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Abstract 

Permeable paving has long been researched and implemented in various forms around the world. 

The primary benefit of permeable paving is its Low Impact Design (LID) which mitigates 

environmental pollution. Permeable paving can also reduce flooding during peak rainfall events 

by allowing surface water to infiltrate through the pavement. Good pavement strength and 

permeability are difficult to achieve simultaneously without the use of binders or expansive 

drainage systems. The study aims to develop an appropriate permeable structure that provides good 

strength and permeability while utilising natural and economic aggregate resources. Laboratory 

tests such as the Repeated Load Triaxial (RLT) test and constant head permeability tests were 

conducted to determine the strength and permeability of the basecourse respectively. 

Vibratory compaction is primarily used to compact RLT specimens. This research addresses the 

applicability of current laboratory compaction techniques and outlines the changes that need to be 

made to minimise the gap between laboratory and field compaction. The target density achieved 

in laboratory studies, utilising the New Zealand standard test methodology, that is then used to 

target field compaction levels, is often too high to realistically achieve in the field. It was identified 

that there is a maximum aggregate Average Least Dimension (ALD) to specimen diameter and 

specimen height ratios that must be adhered to when using laboratory testing to evaluate, design 

or construct pavement basecourse layers. In addition, the power input of laboratory vibratory 

hammers used for compaction must be controlled to minimise aggregate degradation, especially 

for test moulds that do not satisfy the minimum diameter to ALD ratio. The goal of laboratory 

compaction should be to accurately simulate field compaction and thus provide realistic targets 

that can be achieved in the field. If unrealistic field compaction density targets are specified, then 

over-compaction can occur, causing aggregate breakdown. The research concluded that changes 

are required to test standards, so that field target densities are more accurately represented in the 

laboratory. 

There is currently a significant lack of research into permeable pavements in New Zealand, which 

has resulted in lower levels of confidence in permeable pavement design. The risks associated with 

permeable pavements are not understood. Therefore, traditional pavements with poor drainage 

qualities are used in situations where well-drained layers can potentially be used. Pavements that 
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constructed without effective drainage are deteriorating at much faster rates than if they were well 

drained.  

Several constant head tests were conducted on the permeable basecourse developed in this research 

and a traditional high fines basecourse to compare the permeability between the two types of 

basecourse. The flow type expected through the basecourse needs to be established to identify an 

appropriate model that can be used to determine the permeability. Certain models are appropriate 

for laminar flow within porous media while others are used for turbulent flow. The relationship 

between apparent flow and hydraulic gradient needs to be determined so that linear or non-linear 

relationships appropriate for predicting future permeability values can be applied. 

It was established through a literature survey that testing of course aggregates in small triaxial 

equipment can result in misleading strength-deformation characteristics, although this practice is 

very common in laboratories in New Zealand. Appropriate test variables such as specimen 

dimensions, compaction and testing procedures, and saturation techniques were evaluated, and the 

effects of each variable were tested using the RLT test. A significant database of RLT tests was 

conducted to determine the effects of these variables as well as the deformation behaviour of the 

permeable and M/4 basecourse. 

The NZTA M/4 basecourse specification was used to determine if the two types of basecourse 

used in this study were appropriate for pavement construction. Currently, there is inconsistency in 

RLT test results between laboratories in New Zealand. The inconsistency can be related to 

following outdated compaction procedures and where a target density method is followed, the 

discrepancies are a result of insufficient maximum aggregate ALD to specimen diameter ratios 

adopted. This is shown in this research and by several reputable researchers in this field of study. 

The target density method of compaction does not offer homogeneity within the specimen. 

Therefore, a standard method of compaction that simulates realistic field densities is suggested. 

Standard methods of compaction produce variable densities in the smaller 150mm diameter triaxial 

apparatus, which is one of the reasons why the smaller apparatus is not recommended to be used 

to test course aggregate gradings. 

Using the small-scale apparatus to test basecourse material results in significant scatter in results. 

Reduction of the grading scale is not an appropriate practice to follow. For more representative 

test results, the material must first be tested in its natural grading, and secondly, the specimen size 
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of the material being tested must be appropriate for the largest aggregates present. Scalping of the 

grading does not provide results that can be transferred back into field situations, which utilise the 

full grading. 

The structural response observed during RLT testing proved to be affected significantly by the 

grading scale, or the maximum particle size of the aggregate used in the specimen. The 

experimental outcome of this investigation is in general agreement with the results of previous 

studies. The analyses of the test results confirm the complexity of the nature and the extent of the 

impact of grading scale reduction on triaxial test results. It is, therefore, recommended that triaxial 

specimens be made large enough to allow testing of granular materials at their natural gradings.   
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1.0 Introduction 

1.1 Background 

It has been established through studies done on flexible bituminous pavements that premature 

failure is predominantly caused by water ingress into the pavement layers which leads to pavement 

saturation (Lay, 2009, Mallick, 2009, Thom, 2008). Following pavement saturation, the nature of 

the underlying material, dictated by aggregate type, the presence of the binder, density, quality of 

clay minerals present influence the rate of pavement deterioration. Saturation of the pavement can 

occur during heavy rainfall events through pavement and shoulder infiltration and rising of the 

water table. Climate change is increasing the occurrence and severity of heavy rainfall events 

(Chaddock, 2010, Proenca de Oliveira, 2015). Traditional bituminous surfaced flexible pavements 

(both chipseals and thin asphaltic mix surfaces) have traditionally been thought to be impervious, 

although over the life of the pavement they progressively lose this characteristic without 

maintenance intervention that can lead to early pavement failures. An increase in the frequency 

and intensity of rainfall suggests an increase in storm-water runoff in areas where impervious 

pavement systems are used (Collins, 2008). As a result, surface runoff quantities can more often 

exceed the design capacity of storm-water entry points. The road reserve is typically designed as 

the secondary overland flow path. Once the capacity of the positive drainage system is exceeded, 

flooding will occur on roadways and streets. This can increase the cost of meeting related 

regulatory requirements (Loftus, 2011). 

The potential for permeable pavements to reduce adverse stormwater runoff effects serves as a 

more environmentally sensitive alternative to impermeable pavements. There are several benefits 

of permeable pavements that have been established through research by reputable researchers 

around the world (Fassman, 2010, Chaddock, 2010, Shackel, 2001, Brattebo, 2003). The main 

benefits of permeable pavements are: 

• Significant reduction in rainfall runoff through pavement infiltration; 

• Aids in filtering harmful solids such as rubber and exhaust residues from runoff; 

• Increase in wet weather visibility by reducing surface flow and vehicle tyre spray; 

• Management of peak flow which reduces the likelihood of floods; and 

• Reduction of the impervious surface area in urban areas, promoting the natural water cycle. 
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Many countries have been using permeable pavements for various purposes and are constantly 

developing the technology. In the United States of America and Canada, permeable pavements are 

part of their road construction specifications (AASHTO Pavement Design Guide 2002). In the 

United Kingdom, permeable pavements are used as part of the Sustainable Drainage System 

(SuDS) to help delay peak flow as well as the previously mentioned benefits (Chaddock, 2010). 

In Australia, the limits of permeable pavement design have been constantly tested on roads with 

significantly higher AADT than low volume roads (Shackel, 2001, Shackel, 2006b, Shackel, 

2006a). In these countries, specially designed permeable pavement layers are used for drainage 

purposes in parked areas, shoulders in state highways and local roads. Permeable pavements are 

also used as reservoir layers to store and delay water runoff during rainfall events. In these cases, 

the pavement layer is typically bound by cement or asphalt with a high void matrix with little fines; 

or are constructed on a working platform and have significant lateral confinement to give it the 

adequate structural strength to endure heavy traffic loading. In the case of Shackel (2006b) the 

base layer of the permeable pavement is encased with stiff lateral confinement to prevent 

horizontal separation of the layer thereby resulting in increasing its weight bearing capacity.  

1.2 Problem Statement 

The benefits of permeable base layers over traditional well-graded base layers are well known. 

However, a permeable pavement layer requires adequate structural strength and fatigue resistance 

to support the design traffic loading whilst also achieving permeability objectives. The 

permeability characteristics of the permeable layer are most commonly dealt with by reducing the 

aggregate fines content of the unbound pavement layer which introduces more voids in the layer 

thus increasing its permeability. Once the fines are removed, the aggregate interlock of the layer 

is reduced, which results in a significant reduction in bearing capacity and fatigue resistance unless 

additional lateral constraints are provided. To overcome this, several researchers have added 

binders within a permeable layer to increase its structural capacity whilst maintaining the 

permeability attributes of the layer (StoneSetNZ, 2012, Webb, 2007, Winkelman, 2004). 

Introducing basecourse binders and additional lateral confinement conditions significantly 

increase the initial construction cost of the pavement.  

In New Zealand, infrastructure and asset management solutions require every dollar be stretched. 

Hence thin bituminous surfacing and granular unbound pavement layer construction techniques 
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predominate. It is difficult to justify expensive procedures such as those trialled in other countries 

since environmental and hydrological benefits are usually not quantified in the economic 

evaluation process. The literature survey also revealed that binding the permeable basecourse can 

also have detrimental effects on the permeability characteristics of the permeable layer, further 

increasing downstream maintenance costs (Winkelman, 2004, Webb, 2007).  

One of the objectives of this research was to identify an unbound permeable basecourse particle 

size grading that would be sourced using natural aggregates available in the Auckland region. 

Unbound permeable layers in the past have been trialled successfully in Australia and New Zealand 

(Shackel, 2001, Fassman, 2010). The grading envelopes from Shackel (2001) were extended to 

comply with the NZTA M/4 basecourse (NZTA, 2006a).  

In pavement engineering, laboratory testing is undertaken to simulate in-field conditions and 

justify design and construction methods, validate field trials and advancements in techniques and 

methods. The Repeated Load Triaxial (RLT) test was used to determine the structural capacity and 

fatigue resistance of the permeable basecourse under simulated cyclic traffic loading. The 

structural performance and associated strain behaviour of the permeable basecourse were 

compared to that of premium M/4 basecourse. The attributes of an M/4 basecourse are already 

well known therefore it was used as a benchmark for comparisons. 

Since the investigation of permeable basecourse design in New Zealand was a relatively new 

prospect at the time of this study, little was known about how best to compact the material both in 

the laboratory and in the field. For this reason, an extensive laboratory-based compaction study 

was undertaken to determine the best method of compaction for basecourse material. Current 

laboratory-based compaction standards in New Zealand are outdated (NZS, 1986d). New 

compaction techniques were investigated to determine the most appropriate laboratory-based 

technique that would provide reproducible specimens, closely resembling in-field compaction 

techniques. 

The procedures and techniques used to carry out RLT tests in New Zealand were also under 

investigation at the time of this research. The introduction of a draft specification for RLT testing 

in New Zealand in the form of NZTA T15 meant that several RLT techniques had to be considered 

before the optimum testing technique was adopted (NZTA, 2012b). Some of these techniques 

linked back to the compaction of the laboratory specimen. In summary, two different RLT devices 
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were used in conjunction with various compaction techniques to identify the most repeatable RLT 

test regime that most realistically reflected in-field conditions. 

After repeatable RLT test results were obtained, the permeability characteristics of both the M/4 

and permeable basecourse were determined using the constant head test. Although field trials were 

initially planned, these were removed from the scope of this research due to the unavailability of 

industry funding, time and resources required for a trail. The permeability of the permeable 

basecourse was compared to the permeability of the M/4 basecourse and other known permeable 

basecourse that had been tested in the field to understand how the permeable basecourse would 

perform in the field. 

The grading, compaction technique, strength and permeability characteristics of the permeable 

basecourse was compared to the M/4 basecourse. The traffic conditions under which the permeable 

basecourse would be most effective and appropriate drainage and maintenance conditions were 

then evaluated. 

This thesis evaluates the structural and permeable performance of the permeable basecourse; 

appropriate RLT tests and compaction techniques and recommends aspects of the research that 

require further investigation. The results and conclusions drawn from this thesis recommend in-

field evaluation under comparative field trial conditions and monitoring to be undertaken on the 

proposed permeable basecourse prior to design considerations being made and the basecourse 

implemented. 

1.3 Research Objectives and Scope 

The overriding objective of this study was to evaluate the permeability and structural capacity of 

permeable basecourse material using repeatable and reproducible laboratory tests that provide a 

realistic representation of in-field conditions. In an ideal world, the necessary equipment and 

appropriate laboratory methodologies would be in place so the required parameters can be 

determined in the laboratory that accurately reflects the typical field performance of the material. 

However, as outlined in Section 1.2, there is limited understanding of permeable pavements in 

New Zealand, and there is a lack of appropriate laboratory test methodologies to determine the 

meaningful characteristic performance of the permeable basecourse. In particular, the testing 

methodologies comprised within NZS 4402 Test 4.1.1, 4.1.2, 4.1.3, 6.1.1 and NZTA T15 and 
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NZTA M/4 required revision in order to allow for meaningful laboratory tests to be conducted so 

in-field performance of the permeable basecourse could be accurately predicted. The nature of 

amendments to equipment and methodology for the test methods indicated previously formed a 

secondary set of objectives for this study. The collective set of objectives that needed to be 

evaluated in order to test the performance of the permeable basecourse are as follows: 

a) Develop an appropriate unbound permeable basecourse for traffic and environmental 

conditions typical for New Zealand, utilising locally sourced materials. This involved:  

• Reviewing permeable basecourse trials in other countries. 

• Evaluating existing permeable basecourse gradings in New Zealand through 

industry consultation to identify existing state-of-practice. 

• Identifying a PSD that is comparative to the current M/4 basecourse blend, without 

the fines (material passing the 0.6mm sieve), allowing for a balance between 

permeability and strength to be achieved.  

• Determining the Maximum Dry Density (MDD) and Optimum Moisture Content 

(OMC) relationship for the proposed permeable basecourse. 

• Carrying out pilot small-scale RLT tests to determine if the strength properties of 

the permeable basecourse under investigation were adequate to justify further 

testing. The small-scale RLT tests were undertaken in a drained and unsaturated 

state as follows: 

i. One of each, M/4 and permeable (AP40) basecourse compacted using the 

heavy compaction hammer. 

ii. One of each, M/4 and permeable (AP40) basecourse compacted using the 

vibratory hammer. 

b) Evaluate the effect of laboratory compaction effort on deformation resistance and resilient 

modulus using various sized specimen moulds. At the time of the research, the standard for 

vibratory compaction NZS (1986) was under review. Several compaction techniques were 

evaluated to determine the combination of compaction that produced reproducible RLT 

specimens, realistic target densities and the least changes to post compacted PSD of 

laboratory basecourse specimens. The compaction study involved: 

• Design and construction of a frame for compaction of larger RLT specimens using 

vibratory compaction. 
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• Evaluating various standard and new methods of laboratory compaction including 

standard and heavy hammer; kneading and vibratory compaction, and determining 

their suitability for the compaction of M/4 and permeable basecourse specimens for 

RLT testing.  

• Evaluating the effect of compaction duration, specimen mould size, operator 

variability, compaction energy, aggregate scalping and type of vibratory hammer 

on the post-compaction PSD and dry density of compacted specimens. A total of 

more than 75 specimens (M/4 and permeable) were tested to determine the ideal 

combination of variables that would provide consistent and realistic simulated field 

densities that resulted in the least aggregate degradation. 

• Evaluating the relationship between the large and small-scale RLT specimens based 

on mould size and compacted dry density. 

c) One of the objectives was to compare the performance of the proposed permeable 

basecourse specification with the New Zealand Transport Agency premium M/4 

basecourse specification. All RLT tests followed the six-staged loading regime from the 

NZTA T/15 (2013) test methodology for small-scale RLT tests. The following tests were 

undertaken to compare the two types of basecourse specifications: 

• Three replicate specimens of permeable basecourse (AP40) tested in a drained 

unsaturated state using the large-scale RLT. 

• Three replicate specimens of M/4 basecourse (AP40) tested in a drained unsaturated 

state using the large-scale RLT. 

Since the permeable basecourse can be expected to operate under flooded conditions during 

rainfall events, flooded RLT tests were undertaken to determine the influence of the natural 

presence of water on the deformation characteristics of the permeable basecourse. 

Additional tests undertaken to establish this relationship were: 

• Three replicate specimens of permeable basecourse (AP40) in a ‘flooded’ drained 

state using the large-scale RLT. The flooded test was designed to represent heavy 

rainfall events and partial clogging of the permeable basecourse, which can be 

considered as its ultimate limit state. Complete clogging of the permeable 

basecourse was not considered as a reasonable test condition since this undrained 



7 

 

test condition would indicate that the permeable basecourse had failed as a 

consequence of its drainage conditions. 

Through a literature survey, it was determined that aggregate Average Least Dimension 

(ALD) to RLT specimen diameter ratio of at least 1:6 should be adopted (Araya, 2010, 

Toan, 1975, Dawson, 1996b). The current practice in New Zealand (Draft NZTA T15 

(2013) specification) was to use a ratio of 1:4 for the smaller version of the RLT test 

(Arnold, 2008b, NZTA, 2012b). This research considered the differences between large 

and small-scale RLT tests and the influence of ALD to mould diameter ratios on RLT test 

results. An appropriate test method for undertaking RLT testing was determined from the 

study of the variability evident within the small-scale RLT test. 

The limited availability of the large-scale RLT test device in New Zealand required M/4 

basecourse tests to be conducted in the small RLT apparatus to enable comparisons with 

similar conducted elsewhere in the country. The practical implications of the influence of 

RLT test specimen size were defined based on the comparative study between the small 

and large-scale RLT tests. The testing regime implemented to assess this relationship was 

as follows: 

• Three replicate specimens of M/4 basecourse (AP40) compacted using a standard 

compaction duration, tested in a small-scale RLT test, in unsaturated drained 

conditions. 

• Three replicate specimens of M/4 basecourse (AP40) compacted using a target 

density (equal to the dry density of equivalent large-scale tests), tested in a small-

scale RLT test, in unsaturated drained conditions. These tests established the 

influence the target density method had on RLT test results by comparing the large-

scale to the small-scale tests. 

In conjunction with this study, another PhD study which explored the marginality of 

basecourse aggregates also utilised the small RLT test apparatus. RLT tests carried out by 

Li (2016) were used in this study and some large RLT tests carried in this study were used 

by Li (2016). The small RLT tests undertaken by Li (2016) were used in this study to 

establish if scalping of larger aggregates and adhering to suggested ALD to mould diameter 

ratios had any influence on test results compared to tests where no scalping took place. 

These tests were: 



8 

 

• Three replicate specimens of M/4 scalped basecourse (AP20) compacted using a 

standard duration of compaction and tested in drained unsaturated conditions. 

• Two replicate specimens of M/4 scalped basecourse (AP20) compacted using a 

standard duration of compaction and tested in drained and ‘soaked’ conditions. 

These tests established the influence of water on RLT specimen deformation and 

resilient modulus. 

• One M/4 scalped basecourse (AP20) compacted using a standard duration of 

compaction and tested in undrained and ‘soaked’ conditions. 

d) The resilient modulus and permanent strain comparisons between the permeable and M/4 

basecourse specimens and application of the NZTA M/4 ESA criteria determined the 

appropriate range of use for both types of basecourse, based on test results from both the 

small and large-scale RLT test results. 

e) The permeability tests of both the permeable and M/4 basecourse took place in two separate 

testing devices using a constant head method for both tests. The permeability of permeable 

basecourse was compared to the M/4 basecourse as well as permeability values of similar 

material from literature. The permeability tests undertaken were as follows: 

• Three replicate tests on permeable basecourse (AP40) using a permeameter. 

• Three replicate tests on M/4 basecourse (AP40) using a permeameter.  

The large RLT cell was redesigned to allow for permeability tests to take place whilst RLT 

tests were carried out. Permeability tests were conducted on the permeable basecourse 

before, during and after an RLT test to determine the influence of the stages of loading and 

the deformation of the specimen on the permeability of the basecourse being tested. The 

permeability test results from the RLT apparatus were compared with the permeability 

results from the permeameter to establish a correlation between the devices. The 

permeability test schedule for the RLT apparatus was as follows: 

• Three replicate tests undertaken on permeable basecourse after the RLT test 

• Three replicate tests undertaken on M/4 basecourse after the RLT test 

• Three replicate tests undertaken on permeable basecourse before, during and after 

RLT test. 
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1.4 Thesis Organisation 

The chapters of this thesis are organised in the following manner. 

Chapter 2 – Literature Review 

Chapter 2 provides an overview of the current state of practice for permeable pavements in many 

countries around the world. The compaction techniques used to compact basecourse aggregates 

are identified and discussed so that appropriate methods are chosen for further evaluation in 

Chapter 4. This chapter explores current RLT testing techniques that have been used around the 

world and discusses the reasons for choosing the particular type of RLT testing used for this study. 

Chapter 3 – Research Methodology 

Chapter 3 discusses the compaction techniques that were used for the compaction of RLT 

specimens and for the compaction study. The source and production properties of the aggregates 

used for this study are also discussed. The procedures used for RLT testing are justified followed 

by a methodology for testing for both the small and large-scale RLT. The constant head test for 

both the RLT and permeameter apparatus are described in this chapter. The data acquisition and 

analysis process are also discussed. 

Chapter 4 – Compaction of Basecourse Aggregates 

Several laboratory and field compaction techniques are discussed in this chapter to determine the 

variables that need to be controlled when compacting basecourse aggregate. The influence of 

compacter energy, compaction duration and mould size on dry density and PSD are discussed. 

Changes to the current national vibratory hammer compaction standards are also suggested. 

Chapter 5 – Deformation Characteristics of Basecourse  

Chapter 5 discusses the RLT tests conducted in this study. Correlations between the M/4 and 

permeable basecourse are made based on RLT test results. The effects of water on both types of 

basecourse is evaluated using RLT test performance as an indicator.  

Chapter 6 – Permeability Characteristics of Basecourse 
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Chapter 6 discusses the permeability characteristics of the permeable basecourse used in this study. 

Comparisons are made to the permeability and field performance of similar basecourse tested 

elsewhere.  

Chapter 7 – Influence of Specimen Size on Laboratory Testing of Basecourse Aggregates 

Chapter 7 describes the differences between the large and small RLT tests and discusses how the 

differences influence RLT test results. Based on the literature, compaction and RLT tests 

conducted in this study, an RLT methodology that provides consistency, practicability and offers 

the best comparisons to field conditions is suggested. 

Chapter 8 – Discussion, Conclusions and Further Research 

Chapter 8 summarises and discusses chapters 2 – 7 and provides recommendations for compaction, 

permeable basecourse and RLT testing. It also concludes the research findings from previous 

chapters and outlines avenues for future research.  
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2.0 Literature Review 

2.1 Introduction 

Telford, McAdam and Trèsaguet developed road construction principles that form the basis of 

modern road construction. Telford and Trèsaguet utilised a foundation layer at the bottom of 

the pavement whereas McAdam pavement had a deeper basecourse layer directly on the 

subgrade. They introduced the use of unbound granular basecourse overlaid by gravel, which 

provided bearing resistance and drainage of water from the surface. The basecourse layer of a 

road is situated above the vulnerable in-situ soil, or a compacted embankment otherwise known 

as the subgrade. Since then, the development of faster vehicles has resulted in alleviation of 

pavement surface characteristics such as skid resistance, road roughness and dust control. 

These surface property requirements have led to the development of bituminous surfacing. The 

primary benefits of which are to prevent water ingress into the base layers of the pavement and 

to provide a reasonable all-weather running surface with adequate skid resistance at high-speed 

conditions.  The purpose of the underlying base layer(s) is to support traffic loading and 

distribute load to the usually weaker subgrade layer. Papagiannakis (2008) outlines the three 

sources of water in pavement layers to be either from groundwater seepage, capillary action 

and precipitation. It was recognised that saturation of the unbound granular basecourse layer 

might lead to premature failure of flexible pavements. This is due to basecourse saturation 

resulting in increased flexural strains in the layer, leading to increased rutting and the 

development of cracking of the wearing course (Toan, 1975). 

Werkmeister (2004) describes pavement design as “a process intended to find the most 

economical combination of layer thickness and material type for the pavement, considering the 

properties of the soil foundation and the traffic to be carried during the service life of the road”. 

Once the soil properties and the expected traffic parameters are estimated, an attempt is made 

to replicate the field conditions in the laboratory using empirical and analytical test methods to 

predict the performance of pavement layers. One prerequisite of a successful analytical method 

is the experimental measurement, and appropriate characterization of the permanent 

deformation behaviour, i.e. rutting of constituent unbound granular materials. Rutting is one of 

the main causes of damage in flexible pavement roads, and it is the result of an accumulation 

of permanent deformation in the various pavement layers and the subgrade, which can be either 

bound or unbound (Perez, 2009). The primary cause of rutting in the unbound layer is due to 

water ingress. Pavement engineers frequently identify a high degree of saturation in the 
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basecourse layer as the chief cause of premature pavement failure. An effective drainage 

system for the entire pavement needs to be established to avoid water ingress into the pavement 

layer.  

It has been established that permeability of the unbound granular pavement layers is essential 

to ensure adequate drainage (Toan, 1975). The presence of fine-grained particles minimises the 

permeability of a traditional unbound base layer. The fine-grained particles can fill in the voids 

that are created between two larger aggregates after compaction thus creating a dense layer. A 

permeable base layer allows the dissipation of water from within, which in turn reduces the 

accumulation of pore water pressure within the layer. Excessive pore water pressure within the 

layer can cause failure of the basecourse layer and consequently the entire pavement. 

It is evident from the literature that pavements are most vulnerable when they are saturated 

(Dawson, 2008, Toan, 1975). Saturation of the pavement can occur during heavy rainfall 

events. Changes in weather patterns as a result of climate change show an increase in the 

frequency of heavy rainfall events which has been the primary cause of flooding (Chaddock, 

2010, Proenca de Oliveira, 2015). Thus, there would be increased storm-water runoff in areas 

where impervious pavement surface layers are used. Large impervious surface areas such as 

that existing in our current, especially urban, road networks commonly impact nearby stream 

systems. These include higher peak stream flows which can cause channel incision, bank 

erosion, and increased sediment transport (Brattebo, 2003). Another impact highlighted by 

Brattebo (2003) is a reduction of infiltration which lessens groundwater recharge and 

potentially lowers stream base flows. Runoff from impervious areas may also increase pollutant 

loads to streams (Loftus, 2011, Scholz, 2007). 

If the proposed hydrological regime of a catchment is to be kept to its predevelopment levels, 

then the receiving environment should be able to maintain its physical structure despite its 

urbanised condition, preserving its ecological integrity (Fassman, 2010). This hypothesis forms 

the basis of design for low impact design (LID) hydrology. 

2.1.1 Benefits of Permeable Pavements 

Permeable pavement systems are commonly made up of a matrix of concrete blocks or a plastic 

web-type structure with voids filled with sand, gravel, or soil. These voids allow storm-water 

to infiltrate through the pavement and into the underlying soil, which in turn can play a 

significant role in mitigating the impacts of storm-water runoff caused by urban development. 
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The permeable base layer can be used to potentially store water or transfer storm-water to 

nearby swales during peak rainfall events. When the appropriate Permeable Pavement System 

(PPS) structure is used as a reservoir to store storm-water from rainfall runoff, approximately 

50% reduction from the peak runoff for a 15mm/hr storm and 60% for a 60mm/hr storm are 

experienced (Anderson, 1999, Shackel, 2003). In contrast, densely graded asphalt surfaces 

which are impermeable result in 100% of the rainfall volume running off the surface (Fassman, 

2010). In comparison to conventional dense graded asphalts, permeable and porous pavements 

provide more effective peak flow reductions (up to 42%) and longer discharging times (Scholz, 

2007). This reduces rainfall accumulation from the pavement into the kerb and channels, 

therefore, reducing pavement flooding and storm-water system overload, as shown by Figures 

2-1 and 2-2 below. In the case of combined sewer and storm-water systems, a lot of potential 

health risks are avoided, which can arise from the overflow of these systems, when the inflow 

into the storm-water system is reduced (Loftus, 2011).  

 

Figure 2-1: Reduction in peak flow from a small storm hydrograph (25mm) as a result of permeable pavements, from 

Fassman (2010). 
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Figure 2-2: Reduction in peak flow from a 10-year storm hydrograph (152.3mm), from Fassmnan (2010). 

The developed world relies on positive drainage systems that include pipe network systems for 

storm-water drainage, which have been designed and developed in the 19th and 20th centuries. 

Traditional systems capture storm runoff and subsequently distribute it to nearby watercourses 

or sewer systems. Some of these systems have become ineffective and inefficient, due to 

frequent flooding, gradual deterioration of condition without maintenance and detrimental 

impact on the surrounding environment caused by the introduction of hydrocarbons and 

deleterious material. Furthermore, they are usually very expensive. Using PPS potentially 

reduces the size of the pipe network system for the same return period / duration / intensity 

event and has the potential to significantly reduce the downstream maintenance cost of the 

network. 

Storage of storm-water within the PPS reduces the amount of impervious area which helps 

enhance the natural hydrological cycle. The stored storm-water, through evapotranspiration, 

can later be introduced back into the environment or used to recharge nearby water bodies such 

as streams and aquifers through infiltration as shown in Figure 2-3. The filtration process of 

the PPS reduces the potential environmental and health risks that are associated with polluted 

storm-water systems. The maintenance of PPS is essential in maintaining the levels of filtration 

required to effectively remove pollutants from storm-water. 
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Figure 2-3: The urban hydrological cycle, from (Schooling, 2014). 

Additionally, impervious surfaces have greater potential to introduce pollutants into the storm-

water system. These include but are not limited to (Scholz, 2007, Brattebo, 2003, Chaddock, 

2010): 

• Sediment and suspended solids (residues from rubber tyres and exhaust gas), 

• Organic waste, 

• Dissolved nutrients and pollutants, 

• Oil and grease; and 

• Faecal pathogens. 

The infiltration process inherent for permeable pavement systems (PPS) allows harmful solids 

to be filtered by the pavement structure before it enters the storm-water drainage system. To 

prevent gradual deterioration of permeability due to blockage of flow paths the permeable 

layers require regular maintenance and monitoring. 

Using PPS reduces surface water, decreasing the amount of ‘water spraying’ that occurs when 

vehicles pass a flooded pavement at high speeds. The amount of water spraying is reduced by 

up to 95% on an open-graded friction course when compared to a dense-graded surface (Huber, 

2000). Water spraying reduces visibility for drivers increasing the likelihood of crashes. Water 
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spraying in conjunction with hydroplaning is a road user safety risk in high-speed sections of 

the road network. The combination of these two phenomenon’s is a significant contributor to 

the cause of accidents during heavy rainfall in high-speed sections of road (Donald, 1996). By 

using PPS, the number of road fatalities caused on road networks can be potentially reduced, 

and the amount of infrastructure investment by the roading authorities to minimise the social 

cost of crashes related to hydroplaning is also potentially significantly reduced. 

When constructed with appropriate lateral restraint, adequate drainage and good quality 

aggregates, permeable pavements have been known to virtually eliminate fines pumping, 

rutting and cracking in pavements (Mathis, 1989). In some cases, a 50% increase in service life 

has been witnessed for permeable pavements as compared to traditional pavements which have 

lower drainage capacity. The primary differences observed were a much lower rate of 

deterioration for permeable pavements and significantly lower portions of pavement surface 

cracking. 

Research on PPS has led to it being used in residential, commercial and industrial applications, 

yet the traffic application is limited to light duty and infrequent usage, even though the 

capabilities of these systems allow for a much wider range of usage. Common applications of 

PPS described by Scholz (2007) and Chaddock (2010) are as follows: 

• vehicular access: residential driveways, service and access driveways, roadway 

shoulders, crossovers, fire lanes and utility access; 

• slope stabilization and erosion control; 

• golf courses (cart paths and parking); 

• parking (events and motorway service areas); 

• pedestrian access; 

• bicycle and equestrian trails; and 

• land irrigation. 

Through further research, the aim is to develop an understanding of the structural capacity and 

durability of PPS using economic methods so that it can be used for a much wider range of 

applications, potentially carrying much heavier traffic loads. This will allow the benefits of 

PPS to be utilized in a greater section of the road network. Field research on PPS conducted by 

Shackel (2006), Fassman (2010) and Chaddock (2010) have already shown the potential of 

PPS carrying more demanding vehicle loading whilst maintaining structural integrity. Since 

field testing cannot always materialize due to resource and time constraints, laboratory testing 
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of PPS is necessary to improve the design of the pavement system. This research will utilize 

RLT testing to characterize permeable basecourse performance in the laboratory. 

2.2 Typical Impermeable Pavement Structure 

A typical bituminous surfaced pavement structure comprises of a thin bituminous surfacing, 

supported by compacted unbound granular basecourse layers (base and subbase) over a 

prepared subgrade. Figure 2-4 illustrates a typical cross section of a flexible pavement. Whilst 

every layer of the pavement is important in successfully bearing load, this research will focus 

on the primary load bearing layer being the basecourse layer of the pavement. The base 

dissipates the traffic loads so that weaker underlying layers, especially the subgrade layer, is 

preserved. In a typical flexible pavement, the bituminous layer is designed and largely assumed 

to be impermeable therefore the subgrade, often assumed to not receive much water from the 

overlying layers, has low permeability due to high clay fines. This is however not the case with 

permeable pavements where the permeable surface is exposed to water flow and transfers water 

to lower layers, and the permeability of each layer is therefore dependent on the drainage 

conditions. 

 

Figure 2-4: Typical pavement cross-section, and side drain from Toan (1975). 

2.2.1 Wearing Course 

The wearing course of a pavement is the uppermost layer. In New Zealand, approximately 65% 

of the road network is flexible pavements of which almost 95% have a chip sealed surface 

(Wilson, 2006). Asphaltic mixes are largely limited to urban, high traffic, or high shear stressed 

areas with a high percentage of heavy commercial vehicles (HCV’s). Chipsealed surfaces are 

more common in rural highways because it is significantly cheaper than asphaltic mixes.  
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The bituminous surface whether asphaltic mixes or chipsealed with appropriate aggregate 

selection provides a high skid resistant surface and prevents water ingress into lower pavement 

layers which are more vulnerable to deformation when saturated. A significant difference 

between an asphaltic mix and chipsealed surfaces is the thickness of the bituminous layer. 

Asphaltic layers are typically thicker than chipsealed surfaces since the aggregates are fully 

bound in the layer, whereas chipsealed surfaces have aggregates rolled into a sprayed layer of 

bitumen. Thicker asphaltic layers can contribute to the distribution of vehicle tyre loads to the 

basecourse, the extent of load distribution is dependent on the thickness and type of the 

asphaltic layer (Lay, 2009). An approximate visualisation of load distribution provided by a 

pavement is provided in Figure 2-5. 

 

Figure 2-5: Load distribution of a typical flexible pavement. 

Chipsealed surfaces usually do not have the potential to transfer loads to lower pavement 

layers, an exception to this is in the case of a ‘multi-layered’ chip seal. Multi-layered chip seal 

surfaces are outcomes of several re-seals on top of each other, resulting in a thick almost ‘AC 

like’ layer of wearing course. Multi-layered chipsealed surfaces are becoming increasingly 

common in New Zealand. 

2.2.2 Basecourse 

Toan (1975) describes the primary function of the granular basecourse is to spread the traffic 

load to limit the stress intensity at the subgrade surface. The subgrade can also be referred to 

as natural ground in a cut area and is mentioned by Thom (2008) as not strong enough to 

directly bear traffic loading. The basecourse and sometimes wearing course layers are required 
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to distribute traffic loads over a wide enough area so subgrade deformation can be avoided, 

like in Figure 2-5. Thom (2008) defines the term ‘granular’ as the unbound material of large 

particle size which may include natural gravel, crushed rock and granulated steel slag particles. 

The difference between soils and the granular basecourse material is that the latter is 

deliberately blended to give a combination of particle sizes appropriate for a certain pavement. 

Experimental studies have shown that the unbound granular layers exhibit cross-anisotropic 

properties (Mallick, 2009). Papagiannakis (2008) describes this behaviour as being caused by 

the preferred orientation of aggregates in the unbound layers, due partially to aggregate shape 

and compaction forces. This behaviour results in base and subbase layers that are stiffer in the 

vertical direction than in the horizontal direction; which is often desirable in pavements due to 

traffic loading requiring vertical support.  

The physical characteristics of a compacted basecourse such as durability, strength and 

hardness depend on the source properties of the parent rock. Other basecourse characteristics 

are attributed to the grading of the aggregate particles, the degree of compaction, saturation, 

and environmental conditions.  An empirical measure of aggregate bearing capacity, which can 

be related to the properties of the parent rock and characteristics of the constructed and in place 

basecourse layer, is the California Bearing Ratio (CBR) test which culminates to the CBR 

value. 

The unbound basecourse layer is formed of independent granular particles which are 

compacted into a dense layer. The use of angular particles ensures mechanical interlock 

between particles and allows (Lay, 2009): 

• the coarse particles to be compacted into a dense layer, 

• provides shear strength facilitated by the interlock of angular aggregate faces, and 

• provides compressive strength through particle-to-particle effective stresses. 

The unbound basecourse layer is stress dependent. Specifically, it is a stress-stiffening material. 

This means the stiffness and strength will generally increase with (Henning, 2012): 

• improving the quality of particles, 

• increasing compressive stress state, 

• increasing particle size (influence may vary), and 

• the density of gradation and the packing of particles. 

The maintenance of the basecourse layer is equally as important as the construction of it. Once 

water makes its way into the basecourse, and after traffic loading is applied, excess pore water 
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pressure develops that can cause the base to shear resulting in pavement failure. To prevent 

base shear the water that enters the base must be drained out. Basecourse drainage is achieved 

through sub-soil drains that are present at each side of the pavement. The drain is semi-

permeable, so it allows water to travel through it and out of the pavement structure. 

It is recognised that the saturation of an unbound granular basecourse layer may lead to the 

premature failure of flexible pavements. Conclusions drawn from the research conducted by 

Toan (1975) state that rut depth due to creep deformation in the basecourse layer may increase 

100 times larger in a saturated pavement in comparison to an unsaturated pavement. 

2.2.3 Subbase 

Seldom when dealing with soft subgrades, a subbase layer is added to the pavement to 

strengthen it. The subbase layer is below the base layer and above the subgrade. The presence 

of the subbase further distributes the load from the wearing course to the subgrade. Toan (1975) 

mentions that the subbase layer can also be used as the drainage layer if water accumulation 

within the pavement is a threat to its structural integrity. 

2.2.4 Subgrade 

The subgrade can be either in-situ soil or compacted fill used to bring the road formation to 

ground level (Toan, 1975). The subgrade is regarded as the most vulnerable layer of the 

pavement because of its susceptibility to deformation under repeated traffic loading, especially 

in high moisture environments. In New Zealand, in-situ soils such as clay or silt often make up 

the subgrade. The softer clays are often stabilised with lime or cement to treat moisture 

susceptibility thereby achieving subgrades that produce greater repeat load bearing capacity. 

2.3 Permeable Pavement Structure 

Permeable pavements are a relatively new pavement system with wider environmental 

objectives and have been trialled in various city streets, traffic crossings, bus stops, harbours, 

industrial areas and airports. Their use is dictated by the pavements ability to support traffic 

loads and drain water out of the pavement structure. In New Zealand, the use of permeable 

pavements is limited in comparison to other developed countries. 

The structure of a permeable pavement is dependent on the drainage and loading requirements 

of the pavement. Like traditional pavements, the nature of the pavement structure is also 

dependant on the speed environment, surroundings, traffic loading, and traffic composition. A 
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typical permeable pavement structure is illustrated in Figure 2-6 below which outlines the 

features of a permeable pavement. 

 

Figure 2-6: Typical permeable pavement structure, from Fassman (2010). 

Permeable pavements often consist of a wearing course that can either be concrete pavers or a 

porous bituminous layer. There are many variations of the porous bituminous layer, and these 

will be discussed further in Section 3.1 of this chapter. Below the bituminous layer is a bedding 

course that consists of compacted sand. This is followed by an open-graded basecourse layer. 

Typically, the open-graded base layer has very little to no fines which give it a high void ratio, 

giving the layer greater permeability than a traditional basecourse.  

There are many variations of the open-graded base layer. The variations are often a result of 

the environmental and traffic conditions that are prevalent in situations where PPS are used. 

The nature and aggregate composition of the base layer is influenced by the permeability or 

strength requirement of the layer. One of the objectives of this research is to develop an 

appropriate permeable base layer that has good strength and permeability characteristics. The 

base layer can preside over a subbase or reservoir layer if required. The subbase layer is used 

when additional structural support is required within the pavement as well as providing a 

reservoir layer for water retained by the pavement. The subgrade is often very susceptible to 

moisture damage; therefore, the subgrade is often separated from the overlying layer by 

impermeable geotextiles. Semi-permeable geotextiles can also be used to stop the migration of 

fines between pavement layers. Permeability tests conducted by Toan (1975) on basecourse 
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material indicated the transportation of fines at the hydraulic gradients, resulting in clogging of 

pore channels which in turn greatly reduced permeability. 

2.3.1 Wearing Course 

There are two categories of wearing course used for permeable pavements. Segmental paving 

which utilises block pavers and bedding sand as shown in Figure 2-7 and porous asphalt shown 

in Figure 2-8. Various permeable wearing courses have been trialled with varying degrees of 

success. Some variations of these types of wearing courses are: 

• Concrete blocks joined with sand, 

• Open Graded Porous Asphalt (OGPA), 

• Stone Mastic Asphalt (SMA), or 

• Porous Concrete 

 

 

Figure 2-7: Concrete block pavers used in Fassman (2010). 

 

Figure 2-8: Porous asphalt used as a permeable wearing course. 

Porous asphalt or concrete has also been used as the wearing course for permeable pavements. 

It consists of open-graded asphalt or concrete over an open-graded aggregate base located 
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above the well-draining soil. Porous concrete pavements contain aggregates and a Portland 

cement binder. The porosity is provided by the omission of fine aggregates thereby providing 

voids between the aggregate interlock. 

These surface layers provide a permeable face for water to infiltrate through the pavement 

instead of flowing to side drains or kerb and channels. Permeable wearing courses also known 

as porous friction courses (PFC) enhance skid resistance by reducing surface water depth for a 

given storm intensity and duration, and the inter-connected voids additionally have positive 

benefits by allowing (Lay, 2009): 

• noise to dissipate via alternative noise paths to the extent that reduces the noise 

produced by driving on PFC by 3 dB when compared to conventional surfaces. 

• Surface water to drain rapidly, reducing spraying of water thus improving visibility. 

Some disadvantages of using PFC are described by Lay (2009) as follows: 

• more expensive than AC or chipsealed surfaces due to the higher quality binder and 

aggregate requirements, 

• lower strength, 

• loss of permeability caused by repeated traffic compaction (within 7 years), 

• easily polished, and 

• cannot retain their good friction properties due to clogging of voids with collected 

detritus material from the surface. 

Scholz (2007) showed that porous asphalt and porous concrete pavement systems are prone to 

clogging usually within three years after installation. Clogging of permeable pavements is as 

much a result of surrounding land use than it is due to traffic load (Fassman, 2010). Due to 

clogging of the voids, these systems can experience a loss of permeability. The main causes of 

clogging are due to (Scholz, 2007): 

• sediment being ground into the porous pavement by traffic before being washed off; 

• waterborne sediment, which drains onto pavements; and 

• shear stress caused by numerous breaking actions of vehicles at the same spot, which 

results in collapsing pores and potentially fracturing of the aggregate edges due to 

higher stone on stone contact. 

Once totally clogged, these systems must be removed entirely and subsequently replaced. 

Frequent replacement renders these types of systems impractical and expensive. The permeable 
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surface must be constantly maintained in order to prevent it from clogging. Some common 

maintenance techniques are outlined in Section 3.6 of this chapter. 

2.3.2 Bedding Course 

The bedding course is used to prevent detritus material from blocking the drainage paths on 

top of the base layer. The PSD of the bedding course which consists of sand is dependent on 

the traffic composition and pavement use (NZS, 2002). The table below is extracted from the 

New Zealand standards for concrete segmental and flagstone paving, which describes the 

categories and PSD’s applicable to bedding sand respectively. 

Table 2-1: Paving application of bedding sand, from NZS (1991). 

 

Table 2-2: Grading limits of bedding sand, from NZS (1991). 

 

Tests done by Scholz (2007) have shown that evaporation, drainage and retention within the 

permeable structures were mainly influenced by the PSD of the bedding material, and by the 

retention of water in the surface blocks. 
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The bedding layer is prone to over compaction from traffic loading resulting in clogging of 

these layers (Fassman, 2010). Crusting of the bedding layer as shown in Figure 2-9 can have 

detrimental effects on the infiltration capacity of the pavement. There are modifications that 

can be made to the bedding sand layer such as the use of geogrids to store sand that enhance 

the strength and maintain the integrity of the layer (StoneSetNZ, 2012).  

 

Figure 2-9: Agglomerated bedding sand (left) and crusting above geotextile (right), from Fassman (2010). 

If the crusted layer starts affecting the permeability of the pavement, then it can be water 

blasted, assuming the pollutants can be collected or replaced. 

2.3.3 Basecourse 

The primary focus of the study is to identify and test an appropriate unbound basecourse that 

can be used in a permeable layer. The desired strength qualities of the permeable basecourse 

are such that catastrophic deformation does not result from traffic loading. An appropriate 

design criterion had to be followed to prevent premature failure of the basecourse. Due to the 

geological, geographic, pavement design and construction similarities between New Zealand 

and Australia, PPS design criterion from Australia were assessed. An appropriate criterion 

developed by Shackel (2006a) was selected. The base and subbase materials for permeable 

pavements should meet the following criteria (Shackel, 2006a): 

1. The materials should possess adequate water storage capacity and can drain water 

within a reasonable period without erosion or migration of fines. 

2. The materials should possess adequate stiffness to carry the full spectrum of traffic 

loads and repetitions anticipated. 

3. The materials should be capable of trapping and removing contaminants from water 

draining through the pavements. 
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4. The materials should satisfy geotechnical filter criteria which prevent transportation 

of fines between the bedding and base, base and subbase or base/subbase and 

subgrade. Alternatively, filter fabrics can be used although there is a risk that these 

may become clogged over time. 

 

Literature from several countries was evaluated to provide insight into permeable paving 

research internationally. The geological and geographical differences and the pavement design 

and typical AADT differences between countries resulted in diverse solutions to satisfy each 

of the permeable base criterion outlined above. 

2.3.3.1 Open Graded Drainage Layers 

In the United States of America and some parts of Canada, PPS is used for several purposes. 

Although the philosophies differ with respect to the degree of permeability, the end result is 

that all recorded jurisdictions believe that rapid base drainage is extremely important (Mathis, 

1989). Some states believed that the highest permeability that could be obtained with readily 

available materials was most appropriate. Whereas, other States believed that a less permeable 

material which had some of the fines removed to provide enhanced permeability, was 

sufficient.  

The nature of the permeable base layer was defined by the pavement structure, composition of 

layers and the aggregates used for pavement construction. Literature identified that the 

permeable pavement structure had limited strength capacity. Consequently, permeable 

pavements are predominantly used in parts of the road network with low AADT and low HCV 

volume applications. This narrows the use of PPS to parking areas, special low traffic volume 

streets (e.g. shared streets) and shoulders of state highways.  

The traffic composition in parking areas is mostly comprised of light and limited vehicles per 

day. Densely graded asphalt surfaces such as ‘Mix 10’ or ‘Mix 14’ are typically impermeable 

therefore they are not appropriate for permeable pavements. Open-graded porous asphalt 

(OGPA) and Stone Mastic Asphalt (SMA) is often used as the wearing course and occasionally 

concrete blocks. Although OGPA and SMA are typically used for high-speed environments, 

typically due to their enhanced skid resistance properties, their high permeability makes it 

appropriate for permeable pavements as well. Permeable pavement structures are also 

frequently used on the shoulders of state highways since the shoulders also experience limited 
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traffic. The shoulders are used to manage surface flow by allowing infiltration into nearby 

water retention areas or pipe networks (Winkelman, 2004).  

  

Figure 2-10: Permeable shoulder in Illinois, from (Winkelman, 2004). 

In general, the states that use permeable pavements can be grouped into two categories – those 

that use an untreated permeable base and those that use a treated permeable base. Mathis (1989) 

found that untreated permeable base materials generally have a lower coefficient of 

permeability, whereas treated permeable bases have a much higher coefficient of permeability. 

The untreated permeable base material contains a smaller sized aggregate to give it stability 

and, thus, it tends to be less permeable. Whereas a treated permeable base has a cementing 

agent, generally 2-3 per cent asphalt or cement, for stability (Mathis, 1989). The structural 

strength of the untreated permeable base was similar to dense-graded aggregate base when 

tested under 0.5 million-wheel loads. However, untreated permeable bases are more prone to 

displacement and segregation in comparison to treated alternatives. Therefore additional care 

must be taken during the construction of untreated permeable base layers. 

2.3.3.1.1 Using Binders on Open Graded Drainage Layers 

Permeable layers can also be used as sub-surface pavement drainage layers or Open Graded 

Drainage Layers (OGDL), as they are more commonly referred to in the United States. Similar 

to a reservoir layer, OGDL’s lack layer strength and are usually overlain by thick concrete 

layers. Open-graded drainage layers are lightly bound by either cement or asphalt (Webb, 

2007). The cement or asphalt is used to bind the aggregates together providing a porous media 

without fines and without having to compensate for strength. OGDL’s are used to divert 

infiltrated water from the pavement structure into either retention ponds or drainage pipes. 
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However, as these layers have a binding agent in them, they typically cost more than unbound 

granular applications of PPS. 

The serviceable life of PPS can be shorter than that of an impermeable pavement due to 

deterioration by runoff, air infiltration, and subsequent stripping and oxidation, as well as 

hardening of binders. Binders are used to provide additional structural strength to the pavement 

where there is no lateral confinement of the base layers. Binders can also be used if the grading 

of the base does not provide sufficient interlock between the aggregates. 

 

Figure 2-11: Partially bound cementitious OGDL, from (Webb, 2007). 

 

Figure 2-12: Partially bound asphaltic OGDL (middle layer), from (Webb, 2007). 
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The resilient modulus (Mr), which is discussed in further detail in Section 4.6 of this chapter, 

is an indicator of a material’s elasticity and recovery. A higher resilient modulus indicates 

greater material recovery after loading. Webb (2007) found cement treated base materials 

exhibited the highest resilient modulus values, even after 15 cycles of freeze/thaw conditioning. 

The asphalt treated base materials exhibited relatively higher resilient modulus values than the 

unbound base materials. The resilient modulus of the unbound base materials, particularly the 

fine gradation proportion, was sensitive to the percentage of fines content and saturation. The 

cement treated base layer exhibited the highest resistance to permanent deformation, followed 

by the asphalt treated layer and the untreated layer showed the least resistance to permanent 

deformation. There is a risk of accelerated failure within bound permeable layers upon the 

separation of the bonds between aggregates that are maintained by binders (Silfwerbrand, 

2000). This could occur for example with only one ‘over design’ vehicle passage rather than 

through repetitive fatigue related failure. Silfwerbrand (2000) also found that the use of treated 

road bases under permeable pavements contributed to cracking of the treated layer, resulting 

in significant deformations in the pavements. 

2.3.3.1.2 Particle Size Distribution of Open-Graded Drainage Layers 

The PSD of the OGDL is obtained from the American and Canadian pavement construction 

specifications, also known as the AASHTO Pavement Design Guide (AASHTO, 2002). Figure 

2-13 displays the PSD of an OGDL. The dashed lines are upper (KS-Max) and lower (KS-Min) 

limits of the OGDL, as defined in the AASHTO pavement construction specifications. The 

maximum particle size is 25mm, and less than 5% of the material is passing the 0.075mm sieve 

indicating a low fines content. The PSD is very similar to the PSD used by Shackel (2006) and 

Fassman (2010) for the construction of unbound permeable base layers. Low fines content 

results in high void ratios. A pavement layer with high voids ratio has reduced aggregate to 

aggregate contact and binders such as bitumen or cement are added to provide additional 

structural strength. To compensate for the low fines content, Shackel (2006) used an underlying 

working platform and lateral constraints at the permeable base layers to limit lateral movement 

of the layer. Fassman (2010) used polythene lining to separate the permeable base layer from 

adjacent pavement layers and the soil edge of the pavement. 
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Figure 2-13: PSD of an OGDL, from (Melhem, 2001). 

In a study conducted by Maupin (2004), the laboratory permeability using constant head test 

methods, of an asphalt bound OGDL with a PSD similar to that shown in Figure 2-13 was 

tested.  

 

Figure 2-14: Permeability characteristics of an asphalt-treated OGDL, from (Maupin, 2004). 
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Figure 2-14 displays the permeability of the layer generally reduces with increasing asphalt 

content. There is a trade-off between permeability and strength as more binder content is added. 

A balance of permeability and strength is desired when designing an open-graded permeable 

layer. 

Table 2-3: Influence of air voids on permeability, from (Maupin, 2004). 

Site 

Air Voids 

(%) 

Permeability 

(mm/sec) 

1 21 4.37 

2 20 4.06 

3 21 5.64 

4 24 3.07 

5 22 3.77 

6 23 3.49 

 

Increasing binder content reduces the amount of air voids in the pavement layer as the binder 

replaces air voids in the layer. Table 2-3 shows the influence air voids content has on the 

permeability of an OGDL. The results highlight that the air voids ratio of around 0.22 results 

in permeability of around 4mm/s. 

An unbound permeable layer can have air voids ratio exceeding 0.3 and can have twice the 

permeability of a treated layer, especially when cementitious or bituminous bonds are broken 

within treated layers (Belanovic, 2004, Chaddock, 2010). Despite the increase in permeability, 

unbound permeable layers are not immune from the impacts of progressive clogging from 

nearby land use and traffic loading. Unbound permeable base layers with voids ratio of 0.3 and 

permeability of up to 9.37 mm/s showed deterioration of performance measured through 

permanent deformation, which can be due to clogging, aggregate degradation or fines 

susceptibility to moisture (Belanovic, 2004, Fassman, 2010).  

The AASHTO Pavement Design Guide (AASHTO, 2002) has suggestions on the structure of 

an OGDL. Figure 2-15 displays the design requirements for an OGDL pavement structure 

specified by AASHTO. On the left is a typical pavement structure of a hot mix asphalt (HMA) 

pavement and on the right, is the pavement structure for a concrete pavement. The typical 

thickness of permeable layers in the USA is between 3 to 6 inches which are 75 to 150mm 

(Mathis, 1989). Both pavement structures have a sub-drain installed in the open graded layer, 
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and the layer is also confined by geotextiles to prevent water (depending on the impermeability 

of the geotextile) and fines infiltrating into other pavement layers or the subgrade. 

 

 

Figure 2-15: Design of OGDL, from (Hein, 2003). 

2.3.3.2 Reservoir Layers 

A shallow OGDL requires fast drainage and high permeability, so that rainfall overflow does 

result back on the road surface during design rainfall storm return periods and intensities.  By 

increasing the depth of the porous base layer more water can be stored within the layer, 

therefore, reducing the likelihood of flooding and allowing greater storm-water retention, this 

layer is often referred to as the reservoir layer. These reservoirs vary from a depth of 150mm 

to 600mm depending on the rainfall intensity of the area they are used within. In the United 

Kingdom, a permeable basecourse consisting of a reservoir base layer can be referred to as a 

Sustainable Drainage System (SuDS). The depth of the base layer is what differentiates SuDS 

from OGDL. The structural capacity of PPS can be significantly increased by increasing the 

depth of the base layer. Fassman (2010) showed that having a 230mm subbase layer below a 

150mm base layer, the structural and storage capacity of the PPS is greatly increased. Using 

permeable unbound granular bases allows water to drain through the layers and prevents the 

accumulation of water on the road surface.  

In an eighteen-month study of permeable reservoir layers conducted by Chaddock (2010) the 

SuDS concept was designed and tested. The system was implemented after research predicted 

an increase of rainfall by 20-30% in the area (Chaddock, 2010). SuDS was implemented to: 

• Reduce or eliminate runoff from storm-water, 

• Reduce the risk of flooding, 

• Reduce the need for kerb sewers and stormwater balancing ponds, 

• Act as soak ways to deal with runoff from other structures, 
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• Remove pollutants, 

• Test the structural capacity of permeable pavements by introducing heavy commercial 

vehicle (HCV) loading, 

• Recharge groundwater, and 

• Improve safety resulting from a reduction in surface water spraying, glare and ice 

formation. 

The SuDS system involves draining water out of the pavement by using sub-drains or allowing 

infiltration into the subgrade or a combination of both. The initial concept of SuDs was to allow 

slow water infiltration into the subgrade after temporarily storing the water in the reservoir 

base layer during rainfall events. As shown by Fassman (2010) and Schooling (2014), water 

stored in reservoir layers of the permeable pavement can also be introduced back into the 

atmosphere restoring predevelopment hydrological conditions from evapotranspiration.  

Evapotranspiration cannot be solely relied upon to completely drain the water that can be 

potentially stored within reservoir layers. Innovative methods of drainage were designed and 

trialled by Chaddock (2010) to demonstrate the exfiltration capability of the surrounding 

environment and the reservoir layer. In total, there were six variations of SuDS drainage 

systems explored, labelled “Type I to Type VI”. Each type of pavement design is briefly 

outlined below. 

