge imbalance in the mineral structure that lead to empty positions 

because of departing other cations.  

Second, the loss of an electron reduces the radius of an element that places additional 

stress on mineral structures and increases mineral susceptibility to decomposition. 

Therefore, causing the structure to collapse or increasing the susceptibility of the mineral 

to other weathering mechanisms (such as hydrolysis, acidification, and solutioning).  

Both chemical and physical weathering can take place in road aggregate materials during 

the production, stockpiling, transporting, construction and in-service life of aggregates within 

UGLs of pavement (Fookes et al., 1971, Sweere, 1990, Fookes, 1991, Price, 1995, Williamson, 

2005). These processes hardly occur in isolation (Erichsen et al., 2008) and commonly one acts 

to enhance the other (Fookes, 1991, Erichsen et al., 2008, Ciantia and Castellanza, 2016). With 

reference to (Minor, 1960, Collis and Smith, 2001), physical breakdown of aggregates that 

have already suffered from chemical weathering in prior stages can cause the severest 

aggregate failure in the UGLs of a pavement. Article 1 presents a more detailed review on 

physical and chemical weathering processes and their effect on UGMs.  
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2.4.2. The effect of weathering on UGMs 

The production of road aggregate materials into a specified material, transporting to site and 

then road construction techniques (e.g. spreading, watering and compaction) changes the 

environmental condition of the in-place aggregates and in most cases brings them closer to the 

surface where the process of weathering is more active (Price, 1995). The literature refers to 

the following factors that are important in providing evidence of weathering of aggregates in 

pavement structures:  

1) reduction of aggregate size (Bartley et al., 2007, Erichsen et al., 2008),  

2) material losses (Erichsen et al., 2008, Hussin and Poole, 2010), 

3) development of micro-cracks (Tuğrul and Zarif, 1999, Ündül and Tuğrul, 2012, Sousa, 

2013, Ismail et al., 2014),  

4) increase in the proportion of soft (Hartley, 1974, Kazi and Al-Mansour, 1980, Ismail et al., 

2014), expandable (Davidson, 1973, Houston and Smith, 1997), mechanically weak 

(Lindqvist et al., 2007), and bulkier minerals (Lindqvist et al., 2007). 

These above factors can combine to destroy the intergranular bond (Hartley, 1974, Kazi and 

Al-Mansour, 1980, Brattli, 1992, Hussin and Poole, 2010, Ismail et al., 2014, Rigopoulos et 

al., 2015), increase the volume of pores (Kazi and Al-Mansour, 1980, Zhao et al., 1994, Ündül 

and Tuğrul, 2012, Ismail et al., 2014), and increase the plastic fines content (Houston and 

Smith, 1997, Carroll, 2012), thereby weakening the mineral structure resulting in increased 

weathering. By the progressive destruction of intergranular bonds and changing both textural 

and mineralogical characteristics, weathering processes can change the quality of aggregates 

(Dearman, 1975, Ceryan, 2009) and decay the mechanical properties of the UGLs in the road 

structures (Ündül and Tuğrul, 2012, Ismail et al., 2014, Ciantia and Castellanza, 2016). Table 

2-3 presents some of the detrimental effects of weathering on the inherent characteristics of 

aggregates. 
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Table 2-3: Influence of weathering on properties of road aggregates 

Property Source of materials Reference 

Resistance to abrasion 

Various type of parent rocks (Hartley, 1974) 

Igneous rocks 

(Kazi and Al-Mansour, 1980, 

Haraldsson, 1984, Houston and Smith, 

1997, Rigopoulos et al., 2015) 

Crushing resistance Metamorphic and igneous rocks 
(Ramsay et al., 1974, Afolagboye et al., 

2016) 

Durability 

Sedimentary rock (Ündül and Tuğrul, 2012) 

Igneous rocks 
(Haraldsson, 1984, Rigopoulos et al., 

2012) 

Density (decreasing) 
Sedimentary rock (Ündül and Tuğrul, 2012) 

Igneous rocks (Rigopoulos et al., 2012) 

Compressive strength 
Sedimentary rock (Ündül and Tuğrul, 2012) 

Igneous rocks (Zhao et al., 1994, Ismail et al., 2014) 

Water absorption (increasing) 

Sedimentary rock (Ündül and Tuğrul, 2012) 

Igneous rocks 

(Kazi and Al-Mansour, 1980, 

Rigopoulos et al., 2010, Rigopoulos et 

al., 2015) 

Metamorphic and igneous rocks (Afolagboye et al., 2016) 

Overall, the weathering process can cause an early failure of the pavement due to a reduction 

in engineering performance of the aggregates (Rangaraju and Edlinski, 2008, Palassi and 

Danesh, 2016). Article 1 presents a more detailed review on the detrimental effect of 

weathering on UGMs. 

In contrast, (Knill, 1960, Hartley, 1974, Liu et al., 2012, Sousa, 2013) claimed that in the 

aggregates they studied (which were mainly granite) the alteration of aggregates may improve 

some of the mechanical properties. For example, the effect of weathering can improve the 

resistance to polishing of aggregates which are composed of a matrix of hard and soft minerals 

(Knill, 1960, Hartley, 1974). Furthermore, the weathering may prevent the formation of new 

cracks because of higher void volumes and a damping effect on the secondary minerals (Sousa, 

2013). It can also result in a reduction of stress concentration due to the presence of more 

ductile mineral grains (Liu et al., 2012). 

Although the natural weathering process and its effects are well understood, the relationship 

between the ageing characteristics of aggregate, as a result of weathering, and its performance 

on the pavement is not well described (Bartley et al., 2007, Erichsen et al., 2008). Because of 

that, many researchers largely discount weathering effects of in-service aggregates within the 

engineering life cycle timescale (Fookes, 1991). In contrast, some researchers (Hartley, 1974, 

Fookes et al., 1988, Senior and Rogers, 1991, Bartley et al., 2007, Erichsen et al., 2008, Stevens 

and Salt, 2011, Carroll, 2012, Přikryl, 2013) determined the weatherability of road aggregates 

during the service life of the pavement as a result of the wetting and drying process, continual 
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change in temperature, chemical properties of surrounding pore fluid, inter-particle abrasion 

and degradation during compaction and trafficking.  

2.4.2.1. Weathering considerations on the potential use of road aggregates 

Few engineers would argue that in the case of projects having significant quantities of 

earthworks (like road construction), errors in the judgement at the early stages of the project 

can prove to be extremely costly (Fookes, 1991). Thus, selecting strong and non-weatherable 

aggregates is a common practice in engineering projects (Collis and Smith, 2001, Gondal et 

al., 2008). Knight & Knight (1935) and many other researchers have drawn attention to the 

importance of the degree of weathering and alteration on the potential performance of 

geomaterials (Collis and Smith, 2001). Collis and Smith also referred to the BS 5930: 1999 

that includes the state of weathering (Table 2-4) (Collis and Smith, 2001). On this basis, it has 

been found that materials in grades IA and IB are generally satisfactory as aggregates, while 

those classed as Grade III or higher are usually unsuitable and may not perform satisfactorily 

when used in construction (Collis and Smith, 2001).  

Table 2-4: Weathering alteration grades ((Collis and Smith, 2001)) 

Term Description Grade 

Fresh No visible sign of rock materials weathering. IA 

Faintly weathered Discolouration on major discontinuity surfaces. IB 

Slightly 

weathered 

Discolouration indicates weathering of rock material and discontinuity 

surface. All the rock material may be discoloured by weathering and may be 

somewhat weaker than in its fresh condition. 

II 

Moderately 

weathered 

Less than half of the rock materials is decomposed and/or disintegrated to a 

soil. Fresh or discoloured rock is present either as a continuous framework or 

as corestones. 

III 

Highly weathered 

More than half of the rock material is decomposed and/or disintegrated to a 

soil. Fresh or discoloured rock is present either as a discontinuous framework 

or as corestones. 

IV 

Completely 

weathered 

All rock material is decomposed as/or disintegrated to soil. The original mass 

structure is still largely intact. 
V 

Residual soil 

All rock material is converted to soil. The mass structure and material fabric 

are destroyed. There is a large change in volume, but the soil has not been 

significantly transported. 

VI 

 Clay minerals 

Researchers have concluded that it is the secondary minerals, formed from the primary 

minerals under the action of weathering and disintegration, which are the principal causes of 

distress and failure of granular layers in pavements (Lord, 1916, Weinert, 1968, Lees and 

Kennedy, 1975, Collis and Smith, 2001, Bartley et al., 2007, Essington, 2015). Weak secondary 
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minerals have lower density and hence occupy greater volume than the primary minerals, from 

which they were formed (Collis and Smith, 2001).  

From a physical point of view, clay minerals have a typical particle size of <2μm, are often 

colloidal (Lowe, 2011, Carroll, 2012) and are most often flat shaped (which extends the period 

of time they can suspend in aqueous conditions) (Lowe, 2011). This characteristic is often 

utilised to enable separation of the clay minerals from other materials (Lowe, 2011).  However, 

the fact that primary minerals can also be present in the <2μm fraction during the production 

process of aggregate (Lowe, 2011), makes it a challenging practice to identify the harmful 

material by the customary test methodologies (i.e. NZS 4407). Overall, the predominance of 

secondary phyllosilicate minerals in the clay fraction is a clear indication that weathering has 

occurred and generally the type of clays can be used to predict the degree of weathering 

(Essington, 2015). 

Clay minerals or phyllosilicates are a subclass of the silicate (Essington, 2015). The 

structural units of the clay-mineral crystals are silica tetrahedra and alumina octahedra that are 

bonded together (Bartley, 2001, Lowe, 2011, Carroll, 2012). These sheets have a constant 

thickness and the specific types of clay minerals can be identified depending on their makeup 

of tetrahedral and octahedral sheets in the layer (Lowe, 2011). Overall, there are three basic 

forms of tetrahedral and octahedral layers (Lowe, 2011):  

1) One tetrahedral + One octahedral layer = 7 Å unit layer, a 1:1 structure  

2) Two tetrahedral + one octahedral layer = 10 Å unit layer, a 2:1 structure  

3) Two tetrahedral + two octahedral layers = 14 Å unit layer, a 2:1 + 1 structure  

The clay minerals then differ depending on their tetrahedral, octahedral structures and most 

of the swelling or expanding clays have a 2:1 structure (Lowe, 2011). 

The relationship between weathering intensity and the mineral assemblages in the clay 

fraction is described in the weathering sequence of Jackson (Table 2-5) (Bowen, 1922, 

Essington, 2015). Jackson reasoned that the mineral composition of the clay- sized fraction 

could be employed to establish the weathering stage of materials (McKenzie et al., 1989, 

Bartley et al., 2007, Essington, 2015). However, this sequence cannot be used to determine the 

specific chemical environmental conditions needed to bring about these changes (McKenzie et 

al., 1989). 
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Table 2-5: Jackson weathering stage of clay-sized minerals ((Essington, 2015)) * 

Index Typical minerals Mineral characteristics 

Early Stages 

1 Gypsum, halite. sulphides, soluble salts Soluble evaporates 

2 Calcite, dolomite, apatite Sparingly soluble carbonates and 

3 Olivine, amphiboles, pyroxenes Primary silicate with high base cation content 

4 Biotite, glauconite, mafic, chlorite, nontronite 
Primary phyllosilicates with high Fe(II) and Mg 

content (trioctahedral) 

5 Feldspars (albite and K-feldspars) Tectosilicates with isomorphic substitution 

6 Quartz Tectosilicates without isomorphic substitution 

Intermediate Stages 

7 Muscovite, illite 
Primary phyllosilicates with low Fe (II) and Mg 

content and their initial alteration products 

8 Vermiculite, interstratifies 2:1layer silicates Mica alteration products with high Fe (III) and Mg 

9 Smectites, HIV/HIS, Al chlorite 
Low Fe (III) and Mg and Al hydroxyl-interlayered 

phyllosilicates (pedogenic chlorite) 

Advanced Stages 

10 Kaolinite, halloysite Base cation- poor 1:1 phyllosilicates 

11 Gibbsite, allophane Al-bearing accessory minerals 

12 Iron oxides (goethite, hematite) Fe(III)- bearing  accessory minerals 

13 
Titanium oxides (anatase, rutile, ilmenite), 

zircon, corundum 
Remnant minerals 

* Common minerals that are found in the clay fraction are identified by an index number: low numbers represent 

minerals that are easily weathered and most abundant in the early stages; whereas; high numbers represent 

minerals that are relatively resistant to weathering and abundant in advanced stages of weathering (Essington, 

2015).  

The Goldich stability series and the Jackson weathering sequence provide similar 

information on the relative stability of common primary minerals. However, the Jackson 

weathering stages are only applicable to clay-sized minerals. In both schemes, increasing 

stability is associated with decreasing the degree of tetrahedral linkage, decreasing base cation 

content, decreasing Fe(II) and Al content (Essington, 2015). 

It is well known that certain minerals in rock are primarily responsible for the production of 

clays (Kleyn et al., 2009). On this basis, some researchers that have explored either the fate of 

primary minerals or the origin of secondary minerals on weathering, have tended to take the 

stance that specific primary minerals have led to particular secondary minerals as products 

(Huang et al., 2011). Furthermore, many clay minerals appear to be found near particular types 

of altered primary minerals and also there is evidence that shows clay minerals may also have 

a morphology that appears to mimic that of weathered primary minerals (Huang et al., 2011).  

In addition, the environmental conditions can affect the production of clay minerals. Figure 

2-3 (from (Bartley et al., 2007)) illustrates how primary minerals may change to successive 

secondary minerals with increasing intensity and duration of weathering. Kaolinite formation, 

for example, is favoured by an acid environment with free drainage to remove the relatively 

soluble elements such as sodium, calcium, magnesium and potassium. In contrast, smectite 
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formation is favoured by neutral to alkaline conditions, and by incomplete leaching of sodium, 

calcium, magnesium and potassium (Bartley et al., 2007). 

 

Figure 2-3: Weathering products of primary minerals and sequence of forming clays 

(Bartley et al., 2007)) 

2.5.1. Clay minerals in pavements 

Almost all specification codes in the field of pavement engineering confine or even omit 

(some countries in Europe) the clay fraction in the UGMs (Alexandria, 2013). Texas is the only 

Department of Transportation (DOT) in the United States that does not control fines passing 

sieve number 200 in its flexible bases. Most states set an upper limit of 10% fines, but those 

states that are located in severe freezing conditions drop the limit to 5% (Chen, 2009). 

On one hand, the presence of enough fines is necessary to hold the shape of UGLs during 

compaction and the construction of the overlying layers (Alexandria, 2013). The presence of 

fines also contributes to an increase in the density and stiffness of the UGLs (Hussain, 2012). 

On the other hand, (Barbu, 2005, Gandara et al., 2005, Chen, 2009, Lowe, 2011, Chen et al., 

2013) stated that the increase in the amount of fines is linked to the distress and failure in 

UGLs. For example, the presence of fines in the UGLs increases the susceptibility of these 

layers to moisture (Barbu, 2005, Gandara et al., 2005, Chen, 2009, Chen et al., 2013) and can 

result in a decrease in the load bearing capacity and resistance to permanent deformation of the 

layer (Khogali and Mohamed, 2004, Hussain, 2012).  
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Another key property of clay minerals is their chemical reactivity. Some clays, most notably 

the swelling clays, have a higher internal surface/layer charge (Lowe, 2011). In addition, clay 

minerals have more surface area on which chemical weathering can act (Price, 1995). These 

can be the reasons why (Fookes, 1991) related 65% of failures in pavements to the presence of 

clay minerals in the UGLs. Furthermore, (Collis and Smith, 2001) referred to production of the 

secondary mineral under the combined action of water and movement of aggregate as a reason 

for the reduction of base-course stability. 

Swelling clay minerals have a significant capacity for absorbing water and expand to many 

times their original size (Lowe, 2011). As a result, these clays are able to apply internal 

pressures to the UGMs in the presence of water, which may cause weakening of aggregates to 

a point of complete failure (Price, 1995, Lowe, 2011). In the same way, the presence of 

uncontrolled amount of swelling clay minerals may result in swelling and shrinkage of UGLs 

and lower the performance of these layers accordingly (Kleyn et al., 2009, Lowe, 2011). In 

addition to this mechanism, these clays may overfill the voids in the UGLs and in the worst 

case completely block drainage. It may result in an increased rate of rutting and on-set of early 

pavement failures (Thom and Brown, 1987, Hussain, 2012) by the reduction in the strength 

parameters (Hussain, 2012, Alexandria, 2013).  

The common and most destructive swelling clay minerals found in New Zealand 

Greywackes are vermiculites, smectites, and zeolite (Lowe, 2011). However, the other clay 

minerals which do not have the same destructive potentials as swelling clays, such as chlorite 

and illite, are still classed detrimental to UGLs since they render plasticity to aggregates (Lowe, 

2011). The plasticity increases the amount of water that can be retained as well as the amount 

of water that is attracted to the UGMs, which can alter the desired design properties (Chen, 

2009). 

Although the presence of clay minerals is confined or even omitted in some road 

construction (Gandara et al., 2005, Chen, 2009, Lowe, 2011, Alexandria, 2013, Chen et al., 

2013), it has been reported that clay minerals can be formed during the process of weathering 

and accelerate the failure of UGLs (Lord, 1916, Weinert, 1968, Lees and Kennedy, 1975, 

Fookes, 1991, Collis and Smith, 2001, Barbu, 2005, Bartley et al., 2007). That is the reason, 

why UGMs need to be durable enough to resist against weathering processes (Fookes et al., 

1988, Wu et al., 1998). Otherwise, weathering adversely affects the engineering properties and 
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the UGLs may no longer have the characteristics that it was designed for (Palassi and Danesh, 

2016). 

 Effective parameters on weathering of UGMs 

Weathering is mainly a function of various factors, including the properties of parent rocks, 

climate, time, and the availability of water to the UGLs (McKenzie et al., 1989, Collis and 

Smith, 2001, Carroll, 2012). The relative importance of each factor varies with local and 

regional conditions. Moreover, several of these factors are interdependent (McKenzie et al., 

1989). The following sections are mainly focused on the effect of the contributing factors on 

the weathering of aggregates and tries to link the weathering process to the performance of the 

UGLs. 

2.6.1. Timescale of weathering of road aggregates 

With respect to the timescale, natural weathering may take place in geological time or in 

engineering time (Ceryan, 2009). It is the shorter-term processes of weathering in engineering 

time that can affect the durability of aggregates during their application as construction 

materials (Fookes et al., 1971, Price, 1995, Collis and Smith, 2001). In addition, some authors 

(Weinert, 1968, Fookes, 1980, Collis and Smith, 2001) emphasised the contributing effect of 

weathering in geological time on the durability characteristics of aggregates within engineering 

time. With reference mainly to (Fookes, 1991) and (Lees and Kennedy, 1975, Bartley, 2001, 

Bartley et al., 2007, Hudec et al., 2008, Kleyn et al., 2009, Lowe, 2011, Palassi and Danesh, 

2016), Table 2-6 lists the processes which may affect the durability of UGMs in their life. As 

it can be seen, weathering (physical and chemical) plays the most important role on the 

durability of resultant aggregates. 

 

 

 

 

 

 



Chapter 2: Literature Review 

33 

 

 

Table 2-6: The possible processes affecting the durability of aggregates in the UGLs 

(modified from(Fookes, 1991))* 

Time Process Location Phase Degradation process Effect on UGMs 

Geological Geological In situ rock - 

- Weathering 

    - Chemical 
    - Physical 

    - Biotic 

- Hydrothermal alteration 
- Deuteric alteration 

- Faulting by earthquakes 

- Alter the mineralogy. 

- Change the texture and the size 

and shape of grains. 

Engineering 

Production 

In quarry 

Removal of 
overburden 

Change in confining 
pressure 

Increase susceptibility to 
weathering 

Blasting 
- Abrasion 

- Impact 

- Weakening the rock 
structure 

- Blasting 

   - Influence on the nature of the 

coarse aggregate fractions. 
- Blasting and crushing 

   - Micro-fractures development. 

   - Facilitate water entrance. 
   - Producing rock flour and thus 

increase the specific surface area. 

   - Affect the mechanical 
properties of aggregates. 

Crushing 

Screening, 

Washing 

- Vibrating the aggregates 

- W-D process 

- Abrasion 
- Impact (to some extent) 

- Reduction of the angularity of 

aggregates. 
- Chemical weathering of the 

aggregates’ surface. 

- Production of fine aggregates. 

In stockpile - 
- Contamination 
- Weathering processes 

- Aggregate segregation 

- Aggregate disintegration 

- Production of additional fines. 

- Affect the mechanical properties 
of aggregates. 

Construction On site 

Loading, 
Transportation, 

Spreading,  

Compaction 
 

- Abrasion 

- Impact 
- Crushing 

- Water addition 

- Change in aggregate gradation. 

- Production of fine aggregates. 

- Change in the water content. 
- Reduction of the angularity of 

aggregates. 

- Put stress on the aggregates. 

In service On site - 

- Weathering 

    - Physical 

    - Chemical 
- Loading 

    - Abrasion 

    - Impact 
 

- Alter the mineralogy. 

- Producing active clay materials. 

- Weakening aggregates. 
- Change in aggregate gradation. 

- Producing pore water pressure. 

- Affect the homogeneity of the 
UGLs. 

* Information added to the original table, mainly in the “effect on UGMs” column 

2.6.2. Parent rocks 

Among the wide range of potential factors that control the weatherability and durability 

characteristics of aggregates in the pavement structure, the properties of parent rock is currently 

the easiest variable that can be determined clearly by laboratory testing methods. Some 

researchers (Bartley, 1980, Fookes, 1991) have accentuated the prominent effect of parent 

rocks on the performance of aggregates in the pavement structure.  

Overall, the effect of parent rocks on aggregate durability can be determined from two 

perspectives:  

1) Despite being less accurate, the general geological properties of rocks (sedimentary, 

igneous, and metamorphic) can be used to evaluate the properties of resultant aggregates.  
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2) More accurately, the unique chemical and physical characteristics of the parent rock, such 

as mineralogy, texture, and the state of weathering, can describe the aggregate properties. 

2.6.2.1. Geological properties of rocks  

From a geological point of view, parent rocks are categorised into three major groups. Each 

group transfers specific characteristics to the aggregates. 

1- Igneous rocks:  

This source of rocks is formed by crystallisation of magma either below the earth's surface 

or at the surface of the earth (Carroll, 2012). Igneous rocks are categorised as intrusive or 

plutonic rocks, hypabyssal, and extrusive or volcanic rock, depending on the level of 

emplacement in the earth’s crust (Demange, 2012). Approximately 25 percent of road 

aggregates in New Zealand are sourced from igneous rocks (Black, 2009), which are known to 

produce durable and dense aggregates (Li, 2018). 

In their un-weathered state, igneous rocks are usually hard, due to the nature of the silicate 

minerals from which they are formed, and strong, due to the interlocking nature of the 

constituent minerals (Lees and Kennedy, 1975, Collis and Smith, 2001, Alexandria, 2013). 

Nevertheless, the plutonic varieties rich in mica tend to show less resistance to abrasion than 

those containing appreciable quantities of hornblende and augite (Dearman, 1975, Lees and 

Kennedy, 1975, Collis and Smith, 2001). Micas do not usually interlock with other minerals 

and when concentrated create zones of weakness (Alexandria, 2013). Quartz, on the other hand, 

usually tightly interlocks with other minerals and is a major source of strength for many rocks 

(Alexandria, 2013). Moreover, the high-silica volcanic rocks often are glassy and these glasses 

are highly reactive (Alexandria, 2013). In certain basic volcanic rocks, a 'rock glass' is 

frequently formed if the cooling process was rapid. This rock glass is extremely brittle (Lees 

and Kennedy, 1975), and is susceptible to alteration to a montmorillonite clay (Minor, 1960).   

Basalts that produce abundant secondary minerals are considered as rapidly degradable 

under normal weathering conditions (Bartley et al., 2007). It is well documented that the use 

of altered and weathered basaltic aggregates in unbound civil infrastructure construction may 

cause premature in-service failures (Hólmgeirsdóttir and Steinþórsson, 2002). Smectite is a 

common secondary product in the basalt (Hólmgeirsdóttir and Steinþórsson, 2002). The effect 

of smectite in the unbound infrastructure construction comprising basaltic materials is high 
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enough that (Hólmgeirsdóttir and Steinþórsson, 2002) associated the premature failures of the 

aggregate studied to the presence of smectite minerals in their structure. 

The grain size of igneous rocks is another key property in the literature, which mainly 

depends on the parent magma, and how the magma crystallises (Carroll, 2012). The effect of 

grain size on the properties of igneous aggregates is controversial. Based on a comprehensive 

study on volcanic and plutonic rocks in Saudi Arabia, it was found that the grain size is a 

significant geological factor controlling the abrasion resistance of aggregates (Kazi and Al-

Mansour, 1980). Fine grained rocks when compared with coarse-grained rocks having the same 

porosity were found to be more resistance to wear (Palassi and Danesh, 2016). In contrast, 

(Lees and Kennedy, 1975) concluded that physical properties of coarse-grained igneous rocks 

are more stable. It can be interpreted that the properties of these aggregates are related to a 

combined effect of grain hardness and the surrounding matrix which hold the grains together. 

2- Sedimentary rock:  

Sedimentary rocks are mainly formed by accumulation of mineral grains (Boggs Jr and 

Boggs, 2009) and categorized into biochemical, chemical, and clastic rocks (Demange, 2012). 

Accumulation of the remains of living organisms formed biochemical rocks, such as carbonate 

rocks (Black, 2009). The chemical rocks form from precipitation of mineral constituents in 

supersaturated solutions (Black, 2009, Demange, 2012). The discrete clasts (i.e. grains or 

fragments), which are derived from the erosion of the other rocks form clastic sediments (Li, 

2018). Greywackes are clastic sedimentary rocks (Black, 2009), which is the sorce of almost 

75% of road aggregates in New Zealand (Li, 2018). The mineralogical composition of the 

sedimentary rocks mainly depends on the condition, the pressure and temperature, under which 

the rocks are formed (Li, 2018). 

Sedimentary rocks, other than the well cemented quartzites (old sedimentary rocks), are 

characterized in general by a low toughness and hardness (Lees and Kennedy, 1975, Collis and 

Smith, 2001). These properties are due to the frequent presence of soft, readily cleavable 

minerals such as calcite and dolomite, and/or the porous structure which is the result of 

incomplete cementation between detrital particles (Lees and Kennedy, 1975). Pore size 

distribution and water absorption are the main factors influencing susceptibility of these rocks 

to weathering (Collis and Smith, 2001).  

The mineralogy plays an important role on engineering performance of sedimentary rocks. 

For example varieties of limestone and dolomite containing an appreciable amount of quartz 
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with some kaolinite or illitic clay minerals that are tougher and have higher cementing values 

than samples deficient in these minerals (Lord, 1916). Excessive amounts of clay minerals in 

limestones have been known to lead to failure of UGLs in Staffordshire (Collis and Smith, 

2001). An improvement, up to 15 percent, is reported in the physical properties of sandstones 

with the increase in secondary minerals (Lord, 1916). However, with higher increases in 

secondary minerals a reverse trend was observed. The major clay-rich sedimentary rock is 

shale. Shales are usually unsatisfactory for aggregates because of their tendency to break into 

flat particles due to crushing and disintegration (slaking) upon wetting and drying (Alexandria, 

2013). Overall, due to formation processes, the sedimentary rocks are susceptible to the change 

in water content, the action of frost, and the removal of overburden or confinement (Bartley, 

2001). 

Greywacke is one of the major source rocks for almost 75% of aggregates produced in New 

Zealand (Black, 2009). The term of greywacke covers a wide range of sedimentary rocks in 

New Zealand, from argillite to conglomerate. Due to the clastic nature, these materials are 

intrinsically heterogeneous and may show variable properties even on the quarry scale. It is 

also reported that greywackes aggregates, which contain crystals of quartz show better 

engineering properties compare to volcanic rocks (Black, 2009). Further, high water absorption 

of greywackes in New Zealand has been related to the presence of swelling clay minerals in 

their structure (Mackechnie, 2006, Black, 2009). 

3- Methamorphic rocks: 

Metamorphic rocks consist of original minerals of igneous and sedimentary rocks that have 

been altered by heat or pressure or both (Carroll, 2012, Demange, 2012). The properties of 

metamorphic rocks depends on the rock they are forming from (either igneous or sedimentary 

rocks). However, due to the stresses and compressions over time these rocks are usually denser 

than the original components and thus less suscpetible to breakdown (Li, 2018). 

Owing to the preferential orientation of flaky minerals, metamorphic rocks of the foliated 

varieties are comparatively low in toughness and wearing resistance. Non- foliated varieties, 

in which more or less complete recrystallization of quartz and other minerals has occurred and 

are often rich in hornblende, augite and garnet, are extremely hard and tough (Lees and 

Kennedy, 1975, Collis and Smith, 2001). Metamorphic rocks that have re-crystallised because 

of shear at relatively low temperatures include slates. Slates tend to be platey and generally are 

unsatisfactory for use as aggregates because they crush to flat particles or may be unsound 
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(Alexandria, 2013). Overall, it can be assumed that high grade metamorphic rocks, by virtue 

of the temperature and/or pressures of their formation, will be most susceptible to weathering 

in their new environment (Fookes, 1991, Bartley, 2001). A few materials in New Zealand, like 

Albany conglomerate (Black, 2009), are produced from metamorphic rocks.  

2.6.2.2. The effect of weathering on different rocks 

The reliability of aggregate materials used in the road construction industry was evaluated 

by (Fookes, 1991). He tabulates seventeen reported cases of deterioration of geological 

materials in pavements, including two from New Zealand (Bartley, 2001, Bartley et al., 2007). 

Interestingly of the seventeen listed, fifteen involve rocks of volcanic origin, one is non-specific 

and only one (Auckland Southern Motorway) relates to a metamorphic rock (Bartley, 2001). 

Certainly, these findings reveal that the effect on the aggregate will depend on the type of 

parent rock and the severity of the environment (Bartley et al., 2007). In this regard, some 

researchers deduced that the aggregates with poor performance histories were predominantly 

originated from basalt (Fookes et al., 1988, Collis and Smith, 2001, Bartley et al., 2007), basic 

volcanic and intrusive rocks (Fookes, 1991, Price, 1995, Bartley, 2001, Collis and Smith, 

2001). Whereas, Wylde (1979) mentioned that granitic rocks were not a problem (Bartley, 

2001). In addition, some researchers (Fookes et al., 1988, Fookes, 1991, Collis and Smith, 

2001, Bartley et al., 2007) found that early failure in aggregate was due to the presence of 

secondary minerals and/or active plastic fines derived from alteration or weathering, or the 

effects of active in situ weathering. This finding also emphasizes the effect of parent rock 

selection on the performance of aggregate materials. 

2.6.2.3. Micro-characteristics of rocks and its effect on weathering 

 Beyond the rock type, the micro-characteristics of the parent rocks (i.e. mineralogy, texture, 

etc.) can be assessed for the selected aggregates. Table 2-7 summarises the effective 

characteristics of the parent rocks and their possible effects on the aggregates. 
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Table 2-7: The determinant characteristics of parent rocks and the possible effects on UGMs 

Characteristics Subcategories Comments References 

Mineralogy 

Composition 

The presence of minerals that are susceptible to 

weathering or physical stresses reduce the 
durability of aggregates. 

(Hartley, 1974, Kazi and Al-Mansour, 1980, 
Räisänen, 2004, Lindqvist et al., 2007, Pang et al., 

2010, Okogbue and Aghamelu, 2013, Tandon and 

Gupta, 2013, Afolagboye et al., 2016)  

Cleavage  
A weak bonding along the cleavage planes affect 

the strength of rocks. 

(Knill, 1960, Hartley, 1974, Brattli, 1992, Kudo et 
al., 1992, Yılmaz et al., 2011, Rigopoulos et al., 

2013, Johansson et al., 2016) 

Density 
The presence of heavy minerals positively 
affects the density of rocks. 

(Eze, 1997, Tuğrul and Zarif, 1999, Okogbue and 
Aghamelu, 2013, Afolagboye et al., 2016) 

Hardness 

- Hard minerals can reduce the propagation of 

cracks. 
- Soft minerals are the point of stress 

concentration. 

- Soft minerals are susceptible to weathering. 

(Hartley, 1974, Kazi and Al-Mansour, 1980, 

Goswami, 1984, Räisänen and Torppa, 2005, Hussin 
and Poole, 2010, Pang et al., 2010, Rigopoulos et al., 

2011, Yılmaz et al., 2011, Rigopoulos et al., 2012, 

Akseli and Leinonen, 2015, Afolagboye et al., 2016) 

Textural 

properties 

Grain 

size 

Positive effects of 
fine grains 

- Increase in the grain size enhances the physical 

weathering, and it negatively affects the 
soundness of geomaterials. 

- Coarse-grained texture facilitates crack 

propagation. 
- Fine grains have longer grain boundary. 

- Fine grains construct an intense texture.  

(Hartley, 1974, Olsson, 1974, Goswami, 1984, 

Brattli, 1992, Tuğrul and Zarif, 1999, Koukis et al., 

2007, Lindqvist et al., 2007, Erichsen et al., 2008, 
Hussin and Poole, 2010, Pang et al., 2010, Yılmaz et 

al., 2011, Liu et al., 2012, Akseli and Leinonen, 

2015) 

Negative effects 

of fine grains 

- It can increase the water absorption 

- It can result in the production of flaky and 
sharped edged aggregates. 

(Ramsay et al., 1974, Afolagboye et al., 2016) 

Grain contact 

- Stress concentration in the phase contact 
boundaries with different mechanical properties 

can provide the potential point of weakness. 

- Grain contacts can control the initiation of 
cracks and its propagation. 

- The complex grain boundaries increases the 

interlocking. 

(Lindqvist et al., 2007, Pang et al., 2010, Rigopoulos 

et al., 2011, Yılmaz et al., 2011, Ismail et al., 2014) 

Shape of grains 

- The shape of minerals reflects the 
environmental condition in which the parent 

rocks forms. 

- It may affect the brittleness of aggregates. 

(Brattli, 1992, Lindqvist et al., 2007, Liu et al., 2012, 

Tandon and Gupta, 2013, Ismail et al., 2014) 

Foliation 
Foliation produces a large discontinuity of the 
aggregates in which cracks can initiate and 

propagate easily. 

(Lindqvist et al., 2007) 

Micro cracks 

- Micro-cracks can weaken the aggregates. 

- The effect of micro-cracks enhances by 
increasing their length, width, density and 

distribution. 

- It may affect the stress distribution within 
aggregates 

- Micro-cracks are suitable places for the 

development of ruptures 

(Brattli, 1992, Sousa et al., 2005, Nara et al., 2006, 

Lindqvist et al., 2007, Ismael and Hassan, 2008, 
Takarli et al., 2008, Rigopoulos et al., 2011, Yılmaz 

et al., 2011, Liu et al., 2012, Rigopoulos et al., 2013, 

Sousa, 2013) 

Porosity 

- The effect of porosity is related to the size and 

distribution of voids. 

- Porosity affects the integrity and soundness of 
the aggregate 

(Hartley, 1974, Goswami, 1984, Brattli, 1992, Tuğrul 
and Zarif, 1999, Koukis et al., 2007, Ajalloeian et al., 

2017) 

Weathering 

- It can increase the proportion of soft, 
expandable, mechanically weak, and bulkier 

minerals 

- It may destroy and dislocate the inter-granular 
bond 

- It can increase the porosity 

(Davidson, 1973, Hartley, 1974, Kazi and Al-

Mansour, 1980, Brattli, 1992, Zhao et al., 1994, 
Houston and Smith, 1997, Lindqvist et al., 2007, 

Hussin and Poole, 2010, Ündül and Tuğrul, 2012, 

Ismail et al., 2014, Rigopoulos et al., 2015) 

2.6.3. Field environment  

In addition to the parent rock, the environmental condition in which aggregates are to be 

placed has a crucial effect on the performance of the UGMs. Therefore, it is possible for one 
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type of aggregate that has failed in one location and condition could operate better in another 

location with different surrounding conditions.  

2.6.3.1. Climate  

On the broad scale, there is a correlation between the intensity of weathering and different 

climatic regions (Fookes et al., 1971, Bartley, 2001). In fact, weathering takes place in all 

environments, but it can be more effective in hot and wet climates where weathering may be 

expected to extend to greater depths (Shrivastava, 2014). For example, due to the heavy rainfall 

in the tropics, greater amounts of water are available to act as a weathering agent. Because of 

the presence of higher contents of CO2 and organic acids, the water has more acidic 

composition. Additionally, the higher ambient temperatures and humidity can increase the 

chemical reaction in the tropics (Sweere, 1990). 

Analogously, climate change effects can have a long-term impact on pavement life 

(Gudipudi et al., 2017, Henning et al., 2017). Climate changes globally, and in New Zealand 

particularly, results in higher mean temperatures and higher numbers of consecutive hot days 

(heat waves) (Koetse and Rietveld, 2009, Mills et al., 2009, Henning et al., 2017). It can also 

change the frequency of rainfall and extreme events, which increases the moisture content in 

pavements (Koetse and Rietveld, 2009, Henning et al., 2017). Regional climate models 

suggested an annual rise of 4°C in maximum daily temperature in the Southern Alps of New 

Zealand (Hendrikx and Hreinsson, 2012). Data analysis in New England and New York 

showed a regional 100-year increase of approximately 1.1°C in the average temperature (Knott 

et al., 2019). A 5-30% increase in annual precipitation and a warming of 2.0–5.0°C in the 

annual mean temperature is also reported in southern Canada (Mills et al., 2009).  

Peltier (1950) (Peltier, 1950) established a relationship between climate and weathering. He 

introduced the term of morphogenic for a series of climatic regions within which the intensity 

of various geomorphic processes is thought to be essentially uniform (Fookes et al., 1971). 

Significant contributions by (Weinert, 1968) indicated the effect of the climate on road 

materials. He gave prominence to the importance of climate in evaluating the potential risk of 

weathering of road materials in South Africa. Amongst the several meteorological factors 

which comprise climate, Weinert regards availability of moisture as the most important. Then, 

he produced a map of climatic zones based on an analysis of precipitation and evaporation 

records (Fookes et al., 1971). Since the precipitation to evaporation ratio is of great importance 

Weinert (1964 and 1966) related the degree of weathering to evapotranspiration (Fookes et al., 
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1971). If precipitation exceeds evaporation, there is a loss of ions in drainage waters; if 

evaporation is in excess then there is an accumulation of salts (Fookes et al., 1971). Considering 

the climate in various parts of South Africa, (Weinert, 1984) developed an index to evaluate 

the performance characteristics of basic igneous rocks. Further, Weinert produced a 

classification of rock types based upon the percentage of secondary minerals, which is then 

related to the climatic factor. Overall, by comparing the present degree of weathering and the 

climatic conditions, Weinert suggested that it was possible to predict which rocks would be 

sound and which unsound in practice (Collis and Smith, 2001). 

As mentioned, the temperature in the UGLs is another contributing factor in the 

deterioration of aggregates in a pavement. It is important to bear in mind that there is a 

difference in temperature between the air near a pavement and that of the pavement itself. 

Pavement temperatures are affected by air temperature as well as precipitation, wind speed, 

and solar radiation. The main source of heat entering the earth's crust, including pavement 

materials, is provided by solar radiation and then transformed into thermic energy. At night, 

the material radiates heat and the surface becomes cool (Carroll, 2012). All forms of chemical 

weathering are rapid in warm, humid conditions (Fookes et al., 1971, Carroll, 2012). In general, 

the speed of chemical reactions approximately doubles for each 10°C rise of ambient 

temperature (Carroll, 2012). 

2.6.3.2. Pavement environmental condition 

The construction process of pavements exposes road materials rapidly to a new 

environmental condition (Price, 1995). Generally, it has been accepted that aggregates are not 

in equilibrium with this new in-situ condition and are inclined to change whilst they are in-

service, due to weathering processes and the methods of construction used (Weinert, 1968, 

Fookes et al., 1971, Fookes, 1991, Price, 1995, Bartley, 2001, Barbu, 2005, Bartley et al., 2007, 

Erichsen et al., 2008, Carroll, 2012). The weathering of aggregate constituents in the pavement 

environment can even reduce the mechanical properties of premium aggregates (Hudec, 1997, 

Bartley et al., 2007). 