Type I 

Rainfall can pass through the permeable wearing course, which can be a variation of porous 

asphalt/concrete or concrete segmental paving. The water is then temporarily retained within 

the reservoir layer before it is infiltrated into the subgrade layer. In order for this system to be 

effective, the subgrade needs to have infiltration rates exceeding design storms. This is 

uncommon for compacted clayey, silty subgrades, which typically have a permeability of 0.01 

mm/d (Fassman, 2010). Subgrades which comprise of sands and gravels and have a 

permeability of up to 90 mm/d may be suitable for water infiltration (Chaddock, 2010). These 

types of subgrades are not common in New Zealand. The purpose of pavements is to protect 

the weaker subgrade so that the longevity of the pavement is preserved (Toan, 1975). Allowing 

water to infiltrate into the already weak subgrade can potentially have disastrous consequences 

on the structural capacity of the pavement. Even if the subgrade is of premium quality, 

otherwise stabilised, the reaction of water with the stabilising agent can also be detrimental to 

the subgrade layer and the permeable pavement. The addition of stabilisers to the subgrade 
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would also further reduce its permeability. Therefore, considering permeable pavement designs 

that rely on partial or complete drainage into the subgrade layer can be considered risky for 

typical subgrades in New Zealand which consist of predominantly clayey and silty material. 

 

Figure 2-16: 'Type I’ SuDS permeable pavement, from (Chaddock, 2010). 

Type II 

Figure 2-17 illustrates the ‘Type II’ SuDS design. In this system, the impermeable nature of 

the subgrade is recognised, and a network of perforated pipes are introduced to convey 

discharge to a receiving drainage system. This prevents water levels in the reservoir rising and 

causing potential stability problems within the underlying structure. Similar to the ‘Type I’ 

structure, water is allowed to infiltrate into the subgrade, and the potential risks of this in 

context to typical New Zealand subgrades are too significant for it to be considered as a viable 

permeable pavement design. 
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Figure 2-17: Partial infiltration and drainage, from (Chaddock, 2010). 

Type III 

‘Type III’ pavements utilise an impermeable flexible membrane at the base and sides of the 

reservoir layer. Using a network of pipe systems retained water is discharged into receiving 

drainage systems. This allows attenuation of both flow and pollution and protects the subgrade 



36 

 

from moisture. Chaddock (2010) goes on to say that ‘Type III’ designs are intended for 

situations where: 

• The underlying groundwater is sensitive and requires protection. 

• Underlying moisture susceptible soils have low strength and could be weakened, or 

otherwise damaged, by the introduction of percolating water and building a thicker 

pavement would be impractical. 

• The water table is within 1m of the subbase/reservoir layer. 

• The site is contaminated, and the risk of mobilising contaminants needs to be 

minimised. 

 

Figure 2-18: Pervious pavement with no infiltration, from (Chaddock, 2010). 

Types I, II and III use a pervious wearing course which is economical and easy to design. 

However, the surfaces are vulnerable to blockage by detritus materials and require regular 

maintenance to sustain an adequate infiltration rate. Maintenance interventions increase the 

downstream whole life cost of the pavement. Conventional impermeable surfacing with edge 

drains are injected into the reservoir layer to reduce maintenance costs of the pavements. 

Fassman (2010) noticed that loss of joint chip which allowed paver blocks to shift under vehicle 

loads, deforming the road surface and joints. Side drains were installed to allow the water to 

drain through the sides and into the base reservoir layer. By having side drains provided a 

durable, low maintenance surfacing to be used, which allowed SuDS to be employed in high 
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traffic areas. Figures 2-19, 2-20 and 2-21 illustrate the use of side drains within a permeable 

pavement. 

Type IV 

Figure 2-19 shows the use of conventional surfacing over a porous reservoir layer. The runoff 

is transferred from the surface to the reservoir layer using a side drain which can be used to 

filter detritus materials from runoff before it enters the pavement. Subgrade infiltration and 

evapotranspiration transfer stored water into the surrounding environment. 

 

Figure 2-19: Side drain and infiltration, from (Chaddock, 2010). 

Type V 

Figure 2-20 shows the SuDS pavement ‘Type V’. It is a combination of ‘Type II’ and ‘Type 

IV’. The surface runoff is drained through the edge drain, assisted by the cross-fall of the 

pavement. Once inside the pavement structure, water infiltrates into the subgrade and 
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remaining storm-water is discharged through perforated pipes into the drainage attenuation 

system. 

 

Figure 2-20: Infiltration and drainage using side drains, from (Chaddock, 2010). 

Type VI 

Like ‘Type III’ pavements, ‘Type VI’ prevents water from infiltrating into the subgrade layer. 

Once the water is introduced into the reservoir layer through side drains it is discharged using 

perforated pipe drainage outlets into the drainage system. 

 

Figure 2-21: Impermeable pavement, injection via drains – No infiltration, from (Chaddock, 2010). 
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Side drains that directly transfer surface water into the reservoir layer allowed the researchers 

to install thick conventional surface layers that can contribute to the overall strength of the 

permeable pavement. This system allows for the pavement to withstand higher traffic loading. 

The choice of SuDS is largely influenced by the nature of the site extent, its vulnerability to 

clogging by detritus materials and maintenance and hydraulic performance requirements 

(Chaddock, 2010). For a weak or near impermeable subgrade, the SuDS designs are limited to 

‘Type III’ or ‘Type VI’. The disadvantage of having side drains is that the surface flow during 

rainfall events is reintroduced and with it the risks associated with spraying and aquaplaning. 

2.3.3.2.1 Bound Reservoir Layers 

Similar to the OGDL, the reservoir layer can be bound by either cement or asphalt to increase 

its strength (Chaddock, 2010). Recently, resin has also been used in New Zealand to bind 

permeable base layers (StoneSetNZ, 2012). Although a bound porous base layer could 

significantly increase the structural capacity of the pavement, there are inherent design flaws 

that are associated with bound layers. For cement bound base layer transverse cracking patterns 

develop soon after construction (Chaddock, 2010). The transverse cracking is a result of curing 

and thermal contraction during colder periods of the day/ year. The cracks then appear at the 

surface of the asphalt layer as reflection cracks several years later. These cracks then later form 

a matrix within the pavement structure for detritus materials to ingress into the pavement, 

reducing the permeability and strength of the pavement.  

A typical design of a residential, bound permeable pavement is displayed in Figure 2-22. The 

permeable basecourse used is ‘DQ PBC40’ which is displayed in Figure 2-23.  
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Figure 2-22: Permeable pavement design for residential use, from (StoneSetNZ, 2012). 

The cost of 500 square meters of the pavement shown in Figure 2-22 is approximately $121000 

NZD with a $5000 annual maintenance cost. The pavement is designed for light vehicle flow 

not exceeding 300 vehicles per day and is predicted to have a design life of more than 25 years. 

The primary use of this pavement is for residential and pedestrian use.   

The StoneSetNZ (2012) specification requires the basecourse to have a minimum porosity of 

30% and a minimum permeability of 10-3 m/s. The basecourse is specified to be compacted 

using vibratory compaction when it is in its saturated state. 

2.3.3.2.2 Particle Size Distribution of Reservoir Layers 

Typical thickness of unbound reservoir layers varies from 150mm to 600mm. The depth is 

determined from the retention capacity required, voids ratio and the PSD of the aggregates used 

for constructing the layer. On a PPS trial site situated on Birkdale Road in Auckland, New 

Zealand, Belanovic (2004) and Fassman (2010) used a reservoir layer. The total thickness of 

the reservoir layer was 480mm. The layer comprised of a 150mm upper base layer which had 

a maximum aggregate size of 12mm and a 230mm lower subbase layer which had a maximum 

aggregate size of 40mm. The PSD of the subbase layer is displayed in Figure 2-23.  
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Figure 2-23: PSD of the base layer used by Belanovic (2004) and Fassman (2010) known as DQPBC40. 

The principal measure adopted to quantify gap-grading for this study, is the slope of the grading 

curve when plotted (log-log), i.e. Talbot's grading exponent "n" (Talbot, 1923). The n value 

can also be obtained for specific sieve sizes using Equation 2-1 below. 

Equation 2-1: Talbot’s n-value 

𝑝 = 100(
𝑑

𝐷
)𝑛 

Where p = the percentage passing sieve size d 

 D = maximum particle ALD and 

 n = grading type factor. 

An n-value of less than 0.5 indicates fine grading and n-values greater than 0.5 indicate coarse 

grading (Arnold, 2007). The NZTA specification for premium traditional basecourse aggregate 

(M/4) has Talbot’s n-values varying from 0.4 to 0.6. The n-value of the grading adopted for 

traditional basecourse for this research was 0.53. In comparison, a typical Talbot’s n-value for 

OGDL’s similar to Figure 2-13 have typical n-values ranging from 0.6 to 0.8. The n-value for 

the grading used by Fassman (2010) and Belanovic (2004) is 1.25 indicating a very coarse 

aggregate structure. OGDL’s require fine material so that modifiers like cement can be added. 

There is no such requirement for unbound reservoir layers, which typically restrict fine material 
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inside the structure so that clogging does not occur as a result of fines transportation. The 

absence of fine particles results in typical n-values for reservoir layers exceeding 1. 

Shackel (2003) used 100mm of basecourse material to satisfy the minimum thickness of base 

normally permitted for use under traffic. However, to prevent pavement run-off as a result of 

the 124mm/h design storm rainfall intensity, the thickness of the permeable basecourse had to 

be increased to 200mm (Shackel, 2003). The PSD of the aggregates used for constructing the 

basecourse had to be within the envelopes outlined in Figure 2-24. 

 

Figure 2-24: Reservoir layer PSD adopted by (Shackel, 2001) 

The n-value for the upper and lower limits of Figure 2-24 are 1.38 and 1.96 respectively. The 

coarse structure allows for greater permeability of the reservoir layer, assuming it passes 

minimal structural design requirements. 

2.3.3.2.3 Field Trials of Reservoir Layers 

The reconstruction of Smith Street (Figure 2-25) in NSW, Australia, using basecourse within 

the envelopes outlined in Figure 2-24 resulted in a reduction in imperviousness of the Smith 

Street sub-catchment by up to 25% and there was a 60% reduction in stormwater runoff due to 

the permeable pavement (Shackel, 2003). 
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Figure 2-25: Reconstruction of Smith Street, from Shackel (2001, 2003). 

However, there were no records of the structural performance of Smith Street. There was an 

analysis of the structural performance of a similar site using a similar basecourse grading, 

which had a maximum aggregate size of 20mm. King William Road was reconstructed in 1985 

using concrete block paving. The cross-section of the road is illustrated in Figure 2-26 below.  

 

Figure 2-26: Cross-section of King William Road, from (Shackel, 2006b). 

The base layer was underlain by a concrete working platform which provides the majority of 

the pavements structural strength. The extent of rutting on King William Road over 20 years 

was approximately 6mm, and at some locations, rutting was as high as 11mm. 

“Effective life” testing done by the Urban Water Resources Centre in Australia (2002) showed 

a 59% reduction in permeability over a simulated 35-year period. Falling Weight Deflectometer 
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(FWD) testing also showed that permeable pavement structures are appropriate for residential 

streets after deflections between 1.2 to 2.5mm were recorded (UWRC, 2002).According to Lay 

(1985), residential streets typically exhibit deflections approximately between 1.8 to 2.3mm 

(Lay, 1985).  

The tests conducted by Shackel (2001, 2003, 2006a, 2006b) agree with work done by Fassman 

(2010) and Belanovic (2004) who identified that the hydrological performance of PPS is 

exceptional in delaying peak flow, shown in Figure 2-27. Testing the infiltration rates of four 

trial sites using DQ PBC40 revealed all sites exceeded the 120mm/h design rainfall intensity 

requirements, despite some sites being clogged by organic and sediment material. 

 

 

Figure 2-27: Peak flow difference between pre-development, asphalt and permeable surfaces, from Fassman (2010). 

Similar results were found by Chaddock (2010) using the SuDS method of permeable paving. 

Using the SuDS design criteria, field testing was conducted on four pavement types as shown 

in Figure 2-28.  
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Figure 2-28: Field trials of SuDS, from (Chaddock, 2010). 

The four pavement bays were installed on a trial test track shown in Figure 2-29 that comprised 

of heavy and light vehicle flow.  

 

Figure 2-29: Bays installed at a test track, from (Chaddock 2010). 

Different pavement layers, materials and layer thicknesses were utilised within each bay. Each 

bay had a cross-fall of 2.5%. All bays had a porous concrete base layer on top of a subbase 
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reservoir layer. Geotextiles were used to prevent fines intrusion into the basecourse and protect 

the subbase and subgrade. 

• Bay 1: Permeable, block paver surfacing (80mm) on an aggregate laying course 

(50mm), on a porous concrete base (350mm), on a Permavoid geocellular subbase 

(150mm), on imported unbound granular subgrade. (Reservoir pavement Type 1). 

• Bay 2: Structural asphalt layer (180mm) on a porous concrete base (290mm), on a 

tanked Permavoid geocellular subbase (150mm), on imported unbound granular 

subgrade. (Reservoir pavement Type VI). 

• Bay 3: Structural asphalt layer (180mm) on porous concrete base (290mm), on a tanked 

and well sorted unbound granular subbase (350mm), on imported unbound granular 

subgrade. (Reservoir pavement Type VI). 

• Bay 4: Porous structural asphalt (180mm) on porous concrete base (290mm), on tanked 

and well sorted unbound granular subbase (350mm), on imported unbound granular 

subgrade. (Reservoir pavement Type III). 

The lightweight permavoid geocellular box used in Bays 1 and 2 have a vertical compressive 

strength of 715 kPa. It also has very high voids content for efficient water storage. 

 

Figure 2-30: Permavoid geocellular grid. 

The use of similar structures to the geocellular grid has also recently been implemented in New 

Zealand for the construction of resin bound porous pavements (StoneSetNZ, 2012). Granular 

material is confined inside the grids to give increased strength through better interlock and 

confinement, whilst allowing free drainage of water. 

The results of traffic loading, FWD and permeability tests conducted by Chaddock (2010) 

showed that Bay 1 experienced the greatest deformation, with an average rut of 6mm and a 

maximum of 11mm over the 18-month testing period. The weight of traffic had compacted the 
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surfacing block paving and aggregate bedding material, similarly to Fassman (2010). Bay 1, 

which was the block paved bay, was also found to be the least efficient at delaying peak flow 

whereas Bay 3 which was the traditional asphalt and Bay 4 which was the porous concrete both 

with granular subbases showed the greatest delay in peak flow. Bay 1 showed the greatest 

infiltration by the subgrade. The rut depths in Bays 2, 3 and 4, which were surfaced using dense 

and porous asphalt, were lesser in comparison to Bay 1. The rut depth was smaller than the 

resolution of the measuring instrument (Chaddock, 2010). 

There was significant clogging in the block and porous pavement layers. The asphalt layers did 

not experience such clogging. Due to the clogging, the maintenance cost requirements for the 

porous concrete had significantly increased its overall life cost. 

The results of these tests indicate there is a direct correlation between the method of pavement 

drainage and pavement composition with pavement performance indicators such as 

permeability and strength. The drainage characteristics and pavement composition should be 

considered on a case by case basis. 

2.3.3.3 Chosen Permeable Basecourse 

The maximum aggregate size in Shackel (2001) was 25mm, whereas typical New Zealand 

basecourse has a maximum aggregate size of 37.5mm. The larger aggregates provide greater 

structural strength if utilized well within the pavement layer. Having larger aggregates 

increases the voids content and therefore the permeability of the layer, as seen in the Birkdale 

Road trial. After the successful trials conducted by Shackel (2001, 2003, 2006a, 2006b), 

Fassman (2010) and Belanovic (2004) and following industry representative consultation, the 

particle limits were extended to accommodate the larger aggregates passing the 37.5mm sieve. 

The envelopes were manipulated further since the sieve sizes used by Shackel (2001) were not 

standard in New Zealand. The target grading developed is shown in Table 2-4. 

  



48 

 

Table 2-4: Target PSD for the permeable basecourse. 

Sieve Size Adjusted Envelope % Target% 

37.5 100 100 

19 85-65 75 

13.2 70-45 58 

4.75 35-15 25 

2.36 22-9 16 

0.425 9-2 6 

0.15 3-0 2 

0.075 2-0 1 

Pan 0 0 

The permeable basecourse to be tested further in this research has an n-value of 1.51 which lies 

in between the grading specifications from Shackel (2001) of 1.38 and 1.96 and utilises the full 

grading spectrum of the local DQ PBC40 used by Fassman (2010) and Belanovic (2004). From 

research conducted by Chaddock (2010), subgrade infiltration is only recommended when the 

subgrade has high infiltration rates. As noted by Fassman (2010) the subgrades in New Zealand 

are typically impermeable. Therefore, the permeable basecourse used in this research is 

separated from the subgrade using a geotextile. 

 Table 2-5 below shows a summary of OGDL’s and reservoir layers evaluated within this study. 

Untreated OGDL layers generally have a much lower permeability than treated OGDL’s. This 

is due to the lack of fines in the treated OGDL’s. The exceptions are Kentucky (KY) and 

Wisconsin (WI), where untreated OGDL’s were used (Mathis, 1989). A possible reason for 

such a high permeability for KY and WI could be due to the untreated OGDL not having fines 

similar to other states. When compared to reservoir layers, typical untreated OGDL’s have a 

similar permeability. One of the motives of this research is to determine if laboratory tested 

permeability values of reservoir layers that have similar Talbot’s values match with reported 

field permeability values. 
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Table 2-5: Summary of PSD and permeability of permeable basecourse. 

   Cumulative Percentage Passing (%) 

   New Zealand United States (State) – from various literature 

   Untreated (Reservoir) Untreated (OGDL) 

Treated 

(OGDL) 

Sieve Size (inches) 

Sieve Size 

(mm) 

Closest NZ 

sieve 

NZ 

(M/4) 

DQ 

PBC40 

NZ 

(PP) IA KY MI MN NJ PA WI CA NC 

2 50.8 50.8         100    
1    1/2 inch 38.1 37.5 100 100 100  100 100  100    100 

1 25.4 26.5  89  100 98  100 98  100 100 98 

3/4 inch 19.05 19 73.5 82 74    83  76 95 95  
1/2 inch 12.7 13.2  77 58  43 45  70   50 43 

3/8 inch 9.525 9.5 50 70 49    53  50 38 33  
No 4 4.76 4.75 35.5 38 22  5 4 33 48 24 5 5 5 

No 8 2.38 2.36 26 7 10 22.5 2.5   15  2.5 2.5 2.5 

No 10 2 2       17      
No 16 1.19 1.18 18.5 1 6     4 6    
No 30 0.595 0.6 13  3      4    
No 40 0.42 0.425       6      
No 50 0.297 0.3 8.5  2 7.5    2.5     
No 200 0.074 0.075 3.5  0 3 1  1.5  2.5  1 1 

Talbot's 'n-value'   0.53 1.25 1.51 0.59 0.8 1.6 0.7 0.9 0.7 1.7 0.8 0.8 

Permeability (mm/s)   1 10 ? 1.8 71 3.5 0.7 7.1 3.5 64 53 71 
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2.3.4 Subbase 

The use of a subbase layer within a permeable structure has shown to increase the durability of the 

pavement, hence increasing its longevity. The subbase layer often consists of larger sized 

aggregates providing a foundation for the basecourse layer. Where the subbase has been used, the 

water retention capacity of the PPS is increased, and the deformation of the PPS is reduced 

(Chaddock, 2010, Fassman, 2010). Adding a subbase layer to a PPS increases the cost of the 

pavement. The use of subbase layers is dependent on the design requirements of the PPS which 

are likely to be site specific.  

Typically, the basecourse layer is separated from the subbase using geotextiles, which mitigates 

the migration of fines between the two layers. Geotextiles help to prevent sand from migrating into 

the base of PPS. In a permeable bituminous-stabilized base course, the presence of geotextiles 

helps to reduce rutting and rate of block breakage, maintaining a good level of pavement 

serviceability (Scholz, 2007). 

2.3.5 Subgrade 

PPS addresses runoff at the source, and when the subgrade is used as part of the PPS, they replenish 

groundwater. However, the locations for constructing these types of pavements require careful 

consideration. If the subgrade is used as part of the PPS, then the permeability and structural 

capacity of the subgrade needs to be determined and compared with the design requirements of the 

pavement. When subgrades do not meet the design requirements of the PPS, then either geotextiles 

are used to separate the subgrade from the PPS or a foreign subgrade is imported to provide the 

required infiltration and structural capacity. It is also important that the subgrade has uniform 

strength characteristics; otherwise, uneven settlement may occur, leading to possible ponding or 

uneven rutting. Typically, a CBR value of greater than 3% is required for a subgrade bearing 

permeable pavements (StoneSetNZ, 2012). 

From Chaddock (2010), Bay 1 allowed for subgrade infiltration and excess water passed through 

an outfall drain. The infiltration rate of the in-situ and an imported subgrade was tested. The 

infiltration rate of the imported subgrade was on average three times higher than the in-situ 

subgrade (150 mm/h compared to 50 mm/h). The PSD of the imported subgrade is displayed in 

Figure 2-31. Inspection of Figure 2-31 reveals the presence of larger aggregates within the 

imported subgrade and establishes that the subgrade is not far from being well-graded. The voids 
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created between the larger aggregates increase the permeability of the imported subgrade in 

comparison to the in-situ subgrade, which has a higher ratio of fines. 

 

Figure 2-31: PSD of imported subgrade with high infiltration, from Chaddock (2010). 

The moisture ex-filtration capacity of the imported subgrade was analysed by Chaddock (2010), 

which is displayed in Figure 2-32. The imported soil disperses retained water during rainfall events 

into the surrounding environment.  
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Figure 2-32: Soil moisture response to rainfall after 4 months, using an imported subgrade, from Chaddock (2010). 

Figure 2-32 shows that after a rainfall event, the subgrade has a similar water dispersion rate at the 

three different locations, discharging into the surrounding environment. A reduction in soil 

moisture content (%) establishes that the imported subgrade is capable of exfiltrating the design 

rainfall intensity. Due to progressive clogging of the wearing course in Bay 1, there was very little 

increase in moisture content after 18 months from test initiation. Once the clogging was removed 

the retention capacity of the subgrade was re-instated. 

2.3.6 Maintenance and Drainage 

The primary cause reduction in permeability of permeable pavements is clogging of the wearing 

course and bedding layer (Chaddock, 2010, Fassman, 2010). Clogging can result from detritus 

materials entering void spaces in the layer or over-compaction of a porous layer. Bound base layers 

are also prone to clogging once the bonds maintained by the binder material is broken and the void 

ratio of the pavement is reduced. Once clogged, the surface layer can be cleaned by spraying water 

at high pressures at the clogged area. Figure 2-33 shows the ‘Osprey 3000’ machine that is used 

to remove rubber deposits from airfield runways. The Osprey 3000 has water jets that can operate 

at pressures of up to 3000 Bar, removing and then storing debris from the contaminated pavement 

surface through vacuum suction. Similar machines can also be utilised to remove contaminants 
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from permeable surfaces. Special care must be taken when using water jets to clean permeable 

surfaces as too high of a pressure can damage the permeable layer and too low of a pressure may 

not remove embedded contaminants. The water used to clean the surface must be collected and 

treated as a hazardous waste since it includes harmful pollutants such as heavy metals and 

Polycyclic Aromatic Hydrocarbons (PAH). High-pressure water jets should be used with care and 

precision over paving blocks. There is a potential for joint or bedding sand to be dislodged from 

water jetting, eventuating into structural failure of the surface layer. 

 

Figure 2-33: A specialist truck used to clear clogged areas of permeable surfaces, from Chaddock (2010). 
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Figure 2-34: Specialist cleaning of porous asphalt, from Chaddock (2010). 

 

Figure 2-35: Specialist cleaning of block paving, from Chaddock (2010). 

Table 2-6 shows the potential of three different cleaning methods, road sweeping, using hand jets 

and specialist cleaning devices. The greatest amount of relative hydraulic conductivity (RHC) is 

retained when clogged pavement are cleaned using specialist devices. 
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Table 2-6: Increase in relative hydraulic conductivity following various cleaning methods, from Chaddock (2010). 

 

Most permeable base layers utilise an edge drain collector system, which allows drainage of 

accumulated water. The typical location of the edge drain is illustrated in Figure 2-36, which is 

very similar to the pavement design used by Fassman (2010), presented earlier in Figure 2-6. 

 

Figure 2-36: Typical AC permeable pavement structure (Mathis, 1989). 

Mathis (1989) mentions that the crushing of drainage pipes located centrally was a significant 

issue, resulting in the pipe being located away from the load bearing region of the pavement.  The 

edge drain trench is also backfilled with permeable material, which provides additional support 

and load dissipation for the pipe, whilst allowing drainage. Other alternatives such as fabric 

wrapped gravel outlet systems have also been used in some states. A filter aggregate layer is used 

for unbound permeable bases. Fabric can also be used as an alternative to the filter layer to separate 

the permeable base from the subgrade and mitigate fines transportation between the layers. 

It should be noted that gap-graded basecourse that is saturated is not always visually recognisable, 

as free water is not necessarily seen in excavations. A basecourse with a typical value of 4.5% 
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water content requires only a 0.5% increase to exceed the saturation threshold that instigates 

shoving (Salt, 2011). Therefore, it is important to maintain the drainage of a gap-graded layer. 

2.4 Repeated Load Triaxial 

It is difficult to determine the permeability or strength of a pavement layer from field trials due to 

instrumentation complexities and availability of time and resources. Although there is no substitute 

for field testing, testing unbound granular materials using laboratory methods provide a cheaper 

and more time efficient method of predicting the performance of testing, provided the method of 

testing used closely resembles field conditions.  

Repeated Load Triaxial (RLT) tests are useful in predicting the in-field performance of unbound 

granular pavements. To accurately predict the in-field performance of unbound granular pavement 

layers, test parameters such as aggregate size, compaction levels, saturation conditions and stress 

levels need to be replicated in the laboratory. A detailed understanding of these parameters in-field 

and how they can be replicated in the laboratory needs to be achieved. Failure to replicate the 

parameters may result in test results which do not simulate field situations. This can render 

laboratory-based RLT tests ineffective. Presented in the following sections are an overview of 

some parameters considered in the RLT test and an explanation of their relevance, how they are 

controlled and their implications on-field performance. 

The RLT apparatus can effectively test the performance of granular materials by closely simulating 

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

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

characterised by an increase in stiffness and permanent deformation with load repetitions (Gidel 

et al., 2001). RLT testing has been frequently used internationally and has become a common 

laboratory technique for assessing the stiffness and permanent deformation characteristics of 

aggregates under repeated loading (Dawson and Gillett, 1998). 

Many test variables must be considered when the RLT test is adopted to assess the performance 

of unbound granular materials. One of the key variables is the specimen size which is directly 

related to the maximum Average Least Dimension (ALD) of the aggregate being tested. The 

maximum aggregate size dictates the appropriate laboratory specimen diameter and height to 

ensure specimen load and stress conditions best simulate in-field stress conditions. Appropriate 
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specimen diameter to height ratios minimises end effects on test specimen performance, caused by 

the interface frictional forces at the top and bottom of the specimen (Cheung, 1994, Taylor, 1971). 

Additionally, the effects of specimen size on performance are complex, as any size variation will 

affect the overall particle arrangement, which influences the properties of specimens (Lekarp and 

Isacsson, 2001). 

Apart from specimen dimensions, the test specimen degree of saturation, compaction level, stress 

conditions and loading frequency are all important parameters to be considered when undertaking 

an RLT test. Specimen saturation is used to simulate an unfavourable, but common condition 

unbound granular pavements undergo in the field. Once the specimen is saturated, repeated loading 

produces pore water pressure build-up, which accelerates the deformation process within the 

specimen. Toan (1975) reported that saturation has a significant impact on the strength attributes 

of materials, including resilient strain, Poisson’s ratio and permanent strain. The compaction level 

influences the density of RLT specimens. Thus, laboratory methods of compaction should closely 

resemble field compaction and achievable densities, whilst avoiding physical degradation. 

The stress path method allows the study of strength and deformation behaviour of materials under 

different loading conditions (Jianjun, 2013). However, the infield stress on pavement materials is 

complex, and it is difficult to match the stress path in the laboratory to those of materials in the 

field (Siddiquel et al., 1999). An appropriate selection of stress path and stress history should cover 

the wide spectrum of stresses expected in pavements. Additionally, in modelling the effect of 

vehicle loads and speed on pavements, the loading frequency in the laboratory should accurately 

represent the frequency of loading in the field (Barksdale, 1972). 

2.4.1 Specimen to Aggregate Size Ratio 

Although widely applicable and useful, the CBR test does not provide information on the resilient 

and permanent deformation characteristics of the material. This is due to its constant static loading 

in comparison to the dynamic nature of traffic loading in the field (Mallick, 2009). RLT tests are 

often conducted to identify these parameters. An obstacle to the more routine use of RLT testing 

is its lack of availability, especially in developing countries (Araya, 2010). However, it is starting 

to gain favour in New Zealand as a preferred method for predicting basecourse performance, 

despite there being very few RLT setups in the country (Lowe, 2007). The basis of the RLT test is 

to simulate repetitive traffic movement on pavement materials, allowing pavement response to be 
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monitored. RLT testing, when used in conjunction with source and production testing can give 

additional evidence of performance, allowing a more robust prediction of basecourse performance 

(Lowe, 2007). 

 

Figure 2-37: Small-scale RLT testing gear. 

The RLT test uses Linear Variable Displacement Transducers (LVDT’s) to calculate vertical, 

horizontal and radial deformation. The specimens are usually 100-150mm in diameter, restricting 

the maximum particle size to 20mm. The triaxial cell used for this research is 250mm in diameter 

and 625mm in height. This allows the inclusion of 37.5mm particles, which is the maximum 

allowable particle size for M/4 premium basecourse aggregate. The use of aggregates smaller than 

37.5mm allows for an accurate analysis of in-field basecourse behaviour. The RLT apparatus 

(150mm Ф x 300mm high) displayed in Figure 2-37 is preferred globally over the large-scale RLT 

setup due to its ease of use, reduced testing duration and lower operation and consumable costs. 

However, the small-scale RLT test requires scalping of aggregates with ALD greater than 20mm. 

It is often the case where aggregates greater than 20mm ALD are tested in the small-scale RLT. 

This leads to unreliable and inconsistent results. Testing of coarse aggregates (similar to the size 

of railway ballast) in small (conventional) triaxial equipment can lead to misleading strength–

deformation characteristics. It is therefore essential to test such coarse aggregates in a large-scale 

triaxial apparatus (Indraratna, 2002). 
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In New Zealand, aggregates larger than that recommended for a specimen diameter to height ratio 

are used for maximum dry density (MDD) and RLT testing. For determination of MDD, a 

maximum aggregate size of 37.5mm is utilised within a mould size of 150mm diameter and 

125mm height.  A 150mm diameter by 300mm high specimen is used for RLT testing aggregate 

with a maximum 37.5mm ALD. According to a wide variety of literature, only aggregates smaller 

than 19mm ALD can be used for these mould sizes, as per Australian, New Zealand, British and 

American CBR and RLT standards (Austroads, 2007b, NZS, 1986c, BS, 1990, ASTM, 1996a). 

This irregularity produces variation in compaction results (Shahin, 2011). The source of variation 

is believed to be interlocking of oversized particles and interaction with the confining wall of the 

150mm diameter mould. The USA and UK vibratory compaction specifications require scalping 

of aggregates retained on a 19mm sieve when a 150mm diameter mould is to be used for 

compaction to avoid such variations (ASTM, 2008, BS, 1990). The Australian standards for RLT-

testing (AS, 1998) specifies a specimen diameter of six times the maximum aggregate ALD, 

similar to other reputable researcher recommendations (Dawson, 1996b, Toan, 1975).  Sweere 

(1990) performed four sets of RLT tests on specimens of 150mm and 400mm diameter, utilising 

aggregates with maximum ALD up to 40mm. Higher resilient modulus was found in two of the 

smaller diameter specimens. Sweere (1990) suggested that the 150mm triaxial apparatus might not 

be large enough for testing unbound granular materials typically used in the pavement base. The 

reason for this being, when the specimen/particle size ratio was smaller than recommended, the 

overall particle packing arrangement is influenced (Sweere, 1990, Lekarp, 2001, Donbavand, 

1987). Donbavand (1987) carried out RLT tests on 150 × 300mm specimens with different 

maximum aggregate sizes (11mm, 16mm, 22mm, 30mm and 40mm). The results demonstrated 

permanent deformation increased with increasing maximum particle size. Lekarp (2001) showed 

that the structural response observed depends on the maximum grain size used in the triaxial 

specimen. The reduction of the grading scale is shown to have a significant impact on both resilient 

and permanent strain response of the materials tested. Similar principles should be applied to RLT 

compaction specifications in New Zealand, where a maximum aggregate size of 37.5 mm is 

inappropriately used in a 150mm diameter specimen. 

Typically, a maximum aggregate size to specimen diameter ratio ranging from 1:5 to 1:8 is 

acceptable. The Transportation Research Board (TRB) recommends the sample diameter should 

be at least four to five times the maximum particle size (TRB, 1975). AASHTO (2003) 
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recommends that the minimum diameter of the specimen be at least equal to five times the 

maximum particle size. Aggregates gradings with maximum ALD of 30mm would require a mould 

diameter of at least 150mm. If the particle size exceeds 25% of the mould diameter, it is 

recommended that these particles are removed. This allows for aggregates with a maximum ALD 

of 37.5mm to be used within a 150mm diameter mould. This is contradictory to the 

recommendation that the mould size should be at least five folds larger than the maximum 

aggregate ALD. Some researchers adopted a diameter seven times greater than the maximum 

particle size (Marachi et al., 1969, Correia, 1996, Sweere, 1990, NZS, 1986a). The overall particle 

packing arrangement is influenced by the specimen diameter and maximum aggregate size ratio 

(Lekarp, 2001, Cheung, 1994). 

Araya (2010) recommends that for a compaction mould with a diameter of 150mm all particles 

larger than 19mm should be removed and replaced by material in the 4.75 – 19mm range. This 

process significantly alters the performance characteristics of the material, which no longer 

represents in-field conditions, where a typical maximum aggregate size of 40 mm is used for the 

basecourse. A larger compaction mould with a diameter of 250 mm is used by the University of 

Auckland to avoid scaling down of the maximum particle size. This allows for a basecourse 

material with a maximum aggregate ALD of up to 42 mm to be tested. 
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Table 2-7: Aggregate to specimen size ratios adopted worldwide. 

Author(s) Year 

Maximum 

Aggregate Size 

(mm) 

Specimen 

Diameter 

(mm) 

Maximum Aggregate 

Size to Specimen 

Diameter Ratio 

A Dawson 1996 63 400 1:6.3 

A Molenaar 2010 45 250 1:5.6 

D.V Toan 1975 38 250 1:6.6 

U Isacsson 2008 90 500 1:5.6 

P Karan 2014 37.5 250 1:6.7 

G Arnold 2010 37.5 150 1:4 

A Dawson 1996 31.5 150 1:4.8 

B Shackel 2006 20 150 1:7.5 

K Jenkins 2013 19 150 1:7.9 

Austroads 2007 19 100 1:5.3 

AASHTO 2003 30 150 1:5 

The RLT test procedures of four laboratories were compared in a study undertaken by Dawson 

(1996). Three of the four participating laboratories used a specimen diameter of 150 mm, and the 

maximum aggregate size was restricted to 31 mm.  

2.4.1.1 Influence of Specimen Size on Repeated Load Triaxial Tests 

The RLT test can simulate traffic loads, confining pressures and boundary conditions on the 

specimen that are representative of loading and boundary conditions in-field, allowing the in-field 

performance of the material tested to be reliably predicted in the laboratory. The PSD and density 

of the basecourse in the field also needs to be reproduced within the test specimen for meaningful 

RLT test results. The specimen height is typically twice the diameter. A greater length of the 

specimen with fixed specimen diameter can reduce the effect of the end platen on the axial modulus 

and displacement. Taylor (1971) conducted tests on triaxial specimens with three different 

diameter to height ratios (1:1, 1:1.5 and 1:2). It was identified that end platen flexibility effects 

lowered the apparent axial modulus of the specimen. With increasing specimen length, the end 

effects decreased and became insignificant. This was achieved with the ratio of diameter to height 

of 1:2 (Taylor, 1971).  
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The zone of approximate homogeneity in a triaxial specimen is shown in Figure 2-38 below. This 

zone is dictated by the specimen diameter to height ratio. 

 

Figure 2-38: Zone of approximate homogeneity.  

In this zone, the stress conditions are close to homogeneous, as opposed to the varying conditions 

near the top and bottom platen. Closer to the platens, re-orientation of principle stresses occurs as 

a result of the platen to aggregate interaction. In contrast, the stresses around the middle of the 

specimen do not undergo a significant rotation of principal stresses. Within triaxial tests, re-

orientation of the stress planes eliminates shear stresses if the principal stresses are the same. Re-

orientation of principal stresses during shear is a feature of the induced stresses associated with 

many field loading situations. The influence of stress re-orientation on soil strength and stress-

strain response needs to be considered for a reliable prediction of in-situ behaviour to be developed. 

The effect of principal stress reorientation on permanent strain is not yet fully understood. This 

may be due to repeated load triaxial testing, the most common means of reproducing traffic 

conditions in the laboratory, failing to change the direction of principal stresses during testing. A 

homogenous state of principal stress rotation within the instrumented zone of the specimen needs 

to be achieved for accurate representation of field stress states. 

Within the middle 3rd of the specimen, where the stress conditions are approximately 

homogeneous, the LVDT’s are attached to ascertain representative deformation in the specimen. 

Zone of approximate 

homogeneity 
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To obtain a sufficient zone approximately homogeneous stress conditions, where the principal 

stresses are vertical and horizontal, the height of the specimen must be adequate for the 

development of this condition. Early triaxial work has shown that the diameter needs to be 

approximately half the height and the maximum aggregate size 1/6th of the diameter to achieve 

this. A minimum specimen diameter of approximately 225 mm and a resulting height of 450 mm 

is recommended to accommodate the readily used NZTA M/4 premium basecourse aggregate, 

which has a maximum aggregate ALD of 37.5 mm. 

Dawson (1996) and Correia (1996) state that it is important to measure strains over the central 

third using transducers mounted between studs. This is supported by Pezo (1998) who studied the 

effects of deformation gauge length on moduli of the specimen. For tests conducted by Pezo (1998) 

the numerical and experimental results indicated overprediction of the moduli when the gauge 

length is the whole length of the specimen instead of the central one-third. The results indicated 

that axial strains exhibited by a specimen in a triaxial device are not uniform along the specimen 

and depend on the gauge length over which the specimen deformation is averaged (Pezo, 1998). 

The zone of approximate homogeneity for the large-scale RLT test setup at the University of 

Auckland, which has a specimen length of 625 mm, is 208 mm. Basecourse layer depth typically 

varies from 100 mm to 200 mm. A zone of approximate homogeneity of 208 mm allows for the 

full range of typical basecourse layer depths to be represented.  In comparison, the equivalent zone 

in the small-scale RLT test setup (150 mm by 300 mm specimen) is 100 mm, only accounting for 

a minimum basecourse layer depth. As indicated in Section 3.3.2 of this chapter, permeable 

reservoir layers can range from 150mm to 600mm, therefore, the large RLT test is more 

appropriate when testing permeable basecourse. 
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Figure 2-39: The shape of the specimen before and after loading in triaxial tests (Li, 2013). 

Triaxial test specimens deform either in shear or in a barrel shape which is displayed in Figure 2-

39. If the specimen is too short and the aggregates are too large, the specimen will undergo particle 

crushing rather than a barrel-like deformation, which is characteristic of soil deformation for a 

material with high friction. The shape of deformation can be related to end effects of the top and 

bottom end of the specimen, where the shear transfer takes place. Lubricating the end platens 

provides a more stable and practical specimen (Nguyen, 2013). 

The effects of specimen size on RLT test results are significant and is explored in detail in this 

research. Chapter 7 of this thesis has been dedicated to identifying the influence of the small and 

large RLT test conditions on specimen performance. The effects of target density and standard 
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Confining Stress 
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Displacement 

after loading 

Confining Stress 
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compaction methods, as well as aggregate scalping on RLT tests, are also considered in this 

research. 

2.4.2 Compaction 

Compaction is a key process in the construction of pavement layers. Good compaction improves 

the structural integrity of the pavement layer which influences pavement life and performance. 

Basecourse compaction density targets in the field are usually based on aggregate compaction and 

testing of materials in the laboratory (NZTA, 2005). Laboratory densities are difficult to replicate 

in the field due to the differences in compaction environment. Influence of the underlying base or 

subgrade material, undulating terrain and an unknown extent and level of lateral confinement in 

the field make it difficult to simulate field compaction in the laboratory using current 

methodologies and practices. Aggregate degradation can occur in the field if the laboratory targets 

are unrealistic or if aggregate segregation in the field has occurred. This can alter basecourse 

performance from what is assessed in the laboratory.  

It is recommended in the literature that each compacted layer height should be at least twice the 

maximum aggregate ALD (Toan, 1975). This allows for particle re-orientation during compaction. 

For standards and specifications that do not adhere to a minimum aggregate size to specimen 

diameter ratio of 1:6, the compacted layer thickness is usually less than twice the maximum 

aggregate ALD. In New Zealand, there are two frequently used standards for compacting 

basecourse aggregates. The first of which is the specification for MDD testing of granular material 

using vibratory compaction (NZS, 1986d). In this test, a maximum aggregate size of 37.5mm is 

used in a 150mm diameter by 125mm high specimen, specifying three approximately 40mm layers 

of compaction. The specification for RLT testing in New Zealand (NZTA T15), specifies five 

layers of compaction for a maximum specimen diameter of 150mm, height of 300mm and 

maximum aggregate ALD of 37.5mm. This results in a layer thickness of 60mm. There is a 

discrepancy in the amount of energy exerted on each layer due to the difference in layer thickness 

between the two standards, especially when hammer ratings can vary from 600 to 1200W (NZS, 

1986d).  

Dawson (1996) outlines the importance of standardising compaction methods to obtain reliable 

values of permanent strain in RLT testing. The intent of the standardisation would be to provide a 
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realistic and repeatable link between results obtained in the laboratory and permanent strains 

occurring in-field. This link remains to be established. 

The method of compaction, type of vibratory hammer used for compaction, mould size, 

compaction duration and number of compacted layers influence the permanent deformation of 

specimens in the RLT test. The variables indicated are discussed in further detail in Chapter 4 of 

this thesis. Due to the uncertainty surrounding the validity of current compaction procedures 

available during the time of this research, new techniques were evaluated and adopted. The criteria 

for the compaction methodology was for compacted specimens to be repeatable, reproducible and 

closely simulate realistic field conditions. 

2.4.3 Basecourse Saturation and Soaking 

As previously outlined, basecourse saturation is heavily associated with the pavement failure. 

Once the basecourse is saturated, pore pressure builds up upon application of traffic loading, and 

the basecourse goes through dispersion of compacted density, leading to accelerated pavement 

deformation. Specimen saturation carried out before RLT tests to provide adverse but common 

test conditions. The conditions which influence pavement saturation are water table levels, 

precipitation, flooding, drainage capacity of pavement and berm and the pore water pressure 

(PWP) regime within the pavement. The recommended method of pavement saturation is through 

the application of back pressure and passage of Carbon Dioxide (CO2) through the specimen if 

necessary to achieve high saturation levels. Soaking the specimen in a water bath for several hours 

before testing is not recommended since saturation is not achieved due to occluded bubbles of air. 

It is sometimes incorrectly assumed that precipitation alone causes pavement saturation, and the 

soaking process is an attempt to simulate precipitation. This is true if the only way in which the 

pavement could become saturated in the field was as a result of rainfall striking or running across 

the pavement surface. Saturation of a pavement can also be due to poor berm geometry 

groundwater seepage and capillary action (Papagiannakis, 2008). A combination of these events 

may lead to a level of saturation that is more severe than what can be achieved through soaking. 

A representative level of specimen saturation is required to test the RLT specimen under the most 

severe conditions. It is evident from the literature that the saturation of a specimen increases its 

permanent deformation and reduces resilient response (Toan, 1975, Fisher, 2008).  
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Granular aggregate specimens generally allow water to freely drain under gravity and capillary 

effects until a residual saturation level of approximately 60% is reached (Uu, 1973). Toan (1975) 

showed that an increase of saturation level above 80% caused a significant increase in both 

recoverable and non-recoverable strain. 

 

Please note: 6.2 represents 6.2% passing 0.075mm sieve; 9.1 represents 9.1% passing 0.075mm sieve; 11.5 represents 11.5% 

passing 0.075mm sieve. 

Figure 2-40: Effects of saturation on total deflection in RLT tests re-plotted from (Toan, 1975). 

Figure 2-40 shows the permanent deformations increased by more than 100% as a result of a 

change in the degree of saturation from 60% to 90%. Salt (2011) found that a change in the degree 

of saturation from 65% to 70% would approximately double the rate of permanent deformation 

and the degree of saturated needed to be reported for any RLT test used to predict the performance 

of a basecourse in-field. A study of roading foundation failures in New Zealand found the long-

term degree of saturation of basecourse was a significant cause of premature pavement distress. 
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The pavements studied failed through shear instability (shoving) in the basecourses despite the 

underlying layer(s) having appropriate drainage (Salt, 2011). Salt (2011) adds that the degree of 

saturation must remain less than 70% to avoid premature pavement failure. Toan (1975) concluded 

that resilient and permanent strains, arising from creep deformations, greatly increased with the 

saturation of the basecourse. A critical degree of saturation of 80% was suggested, above which 

water content greatly influences permanent strains due to repeated loading. 

To fully understand the structural capacity of a basecourse, the laboratory specimen saturation 

level must extend beyond what is expected to lead to good performance. If the specimens are 

soaked instead of being saturated in a controlled environment, the degree of saturation needs to be 

established before commencing RLT testing. The degree of saturation of the basecourse specimens 

should be above 80%. 

2.4.3.1 The Saturation Process 

During soaking the specimen is placed in a water bath for a few hours. Any entrapped air is 

expected to remain trapped due to surface tension forces around the air in the void spaces. During 

saturation of granular materials, a back pressure is applied to force any entrapped air into solution. 

A back pressure ranging from 400kPa to 700kPa is typically applied to achieve a Skempton’s B 

value of 0.95, meaning 95% saturation has been achieved. This technique involves raising the cell 

pressure to 700kPa.  A check of the pore water pressure response is then made, showing the 

magnitude of the pore pressure parameter B (ratio of the increments of water pressure to cell 

pressure). In most cases, this is observed to be of the order of 0.5. The pore pressure is then raised 

to 675kPa and kept constant for a period of about 4-12 hours (dependant on back pressure) to 

dissolve the CO2 bubbles left in the pore spaces. CO2 and de-aired water can also be fed through 

the specimen to achieve saturation levels closer to 100%. However, this additional step is not 

necessary since base layers of a pavement exhibit critical deformation beyond 80% saturation. 

2.4.4 Staged Test Regimes 

There are two common loading regimes for RLT testing, single-stage and multi-stage. Before the 

advantages of multi-stage RLT tests were realised, the single-stage RLT test had been most widely 

used. A single-stage RLT test involved repeatedly applying a single level of deviatoric stress to 

the specimen. This test is used to investigate the permanent deformation behaviour of unbound 
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granular materials under a constant total stress path. The disadvantage of this test procedure is that 

it typically requires a very large number of loading cycles (Gidel et al., 2001). 

The multi-stage RLT test was developed to overcome the disadvantages of the single-stage RLT 

test. This test procedure subjects the same specimen successively to monotonically increasing 

levels of repeated stress and assesses the permanent strain at different combinations of confining 

pressure and cyclic vertical load (Gidel et al., 2001, Arnold et al., 2008). Additionally, the multi-

stage RLT test is assumed to cover the full spectra of stresses expected in pavements (Arnold et 

al., 2008, Pidwerbesky and Werkmeister, 2006). Gidel (2001) suggests that the staged loading test 

procedure is appropriate in investigating the behaviour of unbound granular materials. Staged 

loading, as opposed to single stress loading, reduces the number of tests that need to be performed 

to investigate the influence of stress on specimen deformation.  

British standard (BS, 2004) specifies the single stage RLT test can be performed using variable 

confining pressure (VCP) loading, known as method A or constant confining pressure (CCP) 

loading, known as method B. However, research is now predominantly conducted with a multi-

stage RLT test using CCP, which is also specified by several standards (BS, 2004, AASHTO, 

2007, Austroads, 2007b, NZTA, 2012b). 

Dynamic triaxial tests such as the RLT test on saturated specimens with simultaneously varying 

vertical and lateral stresses provide a better assessment of the response of a saturated basecourse 

to repetitive loading than more conventional dynamic triaxial tests with constant cell pressures 

(Toan, 1975). The RLT test can effectively measure vertical and lateral deformation and associated 

stresses, volume change during drained tests and pore pressure during undrained tests. The RLT 

test allows the deduction of the resilient modulus, Poisson’s ratio and cumulative permanent strain 

arising from creep deformation, all of which are significant in assessing pavement performance.  

Resilient modulus of materials is of great importance to pavement engineers. It is the elastic 

modulus based on the recoverable strain under repeated loads (Mallick, 2009). Mallick (2009) 

defines it as the ratio of the amplitude of the repeated axial stress to the amplitude of the resultant 

recoverable strain. Granular base layers exhibit elastoplastic behaviour in response to the loading 

and unloading conditions imposed by traffic loads. Upon unloading, this involves elastic 

(recoverable) and plastic (permanent) deformation components. High traffic volumes and poorly 
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constructed basecourse layer(s) may reduce a pavements elastic response due to an accumulation 

of permanent deformation within its layers, thus reducing its resilient modulus. 

RLT tests done by Werkmeister (2004) showed no “purely elastic” behaviour indicating that this 

type of response does not occur in unbound granular materials. Pavement materials are not purely 

elastic but always exhibit some permanent and resilient deformations under load. Werkmeister 

(2004) describes the two types of behaviour as micro and macro-mechanical. Micromechanical 

behaviour relates to deformation due to friction among grains, particle shape, density, grain 

abrasion and grain crushing. Macro-mechanical behaviour is associated with deformation as a 

consequence of the degree of compaction, consolidation , and distortion processes in the material 

fabric and the deformation of the individual grains (Werkmeister, 2004).  

As outlined by Arnold (2004), RLT testing has been developed with the aim of providing an 

aggregate rutting resistance measure. The RLT test apparatus applies repetitive loading on 

cylindrical specimens for a range of specified stress conditions. The output is deformation 

(shortening of the cylindrical sample) versus number of load cycles (usually 50,000) for a 

particular set of stress conditions (Arnold, 2004). Multi-stage RLT tests are used to obtain 

deformation curves for a range of stress conditions to develop models for predicting rutting. The 

behaviour of basecourse material, when tested in RLT tests, is described by Werkmeister (2004) 

as ‘staged’. The initial response is constant resilient deformations which increase progressively 

with rising stress ratios exhibiting a stiffening non-linear response to deviator stress. With a further 

increase in stress ratio, a rapid increase in resilient deformation is observed. A preloading phase 

of 20,000 ESA’s was used by Erlingsson (2010) to remove any possible residual stresses and 

induce the specimen to post-compaction. The stiffness of the pavement was recorded to have 

increased in this post-compaction phase. 

2.4.4.1 Repeatability 

The procedures and methods used to prepare and test RLT test specimens should be consistent in 

producing repeatable specimens. In the RLT test, the accumulation of permanent strain is a gradual 

process where each load application contributes to the accumulation of strain by a small increment 

(Perez, 2009).  
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Figure 2-41: Repeatability of RLTT, from Lowe (2007). 

Figure 2-41 above from Lowe (2007) shows the repeatability of RLT tests. On average a 10mm 

rut is witnessed after 10.98 Million ESA’s. The repeatability of RLT tests is dependent on the 

procedures and methods used to prepare and test specimens. Specimen size and specimen 

preparation, i.e. compaction procedures, significantly influence the repeatability of RLT tests. The 

influence of these factors on repeatability are further discussed in Chapter 4 of this thesis. 

Tests conducted by Lowe (2007) that compared the effects of compaction showed that: 

• Under compacted (-15% of MDD) resulted in 2.3M ESA’s before failure (10mm of rut) 

• Target Compaction (95% of MDD) resulted in 10.4M ESA’s before failure 

• Over-compaction (+15% of MDD) resulted in 12.5M ESA’s before failure 

This indicates that greater compaction efforts result in better pavement performance. However, 

there is an elevated risk of aggregate degradation if specimens are compacted beyond their MDD.  
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2.4.5 Stress-Strain Relationship 

The confining stresses used during RLT testing are intended to simulate in-field confinement 

conditions of the material tested. The in-field confinement conditions replicated in the laboratory 

reflect the intended location of the specimen within the overall pavement structure. Specimens 

located within the base and subbase are subjected to different stress levels in comparison to 

subgrade specimens. The confining stress level significantly influences the development of 

permanent deformation in granular materials. For unbound granular material, accumulation of 

permanent axial strain is typically proportional to deviatoric stress and inversely proportional to 

confining pressure. Several researchers have reported that permanent deformation in granular 

materials is principally governed by some form of stress ratio consisting of both deviatoric and 

confining stresses (Arnold, 2004, Lowe, 2007, Araya, 2010, Lekarp, 2000).  

Engineering stress is a measure of force intensity over an area. In response to stress, a material 

capable of deformation undergoes strain. The stress-strain behaviour of pavement materials is 

significant in understanding material performance. 

 

Figure 2-42: Stresses exhibited within the pavement during loading and unloading, from (Werkmeister, 2004) 

Figure 2-42, extracted from Werkmeister (2004), displays the hysteresis loop for viscous-elastic 

plastic behaviour. During the loading phase, the curve is initially stiffening. With a further increase 
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in stress, softening is observed. A study of the loading curve indicates that the permanent 

deformation arises during the loading creep phase.  

At the beginning of the unloading phase, there is no or only very small recovery observed. In the 

elastic unloading phase, representing the progressive recovery of single grains by rotation and 

elastic recovery, the vertical strain decreases slowly in comparison to the creep-unloading phase. 

It is assumed that slip recovery processes between the grains occur in the creep unloading phase. 

The permanent strain increases as failure is approached, whereas the elastic unloading remains 

largely unchanged. 

2.4.5.1 Influence of Moisture 

As moisture content increases and saturation is approached, positive pore-water pressure may 

develop under rapidly applied loads. Excessive pore pressure reduces the effective stress, resulting 

in diminishing permanent deformation resistance of the material. The literature available revealed 

that researchers who have studied the effect of water content in granular pavement layers 

concluded that the combination of a high degree of saturation and low permeability, due to poor 

drainage; leads to excess pore pressure, low effective stress, resulting in low stiffness and 

deformation resistance (Barksdale, 1972, Dawson, 1996c, Thom, 1987). Barksdale (1972) 

observed up to 68% greater permanent axial strain in soaked specimens in comparison to 

specimens tested under partially saturated conditions. Toan (1975) recorded rut depth due to creep 

deformation in the basecourse layer that was 100 times larger in a saturated specimen in 

comparison to an unsaturated specimen. Basecourse saturation also approximately doubled 

resilient deformations and increased creep rates by as much as a factor of 10. According to Thom 

and Brown (1987), a relatively small increase in water content can trigger a dramatic increase in 

the permanent strain rate. Thom and Brown stated that a large increase in permanent strain could 

occur even without generation of excess pore pressure in the material, apparently due to the 

lubricating effect of water in a granular assembly.  

2.4.6 Resilient Modulus 

The largest portion of the strain during each loading cycle is typically caused by the elastic 

response, with only a small part due to plastic behaviour. However, pavements experience many 

load cycles, and the plastic strains accumulate with the number of cycles. It is customary in 

pavement analyses to predict the performance in a two-step procedure, i.e. a response phase, and 
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thereafter to predict the performance where the induced strains from the response analysis are used 

to estimate the accumulation of plastic strains as a function of the number of load cycles 

(Erlingsson, 2010). 

The deformational response of pavement materials under repeated loading is defined by a resilient 

response or resilient modulus, denoted as ER or MR. The resilient modulus characterises the rutting 

performance of the pavement layer.  

The resilient modulus for the small-scale RLT test is defined as per NZTA T15. The same 

definition of resilient modulus can be used for the large-scale RLT tests, allowing a comparison 

between the two test methods to be undertaken in Chapter 7 of the research. NZTA (2012) defines 

resilient modulus as: 

Equation 2-2: Resilient modulus Er as defined by NZTA (2012): 

Er =
(qmax − qmin)

ε1r(N)
 

Where: 

qmax is the maximum deviator stress or maximum cyclic vertical stress, = σ1max - σ3 

 σ1max is the maximum major principal vertical stress, and 

 σ3 is the constant confining cell pressure 

qmin is the minimum deviator stress of minimum cyclic vertical stress, = σ1min - σ3 

 σ1min is the minimum major principal vertical stress 

ε1
r(N) is the resilient or recovered axial strain, at load cycle N, = Lr(N)/L0 

 Lr(N) is the resilient axial displacement at load cycle N, defined as the displacement 

during the application of a single load cycle, from the unloaded state to the fully loaded state for 

the Nth load cycle, and 

 L0 is the original length of the specimen prior to testing, at N=0 

The equation can be simplified into the following, for any cycle, the resilient modulus (Er) is 

calculated as: 
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Equation 2-3: Resilient modulus using NZTA (2012). 

Resilient Modulus =
Maximim deviator stress − Minimum deviator stress

Total strain − Permanent Strain
  

Resilient modulus values can be used with structural response analysis models to calculate the 

pavement structural response to wheel loads, which can be incorporated into pavement design 

analysis. AASHTO (2003) defines resilient modulus as follows: 

Pmax =  Pcontact +  Pcyclic 

Where: 

Pmax Is the total load applied to the specimen 

Pcontact Is the vertical load placed on the specimen to maintain positive contact between the 

specimen cap and the specimen 

Pcyclic Is the cyclic (resilient) load, i.e. Repetitive load applied to test specimen 

Pcontact = 0.1Pmax 

This is different to NZTA (2012) which specifies a standard 5kPa of seating load in between cycles 

and stages of loading. During stages of loading that have a higher deviatoric stress, specimen 

recovery can occur due to inadequate seating stress. 

Maximum applied axial stress Smax is the total stress applied to the sample including the contact 

and cyclic stress. 

Smax =  Pmax/A 

A = initial cross-sectional area of the specimen 

And 

Scyclic =  Pcyclic/A 

Scyclic is the cyclic applied axial stress 

Scontact =  0.1Smax 
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S3 is the total radial stress; that is, the applied confining pressure in the triaxial chamber (minor 

principal stress) 

er is the resilient (recovered) axial deformation due to Scyclic 

ϵr is the resilient (recovered) axial strain due to Scyclic 

ϵr =
er

L
 

Where: 

L = original specimen length 

Equation 2-4: Resilient modulus Er as defined by AASHTO (2003): 

Resilient Modulus (Mr ) =  Scyclic/ϵr 

From the definitions of resilient modulus discussed (Mr) is a property of cyclic stress and the 

recoverable portion of specimen deformation. Although the seating conditions of AASHTO (2003) 

seem favourable, the NZTA (2012) definition and methodology for determining resilient modulus 

are selected for this research for further evaluation and application. Majority of the RLT test 

database in New Zealand are expected to be based using this testing procedure. 

2.4.7 Stress Level for Resilient Modulus and Permanent Deformation 

AASHTO T 307 (2007) specifies procedures of testing resilient modulus and permanent 

deformation of unbound granular materials.  Prior to the testing, a stress conditioning step is 

implemented, comprising of 1000 load repetitions, equivalent to a maximum deviatoric stress (σ1- 

σ3) of 93.1kPa using a haversine shaped load. The confining pressure (σ3) is set to 103.4 kPa. The 

conditioning is to eliminate the permanent deformations occurring during the first load cycles of 

the test and to obtain stable resilient behaviour (BS, 2004). The conditioning phase is also 

implemented to reduce the effects of initially imperfect contact between the specimen cap and/or 

base plate and the test specimen, i.e. a bedding-in phase (Abu-Farsakh et al., 2012, Puppala et al., 

1999). Other standards also specify a conditioning phase before the resilient modulus, and 

permanent deformation characteristics of materials are tested. A constant confining pressure of 70 

kPa and a maximum axial stress of 340 kPa (for high-stress level) or 200 kPa (for low-stress level) 

are specified in the British Standard (BS, 2004), with 20,000 stress cycles in the conditioning 
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period. Austroads (2007) which is the Australian RLT test standard specifies 1,000 cycles of pre-

conditioning to a new specimen that has no previous load history. A confining pressure of 50 kPa 

and maximum axial stress of 150 kPa are set in the conditioning period.  

After the conditioning period is completed, testing to evaluate the resilient modulus and permanent 

deformation is performed following the loading sequences described in the standard being 

followed. AASHTO T 307 (2007) has 15 different loading sequences, starting with a sequence 

with confining pressure of 21 kPa and a maximum axial stress of 21 kPa. The other sequences are 

applied to the specimen with a confining pressure of 21 kPa to 138 kPa and stress path ratios 

following 1 30 3   . Each sequence is performed for 100 cycles. In the British Standard, BS 

(2004), the stress levels are applied with a confining pressure of 20 kPa to 150 kPa and constrained 

to 1 32 7    (High-stress level) or 1 31.8 4.5    (low-stress level). There are 29 stress 

paths performed in sequence, and each stress path is applied for 100 cycles. The Australian 

Standard, Austroads (2007), uses more stress paths and a wider range of stress ratios to determine 

the resilient modulus of unbound granular materials. Austroads (2007) uses 65 stress paths of 200 

cycles per stress path and stress path ratios of 1 33 25   . Additionally, the confining pressure 

used has a range of 20 kPa to 150 kPa. The stress level adopted in the New Zealand Standard 

(NZTA, 2012b) is different from the former three standards. The specimen is subjected to 6 stages 

of RLT test for 50,000 cycles per stage, with the confining pressure ranging from 42 kPa to 140 

kPa and stress ratio loading paths of 1 3  1.8, 3.4, 3, 3.4, 4.8, and 12 in stage order. Table 2-8 

below summarises the stress level configuration during testing of some common RLT test 

specifications. 
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Table 2-8: Stress levels for Resilient Modulus and Permanent Deformation test in different RLT test standards. 

Standard Test type Loading 

sequences 

Confining stress Axial stress 

AASHTO 

T307 

 15 Starting with a sequence with a 

confining pressure of 21 kPa and a 

maximum axial stress of 21 kPa. The 

other sequences are applied to the 

specimen with a confining pressure of 

21 kPa to 138 kPa. 

Each sequence is performed for 100 

cycles. 

Stress path ratios following: 

1 30 3   . 

British 

Standard 

Resilient 

Modulus 

29 Confining pressure of 20 kPa to 150 

kPa. Each stress path is applied for 100 

cycles. 

1 32 7   (High-stress 

level) or 1 31.8 4.5  

(low-stress level). 

 

Permanent 

Deformation 

Single 

stage/multi-

stage tests 

Constant confining pressure: 20, 50, 

70, or 150 kPa. 

At least 80,000 cycles 

One stress path for single stage 

test. 

Multi-stage: high-stress level:

1 32.3 11    

Low-stress level: 

1 32 7    

Austroads Resilient 

Modulus 

65 65 stress paths of 200 cycles per stress 

path  

the confining pressure used has a range 

of 20 kPa to 150 kPa. 

Stress path ratios of 

1 33 25   . 

Permanent 

Deformation 

3 stages Constant confining pressure of 50 kPa 1 3   8, 10, 12 

Each involving 10,000 cycles 

New 

Zealand 

Resilient 

Modulus and 

Permanent 

Deformation 

6 stages The constant confining pressure in 

each stage, which ranges from 42 kPa 

to 140 kPa, 

50,000 for each stage. 

1 3   1.8, 3.4, 3, 3.4, 4.8, 

and 12 in stage order 
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2.4.7.1 Influence of Stress Levels 

The permanent deformation and resilient modulus of unbound granular materials are related to the 

applied stress state (Espinosa, 1987). Lekarp (2000a and 2000b) reported that the resilient modulus 

and permanent deformation of unbound granular materials are dependent on the confining pressure 

and deviatoric stress. Furthermore, Lekarp (2000a and 2000b) demonstrated that the elasto-plastic 

behaviour of unbound granular materials was influenced by other factors, such as the number of 

load repetitions, principal stress rotation and stress history. Failure in granular materials under 

repeated loading is a gradual process and not a sudden collapse as in static failure tests (Lekarp 

and Dawson, 1998). Some researchers (Balkema, 1993, Pappin, 1979, Thom, 1988b, Raymond 

and Williams, 1978, Suiker et al., 2005) have explained permanent strain behaviour under repeated 

loading using the ultimate shear strength of the material, in which the static failure line is 

considered as a boundary for permanent strain under repeated loading. However, Lackenby (2007) 

thought it was arbitrary to set the failure value of strain accumulation in static triaxial tests as the 

failure boundary in cyclic triaxial tests. Two cyclic triaxial tests were conducted wherein the cyclic 

deviatoric stress was gradually increased in a stepwise fashion to address this issue. Figure 2-43 

demonstrates a gradual failure line by establishing that a stabilising zone was followed by a period 

of destabilisation before the start of failure. 
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Figure 2-43: An example of gradual failure of unbound granular materials under repeated loading (Lackenby, 2007). 

2.4.8 Failure Criteria 

NZTA (2012) specifies a failure criterion of 1% permanent axial strain per stage. For the small-

scale and pilot RLT test conducted in this study, this equates to a maximum allowable deformation 

of 1.5mm for each of the 6 stages of loading. 
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NZTA (2012) was developed based on testing conducted in the 150mm by 300mm specimen 

apparatus. The parameters may not be applicable for the larger RLT test using 250mm diameter 

by 625mm height specimens. The failure criteria adopted for the large-scale RLT is based on 

research undertaken by Arnold (2010) that recommends the use of a permanent strain value of 

3.3%, based on a 10mm rut within a 300mm aggregate layer after field trials at Canterbury 

Accelerated Pavement Testing Indoor Facility (CAPTIF). Other failure criteria for the larger scale 

RLT could not be found as the larger tests are uncommon and are often conducted for the purposes 

of determining resilient modulus and permanent strain rather than to define specimen failure.  The 

failure limit of 1% permanent strain per stage specified in NZTA (2012) can be used as a guideline 

whereas an accumulative permanent strain of 3.3% through all stages can be used as a failure 

criterion, resulting in an equivalent deformation of 21mm in the 625mm specimen.  

The average slope of the six stress stages, which is the ratio of deformation per million equivalent 

standard axials (ESA’s) was identified by Arnold (2008a) to be a good predictor of traffic load 

limit and was recommended for use in basecourse specifications. NZTA (2012) was still a draft 

specification during this research. The correlation of RLT test results to indicative basecourse 

performance is specified by NZTA (2012) as follows: 

For unbound aggregates complying with both source and all production properties in the M/4 

basecourse specification (for high traffic State Highway use > 5 Million ESA’s): 

• Dry, average permanent strain slope in all 6 stages: 

< 0.55%/1 Million 

• Wet, average permanent strain slope in first 5 stages: 

<1.00%/1 Million 

For unbound aggregates not complying with both source and all production properties in the M/4 

basecourse specification (for low traffic State Highway use < 1 Million ESA’s): 

• Dry, average permanent strain slope in all 6 stages: 

< 1.00%/1 Million 

• Wet, average permanent strain slope in first 5 stages: 
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<2.70%/1 Million 

The ‘slope’ for a stage is referred to as the linear relationship between the 25000th and 50000th 

permanent strain value for the stage. Unbound aggregates used for basecourse construction for 

State Highways with design traffic between 1 and 5 Million ESA do not require RLT testing but 

are required to comply with source and production requirements of NZTA M/4 (NZTA, 2006a, 

NZTA, 2012b). 

Since the specification was in draft stages, there is no definitive failure value assigned to the 

average slope. Therefore, the variable is to be only used as a pass / fail boundary indicator of 

performance when comparing different aggregates. The ‘average slope’ methodology will be used 

in this research to compare the results of the small-scale RLT tests with large-scale RLT tests and 

compare the performance of the permeable specimen with the M/4 RLT test specimens. 

2.4.9 Loading Criteria 

The AASHTO (2003) loading criterion includes a pre-conditioning phase. A pre-conditioning 

confining pressure of 103.4 kPa is applied to the test specimen. Specimen pre-conditioning 

minimises any unsettlement that may have occurred during the interval between compaction and 

loading, which typically comprises of specimen transportation. The conditioning of the specimen 

also minimises the effects of initially imperfect contact between the specimen cap and the test 

specimen. It is important to have a pre-conditioning stage before RLT testing so that an accurate 

representation of deformation and resilient behaviour can be obtained once staged loading is 

started. A contact stress of 10% ± 0.7kPa (accuracy of pressure system) of the maximum applied 

axial stress during each sequence number is maintained during pre-conditioning. If the total 

vertical permanent strain reaches 5% during conditioning, then the conditioning process is 

terminated (AASHTO, 2003). 

There are separate loading sequences for subgrade and base / subbase material, as shown in Tables 

2-9 and 2-10 respectively, to account for the difference in confining pressure both layers exhibit.  
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Table 2-9: Testing sequence for subgrade material (AASHTO, 2003). 

 

Table 2-10: Testing sequence for base/subbase material (AASHTO, 2003). 

 

For subgrade, subbase and base material, if at any sequence of loading the permanent strain 

exceeded 5% the test would be stopped. If the specimen did not exceed 5% total vertical permanent 

strain, then the quick shear test is done to achieve failure. The shear test is a strain-controlled test 

at a confining pressure of 27.6 kPa for subgrade and 34.5 kPa for base/subbase material. 
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The guidelines for RLT testing in New Zealand, NZTA T15, was formulated during the time this 

research was conducted. The loading criteria for all of the RLT tests conducted within this research 

were adopted from NZTA T15. The loading criterion within NZTA T15 is based on testing done 

by Arnold (2010) and is presented in Table 2-11 below. 

Table 2-11: RLT loading criterion, from (Arnold, 2010, NZTA, 2012b). 

 

Confining (kPa) Deviator (kPa) Stress Ratio 

Stage 1 120 90 

3

4
 

Stage 2 41.7 100 2 
2

5
 

Stage 3 90 180 2 

Stage 4 140 330 2 
2

5
 

Stage 5 110 420 3 
4

5
 

Stage 6 50 550 11 

The stress conditions prevalent in stages one to five are appropriate for testing unbound granular 

specimens whereas stage six appropriate for testing bound granular specimens or facilitate 

accelerated failure in unbound granular specimens (Arnold, 2008a). Each stage of loading consists 

of 50 000 load repetitions at a frequency of 4Hz for the small-scale RLT test and a frequency of 

1Hz for the large-scale RLT test.  

2.4.9.1 Loading Frequency 

The frequency for the small-scale RLT test is specified in NZTA T15. The traffic loading 

conditions assumed for the large-scale RLT tests conducted on permeable basecourse is for light 

traffic in local/residential areas travelling at low speeds. The frequency of vehicle movement is 

not as high as 4Hz for any section of road. RLT tests previously conducted at the University of 

Auckland used a loading frequency of 1/3Hz as this was calculated to provide the most severe 

loading case in the pavement structure (Duske, 1998).  
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It had been established by Toan (1975) that the dwell time of the load has greater significance than 

the loading frequency. Local and residential areas in New Zealand typically have a speed limit of 

50km/hr. A dwell time between 0.1-0.2 seconds on a 300mm thick pavement is representative of 

a vehicle travelling at 50 km/hr (Toan, 1975). A frequency of 4Hz makes it difficult to achieve a 

dwell time of 0.2 seconds. 

Barksdale (1971) noted that the load pulse duration is not only a function of vehicle speed but also 

of depth below the pavement surface. Traffic loading can be represented by a haversine shaped 

load pulse. Once the vehicle passes a section of pavement, there is a recovery period before the 

next vehicle exerts a load on the pavement. This period of recovery cannot be simulated with a 

loading frequency of 4Hz. Therefore, researchers typically use a frequency of 1 Hz to accurately 

simulate traffic loading. AASHTO T307-99 testing standard uses a loading cycle of 0.1-second 

loading and 0.9 seconds of unloading to simulate a standard vehicle travelling at approximately 

100km/hr (60mph) (AASHTO, 2003). 

During RLT testing of unbound granular material, Cheung (1994) showed that both axial and radial 

strains induced at a frequency of 5Hz were smaller in comparison to results obtained from tests 

conducted at 0.04Hz. There was also a difference between the command signal and response from 

the load cell at a frequency of 5Hz (Cheung, 1994). Hence, the frequency response of the test 

machine set-up should also be checked if RLT testing at higher frequencies is to be conducted. 

Ekblad (2008), Dawson (1996a) and Toan (1975) prefer a loading frequency of 1Hz, whereas 

Correia (1996) uses a frequency as low as 0.6 Hz. The general guideline is to use a lower frequency 

with higher pulse amplitude (Ekblad, 2008). The austroads standard for RLT testing recommends 

a loading cycle of 3 seconds with rise and fall times of up to 0.3 seconds and a pulse width of 1 

sec (Austroads, 2007b), as shown in Figure 2-44 below. This approach has merit since the load 

stays on the specimen for a longer duration, simulating vehicles slowly travelling over the 

pavement, inducing greater strain on the pavement. In a study of traffic loads on partially-saturated 

and unsaturated permeable pavements, the stress response and strain induced on the subgrade 

generally decreased with an increase in traffic speed (Modeste, 2015).  
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Figure 2-44: Loading regime for RLT testing as per Austroads (2007). 

The loading pattern which can either be haversine or rectangular is best described by Figures 2-44 

and 2-45. The frequency of loading is usually 1 second for hydraulic devices and 1 - 3.1 seconds 

for pneumatic devices with a load duration of 0.1 seconds (AASHTO, 2003). The load pulse is 

haversine-shaped as illustrated in Figure 2-45 below. 
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Figure 2-45: Haversine loading sequence (Nguyen, 2013, AASHTO, 2003). 

The loading value at any time of the loading cycle can be determined from the following 

equation: 

Equation 2-5: Load value as a function of time. 

SPulse = [
1 − cos(θ)

2
] xSmax 

Where: 

SPulse = Loading value at any time of loading cycle (kPa) 

θ = loading degree (rad) 

Smax = Maximum axial stress (kPa) 
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2.4.10 Limitations of RLT Testing 

The RLT test is the best-known laboratory test device for predicting the in-service strength 

characteristics of the basecourse material. However, there are still a number of limitations in 

simulating in-field cyclic traffic loads in the laboratory in an accelerated manner to predict in-field 

basecourse fatigue performance. Salt (2011) states that the reason RLT tests do not simulate the 

in-service behaviour of basecourses is due to traffic loading inducing much greater horizontal 

stresses than what is experienced in the laboratory RLT test. There is an increase in density after 

a few traffic load cycles as the rotating principal stresses induced by each passing wheel load 

would result in greater compaction (as well as increased degradation) in comparison to an axial 

load applied by the RLT test device. The latter does not simulate the kneading action resulting 

from the rotating stress field imposed under normal traffic. RLT testing is carried out on a rigid 

base. However, the in-service modulus of an unbound aggregate varies depending on the modulus 

of the underlying layer. Hence, elastic strains will vary and so will the accompanying plastic 

strains. The average diameter of the RLT specimen may also change during the test due to 

contraction or dilation, and this would need to be measured to understand changes in density and 

hence the degree of saturation. The Poisson’s ratio of the specimen should be calculated to 

understand the radial deformation of the specimen. The measurement of radial deformation in RLT 

tests requires more complex instrumentation and is not common practice in New Zealand, nor is it 

specified in NZTA T15. 

Once in-service basecourse density and the degree of saturation at equilibrium water content are 

appropriately replicated in the laboratory, there may be a better prospect of ultimately 

characterising performance (Salt, 2011). Without knowing these two parameters, the RLT test may 

be of little value to the practitioner. If RLT testing is carried out on specimens with less than 65% 

saturation, it may still be possible to meaningfully rank various basecourse materials by source 

and production processes, in terms of their resistance to rutting performance due to vertical 

deformation. However, at higher degrees of saturation, rutting rates due to lateral deformation 

(shear instability) will be acutely sensitive to the test density and degree of saturation.  

2.5 Summary 

A summary of the literature has been undertaken on two aspects of this research; permeable 

pavement systems and laboratory methods to simulate in-field testing, i.e. Repeated Load Triaxial 
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(RLT) testing. Review of literature refined the research objectives and led to the development of 

the research methodology which is most applicable for addressing the research objectives. The 

following summarises the most significant and relevant points of the review. 

2.5.1 Permeable Pavement Systems 

Several types of Permeable Pavement Systems (PPS), permeable pavement layers and permeable 

pavement maintenance were evaluated in this review. The benefits of PPS in comparison to 

traditional impermeable flexible pavements were identified. The significant findings of the 

literature review on PPS are outlined below: 

• Pavement engineers identify a high degree of saturation in the structural basecourse section 

as the chief cause of premature pavement failure for typical PSD envelopes with high fines 

content. 

• An increase in rainfall as a result of climate change requires a shift from conventional 

pavement design mentality, to account for the increase in run-off. 

• Permeable pavement systems (PPS) can reduce surface run-off by allowing water 

infiltration into the pavement. By doing so, PPS reduces the amount of pollutants entering 

the storm-water system, recharges groundwater systems and increases pervious area in an 

increasingly impervious urban environment. 

• Permeable base layers can be used as a drainage layer or a reservoir layer. The hydraulic 

and structural requirements of the layer determine its thickness. 

• Typical subgrades in New Zealand that consist of silty clay is near impermeable and may 

not be appropriate for infiltration within a PPS. Impermeable geotextiles may be used to 

separate pavement layers from the subgrade. Bound permeable layers significantly increase 

the initial cost of the pavement and have associated risks that further increase downstream 

maintenance costs. 

• Use of subbase reservoir layers increases the hydraulic and structural capacity of permeable 

pavements. 

• Field trials of permeable pavements utilising a base layer consisting of aggregates with a 

Talbot’s grading n-value of 1.25 showed permeability rates of more than 9.37 mm/s. 
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• A reduction in infiltration capacity of unbound permeable pavements is caused by clogging 

of wearing courses and bedding layers. The permeable pavement system requires regular 

maintenance that is expected to increase its downstream maintenance.  

• An economic evaluation (e.g. benefit / cost analysis) should be undertaken to justify the 

implementation of permeable pavements. Careful consideration needs to be given to the 

non-quantifiable benefits of PPS systems and the positive effects it has on the urban 

hydrological cycle. 

2.5.2 Repeated Load Triaxial 

The results obtained from field testing which consider a broad spectrum of environmental and 

traffic conditions are most relevant in predicting the performance of pavement materials. However, 

the RLT test, when conducted to simulate field conditions closely, provides a good prediction of 

in-service performance of the material tested. The RLT test was used within this research to 

provide a laboratory scale means of predicting the in-service performance of the permeable 

basecourse, at a fraction of the financial and time requirements of a full-scale field trial.  

• RLT tests can be used to predict the structural fatigue response of permeable basecourse, 

assuming laboratory tests accurately simulate field conditions. 

• Testing of coarse aggregates in a small triaxial test setup can lead to inaccurate strength–

deformation characteristics. A large-scale RLT test setup is more appropriate for testing 

course aggregates. 

• A specimen diameter to specimen height ratio of 1:2 is prevalent in literature. This 

minimises end effects and provides a more realistic zone of approximate homogeneity.  

• A maximum aggregate ALD to specimen diameter ratio of 1:6 is accepted and may be used 

for more effective representation of field conditions. 

• Field compaction procedures, energy exertions and compaction duration must be simulated 

as closely as possible in the laboratory when compacting RLT specimens. 

• Saturation of the specimen rather than ’soaking’ is required to test the ultimate limit state 

of the unbound granular material. The degree of saturation must exceed 80% for the 

specimen to enter a state of rapid deterioration both in the field and in the laboratory. 

• Appropriate preconditioning must be applied to a specimen before resilient modulus and 

permanent deformation testing. If staged tests are to be performed, it is important not to 
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have the previous deviatoric stress conditions greater than the current if any meaningful 

results are desired. 

• The elasto-plastic behaviour of materials is influenced by stress levels applied. The 

confining pressure, deviatoric pressure, stress paths, load repetitions, rotation of principal 

stress and stress history need to be considered when undertaking RLT tests. 

• Appropriate frequency of testing must be selected to simulate in-field traffic loading 

frequency. 

Pavements are complex engineering structures that involve two or three phase multi-layered 

media. While there have been advances over the last three decades, there are still many unresolved 

aspects to understanding the permanent strain response of granular media to transient loads of 

varying amplitude and frequency. Once pavements become saturated, the effective stress state will 

govern the behaviour. The effective stress state will be governed by the geometry of the pavement 

surroundings, the magnitude and frequency of the loading and the material response including the 

capacity for water pressure migration as a function of time and space. These variables underpin 

the objectives of this research, which are primarily to evaluate the structural capacity and 

permeability of the permeable basecourse. This entails identifying an appropriate permeable 

basecourse that is able to operate in serviceable drainage conditions under typical design storms 

anticipated in Auckland and maintain structural integrity for the ultimate limit state loading 

conditions, which is determined through RLT testing and relevant design criteria established in the 

literature review. Basecourse construction techniques identified through literature are applied to 

local best practice, and appropriate basecourse construction methods are to be determined in the 

laboratory and in the field. Based on the findings of the literature review, the methodology of this 

research has formed to address these objectives. 
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3.0 Experimental Design 

3.1 Introduction 

An effective method of predicting pavement performance is modelling pavement deterioration 

based on field testing. However, due to instrumentation complexities, time and resource constraints 

field trials are often difficult to implement. Laboratory tests are an effective means of predicting 

the performance of pavement materials and layers if the field conditions and pavement 

construction techniques are closely replicated in the laboratory.  

Three laboratory tests conducted for this research involve compaction, RLT and permeability 

testing of basecourse material. In Chapter 2: Section 4 common international methods of 

conducting these tests are reviewed and discussed. The aggregates tested within this research were 

sourced locally, where appropriate local NZ standards and test methods and procedures were used 

for compaction and RLT testing. Where standard or local testing procedures were not appropriate, 

modified or new test methods and procedures were developed. The New Zealand standard for 

laboratory vibratory compaction of basecourse materials is NZS 4402: Test 4.1.3 (NZS (1986b)) 

and the draft specification for RLT testing is NZTA T15 (NZTA (2012)). At the time of this 

research, there were no local standards for permeability testing of basecourse aggregates, although 

the constant head test is used internationally to ascertain permeability of roading aggregates. The 

apprehension with using NZS (1986b) and NZTA (2012) for compaction and RLT testing 

respectively was based on some aspects of the testing methodology outlined in these documents 

not agreeing with other similar international standards and respected researchers or research 

centres. Variations to procedures outlined in NZS (1986b) and NZTA (2012) were adopted to 

incorporate best practice international literature and standards. The effects of the variations to these 

standards were studied and compared to research conducted internationally. 

This chapter (Chapter 3) presents experimental and theoretical methods which have been adopted 

for this research. The initial tests validating the standard quality of the aggregates used in this 

research were predominantly undertaken in conjunction with aggregate source providers, whilst 

some tests were undertaken at the University of Auckland to validate aggregate source and 

production properties. Following the acquisition of materials, they were initially used for 

compaction testing, followed by RLT testing and finally permeability testing. The results of 
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compaction testing and the variations from NZS (1986b) are discussed in Chapter 4 of this thesis. 

Chapter 5 and 7 discuss the results of RLT testing and how the variations from NZTA (2012) 

influence RLT test results. The results and discussions on permeability tests conducted are in 

Chapter 6 of this thesis. 

3.2 Aggregate Selection and Acquisition 

Aggregate selection for this research was based on location, availability and supplier collaboration. 

The material selected for this research was M/4 greywacke aggregate sourced at a local quarry in 

South Auckland, which is classified as a premium basecourse aggregate for use in State Highway 

construction in New Zealand. Greywacke is the most commonly used rock for aggregate in New 

Zealand (approximately 75%) and is a sedimentary sandstone that consists primarily of Quartz 

dominating over Feldspar. A petrographic assessment of the aggregate sample from the source 

rock by Fisher (2008) found that 72% of the chippings were fresh, 23% slightly weathered and 5% 

moderately weathered rock. The X-ray diffractometer (XRD) analysis of the rock chippings and 

corresponding fines indicated that the sampled rock had a uniform bulk mineral composition of 

quartz and feldspar with some chlorite, micaceous mineral (dominantly illite clay) and minor 

prehnite. The chlorite mineral contained a minor amount of interlayered smectite with the 

proportion being greater in the weathered chippings. The trace amount of smectite present in the 

rock was considered inconsequential for aggregate performance by Fisher (2008). There are no 

indications of zeolites in the aggregates. The smectite: chlorite ratio in the rock aggregate is 

approximately 30:70 which is considered a minor inclusion of smectite (Fisher, 2008). The 

inclusion of swelling smectite clay minerals is undesirable for aggregates used for pavement 

construction, as these minerals facilitate aggregate degradation in wet conditions (Bartley, 2007). 

Microscopic examination of representative chippings selected from the samples indicated that the 

rock is all fine greywacke sandstone composed of angular mineral grains and volcanic lithoclastic-

matrix material. The mineral grains are dominantly quartz (35%) and albitised plagioclase feldspar 

(15%), with small amounts of heavy mineral such as hornblende, micas and pyroxenes (Fisher, 

2008). 

Once the aggregates were extracted from the source quarry, they were stockpiled in an empty car 

park and appropriately covered. Each stockpile, which is referred to as ‘bins’, has a specific 

grading of material. The quarry produced these gradings which could be mixed downstream to 
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produce specific blends of materials. The layout of each bin is illustrated in Figure 3-1. Typically, 

each bin has two dominant chip sizes which are similar in size. The stockpile labelled ‘PAP 6’ 

mostly comprised of very fine clays and needed to be covered to avoid migration and 

contamination from wind and rain. Table 3-1 shows the PSD of each bin.  

 

Figure 3-1: 'Bin' layout at the quarry. 

Table 3-1: 'Bin' Particle Size Distributions. 

Sieve Size 

mm 63 37.5 19 13.2 9.50 4.75 2.36 1.18 0.60 0.425 0.30 0.15 0.075 0.000 

Bin 2                            
 

% Passing 100 100 18 2 1 1 0 0 0 0 0 0 0 0 

PAP 6 (Bin 3)                           
 

% Passing 100 100 100 100 100 95 66 43 27 22 18 13 11 0 

Bin 4                           
 

% Passing 100 100 88 16 1 0 0 0 0 0 0 0 0 0 

Bin 5                           
 

% Passing 100 100 100 84 6 0 0 0 0 0 0 0 0 0 

Bin 6                           
 

% Passing 100 100 100 100 57 0 0 0 0 0 0 0 0 0 

Bin 7                           
 

% Passing 100 100 100 100 98 4 1 0 0 0 0 0 0 0 

Bin 8                           
 

% Passing 100 100 100 100 100 38 1 0 0 0 0 0 0 0 

DQ 2/5                           
 

% Passing 100 100 100 100 100 95 31 4 1 0 0 0 0 0 

This research evaluated the performance of basecourse aggregate using the RLT test. The M/4 

basecourse material was compared against a manufactured permeable basecourse sample by taking 

various PSD fractions. The grading of the M/4 basecourse was adopted from NZTA (2006a), and 

the grading for the permeable basecourse has originated from a literature survey presented in 

Chapter 2: Section 3. The PSD of each combined basecourse sample is a combination of aggregate 
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from several bins. The proportions of aggregate from each bin for each basecourse is outlined in 

Table 3-2. 

Table 3-2: Quantity of aggregate required from each 'Bin' for the M/4 and Permeable mix. 

Ingredients Bin 2 PAP 6 Bin 4 Bin 5 Bin 6 Bin 7 Bin 8 2/5 

Current M/4 Blend 30.0% 40.0% 15.0% 0.0% 10.0% 5.0% 0.0% 0.0% 

Current Permeable 

Aggregate Blend 27.0% 15.0% 17.0% 8.0% 5.0% 5.0% 16.0% 7.0% 

         

 

 

Figure 3-2: Construction of permeable and M/4 basecourse. 

Small amounts of aggregates were extracted from each bin that contributed to the overall PSD of 

each basecourse. The required proportion of aggregates from each bin were then weighed to the 

nearest milligram (mg) before they were added to the larger container carrying all the aggregates 

for a basecourse sample. 

The PSD for each basecourse is displayed in Figures 3-3 and 3-4. The upper and lower limits for 

the M/4 basecourse are specified in NZTA (2006a). The upper and lower limits for the permeable 

Aggregates from different bins 

separated using ‘steamboat’ bins 

Different proportions (by weight) 

mixed together 
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basecourse has been adopted from literature (Shackel, 2001, Belanovic, 2004, Fassman, 2010). 

The limits of the permeable basecourse have been adjusted to incorporate the New Zealand 

basecourse spectrum of aggregates which has a maximum aggregate ALD of 37.5mm.  

Following preparation of the basecourse PSD at the quarry source yard, it was transported to the 

University of Auckland laboratories in large plastic bins. The bins were sealed until the aggregate 

was required for testing, preserving its original water content. For M/4 basecourse to be used in 

pavement construction, it must go through a series of source and production tests in accordance 

with NZTA (2006a) that proves compliance with local aggregate standards. These tests are 

outlined in Figure 3-4. The aggregate has to pass all the source and production quality tests to be 

considered as a ‘premium’ basecourse aggregate and can then be used in pavement construction. 

If the aggregate failed one or a few of the specified tests, then they are considered to be marginal 

aggregates. The marginality of an aggregate is dependent on the type of test it has failed (Li, 2017). 

In some cases, the marginality can be treated, through stabilisation techniques, to improve 

durability performance. 

The theoretical ‘best’ blend for the permeable basecourse was assumed to be a PSD that is in the 

middle of the upper and lower limits to achieve a balance between permeability and structural 

strength. An exact match between the theoretical and practical blend was very difficult to achieve. 

However, the purpose of the testing was to replicate identical specimens for comparative studies. 

Therefore, the achieved PSDs for both M/4 and permeable specimens were replicated across 

specimens using the method presented in Figure 3-2.
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Figure 3-3: Particle Size Distribution for M/4 basecourse. 
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Figure 3-4: Particle Size Distribution for the permeable basecourse.
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Figure 3-5: Flowchart of basecourse aggregate tests (NZTA, 2006a). 
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3.2.1 Source Property Tests 

The source property tests, which originated from the M/4 basecourse standards (NZTA (2006a, 

2006b), determine the qualities of the virgin material. As part of the source property tests, NZTA 

(2006a and 2006b) specifies crushing resistance, weathering quality and the CBR tests to be 

conducted on the basecourse. Typically, aggregates used for pavement construction are required 

to: 

• Be inert, 

• Have appropriate density, structural strength and durability, 

• Have low absorption / moisture content, 

• Have a good percentage of broken faces, 

• Have adequate fines content, and 

• Be clean. 

3.2.1.1 Crushing Resistance 

The crushing resistance test indicates the ease of processing of the aggregate and the likelihood of 

attrition (NZTA, 2006b). The procedures under which to carry out the crushing resistance test are 

outlined in (NZS, 1991d). According to NZTA (2006a), the crushing resistance of the material 

shall be conducted such that when under a 130kN load, less than 10% fines shall pass the 2.36mm 

sieve. For the greywacke aggregate used for this research, crushing resistance tests showed that 

0.8% fines passed through the 2.36mm sieve when a 130kN load was applied (see Appendix A). 

A load of 480kN had to be exerted on the material to produce 10% fines passing the 2.36mm sieve, 

showing the robustness of the greywacke aggregate. 

3.2.1.2 Weathering Quality 

The weathering resistance test is an accelerated laboratory test that assesses the resistance of 

aggregate to the combined effects of wetting, drying, heating and cooling (NZTA, 2006b). The 

procedures outlined by NZS (1991b) must be followed to measure the soundness and durability of 

aggregates. In general terms, the test subjects a sample (19mm – 4.75mm) to wetting, drying and 

rolling (abrasion), followed by boiling, drying and weighing to determine the percentage reduction 

in size, i.e. weight of material that passes 4.75 mm sieve. The test uses the rolling force and 

expansion and contraction forces of any expanding clay minerals to physically disaggregate the 
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material and measures the change in surface area of the aggregate. However, the test is far from 

ideal in determining the in-service durability of an aggregate (NZTA, 2006b). Despite its apparent 

flaws, there were no other alternative weathering quality tests at the time this research was 

conducted. The weathering quality is quantified by a matrix which is presented in Figure 3-6 

below. 

 

Figure 3-6: Weathering Quality Matrix (NZS, 1991h). 

For the greywacke aggregate used in this research, the weathering quality index is denoted “AA”, 

using Figure 3-6. This denotation is derived from the percentage of material retained on a 4.75mm 

sieve being 97% and the Cleanness Value (CV) of the aggregate being 98 (see Appendix A). The 

CV is a function of the amount, fineness, and character of clay-like materials present, with or on 

course aggregate particles. A denotation of AA indicates that the aggregate has a very low 

susceptibility to weathering effects.  

3.2.1.3 California Bearing Ratio (CBR) 

The CBR test is a common method to determine the bearing capacity of soil and can be used on a 

compacted aggregate. CBR tests were undertaken in this research in accordance with NZS (1986a). 

The specimen was compacted in accordance with the New Zealand vibratory hammer compaction 
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standard (NZS, 1986d). The implications of vibratory compaction following NZS (1986c) on CBR 

specimens is discussed in further detail in Chapter 4.  

The standard for CBR testing specifies that all material retained on the 19mm sieve is to be 

discarded before testing (NZS, 1986a), similar to (ASTM, 1996b). Once aggregates with ALD 

between 19 – 37.5mm are discarded; the bearing capacity of the tested specimen no longer 

accurately represents in-service basecourse bearing capacity. The particle rearrangement during 

compaction and interlock after compaction of a basecourse with a maximum aggregate ALD of 

37.5mm (AP40) will vary from a basecourse that has a maximum ALD of 19mm (AP20). NZTA 

(2006b) limits the use of basecourse aggregates less than 19mm (AP20) to non-structural, shape 

restoring overlays that are no more than 125mm deep. The restricted use of AP20 aggregates 

indicates its vulnerability to deformation. Predicting AP40 basecourse performance by CBR 

testing AP20 material is likely not to be appropriate. 

Ileperuma (2013) showed that the CBR value of a standard specimen (AP20) significantly varies 

from the CBR value of a test specimen that is inclusive of the larger 37.5mm aggregates. The 

standard CBR test values were 5.5 times higher than a CBR test that utilised a specimen that was 

243mm in diameter and had a height of 175mm, allowing utilization of the NZTA AP40 

basecourse spectrum in its entirety and a soft substrate (Ileperuma, 2013).  The 175mm specimen 

height allowed Ileperuma (2013) to compact the aggregates on a clay subgrade material, which is 

closer to field conditions, rather than the standard steel base on which CBR specimens are usually 

compacted on.  

NZS (1986b), the standard for CBR testing specifies the specimen to be inverted after compaction 

and before any load is exerted on the specimen. During pavement construction, it is impossible 

and would be unwise to invert any layers once they are compacted. The inversion of the CBR 

specimen is a gross misrepresentation of pavement construction techniques, and an inverted CBR 

test result will not accurately simulate in-service layer bearing capacity. Ileperuma (2013) found 

the CBR value for a standard un-inverted specimen to be 2.5 times lower than an inverted 

specimen. The applicability and dependability of the CBR test and current procedures are 

questionable due to the limited correlation with field basecourse construction. Pavement engineers 

have recognised the inconstancies with the CBR test and use the RLT test as an alternative method 

of predicting basecourse performance. 
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Since RLT tests are yet to be implemented in NZS (2006a) and are not a mandatory test method 

for characterising basecourse materials, CBR tests are conducted to demonstrate the bearing 

capacity of a basecourse material. The CBR value of a soaked M/4 aggregate used for this research 

was 190%, which is much greater than the specified 80% (see Appendix A). A CBR test result 

above 100% is questionable in terms of its practicality and should be used to demonstrate relative 

performance between various materials and not as a definitive strength characteristic for the 

materials tested. A CBR test result of 190% indicates that the M/4 basecourse has good bearing 

capacity in comparison to other typical basecourse material.  

The CBR test was not used to characterise the permeable basecourse due to its high voids ratio and 

lack of fines. The lack of fines which restrict aggregate adhesion in the permeable basecourse 

results in disturbance of the specimen during inversion and application of loads to determine the 

CBR value. If the compacted CBR specimen is not free standing under the suction created from 

negative PWP at OMC, there are no avenues to maintain pressure on the specimen during inversion 

and prevent specimen disturbance. Exerting a negative (suction) pressure on an RLT specimen 

allows the specimen to remain relatively undisturbed during transportation after compaction. The 

RLT test is more appropriate and practical for the permeable basecourse. as it will provide greater 

insight into its bearing capacity in comparison to the CBR test.  

3.2.2 Production Property Tests 

The production property tests are undertaken on aggregates that have been processed through a 

conveyer belt and crushed to produce desired shapes and sizes. The production property tests test 

the quality of the fines produced and the angularity of the aggregates. The sand equivalent (SE), 

clay index (CI) and plasticity index (PI) test assess the nature and susceptibility to water of fines 

accumulating as a result of aggregate crushing at the conveyer belt. The broken face content and 

PSD determine the size and shape distribution of crushed aggregates. 

3.2.2.1 Sand Equivalent 

The sand equivalent (SE) test is used to determine the amount of clay particles in fine aggregates 

or sand. Clay particles reduce the aggregates permeability and increase its susceptibility to stability 

destroying pore pressure (NZTA, 2006b). Excess clay particles can prevent aggregate to aggregate 

interlock, which can lead to early pavement failures. NZTA (2006a) implements control of the 

proportion of clay particles attached to the aggregate and determines its cleanness in the process. 
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The test uses calcium chloride to separate the clay particles from the sand particles in a specimen 

inside a test tube. Procedures on undertaking the sand equivalent test are outlined in NZS 

4407:1991 Test 3.6 (NZS, 1991g). The test typically takes place in a laboratory and very rarely in 

the field. The minimum SE value as per NZTA (2006a) is 40 which is the SE value for the 

aggregates used in this research (see Appendix A). 

The results of the SE, PI and CI tests are subjective to the skill level of the operator. The results 

obtained between operators can, therefore, vary depending on their skill level.  The SE test can 

take three days to complete and often result in the material already leaving the quarry before the 

test results are known. 

The SE test only provides a ratio of sand to clay; it does not give an indication of the type of sand 

or clay that is present in the specimen. This can result in deficient material being classified as 

acceptable and conversely good material being rejected on the basis of a low SE value (Lowe, 

2009). The plasticity index (PI) and the clay index (CI) tests have been added to add more 

substance to the results of the SE test. 

3.2.2.2 Plasticity Index 

The PI test, otherwise known as the Atterberg limits test is subsidiary to the SE test. Procedures 

on undertaking the PI test are defined in NZS 4407:1991 Test 3.4 (NZS, 1991f). The PI value is 

the numerical difference between the cone penetration limit (CPL), also known as the liquid limit 

(LL) and the plastic limit (PL). The CPL and the PL test methods are specified in the standards 

NZS (1991c) and NZS (1991e) respectively. Fine material passing the 0.425mm sieve is used to 

conduct the CPL and PL tests. The PL test involves rolling a moist piece of clay by hand until it 

dries to an extent where cracking starts to occur in the specimen (NZS, 1991e). The CPL value is 

obtained by dropping a metal cone into a container with a wet clay specimen and recording the 

penetration achieved (NZS, 1991c). The difference between the CPL and PL values is the PI.  

The LL can also be determined using the Casagrande test, although the cone penetration is 

preferred in New Zealand. The Casagrande test involves placing the specimen in a round-bottomed 

porcelain bowl and cutting a standard groove along the centre of the specimen. The bowl is then 

repeatedly dropped from a height of 10mm on to a rubber mat below the bowl. When the groove 

closes, forming a longitudinal line of 13mm in length, the number of drops to achieve this is 
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recorded and the moisture content determined. The LL is then defined as the moisture content at 

which it takes 25 blows to close the 13mm groove.  

 

Figure 3-7: Casagrande test. 

If the PL cannot be determined or is equal to or greater than the liquid limit, the material is reported 

as non-plastic (NP). NZTA (2006a) specifies that the fines present in the aggregate mixture must 

have a plasticity index less than 5 or ideally be NP. Materials high in plasticity are susceptible to 

moisture, therefore, are undesirable for pavement construction. The fine material within the 

basecourse used for this research is classified as non-plastic (see Appendix A). 

3.2.2.3 Clay Index 

The Clay Index (CI) test methylene blue titration to estimate the percentage of expansive clay 

minerals, which in this instance is material passing the 0.075mm (NZS, 1991b). Lowe (2009) 

suggests the test measures the surface area of the fine fraction of the aggregate by titration to 

determine the quantity of methylene blue that is absorbed on the surface of the aggregate fines. 

The CI test is primarily used to detect the presence of swelling clays such as smectite in roading 

aggregates. The presence of smectite in roading aggregate is one of the greatest concerns when 

classifying the quality of fine aggregate (Fisher, 2008, Lowe, 2009). 

Fisher (2008) reported that there is very little presence of smectite in the source rock of the 

greywacke aggregate utilised in this research. NZTA (2006a) specifies that for a fraction of 

basecourse passing the 0.075mm sieve, the CI shall not be greater than 3 and is typically only 

tested after a failed test of the Sand Equivalent (SE) test. For the material used in this research, the 
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CI value is 0.95 which is significantly less than what is allowable, indicating that there is limited 

presence of swelling clays in the source aggregate rock. The results of the CI test undertaken on 

the quarried sample used in this research align with the reported conclusions by Fisher (2008). 

Within the CI test, other clays such as zeolites, which are not as deleterious as smectites, also 

absorb methylene blue. There is potential for a fine aggregate sample to test high for CI, yet still 

be fit for purpose as roading aggregate, although NZTA (2006a) would preclude its use (Lowe, 

2009).  

3.2.2.4 Broken Face Content 

The broken faces content test determines the proportion of broken faces in an aggregate test sample 

(NZS, 1991a). NZS (1991a) defines a broken face as “a surface area of a stone that has a distinct 

edge and is generally irregular in surface texture”. A significant broken face is considered “a 

broken face that has a surface area that is at least 10% of the total surface area of the stone”. The 

number of broken faces on each aggregate retained on the 19, 9.5 and 4.75mm sieves is determined 

as part of the broken faces test. NZS (1991a) specifies the fraction of aggregate retained on each 

sieve with 2 or more broken faces shall be more than 70% of the total weight of aggregates on the 

sieve. Although not stated, the broken face test is applicable to alluvial aggregates since aggregates 

that originate from a hard rock have all faces that are ‘broken faces’. The broken face test was not 

undertaken on the material used for this research since the source material is obtained from a hard 

rock quarry. 

3.2.2.5 Particle Size Distribution 

The Particle Size Distribution (PSD) test is used to determine the grading of aggregates used in 

the basecourse. The PSD indicates the potential for interlock between the aggregates part of the 

grading and the fines content of the specimen. For a permeable basecourse, the fines content is 

minimised so that there are sufficient voids in the basecourse structure, allowing migration of 

water. For a typical unbound M/4 basecourse, the grading shall be such that the extent of voids is 

minimised, allowing for a sufficient maximum dry density (MDD) to be achieved after 

compaction. Excess fines can facilitate premature failures, whereas insufficient fines content can 

result in poor compaction and particle interlock. 

The upper and lower limits of the PSD specified by NZTA (2006a) ensure the grading envelope is 

restricted so that a high MDD can be achieved after compaction. The New Zealand sieving 
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standards specify wet sieving to determine the PSD. However, dry sieving can be used if the results 

from the dry sieving method are within 95% of the wet sieve tests (NZS, 1986e). The wet sieving 

test has a longer duration and a greater difficulty level in comparison to the dry sieving test. the 

dry sieving test was used for this research due to the large database of sieve tests required and 

limited availability of time. The representative dry sieve test results were within 95% of the wet 

sieve test results for both the M/4 and permeable basecourse. 

PSD analysis was undertaken on a sample size that was at least 10kg in mass (NZS, 1986f). Section 

3 of this chapter details the sieve analysis methodology. The results of PSD analysis on the 

aggregate used in this research are previously displayed in Figure 3-3, which show the material 

used is within the grading limits of AP40 material specified by NZTA (2006a). The PSD limits of 

the permeable basecourse have been adopted from Shackel (2001) and modified to suit typical 

New Zealand aggregate and sieve sizes. 

3.2.2.5.1 Shape Control 

According to NZTA (2006a), the shape of each aggregate must be controlled. By controlling the 

shape of the aggregates, the limitations associated with filling void spaces with irregular 

aggregates are minimised. It may be difficult to achieve the required extent of aggregate interlock 

to provide sufficient bearing capacity if there is a significant presence of long or circular aggregates 

within the basecourse. A PSD analysis was undertaken to determine the shape of the aggregates 

present in the material tested. The results are displayed in Table 3-3. The results show that the 

shape of the aggregates is within limits specified by NZTA (2006a). 
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Table 3-3: Aggregate shape control test results. 

Shape Control 

Fraction 

(mm) 

Result (Wet Sieve) % 

weight of material 
Specification 

19 - 4.75 38 28 - 48 

9.5 - 2.36 27 14 - 34 

4.75 - 1.18 22 7 - 27 

2.36 - 0.600 13 6 - 22 

1.18 - 0.300 8 5 - 19 

0.600 - 0.150 5 2 - 14 

 

3.3 Sieve Analysis 

There were more than 120 dry sieve analysis tests undertaken as part of this research using NZS 

(1986d). Dry sieving was conducted instead of wet sieving due to limited availability of time 

allocated to conduct the extensive database of sieve analysis test. The dry sieve analysis tests were 

matched with the quarry produced wet sieve analysis tests and a near identical match in PSD 

grading was established, justifying further sieve analysis testing to be conducted in a dry state, as 

per clause 2.8.2.1 within NZS 4402 Test 2.8.2 (1986f). Sieve analysis was undertaken on 

specimens before and after compaction to analyse the influence compaction had on the specimen 

PSD. In some cases, PSD tests were also undertaken following RLT and permeability tests to 

determine the influence each test had on the PSD of the specimens. The PSD of the post RLT test 

specimen was tested to analyse the extent of aggregate degradation as a result of repeated loading. 

The PSD tests conducted after the permeability tests established the extent of fines that were lost 

with the water discharge from the specimen. 

3.3.1 Pre-compaction 

Following specimen acquisition, PSD tests were undertaken to validate the grading of both 

basecourse materials against their respective grading envelopes. A sample size 80kg in mass was 

quartered using a riffle box, shown in Figure 3-8. Each quarter contained approximately 20kg of 

basecourse aggregate. 
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Figure 3-8: Specimen splitting using riffle box. 

The aggregates were exposed to the natural environment. Therefore, the bins that were uncovered 

went through natural weathering effects. This resulted in variable moisture content for most of the 

containers of aggregate that were brought to the laboratory. Once the container of aggregate had 

been split, a representative sample, which was approximately 10kg in mass, was placed in the oven 

to determine a representative water content for the aggregates within the container. This process 

was repeated for each container of aggregate that arrived at the laboratory. The sample was dried 

overnight in the oven at a temperature of 103 °C. The aggregates were then removed from the oven 

and left at room temperature to cool down. Once at room temperature, the entire contents of the 

tray were then placed into sieves ranging from 37.5mm to 0.75mm. The sieves were then placed 

in a sieve shaker for at least 5 minutes. Once the specimen was removed from the sieve shaker, the 

fines that were still attached to the larger aggregates were gently scrubbed brushed off by hand. 

Aggregates retained on the 37.5mm sieve were rearranged by hand to check if they naturally fitted 

through the sieve they were retained on. The sieve shaker sometimes failed to pass aggregates 

through the 37.5mm sieve where the aggregates would usually pass when rearranged by hand. 

Hand manipulation of aggregates coarser than 19mm was permitted under NZS 4402 Test 2.8.2 

(1986f), however, forcing material through sieves was prohibited. The sieves with aggregates were 

then weighed, and the PSD of the basecourse was determined. The aggregates retained on the 

sieves were discarded after the test since there were some fines lost during the dry sieving process.  

The remaining aggregates from the container that had already been split were compacted to 

produce RLT, CBR or permeability test specimens. The aggregates were ‘scooped’ using a plastic 

scoop from the riffle containers. The depth and quantity of aggregates in each layer were dependent 
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on the mould size. Using a scoop to transfer material, which is defined within NZS 4402 Test 2.8.2 

(1986f), is very subjective due to the aggregate potentially not being mixed or collected properly 

that could lead to an unrepresentative specimen layer. An attempt was made to utilise all the 

aggregates retained within a quartered sample (or a combination of quarters) for a layer or 

specimen, to mitigate segregation during handling. 

3.3.2 Post-compaction 

The sieves were thoroughly cleaned in between PSD tests to ensure there was no residual aggregate 

stuck on the sieves that could potentially influence the results of the consequent PSD analysis. The 

fines attached to the sieves were blown off the sieves using an air gun. Once the specimen was 

compacted, each layer was placed onto a tray and weighed. The weight of layer before and after 

compaction was matched to ensure each layer was accurately represented. The layers removed 

from the specimen were placed into an oven to dry overnight. The water content was determined 

the following day. Once the water content was determined, the dried specimen was placed into 

sieves, and the sieves were placed on the sieve shaker. There were ten sieves in total, ranging from 

37.5mm to 0.075mm. The sieves were split into two sets of five sieves due to the size restriction 

of the sieve shaker, as shown in Figure 3-9. The material retained within the ‘pan’, which is 

referred to as the sieve at the bottom of the first set of sieves was transferred onto the smaller set 

of sieves that were part of the second set of sieve analysis. The pan was placed at the bottom of 

both sets of sieves to collect the material passing the sieve with the smallest apertures. 
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Figure 3-9: Mechanical sieve shaker. 

The aggregate composition of each layer before and after compaction was not expected to be the 

same but similar since the same weight was extracted before and after compaction. If segregation 

had occurred during layer extraction, it would be evident in resulting PSD curves. 

3.4 Compaction 

Several methods of compaction were evaluated in an attempt to identify the ideal mode of 

compaction for both the permeable and M/4 basecourse. The compaction of RLT and permeability 

test specimens were restricted to kneading and vibratory compaction, based on an extensive 

literature survey. Literature involving kneading, gyratory, vibratory and proctor hammer 

compaction was reviewed to identify an appropriate method of laboratory compaction of granular 

material. The literature on compaction was reviewed and is presented in Chapter 4 of this thesis. 

Kneading compaction was initially utilised to ascertain a correlation with vibratory compaction. 

Once a correlation was established, the vibratory compactor was ultimately utilised for compacting 

test specimens. This was due to the compacted dry densities between the two modes of compaction 

being similar, and there was less complexity involved in preparing specimens for vibratory 

compaction. The extent of aggregate degradation was similar between both modes of compaction. 

Kneading type compactors are typically used to compact cohesive soils whereas vibratory 

compaction is generally used for cohesionless soils.  
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3.4.1 Kneading Compaction 

Kneading compaction is primarily used to compact subgrade materials that are typically more 

cohesive than basecourse materials. A kneading compaction procedure is outlined in AASHTO 

(2003). For a specimen that is 300mm in height, the compaction pressure and the number of tamps 

are constant for all 6 of the 50mm lifts (AASHTO, 2003), providing consistent energy exerted per 

layer. AASHTO (2003) specifies a foot pressure ranging from 250 to 2000kPa for mechanical 

kneading compactors. Tamps is distributed evenly over the specimen cross-section. Normally five 

to seven tamps are applied per layer, per revolution around the specimen. The top 3mm of each 

layer is scarified before soil for the next lift is placed, facilitating a bond in between layers. 

Table 3-4: Number of tamps for each lift, from (AASHTO, 2003). 

 

The kneading compactor used in this research was developed in the 1970’s by Dr Do Van Toan, 

who at the time was a doctorate student at the University of Auckland. It uses mechanical action 

to compact specimens. The procedures used to compact specimens using the kneading compactor 

follow Toan (1975) and were specifically designed for compacting the larger RLT test specimens. 

The RLT specimens compacted using kneading compaction are reproducible and the compaction 

process repeatable. The large-scale RLT specimen size exceeds the specification jurisdiction of 

AASHTO (2003). Following procedures outlined by Toan (1975), each of the eight layers was 

compacted for twenty-five tamps at a pressure of 1000kPa per tamp. After each tamp of the 

compactor foot, the specimen was rotated 60° to allow a previously uncompacted section of the 

specimen to be compacted. The top 20mm of each layer was scoured before the material for the 

next layer was dropped into the three-way split mould. The material was dropped rather than placed 

in order to avoid manual segregation and ensure consistency in specimen preparation. 
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Figure 3-10: Variation in density with No. of tamps, at a foot pressure of 2000kPa, from Toan (1975). 

Toan (1975) identified the dry densities achieved for specimens compacted using kneading 

compaction plateaued at approximately twenty-five tamps. There was no significant increase in 

dry density following application of further compaction, as shown in Figure 3-10. 

 

Figure 3-11: Kneading Compactor. 
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Figure 3-12: Sketch of kneading compactor, from Toan (1975). 

The kneading compactor used for this research is presented in Figure 3-11 and the configuration 

of the machine, which was the same as what was used in the research conducted by Toan (1975), 

is presented in Figure 3-12. The controller unit, which is displayed in Figure 3-13, controls the 

movement of the kneading compactor. The pressure applied by the compactor can be adjusted 

using the controller to suit the material being tested. The controller unit has a pressure gauge that 

allows the user to choose which pressure to apply to the specimen. The pressure is proportional to 

the compactor foot used. 
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Figure 3-13: Controller unit for kneading compactor. 

3.4.1.1 Foot Pressure Evaluation 

There were two compactor foot units that could be used as part of the kneading compactor setup. 

The smaller unit was intended to compact specimens with a diameter of 150mm and the larger 

unit, displayed in Figure 3-14. was used to compact the larger 250mm RLT specimen. The foot of 

the kneading compactor was designed to be approximately half the diameter of the compaction 

mould. A 76mm diameter 762mm stroke hydraulic ram is used to apply the compaction force to 

the foot. The compaction force is variable up to a maximum value of 45kN, corresponding to a 

maximum foot pressure of 3.5MPa. A compaction foot thickness of 110 mm was designed to 

overlap compacted material following a 60° turn of the mould. 

 

Figure 3-14: Compactor Foot. 

Pressure 

Gauge 



116 

 

A foot pressure of 1000 kPa was used, based on the research conducted by Toan (1975). Toan 

(1975) found that aggregate degradation occurred when a foot pressure of 2000kPa was used in 

comparison to a foot pressure of 1700kPa, as shown in Figures 3-15 and 3-16. A higher foot 

pressure also resulted in a higher density, shown in Figure 3-17. However, achieving a greater 

density with higher foot pressures resulted in aggregate degradation.  

 

Figure 3-15: Aggregate degradation due to a foot pressure of 1700kPa, from Toan (1975). 
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Figure 3-16: Aggregate degradation from 2000kPa foot pressure, from Toan (1975). 
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Figure 3-17: Increase in dry density resulting from increase in compaction foot pressure, from Toan (1975). 