Even though one of the main design objectives of road construction is to keep water away 

from the pavement structure, water and moisture is an inevitable part of many in-situ UGLs at 

some periods of annual seasonal cycles (Sweere, 1990). The properties of water, temperature 

and chemical composition, control the weathering processes and relative stability of the 

constituent minerals in UGMs (Fookes, 1991, Price, 1995, Barbu, 2005, Huang et al., 2011, 
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Carroll, 2012, Yeo et al., 2012, McCabe et al., 2013). The in-situ construction location and the 

associated drainage conditions can play a role in durability characteristics of pavement 

materials (Fookes, 1991). Fookes considered two sections of a pavement using the same 

materials, one geometric alignment section was in cut (i.e. the finished road surface was below 

the previous ground surface) and the other was constructed on an embankment (i.e. the finished 

road surface was above the prior ground surface). He concluded that those materials located in 

the cut sections, because of a higher probability for the existence of water, performed more 

poorly than the same materials when constructed in an embankment. The effect of seasonal 

changes on the depth of wetness in the UGMs and its possible effect on weathering processes 

has also been documented by (McCabe et al., 2013). 

Additionally, the following parameters can affect the moisture content and its composition 

and temperature in UGLs, both temporally and spatially.  

1) The geometric design characteristics of the road alignment (such as longitudinal and 

transverse gradient). 

2) Drainage system. 

3) Composition and quantities of heavy vehicles and their average speed. 

4) Road surface condition. 

5) Geological characteristics of surrounding terrain. 

6) The season of precipitation. 

7) Topography and the orientation of road alignment relative to the sun. 

 Water 

Water is used as a lubricating agent, when materials are dry of optimum, during the 

compaction of UGLs to more efficiently reach maximum dry densities and will in most cases 

remain an inevitable component of these layers afterwards. The moisture content in the UGLs 

changes significantly and seasonally after the construction of the pavement which causes 

wetting and drying (W-D) cycles of road materials in service condition. 

It is the presence and behaviour of water (Fookes, 1991, Price, 1995, Mitchell and Soga, 

2005, Ceryan, 2009, Huang et al., 2011, Carroll, 2012, Yeo et al., 2012, McCabe et al., 2013, 

Essington, 2015) that controls the weathering processes taking place within aggregates. 

Although, in some cases, for example the oxidation of sulphides and particularly iron pyrite, 

the alteration of minerals occurs when water is absent (Dent and Pons, 1995, Huang et al., 
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2011). Nevertheless, alteration by weathering is most often accelerated in an aqueous 

environment. Depending upon the characteristics (i.e. the chemical composition, temperature) 

of the moisture it can mediate various chemical reaction (Essington, 2015), and cause the 

decomposition of UGMs (Weinert, 1980, Sweere, 1990, Syed et al., 2000, Apul et al., 2002, 

Dawson, 2007, Chen et al., 2013, Saad, 2014, Salour, 2015). Thus, one of the most important 

determinants of the relative stability of primary minerals to weathering is their relative 

solubility in water (Huang et al., 2011), and of the various weathering agents, water is by far 

the most important (McKenzie et al., 1989, Price, 1995, Essington, 2015). Overall, the potential 

effects of water on UGMs considerably increases the maintenance and rehabilitation costs of 

the pavement structure (Saad, 2014), and therefore aggregate resources that are more moisture 

susceptible are most often avoided. 

Water can adversely affect the strength and durability of UGMs in different ways. First, the 

expanding clays in the matrix of the compacted basecourse can absorb water and become 

plastic which can cause excessive deformation. Second, the lubrication of the aggregates, can 

decrease the internal friction at the aggregate to aggregate contact area. Third, the pumping of 

the finer fraction of aggregates from the UGLs from repetitive wheel loads that creates cavities 

within these layers, decreases the density, and increases interstitial stresses (Hussain, 2012).  

Hussain introduced two different levels (micro and macro level) in evaluating the response 

of the unbound material in a pavement to the elevated moisture content (Hussain, 2012). At the 

micro level, which is at an individual aggregate level, and macro level, which is the combined 

response of the UGLs (a mixture of aggregates and fine particles). Taking into consideration 

the macro level, the presence of moisture increases the permanent deformation by the 

lubrication effect (Thom and Brown, 1987, Hussain, 2012). The attrition and abrading of 

material when the aggregate particles move over each other may also produce some additional 

fine materials. The micro level investigations provide information about the mineral’s 

composition, the arrangement of minerals in aggregates, and help to understand the response 

of minerals at the surface and in the matrix of an aggregate when it is exposed to water 

(Hussain, 2012). 

Moisture susceptibility affects the mechanical properties of unbound materials and it 

influences the pavement performance (Chen and Scullion, 2008, Ekblad and Isacsson, 2008, 

Hussain, 2012, Chen et al., 2013). Table 2-8 lists the possible weathering effects of water and 

temperature on the UGMs. 
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Table 2-8: Negative effects of water and temperature on aggregates 

Effect Comments References 

Water 

Dissolving capability - Dissolving the UGMs components 

- Affect the chemical composition of the resultant 

solution 

- Affect the characteristics of water like viscosity 

(Kohnke, 1968, Sweere, 

1990, Hillel, 2003, Barbu, 

2005, Dawson, 2008, Huang 

et al., 2011, Sposób, 2011, 

Carroll, 2012) 

Absorbing water by clay 

mineral 

- Clays may expand or become plastic, thus increase 

deformation. 

- Expansion of clays in the framework of coarse 

particles may cause an aggregate to decrease the 

density, disintegrate, and thus lead to a rapid failure 

- Clays can convert into other group of minerals 

- Increase the amount of available water in the UGLs 

(Brennan, 1984, Price, 1995, 

Kleyn et al., 2009, Lowe, 

2011, Hussain, 2012, Chen et 

al., 2013) 

  

Lubricating aggregates Decrease the friction at the particle to particle 

contact area and facilitate their movement 

(Thom and Brown, 1987, 

Hussain, 2012) 

Pumping fine fractions Create cavities, decrease density and increase the 

interstitial stresses in the UGLs 

(Hussain, 2012) 

Translocating materials - Affect the mineral dissolution 

- Affect the UGLs homogeneity 

- Enhance the leaching process 

- Force the chemical reaction to proceed 

- Introduce chemical substances to the surface of 

aggregates 

- Block the drainage voids in the UGLs 

(Fookes et al., 1971, Thom 

and Brown, 1987, Barbu, 

2005, Hussain, 2012, 

McCabe et al., 2013) 

Participating in the 

weathering process 

Affect the chemical reactions (Barbu, 2005) 

W-D process - This process may induce mechanical stress 

- Its influence is a function of prevailing temperature 

- It affects the penetration depth of water 

- It can deteriorate aggregates by slaking process 

(Alexandria, 2013, McCabe 

et al., 2013) 

Freeze and Thawing 

process 

- It may cause fragmentation of aggregates and the 

release of fines. 

- It can increase the saturation level of the layer in 

the thawing process 

(Bartley et al., 2007, Erichsen 

et al., 2008, Alexandria, 

2013) 

Temperature 

Affect the dissolving 

characteristics of water 

The solubility of most salts in water increases with 

temperature while the solubility of gases decreases. 

(Kohnke, 1968) 

Enhance the reactivity of 

water 

The speed of chemical reactions approximately 

doubles for each rise of 10°C 

Amount of temperature can govern the type of 

chemical reaction 

(Kohnke, 1968, Fookes et al., 

1971, Weinert, 1980, Hillel, 

2003, Carroll, 2012)  

Increase the evaporation It can affect the accumulation of salts 

It can govern the moisture content and its chemical 

properties 

 (Kohnke, 1968, Fookes et al., 

1971, Hillel, 2003) 

Affect the water 

movement mechanism 

It can change the moisture content at different parts 

of UGLs 

(Kohnke, 1968, Hillel, 2003, 

Dawson, 2008) 

Affect the inherent 

characteristics of water 

It can affect the density, viscosity, surface tension, 

heat capacity, thermal conductivity and vapour 

pressure of water 

(Croney, 1952, Kohnke, 

1968, Hillel, 2003, Dawson, 

2008, Sposób, 2011) 

2.7.1. Measuring the water content in the pavement 

Evaluating the amount of water in UGLs helps in understanding the hydrological, 

mechanical and chemical behaviour of these layers. Several methods have been developed in 
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the literature to determine the amount of water in the pavement. They can be divided into 

destructive and non-destructive or direct and indirect, methods (Saarenketo and Scullion, 2000, 

Apul et al., 2002, Hillel, 2003, Dawson, 2008, Salour, 2015). Table 2-9 presents a comparison 

of the most commonly used methods, based on the information from (Kohnke, 1968, 

Saarenketo and Scullion, 2000, Apul et al., 2002, Hillel, 2003, Bungey, 2004, Grote et al., 

2005, Dawson, 2008, Brandt et al., 2009). 

Table 2-9:Common methods of measuring the moisture content of UGLs  

Method Standard Comments 

Gravimetric 

method 

ASTM 

D 4959-89 

- Advantages 

The most commonly used and accurate method. 

Often used to calibrate other measurement techniques. 

- Disadvantages 

Distructive. 

Spatial and temporal continuous measurements are nearly impossible. 

Errors may arise from the oven drying, sampling, transportation and 

weighing. 

Cannot be used to make in-situ measurements in real time. 

Laborious and time consuming. 

Some organic matter may oxidize and decompose at oven-drying 

temperature. 

Neutron 

scattering 

(thermalization) 

ASTM D 3017-

96, 

ASTM D 5220-

92 

- Advantages 

It is Nondestructive. 

Can do profiling and continuous measurement. 

It is repeatable and temporal measurements are possible. 

The method is practically independent of temperature and pressure. 

It can determine the moisture content of a soil with only a negligible 

effect on the moisture content. 

- Disadvantages 

Based on radioactive decay and thus other radioactive elements may 

interfere if they are present in the medium. 

Does not detect discontinuities in water content. 

Cannot be used within 30cm of land surface. 

High initial cost of the instrument. 

Low degree of spatial resolution. 

Health hazard associated with exposure to neutron and gamma 

radiation. 

It is not efficient to measure moisture changes in small areas. 

Time Domain 

reflectometry 

(TDR) 

- - Advantages 

Nondestructive. 

Can do profiling and continuous measurement rapidly. 

It shows promising results in water content measuring of the pavement 

structure. 

- Disadvantages 

Vibration of heavy traffic and dissolved salts affect measurement. 

Results are more reliable in partially saturated conditions than in fully 

saturated media. 

TDR requires the penetration of rods (waveguides) into the pavement 

structure. 

Gamma 

attenuation 

- - Advantages 

Nondestructive. 

High-resolution (1cm) depth profile to detect discontinuities. 
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- Disadvantages 

Health hazard associated with use of gamma-ray equipment. 

It is uncommon in the field. 

It is only practically useful where changes of moisture content are to be 

determined. 

Ground 

Penetration 

Radar (GPR) 

- - Advantages 

 Completely non-destructive 

Can monitor the volumetric water content in sub-asphalt and bituminous 

surfacing aggregate layers. 

GPR travel time data can estimate the water content in each aggregate 

layer and the variations in water content with time.  

GPR amplitude data can indicate areas of high water content 

immediately beneath the asphalt layer. 

Its propagated electromagnetic waves are unconstrained.  

It can be air and surface launched or can be used in boreholes. 

It can be used to determine material thickness in the pavement structure. 

No special safety precautions required. 

Can rapidly and effectively investigate large areas from one surface. 

It can be used to determine volumetric water content in the unsaturated 

porous media. 

- Disadvantages 

Interpretation of results complex and highly skilled. 

Sensitivity to the different properties. 

Only profiles along the surface are obtained. 

Cannot penetrate metal. 

 

 Article 1 

There is a little knowledge about the characteristics of the moisture in the pavement structure 

and consequently its actual influence on the road materials. Under this condition, the 

performance of UGMs currently is largely estimated using simplified standardized testing 

methodologies. As far as it can be established, these tests are empirically based and aimed more 

at separating altered rock from fresh rock, rather than at providing an absolute guide to 

performance of a material in the pavement (Bartley, 2001). To this end, article 1 aims at 

providing valuable information on the effective properties of water in different conditions. It 

also presents the probable short-term and long-term effects of water (physical and chemical 

effects) on UGMs. Considering the limited studies in the pavement-engineering domain, the 

essential information is sourced from other related fields, like, agricultural, geotechnical, and 

meteorological engineering. Article 1 sets the scene for the next chapters of this thesis which 

includes measurement of weathering of road aggregates in quarries (Chapter 3), proposing 

modification to the current testing methodologies (Weathering Quality Index (WQI), Chapter 

4), and introducing new testing methodologies for water absorption (Chapter 5). 
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2.8.1. Unique characteristics of water 

Water is Earth’s most abundant chemical solute which occurs in all three states - gas, liquid, 

and solid- under near-surface conditions (Sposób, 2011). The hydrogen bond that holds the 

water molecules firmly together (Kohnke, 1968, Sposób, 2011) is polar and significantly 

affects the physical properties of water, such as its heat of vaporization, dielectric constant, 

melting point, specific heat, surface tension and viscosity (Kohnke, 1968, Iwata et al., 1995, 

Sposób, 2011). Table 2-10 (after (Sposób, 2011)) summarizes some of the basic properties of 

water at various temperatures in the liquid and solid states. 

Table 2-10: Basic properties of H2O in its liquid (water) and solid (ice) phase (Sposób, 2011) 

Parameter 

at normal 

pressure 

Unit Liquid water Ice 

20 ºC 0 ºC 0 ºC - 20 ºC 

Density kg m-3  998.203  999.841  916.8  919.3 

Viscosity  Pa s  0.001002  0.001787  –  – 

Surface tension against air N m-1  0.07275  0.0756  –  – 

Vapour pressure kPa  2.338  0.6105  0.6105  0.1035 

Heat capacity  kJ kg-1 K-1  4.114  4.216  2.050  1.943 

Thermal conductivity Wm-1 K-1  0.593  0.559  2.22  2.39 

 

2.8.1.1. Electrical characteristics 

The dielectric constant, i.e. relative permittivity (Hillel, 2003, Benedetto and Pensa, 2007), 

is the inverse of Coulomb’s constant for interactions between two charged particles 

(Krauskopf, 1967, Essington, 2004), and thus a solvent with a higher dielectric constant 

exhibits a lower attraction between two oppositely charged ions (Essington, 2004). Table 2-11 

provides estimates of the values of the dielectric constant for each constituent of UGLs and 

reveals that the three different constituents (solid, water and air) of the UGLs are characterized 

by significantly different dielectric constants. The relatively high dielectric constant of liquid 

water indicates the ability to dissolve electrolytes (Krauskopf, 1967) and makes it possible to 

measure the free (unbound or loosely bound) water in materials (Scullion and Saarenketo, 

1997, Saarenketo and Scullion, 2000, Syed et al., 2000). 
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Table 2-11: Dielectric constants of various constituents of UGLs* 

Constituents  Probable 

quantity 

Reference(s) 

Air  1  (Daniels, 1996, Scullion and Saarenketo, 1997, Benedetto and Pensa, 

2007, Ekblad, 2007, Salour, 2015) 

Solid geomaterial 2–6 (Dawson, 2008) 

2-8 (Salour, 2015) 

3-8 (Daniels, 1996, Benedetto and Pensa, 2007) 

2-10 (Ekblad, 2007) 

<5 (Apul et al., 2002) 

4-6 (Scullion and Saarenketo, 1997) 

Water (liquid) 79-82  (Dawson, 2008) 

77- 88 (Salour, 2015) 

80 (Hillel, 2003, Ekblad, 2007) 

81  (Daniels, 1996, Scullion and Saarenketo, 1997, Benedetto and Pensa, 

2007) 

78 (Apul et al., 2002) 
* The frequency and temperature can affect the dielectric constant (Ekblad, 2007) 

2.8.1.2. Thermal characteristics 

Moisture has a significant impact on the heat capacity and heat conductivity of UGLs. The 

thermal capacity of water is approximately twice as high as that for most common minerals 

and ice (Hillel, 2003, Dawson, 2008), while the thermal capacity of air is negligible (Dawson, 

2008).  

The thermal conductivity of a mass of geomaterials is a function of the mineral composition 

(Farouki, 1981, Dawson, 2008), porosity (Hillel, 2003, Dawson, 2008),  degree of (water) 

saturation (Dawson, 2008) and temperature (Farouki, 1981, Dawson, 2008). Overall, the value 

of the thermal conductivity for a particular mineral, measured by various authors in the 

literature, differ appreciably. A general overview of thermal conductivity of the different 

constituents of UGLs, based on reported results in (Farouki, 1981), are summarized in Table 

2-12. It is notable that water has a lower thermal conductivity than the average minerals present 

in a road formation, but it is a better conductor of heat than air; thus, dry and loosely packed 

aggregates have a very low thermal conductivity (Kohnke, 1968, Farouki, 1981, Dawson, 

2008). Further, since moist aggregates are better conductors of heat (Kohnke, 1968), the 

temperature of wet UGLs varies little with depth. 
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Table 2-12: Thermal conductivity of various constituents of UGLs* (data from (Farouki, 

1981)) 

Constituent Thermal conductivity (W m-1 K-1) 

Water (liquid) 0.6 

Ice + >2.2 

Air 0.026 

Solid particles 

Sand 3.2- 9 

Silt 2.4- 5.9 

Clay 2.8- 4.8 

Constituent minerals 

Quartz* 7.2- 10 

Feldspar 1.6- 2.9 

Pyroxyne 4.4 

Amphibole 3.5 

Mica 2 
+ Thermal conductivity of ice increases by reducing of the temperature. 
* Quartz may be expected to have the highest thermal conductivity among common minerals forming geomaterials 

2.8.1.3. Viscosity 

Fluidity and viscosity are two interconnected concepts (Hillel, 2003). The viscosity of water 

mainly depends on temperature (Kohnke, 1968, Hillel, 2003, Dawson, 2008, Sposób, 2011), 

but is affected by the type and concentration of solutes it contains (Hillel, 2003). The viscosity 

of water diminishes by more than 2% per 1°C rise in temperature (Kohnke, 1968, Hillel, 2003) 

and thus decreases by more than 50% as the temperature increases from 5 to 35°C (Hillel, 

2003). Viscosity is important as it influences the infiltration and percolation of water (Kohnke, 

1968) and thus a higher rate of infiltration and deeper penetration into aggregate is predicted 

in warmer climates. It can also be concluded that in warm climates water movement in UGLs 

is more rapid and can be accelerated by traffic loading and environmental conditions, leading 

to greater variation in water pressure with space and time and accentuation of the wetting and 

drying process with resulting degradation. 

2.8.1.4. Water as a solvent 

The polarity of the water molecule makes it an excellent solvent and enables water to enter 

into more reactions than any other solvents (Essington, 2004, Dawson, 2008, Sposób, 2011). 

Water acts as a solvent for CO2, O2 and organic acids (Sweere, 1990). In addition to being a 

solvent, water can affect the chemical conditions in the road structure by transporting the 

dissolved gases (Kassim and Williamson, 2005). Moreover, almost everything in the 

geomaterials construction is soluble, to some degree, in water, especially if the water is charged 

with either acids or bases, as is virtually always the case (Kohnke, 1968). The dissolved 

substances in the water can be transported away from the pavement and become either a cause 
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of deterioration of geomaterials or a significant source of contamination of the environment, 

especially when by-products and waste materials are used in construction of UGLs.  

2.8.2. Sources of water in road pavements 

Although engineering practice aims to keep water out of UGMs, water enters into the 

pavement from a number of sources (Kohnke, 1968, Sweere, 1990, Apul et al., 2002, Apul et 

al., 2005, Ekblad and Isacsson, 2006, Ekblad, 2007, McCulloch, 2015), as illustrated in Figure 

2-4. Obviously, road conditions, road materials, and the nature of the surrounding terrain will 

determine the relative importance of the individual processes, which are not independent.  The 

sections that follow discuss each potential source of water and their impacts on the UGL.  

 

Figure 2-4: Cross Section of a sidling Cut / embankment showing various sources of water 

in the UGLs  

2.8.2.1. Precipitation on the road surface 

2.8.2.1.1. Chemical composition 

Rainwater is saturated with oxygen (Kohnke, 1968) and incorporates other chemical species 

as it falls (Hillel, 2003, Song and Gao, 2009). The chemical characteristics of precipitation 

reflect the condition of the atmosphere and are highly dependent on topology (Khare et al., 

2004), the amount of rainfall (Carroll, 1962, Hu et al., 2003), the presence and nature of 

anthropogenic emissions (Khare et al., 2004, Song and Gao, 2009), the presence of sea spray 

(Carroll, 1962, Song and Gao, 2009) and terrestrial dust (Carroll, 1962, Song and Gao, 2009). 

Thus, the chemical composition of rainwater will vary considerably from site to site, region to 
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region, and with time in a cyclic manner (diurnal) or as a stochastic process, i.e. additionally, 

rainwater characteristics, falling in one place, are very likely to vary from shower to shower 

and season to season  (Carroll, 1962, Khare et al., 2004). 

Rainwater is a mixed electrolyte that contains varying amounts of major and minor ions. In 

coastal areas, rainwater has the same ionic proportions as seawater, but is much more diluted. 

Ocean spray produces sea-salt aerosols (Keene et al., 1986), and affects the amount of  chloride 

(Gorham, 1961, Carroll, 1962, Song and Gao, 2009), sulfate (Gorham, 1961, Carroll, 1962, Hu 

et al., 2003), sodium (Gorham, 1961, Song and Gao, 2009), magnesium (Gorham, 1961, 

Carroll, 1962, Song and Gao, 2009), calcium (Carroll, 1962), and potassium (Carroll, 1962, 

Song and Gao, 2009) in rainwater. The quantity of these minerals found in rainwater are related 

to the distance from the coast (Carroll, 1962) and the prevailing winds. Further, the weathering 

products of geomaterials on the surface of the terrain can further modify the composition of 

rainwater. For example, dust is thought to be a major source of calcium (Gorham, 1961, Carroll, 

1962), potassium (Gorham, 1961, Carroll, 1962, Song and Gao, 2009), sodium (Song and Gao, 

2009), magnesium (Carroll, 1962, Song and Gao, 2009), iron and aluminium (Song and Gao, 

2009) in precipitation. The highest concentration of chemical impurities occurs at the beginning 

(first flush) of a rainfall event (Al-Khashman, 2009). Thus, even a relatively short storm can 

bring a sizable influx of ionic impurities. 

2.8.2.1.2. Acid rain 

Rainwater is in equilibrium with carbon dioxide of the atmosphere (Carroll, 1962, Weinert, 

1980, Bendz et al., 2005, Dawson, 2008). Carbon dioxide exists in normal air at a concentration 

of 0.03 per cent by volume (Gorham, 1961) and the pH of rainwater is in equilibrium with 

atmospheric carbon dioxide at 25° C and is 5.6-5.7 (Carroll, 1962, Root et al., 2004, Al-

Khashman, 2009). Rainwater having a pH below 5.7 is the result of its reaction with pollutants 

derived either from industrial sources or from volcanicity which often contains strong acids 

(HCl, HNO3, H2SO4) (Carroll, 1962, Weinert, 1980, Hu et al., 2003, Bendz et al., 2005, 

Dawson, 2008, Song and Gao, 2009). Organic acids may also contribute to the acidity of 

precipitation in both rural and urban areas (Song and Gao, 2009). On the whole, the recorded 

pH values of rainwater range from 3.0-4.8 to 8.2-9.8 (Carroll, 1962, Al-Khashman, 2009). The 

pH of rainwater is an area-dependent parameter and also forms a seasonal and regional pattern 

(Carroll, 1962); acidity being greatest in winter while the alkalinity is greatest in late spring. 
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2.8.2.2. Run-off 

Precipitation that does not fall directly onto the road surface may flow into the road 

formation as a run-off from the surrounding terrain, which may be either an old surface that 

has been subjected to cyclic weathering over a period of many years or a freshly cut surface. 

In both these cases the penetrating water can dissolve solid and gaseous solutes in the medium 

(Mroueh et al., 2000, Hillel, 2003) and transport them away in the run-off water (Dawson, 

2008). The roots of plants growing in the near environment of the road absorb oxygen and 

release carbon dioxide in the process of respiration (Hillel, 2003), a process that further affects 

the pH of the run-off.  

2.8.2.3. Condensation  

Generally, when water vapour cools to the dew point, it condenses into liquid (Kohnke, 

1968, Bunnenberg et al., 1986). Even though the amount of water vapour condensing directly 

in geomaterials is usually quite small (Kohnke, 1968), it may be sufficient to facilitate chemical 

reactions in the medium. Generally, the amount of condensation in a given area depends on the 

relative humidity, temperature, and daily temperature fluctuations. The higher these three 

parameters, the greater the condensation (Kohnke, 1968).  

2.8.2.4. Groundwater Table  

Movements in the level of the groundwater table (see Figure 2-4) may affect the quantity 

and quality of moisture in pavement systems (Apul et al., 2002, Apul et al., 2005, Sposób, 

2011). Water may migrate upwards towards the surface through capillary and evaporation 

processes, and increase the moisture content in the UGLs (Apul et al., 2002, Apul et al., 2005, 

Hansson et al., 2005). The thickness of the capillary fringe can vary from a few centimetres in 

coarse grained soils to a few metres in fine grained soils (Dawson, 2008, Salour, 2015). This 

unsaturated part above the saturated zone (beneath the ground water table) is known as  the 

vadose zone. The boundary of the vadose zone, and hence the amount of water contained 

therein, changes frequently and this plays a crucial role in the chemical and physical properties 

of the geomaterials forming the road and the surrounding area. Nevertheless, in general, it is 

believed that the pavement structure of well functioning roads are within the vadose zone 

throughout their service life. Sustained saturation of the UGL’s forming the road foundation 

will likely lead to rapid deterioration of the pavement structure and stability of the carriageway.   
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2.8.3. Mechanism of water movement in the UGLs 

Moisture content is a major determinant of pavement performance and hence the service life 

(Scullion and Saarenketo, 1997, Reid et al., 2000, Salour, 2015). A road pavement can be 

regarded as an open system with respect to water (Dawson, 2008) and the mechanism by which 

water moves into and through UGLs, and thus transporting heat and material  (Sweere, 1990, 

Apul et al., 2002, Hillel, 2003, Taylor, 2004, Apul et al., 2005, Bendz et al., 2005, Flyhammar 

and Bendz, 2006, Salour, 2015), varies seasonally, with climatic conditions (Bendz et al., 2005, 

Flyhammar and Bendz, 2006) and traffic loading. Table 2-13 summarises water movement 

mechanisms (primarily based on Dawson, (1985) (Reid et al., 2000)).  

Table 2-13: Probable mechanisms of ingression and egression of water within pavements. 

Process Location Mechanism 

Ingress Pavement surface and 

surfacing type 

Porosity of the surface layers including surfacing type (e.g. 

unsealed, chipseal surface, bound asphalt surfacing mix layer) 

Construction joints 

Post construction cracks  

Pooling of water in ruts 

Squeezing/pumping of water via traffic load-induced pressure 

Infiltration into the unpaved road (from driveways or the road 

shoulder) 

Subgrade Capillary action 

Pumping action under traffic loading 

Artesian flow 

Pavement margins Capillary action in pavement layers 

Surcharge of lateral or median ditches 

Other sources Leaking from pipes and gutters in pavement 

Direct rainfall on pavement during construction 

Condensation of water vapour 

Melting frost lenses during spring thaws 

Seasonal changes in the water table 

Egress Pavement surface Capillary rise through cracks and evaporation 

Pumping through cracks or joints 

Subgrade Soakaway to permeable, low water table subgrade 

Capillary action of subgrade 

Pavement margins Gravitational flow in aggregate to lateral or median drains 

Other sources Artificially engineered drainage facility 

 

2.8.3.1. Ingress from the surface of the pavement  

Water that infiltrates into the pavement moves downward (Apul et al., 2002, Flyhammar 

and Bendz, 2006) under the action of gravity and capillary forces (Reid et al., 2000, Flyhammar 

and Bendz, 2006) and spreads laterally by capillarity processes (Flyhammar and Bendz, 2006). 

Darcy’s law describes the movement of water in saturated conditions (Apul et al., 2002), during 
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which the permeability is a function of the fluid characteristics of the density and viscosity. 

These fluid properties are affected by temperature (Kohnke, 1968, Hillel, 2003, Dawson, 2008, 

Sposób, 2011), pH (Chaiwong and Nuntiya, 2008, Nasser and James, 2009), and the ionic 

strength (Jones and Dole, 1929, Amorim et al., 2007), each of which are subjected to temporal 

and spatial changes.  

Generally, following a period of rainfall, the infiltration rate is initially high (Reid et al., 

2000, Apul et al., 2002), then decreases asymptotically towards a situation of saturated 

permeability (Apul et al., 2002). A brief summary of some of the well-recognized models for 

moisture infiltration is provided by Tindall and Kunkel (Tindall et al., 1999). On the whole, 

rain infiltration depends on the permeability of sub-bituminous surfacing layers (Apul et al., 

2005, Benedetto and Pensa, 2007), duration of the rainfall (Apul et al., 2005), sub-surface 

pavement permeability (Apul et al., 2005, Benedetto and Pensa, 2007), initial conditions and 

boundary conditions (Benedetto and Pensa, 2007). 

Some studies (Elsayed and Lindly, 1996, Apul et al., 2002) have concluded that a high water 

table and capillary water are the primary causes of excess water accumulating in pavements, 

especially if the ground water table is within six meters of the surface (Apul et al., 2002). 

However, in the absence of groundwater the major mechanism by which water enters the 

pavement is surface infiltration (Apul et al., 2002, Apul et al., 2005).  

2.8.3.2. Evaporation 

Evaporation moves water into the gaseous phase and may affect the water movement 

mechanism in several ways. Generally, three stages can be defined for evaporation of initially 

saturated materials: i.e. when the particles are sufficiently wet, at intermediate water content, 

and when the surface of particles are sufficiently dry (Rose, 1968, Novák, 2012). The 

relationship between water content and the rate of evaporation mainly depends on the 

meteorological condition and has been described by several researchers (Keen, 1914, Novák, 

2012). In general, with a decreasing water content, the rate of evaporation will be reasonably 

constant before decreasing to a rate close to zero (Novák, 2012).  

The effect of evaporation on the movement of water in an UGL is controversial. On one 

hand it is believed that when evaporation is significant, upward flow of water by matric suction 

(discussed in section 2.8.5.2) replaces the water being evaporated (Hillel, 2003, Dawson, 

2008). This, in turn, will cause the moisture to be drawn upward from the layers below, 

provided they are sufficiently moist (especially immediately after precipitation or if the 
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groundwater table is close to the surface (Dawson, 2008, Novák, 2012)). On the other hand, in 

drier climates evaporation from capillaries keeps the water table at a low level (Smith and 

Collis, 2001). Further, under a non-isothermal condition, and in the case of a positive 

temperature gradient (e.g. daytime when the temperature is increasing), the evaporation rate 

will decrease by the process of moving the water downward (Novák, 2012). 

A continual supply of water and heat (to meet the latent heat requirement), and a negative 

gradient in vapour pressure from the atmosphere  in the near-surface region are the main 

specific circumstances required for evaporation (Kohnke, 1968, Hillel, 2003). Thus, seasonal 

changes can affect the potential for evaporation and it is also believed that the same rainfall 

during a warm and a cold season has a different effect on the availability of water (Weinert, 

1980). 

2.8.3.3. Temperature gradient 

Temperature affects the properties of water and the material characteristics of UGLs. The 

viscosity of water decreases with increasing temperature. Since the permeability of a porous 

medium is directly related to the viscosity, it will increase by temperature rise. Furthermore, 

an increase in the temperature of water, above 3.98 ºC for pure water, will decrease the density 

of water, which will lead to a decrease in the permeability of the medium. In addition, by 

increasing the temperature, the attractive force between the surface of materials and water 

reduces and, as a result, the capillary action will decrease. Thus, an increase in the temperature 

facilitates the infiltration of water into the pavement structure, but it decreases the effect of 

ground water table on moisture content.  

Several studies (Hillel, 2003, Dawson, 2008, Salour, 2015) have investigated the variation 

in temperature and heat flow within pavements and geomaterials. Temperature is subject to 

daily and seasonal change but with increasing depth, the temperature variation in the pavement 

declines and during cold seasons, deeper parts of the pavement are warmer than the near-

surface region. Thus, temperature variations become less with increasing depth. Parameters 

such as moisture content (because of the high heat capacity of water), topography of the terrain 

(because of the effect of the orientation relative to the sun), the location within the pavement 

system and the properties of the materials play an important role in pavement temperature 

fluctuation (Kohnke, 1968, Salour, 2015). It is also notable that since the rate of heat gain 

exceeds that of the heat loss (Kohnke, 1968), the cooling period of the daily cycle of pavement 

temperature is more than the warming period. Table 2-14 shows the dominant mechanisms 
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affecting heat transfer in geomaterials in different temperature ranges. In general, conduction 

is the most important agent. 

Table 2-14: Heat transfer mechanisms in the geomaterials based on the temperature range  

Temperature range Comments 

Below 0 ◦C Conduction is the dominating factor 

Convection causes a small amount of heat transfer. 

0 ◦C to approximately 25 ◦C Conduction of heat is still the dominating factor 

In highly permeable materials, especially with a high temperature gradient, 

convection can affect heat transfer. 

Above approximately 25 ◦C Conduction is the dominating process at lower temperatures, and when 

materials are saturated.  

At higher temperatures and relatively low water contents, vapour transport is 

more important. 

In highly permeable conditions, especially if there is a high temperature 

gradient, convection can affect heat transfer. 

 

A number of authors have considered the effects of moisture movement under a thermal 

gradient (Croney, 1952, Rollins, 1954, Dawson, 2008, Fröb, 2011) and reached a consensus 

that water translocates from warm to cold places. This rate of movement increases rapidly with 

increases in moisture content until an equilibrium moisture content is reached, and then 

decreases with a further rise in moisture percentage (Rollins, 1954). 

During winter months, a significant thermal gradient occurs and as a result moisture moves 

up into the frost zone (Willis et al., 1964, Cary, 1966, Dawson, 2008, Fröb, 2011). This 

phenomenon may be associated with frost heaving (Cary, 1966, Fröb, 2011). A freezing 

temperature may also affect water movement in the pavement by reducing the permeability 

(Dawson, 2008). In addition, a thermal gradient during the day facilitates a cyclic movement 

of water in the deeper regions of UGLs. However, moisture transfer may decrease as a result 

of an increase in the concentration of salts (Jackson et al., 1965). Furthermore, the relative 

humidity of the air in moist condition of geomaterials is high (between 98 and 100 percent) 

(Kohnke, 1968) and the vapour pressure of water changes significantly as the temperature 

changes (Croney, 1952, Salazar, 1967, Kohnke, 1968, Dawson, 2008). This results in a vapour 

pressure gradient and the associated movement of water in the vapour phase (Salazar, 1967, 

Kohnke, 1968, Farouki, 1981, Dawson, 2008). Given the movement of vapour from a warm to 

a cold location, in the event of condensation an increase in the quantity of moisture will 

eventuate in the cold region. 
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2.8.3.4. Pumping 

The occurrence of high pore water pressure in UGLs as a result of the combination of 

moving wheel loads and trapped water can cause water pumping (Apul et al., 2002). If this 

pressure does not dissipate in a relatively short period, the finer fractions of the UGMs and 

water (carrying clay or fine material) will move horizontally or vertically through the UGL 

(Apul et al., 2002, Benedetto and Pensa, 2007), disorder the structure and/or increase the 

porosity of the layer. This phenomena takes place mainly in rigid pavements at the edge of the 

slabs, but it can also occur in a flexible pavement around cracks in the surface. Crovetti and 

Dempsey (Crovetti and Dempsey, 1993) suggested using open-graded materials to reduce the 

pore water pressure and thus the possibility of pumping. Hansen (Hansen, 1991) determined 

the maximum velocity and Reynolds number of the flow in a pumping action to be 

approximately 0.9 m/s and 560, respectively, in which at first water moves slowly in the 

direction of travel of the vehicle  and then reverses  rapidly. It is notable that trucks produce a 

higher velocity of  flow than cars (Hansen et al., 1991). 

2.8.4. Temporal and Spatial Variability of moisture content 

Generally, water will not be uniformly distributed in the mass of UGLs constituting the 

structural elements of a road pavement. The water content will vary spatially and temporally 

in response to environmental factors (Apul et al., 2002, Apul et al., 2005, Grote et al., 2005). 

Water contents ranging from 3% to 45%, have been reported in pavements (Apul et al., 2005, 

Salour, 2015). Since roads are linear three-dimensional structures, moisture conditions may 

vary vertically (Rajaram and Erbach, 1999, Apul et al., 2002, Apul et al., 2005, Grote et al., 

2005), perpendicular to (Apul et al., 2002, Apul et al., 2005) and parallel to the road alignment 

(Apul et al., 2002, Apul et al., 2005, Grote et al., 2005). With increasing depth in the pavement 

the moisture content becomes more stable (Salour, 2015), however, the moisture content of the 

material close to the pavement edges and adjacent to surface cracks usually shows higher 

variations after rainfall (Salour, 2015) as well as seasonal variations (Mroueh et al., 2000). 

Field compaction to 95 to 100 percent of the dry unit weight at Optimum Moisture Content 

(OMC) is standard construction practice (Apul et al., 2002). However, as Figure 2-5 shows, 

after construction the moisture content either decreases or increases until it reaches the long 

term stable water content consistent with the season, known as the Natural Water Content 

(NWC) (Apul et al., 2002). The NWC shows seasonally cyclic behavior which is a function of 

road geometry, the location of the pavement with respect to the surounding terrain (Dawson, 
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2008), and possible changes in the geochemical characteristics of aggregates. Figure 2-5 

illustrates some examples of the probable seasonal changes in water content. 

 

Figure 2-5: the probable initial and seasonal moisture changes at a specific point in a UGL 

(figure modified from  (Apul et al., 2002) page 40) 

Several studies (Saarenketo and Scullion, 2000, Grote et al., 2005, Ba et al., 2013) have 

concluded that it is important to accurately assess the water condition of existing pavements 

for use as one important variable in predicting the pavement’s performance and the type and 

extent of any maintenance and/or rehabilitation that might be required. The impact of temporal 

variations in moisture on modulus is considered in the Mechanistic-Empirical design through 

an environmental adjustment factor (Olidid and Hein, 2004). Further, the Enhanced Integrated 

Climatic Model (EICM) considers environmental factors and determines moisture content, 

suction, and temperature as a function of time, at any location in the unbound layers (Olidid 

and Hein, 2004, Ba et al., 2013). 

2.8.5. The effect of water on UGMs 

Generally, the pore space of UGLs is filled partially with air and partially with water. These 

two phases together determine the development of the aqueous chemistry in the UGL. Air 

mostly affects the oxidation- reduction conditions of the materials (Kohnke, 1968) and water 

affects the material reactions that accelerate the deterioration of UGMs (Hussain et al., 2014). 
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From micro scale point of view, the influence of water on material properties arises from the 

unusual properties of water per se, as well as the unique interactions between solute, water, and 

geo-materials (Iwata et al., 1995, Sposób, 2011). These characteristics enable water to change 

the chemical and physical properties of the aggregates (Kohnke, 1968, Bendz et al., 2005) and 

thus affect the mechanical properties of the layer. Further, from a macro scale point of view, 

water can directly govern the mechanical properties of the UGLs in both saturated and 

unsaturated conditions. Figure 2-5 shows a general view of the probable effects of water in 

UGLs. Some of the elements of Figure 2-5 are treated in detail in the following section. 

 

Figure 2-6: The effect of water in the pavement structure. W-D and F-T stand for Wetting 

and Drying, and Freezing and thawing. 
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2.8.5.1. Micro effects 

Both chemical and physical weathering processes can be the result of the micro effects of 

water on the UGM material. The failure rate of UGMs depends on the relative severity of each 

of the two kinds of weathering and their interaction (Minor, 1959, Smith and Collis, 2001). 

Physical weathering produces newly exposed surfaces (Kolisoja et al., 2002) and increases 

surface area, while chemical weathering increases the active clay mineral content in the UGLs 

(Hillel, 2003). Thus, the complex weathering processes will increase the fines in the UGLs, 

this not only makes these layers act more sponge-like and adsorb water from a variety of 

sources, but also clogs the air voids and reduces the drainage capacity (Apul et al., 2002). 

Furthermore, because of their high surface area and low density (Smith and Collis, 2001, Hillel, 

2003) clay minerals are particularly susceptible to reaction with water and also have the most 

influence on the pavement behaviour (Baver, 1956, Kohnke, 1968, Scullion and Saarenketo, 

1997, Smith and Collis, 2001, Hillel, 2003, Hussain et al., 2011, Chen et al., 2013, Henning et 

al., 2014, Hussain et al., 2014). The physical and chemical reactions that take place in the 

UGLs, in which water plays a significant role, are presented in the following sections. 

2.8.5.1.1. Exchange reactions 

Exchange reactions include electron exchanges (reactions between oxidizers and reducers), 

proton exchanges (reactions between acids and bases) and particle exchanges (Dawson, 2008). 

These reactions are most likely the dominant chemical mechanism that affects materials in the 

UGLs.  

Cation Exchange 

The exchange of one cation for another in the UGLs is governed in a general way by 

Coulomb's law (Marshall and Holmes, 1979, Essington, 2004). Thus, cations of a higher 

valence (higher charge), and lower hydration radius are more readily exchanged into clay 

minerals (Marshall and Holmes, 1979, Essington, 2004), according to the lyotropic series 

(Essington, 2004). The availability of different kinds of cations, their concentration, the nature 

and number of exchange sites, the temperature, pH of the solution (since it can affect both the 

surface charge and the nature of an exchange) and the volume of water that is in contact with 

the exchange sites can affect the cation exchange process (Carroll, 1962, Sawi-iney, 1972, 

Marshall and Holmes, 1979, Farouki, 1981, Essington, 2004, Dawson, 2008). The ion 

exchange reaction is controlled by the Law of Mass Action (Sawi-iney, 1972, Essington, 2004) 
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and responds to perturbations in the chemical environment according to Chatelier’s principle 

(Essington, 2004). 

Exchangeable cations are located at accessible sites on the surfaces of the clay mineral layer 

and between layers of the expanding crystal lattice (Marshall and Holmes, 1979). The 

relationship between the solution and cations in aggregates are extremely complex (Carroll, 

1962), but the cation exchange process has an important effect on behaviour of materials and 

their stability (Marshall and Holmes, 1979, Dawson, 2008). For example, the stability of 

micaceous minerals in geomaterials may be partly due to accessions of K+ ions from rainwater 

(Carroll, 1962). The cation exchange process will change the chemical composition of the 

mineral, affect its stability and also affect the clay particles in the fines. Table 2-15 presents a 

list of the probable effects of cation exchange in the geomaterials. 

Table 2-15: the effect of cation exchange on the properties of geomaterials 

Effect Reason Reference 

Breakdown of the crystal structure of the 

clay mineral and the release of Al3+ 

H+ enters into cation exchange in acidic 

condition 

(Marshall and 

Holmes, 1979) 

Change in the viscosity of clay minerals 
Different effect of monovalent and divalent 

cations on the hydration of clay minerals 

(Baver, 1956, 

Marshall and 

Holmes, 1979) 

Decrease in hydration of particles 
Outer layer of the colloidal particle become 

tighter 
(Baver, 1956) 

Change in swelling behaviour 
Which is dependent on the nature of the 

exchanged cations 
(Baver, 1956) 

Change in the physical properties of fine 

materials 

Monovalent cations replace the divalent 

cations 

(Carroll, 1962, 

Marshall and 

Holmes, 1979) 

Influences the leaching of cations 
Cations that are not adsorbed on the clay 

surface, may leach out 

(Carroll, 1962, 

Dawson, 2008) 

Instability of minerals 

Leaching cation under medium to heavy 

rainfall (especially acidic rainfall) 

Monovalent cations replace the divalent 

cations 

(Carroll, 1962) 

The liquid phase in the UGLs is not chemically pure and cations are a significant part of its 

complex chemical composition. Carroll (Carroll, 1962) mentions that it is difficult to determine 

the effect of the cations in rainwater on the chemical weathering of geomaterials, but the overall 

effect is of a regional nature. For example, in humid regions, the amount of alkaline and 

alkaline earth cations added yearly by rain will likely influence the composition of the water 

and thereby the cations in the exchange positions of clay minerals (Carroll, 1962). Furthermore, 

as water moves in the medium, it may leave some cations behind and carry forward some 

others. Thus, the dominant direction of water movement in the UGLs plays a crucial role in the 

weathering of the material and ultimately on its performance.  
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Redox reaction 

Redox reactions require the transfer of electrons from one chemical species to another 

(Gorham, 1961, Dawson, 2008). These reactions are usually rather slow (Dawson, 2008), 

although many redox reactions in nature are accelerated by bacterial activity (Kohnke, 1968, 

Dawson, 2008). In pavement structures, redox reactions are pH dependent (Dawson, 2008); in 

general oxidation reactions lead to a decrease in pH whereas reduction tends to increase the pH 

(Dawson, 2008). The redox potential and changes thereof, can play a crucial role in the 

performance of road materials. Table 2-16 presents some possible physical effects of redox 

reactions on the UGMs.  

Table 2-16: The effects of redox reactions on the geomaterials 

Effect Reference 

Decreases the stability of the minerals and makes them more susceptible to weathering (Gorham, 1961) 

Deteriorates the geomaterials structure, for example clogging the pore spaces (Kohnke, 1968) 

Affects the water and air regimes  (Kohnke, 1968) 

 

2.8.5.1.2. Wetting and drying (W-D) 

The lowest natural level of “wetness” of road aggregates (air dryness) is climate dependant. 

In the field, road materials seldom reach complete saturation (Hillel, 2003, Saad, 2014), 

because pockets of air may remain trapped within the UGL layer even when it is flooded with 

water (Hillel, 2003). The wetting process produces heat (heat of wetting) which decreases with 

increasing moisture content of the material (Kohnke, 1968). The heat of wetting depends 

largely upon the surface area and the nature of the aggregate surfaces. Further, the results of 

the W-D cycle on aggregates depends on their composition and the reaction of their 

constituents to moisture variations (Weinert, 1980, Rajaram and Erbach, 1999, Kampala et al., 

2013). Table 2-17 summarises the possible positive and negative effects of W-D cycles on the 

UGMs. 

 

 

 

 

 

 



Chapter 2: Literature Review 

62 

 

 

Table 2-17: The effect of Wetting-Drying cycles on the UGMs. 

Category Effect Reference 

Positive  

Re-precipitation of originally soluble components in a less soluble 

form (e.g. certain carbonates or compounds of iron).  

(Grant and Aitchison, 1970, 

Weinert, 1980) 

Increasing the strength of the material because of the low drying rate. (Richardson, 1976) 

Increasing the strength and unit weight and a decrease in the NWC 

as a result of rearranging the road aggregates  

(Dif and Bluemel, 1991, 

Rajaram and Erbach, 1999) 

Stabilization of aggregates. (Dif and Bluemel, 1991) 

Formation of aggregates 
(Utomo and Dexter, 1982, 

Rajaram and Erbach, 1999)  

Producing a finer but more stable aggregate (Rajaram and Erbach, 1999) 

Increase in tensile strength of the material (Rajaram and Erbach, 1999) 

Positively affects the stability of some aggregates (Rajaram and Erbach, 1999) 

Negative  

- Crystallisation of salts. 

- Growing of an expansive clay because of alteration of minerals. 

- Dissolving the cementing minerals. 

(Weinert, 1980) 

Softening and disintegration of the material 
(Smith and Collis, 2001, 

Hillel, 2003) 

Dissolve or weaken the bonding substances. 
(Weinert, 1980, Hillel, 

2003) 

Reduction of material strength because of tension and surface cracks. 
(Kampala et al., 2013, 

Horpibulsuk et al., 2015) 

Periodic heaving and collapse of expansive materials as a result of a 

swelling and shrinkage process. 

(Dif and Bluemel, 1991, 

Rajaram and Erbach, 1999, 

Rao et al., 2001) 

 

Fatigue of the aggregate structure (Dif and Bluemel, 1991) 

Reduction in the durability of materials (Kampala et al., 2013) 

Weight loss (Horpibulsuk et al., 2015) 

Increase the moisture susceptibility of aggregates  
(Utomo and Dexter, 1982, 

Rajaram and Erbach, 1999) 

Increase clay mineral content  
(Eberl, 1980, Rao et al., 

2001) 

Increase the porosity  (Rao et al., 2001) 

Reducing the beneficial effect of lime stabilization (Rao et al., 2001) 

 

2.8.5.1.3. Leaching 

Very limited data is available on the movement of water in roads (Bendz et al., 2005) and/or 

the mechanism by which ions are taken into solution and either transported out of, or 

redeposited in, the UGL (Johnson et al., 1996, Apul et al., 2005). Thus, in the absence of 

information, it is impossible to estimate the effect of long-term field leaching (Apul et al., 

2005). However, from a theoretical point of view, the amount of leaching will depend on the 

composition of the UGL, the amount of water passing through the material, and the nature of 

the pavement (Johnson et al., 1996, Mroueh et al., 2000, Apul et al., 2005). It is obvious that 

more leaching will take place in unpaved parts of a road cross section, such as road shoulders 
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and median strips on divided highways, than within the pavement structure (Mroueh et al., 

2000, Flyhammar and Bendz, 2006).  

There are conflicting opinions regarding the effect of leaching on UGL’s. On one hand, 

there is the view that immediate drainage of water results in the production of less active clay 

minerals. For example, kaolinite and montmorillonite are typical of freely and poorly drained 

conditions, respectively (Wilson, 1999). On the other hand, removal of the weathering products 

by water drainage will accelerate chemical reactions (Mitchell and Soga, 2005). Thus in well-

drained conditions, the composition of the geomaterials can change quickly (Carroll, 1962). 

Table 2-18 lists the most important effects of the leaching process on UGLs. 

Table 2-18: The probable effect of leaching on the UGLs 

Effect Reference 

Change in plasticity of fine aggregate material as the result of 

leaching out of active clay minerals 
(Gamon, 1987)   

Removal of soluble weathering products and contaminants from 

the medium 

(Kohnke, 1968, Apul et al., 2005, Bendz et 

al., 2005, Dawson, 2008, Fletcher and 

Veneman, 2012)  

Leaching out the essential exchangable cations and affect on the 

clay properties 
(Kohnke, 1968) 

 

2.8.5.1.4. Salt crystallization 

Salts need to be considered as a constituent of UGMs. Studies (Smith and Collis, 2001, 

Hillel, 2003) have reported that salts may either be introduced into the UGM from the 

groundwater or they may be a constituent of the aggregate itself. The ocean may contribute salt 

to rainfall by sea spray (Hillel, 2003). Furthermore, because salt, (i.e. NaCl), is used in many 

countries for de-icing roads (Dawson, 2008) it will dissolve in water liberating its constituent 

ions into solution which will ingress into the pavement. Salt was commonly used in New 

Zealand for de-icing for many decades, however it is no longer used due to negative effects of 

increasing the saline concentration of storm-water receiving environments. Mineral grit and 

CMA (Calcium Magnesium Acetate) are the two main treatments now used for frost and ice to 

maintain adequate levels of skid resistance in New Zealand.  

Depending on the particular constituent ion, salts can be considered to have a positive effect 

on granular media, since salt stabilizes unsealed granular material with associated reduced 

aggregate loss and dust production. Also, salt generally produces higher maximum dry density, 

reduces moisture content changes, increases pavement strength, decreases permeability and 

increases the shear and tensile strength (Sweere, 1990, Carteret et al., 2013, Liu et al., 2014). 
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However, dissolved salts also have the potential to adversely affect the pavement, see Table 

2-19, and salt concentration limits are recommended in highway construction. For example, 

(Smith and Collis, 2001) recommends a maximum salt limit of 0.2 percent to prevent salt 

damage. Also, Weinert & Clauss (Smith and Collis, 2001) accepted this limit for sodium 

chloride and made a recommendation of a maximum of 0.05 percent for sulphate. Generally, 

these limits are controversial (Obika et al., 1989), thus a number of factors must be considered, 

such as the ratio of precipitation to evaporation, the temperature and humidity (Smith and 

Collis, 2001, Carteret et al., 2013, Liu et al., 2014), along with the  hydrology, geology, material 

characteristics, pavement surfacing, and construction details (Carteret et al., 2013).  

Table 2-19: Summary of negative effects of salts on UGMs 

Effects Comments Reference 

Increasing the 

volume of salt 

crystallization  

Frequent W-D cycles may result in the continuous addition of more 

dissolved salts without removing those already present.  

(Weinert, 1980, 

Smith and Collis, 

2001) 

Thermal expansion 

of salts 

The volumetric expansion of some salts, even within a diurnal 

temperature variation, is high enough to exceed that attained by 

geomaterials. 

(Weinert, 1980) 

Affects the cation 

exchange process 

The clay chemistry can be governed by the cation of the soluble 

salts and affect the overall layer (this process can have positive or 

negative effects). 

(Carroll, 1962, 

Carteret et al., 

2013, Liu et al., 

2014) 

Potential to dissolve 

heavy metals 

The resultant solutions of dissolved salt and heavy metals can leak 

into a pavement through surface cracks or via the road shoulder. 
(Dawson, 2008) 

Water movement 
Uneven distribution of solutes can lead to osmotic effects and 

change in potential energy of water. 
(Hillel, 2003) 

 

The solubility of a salt and its interaction with aggregate is dependent on the pH, the redox 

status of aggregates, and temperature (Hillel, 2003, Dawson, 2008). Water movement readily 

transports dissolved salts (Oates, 2008), and thus dissolved salt is able to migrate into pore 

water films to recrystallize at the surface (Carteret et al., 2013). It is also worth mentioning 

that, the presence of solutes, lowers the vapour pressure of water (Kohnke, 1968, Hillel, 2003) 

and thus affects the evaporation process. 

2.8.5.1.5. Freezing and Thawing 

A Freezing-Thawing (F-T) cyclic process produces a susceptibility of UGL’s to one of the 

moisture related problems that affects pavement materials in cold climate regions (Saarenketo 

and Scullion, 2000, Apul et al., 2002, Apul et al., 2005). The effect of F-T cycles on the 

pavement is a complex issue (Oates, 2008) as shown in Table 2-20. 
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Table 2-20: Specific characteristics of a F-T cyclic process  

Characteristics Reference 

Naturally, the freezing process usually takes place at a slow rate 
(Sweet, 1948, 

Kohnke, 1968) 

Water in small pores remains unfrozen at temperatures below 0◦C (because of freezing 

point depression) 

(Weinert, 1980, 

Dawson, 2008) 

Because of the freezing of free water, the chemical characteristics of water changes 

(the concentration of electrolytes changes), and thus the possible chemical reaction 

differs through the depth of the pavement. 

(Kohnke, 1968, 

Dawson, 2008) 

 

Ice crystals are distributed randomly and thus results in uneven, differential heave with 

a distribution of damage (since pavements are not homogenous). 

(Apul et al., 2002, 

Apul et al., 2005) 

Pore size distribution within the particles and between particles controls the frost 

heave. 

(Smith and Collis, 

2001) 

The formation of ice crystals dehydrates the adjacent particles and cause water and 

mass movement. 

(Kohnke, 1968, 

Dawson, 2008, 

McCulloch, 2015, 

Salour, 2015) 

Thermal gradients exist within the depth of a pavement and affect the chemical 

potential of particle surfaces during a freezing and thawing process 

(Vuorimies and 

Kolisoja, 2006, Chen 

et al., 2013, Salour, 

2015) 

Ice crystals grow in the direction of heat transfer (Dawson, 2008)  

 

Some studies (Kohnke, 1968, Dawson, 2008) detail the positive effect of slow cooling and 

freezing in the larger cavities, where the water is under minimal tension, which leads to 

stabilization of road materials, especially fine aggregates. Nevertheless, the F-T process can 

weaken pavement materials. This occurs especially when the voids in the UGLs are water-

saturated such that freezing occurs at a rate high enough to produce an internal hydrostatic 

pressure in excess of the tensile strength of the material (Sweet, 1948, Dawson, 2008). Table 

2-21 illustrates the possible negative effects of F-T in the pavement. 

Table 2-21: Possible negative effect of Freezing and Thawing Cycles on pavement 

Effect Reference 

Accumulation of water in the surface of aggregates as a result 

of frequent F-T 
(Kohnke, 1968) 

the clay materials are affected as a result of changes in the 

electrolyte concentration 
(Kohnke, 1968) 

Tensile rupture of the material (Sweet, 1948, Kohnke, 1968, Weinert, 1980) 

Reduce bearing capacity of pavement layers 

(Apul et al., 2002, Guthrie and Scullion, 2003, 

Apul et al., 2005, Vuorimies and Kolisoja, 

2006, Chen et al., 2013, Salour, 2015) 

Frost heave (Dawson, 2008) 

2.8.5.1.6. The effect of temperature 

In addition to the effect of temperature on water movement, the reactivity of water also 

increases with temperature (Kohnke, 1968, Weinert, 1980, Hillel, 2003, Hazirbaba and Gullu, 

2010); an increase in temperature of 10 °C approximately doubles the rate of all chemical 
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reactions (Weinert, 1980)), governs the type of reaction (Kohnke, 1968, Hillel, 2003) and 

consequently affects the rate of weathering of minerals (Kohnke, 1968). Kohnke, 1968 

(Kohnke, 1968) concluded that an annual temperature range of 5 to 15°C provides the condition 

in which geomaterials produces the highest amounts of aluminosilicate clays. It is also notable 

that the solubility of most salts in water increases with temperature. The solubility of gases, 

however, decreases with temperature; for example from 0 ºC to 50 ºC; the solubility of 

Nitrogen, Oxygen and Carbon dioxide decreases by 41%, 38% and 23% respectively (Kohnke, 

1968). 

The increase of temperature induces water vapour movement (Kohnke, 1968), increases the 

rate of evaporation (Kohnke, 1968, Hillel, 2003), decreases the surface tension and the degree 

of saturation (Lu and Zapata, 2016)  and thus affects the amount of moisture, energy and mass 

exchange (Hillel, 2003). 

2.8.5.2. Macro effects 

It is generally well accepted that the mechanical behaviour of UGMs can be adversely 

affected by the presence of moisture, particularly in an environment when the pavement is 

subject to heavy axle loads (Salour, 2015). In the presence of water: 

1) plastic fine materials in the matrix of a compacted UGL cause excessive deformation 

(Smith and Collis, 2001, Apul et al., 2005, Hussain et al., 2014),  

2) lubrication decreases the friction between aggregate particles (Kohnke, 1968, Hussain et 

al., 2014, Salour, 2015),  

3) pumping out of fine material produces cavities within the UGLs, thus decreasing the 

density and increasing the interstitial stresses (Smith and Collis, 2001, Apul et al., 2005, 

Hussain et al., 2014) 

4) changes in pore suction and pore pressure will change the state of effective stress in the 

material (Rodgers et al., 2009, Saad, 2014, Salour, 2015, Trivedi and Kumar, 2015).  

While the interaction of unbound materials and water in the macro scale is mainly dependent 

on whether the local conditions are saturated or unsaturated (Sweere, 1990), both conditions 

may occur simultaneously in the pavement depending on the environmental field conditions 

(Apul et al., 2005). However, in general, the portions of the pavement close to the surface are 

subjected to the most  variations in moisture content (Croney, 1952, Apul et al., 2005). 
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2.8.5.2.1. Unsaturated condition 

Pavements are initially constructed on a base of unsaturated UGMs (Ba et al., 2013) and 

throughout the life cycle of the pavement, their subgrade mostly performs as an unsaturated 

system (Ba et al., 2013). Although the unsaturated condition plays an important role in 

pavement performance (Saarenketo and Scullion, 2000, Ba et al., 2013), because of its 

complexity, this condition is far less understood (Sweere, 1990, Dawson, 2008) and current 

pavement design methods are mainly based on the assumption that the subgrade and base layers 

are saturated (Ba et al., 2013). Some of the main aspects of the unsaturated condition of the 

UGLs are presented below. 

Suction 

In unsaturated UGLs, water is restrained against the action of gravity and evaporation by a 

tension in the pore water (Croney, 1952, Sweere, 1990, Apul et al., 2002). The term “suction” 

is used for this phenomenon (Croney, 1952, Saarenketo and Scullion, 2000) and theoretically 

it is the difference between the pressure of the water phase in the unsaturated condition and 

atmospheric pressure (Croney, 1952, Dawson, 2008, Salour, 2015). It has been determined 

(Sweere, 1990, Saarenketo and Scullion, 2000, Dawson, 2008) that the total suction is 

composed of two components: matric suction and osmotic suction each with magnitudes that 

can range from 0 to 1 GPa (Dawson, 2008). The suction can be affected by moisture content 

(Croney, 1952, Saarenketo and Scullion, 2000, Apul et al., 2002, Hillel, 2003, Dawson, 2008, 

Ba et al., 2013, Saad, 2014, Salour, 2015), temperature (Dawson, 2008), compaction (Hillel, 

2003, Ba et al., 2013, McCulloch, 2015), pressure (Dawson, 2008), size of the voids (Sweere, 

1990, Hillel, 2003, McCulloch, 2015), the presence of plastic clay (Sweere, 1990, Scullion and 

Saarenketo, 1997, Saarenketo and Scullion, 2000, Hillel, 2003, Chen et al., 2013, McCulloch, 

2015),the presence of salts (Sweere, 1990, Saarenketo and Scullion, 2000), Cation Exchange 

Capacity (CEC) of materials (Sweere, 1990, Saarenketo and Scullion, 2000) and pore water 

chemistry (Dawson, 2008). However, in the highway pavement environment, the suction in the 

low range (0–100 kPa) or the mid-range (100 kPa–1MPa) is of most concern (Dawson, 2008), 

as it can affect the strength (Sweere, 1990, Saarenketo and Scullion, 2000, Apul et al., 2002, 

Ba et al., 2013, Saad, 2014, Salour, 2015), permeability (Apul et al., 2002, Saad, 2014, Lu and 

Zapata, 2016), chemical diffusivity (Lu and Zapata, 2016), and specific heat and the thermal 

conductivity of the unsaturated materials (Lu and Zapata, 2016). 
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Soil Water Characteristic Curve 

The relationship between the water content and the matric suction, is one of the most 

important properties of unsaturated medium (Salour, 2015), and is usually represented by the 

Soil Water Characteristic Curve (SWCC) (Apul et al., 2002, Hillel, 2003, Dawson, 2008, 

Salour, 2015, Lu and Zapata, 2016). Several empirical equations have been proposed to 

describe this curve (Hillel, 2003) and Figure 2-7 shows a typical SWCC. As seen, the residual 

(or the irreducible) water content cannot be reduced even by very high values of matric suction 

(Dawson, 2008). 

Hysteresis Behaviour  

For most geomaterials, the SWCC, based on a wetting or drying process, shows different 

behaviour in the wetting and drying phases (Kohnke, 1968, Apul et al., 2002, Hillel, 2003, 

Dawson, 2008). This phase dependence is called hysteresis (Apul et al., 2002, Hillel, 2003, 

Ekblad, 2007) and the hysteresis behaviour can be significantly affected by saturation history 

(Dawson, 2008), existing water content (Dawson, 2008) and the texture (Apul et al., 2002, 

Hillel, 2003). . The hysteresis of a typical SWCC is shown in Figure 2-7. As seen in Figure 

2-7, if a sub-cycle of reversal takes place, such as cyclic wetting and drying in the field, the 

scanning (intermediate) curves are followed. 
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Figure 2-7: Typical SWCC  

2.8.5.2.2. Saturated condition 

Technically, pavement structures are designed in such a way that UGLs remain unsaturated 

throughout the life of the pavement (Sweere, 1990). However, under some climate conditions 

(e.g. in spring as the frost is thawing, during periods of heavy rain, or following a rise in ground 

water level (Erlingsson et al., 2000, Reid et al., 2000, Kolisoja et al., 2002, Ekblad and Isacsson, 

2006, Ekblad, 2007)) and depending on the condition  of the pavement (with the possibility of 

micro-cracks in the surfacing)  and geological conditions (Reid et al., 2000) the UGLs may 

become saturated. 

Development of a positive pore water pressure and decreasing effective stress (Sweere, 

1990, Reid et al., 2000, Kolisoja et al., 2002, Ekblad, 2007), and upward migration of fine 

material from the lower layers of the pavement (Sweere, 1990) are the consequences of the 

saturation of UGL’s. A number of authors have considered the effects of saturation on unbound 

granular layers. Haynes (Haynes, 1961) determined a 50% decrease in resilient modulus as the 

saturation increases from 70% to 100% and an increase of up to one order of magnitude in 

permanent strain as the degree of saturation increased from 85% to full saturation. Saad (Saad, 
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2014) demonstrated that the serviceability of a pavement section decreases by half in 

comparison to a fully drained section if the pavement is saturated for only 10% of its life. Apul 

et al. (2002) recognized that the amount of damage per load application is 10 to 20 times greater 

for the saturated base condition than for an unsaturated state. According to Ekblad and Isacsson 

(Ekblad and Isacsson, 2006, Ekblad, 2007, Ekblad and Isacsson, 2008) the gradation of exsiting 

aggregates affect the resilient properties and retentive capacity of UGMs in the presence of 

water, close to saturated conditions. They concluded that the resilient characteristics of coarser 

gradations are less susceptible to saturated conditions and the retentive capacity of the materials 

increases with finer gradations.  

2.8.5.2.3. Swelling and shrinkage 

Clay minerals, possess a much larger surface area than that of primary minerals (Weinert, 

1980). Furthermore, the high concentration of cations at the surface of clay particles, in 

comparison to pore water, attract the pore water towards the clay particles. This action lowers 

the concentration of cations and causes swelling (osmotic pressure) (Sweere, 1990, Scullion 

and Saarenketo, 1997, Hillel, 2003). This process, attraction of adjacent water by clay particles, 

continues in the saturated condition and causes the  majority of the swelling (Sweere, 1990). 

However, swelling is also affected by the nature of adsorbed cations (Baver, 1956, Kohnke, 

1968, Hillel, 2003), the clay mineral species (Baver, 1956, Iwata et al., 1995, Hillel, 2003), the 

clay mineral’s surface area (Hillel, 2003), the structural arrangement of aggregate particles 

(Kohnke, 1968, Hillel, 2003), the existence of inter-particle cementation (Hillel, 2003), pH 

(Hillel, 2003), water content (Sweere, 1990, Dif and Bluemel, 1991), and electrolyte 

concentration of the solution (Iwata et al., 1995, Hillel, 2003).  

The swelling properties of clay minerals can effect their dispersal throughout the layer 

(Hillel, 2003). This spatial variation can lead to weakening of the UGMs, thereby reducing the 

life of the pavement under loading (Hussain et al., 2011, Hussain et al., 2014). Furthermore, 

swelling (and corresponding shrinkage) changes the bulk density, porosity and pore size 

distribution which govern the air content and thereby affects its chemical state ((e.g., 

oxidation–reduction potential) (Hillel, 2003). 

 Summary 

This chapter reviewed the weatherability of UGMs within the pavement structure in their 

service lifetime. The literature does not provide a unanimous agreement for the effect of 

weathering on road materials; however, it can be concluded that road aggregates can be 
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weakened as a result of weathering of their components during processing and when placed in 

their specific new in-field environmental conditions.  

Weathering processes can cause aging, and thus reduce the engineering performance 

characteristics, of UGMs. Thus, it is reasonable to assume that these materials, in their in-

service condition, may not continue to have the initial properties they were designed or initially 

tested for. Overall, the properties of parent rocks and the field environmental conditions can 

govern the weatherability of UGMs in the pavement structure and a better understanding of the 

interaction of these two factors will lead to more efficient and sustainable use of available 

resources.  

Very little is known about field environment conditions in pavements throughout the life 

cycle of the asset. However, it can be concluded that both chemical and physical weathering 

may continually affect the properties of UGMs from the production and construction processes 

to the service condition of UGMs. 

Article 1 presented the unique characteristics of water and its potential effects on UGMs. 

The current standardized tests over-simplify the properties of water and fail to consider the 

possible chemical and physical interactions between water and UGMs. This missing link in the 

testing procedures is hypothesized as a reason why the current testing procedures and methods 

do not predict well the premature failure of UGMs.  

Article 1 presents both negative and positive effects of water on UGMs; however, the 

negative effects outweigh the positive ones. In addition, it is concluded that the chemical 

composition of the water is a significant factor in controlling the weathering of UGMs and the 

presence of water in UGLs is more detrimental in warmer climates. 

Moisture susceptibility of UGMs is related to the tendency of these materials to absorb 

water. Thus, to reduce the effect of water on UGMs, water ingress into the pavement must be 

prevented, and an effective drainage system should be prepared for the UGLs. 

Overall, the short-term weathering of UGMs and the subsequent impact on the performance 

of UGLs have received relatively little attention in literature. Moreover, as outlined in Chapter 

1, there is a lack of testing procedure to determine a meaningful indicator of the effect of in-

situ environment on road aggregates. The weathering of UGMs can be a matter of particular 

interest in New Zealand, where thin surface and granular pavements make the vast majority of 

its rural highway network, traffic loads are increasing, and many pavements have high moisture 
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contents. Furthermore, the young geologic source materials in New Zealand are most 

vulnerable to environmental conditions in the topographically and spatially diverse road 

structures. It is while the majority part of the durability tests in New Zealand specifications is 

originally developed in the North America or Europe where materials and climatic conditions 

are different from New Zealand. 

A research methodology and experimental plan (described in Chapter 3 to 6) was designed 

in this research to provide a greater understanding of the issue in New Zealand. Each chapter 

describes a new or modified testing method to recognise weathering behaviour of one volcanic 

geological sourced material (Andesite). Two andesitic quarries in the North Island of New 

Zealand are selected as described below: 

1) Quarry 1: This quarry produces premium UGMs, compliant with New Zealand 

specification. 

2) Quarry 2: Materials in this quarry have lower quality (considered as marginal UGMs). 

The next chapter contains a description of the in-situ weatherability of road aggregates in 

quarries at their respective quarry sites. Although it is not an ideal comparison for investigation 

of the in-service weathering of all road materials, it is possible to assess the influence of natural 

local environmental conditions on the weatherability of aggregates. 
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 CASE STUDY, WEATHERING 

PROCESS OF ANDESITIC UGMS IN THE 

QUARRY 

 Contextural Overview 

The effect of environmental conditions on road aggregates has not been adequately 

considered in the majority of the available literature and road aggregates are mostly considered 

to have constant properties after the construction of the pavement based upon initial laboratory 

test results. However, given the importance of understanding the susceptible conditions of 

aggregates in the structure of pavements and the reported short-term deterioration that can 

occur in road materials after construction (refer to chapter 2), it is safe to assume that the 

weathering process has the potential to sufficiently degrade the properties of (some) road 

aggregates below their initial design standards. This degradation is associated to inherent 

characteristics of the parent rocks and the environmental condition where the aggregates are 

placed. Overall, weathered aggregates, either those extracted from already weathered parent 

rocks or those weathered after construction, can significantly affect the performance of the 

pavement. This is of particular interest in New Zealand, where UGLs are the main component 

of the pavement structure and its young geological resources are vulnerable to the local severe 

and diverse environmental conditions. 

The current laboratory-based tests (e.g. NZS 4407 (NZS4407, 2015)) can, to some extent, 

indicate that aggregates that are already weathered can have problems when placed in in-situ 

conditions. However, the tests mostly fail to adequately evaluate the ageing of road aggregates 

over time within the pavement (Figure 3-1). Additionally, most of the local aggregate durability 

tests have been developed for North American or European conditions where the available 

materials and climatic conditions are very different to New Zealand. Thus, it can be 

hypothesised that these tests cannot be an absolute measure of the long-term durability of road 

aggregates in the diverse environmental conditions of New Zealand. 
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Figure 3-1: General process of weathering in road aggregates 

In order to achieve more sustainable use of available local materials in the structure of road 

pavements, this chapter presents an investigation into the in-situ weathering processes of road 

aggregates for two andesitic quarries in the North Island of New Zealand. The generalised 

quality of the aggregates from the two quarries were as follows: 

3) Quarry 1: Produces high quality UGMs, compliant with New Zealand State Highway 

premium quality specifications. 

4) Quarry 2: Lower quality aggregate materials (classified as marginal). 

Based on a newly developed methodology, described in Section 3.3.2, the short-term 

weatherability (less than 15 years) of aggregates under local environmental conditions of two 

quarries is evaluated. A variety of analytical methods, including thin section petrography, Clay 

Index (CI) test, X-ray Diffraction (XRD), X-Ray Fluorescence (XRF), and image processing, 

are used to trace the effect of weathering process on mineralogical and chemical properties of 

the aggregates. With the assumption that the extracted aggregates are usually used in the 

pavements relatively nearby to the quarries (having comparable climatic conditions), the 

weatherability of materials within a quarry can be used as a very close indicator of durability 

of similar aggregates in the UGLs in the pavement structure.  

Overall, aggregate materials are generally affected by the various degrees of weathering and 

as was expected marginal aggregates are more intensely weathered. The analysis of the results 

reveals that the immediate loss of alkali and alkali-earth metals, the production of clay 
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minerals, and changes in the textural features of the primary grains are the main indications of 

the weathering in materials. 

The rest of this chapter, is largely based on the following journal article that proposes 

potentially a more reliable method to determine the weatherability of road aggregates.  

Related journal article: 

 

Sangsefidi, E., Black, P.M., Wilson, D.J. and Larkin, T.J., 2021. A comparison of 

weathering process of andesitic UGMs in two quarries in New Zealand. Construction and 

Building Materials, 279, p.122422. 

Fresh extracted UGMs were collected from the two quarries for further research undertaken 

in Chapters 4 to 6. The result of the natural weathering process of aggregates in the current 

chapter will be used to determine the efficiency of the current water absorption and WQI testing 

procedures.   

 Introduction 

Naturally occurring aggregates are extensively used in road construction practices. Road 

aggregates have a relatively high surface area to volume ratio and they experience significant 

changes from their formation condition to a completely different environment close to the earth 

surface (Minor, 1960, Fookes et al., 1988, Fookes, 1991). Thus, it can be assumed that the 

complex natural weathering processes may have a detrimental effect on the long-term 

engineering properties of these materials and may invalidate the initial design assumptions. 

The main body of literature has largely disregarded the weatherability of in-service road 

aggregates and assumed it is unlikely to take place within the engineering time-scale. It has 

been conclusively shown in a few research studies (Minor, 1960, Collett et al., 1962, Weinert, 

1984, Fookes et al., 1988, Fookes, 1991, Stevens and Salt, 2011, Sangsefidi et al., 2017), that 

weathering can occur in the pavement structure within a relatively short time. Overall, the 

propensity of road aggregates to weather is dependent primarily on the intrinsic properties of 

the aggregates, and local environmental conditions (Weinert, 1968, Weinert, 1984, Fookes et 

al., 1988, Fookes, 1991, Gidigasu, 1991, Collis and Smith, 1993). 

The failure of most flexible pavements has been attributed to the deterioration of Unbound 

Granular Layers (UGLs) over time (Hussain et al., 2011, Stevens and Salt, 2011). In the 

absence of a water-proof coating, unbound materials are in direct contact with the environment 

and become most vulnerable to the weathering process. Thus, considerations of the durability 
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of unbound materials before construction plays an underlying role in the in-service 

performance of the pavement structure. This can be of particular interest for thin surfaced or 

unsealed pavements and in locations where UGLs are more likely to be in contact with water 

(Hussain et al., 2011, Bilodeau and Doré, 2012). Generally, the presence of moisture in the 

fabric of Unbound Granular Materials (UGMs) can strongly act to weaken or degrade the 

aggregates (Fookes et al., 1988, Fookes, 1991), and because of that the location of these 

materials in relation to the current hydrological zone has been reported to significantly affect 

their durability properties (Weinert, 1968, Fookes, 1991, Gidigasu, 1991, Collis and Smith, 

1993). The moisture may enter the UGLs from the permeable surface layer, ground water table, 

run-off and the condensation and evaporation actions (Hussain et al., 2011). 

Previous research imparted the possible effect of in-service weathering process on initial 

characteristics of UGMs within short periods of time. Weathering can occur from a physical 

disintegration due to crystallization process of salts and freezing of water in the fabric of 

UGMs, the development of microfractures due to the thermal gradient in the structure of 

aggregates, or an expansion in the presence of water (Fookes et al., 1988, Collis and Smith, 

1993). The chemical weathering of aggregates may also cause the dissolution of constituent 

minerals or production of detrimental clay minerals over the engineering time scale, which can 

be released and progressively permeated through the entire UGLs. The literature has linked 

part of the failure of the pavement structures to the presence of fine materials (material passing 

No. 200 sieve) in the UGLs (Minor, 1960, Weinert, 1968, Fookes et al., 1988, Fookes, 1991, 

Gandara et al., 2005, Stevens and Salt, 2011, Bilodeau and Doré, 2012). In addition, it has been 

established that it is the characteristics of fine materials that play an important role on the 

performance of UGLs (Gandara et al., 2005, Bilodeau and Doré, 2012). Overall, the 

performance of an UGL depends upon:  

1) The drainage capacity (Gandara et al., 2005, Bilodeau and Doré, 2012),  

2) Mechanical properties (Minor, 1960, Collett et al., 1962, Collis and Smith, 1993, Gandara 

et al., 2005, Bilodeau and Doré, 2012),  

3) Moisture susceptibility (Gandara et al., 2005, Bilodeau and Doré, 2012),   

4) Frost response (Gandara et al., 2005, Bilodeau and Doré, 2012); and  

5) Presence of excess fine particles, and their mineralogical composition.  

Despite the fact that weathering processes can significantly affect the durability of road 

aggregates, only a small body of literature has considered the potential of aggregates to weather 
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over the lifetime of the pavement. Instead, laboratory-based tests evaluate the quality of 

aggregates only after the extraction and processing stages and aggregates are then usually 

assumed to have stable properties over time afterwards in their service location. Thus, these 

tests are not absolute measures of the long-term durability of road aggregates (Sangsefidi et al., 

2017), and they primarily aim to separate the already weathered aggregates from fresh ones. In 

addition, the current tests cannot predict the future (textural, mineralogical, and performance) 

of road aggregates (Weinert, 1968, Gidigasu, 1991, Collis and Smith, 1993, Stevens and Salt, 

2011). The difference in the quality of produced fines in the laboratory and the field (Minor, 

1960, Collis and Smith, 1993, Stevens and Salt, 2011), and the reports of premature failure of 

road materials all over the world (Minor, 1960, Collett et al., 1962, Fookes et al., 1988, Fookes, 

1991, Hussain et al., 2011, Stevens and Salt, 2011) indicate that the current laboratory test do 

not well reflect the potential deterioration in-service conditions.  

The weathering of UGMs can be a matter of particular interest in New Zealand, where thin 

surfaced and granular pavements make the vast majority of its rural highway network, traffic 

loads are increasing, and many pavements have high moisture contents (Hussain et al., 2011). 

Furthermore, the young geologically sourced materials in New Zealand are most vulnerable to 

environmental conditions in the topographically and spatially diverse road structures. This is 

despite the majority of the durability tests used in New Zealand specifications being originally 

developed in North America or Europe where materials and climatic conditions are different 

from New Zealand.  

To achieve a more sustainable and appropriate use of local resources, this study suggests an 

evaluation of the in-situ weathering of parent rocks of varying ages in two andesitic quarries. 

Although it is not an ideal comparison for investigation of the in-service weathering of all road 

materials, it is possible to assess the influence of natural local environmental conditions on the 

weatherability of aggregates. For the purpose of this study, the weathering and degradation of 

andesitic UGMs is defined as the production of detrimental clay minerals under the dominant 

environmental field conditions. 

 Materials and methodology 

3.3.1. Materials 

A significant proportion of roading aggregates in the North Island of New Zealand are 

procured from andesites (Black, 2009). This research investigated the potential of weathering 



Chapter 3: Case study, weathering process of andesitic UGMs in the quarry  

98 

 

 

of andesitic materials in two quarries (Quarry 1 and Quarry 2) both of which belong to the 

Coromandel Group, Omahine Subgroup (latest Miocene- early Pliocene) and are 

geographically located at a very close distance (less than 20 km apart). Both quarries primarily 

produced UGMs and are assumed to be subjected to comparatively the same environmental 

conditions (refer to section 3.3.1.0). 

Transit New Zealand (TNZ-M/4) specification (TNZ-M/4, 2006) defines a series of 

acceptance criteria for UGMs that are used in the heavily trafficked roads, including California 

bearing ratio (CBR), weathering quality index (WQI), crushing resistance (CR), sand 

equivalent (SE), clay index (CI), and plasticity index (PI). 

Table 3-1 summarizes the preliminary testing results for aggregates obtained immediately after 

extraction from each quarry (less than 7 days) and the relevant specification limits. 