The compaction foot pressure governed the degree of compaction. Toan (1975) concluded that a 

foot pressure of 1000kPa, which results in a density of approximately 2300 kg/m3, accurately 

represented the extent of degradation occurring and density achieved in the field, using field rolling 

trials. 

Figure 3-18 shows significant changes in PSD for the material used in this research, following 

kneading compaction using a 2000kPa foot pressure. The changes in PSD are despite the material 

having a high crushing resistance and can be expected to be more significant for materials with 

lower crushing resistance. There was degradation of aggregates greater than 5mm ALD. Similar 

to Toan (1975), these results confirmed the suitability of using a foot pressure of 1000 kPa rather 

than 2000 kPa. Toan (1975) identified that a foot pressure of 2000 kPa resulted in aggregate 

degradation and reverted to using a foot pressure of 1000 kPa. 
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Figure 3-18: Post kneading compaction PSD tests on M/4 basecourse material. 

The foot pressure was calculated by multiplying the cross-sectional area of the compaction foot by 

the vertical force exerted. The area of the compaction foot face was calculated by sketching a print 

of the foot face area on a graph paper and calculating the number of squares occupied by the foot 

face. Each square had an area of 2.5x10-5m2, and the face of the compactor covered 547 squares, 

resulting in a compactor face area of 0.01368m2. The surface area of the compactor foot was also 

determined using a planimeter, the surface area obtained from this method was approximately 

0.01380 m2. There was some variation between each of the planimeter readings. Therefore the 

values were averaged. The two methods used to calculate the surface area of the compactor foot 

face returned very similar values. The corresponding force resulting from the two methods of 

calculation were within 0.5kN. For the calibration of the kneading compactor an average of the 

values from the two methods, 0.01374m2 was used as the surface area of the face of the compaction 

foot. The force output of the compactor can be determined using the equation below. 

 

0

10

20

30

40

50

60

70

80

90

100

0.001 0.01 0.1 1 10 100

C
u

m
u

la
ti

ve
 %

 P
as

si
n

g

Sieve Size (mm)

M/4 - Post Kneading Compaction PSD at 2000 kPa 
Foot Pressure

Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5

Specimen 6 Pre Compaction Upper Limit Lower Limit



120 

 

Equation 3-1: Force calculation for the kneading compactor. 

𝐹𝑜𝑟𝑐𝑒 = 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑐𝑜𝑚𝑝𝑎𝑐𝑡𝑜𝑟 𝑓𝑜𝑜𝑡 𝑓𝑎𝑐𝑒 𝑥 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒  

This equates to a force output of 13.74kN when a foot pressure of 1000kPa is applied.  

3.4.1.2 Compactor Calibration 

The kneading compactor was unused for a long period of time. Significant maintenance and 

improvements had to be made before it could be used again. Modifications were made to the 

electronic configuration of the compactor. The improvements made required the compactor to be 

recalibrated. The pressure to the kneading compactor was provided by pumping hydraulic oil, 

which was controlled manually by a gauge, which had a minimum setting of ‘10’ and a maximum 

of ‘160’. It was initially a mystery what these values meant and what force was exerted at these 

pressure settings. The force exerted at gauge increments of ’10’ was acquired and a relationship 

between force exerted, and the pressure setting was established. 

The calibration of the kneading compactor took place between the months of December 2011 to 

February 2012 as part of a separate study (Karan, 2012a). The study conducted by Karan (2012a) 

comprised of determining the OMC and CBR values for M/4 aggregates as well as calibrating the 

kneading compactor. During kneading compactor calibration, a load cell was connected to a data 

acquisition system which had software that could record the loads experienced by the load cell, as 

shown in Figure 3-19. The compactor was lowered, and the loads were recorded on the computer 

system.  
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Figure 3-19: Kneading compactor calibration (Karan, 2012a). 

3.4.1.3 Simple Linear Regression 

The correlation between the pressure setting and force exerted was analysed using linear regression 

techniques. The coefficient of determination and the coefficient of correlation of the relationship 

between force and pressure were examined. 

3.4.1.3.1 Correlation Coefficient 

The correlation coefficient which is also known as ‘Pearson’s R’ is a measure of the linear 

dependence of two variables. Its values range from -1 to +1. An ‘R’ value that is positive indicates 

that the dependent variable increases with the increase of the independent variable and that their 

relationship is linear. A value of exactly 1 indicates a perfect linear relationship between the two 

variables and a value of 0 indicates that there is no linear relationship between the two variables. 

A negative value indicates a decrease in the dependent variable following an increase of the 

Load Cell 

Compactor 

Ram 
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independent variable. A value of -1 indicates a perfectly linear and decreasing relationship between 

the two variables. 

3.4.1.3.2 Coefficient of Determination 

The coefficient of determination R2 is used in statistical models to predict future outcomes. It is 

the proportion of variability in a data set that is accounted for by the statistical model (Steel, 1980). 

It measures how well future outcomes can be predicted by the model. In simple linear regression, 

R2 is the square of the correlation coefficient between the outcomes and their predicted values. 

The coefficient of determination varies from 0 to 1. The model predictions can be more confidently 

relied upon for prediction the closer the R2 is to 1.  The required pressure setting is determined 

using the area of the face of the compaction foot and the relationship shown in Figure 3-20 using 

Equation 3-1. 

 

Figure 3-20: Relationship between pressure setting on kneading compactor control unit and force experienced by the load 

cell (Karan, 2012a). 

The pressure setting on the kneading compactor control unit was determined after identifying the 

force required to achieve the desired foot pressure. Calibration could only be conducted for 

pressure settings greater than ‘20’. Below this, pressure levels were insufficient to lift the 

compaction hammer. It is evident from Figure 3-20 that there is a near-perfect linear relationship 
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between the pressure set on the machine and the force exerted by the compaction hammer. This 

relationship is further reinforced by the linear regression coefficient of determination value of 

almost 1.  

The pressure setting required to exert a pressure of 1000 kPa on the specimen can be calculated as 

follows: 

Y = 0.449X – 0.8747 

Where Y = 13.74 kN (as previously determined) 

Therefore, X (gauge setting) = 32.5 

3.4.1.4 Compaction Procedure 

The compaction procedure for the kneading compactor was adopted from Toan (1975) and is as 

follows: 

Specimen Preparation: 

• Water was sprayed on the aggregate specimen to achieve the desired water content (5% for 

M/4 specimens and 1% for the permeable specimens). 

• Each compacted layer was weighed separately to ensure consistency in PSD. 

• The aggregates that made up the layer were thoroughly mixed prior to being dropped into 

the compaction mould. 

• The aggregates were dropped inside the mould using a large scoop. 

• Each compacted layer was scoured to a depth of 20 mm prior to adding aggregate for the 

next layer to mitigate layering effects. 

Specimen Compaction: 

• Basecourse compaction was carried out on 250 mm diameter specimens of greywacke 

aggregates with a maximum particle size of 37.5 mm. 

• The compacted specimen height was 625 mm. 

• The thickness of each layer was 2-3 times maximum particle size, resulting in 80 mm thick 

layers compacted in eight lifts. The uncompacted height of each layer was approximately 

100mm. 
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• A dwell time of 2 seconds per tamp was used for a total of 25 tamps per layer. 

• Foot pressure of 1000kPa was used to compact the specimens. 

• The sequence of events: 

o The compaction foot descends 63 mm/sec – the foot pressure builds up as the 

aggregate is compacted until it reaches the maximum pre-set value. 

o The foot pressure remains constant for a pre-set dwell time of 2 seconds. 

o The foot rises 90 mm/sec a short distance. 

o The compaction mould is rotated by the turntable ram by 60⁰. 

o The cycle is repeated for a pre-set number of tamps for each 100mm layer of 

aggregate placed in the mould. 

3.4.2 Vibratory Compaction 

Vibratory compaction is typically used to compact granular cohesionless material. Vibratory 

compaction using vibrating drum rollers is a common method of compacting bound and unbound 

pavement layers in the field. Circular plates are attached to concrete demolition hammers to 

simulate vibratory compaction in the laboratory. The demolition hammer otherwise known as the 

vibratory hammer, vibrates the circular plate up and down at a high frequency, allowing 

compaction of the specimen underneath. The frequency, energy input/output and weight of the 

compaction setup typically vary with each hammer, and these variables can influence the level of 

compaction if not closely monitored. The effects of hammer energy in more detail in Chapter 4. 

For this research, a hammer range of 600 – 1200W, as suggested by NZS (1986), is used for 

standardised compaction testing. A higher rating hammer is also used to identify the effects of 

high energy output on specimen PSD and dry density.  

3.4.2.1 Development of Compactor Frame 

A steel frame was designed and built to house the vibratory compactor for compacting the large 

RLT test specimens. The frame was 2.6m in height and had a maximum width of 0.95m. The 

vibratory hammer was securely attached to the middle bearing plate, as shown in Figure 3-21. The 

hammer and plate have a combined weight of approximately 100kg and were lifted using an 

electronically controlled pulley at the top of the frame. NZS (1986b) specifies that the combined 

weight of the hammer, compaction foot and bearing plate shall not exceed 37kg. To comply with 

NZS (1986b), counter-weights, which are displayed in Figure 3-22, were attached to the middle 
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(bearing plate) to reduce the total effective weight on the specimen to 37kg. The hammer was 

designed to be remotely operated for ease of use and increased safety. The baseplate and mould 

were secured using bolts to the bottom plate of the frame. The three metal rods at the side of the 

frame formed a rigid structure that could withstand the vibrations caused by the hammer. 

 

Figure 3-21: Vibratory compaction unit. 
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Figure 3-22: PVC pipes encasing surcharge weights. 

3.4.2.2 Vibratory Hammers 

There were three vibratory hammers used for compacting the specimens. The three hammers were 

used to determine the influence of hammer energy on the MDD and PSD of aggregate specimens. 

The vibratory hammers used were the Kango 900kV, Kango 950K and the Bosch GSH16-30 

breaker. The specifications of each of the hammers used are displayed in Table 3-5. 

Table 3-5: Vibratory hammer specifications. 

Hammer Type 

Kango 

950K 

Kango 

900kV 

BOSCH GSH 

16-30 

Input Energy (W) 1050 1050 1750 

Blows Per Minute 

(BPM) 2000 2000 1300 

Weight (kg) 11.4 10 16.5 

Three different compaction moulds of varying geometry were used for compacting specimens. The 

smallest mould resulted in a specimen diameter of 152mm and a height of 125mm. The medium-

sized mould had a specimen diameter of 243mm, and a height of 175mm and the largest mould 

had a specimen diameter of 250mm and a height of 625mm. The diameter of the smallest mould 
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relative to the medium-sized mould, which has a similar diameter to the largest mould, is shown 

in Figure 3-23 below. 

 

Figure 3-23: The small (CBR) and medium-sized moulds. 

3.4.2.3 150mm x 125mm Mould 

The CBR mould has standard specimen dimensions of 152 ± 0.5mm diameter and 125mm height 

(refer to Figure 3-24). The mould has a collar height of 60mm. The M/4 aggregates, with a 

maximum aggregate size of 37.5mm, was compacted in two layers of approximately 60mm lifts. 

According to AASHTO (2003), material compacted with maximum ALD of 30mm should be in 

six lifts of 50mm when using a 150mm diameter mould. This was not possible due to the height 

limitations of the CBR mould. The recommended layer thickness is approximately twice the 

maximum aggregate ALD. Due to the small size of the mould, a compacted layer height of 80mm 

is not practical. A pre-compacted height of approximately 80mm was targeted so that a compacted 

height of 62.5mm could be achieved for the M/4 material. The top 20mm of the layer was scoured 

before the next layer was compacted with the collar attached. Layer thickness measurements of 

each layer are undertaken using a metal ruler placed on the side of the compactor frame, as shown 

in Figure 3-25. 
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Figure 3-24: Standard dimensions of a CBR mould (NZS, 1986a). 

 

Figure 3-25: Metal ruler on the compactor unit. 

Scalped compaction tests were conducted using the small mould, shown in Figure 3-26 below. For 

the scalped tests, aggregates retained on the 19mm sieve were discarded, and the materials passing 

the sieve were compacted using a compaction duration of 60 and 180 seconds, using the three 
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different vibratory hammers. The ALD to specimen diameter ratio recommendations outlined in 

Chapter 2 Section 4.2 were met by scalping larger aggregates. The compacted layer height of the 

scalped specimens was approximately 41mm, resulting in a compacted specimen height of 

125mm. A layer height of 41mm for 19mm ALD aggregates allows re-orientation of the larger 

aggregates. In comparison, unscalped tests which have a maximum aggregate size of 37.5mm 

restrict aggregate re-orientation. The effects of aggregate re-orientation on compacted dry density 

and PSD are evaluated in Chapter 4. 

 

Figure 3-26: Compaction of M/4 basecourse material in a CBR mould. 

3.4.2.4 243mm x 175mm Mould 

The ‘medium’ sized mould produces specimens with a diameter of 243mm and height of 175mm. 

The mould is cut from a standard size steel pipe, with an internal diameter of 243mm. A diameter 

of 250mm would have been ideal for consistency with the existing large-scale RLT specimen 

mould. However, construction of a 250mm diameter mould was not feasible due to limited 

availability of time and resources. A difference of 7mm in diameter in comparison to the large 

RLT mould is assumed to have a negligible effect on the MDD or the post-compaction PSD of 

material tested. The recommended ALD to diameter ratio discussed in Chapter 2 is 1:6. The 

maximum ALD of the material tested was 37.5mm, resulting in a minimum specimen diameter of 
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225mm. A mould diameter of 243mm satisfies the mould size recommendations for the basecourse 

aggregate tested. The specimen was compacted in three layers. Each layer had a compacted height 

of approximately 58mm. This is consistent with the smaller CBR mould which had a compacted 

layer height of 62.5mm. The top of each compacted layer was scoured for 20mm before the next 

layer was placed to facilitate greater interlock between the two layers. Care must be taken during 

compaction to minimise fines being lost through pumping (for specimens that have a high moisture 

content, shown in Figures 3-27 and 3-28) or transfer of specimen from the mould to trays after 

compaction and from trays to sieves after drying. 

 

Figure 3-27: Pumping of fines from top and bottom of the specimen. 

 

Figure 3-28: Pumping of fines at the bottom of the medium-sized mould. 
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3.4.2.5 250mm x 625mm Mould 

A 3-way split mould was used to prepare the ‘large’ specimens for RLT and compaction testing. 

The split mould was tightened around the bottom pedestal of the mould using five clamps at equal 

intervals of the mould, as shown in Figure 3-29. The split mould produced a specimen that has a 

diameter of 250mm and a height of 625mm. The mould also has a 50mm high collar which allows 

for the upper layer to be compacted. The aggregates are compacted in 80-100mm thick layers to 

achieve maximum density through kneading or vibratory compaction. This results in 6-8 

compacted layers. For the tests conducted utilising 6 layers of compaction, each layer has a 

compacted height of 100mm which is inconsistent with the tests conducted within the smaller 

moulds, which resulted in layers of 58 and 62.5mm. For greater consistency with the two other 

smaller moulds, 8 layers of compaction were used. Each layer had a compacted thickness of 78mm 

which is greater than the layer thickness for the small and medium moulds. Some large tests were 

conducted utilising 10 layers, allowing for a layer thickness of 62mm is more comparative to the 

layer thicknesses of the other two moulds. The top 20mm of each layer was scoured to facilitate 

interlock between each layer. During RLT tests, the split mould was carefully removed to ensure 

that the specimen was not disturbed before a membrane was placed around the specimen. 

Negative pore water pressure within the compacted specimen allowed the specimen to stand freely 

once the specimen mould was removed. This is difficult to achieve for the permeable basecourse 

which had limited fines. The permeable specimen was compacted within a sacrificial membrane, 

allowing it to stand freely when the mould was removed. Another membrane was placed over the 

sacrificial membrane before testing. The sacrificial membranes were made from 0.5mm thin 

silicone and were not anticipated to induce any additional confining pressure on the permeable 

specimens. A rubber membrane less than 2mm in thickness was placed over the sacrificial 

membrane. Rubber membranes of up to 2mm thickness were tested by Toan (1975) to induce an 

additional confining pressure of 2.8kPa on the specimen. The additional confining pressure 

induced on the specimen by the membrane is considered insignificant since the lowest confining 

pressure during RLT testing is 50kPa with a tolerance of ± 2kPa.  
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Figure 3-29: Three-way split mould used for the large RLT specimen. 

3.4.2.6 Weight of the Compaction System 

The weight of the compaction unit needs to be known to accurately calculate the energy exerted 

on the specimen during compaction. The compaction system comprised of the vibratory hammer, 

fastening plate, bearing plate, compactor shaft and compactor foot, as shown previously in Figure 

3-21. There was a unique fastening plate for each vibratory hammer. The shaft and compactor foot 

were also unique to each mould size. The unique compaction setups result in a varying weight for 

each vibratory hammer and compaction mould combination.  

The difference in weight for each system is presented in Table 3-6. The tests conducted using the 

small mould and the two Kango vibratory hammers were conducted in accordance with NZS 

(1986b). The weight of small test setups using the Kango 900kV and Kango 950K were restricted 

to a combined weight below 37.5kg (368N), in adherence to NZS (1986b). This was challenging 

700 

300 
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since one compactor setup was used for nine different combinations of compaction tests. Changes 

made to each setup would influence the other setups. As a result, the combined weight of these 

two test setups slightly exceeded the weight restrictions of NZS (1986b). However, the effects of 

this were expected to be negligible. The remaining seven combinations had no specifications to 

adhere to since these tests were introduced in this research. 

Table 3-6: Vertical force by weight of compaction systems. 

  Downward Force (N) 

  Test Size 

Hammer Type Small Medium Large 

Kango 900kV 393 465 465 

Kango 950K 407 476 476 

BOSCH GSH 16-30 468 554 564 

 

3.4.2.7 Compaction Procedure 

The procedures for vibratory compaction and determination of optimum moisture content (OMC) 

were adopted from the New Zealand vibratory hammer compaction standard, otherwise known as 

NZS 4402: Test 4.1.3 (NZS, 1986d).  Water content was determined in accordance with NZS 4402: 

Test 2.1 (NZS, 1986b). Additional water had to be added to the specimens to achieve OMC. The 

OMC for the M/4 material is between 4 to 5%, with little variation in dry density within this range 

(Karan, 2014). Likewise, the OMC for the permeable basecourse is between 1 to 2%. 

Once at OMC, specimens were compacted in layers using the vibratory hammer combinations 

presented in Table 3-6 utilising 60, 100 and 180 seconds of compaction per layer. The number of 

layers depended on the height of the specimen mould. A layer height that is twice the maximum 

aggregate ALD is recommended (Toan, 1975, Thom, 2008). This allows sufficient allowance for 

particle re-orientation during compaction. Each layer was scoured to a depth of half the maximum 

aggregate ALD after compaction to facilitate interlock between layers.  

Three replicates of each test were conducted to assess the repeatability and variation in results. 

When the three replicate results were not within 10 % of each other, the tests were repeated until 

at least three tests yielded PSD and density results within tolerance. In total, more than 75 

compaction tests were conducted. Five tests were repeated due to results of PSD or density not 

being within tolerable limits. The variation in water content was kept within the OMC tolerance 
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of 4-5% for most of the M/4 specimens. For one set of three replicates the average water content 

was 5.1%. 

3.5 Repeated Load Triaxial Tests 

There were two types of RLT tests undertaken for this research. These comprised of the small 

(150mmФ x 300mm high) and the large (250mmФ x 625mm high) specimen tests. Only a limited 

number of large-scale RLT test could be conducted due to the time requirements associated with 

using a testing frequency of 1Hz. One RLT test took approximately 10 days to complete, 

comprising of specimen preparation, RLT testing and deconstruction of specimen and LVDT’s 

once the test was complete. Pilot RLT tests were conducted at 4Hz to determine if the permeable 

basecourse was suitable for further testing using the large-scale RLT tests. The pilot RLT tests 

were conducted using the small-scale RLT test apparatus utilising proctor and vibratory methods 

of compaction.  

3.5.1 Small-Scale Tests 

There were ten small-scale RLT tests conducted for this research. The testing schedule was as 

follows: 

• One pilot RLT test conducted on the M/4 basecourse, compacted using proctor hammer 

and tested in an unsaturated drained state. 

• One pilot RLT test conducted on the permeable basecourse. compacted using proctor 

hammer and tested in an unsaturated drained state. 

• One pilot RLT test conducted on the M/4 basecourse, compacted using a vibratory hammer 

and tested in an unsaturated drained state. 

• One pilot RLT test conducted on the permeable basecourse, compacted using a vibratory 

hammer and tested in an unsaturated drained state. 

• Three M/4 basecourse RLT tests, compacted using vibratory hammer using standard 

compaction duration and tested in an unsaturated drained state. 

• Three M/4 basecourse RLT tests, compacted using vibratory hammer using target density 

method and tested in an unsaturated drained state. 

Pilot small-scale RLT tests were conducted at the Road Science testing facility in Tauranga, as 

shown in Figure 3-30. The pilot small-scale RLT tests were undertaken to measure the structural 
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performance of the permeable specimen. The structural performance of a typical unbound M/4 

basecourse specimen with the same aggregate source properties was used as a benchmark for 

comparison for structural strength.  

 

Figure 3-30: Small-scale RLT device setup at Road Science laboratories. 

Some features unique to the pilot small-scale RLT test were external displacement measurements, 

air confining pressure, specimen inversion and soaking of specimens which are discussed in 

Chapter 2. 

The testing parameters used for pilot studies were adopted from NZTA T15 (2012) which is the 

draft specification for ‘Repeated Load Triaxial Testing of Pavement Materials’ in New Zealand. 

The specification specifies the repeated loading to be applied at a frequency of 4Hz. The testing is 

carried out in 6 stages, where the deviator stress is gradually increased per stage, as shown in Table 

3-7.  
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Table 3-7: Pressure setting for six stages of loading, from (NZTA, 2012b). 

 Confining (kPa) Deviator (kPa) %σD / σC 

Stage 1 120 90 75 

Stage 2 41.7 100 240 

Stage 3 90 180 200 

Stage 4 140 330 236 

Stage 5 110 420 382 

Stage 6 50 550 1100 

Increasing the deviator stress whilst maintaining an approximately constant confining pressure 

induces significant stresses on the specimen and is intended to progressively facilitate failure. 

Stage 6 of the loading simulated severe pavement loading and was designed for testing modified 

or bound basecourse aggregate specimens. Each stage consists of 50,000 load cycles and the failure 

criteria for the test was exceedance of 1% axial strain for any stage. The failure criteria for M/4 

basecourse tested in an unsaturated state, presented in NZTA (2012), which has been previously 

described in Chapter 2: Section 4.8, was used as a benchmark for comparative performance 

analysis of specimens. 

The specimens were compacted at 98% of their respective MDD’s for the pilot small-scale RLT 

tests. The proctor compaction procedures followed NZS (1986f), and the vibratory hammer 

compaction procedures followed NZS (1986c). The density achieved through heavy proctor 

hammer compaction was within 1% of the density achieved through the vibratory hammer. The 

specimens were tested in a drained and unsaturated state.  

3.5.1.1 Specimen Preparation 

There were two sets of small-scale RLT tests conducted as part of this research. The first set of 

RLT tests were part of the pilot study and the second set of RLT tests were part of the primary 

study, analysing the comparative performance between small and large-scale RLT tests. The small-
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scale RLT tests for the primary study were not compacted using a target density method as 

recommended by NZTA (2012). The Proctor and target density method of specimen compaction 

utilised for the pilot RLT tests and the standard duration method of specimen compaction utilised 

for compacting small RLT test specimens for the primary study are outlined below.  

3.5.1.1.1 Proctor Compaction 

The specimens that were compacted using proctor or impact compaction were undertaken in 

accordance with the specification for heavy hammer impact compaction (NZS, 1986h). A 4.5kg 

compaction hammer was used to compact the specimens. The specimens were compacted in five 

60mm lifts. Each layer received 27 blows of the hammer which was dropped from a height of 

approximately 450mm by hand. The sequence of the hammer drops is outlined in Figure 3-31 

below. 

 

Figure 3-31: Orientation of hammer drops adopted from (Head, 1984). 

Aggregate dislodgement is minimised from consequent hammer drops by following the orientation 

outlined in Figure 3-31 and compaction technique shown in Figure 3-32. However, aggregate 

dislodgement during impact compaction remains an issue to be addressed, regardless of the 

orientation of hammer drop. Limitations of proctor hammer compaction are further discussed in 

Chapter 4: Section 2.2. The M/4 specimens were prepared at a water content of 6%, which is higher 

than the OMC for M/4 material. This allowed for ease of compaction and loss of moisture during 

the specimen preparation and compaction process so that the final water content was at least above 

5%, which is the minimum water content required to achieve the MDD. The permeable specimens 

were prepared at a water content of 1%, which is the OMC for the material. 
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Figure 3-32: Impact compaction of small-scale RLT specimen. 

The natural water content of the M/4 material was tested to be 1%. Therefore, 5% of additional 

water was added to the specimen to achieve the desired water content. The permeable specimen 

was compacted at its natural water content of 1%. Once cured, the specimen was compacted using 

impact compaction and fines were used to fill voids at the top of the specimen to provide a flat 

surface. The top 10mm of each layer was scoured before the next layer was compacted. The 

specimens were inverted after compaction to provide a flat surface, providing better contact with 

the loading shaft. Inversion of the specimen does not accurately simulate field conditions. The 

procedures outlined in NZTA (2012) was followed to undertake a comparative assessment with 

current industry practice, including specimen inversion. From the time these tests were conducted 

to the time this thesis was written, the draft specification NZTA (2012) had removed the 

requirement for specimen inversion. 

3.5.1.1.2 Vibratory Compaction using Target Density Method 

Vibratory compaction of specimens was conducted in accordance with NZS (1986b), except the 

input energy of the hammer was 1750W, exceeding the 1200W limit for hammer energy in the 

specification. The demolition hammer used for compacting the pilot RLT specimens, shown in 

Figure 3-33 below, was the BOSCH GSH16-30 model, which was also used for compaction and 

large-scale RLT testing later in the research. The vibratory hammer compacted specimens were 

compacted in five lifts of 60mm, similarly to the heavy hammer compacted specimens. The M/4 

specimens were compacted at a water content of 6%, and the permeable specimens were 
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compacted at a water content of 1%. Both the impact and vibratory compacted specimens were 

compacted at 98% of the MDD of the material, which was approximately 2.25t/m3. 

 

Figure 3-33: Vibratory compactor unit for the small-scale RLT specimens. 

The difference between impact compaction and vibratory compaction was the specified target 

density per layer for vibratory compaction, whereas impact compaction had specified number of 

blows per layer. Despite the substantial difference in compaction mode, the impact hammer 

compacted specimens resulted in a very similar density (within 1%) to specimens compacted 

utilising the target density method of vibratory compaction. Once the target density of each layer 

was met using vibratory compaction, compaction would stop, the top 10mm of the layer would be 

scoured and the next layer compacted. This meant that the compaction effort on each layer was 

influenced by the grading of aggregates present in the layer. The presence of larger aggregates and 

level of aggregate interlock significantly influenced the compaction effort required for each layer. 

This procedure may result in a gradient of  density within the specimen which may influence the 

resilient modulus (AASHTO, 2003). Varying density gradients between specimens induces 

unwanted variations in RLT tests. The target density method of compaction reduces the 

repeatability and reproducibility of RLT test specimens.  

To minimise density gradients, AASHTO (2003) recommends using a special density gradient 

mould. Although intended for kneading compaction, the density gradient mould used in AASHTO 
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(2003) can also be used for vibratory compaction. The density gradient mould allows the number 

of tamps during kneading compaction to be modified per lift to achieve a uniform density. A 

specimen fabricated in layers, with each lift receiving equal compaction effort, will typically 

exhibit a density gradient with the first lift compacted being denser than the last. Density gradients 

can occur with kneading, static or vibratory compaction. For consistency, the density gradient 

within each RLT test specimen should be reproducible.  

3.5.1.1.3 Vibratory Compaction using Standard Duration of Compaction 

A standard duration of compaction can be adopted to minimise the effects of the target density 

method on variable density gradients. The standard compaction duration was determined through 

an extensive study of compaction variables that is presented in Chapter 4 of this thesis. A 

compaction duration of 60 seconds was utilised per layer. Using a standard duration of compaction 

allowed the energy exerted by the compactor on each layer and specimen to be similar. Using a 

standard compaction duration is likely to increases specimen repeatability and reproducibility. The 

small RLT test specimens used for the primary study were compacted utilising four layers of 

compaction in comparison to the five layers utilised for the pilot RLT tests. According to Toan 

(1975), the maximum layer thickness should be at least twice the maximum aggregate ALD of the 

specimen. This facilitates particle re-orientation within the layer during compaction. The 

maximum aggregate ALD for the basecourse specimens tested was 37.5mm. This results in 75mm 

thick layers to be compacted. Consequently, a specimen height of 300mm results in four layers of 

compaction. 

3.5.1.2 Test Setup 

Once the small-scale RLT specimens were compacted, they were transferred from the split mould 

onto the RLT test cell. The filter paper used during compaction at the bottom of the mould was 

removed, and a perforated steel plate was placed at the base of the RLT cell. After transferring the 

specimen onto the base of the cell, a 0.3mm thick latex membrane was placed around the specimen. 

The permeable specimens were compacted within a sacrificial membrane to ensure the specimen 

did not collapse once the split mould was removed. A compaction membrane was not required for 

the M/4 specimens since the specimen could freely stand under the negative PWP induced at OMC. 

However, for consistency two membranes were used for all the tests so that any additional 

confining pressure exerted on the specimen by the membranes was consistent for all the tests 
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conducted. Once both the membranes were placed around the specimen, a perforated plate 

followed by the top loading platen was placed on top of the specimen. Four rubber o-rings were 

then placed at the bottom, and top of the specimen and jubilee clips were used to tighten the o-

rings around the bottom and top pedestal and membranes. Two internal LVDT’s were attached to 

the specimen and segments cut from older obsolete membranes were used to secure the LVDT’s 

to the specimen. The LVDT setup is shown in Figure 3-34. 

 

Figure 3-34: LVDT setup for small-scale RLT test. 

The RLT tests were conducted using two-way drainage. After the LVDT’s were attached, the top 

drainage tube was connected from the top platen to the bottom pedestal. The cell was then 

connected to the bottom plate using four connector rods, which were tightened by hand. A large 

o-ring placed in between the cell and bottom plate prevented pressure from leaking during testing. 

The membrane was checked for leaks after the RLT cell was placed onto the 250kN MTS loading 

frame, as shown in Figure 3-35. 
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Figure 3-35: Small-scale RLT test setup. 

The membrane was checked for leaks by applying a confining pressure equal to the highest 

confining pressure of the staged loading (140kPa) to the cell with the top and bottom drainage 

lines of the specimen in the closed position. After waiting for 15 minutes, the pressure was 

released. At this stage, if the membrane ‘ballooned’ then there was a leak in the membrane. 

Alternatively, any leaks in the membrane can be checked by maintaining the cell pressure inside 

the cell and opening the top or bottom drainage of the specimen. Soapy water can be applied to 

the exit location of the drainage. If bubbles formed at the exit, then there was a leak in the 

membrane. The o-rings and jubilee clips were checked and fastened properly to fix leaks. The 
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membrane was inspected for any perforations that might have occurred due to the application of 

the confining pressure. Perforations in membranes for small-scale RLT specimens was likely due 

to the voids that were left around the larger sized aggregates. This is an undesirable effect of testing 

large aggregates in a small 150mm diameter mould, where insufficient re-orientation of the large 

aggregates is allowed. Figure 3-36 shows some voids within the specimen wall that appeared after 

the application of a confining pressure.  

 

Figure 3-36: Large voids appear around larger aggregates in the small-scale RLT specimen. 

After the leaks are fixed, the cell is filled with water. Water is used instead of air as the confining 

media due to its lower compressibility. In the event the cell wall fractured, compressed air can 

cause an explosion which poses a safety risk to anyone present within the vicinity of the cell. Due 

to the low compressibility of water, it is a much safer alternative. After the cell is filled with water, 

the specimen is pre-conditioned and ready for subsequent RLT testing. 

The confining pressure is supplied by a pressure board shown in Figure 3-37. The pressure to the 

pressure board is supplied using a pneumatic compressor. Pressure gauges which monitor the 

pressure inside the cell and the pressure within the specimen are attached to the baseplate of the 

triaxial cell. 
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Figure 3-37: Pressure boards that supply pressure to the RLT cell. 

3.5.1.3 Data Acquisition 

For the pilot RLT tests, data collection was undertaken using IPC global software. The output file 

was in Microsoft Excel format which included the testing parameters as well as all the required 

variables for each load cycle specified in NZTA (2012). 

Data analysis was undertaken using methods described in NZTA (2012) and (Arnold, 2008a). The 

results of the pilot tests were correlated to field tests conducted using methods described in Arnold 

(2008a), (2008b) and (2010). 

For the RLT tests conducted at the University of Auckland, there were two data acquisition 

systems. The MTS loading frame had an external LVDT that measured specimen displacement, 

and there were two internal LVDT’s that measured specimen deformation at the middle third of 

the specimen. The signal from the internal LVDT’s and pressure gauges was processed using the 

data acquisition box shown in Figure 3-38. The signal from the external MTS load cell was 

processed independently using another data acquisition box. For the small-scale RLT tests 

conducted for the primary study, the data was saved within a spreadsheet and manipulated to 

provide resilient modulus and permanent deformation for each cycle of loading, for the 300,000 

load cycles per RLT test. The results of the small-scale RLT tests are discussed in Chapter 5. 



145 

 

 

Figure 3-38: Data acquisition system for large and small RLT tests. 

3.5.2 Large-Scale RLT Tests 

There were nine large-scale RLT tests conducted as part of this research. The testing schedule was 

as follows: 

• Three M/4 basecourse tests, conducted in an unsaturated drained state. 

• Three Permeable basecourse tests, conducted in an unsaturated drained state. 

• Three Permeable basecourse tests, conducted in a ‘flooded’ drained state. 

3.5.2.1 Specimen Preparation 

The compaction procedure outlined in Section 4.2.5 was followed for preparing the large-scale 

RLT specimens. A steel mesh with 1mm openings and a perforated plate were placed on top of the 

bottom pedestal before the specimen was compacted. The specimens were compacted on the 

baseplate of the cell to minimise disturbance once the specimen was compacted. The permeable 

specimens were compacted inside a 0.5mm thick silicone membranes, similar to the small-scale 

RLT tests. Once the specimen was compacted, a 2mm thick rubber membrane was stretched over 

Small-scale 

RLT test data 

acquisition box 

Large-scale 

RLT test data 

acquisition box 
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the sacrificial membrane. Once the membrane was placed around the specimen, a perforated plate, 

a steel mesh with 1mm openings and the top platen were placed, in that order, on top of the 

specimen. The steel mesh was used to minimise clogging of the 6mm openings used for drainage 

at the top platen and baseplate. Four large o-rings were placed around the membrane at the top and 

bottom pedestal. Jubilee clips were tightened around the o-rings to seal the membrane around the 

platens. Once the membrane was secured, two LVDT’s were attached to the membrane at the 

middle third of the specimen, as shown in Figure 3-39. The LVDT’s were secured around the 

specimens using springs. 

 

Figure 3-39: Large-scale RLT test specimen. 

After the LVDT’s were secured, a tube connecting the top platen to the baseplate was attached, 

allowing two-way drainage of the specimen. The RLT cell was then lowered onto the baseplate 
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using a fork-hoist and seated onto an o-ring using six metal rods that sealed the cell. The membrane 

was checked for leaks by applying a confining pressure of 140kPa to the cell and opening the 

bottom specimen drainage. Soapy water was applied to the bottom drainage exit point to check for 

bubbles that would form if there was a leak. The cell was then lifted and secured onto the MTS 

loading frame. The large-scale RLT setup is presented in Figure 3-40. 

 

Figure 3-40: Large-scale RLT cell secured onto the MTS frame. 

After securing the cell, it was filled with water, and the pre-conditioning pressure was applied 

using a pressure board. Pressure transducers at the baseplate allowed for the measurement of PWP 

and cell pressure. After the cell pressure was established, the pre-conditioning stage was executed 

followed staged RLT loading. A data acquisition box was used to collect the incoming signal from 

the internal LVDT’s, pressure transducers and the internal load cell that was attached to the loading 

shaft. The external load cell of the MTS load frame could potentially be influenced by the friction 

between the load shaft and the ball bushing housing. An additional internal load cell was installed 

for quality assurance purposes. Figure 3-41 shows the loads exhibited by the two load cells when 

a force of 4.4kN was applied. Analysis of the internal and external load cell readings revealed there 

was negligible difference in loads exhibited by either load cell.  
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Figure 3-41: Difference in load recorded from the internal and external load cells. 

The load shaft for the large-scale RLT apparatus was much heavier in comparison to the load shaft 

of the small-scale RLT apparatus. Equation 3-2 below was used to calculate the weight of the load 

shaft. 

Equation 3-2: Additional force exerted by load shaft. 

F = ((A x P) − W) x 9.81 

Where: 

F = resultant force (N), 

A = load shaft cross-sectional area (m2), 

P = confining pressure(kPa), and  

W = weight of load shaft and exterior-mounted specimen deformation measurement system (kg). 

The resulting ‘corrected’ force was applied to the specimen for each stage of loading. The force 

applied for each stage is displayed in Table 3-8. 
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Table 3-8: Adjusted load allowing for weight of load shaft and confining pressure for the large-scale RLT test. 

  

Confining  

Stress 

(kPa) 

Deviator 

Stress 

(kPa) 

Corresponding 

Load (kN) 

The load 

applied 

through cell 

pressure (kN) 

Minus 

weight of 

Shaft (kN) 

Adjusted 

Seating 

Load (kN) 

Adjusted 

Load 

(kN) 

Seating (5kPa) NA NA 0.25 NA NA NA NA 

Pre-conditioning 103.6 93.1 4.56 0.20 0 0.25 4.76 

Stage 1 120 90 4.42 0.24 0.04 0.29 4.65 

Stage 2 41.7 100 4.91 0.08 -0.12 0.13 4.99 

Stage 3 90 180 8.84 0.18 -0.02 0.23 9.01 

Stage 4 140 330 16.20 0.27 0.07 0.32 16.47 

Stage 5 110 420 20.62 0.22 0.02 0.27 20.83 

Stage 6 50 550 27.00 0.10 -0.1 0.15 27.10 

The influence of the load shaft on the resulting load on the specimen was minor for the large-scale 

RLT test apparatus and even less for the small-scale RLT test apparatus. The outward force exerted 

by the cell pressure approximately cancelled out the additional load induced by the load shaft and 

internal load cell. 

3.5.2.2 Flooded Tests 

There were three ‘flooded’ large-scale RLT tests conducted on the permeable specimens. The 

flooded tests were designed to simulate the performance of the permeable basecourse in a free 

draining to partially clogged state. For the flooded tests, water was constantly fed through the top 

of the specimen using a constant head tank and allowed to drain from the bottom, whilst the RLT 

test was conducted. Deformations that occurred were recorded and compared with the unsaturated 

drained permeable basecourse RLT tests. The introduction of water was predicted to accelerate the 

deformation of the test specimens. The results of the flooded RLT tests are discussed in Chapter 

5, with the other large-scale RLT test results. By allowing water to drain through the specimen, 

permeability tests could be conducted while the RLT test was in progress. The effect of staged 

loading on permeability was analysed and is presented in Chapter 6. The flooded test setup is 

further explained in Section 6.3 of this chapter. 
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3.5.2.3 Data Acquisition 

The MTS data acquisition software was used to store data from the external displacement 

transducers and external load cell. The data acquisition box displayed in Figure 3-38 was used to 

process the data from the internal LVDT’s and pore pressure transducers and feed it to a computer, 

where the data was stored. The load for each cycle was applied at a frequency of 1Hz using a 

haversine wave shape with no rest period, as shown in Figure 3-41. For the internal transducer 

setup, data was acquired at a frequency of 20Hz to obtain a smooth peak and valley of each load 

cycle. The peak and valley of the load applied were approximated using the 20 data points acquired 

for each cycle. The MTS data acquisition system could acquire the absolute peak and valley loads 

for each cycle. The data from both data acquisition devices were processed using NZTA (2012) to 

provide resilient modulus and permanent deformation values for each load cycle. 

3.6 Permeability Tests 

Some of the key objectives of this research were to understand the structural capacity and 

permeability of M/4 and permeable basecourse specimens. The structural capacity was evaluated 

from RLT tests, and the permeability was obtained from permeability tests. The permeability tests 

were conducted using two different constant head setups. The two test setups comprised of 

permeability tests undertaken utilising the RLT cell and the permeameter cell. Both setups utilised 

a common constant head tank and manometer. 

3.6.1 Constant Head Method 

For the constant head method, a header tank was placed at a fixed height above the specimen. The 

outflow from the specimen was open to the atmosphere. The hydraulic gradient was measured 

using piezometers installed within the specimen. When the flow is laminar, Darcy’s law can be 

used to calculate the permeability. However, determination of flow type within a non-homogenous 

porous media such as the permeable basecourse was challenging, as previously experienced by 

Toan (1975). The determination of flow type and appropriate equations for calculating 

permeability are further discussed in Chapter 6. The coefficient of permeability, which is typically 

in some form of Darcy’s law, is given by the expression: 

Equation 3-3: Darcy’s law used to calculate permeability. 

𝑣 =  
𝑄

𝐴
= 𝑘𝑖 
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Where Q is the discharge rate,  

 A is the area of the specimen, 

 k is the coefficient of permeability, and 

 i is the hydraulic gradient i.e., head loss per unit specimen length, 
∆ℎ

∆𝐿
. 

An alternative method of testing for permeability is the ‘falling head’ method. In the falling head 

method, the head drop over a measured discharge time is recorded. The method determines an 

average coefficient of permeability over a small range of hydraulic gradients. Toan (1975) 

compared the two methods and concluded that the falling head method was not as reliable as the 

constant head method due to the small quantity of water permeating the specimen. Experimental 

errors such as leakage, measurement errors and movement of fines for the falling head method are 

much more significant, in comparison to the constant head method. The flow can stabilise before 

measurements are taken using the constant head method. The falling head method is more 

appropriate for field permeability testing whereas the constant head setup is more appropriate for 

the laboratory (Ranieri, 2012). The constant head method was adopted for this research based on 

the findings of Toan (1975) and Ranieri (2012) and was more favourable due to its simplicity in 

comparison to the falling head method. 

3.6.2 Permeameter Test Setup 

Water flow typically follows the outer most surface of the specimen, i.e. the membrane or cell 

wall. The transportation of fines can occur. As a result, clogging drainage paths within the 

specimen and discharge outlets at the base. A perforated plate was placed at the bottom of the 

specimen to minimise fines transportation, preventing fines from entering the discharge outlet 

located on the baseplate. A specimen size of 250mm diameter and 625mm long was used for the 

permeability test. The permeameter was designed so that wall effects could be assessed by splitting 

the flow into two regions: a ’core’ flow and an ‘edge’ flow. The head loss was measured within 

the specimen using piezometers to minimise entrance and exit losses. 

Figure 3-42 shows a cross-section of the permeameter. The cell is constructed from 4.5mm thick 

steel tube and stands 762mm high. Three openings allow the piezometers to be installed. 
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Figure 3-42: Section through the permeameter cell, from Toan (1975). 

The piezometric probes were constructed from a perforated stainless-steel cylinder, where a porous 

stone was inserted at the end of the cylinder. Figure 3-43 shows details of a piezometric probe used 

by Toan (1975), which was also constructed and utilised within this research. The piezometric 

probe inlets were situated central to the specimen diameter so the influence of edge effects could 

be minimised. 
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Figure 3-43: Permeameter piezometer probe, from Toan (1975). 

Compaction of the specimen was undertaken within the permeameter cell. The permeameter base 

is a 38mm thick steel plate with a 115mm high pedestal. Figure 3-44 shows the pedestal which is 

perforated and has a partition at 165mm diameter separating the central ‘core’ flow and the ‘edge’ 

flow. To minimise clogging of the base of the specimen, a close drilled plate with 4.75mm holes 

replaced the porous stone between the specimen and the base. This enabled the transported fines 

to pass without accumulating in the base. The partition was sealed using rubber o-rings which were 

inserted into the perforated pedestal. The perforated plate, which is placed above the perforated 

pedestal, minimises clogging of the outflow by preventing material courser than 3mm from passing 

through to the perforated pedestal. 
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Figure 3-44: Perforated permeameter pedestal. 

The three piezometetric readings allowed the hydraulic gradients along the specimen axis to be 

calculated so that an assessment of the homogeneity of the specimen could be conducted. The 

piezometric tube setup is displayed in Figures 3-45 and 3-46 below. 

 

Figure 3-45: Piezometer assembly inside the permeameter. 
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Figure 3-46: Permeameter cell setup. 

3.6.2.1 Constant Head Tank 

The constant head tank and manometer tube setup is presented in Figure 3-47. The constant tank 

rested at the height of 2.2m above the specimen providing a pressure head to the specimen of up 

to 21kPa. A manometer was used to gauge the pressure and elevation head at the location of each 

piezometer. The manometer, which is shown in Figure 3-47 and Figure 3-48, had a height of 2.4m 

and a 2mm resolution. Acrylic tubes were used to construct the manometer for clear visibility of 

water within the tubes. 
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Figure 3-47: Constant head tank and manometer setup. 
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Figure 3-48: Manometer reading. 

3.6.2.2 Test Procedure 

M/4 and permeable basecourse specimens were tested in the permeameter. The M/4 specimens 

had a void ratio of 0.2, and the permeable specimens had a void ratio of 0.38. The permeability of 

the permeable basecourse was expected to be significantly greater in comparison to the M/4 

basecourse due to the significantly higher void ratio. Saturation of permeable specimens was not 

required to initiate flow since the specimens had a low fines content (<4% passing the 0.6mm 

sieve). The flow of the permeable basecourse could be described as ‘free flowing’. The M/4 

basecourse had a significantly greater fines content (>10% passing the 0.6mm sieve). Toan (1975) 

showed that as the fines content in granular specimens increased the permeability can be expected 

to decrease. This relationship is shown in Figure 3-49. 
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Figure 3-49: Relationship between fines and permeability, from Toan (1975). 

The flow was difficult to achieve in the M/4 basecourse due to its low void ratio. Toan (1975) 

recommended specimen saturation to facilitate flow. Carbon dioxide is used to displace air in the 

specimen during the saturation process. A slow flow of de-aired water is established upwards the 

specimen. Once the gas bubbles are dissolved, the flow is reversed, and permeability testing of the 

specimen can commence. As shown in Figure 3-50, the degree of saturation of the specimen 

significantly influences its permeability. Figure 3-50 shows the permeability within the aggregate 

structure reduces with decreasing saturation, asymptoting to zero below 70% saturation. A degree 

of saturation of 70% has also been established in the literature as the critical level of basecourse 

saturation for accelerated basecourse deformation (Toan, 1975, Salt, 2011). Clogging of flow paths 

within the aggregate structure may also contribute to accelerated deterioration. The permeameter 

setup used for this research was not designed for saturated tests. As a result, it was impossible to 

establish a consistent flow through the M/4 basecourse specimens due to significant clogging of 
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fines. Theoretical permeability values for M/4 basecourse, which were established through a 

literature review, were relied upon for comparisons to be made with the permeability of the 

permeable basecourse. Permeability tests on the M/4 and permeable basecourse were successfully 

conducted using the RLT apparatus. The methodology adopted for RLT permeability testing are 

outlined in Section 6.3 of this chapter. 

 

Figure 3-50: Effect of saturation on permeability, from Toan (1975). 

The specimens for the permeability tests conducted using the permeameter were compacted in 8 

layers. Piezometers were inserted after compacting the 2nd, 4th and 6th layers. The compaction 

procedure is outlined in Section 4.2.5 of this chapter. A groove for the piezometer was scoured 

into the compacted layer to avoid shearing of the piezometer tubes during compaction. Once the 

piezometer was assembled, aggregate was placed around the piezometer before the next layer was 

compacted. After the specimen was fully compacted, the top cap was secured onto the 

permeameter cell using metal rods, as shown in Figure 3-46. A small flow was then established 

with the drainage closed to minimise specimen disturbance. The permeable specimen was assumed 

to be saturated when the three piezometric readings were the same as the level of the constant head 

tank. The entry flow was then opened as well as core and edge exit flow. The entry flow was 
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slowly increased to the maximum pressure of 21kPa; this allowed the cell to remain filled since 

the entry flow was greater than the exit flow. Both the inner and outer flow channels could not be 

opened simultaneously since doing so resulted in the exit flow being greater than the entry flow. 

As a result, the inner and outer flow had to be measured separately. For steady state flow to be 

established, the piezometric readings had to stabilise. Once the piezometric readings stabilised to 

a nearly constant value for all three piezometers, the outer and inner flow was collected in 5-litre 

buckets and timed to establish the permeability of the specimen, deduced using Darcy’s law. For 

statistical robustness, five different readings were taken for both the inner and outer flow. Tests 

did not have to be repeated since the five flow readings where consistent. Following permeability 

testing, PSD analysis of the specimen was undertaken to reveal the extent and nature of fines lost 

from the specimen. 

3.6.3 RLT Permeability Tests 

Following specimen compression that occurs during RLT testing, specimens undergo further 

compaction, reducing the void ratio of the specimen in the process. The loading effects on RLT 

test specimens were anticipated to have an influence on the permeability. A reduction in the void 

ratio is expected to decrease the permeability of the specimen. The permeameter described in 

Section 6.1 of this chapter was not designed to conduct RLT testing, and the RLT apparatus was 

not designed to conduct permeability testing. The RLT apparatus was retrofitted, allowing 

permeability tests to be conducted before, during and after RLT tests. The test setup is illustrated 

in Figure 3-51. 
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Figure 3-51: Permeability test setup using RLT test apparatus. 

3.6.3.1 Test Procedure 

Figure 3-51 shows the permeability test setup using the RLT apparatus. During permeability 

testing, water was fed through the entry point into the baseplate of the RLT cell. The entry flow 

was split into two lines at the baseplate. One line would travel up a 6mm tube to the top of the 

specimen, and the other line would travel to the manometer shown in Figure 3-48, where the entry 

flow head could be recorded. A diffuser plate which is shown in Figure 3-52 was used at the top 

of the specimen to facilitate an even flow distribution. The diffuser plate was a 10mm thick 

galvanised steel plate with 10mm perforations. 
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Figure 3-52: Diffuser plate used to distribute flow to the specimen. 

The flow of water down the specimen was intended to simulate natural flow during rainfall events. 

A perforated plate and steel wire mesh were placed at the bottom of the specimen to minimise 

fines clogging the drainage outlet. The configuration of the base exit conditions is presented in 

Figure 3-53. 

 

Figure 3-53: Baseplate of the RLT testing apparatus. 

The design of the top face of the baseplate allowed water to travel from throughout the specimen 

into the centrally located drainage point. The flow then exited the baseplate at the location shown 

in Figure 3-51. The flow was then split into an outflow weir and into the manometer, allowing the 

exit head of water to be recorded. The head difference between the entry and exit points of flow 

was calculated, and the permeability deduced using Darcy’s law. There is significant head loss 

associated with the flow of water from a 20mm tube (from the constant head tank) to a 6mm tube 

(up the specimen), through the 250mm diameter specimen and finally out the 6mm exit tube. The 

Central 

drainage 

outlet 
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permeability of the RLT cell was tested without a specimen to account for the head loss. A hollow 

PVC pipe that had equal dimensions to an RLT test specimen (250mm by 625mm) was used 

instead of the compacted aggregate specimen to measure the head loss that was inherent with the 

testing apparatus. The head loss associated with the testing apparatus could be isolated and 

deducted from the head loss between the entry and exit flow to calculate the permeability of the 

specimen tested.  

A flow was established for the M/4 specimens tested using the RLT apparatus, unlike the M/4 

permeability tests conducted using the permeameter. This may be due to the slow flow conditions 

of the RLT apparatus, allowing slow dispersion of water through the specimen. However, the RLT 

permeability apparatus is susceptible to clogging due to the small 6mm drainage opening, which 

could influence the permeability values obtained. As a result, the permeability of specimens 

established through the RLT apparatus before, during and after RLT tests was used to establish the 

influence of loading on relative permeability rather than establishing the permeability of the 

material. Permeability tests were conducted for the unsaturated drained M/4 and permeable 

basecourse specimens after the RLT tests had concluded. Permeability tests for the flooded drained 

permeable specimens were conducted before each stage of loading and after the final stage of 

loading to analyse the influence of loading conditions on the permeability of the permeable 

specimens. Since the flooded drained tests had a constant flow of water through the specimen 

during staged loading, the permeability of the specimen could be tested without interfering with 

specimen conditions. An average of three flow readings was taken by collecting outflow into a 1-

litre jug and timing the process. The difference in head established from the entry and exit 

manometer readings were recorded and averaged for the three replicate tests. 

3.7 Summary 

In summary, there were three primary types of testing conducted as part of this research. This 

included determination of the ideal compaction procedure for basecourse aggregates; RLT testing 

of M/4 and permeable basecourse using the large and small-scale RLT test setups; and 

permeability testing of M/4 and permeable basecourse using the permeameter and RLT test setups. 

Each test setup is complex and the test duration long, especially for the RLT tests. Whilst a greater 

number of test results to improve statistical confidence in test results was desirable; practical 
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considerations meant the number of tests per tested variable needed to be limited where possible 

to triplicate specimens. 

3.7.1 Compaction Tests 

In total, 82 compaction tests were conducted to determine the ideal combination of the vibratory 

hammer, compaction duration and mould size to be used for compacting basecourse aggregates. 

Each compaction test was followed by a PSD analysis of the compacted specimen. A PSD analysis 

was also conducted before compaction for each of the specimens to determine effects of 

compaction on post compacted PSD. This resulted in more than 120 PSD tests being conducted. 

The testing schedule was as follows: 

• Unscalped Tests (M/4 basecourse) 

o Six tests (3x 60 seconds and 3x 180 seconds per layer compaction duration) 

conducted using the 150mm diameter by 125mm high specimen, using the Kango 

950K vibratory hammer.  

o Six tests (3x 60 seconds and 3x 180 seconds per layer compaction duration) 

conducted using the 150mm diameter by 125mm high specimen, using the Kango 

900kV vibratory hammer.  

o Six (3x 60 seconds and 3x 180 seconds per layer compaction duration) tests 

conducted using the 150mm diameter by 125mm high specimen, using the BOSCH 

GSH 16-30 vibratory hammer.  

o Six (3x 60 seconds and 3x 180 seconds per layer compaction duration) tests 

conducted using the 243mm diameter by 175mm high specimen, using the Kango 

950K vibratory hammer.  

o Six (3x 60 seconds and 3x 180 seconds per layer compaction duration) tests 

conducted using the 243mm diameter by 175mm high specimen, using the Kango 

900kV vibratory hammer.  

o Six (3x 60 seconds and 3x 180 seconds per layer compaction duration) tests 

conducted using the 243mm diameter by 175mm high specimen, using the Kango 

950K vibratory hammer.  
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o Six (3x 60 seconds and 3x 180 seconds per layer compaction duration) tests 

conducted using the 250mm diameter by 625mm high specimen, using the Kango 

950K vibratory hammer.  

o Ten (4x 60 seconds, 3x 100 seconds and 3x 180 seconds per layer compaction 

duration) tests conducted using the 250mm diameter by 625mm high specimen, 

using the Kango 900kV vibratory hammer.  

o Six (3x 60 seconds and 3x 180 seconds per layer compaction duration) tests 

conducted using the 250mm diameter by 625mm high specimen, using the Kango 

950K vibratory hammer.  

o One test conducted using the 250mm diameter by 625 high permeable basecourse 

specimen compacted using the Kango 900kV vibratory hammer, for 60 seconds per 

layer compaction duration. 

• Scalped Tests (M/4 basecourse) 

o Six tests (3x 60 seconds and 3x 180 seconds per layer compaction duration) 

conducted using the 150mm diameter by 125mm high specimen, using the Kango 

950K vibratory hammer.  

o Six tests (3x 60 seconds and 3x 180 seconds per layer compaction duration) 

conducted using the 150mm diameter by 125mm high specimen, using the Kango 

900kV vibratory hammer.  

o Six (3x 60 seconds and 3x 180 seconds per layer compaction duration) tests 

conducted using the 150mm diameter by 125mm high specimen, using the BOSCH 

GSH 16-30 vibratory hammer.  

Compaction tests were also conducted on M/4 and permeable basecourse using the kneading 

compactor. The following tests were conducted using the kneading compactor; each test was 

followed by a PSD analysis of the compacted specimen: 

• One test conducted on a permeable basecourse specimen, using a foot pressure of 

1000kPa (2 seconds dwell). 

• One test conducted on an M/4 basecourse specimen, using a foot pressure of 1000kPa (2 

seconds dwell). 
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• Three tests conducted on M/4 basecourse specimens, using a foot pressure of 1600kPa (2 

seconds dwell). 

The density recorded for the RLT test specimens also contributed to the compaction study. 

3.7.2 RLT Tests 

There were 19 RLT tests conducted as part of this research. The RLT tests conducted for this 

research were as follows: 

Pilot RLT Tests 

• One small-scale RLT test using a permeable basecourse specimen, compacted using 

vibratory compaction and tested in drained unsaturated conditions. 

• One small-scale RLT test using a permeable basecourse specimen, compacted using 

proctor compaction and tested in drained unsaturated conditions. 

• One small-scale RLT test using an M/4 basecourse specimen, compacted using vibratory 

compaction and tested in drained unsaturated conditions. 