Accordingly, aggregates from Quarry 1 meet requirements of the premium quality (TNZ-M/4, 

2006), while Quarry 2 produces Marginal aggregates, which possess lower quality. 
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Table 3-1: Engineering properties of aggregates* 

Testing 

method 

Properties of compacted aggregates Properties of coarse aggregates  Properties of fine aggregates  

CBR Micro Deval Abrasion 
Crushing 

Resistance 

Water 
absorption  

(%)  

 Apparent 
specific gravity  

(g/cm3) 

Weathering 
Quality Index 

(WQI) 

Clay 
Index 

(CI) 

Sand 
Equivalent 

(SE) 

Plasticity 
Index 

(PI) 
Soaked condition (%) 

Fine aggregates 

(passing 4# sieve) 

Coarse aggregates 

(on 4# sieve) 

Specification NZS 4402 ASTM- D6928-17 ASTM- D7428 − 15 NZS 4407 ASTM- C127-15 NZS 4407 
NZS 

4407 
NZS 4407 NZS 4407 

Requirement Min 80% 30 % (Max.) 25% (Max.) 
Max. 10% 
@130 kN 

- - 
AA, AB, BA, 
AC, CA, BB 

3.0 
(Max.) 

40 (Min.)  

5 (Max.) or 

 Non-Plastic 

(NP) 

Quarry 1 169 9.01% 4.97% 6.02% 0.66% 2.74 BB 2.9 62 NP 

Quarry 2 208 11.95% 5.43% 3.60% 1.23% 2.71 BB 6.3 43 5.7 
* The bolded results do not comply with passing requirements and the underlined results are close to fail the requirements 
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3.3.1.1. Environmental condition 

The environmental parameters such as rainfall and temperature can affect the weathering 

process of aggregates in quarries. The climatic data (Figure 3-2) were extracted from the closest 

station to the quarries (8 km and 23 km away from Quarry 1 and Quarry 2, respectively). 

Generally, high relative humidity and number of rainy days, which can resemble a number of 

W-D processes, in conjunction with the moderate temperature can provide the appropriate 

environmental condition to accelerate the chemical weathering of geomaterials.  

a) b) 

  
Figure 3-2: Average monthly values of selected climatic parameters (from 1998- 2018), a) 

rainfall versus number of rainy days, and b) relative humidity versus ambient temperature. 

Rainy days defined as the number of days with 0.1mm or more rainfall. Data from the National 

Institute of Water and Atmospheric Research website (NIWA, 2019) 

3.3.2. Methodology 

3.3.2.1. Classification of materials 

Recent quarrying into the andesite lava has exposed the relics of materials in each level of 

quarries to local environmental conditions. The quarries have been established for many years 

and could provide aggregates with a reliable historical background of weathering ages, i.e. 

weathered materials aged from four months to 15 years and from six months to 12 years in 

Quarry 1 and Quarry 2, respectively. In this study, two years or less exposure is considered 

having been immediate weathering; otherwise, it is referred as extended weathering. 

Visual observations revealed various rates of changes in the properties of relic materials 

(Figure 3-3). Due to effects of the environment, the physical properties of materials, such as 

porosity and hardness, on the face of quarries were reduced (Figure 3-3.a and b). Theoretically, 

weathered materials may detach from the surface edges when the chemical bond within rocks 

component are overcome by external forces. These materials were stacked at the foot of the 
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quarry bench edges (producing residual fines (Figure 3-3.b)) and continued to weather 

afterwards. In addition, obvious discolorations, from greyish to yellowish and even shades of 

reddish of relic materials enhanced the possibility of weathering of materials within quarries 

(Figure 3-3.d). In order to evaluate the effects of environmental conditions on the properties of 

materials in both quarries, sets of samples were collected from quarry benches at different 

heights (above the quarry floor) and then various diagnostic tests were carried out to measure 

the level weathering.  

 

Figure 3-3:  A simple cross-section of a quarry face  and locations where samples were 

taken, a) weathered cut-face, b) Residual fines at the foot of the cut-face, c) schematic 

weathering of block of materials on the surface of the quarry face, d) discoloration of the 

surface of andesite blocks (the original greyish colour of fresh aggregates has been replaced by 

brownish-yellow iron oxide), e) cross sections through andesite blocks with weathering rinds 

on their exposed outer surface (upper: sample of Quarry 1, lower: sample of Quarry 2).  

Sample sets from each level of the quarries contain four sub-samples (SS) indicating four 

possible sequences of weathering. SS-0 was selected from the interior of andesite blocks 

(Figure 3-3.c and d), which are cut, pulverized and passing a 75- micron sieve. Due to the 

relatively large size of these blocks, it is assumed that the SS-0 sample has been isolated from 
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weathering agents and represents un-weathered materials. The materials on the surface of the 

blocks, i.e. weathering rinds (WR), are notably different in the hardness and colour compared 

to the block’s interior part (SS-0) (refer to the change in the colour of stones from its interior 

to the rind in Figure 3-3. e). Although the WRs are still coherent they are lighter in colour and 

are easy to scratch with a steel pin-point. These materials represent the immediate effect of 

weathering agents on parent rocks in quarries. SS-I was collected after scraping of WR 

materials from the surface of the andesite blocks and sieving through a 75- micron sieve. It is 

notable that the boundary of WR was not discernible for 12-year old blocks collected from the 

Quarry 2, thus due to evident changes in the fabric and the colour the whole blocks are 

categorised as WR materials.  

It is assumed that the weathering processes continues to affect the Residual Fines (RFs) at 

the foot of the quarry bench edges. The RFs have a relatively high surface area, and thus can 

be subjected to a more accelerated weathering condition compared to the larger stones at the 

face of the face of the quarry. These materials were sampled in 20-25 centimetres depth after 

eliminating 10 centimetres of the overburden. The bulk residual fines contain a gradation of 

particles (majority passing 4.75 mm sieve). The coarser particle, mainly in the long-term 

weathering condition, are quite porous and friable. However, the unweathered materials are 

still present to some extent in larger grains of the less weathered samples. After drying at room 

temperature, the bulk residual fines were pulverized and then sieved through a 75- micron sieve 

(represented as SS-II materials). It is believed that the weathering processes decomposes 

geomaterials and naturally produces very fine weathering products. Thus, the oven-dried bulk 

RF were sieved and the finest fraction (passing 75-micron sieve) represents the possible worst 

condition of weathering and considered as SS-III. Three-part symbols were used to denote the 

testing samples; the first part specifies the target quarry, the middle one shows the weathering 

age of materials, and the last part is a Greek number that indicates the sub-sample (SS-0, I, II, 

III). Figure 3-3 summarizes corresponding symbols. 
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Table 3-2: Material symbols 

Quarry 1 

Duration of weathering Stage-0 Stage-I Stage-II Stage-III 

Immediate 

weathering 
4-month Q1-4m-0 Q1-4m-I Q1-4m-II Q1-4m-III 

Extended 

weathering 

4-year Q1-4Y-0 Q1-4Y- I Q1-4Y- II Q1-4Y- III 

10-year Q1-10Y-0 Q1-10Y- I Q1-10Y- II Q1-10Y- III 

15-years Q1-15Y-0 Q1-15Y- I Q1-15Y- II Q1-15Y- III 

Quarry 2 

Duration of weathering Stage-0 Stage-I Stage-II Stage-III 

Immediate 

weathering 

6-month Q2-6m-0 Q2-6m- I Q2-6m- II Q2-6m- III 

14-month Q2-14m-0 Q2-14m- I Q2-14m- II Q2-14m- III 

Extended 

weathering 

3-year Q2-3Y-0 Q2-3Y- I Q2-3Y- II Q2-3Y- III 

6-year Q2-6Y-0 Q2-6Y- I Q2-6Y- II Q2-6Y- III 

12-year * - Q2-12Y- I - - 
* Residual fines on this bench were manipulated on site and thus excluded from the study   

The mineralogical and chemical properties of the materials were examined to better 

understand the weatherability characteristics of road materials and trace the weathering 

products. A variety of analytical instruments, including X-Ray Diffraction (XRD), X-Ray 

Fluorescent (XRF) analysis, petrography thin section, methylene blue adsorption (clay index) 

test, and image processing were carried out (Figure 3-4 shows the testing plan). The testing 

results for all sub-samples were compared with those of fresh materials, as control samples. 

The amount of variations implied the weathering grades and durability of the materials 

subjected to the local environmental conditions.  

 

Figure 3-4: Testing plan 

3.3.2.1.1. X-ray diffraction (XRD) analysis 

The diffraction pattern of powder and oriented samples were measured using a PANalytical 

Empyrean X-ray diffractometer operating at 45 kV and 40 mA conditions. The diffractometer 

utilized a Cu K-alpha radiation, with a 1.5406 Å wavelength, and was equipped with a graphite 
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monochromator with a PIXcel Detector. Scanning of samples were accomplished at a 2θ angle 

ranged from 5 to 60°, with a step size of 0.013° and an integrated 100 s dwell time. 

A three-staged pre-treatment procedure was employed to separate clay-sized particles in 

weathered materials and to prepare oriented samples on 2.54 cm slides. The pre-treatment 

procedure includes dispersion of materials using sodium polymetaphosphate, separation of 

clay-size particles via centrifugation, then pipetting the clay fraction onto glass slides and air 

drying. To identify the mineralogical properties of clays, three analyses were performed on 

oriented samples in the following sequences. (1) air dried, (2) ethylene glycol-treated at 60oC, 

for 20 hours, to check for expanding smectite-group minerals, and (3) heat-treated for 45 

minutes at 550 oC to identify chlorite and kaolinite minerals. 

3.3.2.1.2. Methylene blue titration- Clay Index (CI) test 

The CI test is able to indirectly assess the presence of detrimental expansive clays in the fine 

fraction (passing 0.075 micrometre sieve) of geomaterials (NZS4407, 2015, Sangsefidi et al., 

2017). Additionally, this test can provide information about the exchange capacity and the 

available surface area of existing clay minerals, and the ability of clay minerals to attract and 

hold water (Sangsefidi et al., 2017). The local code (TNZ-M/4, 2006) recommends a maximum 

CI of three for a state highway premium quality basecourse material. 

3.3.2.1.3. Thin section analysis 

Petrographic thin section analysis was used to determine the mineralogical composition and 

microstructural of the aggregate samples. To provide an understanding of the effect of natural 

weathering conditions on the stability of primary constituent minerals, the polished thin 

sections were made from fresh aggregates and collected weathered andesite blocks having 

weathering rinds. Then the petrographic analysis was carried out under a polarised light optical 

microscope (Nikon Eclipse E400). To prevent the removal of softer portions of weathered 

materials during the polishing process, they were impregnated in a resin, vacuumed, and then 

conditioned at 50 oC overnight 

3.3.2.1.4. Image processing 

Image processing techniques were used to quantify the weathering of two sources of 

andesitic aggregates. Grey Level Co-Occurrence Matrix (GLCOM) was used to evaluate the 

texture of feldspar phenocryst on the images taken from thin sections in fresh and Stage-1 

weathering conditions. Among 14 textural features extracted from GLCOM, contrast (a 
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measure of local variations), energy (a measure of textural uniformity), entropy (a measure of 

disorder), and homogeneity have been used frequently in the literature to classify geomaterials 

(Haralick and Shanmugam, 1973, Baraldi and Parmiggiani, 1995, Partio et al., 2002, Lepistö 

et al., 2003, Lepistö, 2006).  

Moreover, the variation in the colour of materials in Stage-III of weathering was 

characterised using image processing in MATLAB Software. Images were taken by a Leica 

microscope at 1x magnification under the LED dome light. The differences in visual perception 

of colours was measured using Delta E concept which is defined based on the colour location 

within the CIE 1976 colour space, (L *a*b* colour space). The CIE L*a*b colour space has 

three components. L is associated with Lightness or Luminosity and has values ranging from 

0 to 100. The chromaticity is represented by two parameters ‘a’ and ‘b’, which have values 

ranging from -128 to +127. Parameter ‘a’ shows green to red colour component and parameter 

‘b’ represents blue to yellow component. The higher values of Delta E were associated to 

greater differences between colours in two images. The proportions of brown and yellow 

colours (the primary colours produced in the weathered materials) were also used to measure 

the change between images and the presence of different types of iron oxides in the samples.  

3.3.2.1.5. X-Ray Fluorescence (XRF) analysis 

The elemental composition of samples was determined using XRF analysis. The Analysis 

were carried out using a PANalytical Axios 1 kW wavelength dispersive X-ray fluorescence 

(WD-XRF) spectrometer. The X-ray fluxing agent (12:22 - lithium tetraborate 35.3% Lithium 

metaborate 64.7%) was mixed with the materials, in a 1:2 ratio (3.5000 g fine materials to 

7.000 g flux), to prepare the fused beads. The fusion process of the samples was conducted in 

Pt-Au crucibles, in an automated PANalytical Eagon furnace at 1000 oC, the resultant beads 

were stored in a desiccator chamber before starting the XRF analysis. The Loss of Ignition 

(LOI) of materials was measured by heating approximately 1.5-2.5 g of the bulk sample at 900 

oC in a muffle furnace for 16 hours. 

 Results 

3.4.1. Colour variations 

Several researches (Nagano and Nakashima, 1989, Arıkan et al., 2007, Koca and Kıncal, 

2016) have reported that the degree of discolouration is a sign of moderate to intense 

weathering conditions of geomaterials. Accordingly, the evident variations of colours of 
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materials in Stage-III of weathering over time (Figure 3-5) depicts an influence of chemical 

weathering on the development of colours in a relatively short time period. The original colour 

of fresh andesites, which are almost grey (Figure 3-5. a and f for Quarry 1 and Quarry 2 

materials, respectively), transitions to yellowish and brownish colours (Figure 3-5. b-e and g-

j). These variations in the colour are associated with the state of oxidation of iron-bearing 

minerals and the production of goethite, that is mostly yellowish, and hematite, which has 

brownish and reddish coloration (Hendricks and Whittig, 1968, Hoffer, 1970, Torrent et al., 

1983, Nagano and Nakashima, 1989, Arıkan et al., 2007). 

a) b) c) d) e) 

     
f)  g)  h)  i)  j)  

     
Figure 3-5: Images at 300 * 300 pixels of a) Fresh materials- Quarry 1, b) Q1-4m-III, c)  

Q1-4Y-III, d) Q1-10Y- III, and e) Q1-15Y- III, f) Fresh materials- Quarry 2 , g) Q2-6m- III, h) 

Q2-14m- III, i) Q2-3Y- III, j) Q2-6Y- III. The original greyish colour of materials is obliterated 

by iron oxides.  

The results of image analysis (Table 3-3) show the considerable effect of weathering on the 

colour of the materials. It can be depicted by an increase in Delta E. One-way ANOVA revealed 

a statistically significant difference in Delta E of Quarry 1 (F (4,9) = 250.07, p << 0.01) and 

Quarry 2 materials (F (4,9) = 149.82, p << 0.01) at 95% confidence interval. Generally, 

weathered materials in Quarry 1 show higher difference in the colour when compared to the 

Quarry 2 materials. This is thought to be related to the longer duration of weathering in the 

collected samples in this quarry (15 year in comparison to 6 year). Moreover, the difference 

between the colour of fresh materials in the two quarries (Delta E= 4.54, SD=0.054) can play 

a role. Compared to the Quarry 1 materials, the fresh materials in Quarry 2 contain a 

significantly higher proportion of yellow and brown colours (t(4)=9.72, p=0.001 for yellow 

colour and t(4)=13.29, p<0.001 for brown colour at 95% confidence interval). 

400 m 400 m 400 m 400 m 400 m 

400 m 400 m 400 m 400 m 400 m 
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It is also notable that two sources of andesitic aggregates show a similar distribution trend 

of yellow and brown colours. The proportion of yellow colour grains (goethite) increases 

initially and then decreases with the duration of weathering, whereas, the brown colour shows 

an increasing trend. This finding confirms the production of large-sized goethite (which has a 

yellowish colour (Torrent et al., 1983, Nagano and Nakashima, 1989)) at the beginning of the 

weathering. The weathering processes then proceeds resulting in smaller size of goethite and 

the development of hematite (having brownish and reddish colours (Torrent et al., 1983, 

Nagano and Nakashima, 1989)). The brownish colour of hematite is able to mask the colour of 

goethite (Torrent et al., 1983), and thus, highly weathered materials can be characterized by 

more brownish colours. It is also notable that one-way ANOVA revealed a statistically 

significant difference in proportion of yellow colour (F (3,7) = 72.67, p << 0.01 for Quarry 1 

materials and F (3,7) = 13.22, p =0.015 for Quarry 2 materials), and proportion of brown colour 

(F (3,7) = 183.20, p << 0.01 for Quarry 1 materials, and F (3,7) = 19.38, p =0.008 for Quarry 

2 materials) at 95% confidence level. 

Table 3-3: Quantitative image processing of weathered materials 

Quarry 1 materials 

Parameters Fresh 4m-III 4Y-III 10Y-III 15Y-III 

Delta E 

(compared to Fresh materials) 
0 47.27 25.05 36.72 33.92 

Proportion of Yellow colour 0.23 1.00 1.30 0.87 0.76 

Proportion of Brown colour 0.01 1.00 0.94 1.66 1.46 

Quarry 2 materials 

Parameters Fresh 6m-III 14m-III 3Y-III 6Y-III 

Delta E 

(compared to Fresh materials) 
0 12.62 19.89 17.10 34.06 

Proportion of Yellow colour 0.30 1.00 0.52 0.57 0.46 

Proportion of Brown colour 0.23 1.00 3.15 2.92 3.41 

3.4.2. XRD analysis 

The mineralogical composition of fresh materials (Figure 3-6) confirmed that both sources 

of aggregates from Quarry 1 and 2 respectively, have almost the same mineralogy, and that 

feldspar and pyroxene are the main crystalline components. 
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Figure 3-6: Air-dried diffractograms of Quarry 1 and Quarry 2 fresh aggregates stockpiles 

(Ab: albite, An: anorthite, Aug: augite, Mc: microcline, Or: orthoclase).  

3.4.2.1. Stage-0 (interior of andesite blocks) 

The XRD patterns of Stage-0 materials in Quarry 1 demonstrate consistent results regardless 

of the spatial location of the sampling (Figure 3-7.a). In contrast, the intensity and width of 

peaks for materials in Quarry 2 show discernible changes. These results are likely to be related 

to the following reasons. First, the mineralogy of the materials at the current face of the quarry, 

where the extraction took place, are different. Second, weathering agents are able to penetrate 

more easily into the inner parts of materials, due to higher water absorption. Third, the 

microstructure of materials in Quarry 2 are more susceptible to weathering. However, the 

production of clays (kaolinite) in the long-term weathered aggregate (6 years) of Quarry 2 gives 

prominence to the latter two assumptions. It is also notable that clay minerals have a great 

affinity to absorb water, which can even accelerate the process of weathering. 
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a) b) 

  
Figure 3-7: Air-dried diffractograms of Stage-0 materials, a) Quarry 1, and b) Quarry 2 

3.4.2.2. Stage- I (WR of andesite blocks) 

The diffractograms of Stage-I materials (Figure 3-8) depicts the production of clay minerals 

in the early stage of weathering. The replacement of strong primary minerals by weak clay 

minerals results in the loss of strength of materials in Stage-I, as reported in the visual 

observations (Section 3.3.2.1). The mineralogical XRD results demonstrate that the short-term 

weathering lead to the formation of smectite minerals. By increasing the duration of 

weathering, smectite gradually disappeared and halloysite (in Quarry 1) and kaolinite (for both 

quarries) were found in the clay fraction. The presence of kaolinite in the longer duration of 

weathering in stage-I materials is consistent with that of (Hendricks and Whittig, 1968, 

Chesworth, 1977, Meunier, 2005, Bartley et al., 2007, Chesworth et al., 2008, Black, 2009, 

Bergaya and Lagaly, 2013, Essington, 2015) who specified kaolinite as the common product 

of more intense weathering conditions. The intense leaching condition and rapid wetting and 

drying cycles that Stage-I materials are exposed to on the face of quarries can also lead to 

production of kaolinite (Jackson et al., 1948, Eberl, 1984). Overall, due to the replacement of 

the strong primary minerals with weak clays in the short-term, caution must be applied about 

the durability of these materials in the pavement environmental condition. 
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c) d) 

  
e) f) 

  
g) h) 

  
k)  

 

 

Figure 3-8: Air-dried, Glycol-treated, heat- treated diffractograms of Stage-I materials, a) 

Q1-4m-I, b) Q1-4Y-I, c) Q1-10Y-I, d) Q1-15Y-I, e) Q2-6m-I, f) Q2-14m-I, g) Q2-3Y-I, h) Q2-

6Y-I, k) Q2-12Y-I 

3.4.2.3. Stage III (fine fraction of RFs) 

Figure 3-9 illustrates the diffractograms of Stage-III materials. Unlike Stage-I materials, a 

trace of smectite has been detected in all residual fines in Quarry 1. This result is not in accord 
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with the general sequence of clay mineral production in the normal weathering process 

(Chesworth, 1977, Bartley et al., 2007, Essington, 2015). A possible explanation for this 

finding may be the inadequate leaching condition of residual fines, compared to the weathering 

rinds on the face of the quarry, which provides a condition that could produce smectite 

(Bergaya and Lagaly, 2013). In contrast, the production of smectite is suppressed in Quarry 2 

materials as compared to kaolinite over long-term weathering. It could be argued that the 

intense weathering of residual fines in this quarry favoured the production of kaolinite, which 

is more stable than smectite. Considering the comparatively poor drainage condition of the 

UGLs in a pavement structure, it is more likely that the selected materials produce detrimental 

smectites, comparable to the Stage-III residual fines, while in the service condition. Generally, 

the XRD test results revealed that Quarry 2 materials are more weatherable. This conclusion is 

consistent with the propensity of these materials to absorb water, and the existence of a higher 

proportion of detrimental clays in the corresponding Stage-0 (Figure 3-7) and fresh fine fraction 

(based on the CI, SE, and PI results in Table 3-1)). 
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a) b) 

  

c) d) 

  
e) f) 

  
g) h) 

  

Figure 3-9: Air-dried, Glycol-treated, heat- treated diffractograms of Stage-III materials, a) 

Q1-4mIII, b) Q1-4YIII, c) Q1-10YIII, d) Q1-15YIII, e) Q2-6mIII, f) Q2-14mIII, g) Q2-3YIII, 

h) Q2-6Y-III  

3.4.3. Clay index test 

CI results (Figure 3-10) are consistent with the XRD analysis. Quarry 1 materials show a 

relatively small variation of results at Stage-0 (mean= 3.1 and SD= 1.1), whereas, the variations 
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are higher for Quarry 2 materials (mean= 5.1 and SD= 2.0). This can either be related to the 

inconsistency of material properties in the depth of the current face of the quarry or the 

penetration of weathering agents into the interior parts of coarse blocks. Overall, CI results 

exhibit an increase from Stage-0 to Stage- III in each individual duration of weathering. It is 

notable that the increase in CI results in Stage-I as compared to Stage-0 materials is statistically 

significant for both quarries (t(14)=7.5, p~0 for Quarry 1, and t(16)=4.15, p=0.001 for Quarry 

2). A possible explanation could be the production of swelling clay minerals in the WRs of 

andesite blocks, irrespective of the duration of weathering. Additionally, the decrease in the CI 

results of Stage-I with the duration of weathering is in line with the replacement of smectite 

with kaolinite (refer to XRD results), which has a comparatively lower cation exchange 

capacity and thus CI values (Sangsefidi et al., 2017). The CI results of Stage-III materials even 

further increase, compared to Stage-I materials, however, this increase is not significant for 

Quarry 2 materials (t(14)5.87, p~0 for Quarry 1, and t(20)=1.95, p=0.07 for Quarry 2). The 

significant increase in CI results of Quarry 1 materials in Stage-III is associated with the 

presence of smectite, whereas, kaolinite is the dominant clay mineral in Marginal aggregates.  

a) b) 

  
Figure 3-10: Variation of CI test results with the duration of weathering in Stages 0, I, and 

III. a) Quarry 1 materials, b) Quarry 2 materials.  

3.4.4. Thin section 

Both sources of aggregates are porphyritic andesites with phenocrysts, primarily of feldspar 

and pyroxene, set in fine-grained groundmass of feldspars, pyroxenes, glass, and iron oxides 

(Figure 3-11). These findings accord with XRD analysis of fresh aggregates. However, there 

exist distinct differences in the structure of materials in Quarry 1 and Quarry 2 that can be 

associated with the cooling history of parent rocks. First, phenocrysts are larger and more 

abundant in Quarry 1 materials and second, the groundmass is more glassy in Quarry 2 

aggregates. The higher crushing resistance and CBR values of Quarry 2 materials (Table 3-1) 

0

10

20

30

40

50

4-month 4-year 10-year 15-years

C
I

Duration of weathering

Stage-0

Stage-I

Stage-III

0

10

20

30

40

50

6-month 14-month 3-year 6-year 12-year

C
I

Duration of weathering

Stage-0

Stage-I

Stage-III



Chapter 3: Case study, weathering process of andesitic UGMs in the quarry  

114 

 

 

can be related to the hardness of glass (Karpuz and Pa, 1997, Black, 2009). On the negative 

side, the glassy groundmass and plagioclase microlites are the most reactive component in 

andesite (Hendricks and Whittig, 1968, Black, 2009), which tends to weather to produce 

smectite clays (Black, 2009) and subsequently reduce the strength of geomaterials.  

a)  b) 

  
c) d)  

  

Figure 3-11: Polished thin sections of fresh aggregates, (a, b) Quarry 1 aggregate, a) is a 

view under crossed polars, and b) is in the plane- polarized light. (c, d) Quarry 2 aggregates, c) 

is a view under crossed polars; d) is in the plane- polarized light. Phenocrysts are primarily 

plagioclase and minor pyroxene grains are marked with white arrows in plane- polarized light 

photos. 

3.4.4.1. Grey Level Co-Occurrence Matrix (GLCOM) 

 GLCOM technique is used to measure the effect of weathering on the texture of plagioclase 

phenocrysts. Table 3-4 summarises the results for textural features, extracted from GLCOM 

for plagioclase grains in unweathered and Stage-I weathering conditions. The independent t-

test analysis shows that in all conditions the null hypothesis (H0) was rejected to a level of 95% 

confidence except for one case of marginal material in the feature of energy. The significant 

difference between textural characteristics indicates that the microstructure of the feldspar 

0.5 mm 0.5 mm 

0.5 mm 0.5 mm 
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grains is not preserved in quarries after a very short term of weathering. This finding helps to 

explain the short-term weathering of materials in the quarries and the resultant variations in the 

colour and production of clay minerals. Overall, the transition between unweathered and short-

term weathered materials is characterized by an increase in contrast and entropy, and a decrease 

in homogeneity and energy features. It reflects the lower uniformity and higher textural 

disorders of feldspar grains after a short-time of weathering in Stage-I. 

Table 3-4: Variation of texture features in plagioclase (Fresh and Weathered)* 

Textural Features 

Contrast Entropy Energy Homogeneity 

Mean 
Standard 

Deviation 
Mean 

Standard 

Deviation 
Mean 

Standard 

Deviation 
Mean 

Standard 

Deviation 

Premium aggregates 

Unweathered 220.98 89.25 6.57 0.79 0.00330 0.00533 0.2790 0.1065 

Stage- I 375.19 119.94 7.30 0.27 0.00047 0.00030 0.1827 0.0333 

p-value ** 

(t-test result) 

0.000028 

(H0 is rejected) 

0.000442 

(H0 is rejected) 

0.024681 

(H0 is rejected) 

0.000602 

(H0 is rejected) 

Marginal aggregates 

Unweathered 220.73 50.65 5.89 0.42 0.00896 0.0080 0.3629 0.0840 

Stage- I 434.21 283.11 6.97 0.58 0.00350 0.0085 0.1912 0.0667 

p-value 
(t-test result) 

0.0084 
(H0 is rejected) 

0.000016 
(H0 is rejected) 

0.116 
(H0 is not rejected) 

0.000017  
(H0 is rejected) 

* Overall 42 grains (21 grains for unweathered and 21 grains for Stage-1 weathered materials) were investigated 

for each sources of aggregates. 
** The null hypothesis is that the means of features for unweathered and Stage-I materials are equal. 

3.4.5. Chemical analysis 

Materials collected from Quarry 1 and Quarry 2 were analysed for major element 

compositions (Table 3-5). Although the chemical composition of fresh materials in the two 

quarries differ somewhat, both materials fall within the definition of andesite (Hendricks and 

Whittig, 1968). It is notable that fresh material in Quarry 2 is richer in Na2O and K2O, which 

can be related to the presence of more glass in their composition (Black, 2009).  

The effect of the weathering process on the composition of the materials is, however, 

different in a number of respects. First, the Stage-0 materials in Quarry 1 have a low variance, 

which is analogous to fresh materials. In contrast, the composition of Stage-0 materials from 

Quarry 2 are more variable (Table 3-6). These results are consistent with the XRD analysis and 

CI test results which all indicate either the homogeneity of rock materials from Quarry 1 or 

greater propensity of Quarry 2 aggregates to weathering. 
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Table 3-5: Major element composition of samples*   
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SiO2 60.13 60.16 54.23 55.44 46.56 59.51 59.01 63.52 60.29 60.12 55.88 61.59 59.75 60.15 57.42 55.96 57.13 

TiO2 0.80 0.80 0.52 0.59 0.36 0.81 0.75 0.87 0.69 0.81 1.29 0.89 0.96 0.81 1.26 0.77 0.92 

Al2O3 20.28 20.33 20.12 16.95 18.16 20.29 28.91 21.43 27.21 20.24 28.98 22.63 26.39 20.09 27.13 20.71 25.15 

Fe2O3
** 5.21 5.21 19.30 19.85 29.68 5.94 5.91 7.76 7.14 5.22 6.38 10.42 9.09 5.05 7.42 17.31 12.68 

MgO 1.59 1.54 0.96 0.73 0.80 1.69 0.73 1.10 1.14 1.65 0.71 1.31 1.33 1.54 0.54 0.60 0.84 

MnO 0.07 0.07 0.25 0.29 0.46 0.09 0.11 0.09 0.09 0.08 0.06 0.21 0.10 0.07 0.08 0.36 0.21 

CaO 7.61 7.31 2.66 3.28 2.53 7.58 2.19 2.30 1.58 7.92 3.83 1.58 1.18 7.73 3.14 2.02 1.70 

Na2O 2.91 3.35 1.30 1.97 0.93 2.97 1.38 1.26 0.76 2.47 2.25 0.52 0.37 3.16 2.37 1.45 0.78 

K2O 1.24 1.11 0.52 0.74 0.37 1.01 0.97 1.63 1.07 1.39 0.54 0.76 0.74 1.29 0.59 0.69 0.50 

P2O5 0.12 0.12 0.13 0.15 0.15 0.12 0.05 0.04 0.04 0.12 0.08 0.10 0.09 0.12 0.06 0.13 0.10 

LOI*** 

(%) 
5.13 4.16 15.14 12.93 16.49 4.86 15.67 15.51 16.86 5.54 13.91 18.71 18.06 4.01 12.71 15.47 18.75 
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SiO2 60.45 59.08 57.12 59.58 63.60 63.05 59.39 58.28 56.93 61.43 64.98 60.16 59.08 64.14 64.87 63.76 63.60 63.67 

TiO2 0.95 1.06 1.22 1.00 1.27 1.16 1.38 1.27 1.53 1.00 1.32 1.18 0.64 1.06 1.22 1.25 1.27 1.05 

Al2O3 15.91 16.88 18.41 16.16 22.78 18.87 18.80 22.38 22.60 17.63 17.92 25.62 12.72 20.06 21.20 19.67 22.78 18.08 

Fe2O3
** 9.85 7.94 10.92 9.27 9.21 4.59 13.33 12.06 13.89 7.56 9.58 9.29 19.13 7.06 8.62 10.0 9.21 6.72 

MgO 2.43 2.82 1.04 2.52 0.56 1.90 0.84 0.96 0.90 1.89 0.78 0.57 1.65 1.06 0.55 0.58 0.56 0.77 

MnO 0.22 0.13 0.07 0.16 0.23 0.10 0.33 0.51 0.59 0.09 0.13 0.31 0.94 0.05 0.14 0.24 0.23 0.04 

CaO 5.33 6.23 6.33 5.89 0.58 4.59 2.11 1.73 1.31 4.52 0.96 0.69 2.76 2.36 0.49 0.74 0.58 3.57 

Na2O 3.34 3.89 4.00 3.61 0.74 3.51 1.89 1.40 1.07 3.73 1.85 0.95 1.88 2.43 1.11 1.42 0.74 3.68 

K2O 1.35 1.77 0.75 1.62 0.890 1.99 1.78 1.24 1.00 1.93 2.30 1.06 1.10 1.62 1.59 2.06 0.89 2.19 

P2O5 0.18 0.16 0.10 0.14 0.11 0.18 0.11 0.12 0.13 0.16 0.13 0.13 0.07 0.12 0.17 0.19 0.11 0.17 

LOI*** 

(%) 4.49 4.03 6.06 7.62 10.53 5.15 10.25 13.36 16.10 5.31 12.60 16.55 17.09 8.16 12.02 16.93 17.77 15.30 

* Rock data are normalized on an anhydrous basis (LOI are excluded) 
**Total iron is calculated as Fe2O3 
*** LOI =loss on ignition 

 

Table 3-6: Variation in chemical composition of Stage-0 materials in various levels of the 

two quarries- in percent 

Elements 
Quarry 1 Quarry 2 

Mean SD Mean SD 

SiO2 59.99 0.32 61.93 2.20 

TiO2 0.81 0.01 1.07 0.07 

Al2O3 20.24 0.11 18.36 1.40 

Fe2O3 5.36 0.40 6.79 1.51 

MgO 1.61 0.08 1.92 0.72 

MnO 0.08 0.01 0.09 0.03 

CaO 7.64 0.26 4.43 1.59 

Na2O 2.99 0.38 3.39 0.66 

K2O 1.20 0.17 1.83 0.17 

P2O5 0.12 0.00 0.16 0.03 

A comparison of chemical composition of materials in the different stages of weathering 

indicates the depletions in Na2O, MgO, and CaO and increases in Al2O3, and Fe2O3 in 

weathered materials, while the proportion of SiO2 is almost stable (Table 3-5 and Figure 3-12). 
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The highest enrichments and depletions are associated with Stage- III of weathering. A close 

inspection also reveals that alkali and alkali earth elements tend to leach out of the materials 

quickly, a phenomenon which is more pronounced in Quarry 2 materials. This result is directly 

related to the short-term weatherability of rock materials, which contain susceptible 

plagioclases and highly weatherable glassy groundmass, within the freshly exposed faces of 

the quarries and the production of clay minerals afterwards. The LOI increases significantly 

with weathering stages (F(4,16)= 50.966, p~0 for Quarry 1 materials, and F(4,17)= 5.863, 

p=0.006 for Quarry 2 materials). This result reflects the increase in amount of clay minerals as 

a result of the process of weathering (Koca and Kıncal, 2016). 
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a) 

 
b) 

 
Figure 3-12: Proportion of elements after weathering with reference to fresh materials, a) 

Quarry 1, and b) Quarry 2. The size of dots increases from Stage-0 to Stage-III. 
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3.4.5.1. Weathering indices 

A number of chemical weathering indices have been proposed in the literature, which are 

usually based on the mobility properties of major constituent elements. This study uses two 

relevant indices, Chemical Index of Alteration (CIA) (Equation 3-1), and the Weathering Index 

of Parker (WIP) (Equation 3-2), to appraise the intensity of weathering of andesites in the 

quarries. The CIA index is able to evaluate the weathering of feldspars to clay minerals 

(Nagarajan et al., 2015, Tunçay and Dengiz, 2016), and can also indicate the relative content 

of clay minerals (Tunçay and Dengiz, 2016). WIP index is related to the variation in the 

concentration of the most mobile elements (alkali and alkaline earth metals) (Colman, 1982, 

Tunçay and Dengiz, 2016) and is sensitive to the early stages of weathering (Colman, 1982). 

2 3

2 3 2 2

Al O
CIA 100

Al O CaO Na O K O

 
=  

+ + + 
 Equation 3-1 

2 22Na O MgO 2K O CaO
WIP 100

0.35 0.9 0.25 0.7

 
= + + +  
 

 Equation 3-2 

Where, 

Al2O3, CaO, Na2O, K2O, and MgO are the molecular proportion of the relevant elements. 

The variation of weathering indices (Figure 3-13) shows that the CIA results generally 

increase with time of weathering for both quarries and that the WIP decreases over time. These 

variations demonstrate the degrees of weathering that occurs within engineering time and are 

quite revealing in several ways. The Stage-0 materials in Quarry 1 have almost the same 

indices. The limited differences in the intensity of weathering in these materials is consistent 

with the XRD analysis and CI test results and confirms that they were not in contact with 

weathering agents. In contrast, Stage-0 materials in Quarry 2 show considerably wider 

variations in results, which depicts an increase in the intensity of weathering of these materials 

with the age of the parent andesite block. The higher variation in the intensity of weathering of 

Stage-0 materials in Quarry 2 can either be related to the higher water absorption of these 

materials or the greater propensity of finer grained geomaterials to decompose under the effect 

of weathering agents.  

The WIP index, when compared to the CIA index, indicates a subtle variation in the intensity 

of weathering of Stage-0 and I materials in Quarry 1, which signifies the greater sensitivity of 

this index to the short-term weathering conditions. It is also apparent that the rate of weathering 

of materials gradually decreases with weathering stage, as can be seen in Figure 3-13. The 

https://www.thesaurus.com/browse/appraise
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results show the greater propensity of Quarry 2 materials to weathering in a relatively shorter 

time in comparison to Quarry 1. This behaviour can be partly explained by the production and 

existence of more clay minerals within the parent source, which have higher cation exchange 

capacity. Clay minerals tend to absorb free cations (Sak et al., 2010), and thus results in lower 

depletion of alkali and alkaline earth cations. Overall, based on the CIA index analysis, as 

shown in Fig 3-13 a and c, most of the investigated materials are moderately to extremely 

weathered. Surprisingly, Stage-II materials with lower time of exposure (four months and four 

years in Quarry 1 materials and six months in Quarry 2 materials) show lower degrees of 

weathering compared to Stage-I and III materials. This result can be explained by the presence 

of un-weathered aggregates in the composition of the bulk residual fines. This trend disappears 

when the duration of weathering increases to 10 years and 14 months for Quarry 1 and 2, 

respectively.  

a) b) 

  
c) d) 

  
Figure 3-13: Weathering indices, a) CIA- Quarry 1, b) WIP- Quarry 1, c) CIA- Quarry 2, d) 

WIP- Quarry 2. Various shades of grey colour in CIA index indicate very slightly weathered 

to extremely weathered conditions (Singh et al., 2005, Nagarajan et al., 2015, Tunçay and 

Dengiz, 2016). 
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3.4.5.2. A-CN-K plot 

The effect of weathering process on chemical composition of materials is illustrated on a 

ternary A-CN-K plot (Figure 3-14). Materials in both quarries show a trend of weathering 

toward the apex of Al2O3 and parallel to the A-CN edge. This finding apparently shows the 

tendency of materials to lose Ca and Na during the process of weathering, which is in line with 

the texture feature analysis of plagioclase phenocrysts in the thin sections (Table 3-4). 

Additionally, it is apparent from the A-CN-K plot that both materials tend to retain K2O in the 

process of weathering and produce clay minerals (mainly smectite, and kaolinite). These 

confirm the XRD analysis and CI results that highlighted the presence of clay minerals with a 

relatively high cation exchange capacity (i.e. have a preference for K2O) in the weathered 

materials. 
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Figure 3-14: The effect of weathering on molecular proportions of elements on the Al2O3- (CaO + Na2O) – K2O (A-CN-K) ternary diagram. 

The size of markers increases from Stage-0 to Stage III. Arrows show the general direction of change in molecular properties of materials during 

weathering. 
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 Conclusion 

The dominant humid climatic conditions in conjunction with the common thin surface 

pavement structures in New Zealand make water and moisture an inevitable part of UGLs. 

Accordingly, stringent evaluation of the durability of selected materials in the presence of water 

is required for the sustainable use of UGMs and to minimise road pavement maintenance costs. 

Due to the uncertainty around the complex factors affecting the process of weathering the 

conventional laboratory based durability tests on recently quarried aggregates are unlikely to 

be able to determine whether road aggregates can maintain their original properties after being 

exposed to new environmental conditions in the pavement structure. In this study, the aim was 

to assess the real-time effect of natural environmental conditions on ageing characteristics of 

road aggregates in two andesitic quarries. A new approach was developed to be able to 

distinguish the mechanism of weathering of road materials in the local climatic conditions. 