• One small-scale RLT test using an M/4 basecourse specimen, compacted using proctor 

compaction and tested in drained unsaturated conditions. 

Primary RLT Tests 

• Three large-scale (250mm by 625mm specimen) tests using the M/4 basecourse specimen, 

conducted in an unsaturated drained state. These tests were followed by PSD analysis of 

the tested specimen to determine the level of aggregate degradation caused by the loading 

from RLT testing. 

• Three large-scale (250mm by 625mm specimen) tests using the permeable basecourse 

specimen, conducted in an unsaturated drained state. 

• Three large-scale (250mm by 625mm specimen) tests using the permeable basecourse 

specimen, conducted in a ‘flooded’ drained state. 

• Three small-scale (150mm by 300mm specimen) tests using the M/4 basecourse specimen, 

conducted in an unsaturated drained state utilising 60 seconds per layer compaction 

duration for specimen preparation. 
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• Three small-scale (150mm by 300mm specimen) tests using the M/4 basecourse specimen, 

conducted in an unsaturated drained state and utilising target density for specimen 

preparation. 

3.7.3 Permeability Tests 

There were two sets of constant head permeability tests conducted for this research. The first set 

utilised the permeameter to determine the permeability of the permeable basecourse and compare 

the values obtained with other types of permeable basecourse identified through a literature survey. 

The permeability values of the M/4 basecourse that were obtained through a literature survey were 

used for comparison. The permeability tests conducted using the permeameter were as follows: 

• Three permeable basecourse tests, followed by PSD analysis of the tested specimen. 

Constant head permeability tests that were conducted using the RLT apparatus were used as an 

indicator of relative permeability before and after RLT testing, for both the permeable and M/4 

specimens. The permeability tests conducted using the RLT test apparatus were as follows: 

• Three M/4 specimens, conducted after completion of RLT tests. 

• Three permeable specimens, conducted after completion of RLT tests. 

• Three permeable specimens, conducted before each stage of loading and after the last stage 

of loading.  

Figure 3-54 below summarises the research methodology. 
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Figure 3-54: Research methodology. 
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4.0 Compaction 

4.1 Introduction 

Performance characteristics of pavements are obtained through laboratory-based materials testing 

in conjunction with field testing. The RLT test is used to evaluate pavement fatigue performance 

in the laboratory. Although the RLT test has been shown to be an effective tool used in predicting 

pavement performance, the methods of compaction used in laboratories globally to prepare 

specimens lack appropriate test standard repeatability and reliability and therefore correlation with 

field compaction. This can lead to serious consequences regarding specifications for field 

basecourse compaction and performance and can mislead engineers who rely principally on the 

results of laboratory tests for making decisions concerning the field compaction process. 

Compaction increases the density of a material, increasing its load bearing capacity, reducing 

consolidation and providing stability. This chapter is aimed at comparing the effectiveness of 

kneading and vibratory compaction for RLT specimens and exploring variables in vibratory 

compaction that can be manipulated to increase the likelihood of specimen reproducibility. 

Empirical compacting procedures and equipment have been used in the past due to the simplicity 

of use and economic considerations. However, methods such as the Modified AASHTO 

compaction test procedure and NZS 4402 Test 4.1.3 do not accurately simulate field compaction 

(Chilukwa, 2013, Kelfkens, 2008).  

A poorly compacted layer is characterised by Chilukwa (2013) as having a lower density, higher 

porosity and lower cyclic stiffness in comparison to a properly compacted layer. Poor compaction 

can result in rutting and eventually lead to water ingress in the pavement layer, which results in 

early failure of the pavement. The porosity of a layer is dependent on the degree of compaction, 

the size and shape of particles and dry density of aggregates which make up the layer. The PSD of 

the layer determines the distribution of sizes of aggregates within the layer. The key performance 

indicators for the compaction research will be the PSD and dry density of specimens. 

Equation 4-1: Maximum Dry Density (MDD). 

MDD (kg/m3) = Weight of dry compacted material (kg) / Volume of specimen (m3) 
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4.1.1 Particle Size Distribution 

The stability of an in situ unbound granular layer is derived mainly from particle interlock and 

inter-particle friction, particularly for permeable basecourse layers, which have considerably lower 

fines than a typical basecourse layer. The PSD is, therefore, an important characteristic for strength 

and stiffness determination. The maximum particle size of an unbound layer is limited to the layer 

thickness due to roller compaction only being effective up to a depth of approximately 250 mm. 

Layer workability gets difficult if stones exceeding 30% of the layer thickness are present within 

the layer (Thom, 2008). Particle size and gradation are significant factors to be considered when 

constructing granular pavement layers. Salt (2011) recommends, the PSD of basecourse material 

tested in RLT tests and compacted in the field needs to be closely controlled for consistency and 

to avoid unpredictable performance, even though this is not common practice in New Zealand. A 

change in PSD has an influence in the degree of saturation and permeability of the basecourse, 

which has a significant influence on its performance (Salt, 2011). Salt (2011) goes on to say that 

contractors must conduct pre- and post-compaction PSD of basecourse layers in the field to 

minimise changes in PSD that can hinder pavement performance.  

The density and hence stability of a pavement layer is influenced by the extent of fines within it. 

A greater fines content can lead to layer instability when traffic loading is applied. In the case of 

vibratory compaction, high energy compaction can lead to aggregate crushing and disintegration 

of larger aggregates, producing greater proportions of fines than expected. This, in turn, produces 

unpredictable results in laboratory-based tests and accelerated pavement deterioration in the field. 

Unrealistically high Maximum Dry Densities (MDDs) can be achieved in the laboratory due to the 

unrealistic lateral confinement conditions of the specimen mould.  

In Figure 4-1‘case c’, a greater extent of fines can lead to layer instability when traffic loading is 

applied. Particle degradation in the laboratory can result from a combination of excessive force 

exerted to compact basecourse specimens, long compaction duration, and restricting aggregate re-

orientation by using small diameter compaction moulds. Addition of fines also results in the 

plasticity of the material having a more profound effect on performance. 
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Figure 4-1: Physical states of compacted soil mixture from Yodar and Witczak (1975), cited by Chilukwa (2013). 

Chilukwa (2013) identified a 5% increase in fines (material passing 0.075mm sieve) when 

vibratory compaction was used to compact scalped (19mm down) G3 (high-quality basecourse in 

South Africa) material. However, only one test of pre and post-compaction PSD was undertaken. 

More replicate testing is required in order to provide a statistically robust conclusion. When the 

larger G7 (maximum particle size of 37.5mm) material was tested for PSD before and after 

compaction, there was a reduction of 18% of fines post vibratory compaction due to cementation 

of fines.  

The PSD of material can be characterised by using Talbot’s n value. Talbot’s exponent is a measure 

of the degree to which the coarse particles float in a matrix of fines. Values less than 0.3 give 

unacceptable stability for unbound granular layers, whereas values greater than 0.4 are normally 

associated with good stability. Values higher than 0.6 become difficult to construct without causing 

segregation (Salt, 2011). 

The PSD of the material used for basecourse construction in New Zealand should conform to the 

envelope limits defined in Tables 4-1 and 4-2 below.  

Where an AP40 aggregate has a much higher than minimum crushing resistance, the standard 

grading (which includes provision for some gradation change during compaction), may accept 

materials that appear deficient in fines during construction. In such a case, it is appropriate to vary 

the specified grading by adding an amending clause to the job specification (TNZ(b), 2006). This 

is true for the permeable basecourse used in this research. The aggregates used have a very high 

crushing resistance as shown in Chapter 3: Section 2.1.1.  
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The PSD test was conducted to determine aggregate grading and compliance to M/4 envelopes 

defined by Transit NZ (TNZ, 2006). 

Table 4-1: NZTA PSD envelopes (TNZ, 2006). 

Test Sieve Aperture 

(mm) 

Maximum and Minimum Allowable Percentage Weight 

Passing 

AP40 (Max size 40mm) AP20 (Max size 20mm) 

37.5 100 - 

19 66 - 81 100 

9.5 43 - 57 55 - 75 

4.75 28 - 43 33 - 55 

2.36 19 - 33 22 - 42 

1.18 12 - 25 14 - 31 

0.6 7 - 19 8 - 23 

0.3 3 - 14 5 - 16 

0.15 0 - 10 0 - 12 

0.075 0 - 7 0 - 8 

 

Table 4-2: Particle shape control, NZTA M/4 specifications. 

Fractions 

(mm) 

Maximum and Minimum Allowable Percentage Weight 

of Material within the Given Fraction 

AP40 (Max size 40mm) AP20 (Max size 20mm) 

19 - 4.75 28 - 48 - 

9.5 - 2.36 14 - 34 20 - 46 

4.75 - 1.18 7 - 27 9 - 34 

2.36 - 0.6 6 - 22 6 - 26 

1.18 - 0.3 5 - 19 3 - 21 

0.6 - 0.15 2 - 14 2 - 17 

Sieve analysis is used to determine the PSD of soils or granular materials. In the present study, 

sieve analysis was done following the procedures specified in NZS 4402: 1986 Test 6.1.1 and 
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methods discussed by Head (1984). The methods of conducting sieve analysis are previously 

explained in Chapter 3: Section 3.0. Graphing the cumulative percentage of solids passing each 

sieve on a log graph enabled Talbot’s n value to be deduced. 

Current M/4 specifications do not provide restrictions on the PSD of the basecourse once it has 

been compacted (Alabaster, 2012). Field compaction techniques implemented in New Zealand 

using high energy vibratory rollers are detrimental towards the aggregates, especially when target 

densities are difficult to satisfy. High energy compaction alters the PSD of the basecourse by 

crushing the larger aggregates, especially when crushing resistance is low. In the present study, 

degradation of aggregates was witnessed during laboratory compaction using high-pressure 

kneading, static, and vibratory compaction. This leads to unpredictable basecourse behaviour and 

facilitates premature basecourse failure. 

4.1.1.1 Influence of Fines 

Shackel (2006a) tested granular basecourse materials both as delivered and after removal of the 

material finer than either 0.600 mm or 1.18 mm. The gradations from which the 1.18 mm and 

0.600 mm had been scalped were also tested after removal of particles larger than 13.2 mm. 

Scalping out the fines led to reductions in both the modified MDD and the corresponding OMC 

irrespective of the maximum particle size (Shackel, 2006a). The materials with fines smaller than 

1.18mm removed, exhibited permeability almost 100 times greater than the unmodified material. 

For the basecourse material used by Shackel (2001), fines were removed. It was evident that simple 

measures such as scalping out fines could greatly increase the permeability of basecourse 

materials. However, the influence of fines removal on the mechanical properties of the material 

needed further investigation. The resilient modulus, Mr, was selected by Shackel (2001) as the 

parameter that would best describe the mechanical properties of the materials tested. 

The response of the materials to repeated triaxial loading depended on the degree of saturation 

during the test and the PSD. Irrespective of the repeated stress levels, the resilient modulus 

decreased with increase in the degree of saturation. Typically, an increase in saturation led to 

reductions in Mr between 40% and 70%, depending on the gradation and maximum particle size. 

For the materials used in the study by Shackel (2001), Mr, increased with increase in Cu, the 

undrained strength of the material. The tests showed that the permeability of a typical crushed rock 
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base material could be significantly increased by scalping out the finer fractions of the material. 

This was accompanied by a reduction in resilient modulus. Shackel (2001) suggested that removal 

of material smaller than 1.18mm reduced Mr by approximately 30% to 55%, whereas scalping 

material smaller than 0.600mm caused modulus reductions between 20% to 45%. The choice of 

unbound material for the permeable base is typically a compromise between permeability and 

modulus or structural capacity. 

4.2 Methods of Laboratory Compaction 

Compaction is a key process in the construction of pavement layers. It is significant in ensuring 

the structural integrity of the layer and has an influence on the engineering properties and 

performance of the pavement layer. It is important that field and laboratory compaction is 

undertaken correctly. For this reason, laboratory compaction methods have been developed to 

simulate the field compaction process in the laboratory.  

There are five popular modes of compaction in the laboratory: 

• Vibratory Compaction, 

• Impact Compaction, 

• Static Compaction, 

• Gyratory Compaction, and 

• Kneading Compaction. 

Laboratories that perform cyclic triaxial tests on unbound granular materials occasionally develop 

their own methods for specimen compaction and preparation. Hoff et al. (2004) evaluated the 

influence of gyratory compaction, modified Proctor impact hammer, vibratory hammer and 

vibratory table on the resilient modulus and permanent deformation of unbound granular material 

using cyclic loading. Triaxial cyclic loading was undertaken at a constant confining pressure and 

varying deviatoric stress per stage. Testing was conducted at a frequency of 10Hz. The results of 

the research showed that no systematic difference was found for the resilient modulus as a result 

of the different methods of compaction. However, significant differences in permanent 

deformation were found between specimens compacted to the same density, using different 
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methods. Specimens compacted using a vibratory compaction method showed about 20 - 25 % 

higher resistance to incremental failure and 40 – 50 % higher limit values for purely elastic 

behaviour in comparison to specimens compacted using the modified Proctor impact hammer 

(Hoff, 2004).  

For granular soils used in this research, impact compaction is inappropriate due to the cohesionless 

nature of the soil. During impact compaction, the particles have a tendency to dislodge following 

load drops, resulting in low dry densities (Shahin, 2011, Chilukwa, 2013, Kelfkens, 2008).  

In New Zealand, when compacting granular cohesionless material, the modified AASHTO 

compaction method has been replaced by the vibratory hammer compaction method. The primary 

reason is that New Zealand has softer aggregates due to its “youthful” geological position in the 

world, and the heavy dynamic compaction of the modified AASHTO compaction method causes 

a change in the grading. This influences the MDD and OMC. The vibratory hammer compaction 

method was used to determine the moisture-density relationship of the material. Preliminary 

compaction of specimens used for determination of OMC in the present study indicated that 

vibratory compaction also causes changes in PSD of material, as shown by Figures 4-2 and 4-3. 

Some of the variations in PSD which is shown in Figures 4-2 and 4-3 can also be attributed to the 

compaction duration and confinement conditions of the specimens, which are further discussed in 

Sections 4.4 and 4.5 of this chapter respectively. 
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Figure 4-2: Post compaction PSD of M/4 aggregates following determination of MDD and OMC. 

 

Figure 4-3: Post vibratory compaction PSD of permeable specimens. 
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The degree of compaction achieved by the vibratory and modified AASHTO compaction methods 

was evaluated. The results, which are presented in Chapter 3: Section 5.1.1, showed that vibratory 

compaction could achieve a greater degree of compaction than the modified AASHTO or Proctor 

compaction method. Increased degree of compaction has the following effects on basecourse 

performance (van Nierkerk, 2002): 

• Influences cohesion values (especially at compaction levels greater than 100%), and 

• Has a positive influence on the magnitude of the resilient modulus. 

Van Nierkerk (2002) goes on to say that gradation and composition of a granular base have an 

influence on pavement performance but are secondary in comparison to the influence of stress 

conditions, the degree of compaction and moisture content. 

The influence of density, as described by the degree of compaction, has been regarded in previous 

studies as being significantly important in determining the long-term behaviour of granular 

materials (Barksdale, 1972, Thom, 1988c). Resistance to permanent deformation under repetitive 

loading is improved due to an increase in density. Barksdale (1972) studied the behaviour of 

several granular materials and observed an average of 185% more permanent axial strain when the 

material was compacted at 95% instead of 100% of maximum dry density.  

The influence of grading was also studied by Thom and Brown (1988b) and was found to vary 

with the degree of compaction. When un-compacted, the specimens with uniform grading resulted 

in the least permanent strain. The resistance to plastic strain was similar for all gradings when the 

specimens were heavily compacted. The influence of the degree of compaction on strain is 

presented in Figure 4-4 below.  
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Figure 4-4: Influence of compaction of permanent strain, from (Thom, 1988c). 

Conclusions from Thom and Brown (1988b) were disputed by Dawson (1996), who found the 

influence of grading on permanent deformation to be more significant than the degree of 

compaction. The differences in findings between Thom and Brown (1988b) and Dawson (1996) 

may be related to the wide range of densities and gradings adopted by Thom and Brown, which 

exceeded the range typically expected in any pavement. The influence of fines content was 

investigated by Barksdale (1972) and Thom and Brown (1988b), who concluded that permanent 

deformation resistance in granular materials is reduced as the fines content increases. However, 

opinion is divided as to whether the degree of compaction or grading has a greater influence on 

permanent deformation. Researchers agree that both factors significantly influence the permanent 

strain of basecourse aggregates. 

4.2.1 Vibratory Compaction 

Laboratory vibratory compaction if preferred mainly due to its ease of use and efficiency in 

effectively compacting specimens for a relatively low cost (Araya, 2010, Hoff, 2004, Chilukwa, 

2013). Common methods of field compaction comprise of vibratory compaction, and researchers 

believe that vibratory compaction in the laboratory yields a better correlation between field and 
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laboratory results (Patrick, 2010, Arnold, 2004, Chamblin, 1962). Field validation of laboratory 

compaction is achieved if the compaction tests in the laboratory were conducted under conditions 

representative of field compaction. 

Laboratory vibratory compaction can be achieved by using a vibrating hammer or a vibrating table. 

Chilukwa (2013) and Chamblin (1962) identified that the vibratory hammer is capable of 

producing densities comparable to those produced from vibratory table compaction. For the 

purposes of this study, vibratory hammer compaction is considered due to the unavailability of a 

vibrating table compaction setup. 

Repeatability and reproducibility are important variables when conducting RLT tests as they can 

greatly influence test results (Toan, 1975). Eliminating as much variability as possible is highly 

recommended when comparing results between specimens. 

Repeatability tests conducted by Chilukwa (2013) showed that, the vibratory hammer compaction 

method was effective in compacting graded crushed stone material and that vibratory hammer 

compaction did not result in significant material disintegration. However, Shahin (2011) states that 

the New Zealand vibrating hammer compaction test procedure has been proven to provide 

inconsistent results. Shahin (2011) found up to 20% variation in vibratory compaction MDDs. The 

variations can be caused by operator error, natural properties, hammer energy, water content, 

mould size, oversized particles, aggregate degradation and aggregate segregation.  
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Figure 4-5: Vibrating hammer compaction setup for determination of OMC and dry density. 

 

Figure 4-6: Vibrating table compactor. 
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Chamblin (1962) correlated the densities achieved through laboratory compaction with field 

densities. The compaction techniques used were vibratory compaction, using a vibratory table and 

dynamic compaction. It was concluded that laboratory vibratory table compaction produced higher 

density than standard dynamic compaction and correlated well with field densities (Chamblin, 

1962). 

The difference between vibratory hammer and vibratory table compaction is the vibrating table 

method places a static load on top of the specimen contained within a mould and applies continuous 

vertical vibrations from the bottom. In contrast, the vibrating hammer method utilises a vibrating 

hammer which is placed on top of the specimen contained within a mould and applies vibratory 

forces at a high frequency for a specified time. The vibrating hammer method is preferable due to 

practical correlation with field compaction techniques. In New Zealand, the vibratory compaction 

procedures are outlined in the standard NZS 4402 Test 4.1.3 (NZS, 1986d). Due to uncertainty in 

specimen repeatability and reproducibility, some parts of the world continue to use methods of 

compaction other than the vibratory method. The sources of variability in a vibratory hammer test, 

as determined by Shahin (2011) are outlined in Table 4-3. 

Table 4-3: Potential factors influencing variability in vibrating hammer compaction test results, from Shahin (2011). 

 

Eliminating as much variability as possible is highly recommended when comparing results 

between replicate specimens. Kneading compaction eliminates some of the variability that arises 

from operator/technicians, aggregate segregation and the compactor itself. Vibratory hammers are 

designed to operate at different frequencies, which produce different results. 

Toan (1975) recommends the diameter of the specimen mould to be six to eight times greater than 

the maximum aggregate size, allowing for aggregate re-orientation. However, the New Zealand 

vibratory hammer standards specify a 150mm diameter mould which is four times the maximum 
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aggregate size of 37.5 mm (NZS, 1986d). This reduction in ratio produces additional variation in 

compaction results (Shahin, 2011). The source of variation is believed to be lack of aggregate re-

orientation in the small 150mm mould. USA and UK vibratory hammer specifications recommend 

scalping of aggregates retained in the 19mm sieve when a 150mm diameter mould is used for 

compaction to avoid such variations. The reproducibility values which originate from using NZS 

(1986c) are two to four times larger than the BS (1990). This increase in reproducibility values 

may justify a rework and/or revision of the current vibratory hammer compaction standard. The 

reproducibility characteristics of specimens produced from using NZS (1986c) are discussed in 

further detail in Section 4.8 of this chapter. 

Initially, a target dry density of 98% of MDD was adopted, which was derived from NZTA 

Specification for Construction of Unbound Granular Pavement Layers (TNZ, 2005). The MDD of 

the aggregate used was 2.38t/m3, resulting in a target density of 2.33 t/m3 for each mode of 

compaction. The methodology of compacting to a target density per layer has previously been used 

by Arnold (2004) and Kelfkens (2008). The limitations of using a target density method of 

compaction have been previously described in Chapter 3: Section 5.1.1. The target density method 

of vibratory compaction results in density gradients for each layer, which is dependent on the PSD 

composition of the layer. Density gradients introduce unwanted variations in RLT tests. Another 

method of vibratory compaction uses a standard pre-determined duration of compaction per layer. 

The density produced using a standard compaction duration needs to correlate with representative 

field densities for the material. For both methods of vibratory compaction, there are several factors 

that influence the density and consequent PSD of the compacted material. Kelfkens (2008) 

identified that the water content, surcharge weight and compaction energy all greatly influence the 

time required to compact specimens using vibratory compaction. 

4.2.1.1 Energy 

Hammer input power rating has a significant influence on the variation of the vibrating hammer 

compaction test results. Hammers with high input power ratings apply a greater compaction effort 

on the specimen during compaction in comparison to a hammer with a relatively lower input power 

rating (Shahin, 2011). However, higher compaction efforts also result in greater changes in PSD, 

caused by aggregate degradation. 
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According to NZS 4402 Test 4.1.3, the maximum energy output that can be achieved in during 

laboratory vibratory compaction is 92.7 kJ per layer, based on a compaction duration of 180 

seconds per layer and energy of 1200W (Kelfkens, 2008). Kelfkens (2008) indicates that the 

maximum compaction energy for New Zealand is more than twice that of UK or US, which are 

approximately 42kJ. The difference in compaction energy is largely the result of the New Zealand 

standard allowing an extended compaction duration of 180 seconds rather than 60 seconds 

specified in the UK and US standards for vibratory hammers with similar output power ratings. 

The equation for calculating the energy output of the vibratory hammer from Kelfkens (2008) is 

as follows: 

Equation 4-2: Energy calculation for vibratory hammer compaction (Kelfkens, 2008). 

E= NoLayers x CompTime x Amp x Freq x Wh / 1000 

Where  

E = energy (kJ);  

Wh = weight of the vibratory hammer during compaction or the weight of the surcharge in the 

case of the vibratory table (N);  

Freq = frequency (Hz);  

Amp = amplitude (m);  

CompTime = Compaction time per layer (sec);  

NoLayers = No of layers compacted. 

For the three hammers and mould setups used in this compaction study, the energy applied per 

second to the specimen is summarised in Table 4-4. 
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Table 4-4: Vibratory hammer specifications. 

Hammer Type 
Kango 

950K 

Kango 

900kV 
Bosch GSH 16-30 

input energy (W) 1050 1050 1750 

frequency (Hz) 36.7 33.3 21.7 

weight (kg) 11.4 10 16.5 

Test Size Energy (J/s)  

small (2 layers) 74.68 65.43 50.78 

medium (3 layers) 87.35 77.42 60.11 

large (8 layers) 87.35 77.42 61.19 

Table 4-4 displays the energy per second applied by the hammer assembly to the top of the 

specimen. Each specimen mould and hammer combination has a different load shaft and 

compaction plate setup which results in a different combined weight for each setup. The 

differences between the Kango 900kV and Kango 950K setups are minor. The Bosch hammer 

setup is significantly heavier than the other two setups but has a lower frequency, therefore 

resulting in lower energy output. Based on a compaction duration of 60 seconds per layer, all the 

hammer setups are within the maximum energy tolerances of NZS (1986c) and BS (1990). 

4.2.2 Impact Compaction 

Impact compaction, also known as the Proctor compaction test, was named after its developer 

Ralph Roscoe Proctor (Proctor, 1933). The test involves dropping a hammer of specified weight 

and height onto the specimen, with each drop following the previous in an arrangement around the 

surface of the specimen. The test is embodied in the New Zealand Standard Compaction Test 

abbreviated as NZS 4402 Test 4.1.1 (NZS, 1986g). New Zealand standards specify a hammer 

weighing 2.5 kg but do not specify a height at which the hammer is to be dropped from. The test 

is widely used around the world due to the low cost associated with it and its efficiency. However, 

there are some disadvantages when using the impact compaction test. Literature suggests impact 

compaction is inappropriate for cohesionless material such as basecourse aggregate due to the 

factors below (Felt, 1986);  

• There is limited confinement on the specimen; the cohesionless particles easily displace 

when struck by the rammer.  

• The impact force is considered small and limited when compacting cohesionless soils.  
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• The mould restraint and friction between the particles oppose the particles packing closer 

together by moving horizontally. 

The conclusions drawn from Felt (1986) are further reinforced by Karan (2012a) who conducted 

impact compaction of CBR specimens. During compaction, some aggregate particles exited the 

mould when the compaction hammer was struck. This was due to the lack of cohesion between 

the particles resulting in aggregates dislodging when struck by the hammer. Furthermore, impact 

compaction does not produce satisfactory results when compacting granular soils. Impact 

compaction can lead to the degradation of larger granular materials (Dunlap, 1966). Degradation 

tends to increase as the percentage of course aggregates is increased. Research conducted by Karan 

(2012a) shows the degradation of particles from impact compaction. Karan (2012a) followed NZS 

4402 Test 4.1.1 (NZS, 1986g) for compaction and NZS 4402 Test 2.8.2 (NZS, 1986f) for 

determining the PSD. Figure 4-7 shows the results of these tests. 

 

Figure 4-7: PSD change from impact compaction (Karan, 2012a). 

It is evident from Figure 4-7 that there is a change in PSD resulting from impact compaction and 

to a lesser extent from the CBR test. Although, the PSD of all specimens tested were within the 

TNZ upper and lower limits for basecourse materials (TNZ, 2006). However, further degradation 

as a result of traffic loading may result in a PSD curve that is outside the limits before the design 
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life of the pavement is achieved. Additionally, it is difficult to get a naturally flat surface required 

for CBR and RLT tests on top of the specimen using Proctor compaction. 

Other methods such the ‘heavy’ compaction test otherwise known as NZS 4402 Test 4.1.2 (NZS, 

1986h) or ‘Modified Proctor’ test, which uses a heavier hammer and the Marshall Hammer 

compaction test, which uses a hammer with a greater diameter and a smaller mould, are known to 

have similar issues as the standard impact or Proctor compaction test (Shahin, 2011). 

4.2.3 Gyratory Compaction 

Gyratory compaction originated from research conducted by the U.S Army corps of Engineers and 

the Texas Transportation Institute (Ping, 2003). Using Gyratory compaction prevents segregation 

and stratification since the specimen is prepared in one layer (Luxford, 1975). 

There are conflicting reports on the degradation that occurs during gyratory compaction. Some 

authors have observed very little, or no degradation in the sample, whilst others have observed 

significant extent of aggregate degradation (Luxford, 1975). Due to the unavailability of gyratory 

compactors, it was not used to compact basecourse specimens for this research. 

4.2.4 Kneading Compaction 

Kneading compaction is typically used to compact subgrade materials that are cohesive in nature. 

Kneading compaction rearranges particles into a denser mass by squeezing particles together. It 

has previously been used to compact soils heavy in clay content. Its action and particle re-

orientation in the laboratory is simulative of the sheeps-foot (pad-foot) roller in the field. The 

sheeps-foot roller can be used, on occasion, to compact granular material with the presence of 

some fines, similar to M/4 basecourse material.  

The compactor foot relies on a controlled vertical pressure densifying the aggregate with a shearing 

action to closely simulate the action of sheeps-foot and static roller (Duske, 2011). There has been 

much debate over which laboratory method is ideal for compacting granular material. Toan (1975) 

believes that the action of flat rollers in the field is a kneading action; therefore, it is ideal to use 

kneading compaction in laboratory testing since it closely resembles field compaction. The 

kneading effect during static roller compaction occurs at roller width joints. The kneading 

compactor also produces good specimen repeatability and reproducibility which is important when 

compacting replicate RLT specimens (Toan, 1975). On the contrary, Kelfkens (2008) and 
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Chilukwa (2013) believe that static compaction such as kneading compaction is more appropriate 

for cohesive clays then granular material due to increased particle sizes. 

The criteria for laboratory methods of compaction to prepare specimens for testing to measure 

physical properties are (Duske, 2011): 

• the same densities as field samples, 

• the same structure (relative orientation and distribution of particles) as field 

samples, and 

• the same physical degradation (particle crushing) as field samples. 

Desirable compactor features are: 

• Control to give reproducible results,  

• Produce uniform specimen layers, and 

• Versatility to enable a wide range of densities to be achieved.  

4.3 Field Compaction 

Field compaction of soils can be undertaken using various types of rollers. A minimum number of 

passes must be made with the chosen compaction equipment to produce the required degree of 

compaction. This number (which depends on the type and mass of the equipment and on the 

thickness of the soil layer) is usually within the range of 3 to 12. There is no significant increase 

in density above a certain number of passes; this is otherwise known as the plateau density (Craig, 

2004). Basecourse layers undergo densification following field compaction and traffic loading to 

an extent until the pavement density reaches a saturation point. This is when rutting starts to occur 

(Salt, 2011). 

Some common rollers used in the field are: 

• Sheeps-foot (pad-foot) roller, 

• Smooth-wheeled roller, and 

• Pneumatic-tyred roller (PTR) 

The energy that is required to compact soils in the field can be applied by means of a mixture of 

the four methods of compaction; kneading compaction, static compaction, dynamic or impact 
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compaction and vibratory compaction. Each of the methods is different due to the nature of the 

forces applied and the duration of the forces. For this reason, each roller serves a different purpose 

and is appropriate for compaction of a particular soil type such as for cohesive soils; sheeps-foot 

rollers or pneumatic rollers provide the kneading action. Silty soils can be effectively compacted 

using sheeps-foot, pneumatic or smooth wheeled rollers. For compacting sandy or gravelly soil, a 

combination of flat drum and low-frequency vibratory rollers are most effective. If granular soils 

have some fines, both smooth wheel and pneumatic rollers can also be used (Chilukwa, 2013) 

4.3.1 Sheeps-foot Roller 

Sheeps-foot rollers are often used to compact cohesive material. This type of roller uses a kneading 

action to compact the layer. Sheeps-foot rollers comprise of a drum of widths ranging from 120 to 

180cm and diameters ranging from 90 to 180cm. Projections, like ‘sheeps-feet’, are fixed on the 

drums. The lengths of these projections range from 17.5 to 23cm (Chilukwa, 2013). 

 

Figure 4-8: Sheeps-foot roller. 

4.3.2 Smooth-wheeled Rollers 

One of the more common field compactors is smooth-wheeled rollers. They are used to compact 

granular material or asphaltic concrete on a large-scale. The static version is a cheaper option than 
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the vibratory roller and may cause less aggregate degradation when used to compact granular 

layers. However, using a static roller may produce a lower density than a vibratory roller.  

 

Figure 4-9: The smooth-wheeled roller. 

Smooth wheel rollers use steel drums to compress the underlying layers. They are characterised 

by a diameter, width and weight. They can have one, two or even three drums. Tandem (two-drum) 

rollers are most often used for asphalt compaction while single drum rollers are used for granular 

material. The vibratory smooth-wheeled roller is more common in New Zealand when compacting 

relatively cohesionless basecourse layers. The high energy output of a vibratory roller can be used 

to achieve higher densities. Vibratory rollers are powerful and versatile and require considerably 

fewer passes in comparison to static rollers (Thom, 1988a). However, vibratory rollers can result 

in accumulation of additional fines before traffic loading is applied. Salt (2011) states that many 

of the poorly performing basecourses in New Zealand show either excessive fines or a deficit of 

sand sizes when test pit investigations of failed pavement sections are undertaken.  
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4.3.3 Pneumatic Rollers 

 

Figure 4-10: Pneumatic-tired roller (PTR), from Chilukwa (2013). 

Heavy pneumatic-tired rollers (PTRs) are designed so that the weight can be varied to apply the 

desired compaction effort. They are designed with a steering/oscillating axle at the front and a 

rigid drive at the rear (Chilukwa, 2013). The effectiveness of PTRs is influenced by the load per 

wheel, tire pressure, width of the roller, percentage coverage per pass, the overlapping of passes 

and speed of the roller. Typically, the higher the tire pressure, the greater the contact pressures and 

the greater the compaction effort obtained. Thus, at a higher pressure, the number of passes 

required to achieve a dry density can be reduced. However, if the tyre pressure is too high, a bearing 

capacity failure will occur, and the soil layer may be rutted without compaction.  

4.3.4 Limitations of Basecourse Compaction 

Research conducted by Werkmeister (2004) identified particle breakage occurring when the load 

applied during RLT testing exceeded the strength of the grains. Sieve analysis after testing showed 

some particle breakage. However, it could not determine which part came from compaction during 

specimen preparation and which part arose from triaxial testing. Particle breakage allows relatively 

large-scale particle reorientation and a non-stable aggregate skeleton such that large plastic strain 

rates become credible. The friction between the grains is not sufficient to withstand the loading 

since particles carrying the highest loading have been crushed or otherwise broken, leaving less 

interparticle interference. An increase in the resilient strains is observed due to the lower frictional 

resistance offered by the damaged material (Werkmeister, 2004). 
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Werkmeister (2004) states that the engineer has a means of investigating the effect of changing 

grading. In New Zealand, there is no clause in the M/4 basecourse specification (TNZ, 2006) that 

binds the contractor or the engineer to adhere to the PSD envelope set out for AP40 or AP20 

basecourse material post-compaction. As discussed earlier, some methods of basecourse 

compaction greatly impact the PSD of aggregates. A combination of static (flat drum roller) and 

vibratory modes of compaction are seldom used in-field.  Similar to vibratory hammer compaction 

in the laboratory, field compaction can also result in particle degradation. A change in PSD in the 

field from assumed gradings used to predict pavement life is believed to lead to unpredictable 

basecourse behaviour and contribute to premature failure (Henning, 2012). The influence changes 

to PSD on basecourse deformation and behaviour needs to be investigated and understood in the 

field. A practice adopted by VicRoads is to confirm the quality and quantity of fines of the 

basecourse post-compaction, thereby reducing the risk of premature failure (Salt, 2011). Post 

compaction testing also provides assurance that the material which reaches the site is consistent 

with that from a previously approved stockpile and directly addresses issues such as source 

variability, segregation, the extent of working/reworking and over-compaction with steel rollers. 

Post compaction testing presents contractual issues, but there is no practical alternative that will 

address the current issues with the premature distress of M/4 compliant basecourses.  

4.4 Specimen Compaction 

In New Zealand, as in most developed countries, there is an increasing demand for performance-

based specifications for road construction. Performance characteristics of the road are obtained 

through laboratory testing in conjunction with field testing. More recently, the use of RLT testing 

has become frequent in developing these specifications. Although the RLT test itself is proving to 

be very effective in predicting pavement performance, the methods of compaction used in 

laboratories globally to prepare specimens lack repeatability, reproducibility and correlation with 

field compaction. Laboratory compaction tests are meaningless unless they are able to simulate 

the field compaction process they are intended to represent. The greatest care should be taken such 

that the field behaviour is reproduced in the laboratory; otherwise, the laboratory results will have 

little significance in the field process which is supposedly being studied. This could lead to serious 

consequences regarding the practical conclusions and would mislead engineers who rely 
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principally on the results of the laboratory tests for making decisions concerning the field 

compaction process. 

The basis of the RLT test is to simulate traffic movement effects on pavement basecourse, and this 

allows pavement fatigue behaviour under cyclic loads to be monitored. It is believed that the RLT 

test, when used in conjunction with source and production testing, can give greater confidence in 

predicting basecourse performance and ultimately allows an estimate of pavement life under 

various loading conditions (Lowe, 2007). 

The RLT test uses Linear Variable Displacement Transducers (LVDTs) to measure vertical, 

horizontal and occasionally radial deformation. Some small-scale RLT tests are performed using 

a cell of approximately 150mm diameter. However, this restricts the maximum aggregate ALD to 

20mm if recommended maximum aggregate size to specimen diameter ratios are adhered to. The 

triaxial cell used for this research is 250mm in diameter and 625mm high. This allows the inclusion 

of 37.5mm particles, which is the maximum allowable particle size for M/4 basecourse aggregate 

in New Zealand. The inclusion aggregates smaller than 37.5mm ALD allows for an accurate 

laboratory assessment of in-service basecourse behaviour. The small-scale RLT apparatus 

(150mm Ф x 300mm high) is preferred globally over the large-scale RLT due to its ease of use, 

reduced testing duration and lower operation and consumable costs. However, the small-scale RLT 

cell requires scalping of aggregates with an average least dimension (ALD) greater than 20mm 

(Araya, 2010, Shackel, 2006a). Aggregates with an ALD greater than 20mm are seldom tested in 

the small-scale RLT. The lack of size restriction on ALD leads to unreliable and inconsistent 

results as a consequence of edge effects (Li, 2013).  

Several modes of compaction can be used to compact RLT specimens. Vibratory hammer 

compaction is most commonly used. Preference for vibratory hammer compaction is typically 

dictated by ease of compaction and lack of manual effort required to compact the specimens. 

Literature suggests that vibratory compaction can lead to the degradation of aggregates, leading to 

a change in PSD. Aggregate degradation, leading to accumulation of fines is undesirable for 

unbound permeable layers as it influences its permeability, which in turn affects the life of the 

pavement. Kneading compaction is uncommon for compacting RLT specimens. Toan (1975) noted 

kneading compaction leading to lesser changes in PSD in comparison to vibratory compaction. 
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The specification for RLT testing in New Zealand NZTA (2012) is based on specimens that have 

been compacted using vibratory compaction. Identifying the influence of vibratory compaction on 

aggregate degradation, reproducibility and repeatability will provide validity to the results and 

conclusions that have led to the development of the specification. 

4.4.1 Kneading Compaction 

At the outset of the research, it was uncertain whether to use kneading or vibratory compaction for 

compacting RLT test specimens. In the field, both permeable and M/4 basecourse layers would 

typically be compacted using vibratory and static rollers. The vibratory and static rollers are often 

between 1.2 to 2.1m wide. Therefore, more than one pass would be required to cover the transverse 

zone to effectively compact a 3.5m lane. The joints created in between compactor passes can be 

considered to be compacted using a kneading action and the area directly under the compactor can 

be considered to be compacted using vibratory compaction. Thus, the action of the vibratory roller 

can be classified as either vibratory or kneading in the laboratory.  

As previously outlined in Section 2 of this chapter, the opinion of researchers is split on whether 

kneading compaction can be used to compact granular material. Kneading and vibratory 

compaction were further evaluated to identify correlations with field compaction. The intent was 

to identify which mode of compaction yielded better correlation with realistic field densities and 

PSD’s; and which method of compaction provided greater repeatability and reproducibility of 

specimens. The M/4 and permeable basecourse were used to compare the differences in dry density 

and PSD between specimens compacted using kneading and vibratory compaction. The results of 

this particular study are also available in Karan (2014).  

4.4.1.1 M/4 Specimens 

Figure 4-11 shows the results of PSD testing on M/4 aggregates compacted at 4% water content 

using kneading compaction. Despite deviations across all aggregate sizes, the PSD of all layers of 

compaction is within 10% of the ‘pre-compaction’ PSD and within the M/4 envelopes. These set 

of PSD test results agree with work undertaken by Toan (1975) minimal changes in post-

compaction PSDs were recorded for basecourse compacted at a foot pressure of 1000 kPa using 

the kneading compactor. 
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Figure 4-11: Compaction of M/4 aggregates at 4% WC using kneading compaction. 

A similar trend in post-compaction PSD of M/4 material was found between both vibratory and 

kneading compaction. Figure 4-12 shows that there is little change in PSD as a result of vibratory 

compaction. Most of the layers tested are within the M/4 basecourse envelopes from TNZ (2006). 

This is contrary to the research done by Shahin (2011) but comparable to work done by Chilukwa 

(2013). A reason for the disagreement may be due to reproducibility issues identified by Shahin 

(2011) and compacting large aggregates in a small mould using different vibratory hammers. The 

larger diameter mould was predicted to reduce the effects of aggregate degradation, and this is 

evident from Figure 4-12. In comparison, if a similar material was compacted in the field using 

similar energy levels (which is often not the case), the effects of aggregate degradation can be 

predicted to be further reduced as there is even lesser rigid confinement of the aggregates in 

comparison to the confinement conditions in the large mould. The rigid walls of the compaction 
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mould, as well as testing larger aggregates than recommended in the small mould, can contribute 

to the degradation of aggregates.  

 

Figure 4-12: Compaction of M/4 aggregates at 4% WC using vibratory compaction. 

There is a minor deviation from their pre-compaction states for both kneading and vibratory 

compaction when the amount of vibratory energy is controlled. This leads to the conclusion that 

there is no significant aggregate degradation occurring from vibratory or kneading compaction of 

M/4 aggregate when recommended aggregate ALD to specimen diameter of at least 1:6 is adopted. 

This may not be the case in a standard CBR mould (150mm diameter by 125mm specimen height), 

which is frequently used to test the MDD of M/4 basecourse material. The results may also vary 

for the small-scale RLT specimens, where a 150mm diameter by 300mm high mould is used. The 

effects of mould size on compacted dry density and PSD are further evaluated in Section 4.5 of 

this chapter. 
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4.4.1.2 Permeable Specimens 

The PSD results of post kneading compaction of the permeable aggregates that were compacted at 

1% WC are presented in Figure 4-13. The trend in Figure 4-13 is different from the PSD trends 

displayed in Figure 4-11. There is a reduction in fines (materials passing the 2.36mm sieve) for 

layers 2 to 5, and there is a significant increase in fines content for layer 1. This can be attributed 

to aggregate segregation, which is more likely to occur within the permeable basecourse in 

comparison to the M/4 basecourse due to higher voids content. Segregation of the basecourse 

material is very common in the field and in laboratory tests (do Prado, 2016). There are a lot more 

void spaces in permeable basecourse, allowing for transportation of finer aggregates, facilitated by 

gravity. The influence of fines transportation can be analysed by undertaking permeability and 

RLT tests. Chapter 5 and 6 discuss the results of RLT and permeability tests conducted on the 

permeable specimens respectively. The effects of aggregate segregation in the field also need to 

be understood so appropriate correlations can be made with basecourse performance in the 

laboratory. 

 

Figure 4-13: Compaction of permeable aggregates at 1% WC using kneading compaction. 
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Only four layers were compacted for the permeable basecourse specimen presented in Figure 4-

14 due to the failure of the vibratory compactor after compaction of the fourth layer. Despite this, 

Figure 4-14 shows a similar trend to Figure 4-13, where the permeable specimen was compacted 

using the kneading compactor. In Figure 4-14, there is an increase in fines content for layer 1, 

whilst a reduction in fines content for layers 2 to 4, similar to Figure 4-13. The PSD results 

displayed in Figure 4-14 coincide with Shahin’s (2011) conclusion that vibratory hammer 

compaction may lead to segregation of aggregates. This is also the case for kneading compaction.   

The increase in fines content of layer 1 shown in Figures 4-13 and 4-14 may be primarily due to 

aggregate segregation and secondarily due to aggregate crushing. If there was aggregate crushing 

taking place, then there would also be a gradual increase in fines content from layer 6 (or layer 4 

for Figure 4-14) to layer 2. However, the high voids content of the basecourse makes it difficult to 

detect aggregate degradation for each layer. 

 

Figure 4-14: Compaction of permeable aggregates at 1% WC using vibratory compaction. 
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Results show that there is no significant aggregate degradation as a result of either vibratory or 

kneading compaction using a 250mm diameter mould but rather fines transportation. The PSD 

results of Figures 4-11 to 4-14 indicate that either mode of compaction is appropriate for 

compaction of M/4 or permeable aggregates. However, the dry densities for the permeable 

basecourse displayed in Table 4-5, indicate a difference in compacted density between the two 

modes of compaction. 

Table 4-5: Dry densities achieved from Kneading and Vibratory compaction. 

Dry Density (kg/m³) 

Compaction 

Type 

M/4 

Basecourse 

Permeable 

Basecourse 

Kneading 2043 1853 

Vibratory 2070 1961 

It should be noted that these compaction tests were conducted at an early stage of testing and the 

densities achieved for the M/4 basecourse at this stage were slightly less than those obtained once 

experience in testing was gained. According to Shahin (2011), operator experience contributes to 

the variation in density achieved from vibratory compaction. Table 4-5 shows for M/4 basecourse, 

both the vibratory and kneading modes of compaction achieved similar densities. However, 

vibratory hammer compaction achieved a greater density in comparison to kneading compaction 

for the permeable basecourse. Based purely on laboratory compaction densities, this leads to the 

conclusion that vibratory compaction is more suitable for the compaction of both M/4 and 

permeable basecourse in the laboratory if a larger 250mm diameter by 625mm high mould is used. 

Plateau testing identifies the MDD achieved in the field. Procedures for plateau testing is outlined 

in TNZ (2005). Plateau testing should be undertaken to determine the densities that can be achieved 

for both these basecourse gradings before a laboratory method of compaction is confirmed. 

4.4.1.3 Aggregate Segregation 

In a comparative study conducted by do Prado (2016), the influence of vibratory compaction on 

post compacted PSD of laboratory and field compacted AP40 basecourse was studied. The results 

of this research showed that there is significant contribution to change of PSD for field and 

laboratory samples due to aggregate segregation, which agrees with research conducted in this 
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study and by Shahin (2011). The segregation of aggregate in the field occurs primarily in a 

horizontal direction due to a combination of basecourse tipping from trucks and vibratory 

compaction. The segregation exhibited within the large basecourse specimens in this study 

occurred in the vertical direction. To accurately simulate segregation occurring in the field, a 

similar size specimen needs to be replicated in the laboratory. However, this may be complex and 

costly to achieve. A more realistic approach is to use methods that are closest in replicating field 

conditions. 

Do Prado (2016) noted a significant change in PSD of the basecourse during field compaction and 

surface shaping, transforming the grading curve of the basecourse from well-graded to patches of 

gap-graded basecourse. The influence of segregation results in performance-based laboratory 

testing conducted on the initially well-graded basecourse is no longer applicable to the gap-graded 

basecourse that eventuates within the pavement layer. Figure 4-15 shows a change in PSD 

occurring in the field as a result of aggregate segregation. This is similar to Figures 4-13 and 4-14 

for the permeable specimens. The extent of aggregate segregation occurring in the laboratory for 

the M/4 basecourse is less in comparison to the permeable basecourse. As previously stated, the 

permeable basecourse specimens have an increased likelihood of aggregate segregation due to 

higher voids ratio. The M/4 basecourse studied in this research has a very similar PSD to the MR9 

AP40 studied by do Prado (2016). The level of aggregate degradation and segregation in the 

laboratory for the 250mm specimens (shown in Figures 4-11 and 4-12), is similar to aggregate 

degradation and segregation occurring in the field, as shown in Figure 4-15. However, the extent 

of segregation and degradation shown in Figure 4-16, which is for the 150mm diameter specimens, 

is significantly different from Figure 4-15. As a result, field prediction of basecourse performance 

becomes very difficult and its context rendered irrelevant.  
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Figure 4-15: Particle size distribution of field compacted AP40 MR9 graph, from do Prado (2016). 

The findings on aggregate degradation and segregation in this research agree with work conducted 

by do Prado (2016), who conducted compaction tests to identify the extent of aggregate 

segregation and degradation occurring in the laboratory. However, it is difficult to differentiate 

changes in PSD that are associated with aggregate segregation and aggregate degradation. Do 

Prado (2016) conducted laboratory compaction tests using a vibratory hammer and a 150mm 

diameter by 125mm high specimen, following NZS (1986c). Due to the small specimen size, most 

of the changes in PSD were likely a result of aggregate degradation rather than segregation. There 

is limited room in the small mould to allow for aggregate segregation to occur, rather pumping of 

fines and aggregate degradation are prevalent. This condition worsened with the presence of 

37.5mm aggregates. The laboratory compaction tests showed significant aggregate degradation 

occurring, and the extent of aggregate degradation is presented in Figure 4-16.  
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Figure 4-16: PSD of laboratory compacted test using vibrating hammer, from do Prado (2016). 

The extent of aggregate degradation is severe, and the material no longer falls within the allowable 

envelopes for the material. The degree of aggregate degradation is much greater for the specimens 

compacted in the 150mm diameter mould in comparison to specimens compacted in the 250mm 

diameter mould in this research and aggregate degradation and segregation occurring in the field. 

This further validates the recommended ALD to specimen diameter ratio of 1:6 adopted in 

literature, when compacting basecourse aggregate specimens for laboratory testing. For the field 

compaction tests conducted by do Prado (2016), an average target density of 2200kg/m3 was 

targeted. The research conducted by do Prado (2016) indicates that the PSDs and densities that 

result from compacting specimens in the larger 250mm diameter mould more closely resemble 

field condition in comparison to specimens compacted in the 150mm diameter mould. The 

difference in specimen densities produced from both compaction moulds is further discussed in 

Section: 4.8 of this chapter. 
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4.4.2 Vibratory Compaction 

The predicted performance over the pavement life and its associated returns need to be known to 

justify expenditure on the construction or rehabilitation of a pavement. The CBR and the RLT tests 

are two common test methods that are used in the laboratory to predict granular material behaviour 

in the field. The CBR test is an index test for stiffness and fails to predict the effects of cyclic 

loading. The RLT test involves cyclic loading and is a more appropriate test used to predict the 

rutting and resilient response of the pavement. For the RLT test to reasonably predict the in-situ 

performance of a layer, the test conditions need to accurately simulate field conditions. The 

variables that need to be controlled include, but are not limited to, saturation levels, aggregate type 

and size distribution, fines content, underlying material, confining and deviatoric stress, cyclic 

testing rate, number of cycles, method and degree of compaction, all of which have been previously 

discussed in Chapter 2: Section 4.  

For the effective application of RLT test results, the degree of compaction achieved both in the 

laboratory and in-field need to be realistic and similar. The specification for construction of 

unbound granular pavement layers in New Zealand specify the mean dry density not to be less 

than 98% of the Maximum Dry Density (MDD), and the minimum value not to be less than 95%, 

of the laboratory MDD of the material (NZTA, 2005). When setting field density targets, little 

consideration is given as to the processes involved in achieving a target density and its influence 

on causing aggregate breakdown. A motivation for this research was the realisation that more 

attention needs to be directed towards laboratory basecourse compaction; in particular the NZS 

4402: Test 4.1.3 (NZS, 1986d) and its applicability to current pavement compaction techniques 

and whether it produces realistic density expectations. This realisation came about after a 

considerable discussion with industry engineers and technicians in New Zealand and overseas 

whose daily activities relate to the field and laboratory compaction of basecourse aggregates. 

Following discussions with industry engineers and technicians, and review of NZS 4402: Test 

4.1.3 (NZS, 1986d) the objective of this compaction research was formulated. The objective of 

this research is to determine the influence of compaction duration, test mould size and energy 

exerted on PSD and dry density during laboratory vibratory compaction of unbound basecourse 

aggregate. 
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The preference of laboratory vibratory compaction is mainly due to its ease of use and efficiency 

in effectively compacting specimens for a relatively low cost (Araya, 2010, Hoff, 2004, Chilukwa, 

2013). Additionally, given that vibratory compaction is also the primary in-field method of choice 

for compacting granular basecourse materials, it allows an appropriate comparison of results of 

the two processes with two different environments. This would allow the field validation of 

laboratory compaction if the compaction results from the laboratory were achieved in a manner 

that is representative of field compaction.  

4.4.2.1 Over- Compaction 

There can be inherent but unintended flaws within the test methodology that can cause specimens 

to be over-compacted in the laboratory. Over-compaction can be characterized by the resulting 

density achieved in the laboratory being higher than what is feasible to achieve in the field. The 

discrepancies between densities from field and laboratory can be attributed to the test conditions 

and equipment used. In the laboratory, compaction is achieved in a rigid mould under K0 

conditions, whereas in the field there is often limited lateral restraint. Trying to target an 

unrealistically high density in the field, leading to over compaction, can result in material 

breakdown, adding to the pre-existing problems associated with basecourse segregation which 

may result in de-densification, loss of basecourse structure and lead to premature pavement failure. 

Another manifestation of over-compaction is the case where the material becomes saturated, either 

due to the moisture content being higher than optimum or due to an excessive degree of compaction 

(Thom, 1988a). This leads to the development of positive pore pressures and a temporary 

weakening of the layer. In a material with high fines content, the water does not drain away, and 

conditions of near saturation prevail both during laying of the surfacing and after completion. This 

can result in the overlying bituminous layer cracking under the roller due to lack of support from 

the granular layer. 

4.4.3 Determination of OMC and MDD 

It has been established in Chapter 2 that the basecourse layer of a pavement is sensitive to moisture. 

Water present in a basecourse may originate from several sources. The water may arise from an 

underlying water level by capillary action, or by gravity spreading from the shoulder. The latter 

may be prevented by extending a seal coat over the shoulders of the pavement, and the former by 
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a ‘capillary break’ comprising of a coarse gravel blanket, or an impermeable seal at subgrade level 

(Toan, 1975). 

Moisture acts as a lubricant during compaction allowing material particles to slide past each other 

to achieve the desired density. Deficient moisture impacts negatively on this lubrication effect, 

resulting in inadequate compaction. Conversely, too much moisture leaves water-filled voids in 

the material after compaction. This reduces the load-bearing capacity of the material. Head (1984) 

assumes the moisture or water content (MC or WC) of a soil to be the amount of water within the 

pore space between soil grains which can be removed by oven drying at 105-110 °C, expressed as 

a percentage of dry soil. The optimum moisture or water content (OMC or OWC) is the required 

WC at compaction and can be different from the natural water content of the basecourse.  

A basecourse specimen that is compacted at OMC has the best chance of achieving the maximum 

density (Toan, 1975, Mallick, 2009). Higher densities result in greater structural strength due to 

greater particle interlock, making the OMC of specimens tested to be an important variable to be 

determined. The OMC of the greywacke basecourse material tested was approximately 5% (Karan, 

2012c, Karan, 2012b). 

Thom (2008) and Chilukwa (2013) discussed that if the water content is low; it tends to accumulate 

at contact points between particles due to surface tension effects at the air-water interface. This 

effectively creates negative pore water pressure (also known as suction) due to the difference in 

atmospheric pressure and pressure within the water. This, in turn, adds a small compressive force 

between particles making it harder for particles to slip past one another. This is undesirable during 

compaction as it is harder for particles to rearrange. 

Water is added to the soil to lubricate soil particles and air in the compaction process. If the water 

content is increased, suction is reduced as some of the voids become entirely filled with water. 

These water-filled voids can then potentially create positive pore water pressure, resisting 

reduction in the volume of the voids when a load is applied. The water content is so great that there 

is free water, so the voids in the soil are nearly filled, the soil cannot be compacted because water 

cannot be instantaneously squeezed out. Positive pore water pressure reduces inter-particle 

compressive forces, which in turn enables particles to slip over each other. This is undesirable 

during field loading conditions as inter-particle movement reduces strength and stiffness. 
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However, this condition is ideal for compaction as particle rearrangement becomes easier. A visual 

representation of the influence of moisture during compaction is presented in Figure 4-17 below. 

 

Figure 4-17: Visualisation of dry density and water content relationship, from (Thom, 2008). 

Compaction of soils is the process by which aggregate particles are packed more closely together 

by mechanical means, thus increasing the dry density (Head, 1984). The mode of compaction 

affects the particle orientation and hence the shape of the voids. Figure 4-17 shows the relationship 

between water content and dry density when different levels of compaction are applied. OMC is 

the condition at which compaction is easiest and higher densities are achieved. At water contents 

higher than optimum, there is no room for water in the mixture without the reduction of density. 

High water contents seldom result in the pumping of water from the upper face during vibratory 

compaction.  

Basecourse layers with greater density result in greater stiffness and strength, exhibit low 

permeability and minimise settlement in unbound basecourse material that contains fines. The 

material used for a typical unbound granular basecourse must be mixed and compacted at OMC 

and allowed to dry, maximising suction which increases the structural integrity of the layer. 
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Additional to its influence on compaction, a high moisture content decreases resilient modulus 

(Papagiannakis, 2008, Shackel, 2001). Resilient modulus is a parameter indicative of pavement 

response under traffic loading and is of significance to pavement engineers. The RLT tests can be 

performed in the laboratory to provide information on the resilient behaviour of basecourse 

specimens. 

AASHTO (2003) recommends the RLT test specimens to be compacted at in-situ wet densities 

and in-situ water content. The in-situ densities are collected using the nuclear densometer methods 

in the field. However, nuclear methods of acquiring field densities require validation since the 

density of the layer is not uniform throughout the depth of the layer. The wet density of the 

laboratory specimen is recommended not to be more than 3% of the target wet density and no more 

than 1% of the moisture content. If the in-situ moisture content or the in-place density is not 

available, the percentage of maximum dry density and the corresponding OMC specified by the 

individual road controlling authority is used (usually 95%). 