The experiments confirmed the short-term weatherability of materials in both quarries, as 

evidenced by the production of clays as a result of pronounced loss of alkali and alkaline earth 

elements, deterioration of the texture of phenocrysts, weathering of volcanic glass, and 

production of iron oxide in the weathered materials. On this basis, the weathering process of 

the two andesite resources studied is in a general sense similar, however, Quarry 2 materials 

show a comparatively higher potential to be affected by weathering. It can be associated with 

the finer microstructure and higher proportion of reactive groundmass in these materials. 

Additionally, higher levels of water absorption and lower quality of fine portions of Quarry 2 

materials can take an active part in the weathering of these materials at early stages of 

weathering. 

The clay minerals can be easily distributed in the UGLs, and if moisture susceptible can 

become plastic and expansive in the presence of water, lubricate the surface of aggregates, and 

cause a loss in stability of the pavement structure. Moreover, clay minerals have a strong 

affinity for water and thus the weatherability of road aggregates can be aggravated by the 

production of clay minerals during the process of weathering. The XRD analysis demonstrated 

the production of more detrimental swelling clays in the RFs, i.e. smectite, when located in 

poor drainage conditions of UGLs.  

The texture of phenocrysts was shown to be significantly affected during the first stages of 

weathering. This adverse effect was demonstrated by reduction in the structural coherence of 

aggregates and is shown to potentially lead to disintegration of aggregates under the effect of 

https://www.powerthesaurus.org/stringent/synonyms
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traffic loading and/or loosen the interlocking structural matrix of the aggregate skeleton in the 

UGLs. 

The conventional laboratory-based durability testing methodologies are, at best, over-

simplifications of the complex conditions of pavement materials in field. Thus, the standard 

classification of fresh extracted aggregates from a quarry using these standard tests will, in 

many cases, not reveal the susceptibility of road materials to weathering process whilst in 

service and in all temporal environmental / climatic conditions. Overall, both the characteristics 

of the parent rocks and the local environmental conditions play significant roles in the 

durability of aggregates; this research offers a new approach to better evaluate available 

resources and their effect when placed in various conditions.  
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 MODIFIED WEATHERING 

QUALITY INDEX (MWQI) TEST 

 Contextural Overview 

This chapter reports on experimental research undertaken on the weathering quality index 

and compliments Chapter 3 and forms part of the research framework determined in Chapter 

2. Overall, Chapters 2 and 3 demonstrated that the in-service condition of UGMs from two 

andesitic quarries can change the engineering characteristics of these materials. Despite this 

fact, very few laboratory tests have been developed to effectively evaluate the in-service 

weatherability of road aggregates prior to construction. Moreover, examination of the current 

durability tests and methodologies that try and consider the natural weathering of road 

aggregates raises some additional research questions, such as:  

1) Why is the same testing methodology used for all available aggregate resources when the 

weathering mechanism can differ in relation to the geological source? 

2) Why do the test methodologies not account for in-service weathering conditions when the 

in-service conditions have such a significant effect on aggregate weathering? 

The Weathering Quality Index (WQI) test is one of the standard durability tests used in New 

Zealand. An effort is made in this testing methodology to simulate the traffic and field 

environmental conditions using ten cycles of rolling, Wetting and Drying (W-D) and Heating 

and Cooling (H-C). It is assumed that this test is able to determine the physical and chemical 

weatherability of aggregates and thus has become an important part of the quality assurance 

programme of UGMs in New Zealand. 

On this basis, premium aggregates for state highways in New Zealand must pass the 

minimum criteria of this test undertaken on the proportion of aggregates retained on the 4.75 

mm sieve alongside passing the Cleanness Value (CV), to enable use in the top basecouse layer 

of the pavement structure. The New Zealand standard (TNZ-M4, 2006) recommends 

weathering categories of AA, AB, AC, BA, BB or CA  to meet the ‘premium’ quality 

specification of UGMs (refer to Section 4.4). Various researchers have raised concerns about 

the effectiveness of the WQI test (refer to Figure 4-1 and Section 4.4 of this chapter), in regards 

to its ability to reproduce the in-service pavement environmental conditions. Figure 4-1 
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demonstrates the advantages and disadvantages of the WQI testing methodology. This chapter 

proposes some modifications to the WQI methodology to include properties of the weathering 

solution, the process of W-D, and the gradation of aggregates used in the test. In addition to 

the WQI test, the quality and quantity of produced fines (passing the 75-micron sieve), the 

physical degradation and the retained abrasion resistance of aggregates were also used to 

together assess the weatherability of materials.   

  

Figure 4-1: Positive and negative aspects of the current WQI test. This test considers the 

effective parameters of the solution but does not take into account their realistic in-service 

conditions. 

In this research, fresh extracted aggregates, less than 7 days old, were obtained from 

stockpiles in two quarries of andesitic composition (Quarry 1 and Quarry 2) in New Zealand.  

These quarries are the source of crushed aggregates throughout this thesis and were 

investigated, analysed and reported under standard laboratory test parameters and 

methodologies in chapter 3.  

The results of this chapter showed that the modified version of the WQI test provides better 

insights into the in-service weatherability (and durability) characteristics of road aggregates. 

As was expected, and was shown in Chapter 3, Marginal materials are more significantly 

affected by weathering. Moreover, the findings also revealed that premium aggregates can also 
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significantly weather when placed in modified conditions, which confirms the weathering 

behaviour of these materials either in the quarry (chapter 3).  

Related journal article: 

Sangsefidi, E., Wilson, D. J., Black, P. M., & Larkin, T. J. (2019). Evaluation of the 

weatherability of andesite aggregates in road pavements. Quarterly Journal of Engineering 

Geology and Hydrogeology. doi:10.1144/qjegh2019-091 

 Introduction 

Natural hard rock materials utilised as road aggregates were originally formed at pressures 

and temperatures significantly different from the prevailing environment in their target 

construction location and conditions. In addition, severe extraction, processing, and the 

crushing process result in an increase in the materials’ surface area and may also weaken the 

structure of these materials. While aggregates are in service, they are subjected to compaction 

and in-service trafficking processes, which provide the conditions for the physical and chemical 

weathering of road aggregates during their service lifetime. The processes of chemical 

weathering and physical breakdown are particularly more complex for Unbound Granular 

Materials (UGMs), which are uncoated and unbound, thus are in direct contact with weathering 

agents, such as water. In most cases, the UGMs are the dominant component of road structures, 

particularly in thin surface pavements, which are commonly used in New Zealand and southern 

hemisphere countries. Thus, poor in-service performance of UGMs that have been subjected 

to weathering processes may lead to premature failure of Unbound Granular Layers (UGLs) 

and therefore the whole pavement structure. 

A number of researchers (Fookes, 1991, Bartley, 2001, Bartley et al., 2007, Stevens and 

Salt, 2011), have discussed the adverse effects of weathering processes on the engineering 

properties of road aggregates over short periods of time. In the in-service road environment, 

chemical weathering weakens the fabric of aggregates by chemically breaking down primary 

constituent minerals and destroying intergranular bonds, both of which result in the production 

of voids and fractures in aggregates (Ciantia and Castellanza, 2016). Additionally, the process 

of weathering may lead to the production of clay minerals, which may either expand or become 

plastic in the presence of water (Brennan, 1984, Chen, 2009, Lowe, 2011, Hussain, 2012, 

Hussain et al., 2014), and thus accelerate the weathering process (Murtezaoğlu, 2009, Kaplan 

et al., 2013). Clay minerals may also block drainage paths (Thom and Brown, 1987), or pump 

out of the pavement and increase the interstitial stresses in the UGLs (Saeed et al., 2001, 
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Hussain, 2012), causing a rapid progression of pavement distress and eventually a failure of 

the pavement structure (Price, 1995, Lowe, 2011). In contrast, the literature (Wheeler et al., 

2003, Sivakumar et al., 2006, Velde and Meunier, 2008, Nowamooz and Masrouri, 2010, Rao, 

2011, Estabragh et al., 2015, Chen et al., 2018) also reported an enhancement in mechanical 

properties and a reduction in swelling characteristics of clay-bearing geomaterials after cycles 

of wetting and drying, which has been shown to be related to the creation of microstructures 

(i.e. cementation bonds), and the destruction and disorientation of clays due to hysteresis action 

(Allam and Sridharan, 1981, Osipov et al., 1987, Meunier, 2005, Velde and Meunier, 2008, 

Rao, 2011, Chen et al., 2018). Overall, it is the type of aggregates and the severity of the 

geochemical environmental conditions that determine the process of weathering and the nature 

of the weathering products (Wasklewicz, 1994, Bartley et al., 2007, FRANKE, 2009). 

Accordingly, several studies (Weinert, 1968, Weinert, 1984, Fookes, 1991, West et al., 2001) 

have related the inherent performance of road materials to the in-field and surrounding climatic 

conditions. 

Since the source properties of the road aggregate also influences the weathering process,  a 

range of durability tests have been developed to provide estimates of the resistance of road 

aggregates to short-term weathering. These tests, however, fail to determine the effect of the 

variation of in-field and receiving environment conditions. Most commonly, current test 

methods are aimed at distinguishing the weathered geomaterials from fresh ones (Bartley, 

2001). The occurrence of premature pavement failures of road aggregates within pavement 

structures, where the materials have passed the minimum criteria required by the common 

durability tests (West et al., 2001, Stevens and Salt, 2011) raises the need to better understand 

aggregate weathering. Moreover, the significant difference between the quality of produced 

fines in the laboratory durability tests and field (Stevens and Salt, 2011) have led to a growing 

criticism regarding the efficacy of the current testing methodologies and their ability to provide 

a robust guide to the performance of in-service materials in various field conditions (Gökceoğlu 

et al., 2000, Bartley, 2001, Shahin, 2010). This is of special interest in New Zealand, where the 

environmental conditions can vary widely and geological resources are commonly young in 

comparison to North America and European contexts where most of the engineering tests were 

originally generated. 

Little reliable information is available about the process of weathering of aggregates within 

the pavement structure. The weatherability of aggregates in-service conditions may restrict 

their use in the pavement structure, even if they initially have acceptable or ‘specification 
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passing’ properties when tested fresh from the quarry source and prior to construction. To 

enable and encourage the maximum and more sustainable resource use of local UGM materials 

close to demand in the pavement structure, an attempt is made in this study to investigate the 

influence of various weathering parameters on UGMs. To this end, a series of modifications 

have been made to the testing methodology of the New Zealand Weathering Quality Index 

(WQI) test to include the effects of controlled wetting and drying of aggregates. Although it 

will never be a perfect analogy to what occurs to road aggregate in-service conditions, the 

potential effects of various environmental conditions on UGMs can be assessed in the 

laboratory. In general, this study aims to identify those environmental factors that contribute 

more to the weathering process of selected andesitic UGMs to enable a better understanding of 

the durability of road aggregates when constructed in the target location.  

 Materials  

Aggregates were procured from freshly extracted stockpiles (less than 7 days old) in two 

quarries of andesitic composition (Quarry 1 and Quarry 2) in New Zealand. Both quarries 

belong to the Coromandel Group, Omahine Subgroup (latest Miocene- early Pliocene) and are 

predominantly used to produce Unbound Granular Materials (UGMs) for road pavement 

construction. It is roughly estimated that 25% of road aggregates in New Zealand are sourced 

from volcanic rocks and andesites are an important source of road aggregates in the North 

Island (Black, 2009). 

Table 4-1 presents the major chemical composition elements of the aggregate samples from 

the two selected quarries. This table reveals that silicon, aluminium, and iron are the major 

chemical elements present in the samples. Based on this analysis, both samples can be 

classified as andesite (Colman, 1982, Le Maitre et al., 2005).  
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Table 4-1: Chemical element composition of aggregate samples, normalized on an 

anhydrous basis 

Major 

elements 
Quarry 1 Quarry 2 

SiO2 60.14 60.45 

TiO2 0.80 0.95 

Al2O3 20.28 15.91 

Fe2O3
* 5.21 9.85 

MgO 1.59 2.43 

MnO 0.07 0.22 

CaO 7.61 5.33 

Na2O 2.91 3.34 

K2O 1.25 1.35 

P2O5 0.12 0.18 

LOI** 5.14 4.49 
*Total iron is calculated as Fe2O3. 
** LOI =loss on ignition 

Microstructural and petrographic analysis were carried out using a polarised light optical 

microscope (Nikon Eclipse E400). The porphyritic texture of samples primarily composed of 

subhedral to euhedral plagioclase and pyroxene phenocrysts, enclosed in fine-grained 

groundmass that consists of feldspars, pyroxenes, glass, and iron oxides (Figure 4-2). Initial 

investigations reveal that Quarry 1 and 2 aggregates have almost similar mineralogy; however, 

there exist distinct differences in their structure, which can be related to different cooling 

histories of the parent rocks. First, phenocrysts are more abundant and larger in Quarry 1 

aggregates and second the groundmass is more glassy in Quarry 2 aggregates.  
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a)  b) 

  
c) d)  

  

Figure 4-2: Polished thin sections of aggregates, (a, b) Quarry 1 aggregate, a) is a view under 

crossed polars, and b) is in the plane- polarized light. (c, d) Quarry 2 aggregates, c) is a view 

under crossed polars; d) is in the plane- polarized light. Phenocrysts are primarily plagioclase 

and minor pyroxene grains are marked with white circles in plane- polarized light photos. 

Mineralogical compositions of fresh samples were determined by X-ray diffraction (XRD) 

analysis performed using a PANalytical Empyrean X-ray diffractometer. The results of XRD 

analysis (Figure 4-3) illustrate that the mineralogy of Quarry 1 and 2 aggregates are almost the 

same (2>12o). The main crystalline components of aggregates are feldspar and pyroxene. In 

addition, what can be clearly seen in the diffractograms is the presence of a peak around 6o 2 

(15 Å) in the Quarry 2 aggregates. The shift of the peak in various treatments (as shown at the 

top right of Figure 4-3) can be associated with the presence of smectite in the Quarry 2 

aggregates. The presence of smectites in the structure of Quarry 2 aggregates can be related to 

the short-term alteration of the volcanic glass to more stable phases (Cerling et al., 1985).  
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a) 

 
b) 

 
Figure 4-3: a) XRD diffractograms of Quarry 1 and Quarry 2 aggregates from 5o to 60o 2, 

and b) XRD diffractograms of air-dried and treated fine Marginal aggregate from 5o to 15o 2. 

(Ab: albite, An: anorthite, Aug: augite, Mc: microcline, Or: orthoclase).  

New Zealand Transport Agencies (NZTA) specification (TNZ-M/4) (TNZ-M4, 2006) also 

sets out some engineering requirements for UGMs to be used in the construction of heavily 

trafficked roads. Table 4-2 summarizes the essential properties of aggregates in accordance 

with the relevant specification limits. Based on the engineering properties, Quarry 1 produces 

‘Premium’ quality aggregates that comply with TNZ M4 specification, whereas materials from 

Quarry 2 do not meet all specification limits and are therefore classified as ‘Marginal’ 
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aggregates in this study.  It should be noted that the M/4 specification has been developed to 

determine whether the material can be used on State Highways of New Zealand that have a 

high traffic loading.  It determines ‘quality’ of aggregates by passing or failing various tests 

(binary decisions) and in reality does not describe the natural distribution of parameter 

qualities.  

The properties of the fine portion of aggregates revealed a significant difference between 

the two quarries. While Quarry 2 failed to meet the relevant specification limits for CI and PI, 

Quarry 1 passed all criteria. These results are in line with the XRD analysis, which also 

confirmed the presence of detrimental clays in in the structure of Quarry 2 aggregates. Coarse 

aggregates in Quarry 1 also show relatively superior characteristics. The considerable 

differences in terms of water absorption (twice that in Quarry 2 than Quarry 1) and Micro Deval 

Abrasion (highest in Quarry 2) can be related to the presence of clay minerals in the structure 

of aggregates in Quarry 2. Interestingly, Quarry 1 has poorer crushing resistance and produces 

considerably finer gradation of aggregates after completing this test (Figure 4-4). The presence 

of more glass, that is harder than feldspar and pyroxene (Black, 2009), in the structure of 

Quarry 2 aggregates can partly explain the tendency of these materials to have higher resistance 

against crushing. 

Table 4-2: Engineering properties of aggregates* 

Testing method Specification Requirement Quarry 1 Quarry 2 

Coarse 

aggregates 

Micro Deval 
Abrasion 

Fine aggregates 

(passing 4# sieve) 
ASTM- D6928-17 30 % (Max.) 9.01% 11.95% 

Coarse aggregates 
(on 4# sieve) 

ASTM- D7428 − 
15 

25% (Max.) 4.97% 5.43% 

Crushing Resistance 

(CR) 
NZS 4407 

Max. 10% 

@130 kN 
6.02% 3.60% 

Water absorption (%) 
ASTM- C127-15 

- 0.66% 1.23% 

Apparent specific gravity (g/cm3) - 2.74 2.71 

Weathering Quality Index (WQI) NZS 4407 
AA, AB, BA, 

AC, CA, BB 
BB BB 

Fine 
aggregates 

Clay Index (CI) NZS 4407 3.0 (Max.) 2.9 6.3 

Sand Equivalent (SE) NZS 4407 40 (Min.) 62 43+ 

Plasticity Index (PI) NZS 4407 

5 (Max.) or 

Non-Plastic 

(NP) 

NP 5.7 

  Type of aggregate Premium Marginal 
* Green, amber, and red colours show clearly pass, close to fail and failed results, respectively. 
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Figure 4-4: The resultant particle size distribution after completing the CR test (passing 13.2 

mm sieve) 

 Problem Statement 

The WQI test has been included in New Zealand roading specifications for over 40 years 

(Bartley, 2001, Hu, 2012), and it is one of the required tests as a part of the quality and 

durability assurance programme of UGMs (Bartley, 2001, Hu, 2012, Li et al., 2017). The 

testing procedure (summarized in Table 4-3) includes ten cycles of wetting and drying (W-D), 

Heating and Cooling (H-C), and rolling processes to predict the aggregates propensity for 

chemical and physical weathering. The outcomes of this test are presented as the proportion of 

aggregates retained on the 4.75 mm sieve and the Cleanness Value (CV), as illustrated in Table 

4-4. The New Zealand standard (TNZ-M4, 2006) recommends AA, AB, AC, BA, BB or CA 

categories for high-quality (premium) UGMs. 
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Table 4-3: WQI testing procedure 

step Comments 

Preparations 

5 kg of aggregates, all passing 19 mm sieve and comprising 2000 ± 5 g of the material 

retained on the 9.50 mm sieve, and 3000 ± 5 g of that retained on the 4.75 mm sieve, are 

completely washed and dried. 

One cycle 

of the test 

Wetting 

Aggregates are placed in a flat-bottomed square tray, mixed thoroughly, and covered with 

distilled water for 18 ± 1 hours. 

After the completion of the wetting cycle, the water is decanted from materials and 

retained for the next cycle of wetting (if it is necessary, more distilled water is added to 

cover the aggregates thoroughly). 

Drying 
Materials are dried in an oven for 4 hours ± 15 minutes and then allowed to cool for 1- 1.5 

hour. 

Rolling 
Materials are remixed in the tray and subjected to 100 cycles of loading by a 6 kg steel 

roller. 

Boiling and agitating 

After accomplishing ten cycles of W-D, and rolling, the sample is boiled for 1 hour ± 5 

minutes, and then cooled to 40°C in less than 15 minutes. Subsequently, the whole sample 

is agitated in 3000 ± 200 gram of water (50 times within 100 ± 20 seconds). 

Reporting the results 

Aggregates are sieved over 4.75mm and 75-micron sieve. 

The proportion of aggregates retained on the 4.75 mm sieve is expressed as a percentage 

of 5000 g. 

One litre of the slurry passing the 75-micron sieve is used to determine Cleanness Value 

(CV)*.  
* The height in millimetres of the column of sediment (a mixture of the slurry sample and the stock calcium 

chloride solution) after 20 minutes is reported as the CV 

 

Table 4-4: WQI indicators 

CV Percent retained on the 4.75 mm sieve 

96- 100 91- 95 Up to 90 

91-100 AA BA CA 

71-90 AB BB CB 

Up to 70 AC BC CC 

 

The standard WQI test is intended to evaluate the level of physical and chemical 

deterioration of the UGMs (Shahin, 2010). But, there have been doubts regarding the 

effectiveness of this test (Hu, 2012) as it fails to satisfactorily establish the sensitiveness to the 

variation in natural properties of aggregates (Bartley, 2001). It has also been reported that the 

WQI test offers an imperfect prediction of the weathering of aggregates in the pavement 

structure (Shahin, 2010). Another notable limitation of this test is the non-numeric 

classification (refer to Table 4-4), which limits the usage of the test for the comparison of 

various sources of aggregates (Stevens and Salt, 2011). Some of the other drawbacks associated 

with this test are listed below, which confirm that this test is not simulating in service pavement 

environmental conditions.  

Firstly, distilled water is not the dominant solution in the field. Instead, the available solution 

in the pavement structure is composed of various chemical constituents, which can affect  the 
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weathering processes taking place on aggregates (Meunier, 2005). Furthermore, it has been 

proven by many researchers that the properties of the solution can considerably affect the 

weathering of geomaterials (Hendricks and Whittig, 1968b, Carroll, 1970, Fookes et al., 1971, 

Cerling et al., 1985, Bartley, 2001, Bartley et al., 2007, Velde and Meunier, 2008, Murtezaoğlu, 

2009). 

Secondly, in each cycle of W-D in the pavement structure, the solution removes parts of 

weathering products and in the next cycle a fresh solution is introduced to the pavement. In 

contrast, the same solution is used throughout the procedure of the standard WQI test. 

Consequently, the solution and materials may reach an equilibrium state, which can result in 

the deceleration of probable chemical reactions. 

Thirdly, the wetting process in the standard WQI test is usually conducted at room 

temperature. However, UGLs experience a range of temperatures during their life and thus the 

standard approach fails to address the contributing effect of temperature on the process of 

weathering. As one would expect some aggregates are more susceptible to these effects than 

others.   

This study was carried out to address these problems in order to provide a better insight into 

durability of road aggregates in the pavement structure. 

 Methodology 

Igneous aggregates are susceptible to the weathering conditions in the construction location 

(Fookes et al., 1988, Fookes, 1991). Numerous researches, carried out on the weathering of 

andesite in the field, laboratory, and with thermodynamic models, also reveal the weatherability 

of these materials with the presence of water. Overall, it can be concluded that the successive 

wetting and drying cycles of andesite aggregates may result in dissolution and loss of alkali 

and alkaline earth metals (Hendricks et al., 1967, Cerling et al., 1985, Kaplan et al., 2013, 

Szymański and Szkaradek, 2018), formation of micro-cracks and pores (Kaplan et al., 2013), 

and production of clay minerals and free iron oxides (Hendricks and Whittig, 1968a, Colman, 

1982, Cerling et al., 1985, Orhan et al., 2006, Murtezaoğlu, 2009, Kaplan et al., 2013, 

Szymański and Szkaradek, 2018). Accordingly, it seems that the glassy matrix and plagioclase 

microlites in the selected andesite aggregates are the least stable constituent (Hendricks et al., 

1967, Hendricks and Whittig, 1968a, Colman, 1982, Glasmann, 1982), which are more likely 

to weather in a relatively short time. To obtain an in-depth understanding of the weatherability 
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properties of the andesite aggregates and to address the aforementioned drawbacks of the 

standard WQI test, a series of modifications are proposed to the standard WQI testing 

methodology, as follows.  

The chemical composition of the solution was adjusted by adding an appropriate amount of 

Nitric Acid 65%, and Ammonia solution 25% to make the solution acidic (pH= 4) and basic 

(pH= 10), respectively. It is assumed that using acidic and basic solutions along with distilled 

(i.e. neutral) water enables a useful evaluation of the weathering response of roading aggregates 

to pH of the solution to be obtained. Additionally, instead of doing the test only at room 

temperature, three different temperatures (5oC, 20oC, and 35oC) were used. Furthermore, to 

comply with the environmental conditions, a fresh solution was used for each cycle of wetting 

and before the solution was added to the aggregates they were conditioned at the target 

temperature for three hours. 

It is notable that the results of the CV test show considerable variances (Hu, 2012). In the 

authors experience this test is not sufficiently sensitive to allow changes in the weathering 

products to be identified. Thus, to aid the interpretation of possible effects of the process of 

weathering on aggregates the Clay Index (CI) test (i.e. methylene blue titration test), replaced 

the CV test. The CI test can determine the presence of expanding clays, their exchange capacity 

and the surface area of fines (Bartley, 2001), and thus is considered to be an appropriate 

indicator to determine the quality of weathering products. To take both quality and quantity of 

the produced fines into consideration, the Weighted Clay Index (WCI) parameter (Equation 

4-1) (Stevens and Salt, 2011), is used along with the CI. 

WCI= CI * fraction passing 75 micron sieve Equation 4-1 

Three testing stages were devised to examine the weathering behaviour of two replicated 

samples under modified conditions (Figure 4-5). Coarse aggregates were subjected to both 

physical (i.e. rolling) and chemical processes (changes in the properties of the solution) of 

weathering (Stage I). The gradation (gradation I, Table 4-5) and rolling pattern (as described 

in Table 4-3) of the standard WQI were applied in this stage; however, the properties of the 

solution and the W-D process were modified (as described). Eventually, the WCI and PSD of 

the resultant aggregates were used to evaluate the effect of chemical and physical weathering 

on aggregates, respectively. Besides, the variation of the pH of the solution recorded at the end 

of each cycle of wetting was employed as an indication of the degree of the chemical reactions 

between aggregates and the solution. The effect of a pure chemical weathering on the selected 
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road materials was investigated on 5kg of fine aggregates (Stage II). Fine aggregates (gradation 

II, Table 4-5) were subjected to the modified W-D process while the rolling was excluded. The 

variation of the pH amount and the WCI after each cycle represents the effect of chemical 

weathering on aggregates.  

Due to having higher surface areas, the finer gradations can be more useful for identifying 

the effect that the modified W-D process has on the properties of aggregates. Thus, in the first 

attempt in Stage III, the impact of modified W-D process on the Micro Deval test results on 

fine aggregates (gradation III in Table 4-5) was determined. The results of tests undertaken on 

the retained abrasion of aggregates was also used to measure the effects of chemical weathering 

on road aggregates. Then, to improve understanding of the influence of the solution on the 

abrasion of aggregates, the more effective characteristic of the solution was used to conduct 

the Micro Deval test on fine and coarse aggregates (gradation III and IV, Table 4-5).  The 

materials were conditioned in the presence of various salts, that is calcium chloride and sodium 

chloride. The concentration of salts in the solution of pavement layers depends on various 

factors like the presence of dust particles and sea salt in the atmosphere, the properties of road 

materials, the pavement surfacing type and permeability, the surrounding terrain, and the 

chemical composition of the water table. In this study a concentration of 50 ppm for both salts 

was used. 

Table 4-5: gradation of aggregates* 

Gradation I Gradation II Gradation III Gradation IV 

Sieve 
aperture 

Passing weight 
(gr) 

Sieve 
aperture 

Passing weight 
(gr) 

Sieve 
aperture 

Passing weight 
(gr) 

Sieve 
aperture 

Passing weight 
(gr) 

19 mm 5000 4.75 mm 5000 19 mm 1500 4.75 mm 500 

9.5 mm 3000 2.36 mm 3662 16 mm 1125 2.36 mm 450 

4.75 mm 0 1.18 mm 2606 12.5 mm 750 1.18 mm 325 

Surface area 
m2/kg + 

0.41 600 µm 1831 9.5 mm 0 600 µm 200 

  300 µm 1197   300 µm 100 

  150 µm 704   150 µm 25 

  75 µm 493   75 µm 0 

  
Surface 

area m2/kg 
6.12     

* 1- Gradation I follows the recommended gradation by (NZS-4407, 2015) for the standard WQI test 

  2- Gradation II selected from the fine portion of the mid-range gradation of suggested limits for UGMs (TNZ-

M4, 2006). 

  3- Gradations III and IV comply with (ASTM, 2017) and (ASTM, 2015), respectively. 
+ The surface area of aggregate gradation is calculated based on the standardized surface area factor for a specified 

set of sieve sizes (Asphalt-Institute, 2014). 
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Figure 4-5: Testing plan 

 Result and discussion 

4.6.1. Stage 0- Standard WQI test 

Table 4-6 summarizes the results of standard WQI tests on the two sourced andesitic 

samples identified as Premium and Marginal aggregates. There is no variation in test results 

(i.e. both materials are characterised by a WQI of BB). Overall, the WQI indicators of Premium 

and Marginal aggregates are also not significantly different, that is the percent retained on the 

4.75 mm sieve (t (2)=0.252, p = 0.825) and CV (t (2)=1.043, p = 0.406). It is also notable that 

the CI test result can reveal the difference in the quality of the produced fines, t (2)=8.278, p = 

0.014,  and thus it seems to be a better indicator than CV for this purpose. However, the 

negligible difference between CI of fresh aggregates and the produced fines after the WQI test 

may depict that either the selected aggregates are not weatherable or the WQI test cannot 

adequately simulate the effective environmental conditions of the aggregates in-service. 
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Table 4-6: Standard WQI test results 

WQI indicators Premium aggregates Marginal aggregates WQI categorization 

Percent retained on the 4.75 mm sieve 93.20% 92.67% BB 

CV 77 74 BB 

CI 3.3 6.2 - 

 

Additionally, Figure 4-6 illustrates the variation of the pH of the solution at the end of each 

cycle of wetting. The pH increases in the early cycles and then it reaches a plateau. It is 

interesting that the interaction of the solution and Marginal aggregates resulted in higher pH, 

which can be related to the greater reactivity of these materials due to presence of more clays 

and volcanic glasses in their structure. However, the plateau status in Figure 4-6 can be 

interpreted as an equilibrium condition reached between the solution and the aggregates and 

the point where the chemical reactions tend to stabilise. On this account, contrary to 

expectations, the possible chemical reactions in Marginal aggregates stabilise to an equilibrium 

level well before the Premium aggregates. It may indicate that the current WQI testing 

methodology causes the chemical reactions to stop, before the end of the test, and thus it cannot 

effectively evaluate the durability of road aggregates under varying environmental conditions. 

 

Figure 4-6: Variations in the pH, standard WQI test (pH fresh distilled water=7)  

4.6.2. Stage I: modified WQI test- coarse aggregates 

As has been noted, this stage of the experiment uses the general framework of the standard 

WQI testing procedure, with the exception that the properties of the solution and W-D process 

have been modified. At the end of each cycle of wetting, the sample was agitated, and the 

resultant solution and the produced fine materials were decanted into separate containers. 

Variations in the pH of this solution (Figure 4-7) at three varying temperatures (5, 20 and 35 

oC) provides clear evidence of the varying reactivity of aggregates in the presence of water. It 
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is notable that, whilst the materials are in contact with the solution, the pH of basic solutions 

decreases, from 10, and the pH of the acidic and neutral solution increased, from 4 and 7, 

respectively. Then, the variation of pH remains almost stable for all cycles. A possible 

explanation might be the removal of weathering products and a relatively equal chance of 

reaction of aggregates and the solution in each cycle. Interestingly, Marginal aggregates show 

a narrower range of variation, which can be explained by the higher reactivity of these materials 

with the provided solutions. 

a) b) 

  

Figure 4-7: Changes in the pH of the selected solution at the end of wetting process and at 

varying temperatures, Stage I. a) Premium Aggregates, the grey boundary shows the variation 

in results for Marginal aggregates, b) Marginal Aggregates, the grey boundary shows the 

variation in the results for Premium aggregates. 

The decanted solution from each sample was dried in a stainless steel tray at a temperature 

of 110 oC for 16 hours. The dried fines were then cooled to room temperature for at least two 

hours, and then they were mixed with the decanted solution from the next cycle. This process 

was repeated for all ten cycles, and after completion of the test, the fine materials that passed 

the 75-micron sieve were collected for CI and WCI tests (Figure 4-8). The results demonstrated 

that the quality of produced fines in the control samples does not show a noticeable change 

when compared with the fresh aggregates. In contrast, there is a large increase in the results of 

the modified procedure, well above the recommended maximum CI of three (TNZ-M4, 2006). 

This increase is particularly noticeable for Premium aggregates. As expected, these results can 

be related to the continued chemical reactions due to introducing a fresh solution in each cycle 

of wetting and the subsequent production of swelling clays. 
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In addition, a three-way analysis of variance (ANOVA) was performed to obtain the 

influence of independent variables (the type of aggregates, pH, and temperature) on the CI 

testing results in Stage I of the experiment. Overall, the effect of three variables on CI results 

are statistically significant at 95% confidence level (F(1,18)= 11.203, p<.01, and F(2,18)= 

7.154, p<.01, and F(2,18)= 13.785, p<<.01 for the effect of type of aggregates, pH, and 

temperature, respectively). It is also notable that, in most cases, Marginal aggregates tend to 

produce more active fines. Whilst there are many potential reasons, it seems possible that this 

result is due to the finer grain structure, tendency to absorb more water, and the presence of 

expanding clays in the structure of these materials (FRANKE, 2009). Besides, and as predicted, 

the quality of weathering products (CI test results) is related to the properties of the solution. 

These results confirm the finding of previous studies that have also highlighted the effective 

leaching and weathering conditions of geomaterials (Carroll, 1970, Bartley, 2001, Fookes et 

al., 1971, Velde and Meunier, 2008, Cerling et al., 1985, Hendricks and Whittig, 1968b). 

What also stands out in Figure 4-8 is the abrupt increase of WCI of aggregates from their 

control conditions. There also exists a significant difference between the WCI results of the 

Premium and Marginal aggregates. These results, again, emphasize the ability of the modified 

test method to evaluate the effect of chemical weathering on the quality and quantity of 

produced fines. Removal of reaction products and the introduction of a fresh solution can cause 

additional weathering by forcing the chemical reactions to proceed. Interestingly, the WCI 

results of Premium aggregates fluctuate irregularly by changing the properties of the solution, 

whereas, there exists a pattern in the results of Marginal aggregates. The WCI of these materials 

rises with decrease in pH and increase in the temperature. As mentioned, higher temperature 

and acidic conditions produce relatively more effective leaching conditions of the solution. 

Overall, the detrimental effect of pH can be explained by the increase in the available H+ and 

its effect on the solubility of constituent minerals (Carroll, 1970). Moreover, an increase in the 

temperature can increase the amount of water absorption and the depth of wetness (i.e. the 

surface saturation), and thus increase the potential of the interaction of aggregates and water. 
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Figure 4-8: CI and WCI of produced fines in Stage I (control sample was tested according 

to current WQI testing methodology). The red horizontal line shows the maximum acceptable 

CI. 

After completing the test, dried aggregates were sieved, and the gradation of the finer 

portion (passing 4.75 mm) was determined (Figure 4-9). Interestingly, the modification of the 

WQI test affected even the physical degradation of aggregates. In the extreme case, premium 

and marginal aggregates produced 3.5% and 4%, respectively, more fine materials passing 

from sieve 4.75 mm compared to the control sample. This effect, however, is more evident in 

Marginal aggregates. A possible explanation for these results may be the reciprocal impact of 

physical and chemical weathering, as one acts to accelerate the other. Besides, the expanding 

effect of clay minerals in the structure of Marginal aggregates and lower resistance of these 

materials against abrasion can increase the potential of physical degradation. It is also 

interesting that there exists a more notable gap between the control sample and the resultant 

gradations of Marginal aggregates subjected to the Modified WQI test. It shows more effect of 

modified conditions on this source of aggregates. What is also notable in Figure 4-9 is the 

negligible effect of the properties of the solution on the resultant gradation of Marginal 

aggregates.  It was expected that the change in the pH affects the cation exchange capacity, and 

thus their swelling properties of the clays in the structure of aggregates (Velde and Meunier, 

2008). In contrast, Premium materials result in a broader variation in gradations, due to the 

modification in the WQI testing procedure. Overall, higher temperatures and more acidic 

conditions have the greatest effect on the physical degradation of Premium and Marginal 

aggregates. 
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a) 

 

b) 

 

Figure 4-9: Particle size distribution of fine aggregates (passing 4.75 mm) after completing 

Stage 0 and I of the experiment, a) Premium Aggregates, the grey boundary shows the sketch 

of the results for Marginal aggregates, b) Marginal Aggregates, the grey boundary shows the 

sketch of the results for Premium aggregates. The control sample in each figure represents the 

result for the standard WQI test. 
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4.6.3. Stage II: modified WQI- Fine aggregates 

To examine the effect of pure chemical weathering, stage II of the experiment replicates the 

testing procedure of stage I, this time on fine aggregates and excludes the rolling process. The 

relatively stable variation of pH of the resultant solution at the end of each cycle of wetting 

(Figure 4-10) can be related to the constant ability of the aggregates to react with the available 

solution. The trend of results is similar to those reported for coarse aggregates, but fine 

materials show a relatively narrower range of variation of pH (from 6.85-9.25 (SD=0.69) for 

coarse aggregates to 6.95-8.25 (SD=0.32) for fine materials and 7.2-8.4 (SD=0.3) for coarse 

aggregates to 7.3-8.15 (SD=0.18) for fine materials in Premium and Marginal aggregates, 

respectively). It could be related to higher reactivity of finer aggregates as a result of almost 15 

times increase in the exposed surface area to the solution (refer to Table 4-5). The less 

variations in the amount of pH of Marginal aggregates (Figure 4-10.b), irrespective of the 

properties of the prepared solution, could be associated with the higher reactivity of these 

materials. It can also possibly explain the previous finding of the lower sensitivity of chemical 

weathering of Marginal aggregates to the environmental conditions. 

a) b) 

  
Figure 4-10: Changes in the pH value, Stage II. a) Fine Premium Aggregates, the grey 

boundary shows the variation range of the results for Marginal aggregates, b) Fine Marginal 

Aggregates, the grey boundary shows the variation range of the results for Premium aggregates. 

Following the same procedure introduced in Stage I, the fine materials produced whilst 

testing were collected at the end of each cycle of wetting. This time the properties of produced 

fine materials were examined at the end of each cycle (Figure 4-11). Figure 4-11.a shows a 

slight increase in CI test results of the Premium aggregates. In contrast, Marginal aggregates 

produce more active fines, but their CI test results remain almost stable in all cycles. It is also 
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notable that a one-way ANOVA revealed a statistically significant difference in CI test result 

of two sources of aggregates at 95% confidence level (F (1,358) = 2074.76, p << 0.01). Overall, 

the CI trends may partly be explained by the fact that the solution readily reacts with the 

Marginal aggregates on the surface and the weathering products are promptly detached from 

the surface during the agitating process. Thus, an almost fresh surface of these materials is 

prepared for the next cycle of wetting. Whereas with the Premium aggregates that are less 

weatherable, it probably takes several cycles of W-D to complete the chemical reactions on the 

surface of these materials. 

In addition, the CI test results of produced fines are well above the maximum recommended 

value of 3 (TNZ-M4, 2006) for the basecourse aggregates. Generally, a significant increase of 

CI test results of the produced fines in Stage II of the experiment compared to the fresh 

aggregates (CI=2.9 for Premium aggregates and CI= 6.3 for Marginal aggregates) represents 

the considerable effect of pure chemical weathering on the durability of the selected aggregates. 

Moreover, three-way ANOVAs revealed that statistically, at the 95% confidence interval, 

significant temperature effects occur  (F(2,171)= 19.26, p <<0.01) and additionally, the 

combined interaction of temperature and pH (F(4,171)= 7.38, p <<0.01) for Premium and 

Marginal aggregates, respectively. 

The WCI test results (Figure 4-11.b) accentuate the differences of weathering behaviour 

between Marginal and Premium aggregates. Overall, the production of comparatively more 

fines from Marginal aggregates at initial cycles provides a considerable difference between 

WCI test results. It was expected that continuing the experiment would weaken the 

intergranular bonds of aggregates more and more, particularly for Marginal aggregates, and 

gradually increase the amount of produced fines (Gökceoğlu et al., 2000). However, contrary 

to expectations, the production of fines in Marginal aggregates declines and the WCI results of 

two sources of materials tend to converge. It could be partly explained by the hysteresis action 

of the swelling clays in the structure of Marginal aggregates. Hysteresis, the difference between 

adsorption (swelling) and desorption (shrinking) behaviour, may cause structural 

rearrangement in clay minerals (Tambach et al., 2004) and thus affect the cation exchange 

properties of them. 
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 a) b) 

  

Figure 4-11: CI and WCI of produced fines in Stage II. a) CI results, b) WQI results 

4.6.4. Stage III: residual abrasion resistance  

The residual abrasion resistance of aggregates subjected to Stage II of the experiment was 

then evaluated using the Micro-Deval test and the results shown in Figure 4-12. Overall, all 

abrasion results are well below the maximum recommended value of 30 for the fine aggregates 

(ASTM, 2015). Earlier findings showed higher abrasion resistance of aggregates contain 

smaller grain in their matrix (Kazi and Al-Mansour, 1980, Palassi and Danesh, 2016). It has 

been interpreted that during abrasion test the individual grains remain intact and it is only their 

bounding with the surrounding matrix that is broken. However, Marginal aggregates, which 

have finer matrix, show higher abrasion results in both fresh and weathered conditions. 

Generally, it seems possible that these results are due to the detrimental effect of the presence 

of clay minerals in the structure of these materials (Lees and Kennedy, 1975). 

Additionally, as it was expected, the abrasion results of conditioned samples would show 

an increase compared to the corresponding results of fresh samples; however, this increase is 

more evident and statistically significant (F (1, 18) = 20.63, p << 0.01) for Marginal aggregates. 

This difference may stem from two causes. First, the interaction of aggregates and water result 

in changes in the mineralogy of aggregates and production of softer minerals on the surface of 

aggregates. Second, the possible development of micro-cracks on the surface of aggregates, 

due to the expansion of clay minerals during the W-D process, can weaken the resistance of 

aggregates against abrasion. Overall, the Acidic condition is shown to have the most effect on 

Micro-Deval test results and in contrast to Marginal aggregates, the increase in the temperature 

slightly increased the abrasion results of Premium aggregates. These results are also in line 

with earlier findings regarding the negligible effect of properties of the solution on the physical 

degradation of Marginal aggregates (Figure 4-9). 
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a) b) 

  

Figure 4-12: Micro Deval of Fine aggregates (passing 4.75 mm sieve). Aggregates 

underwent W-D process as described in Stage II of the experiment. a) Premium aggregates, 

and b) Marginal aggregates. The horizontal lines depict the Micro-Deval test results for fresh 

fine aggregates. 

It is now understood that higher temperature and more acidic conditions of the solution play 

an important role in the Micro-Deval test results of the selected aggregates. Thus, the condition 

of the test solution, that has been proven to have a significant effect on chemical weathering of 

materials is selected to further examine the abrasion resistance of coarse and fine aggregates in 

the presence of salts. Interestingly, the presence of salts significantly affects the abrasion results 

of the coarse (F (1, 12) = 13.13, p << 0.01) and fine (F (1, 12) = 4.15, p < 0.05) aggregates. It 

was expected that the expansion pressure of recrystallization of salts in the pores and cracks 

might increase the physical degradation of aggregates (Kaplan et al., 2013). However, contrary 

to expectations, the presence of salts caused a decrease in the Micro-Deval abrasions (Figure 

4-13) on the andesitic materials used in this research. On one hand, this result could partly be 

explained by the effect of cations on the stability of the structure of aggregates on the surface; 

however, it has been previously proven that the beneficial effect of calcium outweighs sodium 

(Bartley et al., 2007). On the other hand, it could be related to the higher reactivity of the H+ 

cation, because of its smaller size (Essington, 2004).  Besides, the effect of calcium chloride is 

more obvious in the reduction of the abrasion results of aggregates. It seems possible that this 

result is due to the significant effect of calcium on the expanding clays that already exist in the 

structure of materials and those that are produced as a result of the weathering process. 
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a) b) 

  

Figure 4-13: Micro Deval test results of a) coarse aggregates and b) fine aggregates after 

subjecting them to the modified W-D process in the presence of salts.  

 Conclusion 

This study set out to assess the short-term weatherability of andesitic aggregates in the 

laboratory. Given that relatively little definitive knowledge is available about the in-situ 

environmental conditions of the pavement structures, a series of modifications were made to 

the standard WQI testing methodology to incorporate effective parameters of environmental 

conditions.  

The standard WQI can hardly differentiate the weatherabilty of the selected aggregates. 

Thus, the characteristics of the solution, W-D cycles, and aggregate gradations were modified, 

and the results demonstrated a considerable effect on the modified procedure on short-term 

physical and chemical weathering of aggregates. It was also concluded that chemical and 

physical weathering are mutual processes and one acts to accelerate the other. 

The marginal andesitic aggregate performed worse by both standard testing methods and 

modified test methods. Overall, more acidic condition and increasing the solution temperature 

increase the weathering of tested aggregates. 

To measure and compare the weathering behaviour of aggregates some changes were made 

to standard WQI indicators. The WCI that considers both the quality and quantity of produced 

clays was successfully used to rank the durability of aggregates. 

The results of this study also support the idea that both environmental conditions and the 

inherent properties of the aggregates affect the weatherability and the rate of weathering. The 
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observations suggest that higher testing temperatures and more acidic soaking solutions 

increase the laboratory weathering of the aggregates. Moreover, the presence of expanding 

clays in the structure of aggregates, smaller grain size, and higher water absorption of 

aggregates can accelerate the process of weathering. A similar conclusion was also drawn about 

the effect of the presence of salts in the testing solution on the abrasion of the andesitic 

aggregates. It appears that the abrasion resistance of clay-bearing (Marginal) aggregates are 

affected more in the presence of salts than the aggregate that met a premium specification. 

Therefore, it seems that having a general knowledge of the possible environmental conditions 

at the target construction location and adequate information about the properties of aggregates 

can enhance the understanding of the durability of road materials before the construction 

process and for a specific environmental condition. 

Production of active fines and an increase in physical degradation are indications of 

weathering in both sources of aggregates. Thus, it seems that the laboratory tested properties 

of fresh aggregates obtained from a quarry cannot necessarily indicate their performance in 

service conditions through the engineering life of the asset.  

The presented results have made it possible to propose a modified testing methodology for 

the evaluation of weathering of road aggregates. However, it should also be noted that the 

modified WQI test was primarily based on the results from two andesitic sources of UGMs in 

New Zealand and further research is required on a wider range of aggregates, preferably under 

more realistic wetting and drying processes, to achieve a better understanding of the test 

methodology developed and whether it is better in predicting the in-field durability and 

performance of road aggregates in various environmental conditions. Finally, although the 

WCI test can manifest the essential properties of produced fines in the WQI test, a more 

detailed analysis on the type of produced clays can provide a better estimate of the intensity of 

weathering. 
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 WATER ABSORPTION, A 

TRIGGER FOR WEATHERING OF UGMS 

 Contextural Overview 

It is generally recognised, and has been described in Chapters 2, 3, and 4, that water is a key 

trigger for most chemical reactions in the pavement and may cause deterioration of road 

aggregates in a relatively short time period (Figure 5-1). Thus, it is fundamentally important to 

as much as is possible prevent water from ingressing into the pavement structure, from either 

above, the sides or below the pavement.  This is usually provided by designing, installing and 

maintaining an effective and resilient road surface, pavement layer and longitudinal road 

drainage system to either prevent ingress or remove the penetrated water. Despite all care and 

attention to design, construction and maintenance, it is an inevitable that water will at some 

time penetrate and be absorbed into the road pavement aggregate layers. Understanding the 

reciprocal effect of material and water in different parts of a road pavement makes it possible 

to delay the deterioration of pavement performance over time. 

 

Figure 5-1: Environmental agents acting as a bridge, which transform fresh aggregates to 

weathered materials.  

UGMs are uncoated and directly exposed to the surrounding environment. These materials 

usually have lower initial quality compared to coated aggregates in the wearing courses and 

thus the absorption of water can have greater detrimental effect on their properties over time. 

In practice, lower levels of absorption of water can alleviate the moisture susceptibility of 

UGMs and can be a principal durability parameter of the material. However, the current 

laboratory tests over-simplify the mechanism of water absorption and fail to reflect in-situ 

conditions of water / aggregate pavement conditions. (refer to section 5.3 for a detailed 

discussion).  
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This chapter highlights the relative shortcoming of the standard typically specified water 

absorption test (ASTM, 2015), that is widely used in New Zealand. It then introduces a more 

robust procedure (Continuous Water Absorption (CWA) testing procedure), which is sensitive 

to the effective environmental parameters (i.e. temperature and the chemical composition of 

the solution). The proposed methodology is mainly based on Archimedes’ principle, and is able 

to determine the absorbed water over time. 

Related journal article: 

Sangsefidi, E., Wilson, D.J., Larkin, T.J. and Huszak, S., 2021. Determining the continuous 

water absorption of unbound granular aggregates utilising hydrostatic weighing 

approach. Construction and Building Materials, 279, p.122486. 

 Introduction 

Unbound Granular Layers (UGLs) in the pavement structure are made up of graduated sizes 

of granular aggregate, which are laid and compacted on top of the subgrade. Due to the critical 

influence of constituent aggregates on the load-bearing capacity of UGLs, unbound aggregates 

are typically evaluated in the lab to meet essential durability requirements. With regards to 

environmental effects on durability characteristics of unbound aggregates, a measure of water 

absorption has been widely adopted to indicate the resistance of aggregates to adverse effects 

of the surrounding environment (Shergold, 1953, Fookes, 1991, Weyers et al., 2005, Bartley et 

al., 2007, Rodgers et al., 2009, Nikolaides, 2014, Taherkhani, 2015). Although pavements are 

designed to prevent the ingress of water into the underlying layers, moisture is an inevitable 

constituent of Unbound Granular Layers (UGLs). The moisture content of UGLs continually 

changes over time, and its chemical characteristics vary depending on the dominant local and 

geographical conditions.  

Since Unbound Granular Materials (UGMs) contain pores, they are capable of absorbing 

and retaining water. The absorbed water has the potential to breakdown road aggregate and is 

a major barrier to using many varying materials in UGLs (Fookes, 1991, Li et al., 2016). 

Generally, the surface of the aggregate tends to adsorb water once the adhesive force between 

the surface of aggregate and water molecules exceed the cohesive force between water 

molecules (Doerr et al., 2000). After this, by the action of surface tension and perhaps gravity 

force, water is drawn into pores of the particle surface and absorbed by the aggregate (Hem, 

1989). The total amount of water able to be absorbed primarily depends on the surface 

characteristics of the aggregate, mineralogy (Li et al., 2016), continuity, size and distribution 
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of pores on the surface of aggregates (Castro et al., 2011, Tegguer, 2012), surface area (Black, 

2009, Tegguer, 2012, Li et al., 2016), and the time which the aggregate is in contact with water. 

Depending on geographical conditions, saturation of aggregate can commonly occur within 

the pavement structure. Raad (1992) (Raad et al., 1992) reported that more than 90 percent of 

major pavements in the United States experienced periodic saturation. Since saturation can 

cause weakening of the pavement structure, there is a consensus on the need to drain water and 

minimise the saturation time in UGLs. The quality of drainage can be determined by the “time 

to drain” parameter (Ridgeway, 1982, FHWA, 1992). As Table 5-1 presents, time to drain is 

evaluated by the required time to reach a certain percentage of saturation in UGLs (typically 

adopted values are 50% and 85%). It is notable that the majority of current literature stresses 

that draining the water from UGLs within a few hours is critical to prevent a build-up of pore 

water pressure under traffic loading in roadways. 

Table 5-1: Optimum time to drain in UGLs 

Percentage of drainage   Required time to drain to required 

saturation 

Reference 

50% 10 days Casagrande and Shannon (1952) as 

referred by (Ridgeway, 1982) 

85% 5 hours Darter et al (1980) as referred by 

(Ridgeway, 1982) 

Complete drainage 

(95%) 

1 hour 

In areas of severe climatic conditions 

(freezing and thawing), it is necessary to 

reduce the drainage time of the drainage 

layer to 1/2 hour. 

(Cedergren et al., 1973) 

 

50% 1 hour (highest class roads with greatest 

traffic loading) 

(FHWA, 1992) 

2 hours (most other highways) 

50 % 2 hours (excellent) (AASHTO, 1993) 

 

 
1 Day (Good) 

7 Days (Fair) 

1 Month (Poor) 

Does not Drain (Very Poor) 

85% Less than 2 hours (excellent) ERES Consultants, Inc., as referred by 

(FHWA, 1992) 2-5 hours (Good) 

5-10 hours (Fair) 

Greater than 10 hours (Poor) 

Much greater than 10 hours (Very Poor) 

 Problem statement 

Despite the importance of assessing the effects of water on UGMs, there is no reliable 

laboratory testing procedure to determine the propensity of these materials to absorb water. 

Traditionally, water absorption of an aggregate has been evaluated by several testing 
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methodologies. Mills-Beale (Mills-Beale et al., 2009) provided a background to these 

procedures. Among them, is a test method that is commonly used in New Zealand, that 

immerses aggregate in water for a specific duration of time. Many widely-used specifications 

are based on this type of testing procedure (as shown in Table 5-2). These procedures consist 

of an immersion process, followed by the aggregate being removed from the water, their 

surface dried manually by the aid of a towel and airflow to reach a Saturated Surface Dry (SSD) 

condition (mass of W1) as shown in Figure 5-2.b. Afterwards, the sample of aggregate is dried 

at the temperature of 110±5 oC for 24 hours to obtain a mass of W2, Figure 5-2.a. The following 

equation (Equation 5-1) determines the water absorption of the aggregate sample. 

1 2

2

100 (W W )
Water Absorption

W

 −
=  Equation 5-1 

Where, 

W1 is the mass of SSD aggregates (gr). 

W2 is the mass of oven dried aggregates (gr).  

Table 5-2: Testing conditions, traditional water absorption 

Codes 
Soakin

g 
(h) 

Temperature 
(ºC) 

Initial moisture Solution Characteristics References 

ASTM C127 24 ± 4 
Room 

temperature 
- N/A (ASTM, 2015) 

AASHTO T85-91 15 - 19 
Room 

temperature 
Dried Gas-free distilled water (AASHTO, 2004) 

BS 812-2-1995 1 
24 ± 

0.5 
23 ± 5 - 

Free from any impurity or boiled tap 

water and cooled to room temperature 
(B.S, 1999) 

BS EN 1097-6: 2013 
24 ± 
0.5 

22 ± 3 

Natural 

moisture 

content 

The water should be free from any 
impurity. 

Fresh tap water and demineralised 

water are both suitable. The water 
should be boiled and then cooled 

(B.S, 2013) 

Indian standard 

(IS:2386 (Part III)) 

24 ± 

0.5 
22 -32 

Natural 

moisture 
content 

Distilled water 

 
 

(I.S, 2002) 

Kansas Test Method 
(KT-6) 

24 ± 4 24 ± 1 Dried N/A (K.T, 2007) 

NDDOT (ND T 85) 17 ± 1 
Room 

temperature 
Dried N/A (ND.T, 2015) 

Illinois Test Procedure 
85 

15 - 19 
Room 

temperature 
Dried N/A (IT, 2013) 

 

Several steps of this procedure are open to various interpretations that can hinder its 

application as a reliable determinant test for UGMs:  

1) The common test methods stipulate 15-28 hours immersion to determine the amount of 

water absorption. These predefined testing times are a primary requirement for designing 

concrete mixtures (Tegguer, 2012), and do not consider the possible exposure time of 

UGMs to saturation conditions likely to occur in an UGL pavement structure (refer to Table 

https://www.sciencedirect.com/science/article/pii/S0950061808002158#!
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5-1). The probable partial saturation of aggregate (Figure 5-2.e), due to insufficient 

immersion time, can also lead to misinterpretation of SSD relative density. In addition, as 

water absorption is a dynamic and time-dependent process, the amount of absorption 

occuring after a specific duration of time may not be representative of the general 

propensity of an aggregate to water. Thus in practice, measuring of continuous (or at least 

in some time intervals) water absorption is necessary to properly assess an aggregate.  

2) Current testing methodologies may underestimate the capability of aggregates to absorb 

water. When an aggregate is removed from water solutions, some of the absorbed water 

may drain out due to the effective change in pressure, especially from larger pores on the 

underside (face-down side) of the aggregate particles (Figure 5-2.f). This process can 

continue while aggregates are out of the water and their surface is towel-dried or airflow-

dried to reach an SSD condition. 

3) The SSD condition is an operator-dependent parameter (Kasemchaisiri and 

Tangtermsirikul, 2007), which is difficult to achieve consistently; particularly when 

aggregates are porous (Kasemchaisiri and Tangtermsirikul, 2007), have surface 

irregularities (Tegguer, 2012), or are fine (Shergold, 1953, Klein et al., 2014). The 

subjective interpretation of an SSD condition (Figure 5-2.c, d, and f) can result in 

inconsistent test results when undertaken by different users. Furthermore, unintentional 

removal of the detached fine materials during the process of drying the surface of a coarse 

aggregate, can increase the variability of test results. 

4) The characteristics of the provided solution in the current test methodologies are by no 

means representative of the probable conditions of the solution present in an in-service 

pavement. 
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a) b) c) d) e) f) 

      

Figure 5-2: Moisture condition in the UGMs. Solid black is a cross-section of aggregate 

particle, dotted-hatch denotes water, and white colour shows the air. (a) Oven dried condition; 

(b) SSD condition; (c) SSD condition, containing free water; (d) Saturated Surface over-Dried 

condition; (e) Partially-Saturated Surface Dry condition; (f) One-sided drained SSD condition 

It is clear that failure to take these issues into account can lead to evaluating an unrealistic 

tendency of aggregates to absorb water, and thus misinterpreting the possible interaction of a 

particular aggregate and water in the field. To this end, Holm et al. (Holm et al., 2004) went 

beyond the predefined times and sought the water absorption of aggregates over two years. 

Other researchers (Tam et al., 2008, Castro et al., 2011, Tegguer, 2012, Klein et al., 2014) 

developed more reliable testing procedures to determine water absorption. Tam et al. (2008) 

employed Real-Time Assessment of Water Absorption (RAWA) to provide relatively more 

representative results at different time intervals for a recycled aggregate. A similar method was 

developed by Castro et al. (2011) in which the “volumetric flask test” was used to evaluate 

absorbed water over time. Tegguer (2012) also used hydrostatic weighting to continuously 

determine the amount of water absorbed by recycled aggregates. In addition, Klein et al. (2014) 

reported an inverse exponential trend of water absorption with time for conventional, 

lightweight or recycled aggregates. 

Since UGLs are designed to drain any water that enters the layer, optimally within the first 

few hours, the absorption behaviour of an aggregate at the initial stage of interaction with water 

is of the greatest relative importance. Thus, the primary aim of this study is to propose a reliable 

methodology to evaluate the process of water absorption continuously whilst aggregates are 

immersed in water. The proposed procedure seeks to resolve the problems outlined in the 

current traditional test methodologies, with the aim of better representing and evaluating the 

propensity of UGMs to absorb water over time in different conditions. Finally, to reduce the 

weatherability and thus ageing of aggregates, the results of Continuous Water Absorption 

(CWA) can be used to determine the optimum time to drain the percolated water. 
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 Materials and methodology 

5.4.1. Materials 

Aggregate samples were sourced from two quarries in New Zealand, identified in this paper 

as Quarry 1 and Quarry 2. These materials consist andesitic compositions, which are primarily 

used as Unbound Granular Materials (UGMs) for pavement construction. Table 5-3 

summarizes the characteristics of the procured aggregate samples and the corresponding New 

Zealand specification limits. Based on the engineering source properties, Quarry 2 produces 

lower quality aggregates (considered as Marginal aggregates in this study); whereas Quarry 1 

possesses Premium aggregates complying with TNZ M4 specification (TNZ, 2006). 

Table 5-3: Engineering properties of aggregate samples*, ** 

Testing 

method 

Properties of coarse aggregates  Properties of fine aggregates  

Micro Deval Abrasion 

CR 

Water 

absorption 
 (%)  

 Apparent 

specific gravity  
(g/cm3) 

WQI CI SE PI 
Fine aggregates 

(passing 4# 

sieve) 

Coarse aggregates 
(on 4# sieve) 

Specification 
ASTM- 

D6928-17 

ASTM- D7428 − 

15 

NZS 

4407 
ASTM- C127-15 

NZS 

4407 

NZS 

4407 

NZS 

4407 
NZS 4407 

Requirement 30 % (Max.) 25% (Max.) 

Max. 

10% 
@130 

kN 

- - 

AA, 

AB, BA, 
AC, CA, 

BB 

3.0 
(Max.) 

40 (Min.)  

5 (Max.) or 

Non-Plastic 

(NP) 

Quarry 1 9.01% 4.97% 6.02% 0.66% 2.74 BB 2.9 62 NP 

Quarry 2 11.95% 5.43% 3.60% 1.23% 2.71 BB 6.3 43 5.7 
* Green, amber, and red colours show clearly pass, close to fail and failed results, respectively. 
** Key definitions: CR= Crushing Resistance; WQI= Weathering Quality Index; CI= Clay Index; SE= Sand 

Equivalent; and PI= Plasticity Index. 

 

To reduce the possible effect of varying surface areas between samples, the particle size 

distribution (Table 5-4) was used as a compliance check for this study. The selected gradation 

was obtained from the recommended grading envelope of the coarse portion of UGMs in the 

M/4 premium material specification (TNZ, 2006).  

Table 5-4: The selected grading of aggregates* 

 Sieve (mm) Remained (%)  Remained (kg) 

37.5 0 0 

19 42 2.1 

9.5 36 1.8 

4.75 22 1.1  

  Total= 5 kg 
*Refer to Chapter 6 (Figure 6-2) for the M/4 specification envelope. 

 

5.4.1.1. Mineralogical composition 

The mineralogical compositions of the aggregate samples were obtained by XRD from a 

PANalytical Empyrean X-ray diffractometer, using Cu K-alpha radiation operating at 45 kV 



Chapter 5: Water absorption, a trigger for weathering of UGMs  

167 

 

and 40 mA. The XRD analysis was conducted on the overnight dried oriented samples. In the 

case of the presence of clay minerals, samples were treated with ethylene glycol at 60oC and 

heat-treated at 550 oC for 45 minutes to identify smectites and kaolinite (minerals known to be 

moisture sensitive), respectively. The results of XRD analysis demonstrate that both the 

Premium and Marginal aggregates have almost the same mineralogy (2>12o) and are 

primarily composed of feldspar and pyroxene (Figure 5-3). However, the Marginal aggregate 

contains smectite in its structure, as specified at the top right of Figure 5-3.  

 

Figure 5-3: XRD diffractograms of aggregates from 5o to 60o 2 (main graph), and XRD 

diffractograms of dried and treated Marginal aggregate, from 5o to 15o 2 (top right). (Ab: 

albite, An: anorthite, Aug: augite, Hbl: hornblende, Mc: microcline, Or: orthoclase).  

5.4.1.2. Geological properties 

To determine the microstructural characteristics and further the understanding of the mineral 

properties of the aggregate samples, a petrographic analysis was conducted on the polished 

thin-sections under a polarised light optical microscope (Nikon Eclipse E400). The initial 

investigations revealed that both aggregates have a porphyritic texture that is mainly composed 

of plagioclase phenocrysts (Figure 5-4). The space between phenocrysts is filled with 

groundmass of feldspars, glass, and iron oxides. However, it is evident that phenocrysts are 

more abundant and larger in the Premium aggregate.  
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a) b) 

  

c)  d)  

  

Figure 5-4: Polished thin sections of aggregates. (a, b) Premium aggregate, (a) crossed polar, 

and (b) plane- polarized light views. (c, d) Marginal aggregate, (c) crossed polar, (d) plane- 

polarized light view.  

5.4.2. Water Absorption Test Methodology 

Figure 5-5 illustrates with a series of images the instrument set-up for determining the 

amount of water absorption, using the hydrostatic weighting of loose unbound aggregates. Each 

sample is oven dried for 24h at 110 ºC. The dried aggregates are then cooled down in room 

temperature for one hour, and then wholly sealed (Figure 5-5.a) and preconditioned for 12 

hours at the pre-selected temperature to reach thermal equilibrium with the solution (refer to 

Table 5-5). The aggregate samples are then placed in the wire basket that is hung beneath the 

balance (0.1g accuracy) with a short and non-elastic wire (Figure 5-5.b). The basket is moved 

rapidly toward the solution until it reaches the predefined location. Then to dislodge the 

entrapped air, the aggregate samples in the basket are gently agitated. This process can directly 

affect the final result (Shergold, 1953) and therefore must be accomplished effectively in a very 

short period of time. To accelerate the absorption process, aggregates are then placed in the 

basket in loose layers, from coarsest aggregate at the bottom to fineest aggregate at the top. 

0.5 mm 0.5 mm 

0.5 mm 0.5 mm 



Chapter 5: Water absorption, a trigger for weathering of UGMs  

169 

 

This way the aggregate samples can move freely whilst being agitated, and the air can be 

effectively and rapidly expelled. From this point on, the change in the mass of the system, and 

thus the amount of water absorption, is contentiously recorded based on the following equation 

(Equation 5-2): 

aAIW  W   WDF= −  Equation 5-2 

Where, 

AIW: Apparent Immersed Weight (balance shows this weight). 

Wa: Weight of dried aggregates in the air. 

WDF: Weight of Displaced Fluid (continuously increases as aggregate samples absorb 

water). 

a) b) 

  
Figure 5-5: Instrument set-up. (a) Sealed basket containing dried aggregate samples for 

preconditioning process, (b) Connection of basket to the balance. 

Figure 5-6 shows a schematic of the variation in hydrostatic weight of the system at various 

time intervals. It is worth mentioning that, a similar procedure was in effect before 1938, but it 

was abolished due to inability to determine the amount of water being absorbed during the 

initial immersion process of an aggregate, Intervals I and II. The test consequently gave low 

values for water absorption (Shergold, 1953). More recently, (Tegguer, 2012) replicated the 

hydrostatic weighing to determine water absorption of recycled materials but this study failed 

to consider the amount of water absorption occurring prior to stabilisation of the recorded 

weight (during Interval II). 
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Figure 5-6: Schematic of hydrostatic weighing at different intervals (out of scale) 

To examine the effect of environmental conditions on water absorption characteristics of 

aggregates, both the CWA and the traditional water absorption testing methodology were 

employed at three different testing temperatures (5oC, 20oC, and 35oC) using an environmental 

chamber with two different types of solution (tap water and distilled water). Throughout the 

experimental investigation, the measured weights of absorbed water were corrected to the 

equivalent weights at 20 oC. The test identification of the samples for this test method are 

presented in Table 5-5. 

Table 5-5: Testing conditions and the corresponding labelling  

Source of aggregates Solution characteristics Temperature Labelling 

Premium Distilled Water 5 oC PD5 

Premium Distilled Water 20 oC PD20 

Premium Distilled Water 35 oC PD35 

Premium Tap Water 5 oC PT5 

Premium Tap Water 20 oC PT20 

Premium Tap Water 35 oC PT35 

Marginal Distilled Water 5 oC MD5 

Marginal Distilled Water 20 oC MD20 

Marginal Distilled Water 35 oC MD35 

Marginal Tap Water 5 oC MT5 

Marginal Tap Water 20 oC MT20 

Marginal Tap Water 35 oC MT35 

Key definition: P= Premium aggregates, M= Marginal aggregates, D= Distilled water, and T= Tap water. 

 Results and Discussion 

5.5.1. Pre-processing of acquired data 

The irregular variation in the recorded weights immediately after immersing the aggregate 

samples in the solution (Intervals I and II in Figure 5-6), and further discussed in section 5.4, 

led to uncertain water absorption measurements during this time-period. Given the relatively 
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short times required for the acquired weights to be stabilised (56.3 seconds with a SD of 15.2 

seconds), it is assumed that the absorbed water within Intervals I and II follows a similar trend 

to the initial stage of Interval III. Therefore, an estimate of the initial amount of absorbed water 

was inferred by fitting various curves to the recorded data within the first 5 minutes of the 

CWA test (Table 5-6). The goodness of fit was evaluated by employing MS Excel software, 

the IBM SPSS Statistics (Version 23), and using the Curve Fitting Toolbox in MATLAB. The 

results indicated that a quadratic polynomial equation could best fit the data. Statistical 

measurements of goodness of fit included the Sum of Square Error (SSE), Root Mean Square 

Error (RMSE), the coefficient of determination (R-square), and the F-value from the Analysis 

of Variance (ANOVA). 

Table 5-6: Summary of Curve Fitting results  

No. 
Testing 

condition 
Initial weight of 

aggregates in water 

Goodness of fit evaluation* 

SSE RMSE R-Square 
F value** 

(ANOVA) 

 

n*** 

1 PD5 
3129.5 

(SD=1.91) 
0.510 0.105 0.996 26581 39 

2 PD20 
3132.6 

(SD=1.27) 
0.108 0.055 0.998 8846 40 

3 PD35 
3143.7 

(SD=1.27) 
0.043 0.035 0.999 5231 48 

4 PT5 
3121 

(SD=0.07) 
0.049 0.045 0.997 4419 28 

5 PT20 
3145.7 

(SD=0.21) 
0.045 0.045 0.997 3895 26 

6 PT35 
3143.1 

(SD=0.71) 
0.379 0.046 0.996 2705 24 

7 MD5 
3090.8 

(SD=5.42) 
0.533 0.081 0.999 24047 71 

8 MD20 
3100.4 

(SD=4.14) 
0.500 0.057 0.999 34254 69 

9 MD35 
3110.7 

(SD=5.20) 
0.478 0.119 0.992 2942 35 

10 MT5 
3095.1 

(SD=2.52) 
0.205 0.056 0.999 43513 65 

11 MT20 
3105.2 

(SD=7.1) 
0.209 0.056 0.999 43664 68 

12 MT35 
3105.5 

(SD=2.00) 
0.257 0.049 1 51862 72 

* Average of statistical measurements for three samples are presented 
** All the regression models are statistically significant with a 95% confidence interval 
*** n is the number of data points in the analysis 

 

What is evident in Table 5-6 and Figure 5-7 is the effects that the aggregate type, solution 

chemical composition and temperature, all have on the initial weight of the aggregate samples 

in water. Although the effect of the chemical composition of the solution is not clear, it is 

evident that an increase in temperature results in a significant rise of the initial weight of 

aggregate samples in the water (F(1,18)= 46.04, p<0.05). This finding can be explained by the 

fact that the density of solution decreases as the temperature increases; which consequently 

lessens WDF (refer to Equation 5-2). In addition, the observed significantly lower initial weight 
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of Marginal aggregates in water (F(1,18)= 561.33, p<0.05) can be attributed to the presence of 

clay minerals, or higher amount of pores and micro-cracks in their structure.  

 

Figure 5-7: Initial weight of aggregate in water in various condition of the solution 

It is also notable that disorderly variations were recorded before the changes in the weight 

became stable (Figure 5-8, part 1). The duration of these fluctuations is directly related to the 

accuracy of the balance used, and the rate of water absorption at the corresponding time. By 

using the first stable point after each increase in the weight (point A in Figure 5-8, part 1) as a 

reference point, the general trend of water absorption is determined by connecting the reference 

points (Figure 5-8, part 2).  

 

Figure 5-8: Pre-processing procedure of acquired data 
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5.5.2. Continuous water absorption 

Figure 5-9 presents a comparison of CWA between Premium and Marginal aggregates (over 

two days). It is evident that the amount of water absorption is related to the type of aggregate, 

temperature and the composition of the solution. Generally, due to filling of the largest pores, 

the rate of water absorption initially rises sharply (Tegguer, 2012) followed by a more gradual 

decrease. The CWA curves have a propensity to level-off where the aggregate samples have 

most likely reached their absorption capacity for the given conditions. However, surprisingly, 

this differs when at the elevated temperature, especially for the premium aggregate, in that the 

rate of water absorption tends to re-increase after the mid- steady stage of the curve. The results 

are different from Shergold’s (Shergold, 1953) findings, who suggested the change in the 

temperature (from 15 oC to 25 oC) had a negligible effect on water absorption. With regards to 

the durability aspect, it should be highlighted that the higher a water absorption amount at 

elevated temperatures is accompanied by an accelerated chemical reaction at these 

temperatures (Weinert, 1980, Kohnke, 1968, Hillel, 2004, Hazirbaba and Gullu, 2010). 

Subsequently, it can be assumed that UGMs are exposed to more severe weathering conditions 

at higher temperatures and it is fundamentally important to immediately drain water away from 

UGLs during warmer seasons. It is also worth mentioning that given the effect of temperature 

on the absorbed water it seems important to adopt a more realistic temperature for the thawing 

stage in laboratory testing methodologies that require freeze/ thaw process. 
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a) 

 
b) 

 
Figure 5-9: The CWA of aggregates. a) Premium aggregate, b) Marginal aggregate. The 

grey boundary in each figure depicts the sketch of results for the alternate source of aggregate. 

Each curve is an average of three CWA test results.  

The effect of temperature on water absorption characteristics can be attributed to the 

temperature dependent characteristics of the entrapped air, water, and the aggregate. On one 

hand, it can be assumed that by increasing the temperature, the aggregate sample and any 

entrapped air in its pores expands; resulting in the penetration of the solution into the pores 

being impeded. On the other hand, theoretically, this effect can be moderated by a reduction in 
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the viscosity (Gao and Shao, 2015, El-Keshky, 2011, Levy et al., 1989, Delage et al., 2000), 

surface tension (Gao and Shao, 2015, Bachmann et al., 2002, François and Ettahiri, 2012), and 

possibly the angle of contact of the solution (Bachmann et al., 2002, King, 1981, Liu et al., 

2006); which can consequently ease the absorption process. In addition, the higher rate of water 

absorption at elevated temperatures can be partly attributed to the reduction of the friction 

between water and aggregate (Gao and Shao, 2015), and an increase in the ability of water to 

dissolve entrapped air in the pores of the aggregate. The experimental results presented in 

Figure 5-9 illustrate that temperature dependence of water absorption is related to the nature of 

the aggregate and the chemical composition of the solution. Nevertheless, the acquired results 

at the elevated temperature can be assumed to be the worst-case conditions for water absorption 

of aggregates in the field. Under this assumption, the Premium aggregate may be prone to 

absorb higher amounts of water and thus a considerable increase in their weatherability, if in 

contact with warmer water for a significant length of time. 

Despite an overall lower amount of water absorption, Premium aggregate is more 

susceptible to changes in the conditions of the solution. The higher amount of water absorption 

of Marginal aggregate can be associated with the presence of swelling clays in its structure, 

which have a considerable appetite for water (Li et al., 2016), as well as more pores and micro-

cracks. Given almost the same geological conditions, it appears that clay minerals govern the 

absorption mechanism of Marginal aggregate, and make it less dependent on the properties of 

the solution. In addition, the water absorption of aggregates in tap and distilled water was 

analysed at four time slices, i.e. 12, 24, 36, and 48 hours. The results showed that there is no 

statistically significant difference between water absorption of aggregates in different types of 

solution. This finding is consistent with that of Shergold (Shergold, 1953) who found no 

considerable difference between the results obtained for water absorption in tap and distilled 

water.  

5.5.2.1. Major trends 

It appears that CWA curves have two major trends, Trend A and B (as shown in Figure 

5-10). Trend A illustrates the typical water absorption behaviour at elevated temperatures, 

while Trend B represents the general water absorption trend of aggregate in more temperate 

conditions (i.e. 5 and 20 oC in this study). It is notable that there is no statistically significant 

difference between the average rates of water absorption in Stage II and III of Trend B for 

Premium (M= 0.11%, SD=0.04%) or Marginal (M=0.08%, SD=0.02%) aggregates; 



Chapter 5: Water absorption, a trigger for weathering of UGMs  

176 

 

t(6)=1.283, p = 0.247. The major differences in CWA between these two sources of aggregate 

stem from the amount of absorption in Stage I and the rate of water absorption in Stage III of 

Trend A. Overall, Stage I of CWA lasted longer for Marginal aggregate, which led to relatively 

higher water absorption for these materials. This behaviour can be associated with the presence 

of more water absorbent clay minerals, or possibly larger sized pores of the Marginal aggregate 

surface which can be more easily filled with water. 

 

Figure 5-10: schematic behaviour of water absorption. Trend A illustrates the CWA at 

elevated temperatures and Trend B shows the typical propensity of aggregate to absorb water 

The water absorption of aggregates in the critical intervals (1, 2, 5 hours, and one day after 

starting the test; adopted from Table 5-1) are represented in Figure 5-11, for both premium and 

marginal materials. From this figure, it is apparent that the properties of the solution, 

temperature and chemical composition, have a negligible effect on water absorption of 

aggregates in the first 5 hours (F(2,54)= 1.066, p=0.352 for the effect of temperature, and 

F(1,54)= 2.536, p=0.117 for the effect of chemical composition). In contrast, it is notable that 

the Marginal aggregate absorbed a significantly higher amount of water; on average, mostly 

around two times more than Premium aggregate in the corresponding time-period (F(1,54)= 

268.36, p<0.05). Figure 5-12 also confirms that a higher portion of water absorption capacity 

is filled within the initial hours of the test, and that the Marginal aggregate has a relatively 

higher appetite to absorb water initially. 
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a) b) 

  
c) d) 

  
Figure 5-11: Water absorption at critical times (one, two, five hours, and one day). a) 

Premium aggregates, distilled water, b) Premium aggregates, tap water, c) Marginal 

aggregates, distilled water, s) Marginal aggregates, tap water. 
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a) b) 

  
c) d) 

  
Figure 5-12: Percentage of water absorption in relation to the absorbed water after one day. 

a) Premium aggregates, distilled water, b) Premium aggregates, tap water, c) Marginal 

aggregates, distilled water, s) Marginal aggregates, tap water. The red indicator line depicts the 

threshold of water absorption, being 50% of the absorption amount after one day. 

To reduce the water absorption and thus lessen the detrimental effect of water on aggregates, 

a drainage system should shorten the saturation period within the Unbounded Granular Layers 

(UGLs). To this end, the optimum time for drainage should preferably be within stage I, well 

before the time at which the rate of water absorption decreases significantly. Given this 

assumption, and the fact that the natural drying process in the field is inefficient at the removal 

of water from the smaller pores; the required time to reach 50% of the water absorption capacity 

of an aggregate (in relation to one day of absorption) is assumed to be an acceptable threshold. 

Therefore, an effective time for removing water from the UGLs can be approximately one hour 

for Marginal aggregate and between two to five hours for Premium aggregate (refer to Figure 

5-12). 
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5.5.2.2. Traditional method of water absorption 

Based on the presented findings, a discrete result for water absorption of UGMs after a 

relatively long duration may not be representative of the short-term appetite of aggregates to 

absorb water and more reflective of wetting and drying cycles in the field. To consider this 

effect further Figure 5-13 illustrates three possible trends of water absorption. “Trend A” 

possesses the highest amount of water absorption after 24 hours and it can be interpreted as the 

worst-case. However, the initial water absorption of this trend is well below that of “Trend B”. 

In addition, a comparison of “Trend A” and “Trend C” reveals that despite a lower absorption 

of “Trend C” after 24 hours, both of them follow the same initial absorption trend. Overall, it 

is believed that depending on the efficiency and maintenance of the drainage system, the CWA 

curve can be of assistance in the selection of appropriate materials for the available in-field 

conditions. 

  

Figure 5-13: Schematic water absorption behaviour 

It is also worth mentioning that the CWA procedure mostly results in higher water 

absorption when compared to the same conditions utilised in the traditional absorption test 

methodology (Figure 5-14).  The difference is statistically significant with a 95% confidence 

interval (F(1,67)= 63.635, p<0.05). These findings may indicate a difference to Tegguer’s 

(Tegguer, 2012) estimates, who found a good correlation between traditional water absorption 

and the hydrostatic weighting approach. As expected, greater differences are apparent at 

elevated temperatures when the test continues for two days. This difference could be associated 

with the effect of temperature on the reduction of the viscosity of the solution, which results in 

a reduction in the water retention capacity and a relatively long time duration to reach an SSD 

condition. Thus, higher drainage and evaporation of the absorbed water may occur while drying 
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the surface of aggregates. However, there is no logical explanation for the considerable 

difference in two-day water absorption at 35oC measurements between the two testing methods. 

a) b) 

  
c) d) 

  
Figure 5-14: Water absorption of aggregates after one and two days, in various conditions. 

a) Premium aggregates, distilled water, b) Premium aggregates, tap water, c) Marginal 

aggregates, distilled water, s) Marginal aggregates, tap water. 

It is notable that there is a statistically significant difference between one and two days of 

water absorption of aggregate (F(1,58)= 7.53, p<0.05). This finding confirms that absorption 

test results does not reach a steady state within the test stipulated time (refer to Table 5-2) and 

therefore cannot be a suitable indicator in itself of the total water absorption capacity of UGMs. 

Furthermore, considering the possible range of variations of the in-service conditions of a 

pavement structure, one discrete test result in laboratory conditions cannot be reliably 

representative of the water absorption behaviour of an aggregate in the field. 