It is recommended by Lowe (2007) that RLT test specimens are compacted to a target MDD of 

95% and target OMC of 100%. A target moisture content of 5% was used by Lowe (2007) for 

North Island Greywacke. Zlender (2007) used OMC of 5.1% for his RLT test specimens consisting 

of unbound granular material (river gravel), which had a dry density of 2.2 t/m3. The OMC of 5% 

obtained for the material used in this research agrees with OMC of similar material in literature. 

Research from Shahin (2011) suggests an OMC for 6% for basecourse aggregate. High moisture 

content of 6% can exhibit pumping at prolonged durations of vibratory compaction. The causes of 

pumping are further discussed in Section 4.4.1 of this chapter. 

4.4.3.1 Permeable Basecourse 

The OMC of the permeable basecourse used in this research was between 1 to 2% which was the 

natural moisture content. The MDD of the permeable basecourse was 2.10 t/m3. Due to the 

permeable nature of the specimens, any additional water was seen to accumulate at the bottom of 

the compaction mould. The MDD will not be close to the zero air voids (ZAV) lines due to 

excessive voids and quick transportation of water through the specimen as a result of high 

permeability. Figure 4-18 presents the relationship between dry density and moisture content for 

the permeable basecourse. 
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Figure 4-18: OMC and MDD for the permeable basecourse. 

4.4.3.2 M/4 Basecourse 

The OMC for the M/4 basecourse specimens was 5% and the MDD was 2.38 t/m3. This agrees 

with the OMC and MDD of TNZ M/4 basecourse material used in literature. 
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Figure 4-19: OMC and MDD for M/4 basecourse. 

At higher moisture contents, typically above 5%, water pumping was witnessed during 

compaction, resulting in the dry density line exceeding the ZAV line as illustrated by Figure 4-19. 

The OMC determined from Figure 19 is different to the OMC determined by Shahin (2011), who 

found the OMC of M/4 greywacke basecourse from the same source quarry to be 6%. This may 

be due to operator variability, influenced by the testing procedure NZS 4402 Test 4.1.3. The 

vibratory hammer used for obtaining the OMC and MDD could alone provide variations of up to 

20%, as illustrated by Figure 4-20. 
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Figure 4-20: Effect of different vibratory hammers on dry density, from (Shahin, 2011). 

4.4.4 Influence of Compaction Duration 

The results discussed in this section are associated with two specimens that were compacted using 

vibratory compaction in a mould of the same geometry for two different durations. The compaction 

durations were 60 seconds and 180 seconds. The New Zealand vibratory compaction specifications 

state 180 seconds of compaction is required (NZS, 1986d). A comparison was made with the 

British standard for vibratory compaction which specifies 60 seconds of compaction (BS, 1990). 

The three different hammer systems were each used in the three different moulds. In total, 57 valid 

compaction tests were analysed to determine the correlation between compaction duration, PSD 

and dry density for each hammer system. For the tests utilising the large mould (250mm diameter 

x 625mm height), compaction durations of 40, 60 and 180 seconds were used. There was minimal 

variation in PSD between the three durations and slight variations in density, approximately. The 

density and post-compaction PSD were recorded for each test. 

4.4.4.1 Pumping of Fines 

When specimens were compacted for a duration of 180 seconds, pumping of fines was exhibited 

for all hammer systems for a specimen compacted at OMC. To calculate an accurate dry density, 

all the fines that have pumped up and out of the specimen and splattered around the mould need 

to be collected. These fines are then added to the specimen which is then dried in the oven prior to 

conducting PSD and density analyses.  
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Pumping of fines was more evident in the smaller 150mm x 125mm specimens. Very little 

pumping was witnessed in the medium 243mm x 175mm specimens, and there was no pumping 

in the case of specimens compacted in the large 250mm x 625mm mould. 

 

Figure 4-21: Fines pumped upwards after vibratory compaction. 

4.4.4.2 Variations in PSD 

The upper and lower limits outlined in Figure 4-22 are the respective upper and lower aggregate 

size limits for M/4 basecourse (NZTA, 2006a). Figure 4-22 shows the PSD results of the two 

durations of compaction for a 950K hammer assembly in the smallest mould size used in this study, 

i.e. 150mm x 125mm. There is no significant evidence that compaction duration has an effect on 

PSD when a hammer with a lower power rating is used. The results were similar for the 900kV 

hammer, which is presented in Appendix B. Both the vibratory hammers produced similar post 

compacted PSDs for all three of the specimen moulds used. The PSD and standard deviation results 

of these tests are presented in Figures B2-1 to B2-11 in Appendix B. 
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Figure 4-22: Influence of compaction duration, specimen size: 150mmx125mm, hammer 950K. 

Figure 4-23 shows PSD results using the heaviest hammer assembly in the smallest mould. 

Comparison with Figure 4-22 shows a significant difference in results between the low energy and 

high energy hammer assemblies. Use of the Bosch hammer resulted in aggregate degradation in 

particles retained post-compaction on the 2.36mm sieve and above. This phenomenon was only 

evident in the 150mm x 125mm specimens in this study. This agrees with work done by Shahin 

(2011) and do Prado (2016), as previously discussed in Section 4.1.3 of this chapter. There was no 

evidence of aggregate degradation for any of the hammer assemblies used in conjunction with the 

medium and large moulds, as shown in Appendix B, Figures B2-12 to B2-15. These results 

indicate that aggregate degradation is at its peak when hammers with high energy ratings are used 

to compact basecourse specimens for a prolonged duration in a small mould size. The extent of 

degradation is not severe enough to cause the PSD of the basecourse to exceed the upper M/4 limit 

as specified by (NZTA, 2005), but is on the verge of doing so. 
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Figure 4-23: Influence of compaction duration, specimen size: 150mm x 125mm, hammer: Bosch GSH 16-30, particle size 

distribution. 

 

Figure 4-24: Influence of compaction duration, specimen size: 150mm x 125mm, hammer: Bosch GSH 16-30, standard 

deviation. 
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Figure 4-24 shows the standard deviation for each sieve size for the two durations employed when 

three compaction tests were carried out for each duration using the small mould (150mm x 

125mm). The same test sequence was carried out employing the medium mould (243mm x 

175mm), which showed a smaller variation in test results. 

The variation in PSD test results is further reduced when the larger mould (250mm x 625mm) is 

used. The variation graphs using the medium and large moulds are presented in Appendix B: 

Section 1.3. The small mould shows the greatest variation which is further increased when the 

Bosch hammer assembly is used. Using the Bosch hammer assembly generally resulted in the 

variation in PSD being larger when the specimen is compacted for 180 seconds compared to 60 

seconds. The small specimen size results in the compaction being of an erratic nature, resulting in 

unpredictable and varied results. The presence of large aggregates in a small specimen is very 

influential in determining the fabric and structure of the specimen post-compaction.  

4.4.4.3 Scalped Tests 

There were three replicate tests conducted using the three vibratory hammers and the small 150mm 

diameter mould for scalped AP20 material. The scalped tests showed similar trends to the 

unscalped tests which utilised the full M/4 basecourse particle spectrum. Similar to the unscalped 

tests, the scalped tests conducted using all three hammers showed little variations in compacted 

PSD and aggregate degradation, shown in Figures B2-16 to B2-21 in Appendix B. This can be 

attributed to using the recommended aggregate ALD to specimen diameter ratio of 1:6. The 

influence of compaction duration on aggregate degradation was difficult to differentiate from these 

graphs as both the 60 and 180 seconds of compaction duration utilised resulted in similar PSDs. 

The variation between the three replicate tests was also similar to Figure 4-24 for all the hammer 

setups and provided no additional information regarding the influence of compaction duration on 

specimen repeatability. For all the tests conducted using the small mould, the standard deviations 

from Appendix B show that the variation in aggregate PSD, using replicate tests, is much greater 

than tests conducted using the larger diameter moulds. 

4.4.5 Influence of Mould Size 

It is evident from Figure 4-23 that compaction duration increases the effects of aggregate 

degradation on basecourse aggregate specimens when using the Bosch hammer assembly and the 

small mould. In this section, a comparison is made between test results when using the large and 
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medium size moulds with the Kango 950 and Bosch hammer assemblies, employing 180 seconds 

of compaction for each lift. In total, the results of 54 tests were analysed to determine if the trend 

shown in Figure 4-23 was present for the medium and large mould, for the two hammers. 

 

Figure 4-25: Influence of mould size on particle size distribution, compaction duration: 180s, hammer: Kango 950K. 

Figure 4-25 shows the extent of PSD changes with mould size when the hammer and compaction 

duration are kept constant. Compaction duration of 180 seconds was chosen as this leads to the 

greatest likelihood of aggregate degradation. The PSD results from the tests conducted with a 

compaction duration of 60 seconds per layer did not show any variation in post compacted PSD 

using any of the compaction setups. The supplementary PSD graphs are presented in Appendix B. 

The results show that when a hammer with a power rating that is in accordance with the limits 

specified in NZS 4402 Test 4.3.1 is used, there is very little aggregate breakdown regardless of the 

mould dimensions used in this study. The specimens compacted in the small mould using the 

Kango hammer assemblies did show the beginnings of some particle breakdown. This is attributed 

to the small size of the mould. The results of the tests conducted with Kango 900kV hammer, using 

180 seconds of compaction duration are very similar to those of Figure 4-25.  
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Figure 4-26: Influence of specimen size on particle size distribution, duration: 180s, hammer: Bosch GSH 16-30. 

 

Figure 4-27: Influence of specimen size on PSD standard deviation, duration: 180s, hammer: Bosch GSH 16-30. 
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the smaller mould. This may be due to the presence of larger 37.5mm ALD aggregates in a small 

150mm diameter mould. This is not the case for the medium or large mould since Figure 4-25 

shows no changes in PSD after compaction. These results agree with published work by Araya 

(2010), do Prado (2016) and the Australian, New Zealand, British and American CBR and RLT 

standards that recommend only aggregates smaller than 19 mm ALD to be used in a 150mm 

diameter mould (Austroads, 2007b, NZS, 1986c, BS, 1990, ASTM, 1996a). The Australian 

standard for RLT testing (AS, 1998) specifies a specimen diameter six times the maximum 

aggregate ALD, similar to Dawson (1996b) and Toan (1975). The literature is consistent in 

specifying an aggregate ALD to mould diameter to mould height ratio of 1:6:2 to minimise 

aggregate breakdown and inconsistent results (Karan, 2016). The results of Figure 4-26 reinforce 

this recommendation. 

The breakdown of aggregates can be related to compacting oversized aggregate particles in a small 

mould using a hammer that has a high power rating. Due to the small confining area of the smaller 

mould, the larger aggregates do not readily re-orientate during compaction and tend to get forced 

into interlock with other aggregates, forming a matrix with high residual stresses. Accumulation 

of residual stresses increases the likelihood of particle fracture at points of contact. The amount of 

aggregate degradation depends on the crushing resistance of the rock. The crushing resistance test 

result for the aggregates used in this research is 0.8% fines produced at a load of 130kN. The M/4 

specifications state that the maximum amount of fines passing the 2.36mm sieve during the 

crushing resistance test must be less than 10% (NZTA, 2006a, NZS, 1991g). Particle breakdown 

should theoretically be very difficult to achieve considering the high crushing resistance of the 

material. This study establishes that particle breakdown is possible through heavy compaction 

undertaken in a mould that does not comply with the industry-established size criteria. 

Figure 4-27 shows that the variation between PSD tests with the same testing conditions is greatest 

in the small mould, less in the medium mould and least in the large mould. The trends in Figure 4-

27 using the Bosch hammer are similar for the other vibratory hammers used in this study, for the 

compaction duration of 60 and 180 seconds. The standard deviation graphs of those tests are 

presented in Appendix B. Having a larger specimen size, as is the case for the large mould, reduces 

the likelihood of compaction variation (largely as a result of particle constriction) so that 

intentionally induced test variables can be studied with confidence. Consistency in specimen 
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formation is necessary to permit the rigorous identification of the effects of intended variation in 

testing conditions. 

4.4.6 Influence of Energy 

It is evident that vibratory hammer energy ratings influence the nature of specimens produced. The 

triplicate test specimens formed from 60 seconds of compaction had lower variation in degradation 

and reproducibility in comparison to the specimens compacted for 180 seconds per layer. In 

addition, the test specimens varied depending on the hammer assembly used in the compaction 

process. The results of 54 compaction tests were evaluated to understand the relationship between 

hammer power rating and post compacted PSD. 

 

Figure 4-28: Influence of hammer rating on particle size distribution, specimen size: 250mm x 625mm, duration: 180s. 
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Figure 4-29: Influence of hammer energy on PSD standard deviation, specimen size: 250mm x 625mm, duration: 180s. 

Figure 4-28 shows little difference between post-compacted PSDs for the three different hammers 

when utilising the largest mould. The primary influencing factor for the consistent set of results is 

the large dimension of specimens. The larger specimen allows re-orientation of the aggregate 

particles, perhaps similar to particle re-orientation in the field. In the field, a typical basecourse 

layer thickness of approximately 150mm would allow particle re-orientation to some extent. It is, 

however, the lateral confinement conditions that most heavily influences particle re-orientation in 

the field. In the laboratory, the lateral constraint is significantly enhanced since the mould provides 

a rigid boundary. 

Figure 4-29 shows the variation in PSDs with the use of the three different hammers. Although 

there is very little variation between PSDs, the Bosch hammer typically provides greater variation 

in comparison to the Kango hammers. Since these tests were conducted in the large mould, it can 

be concluded that on average, the Bosch hammer provides the greatest variation in PSD when 

other variables are kept constant. This is justified since the Bosch hammer has the highest energy 

input and hence has the greatest potential for aggregate re-orientation and degradation. 

In contrast to Figure 4-28, Figure 4-30 shows when the smaller mould is used, the effects of 

hammer energy on PSD are amplified, leading to a greater variation in results across the hammers. 

Due to the small specimen size, aggregate degradation is more evident in Figure 4-30, i.e. the 
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percentage passing a sieve increases with hammer energy for particles greater than 2.36 mm ALD. 

The greatest extent of post-compacted PSD change results from use of the Bosch hammer. The 

results of this study agree with work done by Shahin (2011), which showed that some of the 

variability attributed to vibratory compaction is related to the energy output of the vibratory 

hammer. Hammers with greater energy outputs have an increased likelihood of causing aggregate 

degradation (Shahin, 2011). 

 

Figure 4-30: Influence of hammer energy on particle size distribution, specimen size: 150mm x 125mm, duration: 180s. 

The effects of hammer energy outlined in this section agree with work conducted by Ball (2008) 

and Shahin (2011) who both state that as hammer energy is increased, the compacted dry density 

of materials compacted in the 150mm diameter mould increases. Figure 4-31 shows the increase 

in dry density as a result of increasing hammer energy for 33 different laboratories, each having 

their own vibratory hammer setup. 
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Figure 4-31: Variation of M/4 AP40 dry density with vibrating hammer power, for specimens compacted at a moisture 

content of 6%, from Ball (2008). 

Ball (2008) showed that the 1700W vibratory hammer was able to achieve the highest average dry 

density. However, similar to this research, the 1700W hammer also showed the greatest variation 

when compared to vibratory hammers with lower energy. 

4.4.6.1 Scalped Tests 

Compaction tests were conducted using the scalped version of the M/4 basecourse, where all 

aggregates retained on the 19mm sieve were discarded. A specimen diameter of 150mm and height 

of 125mm was utilised to determine the influence of compaction energy on the scalped specimen. 

The specimens were compacted using the three different vibratory hammers mentioned earlier in 

this Chapter. The scalped tests showed no significant aggregate degradation as a result of using 

the Kango 900kV and Kango 950K vibratory hammers for either of the 60 and 180 seconds of 

compaction duration per layer utilised. However, there was some aggregate degradation due to the 

specimen being compacted using the Bosch vibratory hammer, for 60 seconds compaction duration 

per layer, as seen in Figure 4-32. This was not the case for the equivalent 180 seconds layer 

compaction duration tests, which showed no aggregate degradation from using any of the 

hammers. This implies that the Bosch hammer may contribute to aggregate degradation for scalped 

basecourse specimens. However, this is inconclusive since the 180 seconds compaction duration 

tests did not show this relationship. A possible reason for this could be the unpredictable nature of 
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the high energy hammer, which depending on the layer composition, can have different levels of 

aggregate degradation. 

 

Figure 4-32: Scalped specimens compacted for 60 seconds. 

However, from inspection of Figure 4-33, it is clear that variability between compacted PSD’s is 

greater for Kango vibratory hammers. Despite the Bosch hammer showing greater signs of 

degradation, it has lower variability in comparison to the Kango hammers. This could be due to 

the restricting size of the 150mm by 125mm diameter mould. Even though the M/4 basecourse is 

scalped, adhering to the recommended ALD to specimen diameter ratios, the variability seen 

previously associated with the unscalped tests is still evident in the scalped tests. This is 

contradictory to previous research and may be due to operator variability which usually accounts 

for 20% of the variations in vibratory compaction tests. During the phase where the operator is 

learning the compaction process and gaining experience in testing, there is greater variation in 

compacted dry densities and PSD’s (Shahin, 2011). The variability associated with the PSD tests 

conducted for specimens compacted for 180 seconds per layer is much less than Figure 4-33 and 

is consistent for all three vibratory hammers. The graphs investigating the degradation and 
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variability associated with 180 seconds compaction duration are presented in Appendix B: Section 

3.4. 

 

Figure 4-33: Variation in PSD's for scalped specimens compacted for 60 seconds. 

For each of the mould and vibratory hammer setups utilised, a replicate of three tests was 

conducted to establish some statistical robustness in results. This resulted in 82 compaction tests 

and more than 120 PSD tests. Since only a limited amount of time in this research was allocated 

to compaction study, several operators were employed to conduct some of the compaction 

research. Due to the scope of the research and limited time that was allocated to the compaction 

research, only a limited number of tests to establish operator variability could be conducted.  

4.4.7 Influence of Operator 

In total, eight different operators conducted the compaction tests previously presented, under the 

supervision of the author. Each operator was allocated a unique combination of compaction setup, 

i.e. hammer model and mould size. Identical replicate tests were conducted by two operators, using 

the Kango 900kV vibratory hammer and the small CBR specimen mould to check for variability 

between operators. The results of specimen density produced by each operator are discussed in 

Section 4.8 of this chapter. The variations in PSD between each operator is presented in Figures 

4-34 and 4-35 below. 
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Figure 4-34: Influence of operator on PSD for scalped basecourse compacted for 180 seconds. 

 

Figure 4-35: Variation in PSD's between operators. 
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Shahin (2011) showed operator variability contributed to 20% of the variation associated with 

vibratory compaction. Figures 4-34 and 4-35 show significant variation between operators and 

agree with the work conducted by Shahin (2011). However, Shahin (2011) used the small 150mm 

diameter mould, similar to the two operators that conducted the tests presented above. The 

operators conducting the compaction tests utilising the medium and large specimens showed no 

significant variation between them, as previously presented in Sections 4.3 to 4.6 of this chapter 

and Appendix B. This indicates that it, is in fact, the small mould size in conjunction with the 

vibratory hammer that produces the greatest variations between operators. Once recommended 

aggregate ALD to specimen diameter ratios is adopted, compactor variability associated with 

vibratory compaction can be virtually eliminated. This conclusion is reinforced by the compaction 

tests conducted in this research using the three vibratory hammers and different compaction 

durations. Insignificant variations in PSD and dry density were witnessed for compaction variables 

tested using the medium and large moulds in this research, despite most of these tests being 

conducted by different operators. 

4.4.8 Density of Specimens Compacted using Vibratory Compaction 

The results of the PSD analyses give an indication of the extent of degradation that is caused by 

various factors during vibratory compaction. The density of specimens must also be evaluated to 

understand the effectiveness of vibratory compaction. The density of a basecourse layer 

significantly influences the outcome of traffic loading on a pavement. Poor compaction, and in 

some cases over-compaction, can result in rutting and eventually lead to water ingress into the 

pavement layer, which may result in early failure of the pavement (Papagiannakis, 2008). 

Typically, laboratory densities are used as a target for field densities. As discussed in previous 

sections, the method of determination of the laboratory densities is questionable. The use of the 

smaller mould, which is the mould specified in NZS 4402 Test 4.1.3 for determining laboratory 

basecourse densities, can lead to a breakdown of aggregate particles and contribute to inconsistent 

results. The problem is amplified when particles with larger than appropriate ALDs are used in 

this mould. 
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Table 4-6: Summary of Dry Densities for unscalped tests. 

Type 

Mould 

Size 

(mm) 

Duration 

(sec) 

Average 

Water 

Content 

(%) 

Average 

Dry 

Density 

(kg/m³) 

Variation in 

Water 

Content (%) 

Variation in 

Density Range 

for Replicate 

Tests (kg/m³) 

Vibratory 250x625 40 4.4 2054 0.2 35 

(1050W)  100 4.4 2060 1.2 20 

Kango 

900kV  180 4.9 2129 0.3 37 

 243x175 60 4.1 2129 0.2 56 

  180 4.7 2141 0.4 53 

 152x125 60 4.5 2292 0.4 56 

  180 4.5 2335 0.3 177 

Vibratory 250x625 60 5 2126 0.3 28 

(1050W)  180 4.8 2153 0.1 25 

Kango 

950K 243x175 60 4.7 2151 0.2 19 

  180 4.7 2163 0.1 44 

 152x125 60 5.1 2409 0.6 102 

  180 4.7 2386 0.2 48 

Vibratory 250x625 60 4.7 2231 0.4 60 

(1750W)  180 4.8 2303 0.4 46 

Bosch 243x175 60 4.5 2126 0.1 91 

  180 4.6 2204 0.4 11 

 152x125 60 4.6 2423 0.2 54 

  180 4.5 2506 0.2 29 

Table 4-6 shows the density relationships between different hammers and moulds. At least three 

tests were conducted for each test condition to provide statistically robust results. Information on 

each of the replicate tests are presented in Appendix C. The average density and water content, 

variation of water content and density from the replicate tests for each test condition are displayed 

in Table 4-6. In general, Table 4-6 shows that the small mould results in the highest densities, on 

average 200-300 kg/m3 greater than that obtained using the medium and large mould. The densities 

of specimens of all three moulds are typically highest when the highest energy hammer is used for 

compaction. The variation in specimen characteristics is largest for the small mould due to the 

unpredictable nature of the structure of the particle volume, as a result of excessive confinement 

during compaction. In contrast, the medium and large mould generally provided a consistent set 

of results. This is shown in Figure 4-36 below.  
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Figure 4-36: Variation of range in compacted density for different specimen sizes. 

The New Zealand basecourse field construction specification TNZ B/02 give as a target, a 

minimum mean value of 98% of the laboratory determined density (NZTA, 2005). If a laboratory 

determined density of 2400 kg/m3 is used, which is typical for the tests conducted in the small 

mould, then the field density must be on average 2350 kg/m3. This is an unrealistic target if the 

densities that are achieved by the use of the medium and large mould are a reliable indicator. The 

typical density for specimens from the medium and large mould is approximately 2200 kg/m3 with 

the exception of the Bosch hammer which resulted in slightly higher densities for all three 

specimen sizes. This density is consistent for both 60 and 180 seconds of compaction in the 

medium and large specimens, indicating that, compaction duration does not influence the density 

once a plateau or refusal density is achieved. Particle breakdown is limited when using the medium 

and large moulds as a result of the greater specimen size, and the influence of the solid base 

boundary conditions are minimised. This is not true in the case of the smaller mould; longer 

compaction durations continue to increase the density towards the solids density of the material 

due to particle breakdown. 

Due to the confinement conditions of the small moulds, the results of PSD and density analysis 

show the use of the smaller mould is not appropriate for predicting target densities for basecourse 
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layers in the field (see Table 4-6). Using the small mould and adhering to good compaction practice 

(mould diameter ≥ 6 x maximum particle ALD) would require scalping of any aggregate greater 

than 19mm (Austroads, 2007a, BS, 1990, ASTM, 1996b, NZS, 1986d). However, the resulting 

specimen no longer represents the material used in the field.  

Further testing was conducted to establish the densities obtained with the three different hammers 

in the small mould after scalping aggregates that were greater than 19mm, in accordance with 

various international standards (Austroads, 2007a, BS, 1990, ASTM, 1996b, NZS, 1986c). The 

results of these tests are displayed in Table 4-7. In general, the average density is slightly reduced 

from that of unscalped tests. The variation is also significantly reduced for the scalped test (barring 

one set of tests that yielded very unpredictable results). This may be due to a change in operator 

conducting the scalped tests. As explained by Shahin (Shahin, 2011) operator technique can 

significantly contribute to the variability of the test results, which is confirmed in this work. 

However, similar variability in density or PSD was not exhibited in the medium and large moulds 

when the unscalped material was tested. This emphasises that the recommended values of 

maximum aggregate ALD: specimen diameter: specimen height as published by several 

researchers (Karan, 2016, Toan, 1975, Araya, 2010) are reliable minimise unnecessary variability 

when adopted. 

Table 4-7: Summary of scalped dry densities. 

Type 

Mould 

Size 

(mm) 

Duration 

(sec) 

Water 

Content 

(%) 

Average 

Dry Density 

(kg/m³) 

Variation 

in Water 

Content 

(%) 

Variation in 

Density 

(kg/m³) 

Vibratory 152x125 60 4.6 2274 0.3 56 

(Kango 

900kV)  180 4.8 2314 0.4 148 

Vibratory 152x125 60 4.6 2266 0.3 26 

(Kango 

950K)  180 4.5 2325 0.3 34 

Vibratory 152x125 60 4.7 2398 0.2 14 

(BOSCH 

GSH 16-

30)  180 4.2 2435 0.4 20 
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Laboratory test methods need to reasonably simulate field conditions such that laboratory values 

are reliably transferrable to the field. For this reason, field testing needs to be conducted to 

determine the maximum density achievable in the field before aggregate degradation starts to 

occur. This requires PSDs tests to be performed to establish a correlation between field and 

laboratory densities. 

However, the manner in which field densities are taken needs to be accurate. Thom (1988a) found 

that the density distribution of pavement layers is far from uniform. There is a loose region near 

the surface and poor compaction towards the base of the layer (Thom, 1988a). Care should, 

therefore, be taken when using density results obtained at the surface, and they should not 

necessarily be taken as wholly representative. 

4.4.8.1 Density of RLT Specimens 

The 15 RLT tests conducted in this research were all compacted using vibratory compaction, using 

the Bosch GSH 16-30 vibratory hammer. For the tests conducted using the large specimens 

(250mm x 625mm), a standard compaction duration of 60 seconds per layer was adopted for both 

the unscalped permeable and M/4 specimens. Some of the small-scale (150mm by 300mm) 

specimens were compacted using a standard duration of 60 seconds per layer, and some test 

specimens were compacted using a target density of 2240 kg/m3. Scalped RLT tests using the small 

RLT specimens were conducted by Li (2016) utilising standard compaction duration of 30 seconds 

per layer. The density results for the large-scale RLT and small-scale RLT test specimens 

compacted using a standard compaction duration of 60 seconds per layer, as well as scalped small-

scale RLT tests conducted by Li (2016) are presented in Table 4-8 below. 
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Table 4-8: Dry densities of RLT specimens using Bosch hammer, utilising standard compaction duration. 

RLT Test 

Test 

Number 

Water 

Content (%) 

Dry Density 

(kg/m³) 

Large Permeable - Drained 1 1 1979 

 2 1 1979 

 3 1 1986 

Large M/4 - Drained 1 5 2242 

 2 5 2245 

 3 5 2230 

Large Permeable - Flooded 

Drained 1 2 1961 

 2 2 1954 

 3 2 1972 

Small M/4 - Unscalped Drained 1 5 2377 

 2 5 2377 

 3 5 2390 

Small M/4 - Scalped Drained 1 5 2301 

 2 5 2369 

 3 5 2291 

Small M/4 - Scalped Soaked 

Drained 2 5 2300 

 3 5 2286 

Table 4-8 shows the dry densities achieved for the smaller diameter unscalped specimens, 

compacted for 60 seconds, are on average 142 kg/m3 higher than the larger diameter specimens. 

This is similar to Table 4-6 which shows the density of the smaller diameter specimens were 

between 200-300 kg/m3 higher in comparison to the larger diameter specimens. This shows that 

despite the increased height of 300mm (from 125mm), the smaller diameter specimens still achieve 

a significantly higher dry density. However, by increasing the specimen height, some variation is 

reduced, and the achieved densities are slightly lower. The greater density will result in over-

estimation of performance in RLT tests, since typical field target densities for similar material is 

between 2200 and 2250 kg/m3 (Thom (1988a), Toan (1975) and do Prado (2016)) and are better 

simulated by the plateau density achieved using the 250mm diameter specimens. Scalping the 

aggregates in the smaller specimens to a maximum ALD of 19mm slightly reduces the density 

achieved. However, the densities are still significantly higher than those achieved using a 250mm 

diameter specimen. A reduction in density for the scalped material tested by Li (2016) could be 

due to a lower compaction duration of 30 seconds per layer. By scalping the aggregates, field 

conditions are not represented and RLT tests conducted will not be able to accurately predict 
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basecourse behaviour in the field. The larger diameter specimens provide repeatable and realistic 

specimen densities and are ideal for predicting the in-field performance of basecourse specimens. 

4.4.8.2 Repeatability and Reproducibility 

Ball (2008) states that reproducibility problems exist with the New Zealand vibratory hammer 

compaction test, which agrees with results presented in this research. In a study of vibratory 

hammer compaction using NZS 4402: 1986: Test 4.1.3, repeatability and reproducibility tests 

involving 33 laboratories using two materials, each with a different water content, were assessed 

by Ball (2008). An objective of the study was to determine the influence of a range of equipment 

variables on the reproducibility and repeatability of the compaction process within the NZ 

vibrating hammer compaction test. The definitions of repeatability and reproducibility are outlined 

by Ball (2008) below: 

Repeatability (usually noted as r): is the value equal to or below which the absolute difference 

between two single test results, obtained on identical material by the same operator under the same 

test conditions, may be expected to lie within a specified probability. 

Reproducibility (usually noted as R): is the value equal to or below which the absolute difference 

between two single test results on identical material, obtained by different operators in different 

with different sets of equipment, using the standardised method, may be expected to lie with a 

specified probability. 

Since the compaction tests conducted in this research were conducted by different operators, 

repeatability values could not be obtained, and a variation in densities was used to compare 

different compactors and moulds. The reproducibility values were not used in this research since 

no standardised test method was used, rather a set of compaction procedures were used. However, 

research conducted by Ball (2008) agrees with results and conclusions from this research, that the 

current procedure for compacting basecourse specimens in New Zealand using vibratory methods 

is not appropriate and requires revision. 

Table 4-9 shows the reproducibility and repeatability values for dry density, for the tests conducted 

by Ball (2008). 
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Table 4-9: Dry density measurement variability, 28 laboratories, from Ball (2008). 

 

The R and r values from BS EN 13286-4 2003 Part 4 and ASTM D7382-07 were used for 

comparison. In comparison, the NZ repeatability tests for the TNZ material, which is similar to the 

material used for this research, resulted in 0.08 t/m3, comparable to the ASTM repeatability value 

of 0.05 t/m3 but not comparable to the BS EN repeatability value of 0.033 t/m3 for a gravel subbase 

(Ball, 2008). A reproducibility value of 0.15 t/m3 (for 2% WC) and 0.21 t/m3 (for 6% WC) 

achieved for the TNZ specimens by Ball (2008) is comparable to the variation achieved for the 

smaller sized compaction tests of 0.2 – 0.3 t/m3 for this study. The reproducibility values obtained 

by Ball (2008) for the TNZ material are significantly greater than the recommended BS EN values 

for gravel subbase material of 0.054 t/m3. Ball (2008) attributes some of the variations in densities 

between laboratories to pumping of fines resulting in water loss during compaction, which was 

also the case for the smaller specimens compacted in this study but not for the larger specimens, 

discussed in Sections 4.1.1 and 4.4.1 of this chapter. As previously discussed, the repeatability and 

reproducibility issues associated with vibratory hammer compaction are significantly influenced 

by using the smaller 150mm diameter mould. The reproducibility and repeatability values obtained 

in the research conducted by Ball (2008), based on this research, can be predicted to significantly 

reduce if larger diameter moulds that use recommended maximum ALD to mould diameter ratios 

are adopted. 
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4.5 Summary 

Field compaction analysis needs to be conducted to determine the correct method of laboratory 

basecourse compaction. Field test data will determine what the realistic density targets are for each 

basecourse type used in this study. Due to the time limitations of this research, field compaction 

analysis of the material was not possible. A decision on which compaction mode to use for 

compacting RLT specimens had to be made based purely on laboratory compaction tests and 

information from the literature.  

Based on results from Karan (2015) there is very little difference in aggregate degradation levels 

between vibratory and kneading compaction on both M/4 and permeable basecourse. The 

differences between the two compaction modes are determined by evaluating the density. The dry 

density achieved through both modes of compaction is very similar for M/4 but different for the 

permeable basecourse. The density achieved from kneading compaction for the permeable 

basecourse, which has minimal to no fines content, is lower than the density achieved for the same 

material using vibratory compaction. The difference in density indicates that the vibration of the 

specimen during compaction further assists the densification of the aggregate structure when the 

void ratio is high. The results also agree with Kelfkens (2008) and Chilukwa (2013) who have 

indicated that static compaction methods such as kneading compaction are more appropriate for 

cohesive materials.  

Vibratory compaction was chosen to compact specimens for the RLT and compaction tests. 

Kneading compaction was not further evaluated based on the laboratory results. After field testing 

of the basecourse used in this research, kneading compaction may need to be revisited. The 

following deductions are significant from the vibratory compaction research: 

• The use of vibratory compactors, with high energy, results in densities that are much 

greater than what may be achieved in the field. 

• The detrimental effects of hammer energy are amplified when recommended aggregate to 

specimen size ratios are ignored. 

• Aggregates with lower crushing resistance would be expected to demonstrate greater 

particle breakdown, and therefore the variation in results, caused by compactor energy and 

mould size, shown in this research would be amplified. 
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• The influence of hammer energy is negligible when an appropriate mould size, based on 

specimen ALD, is adopted. 

• In the international literature, and also shown in this research, minimum aggregate ALD: 

specimen diameter: specimen height ratio of 1:6:2 results in more consistent laboratory 

densities. 

• Using a minimum aggregate ALD: specimen diameter: specimen height ratio of 1:6:2 

allows for greater specimen repeatability and reproducibility, allowing inter-laboratory 

tests to produce meaningful results. 

• Using recommended aggregate ALD to specimen size ratios eliminates variability in 

vibratory hammer compaction that is associated with using different operators. 

• Compacting basecourse specimens using appropriate mould sizes results in plateau 

densities that are similar to field target densities. 

• Maximum aggregate ALD to layer height ratio of 1:2 allows sufficient re-orientation of 

aggregate particles. 

• When appropriate specimen moulds are used, a standard compaction duration of 60 

seconds per specimen layer can be used to compact basecourse specimens that are 

reproducible, and representative of field compacted densities. 

 



 

 

5.0 Deformation Characteristics of Basecourse 

Material 

5.1 Introduction 

Unbound granular material (UGM) under traffic loading will undergo plastic deformation, as 

represented by a permanent strain with associated elastic recovery, as characterised by the 

resilient modulus of an RLT test specimen (Arnold, 2004, Toan, 1975, Molenaar, 2010, Lekarp, 

2000, Dawson, 1996a). The behaviour of the unbound granular specimens tested in the 

laboratory can be categorised as elasto-plastic. From an RLT test, the cumulative permanent 

strain and the resilient moduli of both the M/4 and permeable basecourse, in “dry” conditions, 

referred to in this work as being at OMC, and “flooded” conditions (but not necessarily 

saturated) were studied to compare the behaviour of the two types of basecourse and to gauge 

the influence of moisture on specimen performance.  

In Chapter 2, Section 4.0, the factors that influence RLT tests are described. These factors 

include specimen compaction, specimen to aggregate size ratio, aspect ratio, presence of 

moisture, confining stresses, deviatoric stresses and loading frequency. Repeated loading is 

applied to an RLT test specimen at a defined confining to deviatoric stress ratio to establish a 

relationship between stress applied and strain experienced by the specimen. The response of 

the specimen to the stresses is analysed and can be compared to other types of specimens which 

can vary in moisture content, particle grading, material and density. An example of the axial 

stress - axial (normal) strain relationship exhibited by unbound granular specimens for one 

cycle of the RLT test is shown in Figure 5-1. The engineering definition of strain is employed. 
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Figure 5-1: Resilient and permanent strains in granular materials during one cycle of load application, from (Li, 

2017). 

Figure 5-1 shows the permanent and resilient strain response for the UGM for one load cycle. 

Negligible permanent strain is ideal for the life of the pavement so that rutting within the 

pavement does not develop. The study of permanent strain and resilient modulus in the 

laboratory allows a prediction of rutting in the field and contributes to the determination of 

layer composition, depth and structure of pavements. 

5.1.1 Specimen Preparation 

In this Chapter, the RLT tests conducted in the large apparatus will be discussed, as this 

provides the most accurate representation of the basecourse evaluated in this study. The pilot 

RLT tests which were conducted using the smaller RLT apparatus are also briefly discussed. 

The RLT tests conducted in the smaller testing apparatus are discussed in Chapter 7. The nature 

of the basecourse specimens used for this study, the compaction technique, and the preparation 

of specimens for RLT testing are described in detail in Chapters 3 and 4 respectively. To 

summarise, crushed greywacke was compiled to follow the M/4 and permeable grading. The 

M/4 specimens were compacted at 4 - 5% water content and the permeable specimens were 

compacted at 1 - 2% water content using vibratory hammer compaction. The large RLT 

specimens were compacted in eight layers for a duration of 60 seconds per layer. The dry 

densities achieved were approximately 2240 and 1970 kg/m3 for the M/4 and permeable 

specimens respectively. The degree of saturation for the ‘flooded’ drained permeable specimen 
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tests did not need to be established since the RLT tests were conducted with a constant flow of 

water through the specimen, simulating rainfall events. 

5.1.2 Test Procedures 

The test procedures for the RLT tests are described in detail in Chapter 3, Section 5.2. A brief 

summary of the large-scale RLT tests discussed in this Chapter is described below. 

5.1.2.1 Unsaturated Drained Tests 

Unsaturated drained RLT tests conducted on the M/4 and permeable specimens utilised the 

staged test regime discussed in Chapter 2, Section 4. The six stages of loading and the failure 

criterion were adopted from NZTA T15 and NZTA M/4 respectively (NZTA, 2012b, NZTA, 

2012a). Compaction of the specimens was conducted, at 100% of OMC using a modified 

version of NZS 4402: Test 4.1.3, for both types of specimens. The modifications to NZS 4402: 

Test 4.1.3 are outlined in Chapter 4. The unsaturated drained RLT tests yielded permanent 

strain and resilient moduli of the specimens for 300,000 load cycles, accrued over the six stages 

of loading. The engineering properties of the specimens in the unsaturated drained state formed 

a baseline of performance, firstly for the M/4 specimens for comparisons with the permeable 

specimens and secondly for the permeable specimens for comparisons with flooded drained 

permeable RLT tests. 

5.1.2.2 Flooded Drained Tests 

The flooded drained tests were conducted on the permeable basecourse specimens. A constant 

head tank, which provided 21kPa of water pressure at the top of the specimen, was used to 

facilitate the flow of water from the top to the bottom, simulating rainfall conditions. The 

permeable basecourse is designed to carry the traffic load whilst retaining large quantities of 

water. Therefore, the flooded tests were used to identify to what extent the introduction of water 

affected the permanent strain and resilient modulus of the permeable specimens for the six 

different stages of loading. This was achieved through comparisons with the unsaturated 

drained permeable specimen tests to identify the influence of water on RLT test results. 
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5.2 Pilot Small-Scale Repeated Load Triaxial Tests 

The engineering properties of the permeable basecourse designed in this study were initially 

largely unknown. The characteristics of the M/4 basecourse were already known and were 

available as case studies for field situations or as part of other RLT tests conducted on the 

UGM. This material is considered as a premium basecourse aggregate for pavement 

construction in New Zealand. In order to justify testing the permeable basecourse in the large 

RLT apparatus, pilot RLT tests were conducted on smaller specimens. The small-scale RLT 

tests were conducted in a drained and unsaturated state as follows: 

• One of both an M/4 and permeable (AP40) basecourse specimen were compacted using 

the heavy hammer. 

• One of both an M/4 and permeable (AP40) basecourse specimen were compacted using 

the vibratory hammer. 

The specimens for the pilot RLT tests were compacted using the target density method of 

compaction. The target density method of compaction is discussed in Chapter 3, Section 5.1.1. 

The duration of vibratory compaction varied for each layer for both the M/4 and permeable 

specimens to achieve the target density specified for each layer. The proctor method of 

compaction was adopted from NZS 4402: Test 4.1.1 (NZS, 1986g). The densities achieved 

through proctor compaction were within 1% of the target densities of 2300 kg/m3 compacted 

at a water content of 6% for the M/4 specimens and 2100 kg/m3 compacted at a water content 

of 1% for the permeable specimens. The RLT tests were conducted using a draft version of 

NZTA T15, and for consistency, all test variables were kept constant throughout the pilot RLT 

test program so that a meaningful difference in resilient response between the M/4 and 

permeable basecourse could be determined. 

During the pilot RLT tests, heavy hammer and also vibratory hammer compaction was used to 

provide evidence as to which method of compaction was more suitable for compacting the 

permeable basecourse specimens. The extent of aggregate degradation and maximum density 

achieved from both methods of compaction were analysed. Using different methods of 

compaction provided information on the influence of the mode of compaction on RLT test 

results. The effects of compaction on RLT specimens are discussed in Chapters 4 and 7. 

The first M/4 specimen that had been compacted using a heavy proctor hammer was paused 

during RLT testing after stage 4 due to the LVDT’s being loosely connected and coming off 

their mounting bracket after stage 4 of the loading, stages 5 and 6 were continued after 
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reconnecting the LVDT’s. Another M/4 specimen compacted using a heavy proctor hammer 

was tested from stage 1 through to stage 6 continuously to ensure the results of both tests were 

valid. The results of the two tests are inconsistent as presented in Figures 5-3 and 5-4. This 

could be due to uneven compaction at the top of the specimen, which after inversion of the 

second specimen resulted in the test being conducted with the specimen leaning to one side, as 

seen in Figure 5-2. Specimen inversion was later removed from NZTA T15 since inversion of 

specimens did not accurately represent field situations. Testing a specimen that is not vertical 

will lead to the specimens being unrepresentative of field conditions. It can cause stresses to 

localize in the top and bottom half of the specimen at points of contact rather than 

homogeneously down the specimen (Youd, 1972), resulting in unreliable and unpredictable 

results.  

 

Figure 5-2: M/4 specimen compacted using a heavy hammer (Test 2), post RLT test. 

5.2.1 Permanent Deformation 

Figure 5-3 shows the permanent axial strain accrued by each specimen under the constant 

loading conditions of NZTA T15 using the small-scale RLT test. 
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Figure 5-3: Pilot RLT permanent deformation test results. 

The densities achieved by proctor compaction were within 1% of the density achieved through 

vibratory compaction. However, there are significant differences in the permanent deformation 

of specimens between vibratory and proctor compaction for both the M/4 and permeable 

specimens. The specimens that were compacted utilising proctor compaction showed 

significantly greater cumulative permanent strain through all stages of loading in comparison 

to the specimens compacted using vibratory compaction. The most severe case is for the 

permeable specimen which failed during stage 6 of loading. This may be due to aggregate 

dislodgement, i.e. reduction of interlocking, and degradation that is common during proctor or 

impact compaction (Karan, 2012a). The performance of proctor compacted specimens shown 

in Figure 5-3 agrees with that acquired from the literature that concluded proctor or impact 

compaction does not produce satisfactory results when compacting granular soils (Dunlap, 

1966, Felt, 1986).  

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 50000 100000 150000 200000 250000 300000

C
u

m
u

la
ti

ve
 P

e
rm

an
e

n
t 

A
xi

al
 S

tr
ai

n
 (

%
)

Load Cycles (n)

Pilot RLT Tests of M/4 and Permeable Specimens

M/4 Vib Compaction M/4 Heavy Compaction (Test 1) PP Vib Compaction

PP Heavy Compaction M/4 Heavy Compaction (Test 2)

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6



240 

 

 

Figure 5-4: Permeable specimen compacted using proctor compaction. 

Figure 5-4 shows a permeable specimen compacted using proctor compaction. Once the 

membrane is removed, the specimen collapses due to the lack of suction and fines within the 

specimen. 

In Figure 5-3, considering the specimens that were compacted using vibratory compaction, the 

cumulative permanent strain experienced by the permeable specimen is slightly less in 

comparison to the M/4 specimen for stages 1 to 5 of loading. However, there is a significantly 

greater accumulation of permanent deformation for the permeable specimen during stage 6 of 

loading. The confinement conditions in stages 1 to 5 of loading is more intense than the 

confinement pressure to deviatoric stress ratio of 1:11 in stage 6. Arnold (2008) indicates that 

stage 6 of NZTA T15 was predominantly designed to test bound basecourse material. The stress 

conditions used in stage 6 were designed to facilitate failure within the specimen(Arnold, 

2008b).  

The permanent strain behaviour of the permeable specimen compacted using vibratory 

compaction in Figure 5-3 agrees with work done by Shackel (2006a, 2006b), who showed that 

permeable pavements perform well when adequate lateral confinement is maintained. The 

primary strength attribute for permeable basecourse layers is the interlock that is created 

between larger stones with smaller stones filling in some of the voids created between larger 

stones. As long as the interlock is maintained between the larger stones, the layer can be 

predicted to satisfactorily carry traffic loading, granted that the crushing resistance of stones 

meets required specifications. Thus, the objective in the study using large-scale RLT work is 
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to establish that this interlocking of the large size aggregates is maintained under appropriate 

confinement, which is presented and discussed in Section 3 of this Chapter.  

Premium M/4 basecourse layers are commonly used for road construction in New Zealand. 

The permeable specimens performed similarly to M/4 specimens for the first 5 stages of the 

pilot tests, justifying further testing to be conducted using the more appropriate large-scale 

RLT test for the permeable basecourse. There were no repeats conducted for the pilot RLT 

tests as these tests were conducted to provide an approximate measure of performance for the 

M/4 and permeable specimens and to hence justify large-scale RLT tests on the materials. All 

consequent RLT tests were conducted in three replicates for consistency and to demonstrate 

statistical robustness in test data. 

5.2.2 Resilient Modulus 

The resilient moduli for the specimens of the pilot RLT tests were obtained using the formula 

for calculating resilient modulus provided in NZTA T15 which is previously described in 

Chapter 2, Section 4.6. Figure 5-5 shows a comparison of resilient moduli for the M/4 and 

permeable specimens compacted using Proctor and vibratory compaction. The resilient 

modulus of the specimens gives an indication of the capacity of the specimen to recover after 

a load is applied. The resilient modulus is inversely related to the permanent deformation 

experienced by the specimen. The results displayed in Figure 5-5 reinforce the conclusions 

drawn from Figure 5-3. 
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Figure 5-5: Resilient modulus of pilot RLT test results. 

Figure 5-5 shows that the permeable specimen has lower resilient moduli values than the M/4 

specimens for both modes of compaction. The magnitude of difference in resilient moduli 

between the vibratory compacted M/4 and permeable specimens for the first 5 stages was 

minor. On the basis of the single specimen tests, a tentative conclusion can be reached that 

when the confinement conditions for a permeable basecourse layer is maintained the layer can 

be predicted to perform similarly to that of an M/4 compliant basecourse. However, the M/4 

specimens that were compacted using proctor compaction show significant variation in resilient 

moduli. This further reinforces that proctor compaction is not appropriate for compacting 

basecourse material, as previously discussed in Chapter 4. 

5.2.3 In-field Performance Prediction 

According to NZTA (2012a), basecourse aggregate that is used on state highways and other 

heavily trafficked roadways must meet the requirements specified in the M/4 specifications. In 

a draft version of the specification, that was available during the time of this study; it is stated 

that basecourse material must meet specific RLT test requirements. Due to grading differences, 

the permeable basecourse cannot be considered as a premium M/4 basecourse aggregate that 
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can be used for traffic loading of more than 5 million equivalent standard axials (ESA’s). For 

this reason, permeable basecourse is currently limited to low trafficked roads with a design 

traffic loading of less than 1 million ESA’s (NZTA, 2012a). A purpose of the research study 

in this thesis is to determine the suitability of permeable pavements for higher than 1 million 

ESA design traffic loads by using the performance of the M/4 compliant basecourse as a 

comparison. 

Table 5-1 shows the simulated field performance of the specimens tested as part of the pilot 

RLT tests. A prediction model was developed by Arnold (2008b) to correlate RLT test 

performance with pavement trials at the Canterbury Accelerated Pavement Testing Facilities 

(CAPTIF). The intent was to predict the in-field performance of RLT test specimens. In the 

process of developing the pavement performance prediction model, several RLT tests were 

undertaken in the small-scale RLT apparatus. The same material was then tested at CAPTIF. 

A relationship between the RLT tests and CAPTIF results was developed, which allowed the 

prediction of future small-scale RLT tests (Arnold, 2008b). A standard 300mm base layer on 

top of a CBR 10% subgrade is assumed in developing the correlation from the RLT test to in-

field performance, as shown in Table 5-1.  

Table 5-1 predicts the ESA’s required to accrue a 25mm rut in the pavement and a 10mm rut 

in the base layer for all the specimens tested as part of the pilot RLT study. Due to 

inconsistencies with aggregate degradation and densities achieved associated with Proctor 

compaction, it is not reliable to predict in-field performance of basecourse based on specimens 

formed using proctor compaction. This is revealed in Table 5-1 which shows a significant 

difference in predicted performance between two identical Proctor compacted M/4 basecourse 

specimens, i.e. ‘Test 2’ which was a repeat of ‘Test 1’, shows half the number of ESA’s to 

reach a 10mm rut in comparison to Test 1. The proctor compacted permeable specimen is 

predicted to develop a 10mm rut in-field after 50,000 ESA’s whereas the vibratory hammer 

compacted specimen is predicted to undergo approximately 12 million ESA’s before a 10mm 

rut within the pavement layer is experienced. Due to the limited timeframe available during 

pilot RLT testing, repeat tests of the vibratory compacted specimens could not be conducted. 

However, based on discussions from Chapter 4, that show vibratory compacted specimens to 

be more repeatable, reproducible and show less aggregate degradation than proctor compacted 

specimens, it was more reliable to study the comparative performance of vibratory hammer 

compacted M/4 and permeable basecourse specimens. 
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5.2.3.1 Rut Depth Prediction 

The rut depth predictions for the M/4 and permeable basecourse are based on Arnold (2004 

and 2008). Firstly, the stresses exhibited by the pavement are analysed. The mean principal 

stress and deviatoric stress under the centre of the load are calculated. The calculated stresses 

directly influence the magnitude of permanent strain and thus the rut depth. The relationships 

derived from the RLT permanent strain tests are applied to the computed stresses in a Finite 

Element (FE) analysis. The permanent strain calculated at each point under the centre of the 

load is multiplied by the associated depth increment and summed to obtain the surface rut 

depth. The model is then validated against accelerated pavement tests from CAPTIF. The 

comparison determined the extent of rut depth adjustment required at 25,000 cycles, while the 

long-term rate of rut depth progression and, in part, the initial rut depth at 25,000 cycles are 

governed by the magnitude of residual stresses added. An iterative process determines the 

initial rut depth adjustment and the amount of horizontal residual stresses to add to the 

calculated surface rut depth matched the measured values (Arnold, 2008b). However, a few 

assumptions and consequent adjustments were made by Arnold (2004) to fit the RLT strain 

data to the CAPTIF performance data. For the data that did not accurately fit the model, 

additional residual stresses were applied. 

 



 

 

Table 5-1: Evaluation of pilot small-scale RLT test results, comparing rutting rates of M/4 and permeable specimens. 

  
CAPTIF Pavement 300mm Aggregate over 10CBR Subgrade 

    
Total Pavement Aggregate only Aggregate only Slope %/1M from 25k 

to 50k same as TNZ 

T/15 

Material RLT Sample No of ESAs to 

get 25mm rut 

No of ESAs to get 

10mm rut in 

aggregate. 

Long term rate of 

rutting within the 

aggregate 

Average Slope 

  Million ESAs Million ESAs mm per 1 Million ESAs  

RLT Test 1 

University of Auckland 

TNZ M/4 (6% MC – 

Vibratory) 3.74 19.15 0.464 0.738 

RLT Test 2 

University of Auckland 

TNZ M/4 (6% MC - 

Heavy Compaction 3.55 11.66 0.758 0.842 

RLT Test 3 

University of Auckland 

Perm Mix (1% MC - 

Vibratory 3.50 11.77 0.716 0.823 

RLT Test 4 

University of Auckland 

Perm Pav (1% MC - 

Proctor 0.06 0.05 1.632 549.367 

RLT Test 2 

Repeat 

Retest of 'Test 2" - 

University of Auckland 

TNZ M/4 (6% MC - 3.08 5.50 1.511 1.124 
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Table 5-1 shows that the M/4 compliant basecourse, with the specimen prepared through vibratory 

compaction, requires a significantly larger number of ESA’S to develop a 10mm rut in the layer 

in comparison to the permeable basecourse. However, due to the accumulative rutting within the 

entire pavement, there is not a significant difference in ESA’s required to achieve a 25mm rut 

within the entire pavement for the two types of basecourse, i.e. there is a very significant 

contribution to rutting from the subgrade. This is contrary to literature which suggests that 

premature failure of the basecourse is a typical cause of entire pavement failure when the 

underlying subgrade is weak (Perez, 2009, Toan, 1975). Another indicator of performance 

displayed in Table 5-1 is the ‘Slope %/1M’ which is the approximated slope of the permanent 

strain exhibited during RLT tests conducted using NZTA T15. The ‘Slope %/1M’ is the slope of 

each stage of loading from the 25,000th load cycle to the 50,000th load cycle, also known as the 

secant strain rate. The slope for each stage is added and averaged to obtain a representative slope 

for the specimen (NZTA, 2012b). The equation summarising the secant strain rate is summarised 

below. 

Equation 5-1: Calculation of secant strain rate, as per (NZTA, 2012b) 

𝑆𝑙𝑜𝑝𝑒 % 𝑝𝑒𝑟 𝑀 𝑓𝑜𝑟 𝑎 𝑠𝑡𝑎𝑔𝑒 

=
(𝑃𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑠𝑡𝑟𝑎𝑖𝑛 𝑎𝑡 50,000 𝑙𝑜𝑎𝑑 𝑐𝑦𝑐𝑙𝑒𝑠 − 𝑃𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑠𝑡𝑟𝑎𝑖𝑛 𝑎𝑡 25,000 𝑙𝑜𝑎𝑑 𝑐𝑦𝑐𝑙𝑒𝑠)

0.025
 

NZTA (2012a) specifies that for basecourse material that is to be used under design traffic loading 

that is greater than 5 million ESA’s, the average ‘dry’ (specimens tested at OMC) permanent strain 

slope for all 6 stages should be less than 0.55%. Whereas, for design traffic that is less than 1 

million ESA’s, the average permanent strain slope recorded for dry tests should be less than 1% 

for all 6 stages.  

‘Good’ performance is associated with basecourse that requires more than 15 million ESA’s to 

reach 10mm rut within the layer, under unknown confinement. ‘Average’ performance is 

associated with basecourse that requires less than 10 million ESA’s but greater than 1million 

ESA’s to achieve a 10mm rut within the pavement layer. According to Table 5-1, both the M/4 

and permeable basecourse show ‘above average’ performance. Bound M/4 basecourse layers are 

commonly predicted to require more than 15 million ESA’s for a 10mm rut within a layer and % 

Slope /1M less than 0.5% (Arnold, 2008b). 
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The %Slope /1M displayed in Table 5-1 for the vibratory hammer compacted M/4, and permeable 

specimens show similar results. Both the specimens do not meet the 5 million ESA design criteria 

of NZTA (2012a) but meet the lower 1 million ESA design criteria. According to NZTA (2012a) 

stabilisation of both the M/4 and permeable basecourse is required before they can be used in 

higher traffic environments, even though the M/4 compliant aggregates are considered premium 

basecourse aggregates in New Zealand. The title of ‘premium basecourse aggregate’ is contrary to 

the ‘above average’ performance prediction that was made based on the ESA’s to get a rut of 

10mm within the pavement layer. More tests need to be conducted to provide statistical validity to 

these results. Further testing using the small-scale RLT apparatus on both the M/4 and permeable 

specimens were conducted, and the results are presented in Chapter 7 of this thesis. There is 

inconsistency in test results for the RLT tests initially conducted as part of the pilot study, e.g. 

Table 5-1. The influence of equipment scale on RLT tests are also evaluated and discussed in 

Chapter 7 of this thesis. 

5.3 Large-Scale Repeated Load Triaxial Tests 

As mentioned earlier in Chapter 3, Section 5.2, NZTA T15 was used as a template for the tests 

conducted using the large-scale RLT apparatus. During pilot RLT studies and the literature survey, 

it was identified that some testing conditions of NZTA T15 do not correlate with well-regarded 

literature available on RLT testing. Accordingly, the features of NZTA T15 that were modified for 

the large-scale RLT tests are discussed in detail in Chapter 2, Section 4 and are summarised below: 

• Larger specimen, from 150mm x 300mm to 250mm x 625mm so that maximum aggregate 

ALD to specimen ratio of at least 1:6 is adopted, 

• Consistent specimen compaction duration as opposed to target density, 

• ‘Flooded’ specimen tests as opposed to ‘soaked’ specimen tests, 

• Internal and external specimen displacement acquisition, 

• Data acquisition at each load cycle for external LVDT and at 20 Hz per cycle for Internal 

LVDT’s instead of at certain sections of loading stages, 

• Pre-conditioning stage implemented to minimise equipment and specimen embedment in 

stage 1, and  

• Loading frequency of 1 Hz changed from 4 Hz. 