 Conclusion 

This study developed a new approach to measure the water absorption of unbound road 

aggregates, based on Archimedes' principle. The resulting CWA curves give essential 

information to investigate the propensity of aggregates to absorbed water in different 
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representative conditions. The test procedure developed could be utilised in any situation where 

the interaction of water and aggregate is important. 

Temperature, in particular, plays an important role in the water absorption process. It was 

found that despite the common trend, aggregates experience a third stage in which the rate of 

water absorption re-increases significantly at elevated temperatures and steady state conditions 

are not reached even after 2 days. Thus, as the in-service solution characteristics change from 

place to place, the water absorption behaviour of UGMs can be a location dependent property. 

This should be especially considered in low lying flat areas where longitudinal drainage 

conditions are more difficult and / or areas that are frequently flooded.  In addition, with the 

potential of higher water levels and greater frequency of storm events due to effects of climate 

change, pavements in coastal areas should consider more carefully the selection of aggregate 

materials.  

Based on the trend of water absorption, the introduced methodology suggests an effective 

time to drain water from UGLs. The effective time, theoretically, aims to limit the water 

absorption of UGMs to minimise their weatherability. It is mainly associated with the type of 

aggregate and its propensity to absorb water, particularly in the initial stage. The research 

concludes that Marginal aggregate is more absorptive than Premium aggregate and thus has a 

considerably shorter allowable time to drain before detrimental weathering effects are 

increased. 

Although meaningful laboratory results were obtained, it is recommended that in-situ real-

world water absorption testing conditions of UGMs be investigated, in their compacted state, 

and under the effect of traffic loading. In any case, this study indicates that the traditional 

method of one discrete measurement of water absorption after 24 hours, in one specific 

solution, cannot be a representative indicator of the real-world water absorption behaviour of 

an aggregate. 
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 THE EFFECT OF WEATHERING 

ON THE ENGINEERING PROPERTIES OF 

LABORATORY COMPACTED 

AGGREGATES 

 Contextural Overview 

Figure 6-1 shows the general framework of the current research. As highlighted in this 

figure, short-term weathering of geomaterials has been reported in Chapter 2. The conclusion 

drawn from this review chapter is that UGMs are weatherable and that their weatherability 

mainly depends on the inherent characteristics of the parent rocks and severity of the 

environmental conditions where aggregates are placed. Chapter 3 contains a description of the 

in situ weatherability of two different andesitic road aggregates in the eastern region of the 

North Island of New Zealand, one of premium quality, the other a marginal aggregate, at their 

respective quarry sites. The results reveal a range in the degree of weathering between 

aggregate sources and led to the expected conclusion that more intense degradation occurs in 

the marginal material. Overall, it was concluded that road materials can be highly weatherable 

under local environmental conditions prior to and following excavation. The weathering 

behaviour of these materials depends on their chemical composition and microstructural 

properties. Based on the understanding discussed in chapters 2 and 3, a series of modifications 

are proposed to the standard WQI test and described in Chapter 4. The standard WQI test is 

shown to be unable to quantitatively evaluate the weatherability of the selected aggregates. 

Moreover, proposed modifications to standard weathering test methods in this research indicate 

better measures of an aggregates weatherability. Finally, a new approach is developed in 

Chapter 5 to measure the real-time water absorption of unbound road aggregates. It is 

concluded that the environmental conditions, temperature in particular, play an important role 

in the amount of absorbed water. 
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Figure 6-1: The framework of the research in this thesis  

The in-situ conditions of UGMs, following compaction to form the foundations for a road, 

are generally different from the dominant condition in the quarry or when lying loose in the 

laboratory. Thus, chapter 6 traces the post-compaction weathering of UGMs and the associated 

effects on the performance of the layer. Two industry-common tests, the California Bearing 

Ratio (CBR) and the Repeated Load Triaxial (RLT) test, are used to obtain the shear strength, 

resilient stiffness and modulus of compacted UGMs as key performance indicators. To 

determine the sensitivity of the compacted materials to moisture, CBR and RLT tests were 

undertaken on oven-dried, OMC soaked specimens, which are subjected to various wetting and 

drying (W-D) cycles (Section 6.3.2.1 outlines the W-D process used for the compacted 

materials). 

CBR is one of the primary tests to determine the acceptability of UGMs in New Zealand. 

The TNZ-M4 specification (TNZ, 2006) recommends a minimum of 80% for the minimum 

CBR value of premium aggregates in a soaked condition. However, the specification is 
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intended to be an “as-placed” criterion and does not consider the deterioration of UGMs within 

the structure of the pavement or the change in CBR value from associated deterioration. Thus, 

the change in properties of the compacted layers remain unaccounted for. This chapter contains 

an evaluation of the effect of W-D on CBR results of the selected aggregates. It is notable that 

the most detrimental characteristics of the solution for weathering (as concluded from chapter 

4 for each source of aggregates) was chosen for W-D purposes.  

Even though CBR test results have long been correlated with the performance characteristics 

of a pavement, the literature usually does not contain a statement that this test is an adequate 

long-term performance indicator. Thus, to gain better insight, this chapter contains a 

description of an investigation into the stress-strain behaviour of compacted UGMs using 

repeated load triaxial (RLT) tests, with the aggregate under the same  conditions that were 

explained above for the CBR test (i.e. oven-dried, OMC, and soaked). The RLT testing 

methodology is generally considered in the industry to be a more reliable laboratory technique 

to assess the engineering durability performance of UGMs under the repeated traffic loading 

than the CBR. 

Related journal article: 

Sangsefidi, E., Larkin, T.J. and Wilson, D.J., 2021. The effect of weathering on the 

engineering properties of laboratory compacted unbound granular materials 

(UGMs). Construction and Building Materials, 276, p.122242. 

 Introduction 

Sustainable performance of pavement structures is a critical strategic consideration in most 

countries. Despite strict procedures of selection of road aggregates and significant efforts to 

maintain the pavement structure, premature failures still regularly occur throughout the world. 

Overall, the satisfactory initial performance of the pavement components cannot guarantee 

adequate long-term behaviour of the pavement. Therefore, the durability is considered as an 

essential aspect in the evaluation of road aggregates. The durability of road aggregates partly 

depends on the environmental field conditions. In general, the pavement structure experiences 

temporal and spatial changes in moisture content, temperature, and stress state. This subjects 

aggregates to periodical Wetting and Drying (W-D) and Freezing and Thawing (F-T) cycles in 

their service life. Several studies (Khoury and Zaman, 2007, Si and Herrera, 2007, Edil et al., 

2012, Diagne et al., 2015) have emphasised the influence of these environmental actions on 
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the performance of Unbound Granular Layers (UGLs) and durability properties of the 

constituent materials. 

The UGLs play a vital role in the pavement structure, particularly in the thin-surfaced and 

unsealed pavements that represent the majority of the road-network in New Zealand. Si and 

Herrera (2007) apportioned more than 80% of premature failures of a pavement structure to a 

problem in the UGLs or subgrade. The UGLs are usually composed of uncoated aggregates, 

which are exposed directly to the environmental actions described above. The influence of 

prolonged fluctuation in moisture content can indicate weatherability of the associated moisture 

sensitive granular materials (Weinert, 1968, Smith and Collis, 2001). The complex process of 

W-D can alter the micro-characteristics of Unbound Granular Materials (UGMs), produce 

moisture susceptible fines, and result in a loss of efficiency of UGLs and the performance of 

the pavement in-service conditions. Therefore, it is essential to take into account the effect of 

moisture variations for pavement design and use durable aggregates to maintain the integrity 

of the UGLs (Smith and Collis, 2001, Edil et al., 2012). 

Several laboratory testing methodologies have been developed to determine the 

weatherability of UGMs in their loose condition. The magnesium sulphate soundness test is 

capable of simulating the effect of crystallisation of soluble salts in the aggregate pores (Saeed 

et al., 2001). The New Zealand premium basecourse quality M/4 specification (TNZ, 2006) 

utilises the Weathering Quality Index (WQI) test to determine the resistance of loose UGMs to 

degradation under W-D and heating and cooling cycles. A recent research project in New 

Zealand presented literature on W-D and weathering evaluation tests on loose UGMs (van 

Blerk et al., 2017). The same authors also developed and implemented an accelerated 

weathering test that uses ethylene glycol to identify the presence of swelling clays. In another 

study, Metcalf (Metcalf, 1991) reported on an accelerated weathering procedure in New South 

Wales in which the aggregates are compacted after sustaining ten cycles of W-D. However, the 

durability test of UGMs in loose conditions alone cannot always represent the durability of 

aggregates in a compacted condition.  

 

Unfortunately, there is not a standard test to evaluate the effect of W-D processes on 

compacted unbound aggregates (Edil et al., 2012, Diagne et al., 2015). Accordingly, the bulk 

of the literature has been written following the standard testing methodology for W-D of 

compacted soil-cement mixtures (ASTM D 559 (ASTM, 2015)), while some modifications 
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have been applied. Using this testing procedure, experiments have been performed to evaluate 

the effects of W-D cycles on aggregates. Hoy, et al. (Hoy et al., 2017) discussed a positive 

impact of six cycles of W-D on Unconfined Compression Strength (UCS) of a blend of 

Reclaimed Asphalt Pavement (RAP) and fly ash. In contrast, (Khoury and Zaman, 2007) 

indicated a general reduction of UCS and resilient modulus of stabilised UGMs under the effect 

of W-D cycles. Another study, outlined the effect of W-D cycles as increasing the level of 

degradation, as determined by the Micro Deval test after the completion of the required W-D 

cycles (Diagne et al., 2015). The specimens were a mixture of recycled clay bricks and 

Recycled Concrete Aggregates (RCA). Conversely, no trend of changes in the abrasion and the 

particle size distribution was observed for natural, RAP, and RCA aggregates after completing 

30 cycles of W-D (Edil et al., 2012). Following almost the same methodology, Khoury and 

Zaman (Khoury and Zaman, 2007) also determined the general detrimental effect of W-D on 

the resilient modulus of cement-stabilised aggregates.  

The literature also contains a description of the tube suction test (TS-test) which is used to 

assess the moisture susceptibility of compacted granular aggregates (Si and Herrera, 2007). 

Assuming that the affinity for water is an acceptable indicator for both durability and moisture 

sensitivity of particulate materials, this test can satisfactorily evaluate the effect of W-D on the 

performance of mixtures of particles (Si and Herrera, 2007, Zhang and Tao, 2008).  

The effect of in situ field conditions on the performance of UGLs formed of virgin quarried 

material has been scarcely investigated. While the initial characteristics of the UGMs can be 

established within bounds using the conventional laboratory tests, an understanding of the long-

term behaviour of these materials in the UGLs continue to be little understood in pavement 

engineering. With a growing attention on the sustainable usage of road aggregates, New 

Zealand specifications have leaned towards an emphasis on obtaining moisture tolerant 

materials for road construction. However, it has been shown a number of times that even 

compliant aggregates can degrade in some environments (Smith and Collis, 2001). 

This chapter of the thesis investigates the effect of W-D cycles on the weatherability of 

UGMs of andesitic composition, both premium and marginal, following laboratory 

compaction.  

However, a laboratory compaction process does not yield a close fit to in situ field 

compaction, nor do the stress states equate. Obviously, when the complexity of field conditions 

and traffic loading are comprehended, a laboratory setting is seen to be an imperfect 
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representation of the potential for in situ degradation of UGMs over time. This research has 

focused on assessing the effect of various cycles of W-D on the weathering of UGMs in the 

laboratory. This will lead to a deepening of the understanding of the weathering processes in 

the laboratory, which can subsequently be used as a springboard to increase our understanding 

of the companion processes in the field.  The issue of structural decay of UGLs is of high 

importance to New Zealand and some other southern hemisphere countries, where UGMs are 

used in significant quantities in pavement construction. By and large young geologic quarried 

aggregates are utilised, some of which are susceptible to break-down under present climatic 

and loading conditions in New Zealand. The situation can only worsen with climate change 

and land sterilisation. Overall, the outcome of this study can be used as a framework for the 

selection of appropriate UGMs to form the structural capacity of a pavement with satisfactory 

performance over the design life. It is largely by field application that the processes derived 

here can be assessed and perhaps improved to further gain durability in the field, hence leading 

to construction savings as a result. 

 Materials and methodology 

6.3.1. Materials 

Aggregates were procured from fresh stockpiles (less than seven days old) in andesitic 

quarries (Quarry 1 and Quarry 2) in New Zealand. These quarries operate by extracting material 

from the Coromandel Group, Omahine Subgroup (latest Miocene- early Pliocene period). 

Table 6-1 summarises the preliminary experimental results on the two sources of aggregate. 

The engineering and geological properties of these materials have been described in detail in 

Chapters 3 to 5. Aggregates from Quarry 1 comply with the requirements for being classified 

as a Premium aggregate. While aggregate from Quarry 2 meets the requirement for Premium 

aggregates in the coarse category, it does not conform to the specifications for the fine portion 

of materials and thus are classified as a Marginal aggregate. This problematic feature for the 

fine fraction can be attributed to the presence of detrimental clays (please refer to the presented 

results in Chapter 4) and a relatively high clay content, see Table 6-2.  
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Table 6-1: Engineering properties of aggregates 

Testing method Specification Requirement Quarry 1 Quarry 2 

Coarse aggregates (retained on 75 micron sieve) 

Micro Deval 

Abrasion 

Fine aggregates 

(passing 4# sieve) 
ASTM- D6928-17 30 % (Max.) 9.01% 11.95% 

Coarse aggregates 
(on 4# sieve) 

ASTM- D7428 − 15 25% (Max.) 4.97% 5.43% 

Crushing Resistance 

(CR) * 
NZS 4407 

Max. 10% 

@130 kN 
6.02% 3.60% 

Water absorption (%) 
ASTM- C127-15 

- 0.66% 1.23% 

Apparent specific gravity (g/cm3) - 2.74 2.71 

Weathering Quality Index (WQI) NZS 4407 
AA, AB, BA, 

AC, CA, BB 
BB BB 

Fine aggregates (passing 75 micron sieve) ** 

Clay Index (CI) NZS 4407 3.0 (Max.) 2.9 6.3 

Sand Equivalent (SE) NZS 4407 40 (Min.) 62 43 

Plasticity Index (PI) NZS 4407 

5 (Max.) or 

Non-Plastic 

(NP) 

NP 5.7 

   
Premium 

aggregate 

Marginal 

aggregate 
* Higher crushing resistance of Marginal aggregates can be related to the abundance of volcanic glass in the 

structure of these materials (Black, 2009). 
** Marginal aggregates do not meet CI and PI requirements and SE results are close to failing the requirement. 

 

Both sources of aggregates have a maximum particle size of 40 mm and lie between the M4 

specification-compliant particle size distribution (PSD) envelope (TNZ, 2006). However, the 

marginal aggregate contains a higher percentage of fines (Figure 6-2 and Table 6-2). Table 6-2 

provides additional information to the PSD, with which to form the framework that describes 

the characteristics of the two aggregates employed in this study. The shape factor, (Gravel / 

Sand ratio) and surface area clearly show finer gradation of marginal aggregates. The finer 

fraction of the marginal aggregate, which contains more plastic and swelling clays than the 

premium (refer to Table 6-1), can act as a lubricant between the coarser aggregate particles in 

the presence of water. 
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Figure 6-2: The gradation of premium and marginal aggregates  

Table 6-2: Physical properties of gradations of aggregates 

Physical feature Premium aggregate Marginal aggregate Comments 
Shape factor (n)* 0.55 0.45 Premium aggregate has course 

gradation (n>0.5) and Marginal 

aggregate have fine gradation (n<0.5). 
Gravel to sand ratio (G/S)* 2.34 1.59 Premium aggregate has a coarser 

gradation. 
Coefficient of uniformity (Cu) 17.83 47.57 Both sources of aggregate have a non-

uniform gradation (Cu>4-6). 
Coefficient of curvature (Cc) 1.69 1.64 Both sources of aggregate have well-

graded gradation (1<Cc<3). 

Passing 0.075 mm sieve 3.57% 5.16% - 

Surface area (m2/kg) 3.25 4.86 Based on (Sangsefidi et al., 2014) 
* Talbot’s exponent n-value (Talbot et al., 1923) 
** Gravels are defined as particles passing the 75 mm sieve and retained on the 4.75 mm sieve. Sands are defined 

as particles passing the 4.75 mm sieve and retained on the 0.075 mm sieve. 

 

6.3.2. Methodology 

This section introduces the testing plan that is used to determine the effect of Wetting and 

Drying (W-D) cycles on post-compaction performance of two sources of andesite aggregates. 

Two industry-common tests, the California Bearing Ratio (CBR) and the Repeated Load 

Triaxial (RLT) test, are used to obtain the shear strength, resilient stiffness and modulus of 

compacted UGMs as key performance indicators. 
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6.3.2.1. W-D (conditioning) processes 

Each cycle of W-D of the compacted materials, California Bearing Ratio (CBR) and 

Repeated Load Triaxial (RLT) specimen, includes soaking in the solution for a period of time, 

as defined below, followed by drying cycles in the oven at 110 oC. An acidic solution (pH=4) 

at 35 oC was used in the wetting process. It was concluded in Chapter 4 that this is the most 

deleterious condition of the solution in the weathering of the selected aggregates. To adjust the 

pH of the solution, an appropriate amount of Nitric Acid 65% was added to distilled water.  

All specimens were prepared by compacting the aggregates at Optimum Moisture Content 

(OMC). To prepare the conditioned specimens once compaction was complete, the sample was 

oven dried at 110 oC. It was then allowed to cool to room temperature (approximately 22 oC) 

for four hours and was subsequently immersed 50 mm deep in the acidic solution bath. The 

specimen was removed from the solution and was allowed to drain for 15 minutes before being 

oven dried. The duration of the wetting and drying cycles described above was determined by 

the time to reach a relatively steady state. For the wetting process this was defined as a 

specimen weight variation of less than 0.1 kg after a time increment between weightings of 15 

minutes. On this basis, the wetting process for both sources of aggregates, can be accomplished 

after eight hours for the CBR specimen and 12 hours for the RLT specimen. The drying process 

that is required to revert the specimens to dry condition took a relatively longer time, 11 hours 

for the CBR mould size and 20 hours for the RLT mould size. To be conservative, i.e. be sure 

that a very close to equilibrium condition was achieved, all compacted samples were soaked in 

the solution for 18 hours and then oven dried for 24 hours.  

6.3.2.2. Compaction 

The Maximum Dry Density (MDD) and Optimum Moisture Content (OMC) were 

determined using the New Zealand vibrating hammer compaction test (NZS, 1986a) on 

aggregates passing a 19 mm sieve. Accordingly, a MDD of 2.29 and 2.31 (t/m3), and an OMC 

of 5.3% and 6.6% were determined for the premium and marginal aggregates, respectively. To 

achieve uniform compaction the CBR and RLT samples were compacted at OMC in two and 

five layers, respectively, each layer was approximately 60 mm thick. In this study, “fresh” and 

“conditioned” specimens refer to those specimens that are tested directly after compaction and 

those that passed through the W-D processes before testing, respectively. 
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6.3.2.3. CBR test 

CBR tests were conducted according to the standard laboratory method for remoulded 

specimens (NZS, 1986b). To determine the sensitivity of CBR values to moisture content the 

test was carried out on fresh-compacted aggregates in three conditions: oven-dried, OMC, and 

soaked (four-days submerging in distilled water). Additionally, the effect of the presence of 

salt on soaked-CBR values and the vertical swelling characteristics of specimens was measured 

by soaking the specimen in a solution of distilled water containing 200 ppm sodium chloride. 

This salt was determined to be the predominant salt in the pavement structure by (De Carteret 

et al., 2010). The conditioned specimens were also prepared after 4, 8, 12, and 16 cycles of W-

D, as described in the section above, followed by CBR tests on oven-dried and soaked 

specimens (refer to Figure 6-3). 

 

Figure 6-3: Testing plan. Soaked condition, for both small scale RLT and CBR tests, 

employed on oven-dried specimens. Duplicate specimens are prepared for each condition and 

each material. 

The local specification (TNZ, 2006) recommends a minimum soaked CBR value of 80% 

for basecourse aggregates. Along with evaluating the pass/fail limit, the force-penetration 
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curves of CBR specimens was investigated during loading and unloading (Figure 6-4). The 

loading was continued until it reached 50 KN (the maximum operating capacity of the 

instrument) or the displacement went beyond 7.5 mm. As shown in Figure 6-4 the loading 

pattern, after the correction of the zero-point, is either wholly concave up (curve 1) or wholly 

concave-down (curve 2). An equal and uniform unloading and loading rate was applied until 

the measured force returned to zero (symbolic curves 1-1 in Figure 6-4) and the corresponding 

displacement of the plunger may be referred to as the resilient displacement. Because of the 

nonlinearity of the stress-strain relationship of aggregates, leading to energy dissipation 

through non recoverable strain, the loading and unloading curves have different shapes. The 

area confined between the loading and unloading curves represents hysteresis, which indicates 

the plastic behaviour of the specimen during the test. To have a better understanding of the 

behavioural characteristics of the compacted specimen the relationship between the CBR 

values and the resilient displacement and area of the hysteresis zone were evaluated. 

 

Figure 6-4: The loading patterns (curves 1 and 2, after the correction of the zero-point) and 

the unloading trends for curve 1 (trend 1-1). The crosshatched areas indicate the hysteresis 

zone. The area enclosed in the hysteresis loop show energy dissipation during loading and 

unloading cycles. 

The variations in durability of the compacted specimens is expressed either by the variations 

in the CBR values or the change in the properties of fines, the quality and quantity, after 

conducting W-D cycles, compared to the control (fresh-compacted) specimens. The Clay Index 

(CI) test, also known as methylene blue, was used to evaluate the quality of fines. This test 

measures the cation exchange capacity of fine materials (passing 75-micron sieve) and is an 

indication of the presence of detrimental clays.  
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6.3.2.4. Multistage Small Scale Repeated Load Triaxial (RLT) test 

The RLT is the most commonly used test to determine the resistance of unbound aggregates 

to deformation. The testing was conducted using a Material Testing System (MTS 

312.31) machine according to the New Zealand specification for RLT testing for pavement 

materials (NZTA, 2014). This specification recommends six loading stages (Table 6-3) to 

cover a wide range of possible applied stresses to the pavement; each stage includes 50,000 

haversine load cycles at 4 Hz. If the permanent strain, from any particular stage, reaches one 

percent the test shifts to the next stage. To mitigate the effect of unevenness and inclination of 

the top and bottom surface of the specimens, a conditioning stage was applied prior to the test 

proper, which includes 1000 repetitions of a 93.1 kPa haversine axial stress with a confining 

pressure of 103.4 kPa.   

The test was carried out on fresh compacted specimens in OMC, dried, and soaked 

conditions. Due to the constraints of the small RLT testing equipment (150 mm diameter by 

300 mm in length), aggregates were scalped, and only particles less than 19 mm were used for 

RLT test. It is reported that scalped aggregates can be reasonably used as an indicator of the 

performance of fully graded materials (Li, 2018). Additionally, to determine the potential effect 

of a W-D process on deformation behaviour of aggregates, the RLT test was employed on both 

oven-dried and soaked specimens that were subjected to 8 cycles of W-D (refer to Figure 6-3). 

The specimen is separated from the cell water using two thin rubber membranes (0.5 mm 

thickness) which are sealed with two o-rings around both the top cap and base pedestal. 

Because of the high stiffness of compacted aggregate the membrane correction would be very 

small and insignificant (Karan, 2018). All specimens were tested in a drained condition using 

top and bottom drainage. 

Table 6-3: Stress conditions in small scale RLT tests (NZTA, 2014) 

Stage 

Maximum 

deviator stress, 

d max− (kPa) 

Confining 

pressure * 

3  (kPa) 

Mean 

Stress** 

p (kPa) 

Maximum 

major principal 

stress 

1 max−  

(kPa) 

I 90 120 150 210 

II 100 41.7 75 141.7 

III 180 90 150 270 

IV 330 140 250 470 

V 420 110 250 530 

VI 550 50 233.3 600 

* The confining pressure was implemented using air pressure on the surface of the cell water. 

** 1 max 3( 2 )
p  (kPa)

3

− + 
=   
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The resilient modulus is used to characterise the stiffness properties of UGMs and is defined 

for each cycle as the deviator stress (the difference between the major and minor principal 

stresses) divided by the corresponding resilient axial strain (Equation 6-1). The accumulated 

permanent strain (Equation 6-2) was also derived from the RLT test to compare the mechanical 

characteristics of materials. 

d max d min
n r

n

Resilient Modulus  (MPa)− − −
=


 

Equation 6-1 

 

Where, n= number of load cycles (from the beginning of the test), 
r
n  = resilient axial strain 

at load cycle n, 
d max−  = maximum deviator stress, 

d min− = minimum deviator stress  

The dimensionless quantity, CPSn %, the cumulative permanent strain at the completion of 

load cycle n is defined as: 

0 n unloaded
n

0

(L L )
CPS

L

−−
= x 100 Equation 6-2 

, L0 = Original length of the specimen, Ln-unloaded = length of the specimen in the unloaded 

condition at the completion of the nth loading cycle.  

In order to take into account the rate of accumulation of permanent strain, local 

specifications (TNZ, 2006) suggests a pass/fail parameter based on the Average Permanent 

Strain Slope (APSS, as a percentage over 1 million cycles) of the second half of the load cycles 

in each particular stage, i.e. between the 25,000 th and 50,000 th load cycle in each stage 

(Equation 6-3 and Equation 6-4).  

50,000th 25,000th

n

PS PS
PSS

25,000

−
=  Equation 6-3 

PSS
APSS

m


=   Equation 6-4 

Where PSSn ((%/1 million cycles) is the Permanent Strain Slope at stage n, PS50,000th and 

PS25,000th are the cumulative permanent strain at 50,000th and 25,000 loading cycles in each 

stage, respectively (to account for any noise in the data. With the objective of smoothing the 

data, the PS for any given cycle of loading is the average of previous ten reading). APSS is the 

Average Permanent Strain Slope (%/1 million cycles), and m is the number of stages to 

calculate APSS. The specification used by New Zealand industry (by and large) (TNZ, 2006) 

recommends calculating APSS for the first five stages and the whole six stages separately. 

Table 6-4 summarises the recommended APSS limits for high and low traffic highways. 
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Table 6-4: APSS limits for different traffic conditions * 

Traffic condition 
APSS limit, drained condition 

(%/1 million cycles) 

High traffic highways 

(design traffic volume more than five million equivalent axle load) 
0.55 

Low traffic highways 

(design traffic volume less than one million equivalent axle load) 
1 

* UGMs used in highways with a design traffic volume between one and five million equivalent axle loads do not 

require a RLT test, as long as they comply with M4 source property and production tests (TNZ, 2006).   

 

 Results and discussion 

6.4.1. CBR results 

The CBR test results of fresh and conditioned specimens presented in Figure 6-5, show 

distinctive behaviour of the Premium and Marginal aggregates. Interestingly, fresh-compacted 

Marginal aggregates were observed to have a higher CBR value. The higher CBR value is 

thought to be directly related to the higher crushing resistance of these materials and the 

presence of a higher quantity of fines that can be beneficial in developing negative (below 

atmospheric) gas and water pressures (Toll, 2015). It is also notable that the dried condition 

delivers better results, which confirms the negative effect of the pressure of water in the pore 

space of the finer fractions. It can also be related to the lubrication effect of water, which leads 

to higher volume change and larger unrecoverable deformations. The pronounced effect of dry 

conditions on Marginal aggregates can be explained by the presence of a higher content of 

plastic clays, which possess a considerable strength in conditions of very low water content 

(Thom and Brown, 1987, Hussain et al., 2011). Surprisingly, both sources of aggregate show 

lower CBR test results at the OMC- condition compared to the soaked-condition. Overall, this 

result is contrary to the main body of the literature (Wooltorton, 1958, Saeed et al., 2001, 

Hussain et al., 2011, Purwana et al., 2012, Arulrajah et al., 2014, Mirzaii and Negahban, 2016, 

Osouli et al., 2018) as it is expected that lower friction and suction pressure in the soaked 

condition reduces the CBR results. This behaviour, however, can be partly explained by the 

lubrication effect of wet-clay on the reduction of the internal friction of the compacted 

specimen with increasing water to a certain value, beyond which the disruptive influence of 

water on clays increases the friction (Horn and Deere, 1962, Procter and Barton, 1974). Several 

other researchers have supported this hypothesis, i.e. the enhancement of friction from the 

effect of water. 
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a) b) 

  
Figure 6-5: CBR test results a) Premium aggregates, b) Marginal aggregates, average of two 

test results. The horizontal dashed line depicts the minimum acceptable CBR (80%) for soaked-

basecourse aggregates (TNZ, 2006). 

Figure 6-5 is also quite revealing in several ways:  

1) W-D cycles resulted in distinctly different effects on the two sources of aggregate. An 

abrupt increase in dried and soaked (water and salt) CBR values of Premium aggregates is 

noticed after four cycles of W-D, then the results become almost stabilised in the 

subsequent cycles. In contrast, for Marginal aggregates, the dried and soaked CBR values 

impart a general trend of decrease with cycles of W-D.  

2) The soaked (in salt) CBRs for both sources of aggregates shows a decreasing CBR 

trend with W-D cycles, albeit, Marginal aggregates demonstrate a gentle fluctuation.  

3) A further novel finding is that, unlike Marginal aggregates, Premium materials demonstrate 

higher CBR values after soaking in a salt solution compared to soaking in distilled water. 

The weathering of aggregates and the production of detrimental clays during W-D process 

(Figure 6-6) can provide an explanation for these observations. 

On the basis of CI alone (Figure 6-6), all specimens do not pass the premium M/4 grade 

specification, except for the fresh compacted premium aggregate that just meets the 

specification requirement (CI<3). The CI of the Premium aggregates increases after four cycles 

of W-D, then it stabilised, and there is no significant difference in the results at a 95% 

confidence intervals (F(3,4) = 0.61, p = 0.64). In contrast, the Marginal aggregate shows a 

significant difference in CI test results of fines produced during W-D cycles (F(3,4) = 7.78, p 

= 0.04). The tendency of Marginal aggregates to produce more swelling clays can be associated 

with the quantities involved in the finer gradation and higher propensity of these materials to 
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absorb water, as expected by the identification of the clay mineral present. The presence of 

more glass, the most reactive component of andesite in the structure of the marginal aggregate 

(Black, 2009), can also accelerate the production of clays. In addition, the amount of fine 

material (passing the 75-micron sieve) in the Premium aggregate shows a progressive increase 

with cycles of W-D; however, the increase is not significant at a 95% confidence interval 

(F(3,4) = 3.74, p = 0.12). Whereas, the amount of fine material in the Marginal aggregates 

represents a significant trend of increase with W-D cycles (F(3,4) = 6.78, p = 0.048), which 

confirms the increased reactivity of these materials. Overall, the results reveal a significant 

difference, at a 95% confidence interval, in the CI (F(1,18) = 54.05, p ~ 0) and the amount of 

fines (F(1,18) = 46.72, p ~ 0) between the Premium and Marginal aggregates. 

It has been found that an increase in the proportion of fine materials, to a limiting value, 

may contribute to a rise of the CBR value (Saeed et al., 2001, Purwana et al., 2012). 

Accordingly, the increase in the CBR results of Premium aggregates may be partly related to 

the production of a limited amount of fine material during the W-D process. The presence of  

fines above a limiting value, or further increase in the amount of detrimental clays due to 

degradation of UGMs, can develop slip surfaces between aggregate particles that were initially 

interlocked (Purwana et al., 2012). These factors of material behaviour, as well as the more 

destructive effect of W-D processes, i.e. swelling and shrinkage of the structure of Marginal 

specimens (Wooltorton, 1958, Al-Homoud et al., 1995), are thought to result in the continuous 

reduction of CBR values in the more vulnerable materials.  

The impact of salt on the properties of UGMs is not clear from the experimental results in 

Figure 6-5. Both positive, i.e. stabilisation, (Marley and Sheeler, 1963, Mainfort, 1969, Singh 

and Das, 1999, De Carteret et al., 2010) and negative i.e. deboning aggregates, (De Carteret et 

al., 2010) effects have been reported in the literature. However, the literature suggests there is 

a consensus that the effect of salinity on  pavement performance is related to the amount and 

the type of clays (Marley and Sheeler, 1963, De Carteret et al., 2010) and pavement aggregate 

layers that are high in fines are more susceptible to structural damage by the presence of salts 

(De Carteret et al., 2010). This may be an explanation for noticeably lower CBR values of 

Marginal aggregates when soaked in salt-water (Figure 6-5.b). Furthermore, the increase in the 

CBR of salt-water soaked specimens of Premium aggregate (Figure 6-5.a) may be related to 

the effect of salts on an increase in the surface tension of water in the pores (Marley and 

Sheeler, 1963, Singh and Das, 1999, De Carteret et al., 2010), which will contribute in binding 

aggregate particles in wet conditions (Marley and Sheeler, 1963).  
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Figure 6-6: Test results on the fine fraction of aggregates. The column chart shows CI test 

results, and the line chart represents the weight of present fines. The horizontal red line depicts 

the maximum allowable CI (based on (TNZ, 2006)).  

6.4.1.1. Swelling characteristics 

The amount of swelling is taken as the percentage increase in the height of the specimen in 

the soaked and salt soaked conditions (Figure 6-7). While the Premium aggregates show no 

swelling potential, Marginal aggregates began to swell almost immediately following soaking 

in the solution. The swelling ceased, in most cases, long before completing four days of soaking 

(Figure 6-7). Some investigators have reported the effect of sodium chloride on an increase in 

the expansion of clays (Marley and Sheeler, 1963) (refer to Chapter 2). In contrast, the present 

findings confirm the potential stabilising effect of sodium chloride on Marginal aggregates. 

This finding is in agreement with the results reported by (Singh and Das, 1999) on lowering 

the expansion of clays due to coagulation of clay particles in the presence of salt. However, it 

is not consistent with the lower salt-soaked CBR results of the Marginal aggregate (Figure 6-5). 

Interestingly, the first four cycles of W-D leads to substantial swelling of Marginal aggregates, 

with a reduction there-after. The reduction in the swelling potential of the specimens is thought 

to be associated with the rearrangement of clay minerals (Al-Homoud et al., 1995) and may 

well lead to the occurrence of fatigue and cracking during a cyclic W-D process (Al-Homoud 

et al., 1995, Basma et al., 1996). 
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Figure 6-7: Vertical swelling (4-days) of Marginal aggregate, fresh and conditioned 

specimens. Each line is the average of two testing results. The swelling of aggregates is 

considered complete when the curve has a zero gradient.  

6.4.1.2. The relation of CBR value and force-penetration curve parameters 

Generally, higher values of CBR value result in a reduction in the penetration of the plunger 

into the specimen, and thus it is reasonable to assume that the resilient displacement also 

reduces. The scatter plot (Figure 6-8) supports the rationale above and shows an inverse 

relationship between the resilient displacement and CBR values. Although a linear regression 

is found to be significant (F(1,62)= 41.52, p<0.000), the high variability of the data (low R-

squared= 0.4 and high Standard Error of the Estimate (SEE)= 43.03) means the regression is 

largely unusable. In contrast, a logarithmic relationship (F(1,62)= 633.57, p<0.000, R2= 0.91, 

and SEE= 16.6) was found to be a better fit between CBR value and hysteresis area (Figure 

6-9). Overall, as was expected, the narrower hysteresis loops (yielding lower energy loss per 

unit volume) is associated with higher CBR results. 
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Figure 6-8: The relationship between resilient displacement (obtained from the load-

penetration curve) and CBR values. Black and grey dots indicate Premium and Marginal 

aggregates results, respectively. 

 
Figure 6-9: The relationship between Hysteresis area and CBR values. Black and grey dots 

indicate Premium and Marginal aggregates results, respectively. The points indicated by 

dashed circles are detected outliers in the regression analysis, i.e. their standardised residuals 

of the regression line are beyond [-2 2]. It should be noted that experimental errors, during the 

sample preparation, compaction of the specimen, doing the test, or logging the testing results 

could cause these outliers. 

6.4.2. Multistage RLT test 

The total deformation behaviour of UGMs in each cycle of the RLT test is a combination of 

resilient and permanent deformations. The resilient deformation can facilitate fatigue cracking 

reaching the surface layer of flexible pavements while the permanent deformation is mainly 
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associated with the accumulation of rutting in the surface of the pavement (Erlingsson et al., 

2017). 

6.4.2.1. Permanent strain 

The relationships between the cumulative permanent strain of Premium and Marginal 

aggregates with the number of load cycles (Figure 6-10.a and b, respectively) present a distinct 

variation in the behaviour of the two aggregates, each having a different source. The Premium 

aggregates commonly demonstrate lower permanent strain. This is particularly noticeable at 

the later stages of loading and can be explained by the finer gradation of Marginal aggregates 

and that the skeleton of the larger fraction in these materials having less aggregate to aggregate 

contact to resist against the permanent deformation (Arnold et al., 2007). Additionally, the 

permanent deformation behaviour of Marginal aggregates is more dependent on moisture 

content. While these materials generally have better behaviour compared to Premium 

aggregates in dried-fresh conditions (consistent with the CBR results), there exists a higher 

increase in the permanent strain with the rise in moisture content to OMC that extends to soaked 

conditions. The ultimate permanent strain of Marginal aggregates in OMC- fresh and soaked-

fresh conditions increased by 300% and 498% compared to the dried-fresh condition, 

respectively. Whereas, for Premium aggregates the increases are relatively lower (63% and 

161%, respectively). Overall, the sensitivity of permanent deformation of Marginal aggregates 

to variations in moisture content is related to the quantity of material in finer fraction and the 

presence of more swelling clays in that fraction (Arnold et al., 2007). 

In addition, both Premium and Marginal aggregates yield more permanent strain after a W-

D processes. However, this is more notable in Marginal aggregates, and in the worst case, i.e. 

the soaked-conditioned state, Marginal aggregates failed in the last stage of loading (the 

accumulated permanent strain goes beyond the 1% maximum limit of the local specification 

(NZTA, 2014)). This result is consistent with the effect of W-D on CBR values of Marginal 

aggregates and can be related to a higher level of changes in the structure and composition of 

these aggregates during W-D processes.  
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a) 

 
b) 

 
Figure 6-10: Cumulative vertical permanent strain versus the number of load cycles, a) 

Premium aggregates, b) Marginal aggregates. The results are the average of duplicate 

specimens. The noticeable change in the rate of permanent strain is due to the change in the 

stress state of the specimen in each stage. Each stage includes 16 selected points. 

 

 

0

1

2

0 50 100 150 200 250 300

P
er

m
a

n
en

t 
st

a
ri

n
 (

P
er

ce
n

t)

Load cycle (103)

Dried-Fresh

OMC-Fresh

Soaked-Fresh

Dried-Conditioned

Soaked-Conditioned

0

1

2

0 50 100 150 200 250 300

P
er

m
a

n
en

t 
st

a
ri

n
 (

P
er

ce
n

t)

Load cycle (103)

Dried-Fresh

OMC-Fresh

Soaked-Fresh

Dried-Conditioned

Soaked-Conditioned



                  Chapter 6: The effect of weathering on the engineering properties of laboratory … 

206 

 

6.4.2.2. Resilient Modulus 

The variations of resilient modulus of materials in different stages of the RLT test (Figure 

6-11) show the superior behaviour of dried-fresh specimens in most stages, consistent with the 

permanent strain results. This is thought to be related to the effect of suction changes and 

thermal expansion on improving the contact pressure between particles. The resilient modulus 

of Marginal aggregates decreases more noticeably with the increase in the moisture content. In 

contrast, coarser gradation and thus more effective particle contacts in the structure of premium 

aggregates reduce the susceptibility of resilient modulus of these materials to increase in 

moisture content. 