248 

 

5.3.1 Permanent Deformation 

The modified RLT testing procedures were applied to the M/4 and permeable basecourse 

specimens tested in the large-scale RLT apparatus. Data for each load cycle was recorded to allow 

the determination of permanent strain and resilient modulus for each loading stage, for each 

specimen tested. The cumulative permanent deformation for the specimens that were tested at 

OMC is displayed in Figure 5-6 below.  

 

Figure 5-6: Cumulative permanent axial strain for specimens tested at OMC in the large-scale RLT apparatus. 

Figure 5-6 shows the percentage of cumulative permanent axial strain the M/4 and permeable 

specimens undergo during the 6 stages of loading. Tests denoted ‘Test 1’ to ‘Test 3’ are repeats of 

tests conducted on each type of basecourse. The figure shows that the extent of cumulative 

permanent deformation exhibited by the permeable specimens is lower than the M/4 specimens 

for the first 5 stages of loading. Similarly, to the pilot RLT results, the permanent deformation of 

the permeable specimens significantly increases in stage 6 of loading resulting in a substantially 

higher total cumulative permanent strain for the permeable specimens than the M/4 specimens.  

The permanent strain response of the permeable specimens, when compared to M/4 compliant 

basecourse specimens, indicates that the permeable basecourse is prone to an incremental increase 
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in permanent strain under high stress and insufficient confinement conditions. The stable 

behaviour of the permeable basecourse can be observed under high confining and low deviatoric 

stress conditions.  

5.3.1.1 Shakedown Theory 

According to Arnold (2004), the permanent strain behaviour of UGM can be defined by the stress 

level, which is a combination of deviatoric and confining stress experienced by the material. In 

pavement design, the stress level which results in a decreasing permanent strain rate is ideal as it 

represents stable conditions (Arnold, 2004). These stable conditions can be considered as 

“shakedown”, where there exists a limit stress at the boundary between the zones of shakedown 

and no shakedown. The shakedown theory and the range of shakedown behaviour were initially 

applied to UGM’s by Dawson (1999). The shakedown theory assumes that UGM undergoes elastic 

and plastic deformation. The best possible response from the UGM under traffic loading is purely 

elastic, and the worst type of response is purely plastic deformation. The critical stress level 

separating these two behaviours is called critical shakedown stress (Arnold, 2004). 

Dawson (1999) applied the shakedown concept to describe the observed behaviour of UGM’s in 

the RLT test. There are three behaviour ranges that can be considered possible in RLT tests. The 

three ranges of UGM behaviour has been internationally utilised. However, they have not been 

confirmed to be applicable to New Zealand aggregates. A validation process, comprising of RLT 

and field testing, is required to confirm its applicability to UGM’s common in New Zealand. The 

three behaviour ranges are outlined below (Dawson, 1999, Arnold, 2004): 

• Range A is the plastic shakedown range. High permanent strain rates per load cycle for an 

initial period of ‘compaction’ are experienced in this range. After the initial RLT induced 

compaction period, the strain rate decreases until the response becomes entirely elastic. 

• Range B is the plastic creep shakedown range where initially the behaviour is similar to 

Range A. However, after an initial period of loading the permanent strain rate is either 

decreasing or constant until following a further extended period of loading the behaviour 

becomes either Range A or Range C. 

• Range C is an incremental collapse shakedown range where initially an RLT induced 

compaction period may be observed, following which the permanent strain rate increases. 
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Werkmeister (2003) categorised permanent strain rate boundaries between the shakedown ranges 

from Dawson (1999) into five different ranges. The permanent strain rates of shakedown ranges 

and boundaries are presented in Table 5-2 below. 

Table 5-2: Permanent strain rate boundaries for shakedown ranges, from (Werkmeister, 2003). 

Range Permanent Strain Rate (10-3) 

A (plastic shakedown) Less than 1 x 10-5 

A-B boundary Equal to 1 x 10-5 

B (plastic creep) Between 1 x 10-5 and 8 x 10-5 

B-C boundary Equal to 8 x 10-5 

C (incremental 

collapse) Greater than 8 x 10-5 

The classification of permanent strain behaviour during the shakedown ranges is further simplified 

in Figure 5-7. 
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(a) 

 

(b) 

Figure 5-7: Classification of permanent strain behaviour (Werkmeister, 2004, Werkmeister, 2003). 

As the deviatoric to confining stress ratio is increased, similar to stage 6 of RLT test loading, the 

UGM follows Range C behaviour, otherwise known as incremental collapse. This type of 

behaviour is also caused by poor material strength, as shown in Figure 5-7 (a). From a design 

perspective, achieving Range A behaviour is best although this type of purely elastic response is 

unlikely in granular and soil material. Range B may be acceptable provided the amount of rutting 

for the design traffic can be calculated (Arnold, 2004). 
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The shakedown theory was applied to Figure 5-6 for the M/4 compliant and permeable specimens. 

The permanent strain rate, which is defined as the permanent strain over the number of load cycles, 

were calculated over intervals of 10,000 load cycles of each stage of loading and the three replicate 

tests for each material were compared. Equations 5-2 and 5-3 below were used to calculate the 

permanent strain and strain rate for a stage of loading. 

Equation 5-2: Calculation of permanent strain for a load cycle. 

𝑃𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑆𝑡𝑟𝑎𝑖𝑛 (10−3) =
(𝐴𝑥𝑖𝑎𝑙 𝐷𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 ÷ 𝑆𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑙𝑒𝑛𝑔𝑡ℎ)

1000
 

Equation 5-3: Calculation of permanent strain rate. 

𝑃𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑆𝑡𝑟𝑎𝑖𝑛 𝑅𝑎𝑡𝑒 (10−3/𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑐𝑦𝑐𝑙𝑒) =
𝑃𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑆𝑡𝑟𝑎𝑖𝑛

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐿𝑜𝑎𝑑 𝐶𝑦𝑐𝑙𝑒𝑠
 

The shakedown behaviour of the M/4 compliant specimens are shown in Figure 5-8, and the 

behaviour of the permeable specimens is shown in Figure 5-9. The sequence of results for a loading 

stage is shown by the colour coded string of 5 data points. In all cases, the permanent strain 

increases with cyclic loading. 

 

Figure 5-8: Shakedown behaviour of M/4 compliant large-scale RLT specimens. 

1.00E-06

1.00E-04

1.00E-02

1.00E+00

0 2 4 6 8

P
er

m
an

en
t 

St
ra

in
 R

at
e 

(1
0

-3
/ 

lo
ad

in
g 

cy
cl

e)

Permanent Strain (10-3)

Shakedown Behaviour of M/4 Compliant Specimens

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6

Range C

Range B

Range A



253 

 

 

Figure 5-9: Shakedown behaviour of permeable large-scale RLT specimens. 

Figures 5-8 and 5-9 show that the shakedown behaviour of both the M/4 and permeable specimens 

tested in the large-scale RLT apparatus are similar. Each stage of loading for the three replicate 

tests is represented by a unique colour. Each of the 5 points for a stage of loading represents the 

relationship between permanent strain and permanent strain rate for 10,000 load cycles out of the 

50,000 total load cycles for that stage. For all stages of loading, the permanent strain rate is 

decreasing with increasing permanent strain and number of load cycles, indicated by the arrow on 

the graphs. 

The three replicate tests for each basecourse material show that during initial stages (stages 1 and 

2) of RLT testing the specimen goes through ‘Range A’ behaviour. Both the M/4 and permeable 

specimens go through an initial compaction phase in early stages, followed by an approximately 

elastic response; or ‘Range B’ behaviour which involves the specimens undergoing initial 

permanent deformation, followed by ‘Range A’ behaviour after a period of loading. In the middle 

stages (stages 3, 4, 5), the behaviour of both types of basecourse is generally categorised as ‘Range 

B’ shakedown. The initial phase of specimen compaction results in a higher permanent strain rate, 

which decreases as load cycles increase. The trends are shown in Figure 5-8 and 5-9 for the middle 

stages indicate both basecourse materials can be predicted to undergo ‘Range A’ behaviour 

following further application of load cycles beyond the specified 50, 000 cycles for each stage. 
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Both the M/4 and permeable basecourse show ‘Range C’ behaviour for stage 6 of the RLT test. 

After application of 50, 000 load cycles in stage 6, the behaviour of the basecourse remains in an 

unstable condition, although the permanent strain rate decreases as more load cycles are applied 

in the stage. Based on Figures 5-8 and 5-9, both types of basecourse material can be predicted to 

undergo ‘Range B’ type of behaviour upon further application of load cycles beyond the specified 

amount for the stage. As previously stated by Arnold (2004) Range B type of behaviour is 

acceptable if the amount of rutting for a specific design load can be calculated.   

Both M/4 and permeable basecourse are predicted to undergo an initial phase of densification upon 

traffic loading, followed by a stable resilient response based purely on the confining stresses used 

in this study. The extent of densification is proportional to the stress exerted by traffic loading on 

the pavement. Possible stabilisation techniques can be used to reduce densification at higher loads, 

but the benefit-cost ratio of the pavement would need to be re-evaluated since stabilisation would 

increase the cost of the pavement. It should be noted that the RLT test results used in this section 

are for comparisons between the M/4 and permeable basecourse. Accurate predictions of the 

shakedown characteristics of both types of basecourse materials can be made after replicating the 

confinement conditions from field situations in laboratory RLT tests. 

The results of Figure 5-8 indicate that further improvements are necessary to the M/4 compliant 

basecourse, which is contrary to its title as a ‘premium’ type of basecourse material. The difference 

in results produced from the large-scale RLT test and the small-scale RLT test, which was used in 

the production NZTA T15 and NZTA M/4, is discussed in Chapter 7 of this thesis. Chapter 7 

discusses the influence of specimen density and the scale of the RLT apparatus on test results and 

determines the suitability of the basecourse material studied, for pavement construction. 

5.3.1.2 Internal Displacement Transducers 

Two internal displacement transducers were used to determine the deformation in the middle third 

of the specimen. As previously explained in Chapter 2, Section 4.1.1, the middle third of the 

specimen is considered to be a zone of approximately homogenous stress conditions. In this zone, 

the influence of the end platens on the rotation of principal stresses are reduced and a more accurate 

representation of the assumed specimen stress conditions, i.e. the major principal stress acting 

vertically, is obtained. An external LVDT that was part of the MTS loading frame was also used 

to obtain the total specimen deformation. Radial displacement transducers could not be used due 
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to the potential of extensive radial deformation occurring at the centre of the specimens, resulting 

in the transducers getting crushed between the specimen and the RLT cell wall.  

Typically, greater deformations can be expected in the zone of approximately homogenous stress 

conditions, since the principal stress orientation is closer to vertical without the influence of the 

end platens. The external and internal LVDT measurements were compared for the permeable 

specimens, which exhibited the greatest deformation, and the results of this comparison are shown 

in Figure 5-10 below. 

 

Figure 5-10: Internal and external LVDT's used to determine permanent strain. 

For the three replicate tests that were undertaken, there was a remarkable difference between the 

internal and external LVDT’s. Figure 5-10 shows the internal LVDT’s typically exhibited lower 

levels of permanent axial strain in comparison to the external LVDT. A potential cause could be 

the mechanical connection between the LVDT friction pads and the membrane, which is shown in 

Figure 5-11. Figure 5-11 also shows the radial deformation transducers that were initially used but 

were later taken out of the test setup due to equipment safety concerns. Due to time and funding 

limitations, design and production of new radial transducers were not possible within this research. 
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Figure 5-11: Internal LVDT setup for the large-scale RLT specimens. 

Two springs were used to secure the internal LVDT’s around the specimen, ensuring the specimen 

was not constricted by the LVDT setup. Thus, the connection to the specimen did not have full 

fixity. This could have been one of the reasons for the lack of response in the earlier stages of the 

tests, which showed less deformation, from the internal LVDT’s and the lower response compared 

to the external LVDT in stage 6 of loading. A more rigid connection to the membrane was not 

possible in this study but is recommended for more accurate internal LVDT measurements. 

Another reason for an unpredictable response from the LVDT’s could be the low deformations 

experienced by the large specimens. The total cumulative deformation in the first 5 stages of 

loading was typically within 3 mm, and the deformation in stage 6 was a maximum of 18 mm 

(typically around 12 mm). Initially, LVDT’s with a range of ± 50 mm were used to acquire internal 

deformation. Due to the unpredictable response during loading, these LVDT’s were changed to 

similar types of LVDT’s with a range of ± 25mm. Changing the LVDT’s slightly increased the 

internal response to deformation but as seen from Figure 5-10 the response from the LVDT’s still 

lacked in comparison to the external LVDT’s. Due to the length of the specimen and funds 

available for this study, further improvements to the internal LVDT setup could not be made. 

Radial 
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Springs securing 
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LVDT’s with a smaller range was not feasible for the extent of deformation expected in the large 

specimens. Ideally, internal LVDT measurements are preferable where possible, however, due to 

reasons explained above the internal LVDT measurements were not reliable and external 

displacement transducer measurements had to be used. 

5.3.2 Resilient Modulus 

Resilient Modulus, Mr, is a fundamental material property used to characterise unbound pavement 

materials. It is a measure of material stiffness and provides a means to interpret the stiffness of 

materials under different conditions, such as moisture, density and stress level. The resilient 

response of s specimen gives an indication of the expected elastic response after a load cycle is 

applied. Figure 5-12 shows the resilient modulus of the M/4 and permeable basecourse specimens 

when tested at OMC, in the large-scale RLT apparatus. Resilient modulus has been previously 

defined in Chapter 2, Section 4.6, Equation 2-4 using the notation in Figure 5-1. 

 

Figure 5-12: Resilient modulus of M/4 and permeable basecourse specimens. 

The resilient modulus of permeable specimens is on average 50 MPa greater than the resilient 

modulus of the M/4 compliant specimens, for all stages of loading. This may be due to the lack of 

fine plastic material in the permeable specimens. The aggregate to aggregate interlock present in 
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the permeable specimen provides a more rigid structure and therefore greater stiffness and resilient 

response. For the longevity of permeable specimens, a high crushing resistance, similar to the 

crushing resistance of the aggregates used in this research, is required. The aggregates used must 

also go through fatigue testing to ensure high weathering quality since the aggregate to aggregate 

interlock is the primary source of load-bearing capacity. Table 5-3 shows the difference in void 

ratio between the compacted permeable and M/4 basecourse specimens, based on triplicate tests. 

Table 5-3: Properties of large-scale RLT specimens. 

Type of Specimen 

Average 

Density 

Average Degree 

of Saturation 

Average Void 

Ratio 

Average 

Porosity 

M/4 2239 0.61 0.21 0.17 

Permeable 1972 0.09 0.37 0.27 

 

Table 5-3 shows the average void ratio of the permeable specimens is significantly higher than 

that of the M/4 compliant specimens. This higher void ratio is inversely related to the fines in the 

specimen. The greater extent of fines in the M/4 specimens allows some of the deformation to be 

absorbed and not released after the load is removed, making the material slightly softer than the 

permeable specimens. The interaction between aggregates is less stiff in the M/4 specimens in 

comparison to the permeable specimens, as shown in Figure 5-13 below. The aggregates are 

represented in black, and the fines are represented in brown. 
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Figure 5-13: Influence of void ratio on basecourse material. 

In a traditional basecourse, the presence of fine clay particles fills the voids between aggregates. 

The fine clay particles create a barrier between large aggregates, reducing contact and increasing 

lubrication potential of the surfaces of contact of aggregates. Lubrication and swelling of certain 

smectite inclusive clay particles, when introduced to moisture, can result in accelerated failure of 

the basecourse (Li, 2017). The combination of the presence of fine clay particles as well as a 

reduction in stone on stone contact reduces the axial stiffness of the M/4 basecourse when 

compared to a permeable basecourse. This may be observed in Figure 5-12. 

5.3.2.1 Internal Transducers 

The deformation recorded from the internal ±25mm LVDT’s was used to estimate the resilient 

modulus of the M/4 and permeable specimens. The relationship between load cycle and resilient 

modulus derived from internal LVDT measurements is displayed in Figure 5-14. 

• More stone on stone contact make the 

basecourse stiff. 

• Low fines allow greater permeability. 

• Relies on high crushing resistance. 

Permeable Basecourse Traditional Basecourse 

• Higher fines content reduces stone on stone 

contact. 

• Fines lubricate contact between stones. 

• Allows higher density to be achieved 
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Figure 5-14: Resilient modulus from displacement derived from internal LVDT's. 

Figure 5-14 shows very unpredictable and unrealistic values of resilient modulus for the permeable 

specimen that was tested. This was due to a combination of electrical noise and small deformations 

for the early stages of testing. It was difficult to differentiate from electrical noise and actual 

specimen deformation since both readings were in a similar range. The electrical noise of 0.01% 

experienced by the LVDT’s, were typical for the model of LVDT used and no significant 

improvement on the acquired signal was made even after applying a noise filter to the data 

acquisition system. 

In stage 6 of loading, a combination of mechanical behaviour of the LVDT’s and electrical noise 

resulted in very unrealistic values of resilient modulus for that stage. Since there was no rigid 

connection between the membrane and internal LVDT’s the transducers would occasionally not 

return to an unloaded state before the next cycle of loading was applied. This resulted in misleading 

values of resilient modulus. For this reason, the internal LVDT’s were not used to assess the 

permanent strain and resilient behaviour of RLT test specimens. 

5.3.3 Flooded Drained Tests 

Water ingress into the base layers is the most common pavement failure mechanism 

(Papagiannakis, 2008, Dawson, 2008). Since the pilot tests were conducted at OMC, also referred 
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to as the ‘dry state’, the performance of the permeable basecourse in a wet state needs to be known, 

since it is an expectation that permeable basecourse will function adequately in areas of high 

precipitation and pavement saturation. The permeable basecourse layers are expected to be free 

draining, with sufficient lateral discharge, so that accumulation of water within the pavement 

structure does not result in the surface being flooded. During high precipitation events, the 

permeable layer can be expected to be used as a reservoir to allow temporary storage of pavement 

runoff, thus delaying and truncating the peak in the hydrograph.  

A constant head tank was used to feed water at a pressure of 21kPa to the top of the permeable 

specimen while the RLT test was conducted to simulate a rainfall event in the RLT test setup. The 

procedures for undertaking the flooded RLT tests are described in Chapter 3, Sections 5.2.2 and 

Section 6.0. This was intended to simulate rainfall during traffic loading of the pavement. 

The steel mesh that was used at the bottom of the RLT specimen progressively deteriorated after 

each of the three test replicates, allowing granular material to pass through the drainage outlet. 

Although unintentional, the deterioration of the protective mesh at the bottom of the specimen 

allowed the simulation of progressive clogging in the permeable basecourse and the conditions 

transitioned from ‘free draining’ in ‘Flooded Test 1’ to a reservoir layer with partial drainage in 

‘Flooded Test 3’. This was shown by the progressive reduction in permeability from Test 1 to Test 

3. The permanent strain was evaluated for the three flooded tests and compared to tests that were 

conducted at OMC to identify the influence water had on the performance of the permeable 

basecourse. The permeability was also measured before and after each stage of loading to 

determine the influence of the loading conditions on the drainage conditions of the specimen. The 

permeability characteristics of the permeable basecourse are discussed in Chapter 6. 
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Figure 5-15: Influence of water on permeable RLT test specimens. 

The relationship between permanent axial strain and load cycles for the flooded permeable 

specimens, compared to the permeable specimens tested at OMC, is presented in Figure 5-15. 

Stage 6 of loading induced the greatest amount of deformation in the specimens, similar to Figure 

5-6 earlier. The permanent strain experienced by the flooded specimens is approximately 1.5 – 0.5 

% greater in comparison to the specimens tested in dry conditions. This indicates that there is a 

significant negative influence on permanent deformation within the permeable specimens, 

following the introduction of water, notably in severe stress conditions. The introduction of water 

does not significantly influence permanent deformation in lower stress states, stages 1, 2 and 3, 

where the performance of wet and dry permeable specimens was very similar. These results imply 

that the permeable pavements should be designed incorporating adequate vertical and lateral 

support to the basecourse so that the interlock between the aggregates is maintained, similar to 

Shackel (2006). Once the interlock between the aggregate structure is disturbed, accelerated 

deformation can be predicted to manifest, as simulated by stage 6 of loading. 

The gradual clogging of the specimens from Test 1 to Test 3 positively influenced the permanent 

deformation rate of the flooded permeable RLT specimens. The cumulative permanent strain 

significantly reduced as the protective mesh at the bottom of the specimen progressively 
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deteriorated between tests, allowing smaller sized aggregates to pass through. This allowed water 

to accumulate within the specimen during the RLT tests, simulating basecourse flooding. This 

highlighted the potential of the permeable basecourse being used a reservoir layer during heavy 

rainfall events. The influence of progressive specimen clogging on the permeability of the 

specimens is discussed in Chapter 6.  

 

Figure 5-16: Resilient modulus of flooded drained permeable specimens compared with dry permeable specimens. 

The resilient modulus of the permeable specimens tested is displayed in Figure 5-16. Figure 5-16 

shows that there is a slight decrease in resilient modulus of the permeable specimens in a flooded 

test in comparison to the specimen tested in dry conditions. This could be due to the flow of water 

through the specimen during the RLT tests contributing to the transportation of material through 

the specimen, reducing the stiffness and consequently the resilient modulus of the specimens. The 

transportation of fines in large-scale RLT specimens was also witnessed by Toan (1975). Evidence 

of this can be seen in Figure 5-16 where the relative difference in resilient modulus between the 

flooded and dry permeable specimens decreases after each stage of loading. As the test progressed, 

the transportation of material reduced after the initial transportation phase since there was a limited 

extent of fine particles in the specimens. A better assessment of the transportation of fines could 
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have been undertaken if the walls of the RLT cell and specimen membrane were transparent, 

allowing the observation of fines and water movement through the specimen. 

5.3.3.1 Shakedown Behaviour 

The shakedown behaviour of the flooded permeable specimens was studied. The relationship 

between permanent strain and strain rate is categorized into the three shakedown ranges in Figure 

5-17 below. 

 

Figure 5-17: Shakedown behaviour of flooded permeable basecourse specimens. 

Similar to Figures 5-8 and 5-9 previously, the shakedown behaviour of the flooded permeable 

specimens is very similar to that of the M/4 and ‘dry’ permeable specimens. After an initial period 

of RLT induced compaction, in stages 1 to 5, the specimens behave in a stable and resilient manner. 

As further load cycles are applied, the specimens behaviour transfers from Range B to Range A, 

which is favourable for pavement design, assuming the rate of rutting can be calculated. The 

response in stage 6 of loading is initially unstable, trending towards Range B behaviour after 50, 

000 load applications in the stage. The relationships established in Figure 5-17 indicate that the 

presence of water inside the permeable specimens do not contribute to instability exhibited by the 

specimen since the trends in Figures 5-17 and 5-9 are very similar. This leads to the conclusion, 

based on RLT testing alone, that the permeable basecourse is able to withstand similar levels of 
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traffic loading during free draining of water through its structure, in comparison with safe levels 

of traffic loading in a ‘dry’ state, assuming the lateral and vertical confinements of the basecourse 

are maintained.  

5.3.4 Material Suitability for Basecourse Construction 

To determine the suitability of the basecourse tested in the large-scale RLT apparatus for utilisation 

within pavement designs, the specifications NZTA (2012a and 2012b) were applied to the RLT 

test results. This is a similar procedure to that employed for the pilot RLT tests in Section 2.3, 

Table 5-1 of this chapter. Application of the current M/4 specification to the test results may be 

used to determine if the material used in this research is appropriate for basecourse construction in 

the field.  

The specification was applied to the M/4, and permeable specimens and the summarised version 

of the results are presented in Table 5-4. The details of the secant permanent strain slope, 

previously described in Equation 5-3, for each stage of each RLT tests presented in Table 5-4, can 

be found in Appendix D, in Tables D4-1 to D4-9. The results from Table 5-4 can also be compared 

to Table 5-1 which are the results for the small-scale pilot RLT tests for the M/4 and permeable 

basecourse specimens. Further relationships between the results of small and large-scale RLT tests 

and the applicability of the M/4 basecourse standard and NZTA T15 standard to the two different 

test setups are discussed in Chapter 7 of this thesis. The strain criterion is adopted from NZTA 

(2012a), the draft specification for M/4 basecourse, which specifies the average secant strain rate 

for all 6 stages of an unsoaked drained test to be less than 0.55 and the average for the first 5 stages 

of a soaked, drained test to be less than 1. 
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Table 5-4: Large-scale RLT test performance in relation to basecourse construction specifications. 

RLT Test 
Test 

Number 

Water 

Content at 

Compaction 

(%) 

Dry Density 

(kg/m³) 

%/M Strain (6 

stages, 

Unsoaked 

Drained<0.55 / 

soaked drained 

<1) 

Pass/Fail? 

Large PP – 

Unsaturated 

Drained 

1 1 1979 1.09 

Fail 

 
2 1 1979 0.87 

Fail 

 
3 1 1986 0.95 

Fail 

Large M/4 – 

Unsaturated 

Drained 

1 5 2242 0.79 

Fail 

 
2 5 2245 0.74 

Fail 

 
3 5 2230 

0.78 Fail 

Large PP - 

Flooded 

Drained 

1 2 1961 
1.40 (unsoaked) / 

0.43 (soaked) 
Fail/Pass 

 
2 2 1954 

1.26 (unsoaked) / 

0.52 (soaked) Fail/Pass 

 
3 2 1972 

0.87 (unsoaked) / 

0.24 (soaked) Fail/Pass 

 

Table 5-4 shows that neither the ‘dry’ permeable or M/4 specimens tested in the large-scale RLT 

apparatus meet the minimum requirements for basecourse design in a high traffic environment (> 

5 million ESA’s). This is similar to the conclusions drawn from Table 5-1. As discussed in Chapter 

4, Section 4.8, the typical field density for the M/4 basecourse material used in this study is 

approximately 2240 kg/m3, which is similar to the densities achieved for the large-scale RLT 

apparatus. Despite the correlation in density, based on large-scale RLT testing, the premium 

basecourse aggregate does not pass the specification for basecourse construction in New Zealand.  

There may be two reasons for the material not meeting the M/4 basecourse construction 

specifications. The first and most probable reason is that the RLT results obtained from small-

scale RLT testing, on which the standard is based, can potentially overestimate the performance 
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compared to what is realistically achievable in the field. This situation is further investigated in 

Chapter 7 where M/4 basecourse aggregate from the same source was tested in the small-scale 

RLT apparatus, and the M/4 basecourse specification was applied to the RLT test results. The 

results are then compared to the equivalent large-scale RLT tests.  

Another reason for the M/4 material not passing the M/4 basecourse design criteria could be that 

the unbound version of the M/4 basecourse is in-fact not good enough for pavement design in high 

traffic environments. This can be determined through field testing of the unbound M/4 basecourse. 

This case seems unlikely since the M/4 specification ensures aggregates of premium quality, which 

are commonly used in a large part of the roading network. 

Both the permeable and M/4 basecourse material showed similar performance, as seen in Table 5-

4. Both types of basecourse pass the low volume, 1 million ESA design criteria of NZTA M/4 and 

can potentially be used on low volume roads. According to NZTA (2012b), this indicates the M/4 

and the permeable material is appropriate for basecourse construction on top of subgrades that do 

not allow for significant settlement of the basecourse layer. This conclusion is only based on 

laboratory testing. Field testing needs to be conducted over a wide range of subgrade strengths to 

provide conclusive evidence in favour of the permeable basecourse being used as the basecourse 

in moderate to high traffic areas. 

According to NZTA (2012b), the permeable specimens that were flooded and tested do not fall in 

either ‘soaked’ or ‘unsoaked’ categories. However, the flooded specimens are more relatable to 

soaked specimens rather than unsoaked specimens. The soaking process does not ensure full 

saturation of the specimen, and in most cases, the saturation levels of the soaked specimens are 

well below a critical basecourse saturation level of 70% (Li, 2017, Salt, 2011). When the flooded 

RLT tests are considered as unsoaked, they fail the NZTA basecourse design criteria. However, if 

the specimens are considered as soaked, they pass the less than 1% permanent strain slope / 1 

Million ESA design requirements for wet RLT specimens, tested for the first 5 stages of NZTA 

T15. The wet permeable RLT specimens are well within the failure criterion of NZTA (2012b) 

since the highest %Slope / 1 Million value in Table 5-4 is 0.54%.  

Based on the results of Table 5-4 and NZTA (2012a) the permeable basecourse could potentially 

be used on moderate volume roads between 1 to 5 Million ESA’s. The design of the permeable 

base, the underlying subgrade, wearing course and drainage conditions would need to be evaluated 
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on a case by case basis. For a valid conclusion to be drawn from large-scale RLT tests, the 

correlation between small-scale RLT and large-scale RLT tests needs to be determined. The 

validity of applying NZTA M/4 to large-scale RLT tests is further evaluated in Chapter 7. 

The results presented in this chapter show that there is potential for the permeable basecourse 

designed, tested and evaluated in this study to be used as an alternative to more traditional 

basecourse layers, where higher demands of drainage are necessary and where pavement flooding 

is a concern. Additional emphasis is placed on the lateral confinement conditions of the permeable 

basecourse. The permeable basecourse is sensitive to changes in lateral confinement that may lead 

to attenuation of interlocking, with resultant degradation in vertical stiffness. Field trials need to 

be conducted for both the M/4 and permeable basecourse to determine the correlation between 

laboratory RLT testing and field performance to validate the laboratory tests conducted in this 

study. Field validation is pivotal in determining the appropriate design ESA’s applicable to the 

permeable basecourse design utilised in this study. 
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5.4 Summary 

Two types of basecourse material, M/4 complaint and a permeable design, were used in this study. 

M/4 basecourse, widely utilised in New Zealand, was used as a control when determining the 

potential of permeable basecourse to be used in situations of ‘flooded pavement’ as well as dry 

conditions. The structural capacity of the permeable basecourse was compared against the M/4 

basecourse using RLT tests. This chapter evaluated the results of RLT tests conducted for this 

research. Small-scale pilot RLT tests were conducted to initially determine the suitability of the 

permeable basecourse to be tested in the large-scale RLT apparatus. Large-scale RLT tests were 

then conducted on both the M/4 and permeable material utilising vibratory compaction for both 

specimens. Three replicate tests were conducted for both types of materials in a ‘dry’ state (at 

OMC) and three replicate tests were conducted on the permeable basecourse in a flooded ‘free 

draining’ state. Application of the shakedown theory and the NZTA M/4 specification for the 

construction of basecourse material were used to compare the performance of M/4 compliant and 

permeable basecourse and determine their suitability for pavement construction in New Zealand. 

The following summarises the results of the pilot and large-scale RLT tests conducted in this study: 

• Significant variation in RLT test results is evident when proctor or impact hammer 

compaction is used to compact RLT specimens. There is a lack of repeatability and 

reproducibility in compaction as a result of proctor compaction. For this reason and reasons 

discussed in Chapter 4, Proctor compaction is not recommended for compacting RLT 

specimens. 

• Pilot small-scale RLT tests determined that the permeable basecourse developed in this 

study had similar permanent strain values to premium M/4 basecourse for low to moderate 

stress ratios. The performance of both types of material deteriorated under high-stress 

conditions. The validity of small-scale RLT test results and NZTA T15 and NZTA M/4 

specifications is further evaluated in Chapter 7 of this thesis. 

• Testing of both the permeable and M/4 basecourse in the large-scale RLT apparatus 

showed similar results to the pilot small-scale RLT tests for the vibratory hammer 

compacted specimens. The application of shakedown theory was used to determine the 

stability of each type of basecourse based on permanent strain values acquired through 

RLT testing. 
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• The application of shakedown theory showed that both types of basecourse exhibit similar 

performance in the RLT test. The permanent deformation of the basecourse is high during 

the initial RLT compaction phase of testing (Range B), followed by stable (Range A) 

behaviour after extensive periods of loading to stages 1 to 5 of NZTA T15. The behaviour 

initially in stage 6 is largely unstable for both types of material, followed by a decrease in 

permanent strain rate after 50, 000 load cycles in stage 6. Further loading beyond the 

specified 50, 000 load cycles, in stage 6 is predicted to facilitate stable behaviour in both 

types of basecourse. The introduction of water into the specimen, to create flooded 

permeable specimens, did not significantly influence the permanent strain rates or stability 

of the specimens. 

• There is a slight increase in resilient modulus (Mr) of the permeable specimens in 

comparison to the M/4 specimens. The increase in resilient modulus can be attributed to 

the lower quantity of fines in the permeable specimens, yielding a slightly stiffer matrix in 

comparison to the M/4 compliant specimens. 

• The ‘flooded’ permeable tests showed that there is a significant increase in permanent 

strains due to increase in moisture conditions for stage 6 of loading. This is considered to 

be a stage of extreme loading for an unbound material. The permanent strain in low to 

moderate stress states is largely unaffected by the introduction of water in the specimen. It 

was established through large-scale flooded RLT tests that the permeable basecourse could 

be potentially used as a reservoir layer to delay and attenuate the peak of the hydrograph 

during heavy rainfall events. 

• The NZTA M/4 basecourse specification was used to determine if the two types of 

basecourse used in this study were appropriate for pavement construction in New Zealand. 

Application of the specification, to RLT tests, determined that both material types are not 

appropriate for pavement construction for traffic volumes of more than 5 million ESA’s. 

The unbound M/4 and permeable basecourse can potentially be used for pavement 

construction for traffic volumes between 1 to 5 million ESA’s. Further analysis of the 

applicability of NZTA T15 and NZTA M/4 to large-scale RLT tests need to be conducted, 

and this appears in Chapter 7 of this thesis. The validity of NZTA T15 is also discussed in 

Chapter 7. The analyses reported in Chapter 7 give strength to the conclusions drawn in 

this chapter. 
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• Field testing needs to be conducted to validate laboratory tests that were undertaken as part 

of this study. Field testing can provide validation for the compaction procedures discussed 

in Chapter 4, RLT tests conducted in this study and the specifications used in this research.  

Field testing will allow the correlation of laboratory testing to field performance and 

improve predictions of pavement performance, utilising the versatility of laboratory 

testing. 
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6.0 Permeability Characteristics of Basecourse 

Material 

6.1 Introduction 

During the past several decades, the primary emphasis in pavement design has been density 

and stability rather than drainage (Cedergren, 1974). Pavement designs are predominantly 

based on the strength of subgrades and supporting layers, assuming poor drainage conditions. 

Many designers assume that it is neither practical or economical, or perhaps even necessary, to 

enable rapid removal of water from structural components of the pavement. Typical stabilised 

bases and subbases layers are nearly always low in permeability. A nearly impermeable surface 

layer is provided to prevent the intrusion of water into the vulnerable layers. It is nearly 

impossible to keep water out of pavements in adverse conditions, even after providing a near-

impermeable surface layer. At some stage, through cracks within the impermeable layer and 

environmental factors such as the movement of the water table, precipitation and capillary 

suction, water makes its way within the pavement. As described by Dawson (2008), Randolph 

(1996) and Cedergren (1974) drainage of the pavement is a vitally important factor in 

maintaining the longevity of the pavement. 

Among the reasons cited for pavement failures, inadequate drainage of pavement structures 

has been identified as the primary cause of distress in pavements (Randolph, 1996, Elsayed, 

1996, Dawson, 2008, Cedergren, 1974). Even for a semi-continuous asphaltic pavement, 

surface water can penetrate at the joints and accumulate in the base and subbase. The 

inadequate drainage of accumulated water under the pavement causes pumping and adverse 

stress redistribution in the subgrade and lowers the shear strength of subgrade soils (Randolph, 

1996). 

As shown in Figure 6-1 below, these factors result in serious damage that undermines the 

serviceability of pavements. Thus, permeable bases have now become more favourable in the 

design and construction of pavements. 
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Figure 6-1: Pumping of water and fines from Portland Cement Concrete (PCC) pavement during traffic movement, 

from Moultan (1980). 

Permeable or open graded layers are utilised to increase the drainage capacity of pavements. 

Cedergren (1974) used open graded bound base layers to provide drainage layers with 

permeability between 3.5 to 10.6 mm/s, which removed any water that entered the pavement 

within 15-20 minutes. However, identified by Cedergren (1974), the drainage of the pavement 

is dependent on not just the base layer but the entire pavement including collector pipes, subsoil 

drainage, shoulders and underlying layers. Pavement designs are discarded due to the failure 

of the basecourse being attributed primarily to the performance of the basecourse. However, it 

is often the case where failure is a result of a collective number of faults in different sections 

of the pavement.  

Building pavements as slow draining systems can be costly in the long-term. Initial investment 

into well-drained pavements will generally be repaid many times over the life of the pavement 

(Cedergren, 1974). Dense-graded bases do not exhibit the permeability required to drain the 

pavements as quickly as intended. As a result, pavement design engineers utilise open-graded, 

highly permeable layers to provide the required drainage capabilities (Elsayed, 1996).  

Permeable basecourse, which is the focus of this study, can be considered as part of a permeable 

pavement system, which can provide high drainage capacity. However, it is currently 
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considered ‘risky’ to implement permeable pavements in many parts of the world, and 

traditional impermeable pavements are utilised instead. The lack of confidence in permeable 

pavements as a viable option for pavement design is associated with the lack of knowledge and 

research into permeable pavement systems. To better understand permeable pavements, the 

drainage and deformation characteristics of the pavement need to be identified. These 

characteristics are often tested in the laboratory before field studies are conducted.  

The focus of Chapter 5 was on the deformation characteristics of the permeable basecourse, 

and this chapter clarifies some of the issues surrounding the determination of permeability of 

unbound granular basecourse. 

6.2 Flow Through Roading Aggregates 

Although there is an abundance of literature available on dealing with flow through granular 

media, there are very few publications dedicated to the study of permeability of roading 

materials. From the limited literature that is available on the study of water flow in roading 

materials, there is a variety of opinions over what the best methods of calculating permeability 

are. The primary reason for this diversity is the highly variable nature of granular basecourse 

layers. Factors such as particle grading, porosity, the degree of saturation and degree and mode 

of compaction influence the permeability (Toan, 1975, Ranieri, 2012). The pore structure, size 

and location, along with the magnitude of pressure gradients within the basecourse, determine 

the flow path taken by a particle of water. Depending on the extent of fine material present in 

the basecourse, clogging can occur in flow paths, consequently changing the direction of flow 

of water and creating a relatively rapidly changing pressure distribution. The pore sizes are also 

non-homogenous throughout the specimen, making it difficult to characterise the flow type 

within a basecourse specimen. The flow path through pore channels changes depending on the 

extent of clogging and degree of saturation, making the study of flow within granular 

basecourse very complex and unpredictable. As previously presented in Chapter 5, Section 3.2, 

Table 5-3, the void ratio between the permeable and M/4 compliant basecourse is significantly 

different, 0.21 for the M/4 basecourse and 0.37 for the permeable basecourse. Thus, the flow 

type between the two types of basecourse may be different.  

6.2.1 Flow Behaviour 

Hussain (2011) states that the Reynolds number (Re) is a dimensionless number that gives a 

measure of the ratio of inertial forces to viscous forces. Laminar flow occurs at a low Reynolds 

number, where viscous forces are dominant, and is characterized by smooth, constant fluid 
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motion. Whereas, turbulent flow occurs at a high Reynolds number and is dominated by inertial 

forces, which tends to produce eddies, vortices and other flow instabilities (Hussain, 2011). 

Equations approximating the permeability of compacted granular materials are based on the 

type of flow predicted within the granular specimen. The flow type within granular material 

can be generalised using Reynold’s number, Re. The Reynold’s number is determined by 

Equation 6-1 below. 

Equation 6-1: Reynolds’ number (Re) 

𝑅𝑒 =  
𝜌 ⊽ 𝐷

𝜇
 

Where: 

𝜌 is the water density (kg/m3), 

⊽ is the average water velocity (m/s), 

𝐷 is the characteristic length based on the system geometry (m), and 

𝜇 is the dynamic viscosity of water (kg/ms) or Pa.s 

Note: The dynamic viscosity of water at room temperature (20⁰C) is 1.002 x10-3 Pa.s and the 

density at the same temperature is approximately 998 kg/m3. 

The characteristic length is easily defined in pipe flow as the diameter, D, of the pipe. However, 

defining D for a basecourse specimen is more complex, since the aperture for the approaching 

flow is changing both vertically, horizontally and with time within the specimen. In practice, 

it is common for the subgrade soil to have a lower permeability in comparison to the base 

material, particularly in the case of permeable pavements. Therefore, the vertical flow between 

the base and subgrade is likely to be negligible, leaving most drainage occurring horizontally 

under low gradient conditions (Randolph, 1996, Dawson, 2008). The difference in 

permeability, k, vertically and horizontally was recognised by Ranieri (2012) in a study of 

permeability of porous asphalt. While pavement bases and subbases are compacted vertically, 

the main direction of flow is horizontal (Randolph, 1996). Randolph (1996) goes on to say that 

there is a marked difference between horizontal and vertical permeability and that the 

permeability used to calculate drainage rates in pavement bases and subbases should be the 

horizontal permeability with the specimen compacted vertically. The procedures on how to 
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determine vertical permeability, kv, and horizontal permeability, kh, are outlined in British 

Standard (EN, 2012).  

There is no consensus for the selection of the characteristic length for flow through voids other 

than it being a function of the aperture (Patryk, 2011). Patryk (2011) suggested that the aperture 

size can be approximated to the mean hydraulic radius of the apertures. Patryk (2011) goes on 

to say that for flow through porous media the average grain size diameter, D50, can be 

commonly used for the characteristic length based on the assumption that this is proportional 

to the pore throat or aperture diameter. Based on the PSD of the M/4 and permeable basecourse, 

D50 for both types of basecourse is approximately 10.2 mm and 9.5 mm respectively. The 

reduction in fines in the permeable basecourse significantly increases the void ratio, although 

the mean particle size remains similar to that of the parent M/4 basecourse. Although using D50 

as a representative aperture size is simple and easy to obtain, it does not accurately portray a 

realistic representation of pore size if only finer fractions of the total mass are removed, as seen 

in the comparison between the permeable and M/4 basecourse. However, due to the lack of 

research that is available in the estimation of representative pore size diameter, a combination 

of D50 in relation to the porosity of the basecourse specimen is used to provide Reynold’s 

number. Other more accurate methods of obtaining D50 involve using silicon casting to 

determine the actual pore size distribution (Ranieri, 2012). 

The elevation head is constant for the same depth for both the permeable and M/4 specimens, 

since the height of the constant head tank and thus the elevation head remains unchanged 

throughout permeability testing. The reasons for which are outlined in Section 4.2 later in this 

chapter. The Reynold’s number for the two basecourse types can be significantly different due 

to the higher flow rates through the permeable specimens. The exit velocity of flow from the 

specimen would be a more accurate representation of flow conditions through each type of 

basecourse. Considering continuity of flow, the approach velocity was taken as a proportion of 

the exit velocity based on the dimensions of the exit flow and exit flow velocity being 

proportional to the approach velocity, diameter of the specimen and specimen void ratio. 

Equation 6.2 below describes how the approach velocity was calculated. A similar approach is 

used by Raineri (2012) who uses the porosity to determine the effective velocity of flow 

through porous mixes. 

Equation 6-2: Determination of approach velocity. 

⊽ 𝑎𝑝𝑝𝑟𝑜𝑎𝑐ℎ = (
𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑒𝑥𝑖𝑡 𝑓𝑙𝑜𝑤

𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑥 𝑣𝑜𝑖𝑑 𝑟𝑎𝑡𝑖𝑜
) 𝑥 ⊽ 𝑒𝑥𝑖𝑡 
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Ranieri (2012) determined the Reynolds number within the pore structure of porous asphalt 

specimens rather than at the approach and exit locations of the specimens. The equation used 

by Ranieri (2012) is shown below. 

Equation 6-3:   

𝑅𝑒𝑝 =  
𝑑0 ⊽𝑒𝑓𝑓

⊽
 

Where: 

𝑑0 is the mean diameter of pores,  

⊽ is the mean velocity, and 

Equation 6-4: 

⊽𝑒𝑓𝑓=  
𝑄

Ф. 𝐴
=

⊽

Ф
 

In Equation 6-4, Ф is referred to as porosity. The pore velocity through the specimen (⊽𝑒𝑓𝑓), to 

which the Reynold’s number (𝑅𝑒𝑝) is related, is calculated. However, the determination of d0 

must be accurate for reliable estimates of ⊽𝑒𝑓𝑓 and was determined through silicon casting by 

Ranieri (2012). For the purposes of this research, the representative diameter of the hydraulic 

aperture could only be estimated. Therefore, Equation 6-2 is more appropriate in determining 

firstly the representative approach velocity and Equation 6-1 in determining the Reynold’s 

number. 

6.2.1.1 Types of Flow 

The Reynold’s number determines if the flow is laminar, critical / transitional or turbulent. Pore 

channels in granular material are so tortuous with very large changes in size and shape, such 

that for certain ‘apparent’ flow velocities, the flow regime would be laminar in the larger pore 

channels and turbulent in the smaller ones. The categorisation of flow type is a very crude 

estimate of the flow characteristics in the basecourse specimen, which has varying pore sizes 

throughout its structure. For laminar flow, Darcy’s law, which is previously outlined in 

Equation 3-3 in Chapter 3, Section 6.1 and Section 2.2 of this Chapter can be applied. The 

equation has been found to be a reasonable approximation, under laminar flow conditions, and 

because of its simple linear form is used for the solution of many flow problems, such as those 

associated with tile drains, irrigation, aquifers and earth dam seepage. 
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However, Darcy’s law is a linear relationship and flow through granular material is widely 

accepted in literature as being non-linear (Patryk, 2011, Hussain, 2011, Mulqueen, 2005, Toan, 

1975). However, some researchers have used a linear relationship to predict permeability 

within granular porous media (Ranieri, 2012, Elsayed, 1996). Non-linear behaviour is 

attributed to particle rearrangement causing a reduction in permeability with an increase in 

hydraulic gradient. The linearity of flow has also be estimated using the Reynolds number, e.g. 

the flow is considered linear if Re is less than unity (Toan, 1975, Hussain, 2011). If the 

Reynolds number is between 1 and 10 then the flow is non-linear and laminar. Therefore 

Darcy’s law is not recommended to predict the permeability of the material (Randolph, 1996, 

Patryk, 2011, Ranieri, 2012). However, there is disagreement within researchers on where the 

point of transition lies between transitional and turbulent flow. Toan (1975) contends that what 

is strictly turbulent flow is experienced for values of Re between 60 to 150, thus implying 

values of Re between 10 and 60 indicates transitional or critical flow, where the characteristics 

of the flow are neither laminar or turbulent. Whereas Ranieri (2012) shows that Reynold’s 

number within a pore structure (Rep) follows the following regime. 

• Rep < 10, laminar flow; 

• 10 < Rep < 100, first transition regime; 

• 100 < Rep < 1,000, second transition regime; and 

• Rep > 1,000, turbulent regime. 

The primary difference in the literature between authors is the position of the boundary of 

turbulent flow. Additionally, Hussain (2011) suggests that there are four regimes of flow as 

follows: 

• Darcy or laminar flow -  where the flow is dominated by viscous forces, here the 

gradient of the total head varies strictly linearly with the flow velocity. The Reynolds 

number at this point is less than 1. 

• At increasing Reynolds number, a transition zone is observed leading to flow dominated 

by inertial effects. This begins in the range Re = 1-10. This laminar inertial flow 

dominated region persists up to and Re of 150. 

• An unsteady laminar flow regime for Re = 150 - 300 is characterized by the occurrence 

of wake oscillations and development of vortices in the flow profile. 
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• A highly unsteady and chaotic flow regime for Re > 300; it resembles turbulent flow in 

pipes and is dominated by eddies and high head losses. 

On the contrary, Polat (1992) states that the Reynolds number at which Darcy’s law is no longer 

applicable ranges between 0.1-75 depending on the porous structure and the choice of 

characteristic dimension used (Polat, 1992). 

There is a large variation in the Reynolds number for these transition zones as published in the 

literature. Therefore, one cannot be too categorical about limits and transition zones if it relates 

to the Reynolds number in porous media. Clearly, there is uncertainty in the usefulness of 

Reynolds number to classify flow characteristics in compacted granular media. However, 

Reynold’s number is one of the few methods in determining the applicability of Darcy’s law. 

Therefore, engineering judgement is required to determine if the flow permeating through the 

specimen can be predicted using either linear or quadratic methods. 

6.2.2 Darcy’s Law 

Darcian flow is generally assumed to be the regime of permeating water in the soil or aggregate 

layers (Dawson, 2008). The flow is assumed to be laminar due to the low hydraulic gradients, 

meaning that water percolates at sub-critical velocities and without eddy-flow when moving 

from small to large pore spaces or vice versa. This implies that energy loss is only due to 

friction between the water and the surrounding solids and that a constant value of the coefficient 

of permeability can be defined. When coarse materials, with large pores, are tested for 

permeability using a constant head test, care must be taken to ensure that Darcian conditions 

are maintained throughout the test. Eddy-flows, which is a swirl of fluid and the reversal of 

current, can be anticipated in specimens with large pore spaces and as the pore sizes change 

along the flow path, the flow can be expected to change with it, especially at high hydraulic 

gradients. If the user is unaware of these conditions, for instance, the particle size distribution 

and porosity of the specimen is not analysed to predict the occurrence of turbulence, the value 

of the coefficient of permeability will be under-estimated (Dawson, 2008). 

Darcy’s law described the linear relationship between specific discharge and applied hydraulic 

gradient. For low hydraulic gradients, typically less than 0.1, the flow is expected to be laminar 

and linear approximations can be represented using Darcy’s law (Barr, 2001b). Turbulent 

conditions beyond the critical hydraulic gradient can still be approximated using a nonlinear 

Darcy’s law. However, the accuracy of any estimation is less than that for laminar flow. If a 

high hydraulic gradient is applied across the specimen and it is misinterpreted as a linear flow, 
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the calculated permeability will be lower than the true permeability (Randolph, 1996, Dawson, 

2008). However, Ranieri (2012) shows contradicting results, where Darcian permeability is 

higher than measured permeability for any flow that is not laminar. Darcy’s law is contingent 

upon the existence of laminar flow (Moultan, 1980). Moultan goes on to say that for more open 

graded granular materials, the flow may become non-laminar, even at low hydraulic gradients. 

Under these circumstances, it is still possible to use Darcy’s law for practical seepage analysis, 

if appropriate consideration is given to this phenomenon in evaluating the coefficient of 

permeability. 

For permeability values obtained using Darcy’s law for hydraulic gradients exceeding 0.1, the 

calculated values can be expected to be lower than actual values underestimating the 

permeability of the material being tested. Conservative permeability values may be justified in 

pavement construction for two reasons. The first reason being that the hydraulic gradients 

experienced in the field are predicted to be much lower than what is represented in the 

laboratory (Dawson, 2008). Pavement flooding may occur before hydraulic gradients exceed 

0.1. Secondly, conservative designs will allow for a factor of safety to be established where 

maximum design capacities are protected. 

6.2.3 Non-linear Flow 

For many applications, Darcy’s Law is a good approximation, especially when the variation in 

the size and shape of the flow channels is small. However, the linear law does not always apply 

for clays, well graded granular materials and for compacted granular basecourse materials. In 

these cases, the coefficient of permeability is found to vary with the hydraulic gradient, i.e. the 

linear Darcy’s Law is not appropriate. A compacted granular basecourse generally contains 

some silt and clay size particles. As described by Toan (1975), when these fines are present in 

proportions exceeding 10%, the properties of the fines have an overriding influence on the 

swelling potential, permeability and permanent deformation of the basecourse. This is 

especially the case for M/4 compliant basecourse, which seldom exceed 10% fines (Toan, 

1975, Li, 2017). However, in the case of the permeable basecourse, the fines content is less 

than 1%.  

Particle size grading significantly influences permeability as it determines the pore size 

distribution. The permeability is a function of the pore size distribution. However, D50, which 

is related to the average aperture size, does not accurately represent average pore size 

distribution. Therefore, the void ratio of the material must also be considered. The flow velocity 
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in large pore channels may be considered to be laminar, and turbulent in smaller pore channels. 

This would mean that permeable basecourse, which has a relatively high porosity, can be 

predicted to have an average flow velocity that may be representative of laminar flow and 

hence a linear Darcy’s regime, whereas the flow in the M/4 basecourse can be expected to be 

non-linear and turbulent.  Effective flow would also change with hydraulic gradient and 

specimen clogging.  

Change in flow due to varying hydraulic gradients were also noted by Randolph (1996), who 

noticed initial linear flow within the granular specimens at low hydraulic gradients which 

changed to non-linear flow after a hydraulic gradient of 0.5 was reached. This is shown in 

Figure 6-2 below.  

It should be noted that the underlying assumption of any relationship between flow and the 

hydraulic gradient is homogeneity between the points of measurement, which is not necessarily 

the case. 
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Figure 6-2: Change in hydraulic gradient resulting in a change in flow velocity relationship, from (Randolph, 1996). 

In Figure 6-2, J is referred to as the hydraulic gradient, and the plot of J versus q (flow) was 

used to obtain the permeability. The plot between flow and hydraulic gradient (top graph) can 

be separated into a linear and a non-linear part. The permeability is the slope of the linear part 

of the flow, i.e. for a hydraulic gradient of less than 0.5.  
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Randolph (1996) used the plot of J/q versus q (bottom graph) to obtain the upper limits of 

hydraulic gradient and specific discharge for linear laminar flow. The curve consists of two 

parts, a horizontal line and a straight line with a constant slope. The horizontal line represents 

the linear flow which observes Darcy’s law. The sloped straight line represents the nonlinear 

laminar flow that follows a quadratic relationship that can be approximated using Equation 6-

5. 

Instability of pore walls has been cited as possible causes of deviation from Darcian behaviour. 

The flow of water through the pore channels can shift loose particles and transport them. They 

could then block smaller passages and hence alter the permeability. Turbulent flow conditions 

are more likely to induce particle rearrangement, hence, reducing the permeability. Non-linear 

behaviour is attributed to particle rearrangement causing the reduction in permeability with an 

increase in hydraulic gradient. 

When the percentage of fines is high, such that flow becomes non-linear after increasing the 

hydraulic gradient, the flow regime is beyond the valid range of Darcy’s law and before the 

onset of turbulence, known as non-linear laminar flow. At low Reynold’s numbers, i.e. laminar 

flow, the inertial forces are negligible in comparison to the viscous forces (Hussain, 2011). As 

Reynold’s number increases within the turbulent range, the relationship between the magnitude 

of the inertial and viscous forces are reversed. As described by Randolph (1996), non-linearity 

is most commonly modelled using some form of Forchheimer’s model (1901). Equation 6-5 

below describes the quadratic relationship of flow in a non-linear situation. Forchheimer’s 

equation deducing flow through porous media, J, assumes that an additional term must be 

added to account for the non-linearity in the flow. 

Equation 6-5: Non-linear flow relationship, from (Forchheimer, 1901). 

𝐽 = 𝑊. 𝑞 + 𝑏. 𝑞2 

The linear term represents the viscous resistance, and the quadratic term expresses the inertial 

resistance and W and b are both constants. The deviation from Darcy’s law is attributed to 

inertial forces. At low Re these are insignificant in comparison to viscous forces, the inertial 

forces being proportional to the square of the flow velocity and independent of the viscosity. 

The relationship established by Forchheimer (1901) has also been adopted by Patryk, 2011, 

Ranieri, 2012, Mulqueen 2005, and Toan, 1975, where experimentally determined changes in 

hydraulic gradient validated the quadratic relationship between flow and permeability. The 
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version of Forchheimer’s equation used is more commonly known as the ‘Missbach equation’, 

which is in the form described in Equation 6-6 below. 

Equation 6-6: Missbach relationship describing non-linear flow, from Toan (1975) and Mulqueen (2005). 

𝑣 = 𝑎𝑖𝑛 

Where: 

v is the average apparent velocity 

a and n are constants derived from v vs i graphs (Figure 6-3), and 

i is the hydraulic gradient. 

The velocity at different hydraulic gradients needs to be determined and the quadratic 

relationship established to determine a and n, allowing future predictions of the model to be 

made using Equation 6-6. A log-log graph of apparent velocity and hydraulic gradient similar 

to Figure 6-3 below, can be produced to determine values for a and n. 

In the coarser specimens, the value of n approaches 0.5, similar to that for turbulent flow 

through rough-walled pipes. In the finer specimens, the value of n approaches 1 similar to that 

in the classic relationship of Darcy for laminar flow through sands and soils, indicating that in 

such cases, Darcy’s Law could be applied without too much error (Mulqueen, 2005, Toan, 

1975). 

 

Figure 6-3: Relationship between velocity and hydraulic gradient, from Toan (1975). 
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Figure 6-3 shows that as the hydraulic gradient increases above a certain critical level, material 

transport begins, as shown by the break in the relationship. The flow becomes very turbid when 

larger particles are transported. When the transport becomes excessive, plugging of the flow 

channels is pronounced and the flow rate ceases to increase despite the increase in hydraulic 

gradient.  

Toan (1975) and Barr (2001b) showed that as the hydraulic gradient is increased, transportation 

of the fines changes the flow conditions, thus manifesting in a non-linear relationship. Raineri 

(2001), Randolph (1999), Elsayed (1996) and Toan (1975) showed that once the fines content 

exceeds a certain point, typically 5%, the permeability of the material is significantly reduced. 

This is presented in Figure 6-4 below. 

 

Figure 6-4: Reduction in permeability due to increase in fines, from Elsayed (1996) 

This further reinforces the conclusion drawn from Toan (1975) that the range of conditions 

applicable to the linearity of flow is determined by the percentage of fines within a basecourse. 