W-D process causes a considerable decrease in the resilient modulus of Marginal 

aggregates. Given the same stress conditions, this can be interpreted as a continual increase in 

the resilient strain of Marginal aggregates when in-service, which can lead to fatigue cracking 

in the surface layer of flexible pavements. It is also notable that there exists an approximate 

trend in resilient modulus of these materials with variation in the stress states. Considering 

Figure 6-11.b, the decrease in resilient modulus from stage I to stage II is followed by a steady 

increase to stage IV and then it keeps reducing to stage VI.  The lowest resilient modulus occurs 

in stages II and VI, which have the lowest confining pressures, depicts the considerable effect 

of confining pressure on the performance of Marginal aggregates. 
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a) 

 
b) 

 
Figure 6-11: Resilient modulus versus the number of load cycles, a) Premium aggregates, 

b) Marginal aggregates. The abrupt change in the resilient modulus is related to the variation 

in the stress state of the specimen in each stage. The selected points show the resilient modulus 

of materials in 10,000 load cycle increments. 
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6.4.2.3. APSS 

The analysis of the permanent strain slope (Figure 6-12) demonstrates a relatively faster 

termination of the post-compaction process of Premium aggregates in each stage, compared to 

that of the Marginal aggregate, after which the response becomes more resilient. On this basis, 

the superior performance of Premium and Marginal aggregates occurs at Stage III and Stage 

II, respectively. After which the permanent strain slope increases considerably, particularly for 

Marginal aggregates. These findings lead to the conclusion that the deformation properties of 

Marginal aggregates depends significantly  on the state of the stress at 95% confidence interval 

(F(5,59)=1.414, p= 0.23 for the Premium aggregates, and F(5,57)=6.834, p=0.000058 for the 

Marginal aggregates),. Furthermore, a considerable proportion of the deformation of both 

materials is unrecoverable in the second half of each stage. In addition, the increase in the 

gradient of the permanent strain after a W-D process is more evident in Marginal aggregates 

tested in this study.   

The soaked- fresh and conditioned Premium aggregates marginally pass the lower TNZ, 

2006 threshold for APSS of 0.55 %/ 1 million cycles, and thus the recommendation in the local 

specification (TNZ, 2006) is to modify these materials in the case of use in highly trafficked 

roadways. Whereas, the higher APSS for Marginal aggregate suggests that these materials are 

better to be used in low traffic roadways. 

a) b) 

  
Figure 6-12: Permanent strain slope in each stage, APSS results for the initial five stages 

(APSS-5) and all six stages (APSS-6). a) Premium aggregates, b) Marginal aggregates. The 

dashed line depicts the maximum acceptable APSS in all 6 stages (Design Traffic> 5 million 

ESAs) and the solid line shows maximum acceptable APSS in all 6 stages (Design Traffic<1 

million ESAs) 
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6.4.2.4. Shakedown Approach  

Figure 6-13 and Figure 6-14 show the application of shakedown theory in characterising the 

permanent deformation properties of specimens. Based on the shakedown approach, the 

permanent deformation response is divided into three different categories, 1) The plastic 

shakedown, 2) plastic creep, and 3) incremental collapse. Desirably, the response of both 

aggregates should be within the plastic shakedown or the plastic creep categories, while having 

an acceptable total permanent deformation. 

The permanent strain response of both Premium and Marginal aggregates is mostly within 

the plastic shakedown range. In this region, the permanent strain rate continually decreases, 

and the response of specimens becomes almost stable and resilient, which suggests the 

adaptation of specimens to the loading conditions. This result signifies the crucial effect of the 

accumulated permanent strain of aggregates within the initial load cycles, i.e. the post-

compaction phase, on the ultimate plastic deformation of each specimen. In addition, with 

increase in the moisture content, particularly in the later stage of loading, the permanent strain 

rate decreases in progressively smaller increments while the permanent strain increases. This 

shows the tendency of the specimen to steadily accumulate permanent deformations, which is 

more evident in Marginal aggregates. 

The W-D processes markedly affects the vertical permanent strain rate of aggregates. The 

conditioned-soaked Premium and Marginal aggregates both manifest a distinct behaviour, and 

in the worst case, these specimens experience plastic creep and incremental collapse, 

respectively. The permanent strain response of the conditioned-soaked Premium aggregates 

lies within the plastic creep in stage VI, and conditioned-soaked Marginal aggregates enters 

the plastic creep, and incremental collapse ranges in stage V and VI, respectively. This finding 

suggests that Premium aggregates are capable of delaying the onset of the plastic creep state. 

However, the response of the conditioned-soaked Marginal aggregates in stage VI remains 

plastic that is the permanent strain rate becomes almost stable with increasing the permanent 

strain. This depicts a near-linear increase in permanent strain with increasing load cycles. It is 

assumed that the production of clay minerals leads to a reduction of internal friction. This may 

increase the deformation at the sites of inter-particle contact and raise the possibility of 

reorientation of aggregate particles, particularity under high stress conditions. Reorientation 

may make the skeletal framework of aggregates unstable, which can lead to incremental 

collapse. 
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a) b) 

  
c) d) 

  
 

e) 

 

 

 

Figure 6-13: Permanent strain rate versus permanent strain of Premium aggregates, a) Dried-

Fresh condition, b) OMC-Fresh condition, c) Soaked-Fresh condition, d) Dried-Conditioned 

condition, e) Soaked-Conditioned. Two horizontal dashed lines denote the boundary between 

plastic shakedown and plastic creep (the bottom line), and plastic creep and increment collapse 

(the top line) (Li et al., 2019). The successive separation of points in the graphs represents a 

load increment of 10,000 cycles.  
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a) b) 

  
c) d) 

  
e)  

 

 

Figure 6-14: Permanent strain rate versus permanent strain of Marginal aggregates, a) Dried-

Fresh condition, b) OMC-Fresh condition, c) Soaked-Fresh condition, d) Dried-Conditioned 

condition, e) Soaked-Conditioned. Two horizontal dashed lines denote the boundary between 

plastic shakedown and plastic creep (the bottom line), and plastic creep and increment collapse 

(the top line) (Li et al., 2019). The successive separation of points in the graphs represents a 

load increment of 10,000 cycles.  
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 Conclusion 

The moisture content in UGLs frequently changes during the service life of a pavement. 

This chapter set out to establish the sensitivity of compacted UGMs to changes in the moisture 

content and a W-D process, in terms of variation in CBR and RLT test results. Two sources of 

andesitic aggregate, one with premium and the other with marginal properties, were 

investigated in this study. Overall, the moisture content and the W-D cycles were shown to 

have a considerable effect on the performance of both aggregates.  

The W-D processes resulted in a decrease in resilient modulus and an increase in permanent 

deformation of all aggregates, while the range of variation is lower in Premium aggregates.  

This chapter has been used to identify that the performance of Marginal aggregates is 

heavily dependent on the stress-state, variation of the moisture content, and the W-D processes. 

The CBR of fresh-compacted Marginal aggregates is well above the acceptance criterion and 

its RLT test showed comparable results with Premium aggregates. However, these materials 

lost their strength considerably with increasing moisture content or being subjected to a W-D 

process. Additionally, a short-term W-D process was found to negatively affect the 

characteristics of the fines in Marginal aggregates. These materials produced an increasing 

quantity of detrimental swelling clays within the limited number of W-D cycles employed in 

this study. Overall, the finer gradation of Marginal aggregates and the presence of swelling 

clay minerals necessitate a strict control of the water content in UGLs constructed from 

Marginal aggregates. 

The Premium aggregates did not show any swelling behaviour in the course of this study. 

In contrast, the swelling characteristics of Marginal aggregates was affected by W-D cycles. 

The vertical swelling of Marginal aggregates initially increased until completion of 4-cycles of 

W-D, beyond which a reduction was observed.  

These investigations into the changes in the characteristics of aggregates indicate possible 

shortcomings within the current road materials selection procedure in New Zealand. In 

particular, it is generally assumed that aggregates have constant properties over their in-service 

life. This study has clearly demonstrated that this is not the case, as fresh quarried aggregate 

generally performs better in laboratory tests in comparison to tests undertaken after some 

wetting and drying cycles. This behaviour is observed even for aggregate that passes a premium 

specification.  
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The current specifications in New Zealand do not include a reliable testing methodology to 

successfully evaluate the ageing characteristics of road aggregates. As demonstrated by the 

performance of laboratory compacted specimens in this study, the in-service W-D cycles can 

considerably affect the characteristics of New Zealand road aggregates. Thus, it is essential to 

integrate ageing characteristics of UGMs into the selection of aggregates to achieve more 

sustainable use of available aggregates. 
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 CONCLUSIONS AND 

RECOMMENDATIONS  

 Introduction 

UGMs used in the base and subbase layer of pavements are usually produced from crushed 

rocks extracted from a quarry. These materials are considered of marginal quality if they fail 

to comply with requirements of the State Highway premium- specifications used in New 

Zealand. Marginal aggregates are mostly regarded unsuitable for the construction of high-

trafficked roads, although can be fit for purpose for many roads in New Zealand that carry 

lower traffic volumes. In a recent NZTA funded research report it has been suggested that 

marginal materials should be re-classified as ‘alternative materials’ that can also include 

recycled materials to provide a better potential classification of the material. The shortage of 

supply of high-quality aggregates in some geographical areas, which pass all requirements of 

the New Zealand Transport Agency specifications, and the additional sustainability imperative 

to better utilise local non – renewable minerals motivates agencies and practitioners to better 

utilise marginal aggregate resources in New Zealand. The appropriate use of marginal 

aggregates as an alternative to premium aggregates results in a significant reduction in 

transportation costs, energy and carbon emissions when aggregates are selected closer to the 

construction site. Better use of marginal aggregate is very important for New Zealand where 

there is a high demand for UGMs since premium aggregate is, and will increasingly continue 

to be, in short supply.   

This chapter presents the objectives of the research and summarises the conclusions 

achieved from the investigations and analysis of the results. Moreover, in order to further 

develop this area of increasingly important research some recommendations are proposed for 

future studies.  

 Main aim of the thesis 

UGMs are mostly assumed to have constant characteristics over both time and location. 

Thus, the possibility of ageing being an important ingredient in design is usually disregarded. 

The results and interpretation of this research provide a better understanding of environmental 
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effects, often known as weathering, on UGMs and the subsequent impact of aggregate 

deterioration on the performance of UGLs.  

The short-term weatherability of road aggregates has not received enough attention at the 

time of this study. Thus, the main objective of this research was to develop and test an 

experimental plan to provide a better understanding of in-service weathering of UGMs and its 

impact on the performance of UGLs. The experiments undertaken in this research have 

incorporated the important environmental factors and represent more realistic in-field 

conditions. In order to achieve the main objective of this research, a series of sub-objectives 

were set which include: 

1) Reviewing the literature to determine the short-term weatherability of UGMs and evaluate 

the potential effects of weathering on engineering properties of aggregates when they are 

used in transportation and especially road pavement infrastructure.  

There is a lack of knowledge on the effect of environmental conditions on road materials. 

Thus, in order to apply the knowledge from other disciplines to the field of pavement 

engineering the short-term weatherability of geomaterials from other sectors and/or materials 

was investigated. In addition, the important environmental agent(s) and their impact on the 

properties of geomaterials is determined. The results of this step set the scene for the next sub-

objectives of this thesis. 

2) Evaluating the engineering properties of selected aggregates (andesitic resources, Quarry 1 

and Quarry 2) by using the relevant New Zealand standards in conjunction with 

mineralogical and chemical analysis. 

3) Determining the effect of local environmental conditions on the properties of UGMs in the 

quarry as a function of time of exposure.  

However, the in-situ unquarried rock conditions are not an exact replica of the weathering 

conditions of aggregates in a pavement once aggregates have been produced. In this research, 

it is suggested that an understanding of the durability of parent rocks from the face of a quarry 

at various quarried time periods can provide a ready insight into the weatherability of road 

aggregates in a pavement. Laboratory methods, including thin section petrography, CI value, 

XRD and XRF analysis and image processing were used to trace the effect of the weathering 

process on the mineralogical and chemical properties of the aggregates. 
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4) Proposing some modifications to standard WQI, in order to provide a deeper insight into 

the ageing properties of UGMs in the in-service condition. 

The inadequate performance of some premium aggregates during in-service conditions can 

result from unsatisfactory evaluation of road materials when using standard tests originating 

from either New Zealand or overseas. This research produced a method which integrates the 

most important environmental parameters, which can be readily provided in a laboratory, into 

a modified WQI testing methodology.  

5) Developing a new approach to continuously measure the water absorption of UGMs, based 

on Archimedes' principle. The test procedure developed gives essential information to 

investigate the propensity of aggregates to absorbed water in different representative 

conditions. 

Water absorption into aggregate particles can be a trigger for the chemical reaction between 

the solution and aggregate mineralogy.  Thus, understanding the reciprocal effect of material 

and water makes it possible to delay the deterioration of pavement performance over time. 

6) Evaluating the weathering behaviour of UGMs in the compacted condition and its potential 

effects on mechanical properties, including the swelling characteristics of materials. 

In order to evaluate the effect of weathering on the performance of UGLs, the variation in 

mechanical response (which was measured using RLT and CBR tests), and the swelling 

properties of compacted specimens, were determined after various combinations of cycles of 

W-D. Moreover, the variation in the CI of the fine portion of a compacted aggregate, after W-

D processes, was used as an indicator of the production of detrimental clays in-service 

condition.  

 Main conclusions 

The main conclusions of the research will be grouped into the following six areas with 

respect to the objectives and sub-objectives of this research. 

1) Reviewing the literature 

a) Road aggregates can be weakened as a result of weathering of their components during 

processing and when placed in their specific new in-field environmental conditions. 

Thus, it is reasonable to assume that UGMs, in their in-service condition, may not 

continue to have the initial properties they were designed or initially tested for. 

https://www.google.co.nz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=13&ved=0ahUKEwjbjq-a5PvWAhWGoJQKHeJyDFUQFghjMAw&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FArchimedes%2527_principle&usg=AOvVaw1Uqqc9DlYLznhzZO2eViRk
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b) The environmental conditions of the in-service locality can affect the durability 

characteristics of road aggregates; thus, an unacceptable material for a certain site can 

be a potential choice for another site that has different environmental factors governing 

the deterioration of the in place aggregate. 

c) The characteristics of the ground-water, e.g. temperature, presence of salts, and pH, can 

affect the interaction between water and the in-service aggregate. The current durability 

tests are not representative of the wide variety of environmental conditions in New 

Zealand and thus may fail to give rise to some chemical and physical interactions 

between water and UGMs. This can be a cause of the inability of some of the standard 

index tests to predict the premature failure of UGMs.  

d) Water absorption into aggregate particles can be a trigger for the chemical reaction 

between the solution and aggregate mineralogy. Thus, any measures taken to reduce 

the quantity of absorbed water can alleviate the moisture susceptibility of an aggregate. 

e) The mineralogical and geological properties of UGMs have a key impact on durability 

characteristics of aggregates. Each constituent mineral may weather in a different way 

and thus, it is insufficient to use the same conditions in a laboratory to evaluate the 

durability of aggregates sourced from different geological/ground-water conditions. 

f) The production of clay minerals has been shown to cause an increase in the structural 

deterioration of UGLs due to cyclic swelling and the subsequent shrinkage during W-

D process. Moreover, the drawn water into the interlayer space of swelling clay 

minerals may not immediately drain out and thus increases the time of wetness in the 

compacted sample. The produced clay minerals can also lubricate the surface of UGMs, 

which can lead to a reduction in shear strength and corresponding increase in permanent 

deformation. Thus, production of clay minerals is considered as the main indicator of 

weathering of road aggregates in this study. 

2) The engineering properties of selected aggregates 

The testing results for fresh aggregates obtained immediately after extraction from each 

quarry (less than 7 days) are presented in this section: 

a) Transit New Zealand specification (TNZ-M/4) defines a series of acceptance criteria 

for UGMs that are used for heavily trafficked roads. The testing results of selected 

aggregates are compared as follows: 
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- Both aggregates from andesitic sources have a maximum particle size of 40 mm and lie 

between the M4 specification-compliant particle size distribution (PSD) envelope; 

however, the Quarry 2 aggregate has finer gradation. Quarry 1 aggregate performs 

better in terms of CI (2.9 compared to 6.3), SE (62 compared to 43), and PI (NP 

compared to 5.7). While Quarry 2 aggregates achieve better results in terms of CBR 

(208% compared to 169%) and CR (3.60% compared to 6.02%). Moreover, both 

sources of aggregates show the same WQI test results (BB). On this basis Quarry 1 

aggregate completely complies with NZTA M/4 specification (passes all tests), and 

Quarry 2 aggregate is considered of marginal quality since it does not comply with CI 

and SE requirements in NZTA M/4 and is close to fail SE test.  

- A set of complementary tests were also undertaken to better understand the 

characteristics of fresh aggregates. On this basis Quarry 1 aggregate displays superior 

properties compared to Quarry 2 aggregate in water absorption (0.66% compared to 

1.23%), Micro Deval of fines (9.01% compared to 11.95%) and Micro Deval coarse 

aggregates (4.97% compared to 5.43%) which all pass standard specification limits. 

b) The mineralogical and chemical characteristics of aggregates are determined using a 

variety of analytical methods, including X-Ray Fluorescence (XRF), X-ray Diffraction 

(XRD), and thin section petrography. 

- Higher levels of CI, SE, PI, OMC can be used as relevant indicators in determining the 

presence and potential quality of clay minerals in the road aggregates. However, to 

identify and investigate the type of clay minerals, and therefore whether the specific 

mineral is moisture sensitive, a more detailed geological investigation is required. 

- The results of XRD analysis demonstrate that both the Quarry 1 and Quarry 2 

aggregates have almost the same mineralogy and are primarily composed of feldspar 

and pyroxene. However, the Quarry 2 aggregate contains smectite in its structure.  

- Thin section analysis reveals that both aggregates have a porphyritic texture that is 

mainly composed of plagioclase phenocrysts. Phenocrysts are more abundant and 

larger in the Premium aggregate. The space between phenocrysts is also filled with 

groundmass of feldspars, glass, and iron oxides.  

- Based on the chemical analysis both aggregates fall within the geological definition of 

andesite volcanic materials. It is notable that the fresh material in Quarry 2 is richer in 

Na2O and K2O, which can be related to the presence of more glass in their composition. 
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3) Weatherability of UGMs in the respective quarries 

A newly developed methodology was used to evaluate the short-term weatherability (less 

than 15 years) of aggregates under local environmental conditions. CI, XRD, XRF, and thin 

section petrography are used to trace the effect of weathering process on mineralogical and 

chemical properties of the aggregates. Both sources of aggregates have been shown to be 

weatherable within a relatively short time period and within the engineering life of the 

pavement. However, the Quarry 2 aggregate displayed a greater appetite for short-term 

weathering. 

a) Colour variations 

- The differences in visual perception of colours was measured using Delta E concept. 

There is a statistically significant difference in Delta E of Quarry 1 and Quarry 2 

materials at 95% confidence interval. It is also notable that the variations in proportion 

of yellow and brown colours in weathered materials were statistically significant at 95% 

confidence level. These variations in the colour are associated with the production of 

oxidation of iron-bearing minerals in weathered materials. 

b) XRD analysis 

- Analysis of diffractograms of weathered aggregates depicted the production of smectite 

minerals in the early stage of weathering. By increasing the intensity of weathering, 

smectite gradually disappeared and kaolinite is found in the clay fraction. The XRD test 

results confirmed that Quarry 2 aggregate is more weatherable compared to Quarry 1 

aggregate.  

c) CI test results 

- Consistent with the results of XRD analysis, the CI results increased in weathered 

materials when compared to fresh aggregates. In the early stage of weathering the CI 

showed a statistically significant increase compared to fresh aggregates for both source 

of aggregates at a 95% confidence interval.  

- The CI results of more weathered materials further increase for both aggregates, 

compared to the short-term weathered materials, however, this increase was not 

significant for Quarry 2 aggregates at a 95% confidence interval.   
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d) Thin section analysis 

- There are statistically significant differences between textural features of feldspar 

grains in weathered materials, at a 95% confidence level, compared to the fresh 

aggregates in all cases except for the feature of energy in Quarry 2 aggregates. The 

significant difference between textural characteristics indicates that the microstructure 

of the feldspar grains is is disrupted in quarries after a very short time of weathering. 

e) Chemical analysis 

- A comparison of the chemical composition of materials in the different stages of 

weathering indicates the depletions in Na2O, MgO, and CaO and increases in Al2O3, 

and Fe2O3 in weathered materials, while the proportion of SiO2 is almost stable. The 

leaching of alkali and alkali earth elements is more pronounced in Quarry 2 aggregate. 

Furthermore, the LOI test results significantly increase at the 95% confidence interval 

with weathering of aggregate for both sources of aggregates. 

- The variations of two weathering indices, CIA and WIP, show that the rate of 

weathering of materials gradually decreases with weathering stage. 

4) Improving the laboratory testing methods to consider the effect of environmental 

conditions in their loose aggregate state 

In order to achieve a better understanding of the ageing properties and performance of 

UGMs in a pavement, it is important to replicate, to a close degree, the environmental 

conditions of the in-service locality in the laboratory. The current laboratory-based durability 

tests cannot reproduce, to an acceptable level, the in-service condition of road aggregates. This 

may result in an inefficient, or potential poor use of road aggregates, i.e. over or under 

performing aggregate being specified.  To provide a deeper insight into the aging properties of 

UGMs, the testing procedure of standard WQI and water absorption tests was modified to better 

reflect the in-field conditions of UGMs and it is suggested well better reflect in-field 

performance.   

a) Modified WQI 

- The results of standard WQI tests on the two sourced andesitic samples showed that 

there was no significant variation in test results (i.e. both materials were characterised 

by a WQI of BB). The WQI indicators, that is the percent retained on the 4.75 mm sieve 

and CV, are also not significantly different at 95% intervals. 
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- The variation in the amount of pH of the solution at the end of each cycle of the standard 

WQI showed that an equilibrium condition reached between the solution and the 

aggregates in the early cycles of the test. 

- Modifying the W-D process of the test caused an increase in the reactivity of both 

sources of aggregates. There is a large increase in the CI results of the produced fines 

in the modified WQI testing procedure. Overall, the effect of solution characteristics 

(pH and temperature) on CI results are statistically significant at the 95% confidence 

level.  

- Modifying the W-D process of the test affects the physical degradation of aggregates. 

In the extreme case, aggregates produced almost 4% more fine materials passing from 

sieve 4.75 mm compared to the Standard WQI testing procedure. 

- Using finer gradation results in an increase in the reactivity of both sources of 

aggregates. The CI test results of produced fines are well above the maximum 

recommended value of 3 (TNZ-M4, 2006) for the basecourse aggregates and 

significantly more than the CI test results of fresh aggregates (CI=2.9 for Quarry 1 

aggregate and CI= 6.3 for Quarry 2 aggregate). It is also notable that the CI of produced 

fines are significantly different at 95% confidence level for two sources of aggregates.  

- The abrasion of conditioned samples shows an increase in MD results compared to the 

corresponding results of fresh samples; however, this increase is more evident and 

statistically significant for Quarry 2 aggregate. Overall, higher temperature and acidic 

conditions of the solution can lead to a greater deterioration of selected aggregates. 

- The research has once again shown the importance of pavement drainage and the need 

to prevent the ingress of water into the pavement layers.  Drainage needs to control 

water infiltration from the surface, sides and from beneath the pavement to ensure an 

efficient, effective and resilient drainage system is maintained through the life of the 

pavement.  Appropriate drainage will enhance the durability properties of UGMs and 

improve the stress-strain behaviour of UGLs. Inadequate drainage conditions can 

increase the probability of the production of detrimental swelling clays. 

b) Continuous Water Absorption (CWA) 

- The current laboratory tests over-simplify the mechanism of water absorption and fail 

to reflect in-situ conditions of the solution in the pavement. The CWA testing procedure 

determines the continuous water absorption of aggregates based on Archimedes’ 

principle and is more sensitive to the determinant environmental conditions. 
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- In the CWA curves, the rate of water absorption initially rises sharply followed by a 

more gradual decrease in all conditions of the solution. There is no statistically 

significant difference, at the 95% confidence interval, between the average rates of 

water absorption within the first 24 hrs of the test in temperatures lower than 20 oC. 

However, at elevated temperatures of 35oC the rate of water absorption tends to re-

increase after the mid- steady stage of the curve. 

- There is no statistically significant difference between water absorption of aggregates 

in different types of solution, distilled and tap water. 

- Despite an overall lower amount of water absorption, the absorption of Quarry 1 

aggregate is more susceptible to changes in the temperature of the solution.  

- Within the first few hours of the test (less than 5 hours), Quarry 2 aggregate absorbs 

more water compared to Quarry 1 aggregate. This difference is statistically significant 

at 95% confidence interval. Thus, to lessen the detrimental effect of water on aggregates 

an effective drainage system should be able to remove water faster from UGLs 

containing Quarry 2 aggregate. 

- The CWA procedure mostly results in higher water absorption when compared to the 

same conditions utilised in the traditional absorption test methodology and the 

difference is statistically significant at 95% confidence interval. Greater differences are 

apparent at elevated temperatures when the test continues for two days 

- There is a statistically significant difference between one and two days of water 

absorption of aggregate, which confirms that absorption capacity is not reached within 

the standard test stipulated time (approximately one day long).  

- Considering the possible range of variations of in-service conditions of a pavement 

structure, one discrete test result in laboratory conditions, based on the traditional water 

absorption test, cannot be reliably representative of the water absorption behaviour of 

an aggregate in the field. 

5) Improving the laboratory testing methods to consider the effect of environmental 

conditions on compacted laboratory specimens. 

The post-compaction weathering of UGMs and the associated effects on the performance of 

the layer is traced using two industry-common tests, the California Bearing Ratio (CBR) and 

the Repeated Load Triaxial (RLT) tests. To determine the sensitivity of the compacted 

materials to moisture, CBR and RLT tests were undertaken on oven-dried, OMC and soaked 

conditions in fresh-compacted and after various W-D cycles. 
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- The dried and soaked CBR values of Quarry 1 aggregate showed an abrupt increase 

after four cycles of W-D then the results become almost stabilised in the subsequent 

cycles. In contrast, for Quarry 2 aggregates, the dried and soaked CBR values impart a 

general trend of decrease in CBR with cycles of W-D.  

- The CI value of Quarry 1 aggregate increased after four cycles of W-D, then it 

stabilised, and there is no significant difference in the results at a 95% confidence 

interval. In contrast, the Quarry 2 aggregate shows a significant difference in CI test 

results during W-D cycles. In addition, the amount of produced fines (passing the 75-

micron sieve) in the Quarry 1 and quarry 2 aggregates showed a progressive increase 

with cycles of W-D, which is only statistically significant in Quarry 2 aggregate. 

Overall, the results reveal a significant difference, at a 95% confidence interval, in the 

CI and the amount of fines between the Quarry 1 and Quarry 2 aggregates. 

- Whilst the Quarry 1 aggregate showed no swelling potential, the Quarry 2 aggregate 

began to swell almost immediately following soaking in the solution. The swelling 

ceased, in most cases, long before completing four days of soaking. Interestingly, the 

first four cycles of W-D led to an appreciable swelling of Quarry 2 aggregates, with a 

substantial reduction there-after.  

- Quarry 1 aggregate commonly demonstrates lower permanent strain. This is 

particularly noticeable at the later stages of loading. Additionally, the permanent 

deformation behaviour of Quarry 2 aggregates is more dependent on moisture content 

and there exists a higher increase in the permanent strain of this material with the rise 

in moisture content from dried condition to OMC that extends to soaked conditions. 

The ultimate permanent strain of Marginal aggregates in OMC- fresh and soaked-fresh 

conditions increased by 300% and 498% compared to the dried-fresh condition, 

respectively. Whereas, for Premium aggregates the increases are relatively lower (63% 

and 161%, respectively).  

- Both sources of aggregates yield more permanent strain after a W-D processes. 

However, this is more notable in Quarry 2 aggregate, and in the worst case, i.e. the 

soaked-conditioned state, the Quarry 2 aggregate failed in the last stage of loading (the 

accumulated permanent strain goes beyond the 1% maximum limit of the local 

specification (NZTA, 2014)).  

- The analysis of the permanent strain slope demonstrates a relatively faster termination 

of the post-compaction process of Quarry 1 aggregates in each stage, compared to that 
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of the Quarry 2 aggregate. Overall, the deformation properties of Quarry 2 aggregates 

depend significantly on the state of the stress at the 95% confidence interval. 

- The soaked- fresh and conditioned Quarry 1 aggregates marginally pass the lower 

threshold for Average Permanent Strain Slope (APSS) of 0.55 %/ 1 million cycles (TNZ 

M/4), and thus the recommendation in the local specification is to modify these 

materials in the case of use in highly trafficked roadways. Whereas, the higher APSS 

for Quarry 2 aggregate suggests that these materials are better to be used in low traffic 

roadways. 

- The permanent strain responses of both Quarry 1 and Quarry 2 are mostly within the 

plastic shakedown range, which suggests a possible adaptation of specimens to the 

loading conditions. This result signifies the crucial effect of the accumulated permanent 

strain of aggregates within the initial load cycles, i.e. the post-compaction phase, on the 

ultimate plastic deformation of each specimen. 

- The W-D processes markedly affects the vertical permanent strain rate of aggregates. 

The conditioned-soaked Quarry 1 and Quarry 2 samples experienced plastic creep and 

incremental collapse, respectively. 

- The permanent strain response of the conditioned-soaked Quarry 1 aggregate lies within 

the plastic creep in stage VI, and conditioned-soaked Quarry 2 aggregate enters the 

plastic creep, and incremental collapse ranges in stage V and VI, respectively.  

 Main contributions to the research domain 

The research has shown that for samples of aggregates, from two quarries of almost similar 

andesitic geological materials in the western north island of New Zealand, the process of 

weathering is not constant or consistent. Depending upon the test method and modified testing 

conditions, the aggregates weathering can occur in relatively short time periods and to different 

extents. 

The original contributions of this thesis are: 

- The overall performance of road aggregates was evaluated under a range of environmental 

conditions. Based on the finding of this research the existing pass / fail criterion should be 

replaced with a grey scale assessment of aggregates, depending upon the environmental 

condition of the target location of the constructed pavement structure. In other words, even 

premium aggregates can have problematic behaviour after being affected by weathering 
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conditions or marginal aggregates may perform better than currently expected if they are used 

in an environmental condition that suits their performance characteristics. 

- The current testing methodologies are largely disparate individual indicators under 

standard testing conditions and can only provide a general indication of the properties of 

aggregates and as they will generally perform in various in-situ pavement conditions. A novel 

testing methodology is devised in this research to determine the performance of road aggregates 

in their in-situ condition. This methodology better reflects in-field pavement weathering 

conditions and is a lot less time and resource intensive than traditional durability testing 

methodologies.  

- The prepared laboratory conditions for WQI and water absorption testing methodologies 

cannot represent the vast environmental conditions of road aggregates in the structure of 

pavement. Relying on a comprehensive literature review, these testing procedures are modified 

in this research to better reproduce the range of environmental conditions of road aggregates 

in field pavement conditions. 

- This research provides a better understanding of the environmental conditions of the 

construction location and a more detailed knowledge of the properties of UGMs. This increased 

knowledge can enable better selection of aggregate and / or treatments thereby potentially 

leading to a longer-lasting and more sustainable use of these materials in the structure of 

pavements. 

 - Road aggregates are usually assumed to have constant properties in service conditions. 

The finding of this research revealed that UGMs can age prematurely in the structure of the 

pavements, within pavement life and some more than others. Thus, the possible deterioration 

of UGMs given their in-situ conditions, should be incorporated in the design and decision-

making stage. 

- The findings of this thesis demonstrate that a better understanding of the mineralogical 

composition of aggregates can help to determine the weatherability and performance of 

aggregates in field pavement conditions. The standard engineering tests on the fine portion of 

aggregates cannot well evaluate the quality of aggregates, thus for better evaluation of the 

quality of aggregates the mineralogical characteristics of both the coarse and fine portion of 

the aggregate particle size distribution needs to be investigated. 
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- The results of this research confirm that chemical weathering from normal seasonal and 

environmental conditions can accelerate the physical degradation of aggregates.  Furthermore, 

climate change effects are expected to increase the weathering of aggregates especially in 

regions or locations that are more susceptible to climate change effects (e.g. coastal areas where 

increased flooding is expected with potentially more saline water conditions and with increased 

mean and maximum air an pavement temperatures).   

 Recommendation for future research 

Based on the literature review, experimental research, and findings of this research, the 

following recommendations are made for future studies. 

a) The current research has been undertaken on andesitic UGMs obtained from North 

Island of New Zealand and the findings cannot be generalized for all volcanic 

aggregates let alone the predominant greywacke aggregate materials used in New 

Zealand. However, it is believed that future studies can use the methodology of this 

research to determine the weatherability of other aggregate resources. 

b) Based on the literature; and as tested in this research -temperature, amount of pH, and 

the presence of salt are considered as the most important parameters of the solution on 

the weathering of UGMs. Further research can focus on the impact of these parameters 

beyond the selected range used in this study to enable the consideration and influence 

of other environmental parameters (e.g. higher climatic temperatures) and rank their 

impact for various aggregates’ resources. 

c) It is a worthwhile objective to seek to have a comprehensive knowledge of the micro-

characteristic of national resources of road aggregate and understand the susceptibility 

of each source to the range of climatic in-situ conditions in a country. This knowledge 

can help to develop a climatic map, alongside aggregate resource supply opportunity 

maps to find the right catchment areas and traffic loading conditions for using each 

potential source of aggregate.  

Additional recommendations for further research are presented in different groups as 

follows:  

1) A better understanding of the interaction between the in-situ water solution and compacted 

UGMs 
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a) This research adopted the determinant condition of solution based on the results of 

experiments on loose (coarse) aggregates that may not reflect solutions from compacted 

aggregate specimens. Future studies should consider the determinant characteristics of 

the solution on compacted aggregates.  

b) The variation in mechanical properties of conditioned specimens are evaluated in this 

study. Further studies are required to determine the simultaneous effects of traffic and 

environmental conditions on compacted specimens. 

c) It is encouraged to develop a gray-scale matrix for aggregate selection that better 

represents the performance of aggregates under various traffic loading and 

environmental conditions.   

 

 

2) RLT test 

a) In order to avoid the effect of excess pore water pressure on the performance of UGMs, 

the RLT test was conducted only in a drained condition. However, it is possible that 

drainage voids get blocked during the service life of the pavement, particularly after 

production of clay minerals in the compacted layer. Thus, it seems that further studies 

are necessary to assess the effect of weatherability of UGMs on the performance of the 

compacted sample in an undrained condition. 

b) Due to a recommended diameter of the RLT mould being no less than 6 times the max 

aggregate size, aggregates were scalped in this study to those passing the 19mm sieve 

size to utilise a 150 mm diameter x 300 mm height RLT mould. It is recommended 

future research work test the full PSD of aggregates at their original grading (eg. AP 

40) that includes the maximum coarse fraction that is intended to be used in the field 

using large RLT testing equipment.  

3) Using recycled aggregates and stabilisation techniques  

c) Stabilization is a common engineering improvement technique to enable the better use 

of local and marginal aggregates. The effect of W-D on stabilized marginal aggregates 

can be evaluated using the introduced methodology in this research. It should be noted 

that the chemical stabilizers may change the characteristics of the solution in the 

pavement and thus affect the weathering process of UGMs. 
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d) A similar methodology can also be used to evaluate the ageing of recycled unbound 

aggregates and its effect on their performance in UGLs. The recycled aggregates 

usually have chemicals that may affect the properties of the solution and the chemical 

reactions on UGMs. 

4) Conduct field tests 

a) The geometric design of the road alignment (such as longitudinal and transverse 

gradient), drainage system, the proportion of heavy vehicles in the traffic, road surface 

condition, geological characteristics of surrounding terrain, the variation of the 

temperature, the sequence of precipitation, topography and the orientation of road 

alignment relative to the sun can all affect the weatherability of UGMs in the field. It 

seems impossible to consider all of these parameters simultaneously in a single 

laboratory test. Thus, it is recommended to conduct a long term instrumented pavement 

field trial to trace the weatherability of UGMs in service conditions in relation to the 

engineering performance of the pavement.   

5) Modify the proposed CWA testing procedure 

a) The CWA testing methodology developed in this research is able to determine water 

absorption of UGMs in saturated conditions. However, the UGLs mostly experience 

unsaturated conditions in their service life. Thus, in order to achieve a better insight of 

weatherability, it is recommended to evaluate the appetite of UGMs to absorb water in 

different degrees of saturation. Additionally, the ability of aggregates to retain water, 

after drainage, can play a role in the weatherability of UGMs. Further studies can be 

conducted to determine the ability of UGMs to hold water, under different surrounding 

conditions. 

b) - The CWA testing methodology evaluates the rate of water absorption in the coarse 

aggregates. Given the physical and chemical variations in the characteristics of the fine 

fraction of aggregates, it can be assumed that their water absorption behaviour is 

different from coarse materials. Thus, future studies can evaluate the effect of 

environmental parameters on water absorption of the fine aggregates.  
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1. XRD PATTERNS FOR CLAY FRACTION 

OF MATERIALS 

 

Figure A-1: XRD pattern of the clay fraction- fresh materials- Quarry 1 
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Figure A-2: XRD pattern of the clay fraction - four months weathering- Stage 0- Quarry 1 

 

Figure A-3: XRD pattern of the clay fraction - four years weathering- Stage 0- Quarry 1 
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Figure A-4: XRD pattern of the clay fraction - 10 years weathering- Stage 0- Quarry 1 

 

Figure A-5: XRD pattern of the clay fraction - 15 years weathering- Stage 0- Quarry 1 
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Figure A-6: Conditioned XRD pattern of the clay fraction – four months weathering- Stage 

I- Quarry 1 

 

Figure A-7: Conditioned XRD pattern of the clay fraction – four years weathering- Stage I- 

Quarry 1 
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Figure A-8: Conditioned XRD pattern of the clay fraction – 10 years weathering- Stage I- 

Quarry 1 

 

Figure A-9: Conditioned XRD pattern of the clay fraction – 15 years weathering- Stage I- 

Quarry 1 
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Figure A-10: Conditioned XRD pattern of the clay fraction – four months weathering- Stage 

III- Quarry 1 

 

Figure A-11: Conditioned XRD pattern of the clay fraction – four years weathering- Stage 

III- Quarry 1 
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Figure A-12: Conditioned XRD pattern of the clay fraction – 10 years weathering- Stage 

III- Quarry 1 

 

Figure A-13: Conditioned XRD pattern of the clay fraction – 15 years weathering- Stage 

III- Quarry 1 
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Figure A-14: XRD pattern of the clay fraction- fresh materials- Quarry 2 

 

 

Figure A-15: Conditioned XRD pattern of the clay fraction- fresh materials- Quarry 2 
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Figure A-16: Conditioned XRD pattern of the clay fraction – six months weathering- Stage 

0- Quarry 2 

 

Figure A-17: Conditioned XRD pattern of the clay fraction – 14 months weathering- Stage 

0- Quarry 2 
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Figure A-18: Conditioned XRD pattern of the clay fraction – three years weathering- Stage 

0- Quarry 2 

 

Figure A-19: Conditioned XRD pattern of the clay fraction – six years weathering- Stage 0- 

Quarry 2 
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Figure A-20: Conditioned XRD pattern of the clay fraction – 12 years weathering- Stage 0- 

Quarry 2 

 

Figure A-21: Conditioned XRD pattern of the clay fraction – six months weathering- Stage 

I- Quarry 2 
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Figure A-22: Conditioned XRD pattern of the clay fraction – 14 months weathering- Stage 

I- Quarry 2 

 

Figure A-23: Conditioned XRD pattern of the clay fraction – three years weathering- Stage 

I- Quarry 2 

0

1000

2000

3000

5 10 15 20 25 30 35 40 45 50 55 60

In
te

n
si

ty
 (

C
o
u

n
ts

)

2 (Degree)

Dried Aggregates

Treated with ethylene glycole

Heated

0

1000

2000

3000

5 10 15 20 25 30 35 40 45 50 55 60

In
te

n
si

ty
 (

C
o
u

n
ts

)

2 (Degree)

Dried Aggregates

Treated with ethylene glycole

Heated



Appendix A: XRD patterns for clay fraction of materials 

245 

 

 

Figure A-24: Conditioned XRD pattern of the clay fraction – six years weathering- Stage I- 

Quarry 2 

 

Figure A-25: Conditioned XRD pattern of the clay fraction – six months weathering- Stage 

III- Quarry 2 
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Figure A-26: Conditioned XRD pattern of the clay fraction – 14 months weathering- Stage 

III- Quarry 2 

 

Figure A-27: Conditioned XRD pattern of the clay fraction – three years weathering- Stage 

III- Quarry 2 

0

1000

2000

3000

5 10 15 20 25 30 35 40 45 50 55 60

In
te

n
si

ty
 (

C
o
u

n
ts

)

2 (Degree)

Dried Aggregates

Treated with ethylene glycole

Heated

0

1000

2000

3000

4000

5000

5 10 15 20 25 30 35 40 45 50 55 60

In
te

n
si

ty
 (

C
o
u

n
ts

)

2 (Degree)

Dried Aggregates

Treated with ethylene glycole

Heated



Appendix A: XRD patterns for clay fraction of materials 

247 

 

 

Figure A-28: Conditioned XRD pattern of the clay fraction – six years weathering- Stage 

III- Quarry 2 
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