For basecourse with greater fines, such as M/4 basecourse, Darcy’s law would be less 

appropriate than for the permeable basecourse which has less than 1% fines (materials passing 

the 1.18mm sieve). 

Finer material also has an influence on permeability not only in basecourse but also in the 

surfacing course. Ranieri (2012) showed that for asphalt PFC’s the vertical permeability is 

significantly reduced with the increase in head as seen in Figure 6-5 below. 
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Figure 6-5: Permeability of fines with varying porosity at different elevation heads, from Ranieri (2012). 

In Figure 6-5, specimens ‘M12’, ‘M14’ and ‘AUDR 4’ (the top three in the legend) have the 

highest porosity, exceeding 20%. The remaining specimens have porosity much less than 20%. 

The materials with lower porosity and greater extent of fines are more susceptible to clogging 

which is shown by the decrease in permeability after an increase in the head of water. 

A similar trend was found by Mulqueen (2005), who found that with increasing hydraulic 

gradient, the permeability for all types of basecourse gradings decreased for the materials 

tested. This shows that if laboratory tests are to be a realistic simulation of field conditions, the 

hydraulic gradient must be controlled. However, it is difficult to ascertain the hydraulic 

gradient that would best represent rainfall on a pavement. More appropriately, for permeable 

specimens, the permeability at hydraulic gradients that are at the boundary of critical laminar 

flow would provide the greatest insight into the bounds of the range of permeability of the 

material. Identifying this limit in permeable specimens is not straightforward since 

significantly high heads of water are required in a constant head tests to establish steady state 

flow, which is required for accurate permeability results. 



287 

 

 

Figure 6-6: Reduction in permeability following increase in hydraulic gradient, from Mulqueen (2005). 

There is near linear reduction in permeability for all the specimens in Figure 6-6. The reduction 

in permeability in Figure 6-6 may be attributed to gradual clogging at high hydraulic gradients, 

which was also witnessed by Toan (1975). Figure 6-7 shows the grading of materials presented 

in Figure 6-6. 

 

Figure 6-7: Grading of material tested by Mulqueen (2005). 

In comparison to the gap-graded materials tested by Mulqueen (2005), the permeable specimen 

used in this project is closest in grading to material ‘No. 6’. The permeability of the material at 

a hydraulic gradient of 0.12 (similar to 0.18 used for this project) is approximately 11000 m/day 
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or 0.00013 mm/s. However, the tests conducted by Mulqueen (2005) were testing the 

horizontal permeability of specimens. The horizontal permeability is usually significantly less 

than the vertical permeability, as shown by Ranieri (2012). Other factors such as the degree of 

saturation during compaction, level of compaction, aggregate shape all have an influence on 

the permeability. For this reason, it is not realistic to compare permeability based purely on 

grading.  

6.2.3.1 Turbulent Flow 

Although there is disagreement in literature over the limits for Reynold’s number and thus the 

application of the law of Darcy, there is agreement that the presence of fines significantly 

influences the flow rate due to clogging, especially at high hydraulic gradients. In these 

instances, a quadratic relationship is usually used to determine the flow rate of water passing 

through the specimen. One of the key objectives of this study is to determine the permeability 

of the permeable basecourse. However, as previously discussed, for permeable basecourse, the 

fines content has been established to be less than 1%. Therefore, the linearity of flow through 

the specimen may not be a concern. However, unlike traditional basecourse specimens, which 

have a high fines content, there are difficulties within a constant head test that are relevant to 

the permeable specimens and not to M/4 specimens. The most significant of which is the need 

for the establishment of steady state flow through the specimen. 

Due to the high voids ratio of the permeable specimens (37%) and the large dimensions of the 

specimen (250mm diameter by 625mm height), a significantly high flow rate is required to 

maintain steady state flow through the specimen. Steady state flow is required to establish a 

meaningful relationship between flow and permeability (Toan, 1975). The attainable entrance 

flow rate going into the specimen must exceed the flow rate out of the specimen, i.e. water 

must be spilt from the header tank for all applicable heads to establish steady-state flow. This 

results in a high elevation of the constant head test. As a result of the high elevation head, high 

flow rate can be established through the specimen, increasing the degree of saturation. The 

occurrence of turbulence within the pores of the specimen is increasingly likely, with high flow 

rates. Previously, turbulence has only been associated with small pore sizes, even at low 

hydraulic gradients, but there is also the possibility of turbulent flow within larger pores at the 

onset of high hydraulic gradients and flow rates, as determined by Barr (2001a and 2001b), 

Toan (1975) and Mulqueen (2005). 
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For turbulent flow within different types of porous media, Barr (2001a and 2001b) suggested 

the empirical relationships represented in Equations 6-7, 6-8 below after testing the 

permeability of 588 different porous granular specimens. 

Equation 6-7: Empirical relationship between flow and hydraulic gradient, from Barr (2001a and 2001b). 

1 =  
𝑉

ℎ
𝑙⁄
 (

5𝜇

𝑚2𝛼𝜌𝑔
+ 

√2𝑉

𝛼2𝑔3𝑚
) 

where 5µ/m2αρg = 1/k see equation 6-8 below 

Where: 

V is the approach velocity, which is the pore velocity multiplied by the porosity, 

𝛼 is the porosity, 

ℎ
𝑙⁄  is the hydraulic gradient, 

𝜌 is the density of the fluid, 

𝜇 is the viscosity of permeating fluid, 

g is gravity, and  

m is the volume of voids / surface area (S) 

where S = 3 (1- 𝛼) / r (r is the average grain radius) 

Barr (2001a and 2001b) explains that when the flow is laminar the permeability, K, can be 

defined as follows.  

Equation 6-8: Determination of permeability, K, during laminar flow, according to Barr (2001a and 2001b). 

𝐾 =  
𝑚2𝛼𝜌𝑔

5𝜇
  

The relationship in Equation 6-7 is said to hold at the onset of turbulent flow. The V and the h/l 

are those that occur, whether in laminar or turbulent flow, but, as flow becomes turbulent, the 

coefficient of proportionality becomes the effective coefficient of permeability, Ke, which is 

not constant with hydraulic gradient, and has a lower value than K, the laminar coefficient. In 

such situations, the following equation from Barr (2001b) can be used. 

Equation 6-9: Effective permeability during turbulent flow, from Barr (2001b). 
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1 =  𝐾𝑒  (
1

𝐾
+  

√2𝑉

𝛼2𝑔3𝑚
) 

 

Initially, K is determined using Equation 6-8 assuming laminar conditions. Equation 6-9 is then 

applied to determine the effective permeability, Ke. Where Ke < K due to the turbulent nature 

of the flow. 

The tests conducted by Barr (2001a) to determine the representative surface area of three 

characteristic types of granular media for the determination of m in Equation 6-7, i.e. sand, 

spheres (lead shot) and crushed Taconite, were based on tests done on uniformly graded 

specimens. The specimens used for this research are not uniformly graded. Therefore, the 

determination of the surface area adopted by Barr is not realistic for this research (Barr, 2001a). 

Barr (2001a) states that the three characteristic types of porous media can be approximated to 

spheres with a surface area of 1952 m2/m3, sand with a surface area of 2057 m2/m3 and crushed 

Taconite (which has a similar particle shape and size to crushed aggregates), with a surface 

area of 2634 m2/m3. It can be assumed that the surface area of permeable specimens can be 

approximately close to that of crushed Taconite (0.75(Taconite – Sand) + Sand) and the M/4 

specimens to be in between sand and Taconite (0.5(Taconite – Sand) + Sand) since it has a 

greater extent of fines that more closely resemble sand than Taconite. The surface area of any 

granular medium can be approximated to be between 1 and 1.35 times that of spheres and can 

be selected based on the nature of the medium. 

Reynolds number has previously been used to determine the onset of turbulence in flow 

through porous media. For Equations 6-7 and 6-9, the occurrence of turbulence can be 

established through empirical testing conducted by Barr (2001b). Equation 6-10 below defines 

E, which can be used to determine turbulent flow, i.e. the ratio of inertial force to pressure 

force. 

Equation 6-10: Determination of flow type, from Barr (2001b). 

𝐸 =  
√2𝑉

𝛼2𝑔(
ℎ
𝑙

)3𝑚
 

If E is greater than 0.2 than there is a high probability that the flow is turbulent (Barr, 2001b). 

There are no transitional flow zones proposed in the work of Barr. If E is less than 0.2 the flow 

can be assumed to be laminar. 
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The methods used by Barr (2001a and 2001b) are empirically based on a database of 588 tests. 

It is worthwhile to consider deducing permeability using these methods since there is currently 

very little agreement in the determination of Reynold’s number and permeability from more 

common methods. However, common methods such as Forchheimer and Darcy laws have been 

used for generations and should not be ignored. Therefore, the most reliable method of 

determination of permeability for the materials tested in this research is to use several methods, 

compare the permeability values obtained and report a range and the best estimate. 

6.2.4 Head Losses 

Head losses within a flow domain will occur at flow junctions and in the proximity of the 

boundaries as a result of tube wall friction. The head losses that arise within a permeability test 

setup must be accounted for when estimating permeability. Head losses may be significant 

when small discharge quantities are measured. Epistemic uncertainties are even more 

important. Entry and exit losses vary with flow velocity and occur when the head difference 

between inflow and outflow are taken externally to the specimen. The porous stone, generally 

used as a filter, contributes to the head loss through the specimen. In permeability testing of 

clay, the large difference in permeability between the porous stone and clay renders the effect 

of the stone insignificant. However, the effect on the results from permeability tests on granular 

materials is larger, particularly when the porous stone becomes clogged by small particles 

moved by the flow Toan (1975). Therefore, porous stones were not used as part of the 

permeability test setups in this research. Galvanised steel plates, 250mm in diameter, with 

10mm circular perforations, spaced 10mm apart (edge to edge), were used instead to avoid 

clogging at the bottom of the specimen. 

For the tests conducted in this study, the head losses in the RLT permeability test setup were 

isolated, and the reduction in permeability as a result of head losses along the flow path was 

deducted from the measured permeability so that the actual permeability of the basecourse 

specimens could be measured. Head losses in the permeameter were insignificant since the 

permeability of the permeable specimens tested, and discharge quantity was significantly 

greater than what they need to be for head losses to be considered. Therefore, the effects of 

head losses with the permeameter setup were considered negligible, see Appendix E, Table E-

13. 

Wall effects are important with near uniform particle grading due to the lower particle packing 

near the wall of the permeameter. For very small flows, when the outflow is measured by the 
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progress of menisci in a horizontal tube of small diameter, contamination of the capillary tube 

becomes significant. Piezometric tubes may also be contaminated by clay deposits, but the 

effect is small for tubes greater than 2 mm in diameter. Due to the lack of fines and high flow 

velocity in the permeable specimens the influence of wall effects on permeability were 

considered insignificant. However, the permeameter allowed the ‘core’ and ‘edge’ 

permeability of the specimens to be determined independently, as explained in Chapter 3, 

Section 6.2. Within the RLT permeability setup, wall effects could not be directly evaluated 

since there was no separation of the ‘near wall flow’ from the flow in the central region of the 

specimen and the specimens were confined by a 3mm thick rubber membrane.  

6.3 Theoretical Considerations of Permeability 

Due to the uncertainty surrounding the methods and formulas used in the determination of 

permeability in porous media, many researchers have attempted to develop empirical 

relationships that specifically apply to the material they studied. Thus, there are now several 

ways in which the permeability of porous media can be determined. This has resulted in 

decreasing confidence in theoretical permeability values and differences in permeability as 

high as 200% between different methods of determination is considered acceptable (Toan, 

1975). 

Ranieri (2012) recognised that equipment and standards for measuring permeability varied 

widely. This variability includes laboratory and field permeameters, constant-head and falling-

head permeameters, and methods based on differing equipment and protocols. This in 

combination with a number of equations, charts and nomographs developed for estimating 

permeability, generates results that are either difficult to compare or not comparable (Ranieri, 

2012, Elsayed, 1996). Thus, the value of K that is applicable to a specific material of known 

geology, grading and density, as determined from different methods and equipment, has 

considerable uncertainty.  

One of the older, yet still commonly used equations to predict the permeability of granular 

material, was developed by Hazen (1892). The formula, which is presented in Equation 6-11 

below, was used to estimate the permeability of clean filter sand. It has since then been used 

by many researchers as a benchmark for permeability calculations (Elsayed, 1996, Barr, 2001b, 

Barr, 2001a, Moultan, 1980, Cedergren, 1974). 

Equation 6-11: Formula to estimate the permeability of clean filter sand developed by Hazen, from Cedergren (1974). 

𝐾 (𝑐𝑚 sec )⁄ = 𝐶𝐷10 
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Where D10 is the effective grain size in centimetres;  

C is a coefficient that varies from 90 to 120, with a value of 100 often used (Elsayed, 1996).  

One disadvantage of using this formula is that it does not account for the degree of packing or 

the porosity, which is significant in this instance since that is one factor that differentiates the 

permeable basecourse specimen from M/4. 

Figure 6-8 below, shows a nomograph presented by Moulton to predict the coefficient of 

permeability of unbound base materials. The nomograph was statistically developed from 

laboratory test results using the effective grain size (D10), the per cent by weight passing the 

0.076-mm sieve (sieve No. 200) and the dry density as predictor variables. It is based on a 

specific gravity value of 2.70. The specific gravity of the aggregates used for this research is 

2.72, which is very similar to the specimens tested by Moultan (1980). Moultan’s nomograph 

can be used to predict the permeability of both the M/4 and permeable specimens. However, 

the permeability evaluated with this method needs to be validated against measured 

permeability to determine the viability of Moultan’s nomograph to this research. 

 

Figure 6-8: Determination of permeability based on porosity and particle size, from (Moultan, 1980). 
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The Moultan nomograph, shown in Figure 6-8, was developed from data on well-graded 

granular bases and subbases. Therefore it may be limited to these types of materials (Randolph, 

1996). 

After performing multiple regression analyses with permeability as the dependent variable and, 

the void ratio and the percentage of material passing the size 30 (0.6mm) and 200 (0.075mm) 

sieves as the independent variables, Elsayed (1996) presented the following equation, where 

the R2 value is approximately 0.78.  

Equation 6-12: Determination of permeability based on the void ratio and grading of material, from Elsayed (1996). 

𝐾 =  −0.251 + 0.92 𝑉𝑂𝐼𝐷𝑅𝐴𝑇𝐼𝑂 + 2.68 𝑃𝐴𝑆𝑆30 − 0.005 𝑃𝐴𝑆𝑆200⁄  

Where: 

K = coefficient of permeability (cm/sec); 

VOIDRATIO = ratio of the volume of voids to the volume of solids in the aggregate specimen; 

PASS30 = per cent by weight of aggregates that pass the 0.6mm (No. 30) sieve in the aggregate 

specimen; and 

PASS200 = per cent by weight of aggregates that pass 0.075 mm (No. 200) sieve in the 

aggregate specimen. 

Comparisons with laboratory-based permeability test results obtained by Elsayed (1996) lead 

to the relationship shown in Figure 6-9 below.  

 

Figure 6-9: Validation of Equation 6-12, from Elsayed (1996). 
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Figure 6-9 shows a plot of the measured versus the predicted coefficients of permeability using 

Equation 6-12, for the 90 aggregate specimens tested by Elsayed (1996). The 45-degree line 

passes through the points for which measured K values are equal to the predicted values. The 

plot shows that Equation 6-12 may be usefully employed to estimate the laboratory 

permeability of untreated aggregates with permeability in the range of 0.18 to 0.71 cm/s 

(Elsayed, 1996). 

The K values estimated using Equation 6-12, were compared to the corresponding values 

obtained using the Hazen Equation (Equation 6-11) and the Moulton nomograph (Figure 6-8) 

by Elsayed (1996). A randomly selected sample of permeabilities estimated by Equation 6-12 

is shown in Table 6-1, and the corresponding R2 values were calculated for the Hazen and 

Moulton models. The R2 values for Equation 6-12 (0.77) yielded better correlation with the 

measured permeability values in comparison to the Hazen (R2 = 0.57) and Moulton (R2 = 0.003) 

models (Elsayed, 1996).  



296 

 

Table 6-1: Comparison of Equation 6-12 to the Hazen equation and Moultan nomograph, from Elsayed (1996). 

 

However, from Table 6-1 we can deduce that despite Equation 6-12 providing the best 

correlation with measured values, over a very narrow range, an R2 value of 0.77 still leaves 

room for improvement, for a more accurate means of predicting permeability. However, 

Equation 6-12 is still a useful equation in predicting the permeability of materials tested in this 

research. Elsayed (1996) also used larger top size aggregates and determined the influence they 

had on the permeability of the specimens tested. Table 6-1 also shows that increasing the size 

of top size aggregates does not significantly contribute to changes in permeability of porous 

granular specimens.  

Ranieri (2012) studied the permeability of different types of Permeable Friction Courses 

(PFC’s). Albeit significantly different from traditional basecourse specimens, PFC’s have 

similar porosity to permeable basecourses. The porosity of the permeable basecourse tested in 

this project is very similar to the ‘M12’ material shown in Table 6-2 below. 
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Table 6-2: The vertical permeability of PFC’s from Rainieri (2012). 

 

After plotting the measured permeability of the specimens listed in Table 6-2, Raineri (2012) 

established the relationship between permeability and the percentage of material passing the 

2mm and 5mm sieves and the maximum particle size (P2P5Dmax). The relationship is presented 

in Figure 6-10. 

 

Figure 6-10: Empirical relationship between vertical permeability of PFC’s and particle sized, from Ranieri (2012). 

However, the above relationship is only applicable for asphalt material that has P2P5Dmax less 

than 0.6 which is not the case for both the M/4 and permeable basecourse, which have P2P5Dmax 
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of 2.85 and 0.68 respectively. The presence of the larger 37.5mm aggregates in both types of 

basecourse decreases its correlation with the equation presented in Figure 6-10. However, the 

relationship established by Ranieri (2012) between horizontal and vertical flow within a 

wearing course is still of significance to this research. There has been limited research 

conducted to establish the difference in horizontal and vertical flow within basecourse material. 

Similar principles to those established by Ranieri (2012) can be theoretically applied to 

basecourse material.  

The flow pattern within PFC’s is transitional flow. Due to the transitional nature of flow within 

the PFC cores, Ranieri found that the permeability values obtained for vertical permeability, 

kv, were different from Darcian kD and measured horizontal permeability, kh. For all the 

specimens, the laminar regime of flow was achieved when the test was performed with Δh 

between 0.1 and 1 cm. In these test conditions, the measured kv is the Darcian kD. For 

transitional flow, the equation presented in Figure 6-10 is more appropriate. 

 

Figure 6-11: The difference between horizontal and vertical permeability, from Rainieri (2012). 

In general, from the testing conducted by Rainieri (2012), Darcian k is 3.6 times greater than 

measured kv, which is the vertical permeability of specimens and measured kv is 1.6 times 

greater than kh, which is the horizontal permeability. The deviation from Darcian behaviour 

observed by Ranieri (2012) after a certain hydraulic gradient agrees with work conducted by 
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other researchers. However, Darcian permeability is usually less than actual permeability when 

laminar flow is incorrectly assumed (Dawson, 2008, Randolph, 1996). 

6.3.1 Typical Range of Permeability 

Considering the empirical relationships for the permeability of porous granular material that 

has been formulated over decades, there are several ranges of permeability for gradings and 

types of basecourse. Similar to the differences in permeability between different models, there 

is a significant difference in the valid range of permeability for various gradings of basecourse. 

The focus of this study is to determine the permeability of the permeable basecourse, which 

can be classified as a course graded gravel. 

Moultan (1980) shows the typical range of permeability for different gradings of basecourse in 

Table 6-3 below. 

Table 6-3: The range of permeability for basecourse material according to Moultan (1980). 

 

According to Table 6-3, the permeability of the permeable basecourse can be estimated to be 

greater than 30 ft. /day (0.01 cm/s) whereas the permeability of the of the M/4 basecourse, 

which can be categorised as medium gravel with medium and fine sand, can have an 

approximate permeability between 30 to 3 ft. /day (0.001 to 0.01 cm/s). 



300 

 

Table 6-4: The permeability of material based on the unified soil classification system, from Moultan (1980). 

 

Table 6-4 from Moultan (1980) shows the permeable basecourse, which can be classified as 

poorly graded gravel, has an estimated permeability between 13.7 to 27,400 ft. /day (0.005 and 

9.67 cm/s), which is a very large range of permeability. The M/4 basecourse can be classified 

as ‘GM’, which indicates a medium level of fines (>12%) among gravels. The permeability of 

the M/4 basecourse can be estimated to be between 2.7x104 to 27 ft. /day (9.53 x10-4 and 0.01 

cm/s). The estimations of both Table 6-3 and 6-4 are very similar for both types of material 

and can be used to validate measured permeability values for both the M/4 and permeable 

basecourse. 

Typical values of the permeability of soils from Dawson (2008) are presented in Table 6-5 

below. According to Dawson (2008) the permeability of the permeable basecourse, which can 

be classified as gravel, can be greater than 0.01 cm/s which is similar to the estimations made 

from Tables 6-3 and 6-4 from Moultan (1980). However, it is more difficult to estimate the 

permeability of the M/4 basecourse since it cannot be included in any of the categories in Table 

6-5. The closest classification that is associated with the M/4 compliant basecourse is that of 

‘sandy gravel’. Therefore, according to Dawson (2008), the M/4 basecourse can be roughly 

estimated to have a permeability approximately between 0.0001 and 0.01 cm/sec. 
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Table 6-5: Typical range of permeability for soils, from Dawson (2008). 

 

Figure 6-12 is from Cedergren (1974). It shows the permeability that can be expected from 

different gradings. However, the permeability of materials other than those depicted in the 

graph cannot be predicted. The maximum particle size used in this research goes beyond that 

of the gradings displayed in Figure 6-12 below. For these reasons, Figure 6-12 is of limited 

utility in this research. However, Figure 6-12 has been significantly relied upon in the literature 

to ascertain an approximate value of permeability for comparison and validation of laboratory 

test results (Elsayed, 1996, Randolph, 1996, Moultan, 1980). 

 

Figure 6-12: Permeability of soils with different gradings, from (Cedergren, 1974). 

6.4 Permeability of Basecourse 

The permeability of the basecourse studied in this research was analysed using two independent 

methods. The permeability of the M/4 and permeable basecourse were evaluated using the 
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constant head permeameter setup shown in Figure 6-13 from Duske (2011) and Toan (1975). 

The procedures for undertaking tests using the permeameter are outlined in Chapter 3, Section 

6.2. A separate set of permeability tests were conducted using the RLT test equipment setup. 

The permeability tests conducted within the RLT test apparatus is described in Chapter 3, 

Section 6.3. The purpose of the permeability tests conducted using the RLT apparatus was to 

estimate the reduction in permeability, if any, as a result of the staged loading regime in the 

RLT test. The effects of aggregate degradation and transportation of fines were predicted to 

significantly influence the permeability of the basecourse, as described by Toan (1975). 

The constant head test was conducted in accordance with ASTM D2434-68 and AASHTO 

T215-70 (ASTM, 2000). The principles underlying both standards are to reproduce steady 

state, laminar flow conditions that are assumed in the derivation of Darcy’s Law. The hydraulic 

gradient is constant during a test. 

 

Figure 6-13: Permeameter setup, from (Duske, 2011, Toan, 1975). 
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6.4.1 Flow Type 

As previously described, the relationship between flow and hydraulic gradient through porous 

granular media is often non-linear. For a particular granular medium to be related to one of the 

applicable equations, the permeability at several hydraulic gradients needs to be established, 

allowing the parameters in the equation to be evaluated (Barr, 2001b, Randolph, 1996). 

However, ASTM (2000) specifies a constant hydraulic gradient for the constant head tests. For 

the permeable specimens in this study, the physical restrictions of the constant head setup in 

the laboratory meant that only one hydraulic gradient was conceivable, which was that 

associated with the highest possible elevation of the header tank. There were two lower 

hydraulic gradients investigated, but neither of these setups resulted in steady-state flow being 

achieved. 

Flooding the permeable specimens with water typically resulted in Skempton’s B-values of 

0.96 and above, indicating adequate levels of saturation. Due to the lack of fines in the 

permeable basecourse water flowed readily between pore channels. For the permeable 

specimen to maintain a saturated state, a significantly high flow rate had to be maintained to 

get a durable, steady state flow through the specimen. In a saturated medium, all pores are filled 

with water, allowing water to move freely down the specimen in a relatively uniform manner. 

In unsaturated soils, not all the pores are filled with water. The air-filled pores are therefore not 

active in transporting water through the material. They can, therefore, be assumed to behave in 

a similar way to the solid phase (Dawson, 2008). The permeability of an unsaturated medium 

is typically lower in comparison to saturated state permeability within the same medium and 

decreases as the water content decreases or matric suction increases. For the permeable 

specimens, the high flow rate required for saturation prevented laminar flow from being 

achieved, since the flow rates most likely resulted in eddy currents and thus turbulent flow, 

even though the hydraulic gradient was only between 0.13 and 0.24. 

The Reynold’s number (Re) for the approach and exit velocity of flow were determined. During 

exit flow conditions the flow pattern is more related to pipe flow rather than flow through a 

porous medium. The approach velocity of both the permeable and M/4 specimens was deduced 

in relation to the porosity and exit flow velocity, as previously shown in Equation 6-2. Table 

6-6 below shows the Reynold number for the M/4 and permeable specimens, deduced from 

Equation 6-1. 
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Table 6-6: Reynold's number for specimens tested in the RLT apparatus and permeameter. 

 Exit Velocity Approach Velocity 

Permeable (RLT) 1.16 0.13 

M/4 (RLT) 0.8 0.14 

Permeable 

(Permeameter) 70.9 7.8 

The average aperture size, D50, for the three replicate M/4, and permeable specimens were 10.2 

and 9.5 mm respectively. The assumption, based on the literature review performed, is that the 

approximated approach velocity as well as the associated Reynold’s number is a representation 

of liquid travelling through the entire specimen length which is not necessarily true since the 

pore sizes constantly change throughout the specimen length. Using Table 6-6, Reynold’s 

number for flow through both types of specimen in the RLT test setup is relatively low, which 

reflects the low flow experienced during testing. It was assumed that the small 6mm exit was 

insufficient for the particle sizes present in the specimen and resulted in progressive clogging 

as the protective porous mesh deteriorated. The exit flow for the M/4 specimen is considered 

linear and laminar (Re < 1) and the flow exiting the permeable specimen can be considered 

transitional. Both the M/4 and permeable specimens tested in the RLT apparatus exhibited 

laminar linear flow percolating through the structure, which is represented by Reynold’s 

number of the approaching flow. For the permeability tests conducted within the RLT 

apparatus, using Darcy’s law to deduce permeability is justified. However, the purpose of these 

tests was not to deduce the permeability of the two types of material but rather to observe the 

influence of each stage of RLT loading on the relative permeability and the rate of change of 

the relative permeability as a result of the deformation trends discussed in Chapter 5, Section 

3. 

For the three replicate permeable specimens tested in the permeameter, Reynold’s number for 

the approach velocity indicates non-linear laminar flow within the pore structure and the exit 

flow can be considered in the transitional regime or turbulent depending on the specific 

literature from which the boundaries of the range of Re are obtained. According to a wide 

variety of literature, non-linear flow conditions require a quadratic formula to be used to 

establish a relationship between hydraulic gradient and flow. However, as previously 

explained, only one hydraulic gradient was possible during the constant head tests. Therefore, 

a non-linear relationship could not be used to deduce permeability. Due to the limited fines 

content in the permeable specimen, an assumption can be made that the flow can be assumed 
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to be linear. However, to negate this assumption, it must also be recognised that the flow 

through the permeable specimen is significant. Therefore, laminar flow is unlikely to prevail. 

Alternatively, the equation used by Barr (2001b) to determine turbulence can be used, and 

consecutive equations from Barr (2001a and 2001b) can be used to determine the effective 

permeability if turbulence is established through Equation 6-9. The value for E, previously 

established through Equation 6-10, which is used to determine flow type, for the approach flow 

and the exit flow, were 0.02 and 0.52 respectively. According to Barr (2001b), a boundary of 

E = 0.2 is used to differentiate laminar and turbulent flow. This means that the flow within the 

pore structure of the permeable specimens is laminar, which agrees with the laminar flow 

determination made from Reynold’s number from Table 6-6; and the flow exiting the specimen 

is turbulent which also agrees with the Re of the exit flow of the permeable specimens tested 

in the permeameter. Therefore, Equation 6-9 can be used to determine the effective 

permeability Ke, of the permeable specimens tested in the permeameter and Ke, is equal to 

laminar K for flow in the laminar regime. This equation is most appropriate for evaluating the 

permeability in this case since it considers the potential of the flow to be both laminar or 

turbulent using the same equation, i.e. Equation 6-9, see Section 3.2.1 of this Chapter. 

When Equation 6-10, Section 3.2.1 was applied to the specimens tested in the RLT apparatus, 

all E values indicated that flow within both types of material is laminar, which agrees with 

Reynold’s number, validating Equation 6-10 from Barr (2001b). 

6.4.2 Determination of Permeability 

The constant head tests for this research were conducted in accordance with the methods 

described in Chapter 3, Section 6.0. The permeameter was used to determine the permeability 

of the permeable basecourse. As previously shown in Table 6-6, the flow conditions within the 

permeable specimen in the permeameter was non-linear laminar flow. This indicates that the 

conventional Darcy’s law is not accurate in predicting the permeability of the specimen. A non-

linear relationship between flow and hydraulic gradient must be established for an accurate 

prediction of future permeability values. 

Several flow velocities at different hydraulic gradients were determined to establish the 

relationship between flow and hydraulic gradient. One method of varying the hydraulic 

gradient is to lower or raise the constant head tank whilst maintaining the grading of the 

specimen. The other method is to change the grading of the material. Neither of these methods 

was possible in this research due to physical height restrictions and the specific types of 
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material being studied. For the permeable specimens, there was no steady state flow if the 

constant head tank was lowered from its maximum position, approximately 2.1 m above the 

top of the specimen. To reach steady-state flow, the flow velocity into the cell must be equal 

to the exit flow velocity capacity of the specimen. The tank was emptied under the intermediate 

hydraulic gradients, and the piezometers did not show any readings. Therefore, the only 

hydraulic gradient yielding steady-state flow was with the constant head tank at its maximum 

possible height (just below the roof of the room). 

The permeability of the M/4 compliant basecourse specimens needed to be determined for 

comparative assessment. As discussed in Toan (1975), the specimen must be de-aired and fully 

saturated when determining the permeability of basecourse specimens with a substantial 

quantity of fines. A lower hydraulic gradient must also be used so there isn’t significant 

transportation of fines that result in clogging the flow paths within the specimens to facilitate 

repeatable flow conditions within the basecourse. Several attempts were made to determine the 

permeability but proved unsuccessful as the clogging within the specimen prevented the flow 

of water. This outcome is similar to that described by Randolph (1996), who found that there 

was no flow for well-graded basecourse specimens after 3 hours of testing. However, as 

previously established in Section 3.0 of this chapter, there are methods in which the 

permeability of basecourse material can be predicted based on the void ratio and particle 

grading. Due to similarities between the M/4 basecourse material tested by Toan (1975) and 

the M/4 basecourse used for this study, the results from Toan (1975) were used to predict the 

permeability of the M/4 basecourse, which was then compared with the theoretical and 

measured permeabilities of the permeable specimens. 

6.4.2.1 Theoretical Permeability 

Several researchers have utilised the void ratio and particle size grading to estimate the 

permeability of granular material (Moultan, 1980, Elsayed, 1996, Ranieri, 2012). The 

permeability values acquired from these methods can be considered as ‘theoretical’ since there 

is no actual measurement of flow through the specimen and there is no incorporation of flow 

or hydraulic gradient in the formulas used to predict permeability of the porous material. 

Table 6-7 below summarises the vertical permeability of the M/4 and permeable basecourse, 

based on the formulas developed empirically by several researchers. The vertical permeability 

was measured as opposed to the horizontal permeability, which according to Ranieri (2012), 

should be measured for layers which have an impermeable (or near impermeable) layer 
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beneath. However, the context in which the permeable basecourse layer is meant to be 

implemented in the field has not yet been determined. The permeable layer can be utilised as a 

reservoir layer, as described in Chapter 2, Section 3.3, in which case the vertical permeability 

of the layer is critical, whereas, the lateral permeability is required to complete drainage. 

Permeable basecourse can also be used as an Open Graded Drainage Layer (OGDL), also 

described in Chapter 2, Section 3.3, where the vertical and horizontal permeability of the layer 

is required. 

Table 6-7: Theoretical permeability of M/4 and permeable basecourse. 

 Permeability kv (mm/s) 

 Elsayed (1996) Moultan (1980) Ranieri (2012) 

M/4 Basecourse 3.7 0.0371 2.93566E-12 

Permeable Basecourse 8.4 3.23 0.007909309 

The predicted permeability rates shown in Table 6-7 show that there is a significant difference 

in the permeability estimated through different mathematical models. The difference in 

permeability between Moultan and Elsayed methods is significant. This may be due to the 

applicability of the Elsayed model to materials with permeability between 1.8 to 7.1 mm/s. The 

permeability of the permeable basecourse acquired from the Elsayed model is not as reliable 

as the permeability of the M/4 basecourse, which is within the range of highest confidence for 

the model. The Moultan nomograph is based on materials that have a specific gravity of 2.70 

which is similar to the specific gravity of 2.72 for the materials tested in this research. However, 

the comparisons of permeability for the M/4 basecourse between the Elsayed and Moultan 

nomograph show a 100-fold difference. Whereas, the difference in permeability for the 

permeable basecourse is between 2-3 times greater for the Elsayed model in comparison with 

the Moultan nomograph.  

As previously discussed in Section 3.1, according to Moutlan (1980) and Dawson (2008), the 

permeability of the permeable basecourse can be expected to be greater than 0.1 mm/s, and the 

permeability of the M/4 basecourse can be estimated to be within 0.01 to 0.1 mm/s. The 

permeability value of the M/4 basecourse acquired from the Elsayed model is not within the 

expected permeability range for the material. Whereas, the Ranieri model shows a significant 

deviation from the expected range of permeability for both types of materials. This may be due 

to the tests conducted by Ranieri (2012) being conducted on materials typically used for the 

construction of the surface layer of the pavement rather than the base layer, as is the case for 

the materials used for this research. Since the P2P5Dmax values (see Section 3.0) of the M/4 and 
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permeable basecourse are not less than 0.6, the Ranieri model cannot be used to predict the 

permeability of the materials used for this research, despite the similarities in void ratio 

between specimens used in Ranieri (2012) and the permeable basecourse used in this research.  

The permeability values obtained in Table 6-7 using the Moultan nomograph are within the 

expected range for the materials established by Moutan (1980) and Dawson (2008). The 

Moultan nomograph shows a 100-fold increase in permeability for the permeable basecourse 

compared to the M/4 basecourse. The Moultan nomograph was developed from data on densely 

graded granular bases and subbases. Therefore, the estimation for the M/4 basecourse is 

probably more accurate than the permeability estimates of the permeable basecourse. 

Fassman (2010) showed in field trials that pavement permeability rates exceeding 0.33 mm/s 

are necessary to ensure adequate drainage of stormwater from the pavement during a 2-year 

Average Recurrence Interval (ARI) storm. Belanovic (2004) showed that permeable layers 

with gradings similar to that of the permeable basecourse used in this study could be expected 

to have a permeability of up to 9.37 mm/s in the field. The permeability of the M/4 and 

permeable basecourse established from the Moultan nomograph show that the M/4 basecourse 

does not meet the drainage requirements established through field testing (0.33 mm/s), and the 

permeable basecourse does. However, the permeability of the permeable basecourse 

established from the Moultan nomograph is significantly lower than what is expected for the 

material in the field according to Belanovic (2004). 

6.4.2.2 Measured Permeability 

Instead of establishing a relationship between flow and hydraulic gradient for the permeable 

specimens, methods that are based on the actual measurement of flow through the porous media 

were used to deduce the permeability (Toan, 1975, Barr, 2001b, Barr, 2001a). Due to the 

similarities in material and grading between Toan (1975) and the M/4 basecourse used in this 

study, an interpolation was made from Table 6-8 to estimate the permeability of the M/4 

basecourse used in this research. Similar to Mulqueen (2005), a value of ‘n’, derived from the 

Missbach relationship in Equation 6.6, approaching 1 indicates fine material and Darcian 

behaviour, whereas, for coarser materials, n approaches 0.5 demonstrating turbulent flow. 
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Table 6-8: Permeability of M/4 basecourse material, from Toan (1975). 

 

The underlying assumptions made that allowed the interpolation to be made were that the M/4 

basecourse ‘M4/A Middle’ used by Toan (1975) had similar production and source properties 

to the M/4 compliant basecourse tested in this research. The Talbot’s n value for the material 

used in this research was 0.53 whereas the Talbot’s n value for the comparable basecourse in 

Toan (1975) was 0.5, showing close similarity in particle grading. An interpolation for 

permeability was based on a representative dry density of 2240 kg/m3 for the M/4 basecourse 

used in the research. Based on the density and Talbot’s n value, the properties for the 

basecourse used for this research can be predicted to be approximately mid-way between the 

‘M4/A Middle’ and ‘M4/BC Middle’. This resulted in an ‘a’ value of 0.2 x 10-2 and an ‘n’ 

value of 0.88 to represent the M/4 basecourse used in this research. A hydraulic gradient of 0.1 

was chosen since this was closer to the hydraulic gradient used to determine the permeability 

of the permeable basecourse. After using Equation 6-6, the apparent flow through the specimen 

was predicted, which allowed the prediction of permeability using Darcy’s law. The 

approximate permeability for the M/4 basecourse based on the research conducted by Toan 

(1975) is 2.63 mm/s. The permeability of the well-graded basecourse does not agree with the 

estimated range of permeability for the material as determined by Moultan (1980) and Dawson 

(2008). Therefore, it cannot be relied upon in terms of accuracy. Hence, the most accurate 

representation of permeability through the M/4 basecourse is from the Moultan nomograph. 
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The permeability of the permeable specimen could not be estimated from Table 6-8 since none 

of the gradings of the basecourse tested by Toan (1975) was similar to the grading of the 

permeable basecourse. Instead, the permeability of the permeable basecourse was obtained 

from methods adopted by Barr (2001a and 2001b). 

After the application of Equation 6-8 to the M/4 and permeable basecourse, hydraulic 

conductivities of 1.752 and 6.23 mm/s are estimated for the materials respectively. However, 

Equation 6-8 assumes laminar flow which is not typical for the flow out of the permeable 

specimen, as shown in Table 6-6 in Section 4.1 of this chapter. However, the E values using 

equation 6-10 for the flow within the permeable specimens indicate laminar flow. Laminar 

flow is even more unrealistic for the M/4 basecourse since the flow channels are much smaller 

than that within the permeable specimen. However, the flow velocity within the M/4 

basecourse specimens tested within the permeameter can be predicted to be much lower than 

that of the permeable specimens. 

For greater accuracy in permeability values, Equation 6-9 was applied to the permeable 

specimens. An average of apparent flow velocity between the three replicate tests was used. 

The average hydraulic gradient for the three replicate tests was approximately 0.18. The 

apparent flow and hydraulic gradients for each test are presented in Appendix E, Section 1. The 

velocity at the inner core and outer edges of the permeable specimen were obtained. There was 

no significant difference in apparent flow between the inner and outer regions of the specimen. 

The difference in velocities detected between ‘core’ and ‘edge’ flows were generally less than 

10%, similar to the difference experienced by Toan (1975).  

The effective permeability, Ke, obtained by using the method described above, is approximately 

6.05 mm/s, which is close to the permeability of the basecourse assuming laminar flow. This 

indicates that the flow is transitional, which is reinforced by Reynold’s number from Table 6-

6 and the physical state of flow exiting the specimen, as seen in Figure 6-14 below.  
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Figure 6-14: Flow exiting the permeable specimen inside the permeameter. 

Since there is no boundary for transitional flow using the E value from Barr (2001b), the flow 

within the permeable specimen is categorised as laminar and not turbulent, as shown by an E 

value lower than 0.2. However, the permeability is significantly lower than the permeability 

estimated from using the standard Darcy equation, approximately 20 mm/s assuming laminar 

and linear flow. 

The permeability of the permeable specimen obtained from using the Barr model far exceeds 

the minimum infiltration capacity requirements of 0.33mm/s established from Fassman (2010). 

The laboratory-based permeability is within acceptable ranges established for the material from 

Moultan (1980) and Dawson (2008). However, the permeability of the permeable basecourse 

predicted by Belanovic (2004) of 9.37 mm/s is greater than that predicted by the Barr model. 

Further field testing is required to establish a correlation between laboratory and field-based 

permeability values for basecourse material.  

6.4.2.3 Comparisons with Literature 

To validate the permeability of the M/4 and permeable basecourse established through 

theoretical and laboratory methods requires these methods to be correlated against field 

permeabilities. This would establish a specific method dependent relationship between field 

and laboratory values which would allow the values obtained theoretically and through 

laboratory methods to be used with more confidence during pavement design. There have not 

been any field tests conducted in this study. Therefore, field and laboratory comparisons of 

performance for materials, of a similar nature to those used in this research, were used as a 

basis for comparison and validation. 
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Many highway agencies have set permeability specifications for unstabilised permeable layers 

to be used in the drainage design of highway structures (Elsayed, 1996). The drainage design 

is usually based on a coefficient of permeability in the range of 1.8 to 3.6 mm/s. However, 

because of the variability associated with laboratory testing and the field construction of the 

drainage layers, pavement design engineers often prefer that they have a laboratory 

permeability greater than 3.6 mm/s, so that differences in permeability between the laboratory 

and field can be compensated. This is shown in Table 6-9 below. The laboratory-based 

permeability for the ‘NJ’ material tested by Randolph (1996) is much greater than the field-

based permeability for the same material. Based on the research conducted by Randolph (1996) 

and conclusions drawn from Elsayed (1996), the other laboratory-based values presented in 

Table 6-9 can also be expected to be lower in the field. Further field testing of the materials 

used in this research needs to be conducted to validate this. 

Another reason for specifying a laboratory permeability much higher than the design range is 

that the coefficient of permeability is usually calculated in the laboratory in a saturated 

condition, which is rarely reached in the field. This is evident in Table 6-9 where Randolph 

(1996) conducted the laboratory tests in a saturated condition, resulting in a much higher than 

realistic permeability. Design of drainage layers usually requires a laboratory permeability of 

4 to 20 mm/s (Elsayed, 1996). The permeability of the permeable basecourse used for this 

research is within the tolerances outlined in Elsayed (1996). Higher values of the coefficient of 

permeability are desired, but anticipated rutting and construction problems prevent designers 

from using higher permeability layers. 
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Table 6-9: Comparison of permeability between M/4 and permeable basecourse as determined from the literature. 

   Cumulative Percentage Passing (%) 

Sieve Size (inches) 

Sieve 

Size 

(mm) 

Closest NZ 

sieve (mm) M/4 Basecourse 

Permeable 

Basecourse 

Belanovic 

(2004) 

Elsayed 

(1996) 

Elsayed 

(1996) 

Randolph 

(1996) 

   
Dense Graded 

Unbound 

Open Graded 

Unbound 

Open Graded 

Unbound 

Open 

Graded 

Unbound 

Dense 

Graded 

Unbound 

Open 

Graded (NJ 

Medium)    
2 50.8 50.8       

1    1/2 inch 38.1 37.5 100 100 100 100 100 100 

1 25.4 26.5   89 98 95.5 97.5 

3/4 inch 19.05 19 73.5 74 82 85 83  
1/2 inch 12.7 13.2  58 77 65.5 72.5 70 

3/8 inch 9.525 9.5 50 49 70 55.5 65.5  
No 4 4.76 4.75 35.5 22 38 37.5 51 47.5 

No 8 2.38 2.36 26 10 7 23.5 40 15 

No 10 2 2       
No 16 1.19 1.18 18.5 6 1 11 31.5 4 

No 30 0.595 0.6 13 3  6 24  
No 40 0.42 0.425       
No 50 0.297 0.3 8.5 2  4 18 2.5 

No 200 0.074 0.075 3.5 0  1.5 9 0 

Talbot's 'n-value'   0.53 1.51 1.25 0.71 0.38 0.63 

Laboratory Permeability 

(mm/s)   0.04 6.05 9.37 7.1 0.02 16.4 

Field Permeability 

(mm/s)        6.11 
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Table 6-10: Permeability of M/4 and permeable basecourse compared to field permeability values summarised by (Zhou, 1992). 

   Cumulative Percentage Passing (%) 

   New Zealand United States (State) 

   Untreated (Reservoir) Untreated (OGDL) 

Treated 

(OGDL) 

Sieve Size (inches) 

Sieve Size 

(mm) 

Closest NZ 

sieve (mm) M/4 

DQ 

PBC40 Permeable IA KY MI 

M

N NJ PA WI CA NC 

2 50.8 50.8         100    
1    1/2 inch 38.1 37.5 100 100 100  100 100  100    100 

1 25.4 26.5  89  100 98  100 98  100 100 98 

3/4 inch 19.05 19 73.5 82 74    83  76 95 95  
1/2 inch 12.7 13.2  77 58  43 45  70   50 43 

3/8 inch 9.525 9.5 50 70 49    53  50 38 33  
No 4 4.76 4.75 35.5 38 22  5 4 33 48 24 5 5 5 

No 8 2.38 2.36 26 7 10 22.5 2.5   15  2.5 2.5 2.5 

No 10 2 2       17      
No 16 1.19 1.18 18.5 1 6     4 6    
No 30 0.595 0.6 13  3      4    
No 40 0.42 0.425       6      
No 50 0.297 0.3 8.5  2 7.5    2.5     
No 200 0.074 0.075 3.5  0 3 1  1.5  2.5  1 1 

Talbot's 'n-value'   0.53 1.25 1.51 0.59 0.8 1.6 0.7 0.9 0.7 1.7 0.8 0.8 

Permeability (mm/s)   0.04 9.37 6.05 1.8 71 3.5 0.7 7.1 3.5 64 53 71 

Note: OGDL = Open Graded Drainage Layer – see Chapter 2, Section 3.3.1. 
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Although full saturation of the basecourse does not necessarily occur in the field, it is necessary in 

the laboratory to achieve steady state flow within the specimen, as shown by Toan (1975) and 

Randolph (1996). Lack of saturation, due to clogging of flow channels, prevented flow from 

initiating within the M/4 basecourse specimens tested in the permeameter. 

It is evident from Table 6-9 and 6-10 that grading alone cannot be solely relied upon when 

comparing the permeability of different material. As previously discussed, factors such as porosity, 

the degree of saturation and degree and mode of compaction influence the permeability of 

basecourse material. Elsayed (1996), as well as other researchers from the USA, compact 

specimens using Proctor compaction, therefore the level of packing and void structure of the 

specimens produced will be vastly different from those achieved in this study. The permeability 

will be influenced by the compaction process and specimen size, as previously noted by Toan 

(1975). Proctor compaction has also been shown to provide inconsistent compacted densities in 

this research (Chapter 3, Section 2.2). 

Although effective particle packing aids in preventing transportation of fines, the permeability of 

a compacted basecourse is primarily dependant on the extent of fines present. Talbot’s exponent 

is an indicator of the grading of the material. A value less than n = 0.5 indicates a fine grading and 

greater than 0.5 indicates a course grading. In a study of various gradings undertaken by Toan 

(1975), it was established that basecourse with higher Talbot’s n value showed higher 

permeability. This is evident in Figure 6-15 below from Thom (1988a). This is a result of 

significant fines transportation in finer mixes leading to clogging of pore channels and therefore 

reducing permeability. However, gradings with higher Talbot’s exponent are more susceptible to 

clogging due to the transport of plastic fines, i.e. the plastic fines that are stuck to larger aggregate 

sizes that wash off during water flow. 
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Figure 6-15: Effect of grading and compaction on permeability, from (Thom, 1988a). 

Based on Figure 6-15 above, the M/4 basecourse, which has a Talbot’s n value of 0.53, and the 

permeable basecourse, which has an n value of 1.51, have an approximate permeability’s of 0.008 

mm/s and 0.2 mm/s respectively, assuming the specimens are heavily compacted. The 2-fold 

difference in permeability for the M/4 basecourse, and the 30-fold difference in permeability for 

the permeable basecourse, from the research conducted by Thom (1988a) and this research, can 

be attributed to the different modes of compaction used. Thom (1988a) utilised modified Proctor 

compaction to compact the specimens, whereas, vibratory compaction is used in this research. 

Details of the hydraulic gradients used, types of flow generated, and equations used to deduce 

permeability are not available in Thom (1988a). Problems associated with clogging of the porous 

plate; and insufficient diameter of pipework to cope with the flow for the open graded material in 

the tests conducted by Thom suggest that the permeability values are artificially lowered and 

should be treated with caution (Thom, 1988a). 
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Typically, the Talbot’s n value can be used as an indicator of the relative permeability of a material. 

A higher Talbot’s value indicates higher permeability. However, as seen in Table 6-10 the Talbot’s 

n value cannot always be relied upon to assess the permeability of a material. The permeability of 

porous media should be estimated on a case by case basis, where laboratory and field testing should 

be conducted to test the permeability, whilst maintaining factors such as particle grading, porosity, 

the degree of saturation and degree and mode of compaction constant. 

Table 6-10 also shows that the permeability of bound drainage layers is typically higher than 

unbound drainage layers. This has merit since a higher void ratio is possible in bound layers as a 

result of the majority of the structural resilience being provided by the binder. However, as 

previously explained in Chapter 2, Section 3.3, bound permeable layers cost significantly more 

than unbound layers, and their structural integrity is dependent upon the quality and performance 

of the binder used. 

6.4.3 Transportation of Fines 

As previously established by several researchers, the transportation of fines results in clogging of 

the basecourse layer, which significantly decreases its permeability. This is the case both in the 

laboratory and in the field. For this reason, the transportation of fines within a basecourse layer 

needs to be prevented so that critical levels of clogging are not reached. Rapid failure of the layer 

can eventuate through the build-up of pore water pressure, especially in permeable layers. The 

testing apparatus did not allow the transportation of the fines to be physically monitored during 

testing for the laboratory permeability tests conducted as part of this research. However, a 

reduction in permeability between specimens of the same type was attributed to the transportation 

of fines, i.e. specimens with identical PSD and void ratio should theoretically have similar 

permeability, different extents of clogging and fines transportation within each specimen can result 

in a difference in permeability. PSD tests were conducted before and after permeability testing to 

determine the extent of reduction of fine material from the specimen. A significant change in 

particle grading influences both the permeability of the specimen and its resilient modulus. Loss 

of fine particles reduces the extent of interlock between particles potentially making the basecourse 

more prone to continuing deformation. 

Toan (1975) noticed significant transportation of fines upon increasing the hydraulic gradient 

during permeability testing of M/4 basecourse. As the hydraulic gradient was increased, the flow 



318 

 

became more difficult to stabilise, thought to be due to constant changes in pore channel 

configuration. The clogging of pore channels is an irreversible process which has the potential to 

drastically reduce the basecourse permeability once the critical hydraulic gradient is exceeded. If 

the transported fines are allowed to accumulate, they form a zone of very low permeability. Figure 

6-16 shows the extent of particle transportation occurring during the permeability tests conducted 

in this study using the same constant head permeability set-up as Toan (1975). 

 

Figure 6-16: Loss of fines as a result of permeability testing of the permeable basecourse. 

As seen in Figure 6-16, based on post permeability PSD results, there is very little loss of material 

for all three replicate specimens, despite the large 10mm holes in the porous plate at the bottom of 

the specimen. This is due to the low quantity of fines in the permeable basecourse and the 

maintenance of interlock between the aggregates during permeability testing. The confinement 

conditions of the specimen are maintained due to the rigid wall of the test mould. As a result, the 

inter-particle structure is maintained throughout the permeability test. This may be different to 

conditions in the field, where depending on the overall design of the pavement, the confinement 

conditions are likely to be more flexible in comparison to the laboratory. 
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6.5 Relative Permeability Using Repeated Load Triaxial 

Equipment 

As described in Chapter 3, Section 6.3, the RLT test apparatus was reconfigured to allow for 

permeability tests to be conducted on RLT test specimens. The purpose of the permeability tests 

was to understand how the permeability of test specimens was influenced by the RLT staged 

loading regime and determined if there is a relationship between permeability and permanent 

deformation. The procedures undertaken to conduct these permeability tests are outlined in 

Chapter 3, Section 6.3.1. 

6.5.1 Flow Type and Head Losses 

Table 6-6 in Section 4.1 of this chapter shows that the flow within both the M/4 and the permeable 

basecourse specimen is linear and laminar. Therefore, head losses due to inertial resistance within 

the specimen are negligible. The laminar flow reflects the small 6mm entry and exit flow 

conditions prevailing in the RLT specimen. This, in conjunction with a hydraulic head of 1.3m, 

results in much slower flow through the specimen than what might be expected. However, the head 

losses due to friction at the inside wall of the pipes and the head loss associated with flow at pipe 

junctions must be accounted for before the difference in permeability between RLT test stages can 

be determined. 

The head losses within a flow system can be calculated theoretically, although this would only be 

an estimate of head losses occurring within the system. Due to the constant change in geometry 

between pipe diameters, e.g. from 20mm to 6mm diameter, and several flow junctions between 

the constant head tank and the specimen, it is difficult to calculate an accurate value for the head 

losses. A more accurate way in which to determine the effect of the head loss is to isolate the head 

loss occurring due to the testing apparatus and account for it when calculating the permeability of 

the specimen. A Polyvinyl Chloride (PVC) pipe was placed in the permeameter instead of a 

specimen and a permeability test was conducted to measure the head losses due to the apparatus. 

The dimensions of the PVC pipe (20mm wall thickness) were 250mm diameter and 625mm height, 

which are the same as an RLT test specimen. The hollow inner surface of the PVC pipe was 

assumed to have negligible frictional resistance to flow. The PVC pipe set-up is presented in Figure 

6-17 below. 
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Figure 6-17: Hollow cylinder used in the permeameter, in place of a test specimen during determination of head losses 

within the testing apparatus. 

During the permeability test, with the setup in Figure 6-17, the entry and exit manometer levels 

were recorded, and the flow rate with the PVC pipe in place was determined. This was considered 

as ‘control’ conditions. The flow rate established within the placeholder specimen is presented in 

Appendix E, Section 2. During permeability tests with the M/4 or permeable basecourse test, the 

control entry and exit manometer levels would be subtracted from entry and exit manometer 

readings for the specimen being tested. The velocity of flow through the specimen would be 

deducted from the control velocity of flow, allowing the isolation of the head losses occurring due 

to the testing apparatus. The reduction in permeability relative to the control would then be 

monitored for each stage of loading to establish any relationship between loading conditions and 

permeability. 

6.5.2 Influence of Staged Loading on Permeability 

Permeability tests were conducted after each of the six (three M/4 and three permeable specimens) 

unsaturated drained RLT test and before and after each stage of loading during the flooded drained 

RLT test of the three replicate permeable specimens. 
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6.5.2.1 Unsaturated Drained Tests 

The permeability tests could only be undertaken after the completion of each unsaturated RLT test, 

which has 6 stages of loading, to maintain consistent specimen conditions during RLT testing. 

Introduction of additional moisture and re-configuration of pore channels could otherwise 

significantly influence the test results. This meant that an initial estimation of permeability could 

not be obtained for any of the unsaturated, drained RLT specimens. Since there were no initial 

readings to use as a comparison, the permeability reading obtained at the conclusion for each test 

did not provide any insight into the reduction in permeability as a result of the RLT loading regime. 

However, flooding the specimens with water after the conclusion of the tests and an application of 

an over-night cell pressure of 450 kPa allowed Skempton’s B-values to be obtained. This gave an 

indication of the level of saturation of the M/4 and permeable specimens without the use of de-

aired water or CO2. The procedures of conducting a Skempton’s B-value test are outlined in 

Chapter 2, Section 4.3.1. Once steady state flow was established through a specimen, the drainage 

lines were closed, and the cell pressure and back pressure were simultaneously and progressively 

applied. The average B-value for the M/4 and permeable basecourse were 0.8 and 0.96 

respectively. The lower B-value for the M/4 basecourse specimens indicates that the pore channels 

within the specimen are more difficult to saturate in comparison to the permeable basecourse, 

which was expected. A Skempton’s B-value of 0.96 indicates probable saturation. This is likely 

achieved due to the high voids ratio of 0.37 and low fines content in the permeable basecourse. 

6.5.2.2 Flooded Drained Tests 

A pre-requisite for the flooded drained tests was that there would be a constant flow of water 

through the permeable basecourse specimens during the entirety of each test, simulating heavy 

rainfall during traffic movement. This allowed the measurement of permeability before and after 

each stage of loading, allowing the changes in permeability at each stage to be calculated. The 

calculations leading to Figures 6-18 and 6-19 below are available in Appendix E, Section 2. 
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Figure 6-18: Reduction in relative permeability between each stage of loading. 

Figure 6-18 shows the reduction in permeability as a result of each stage of loading. The difference 

in permeability from the control, which is the ‘permeability’ of the apparatus with the PVC pipe 

in place of the specimen, before and after each stage of loading is designated as the relative 

reduction of permeability for that stage. The figure shows that there is an initial phase of fines 

transportation which results in clogging of the specimen, reducing the permeability. After this 

phase, which generally largely occurs in stage 1 of loading, there is a limited reduction in 

permeability as a result of the application of further loading stages. A negative value of the relative 

reduction in permeability indicates an increase in flow which increases the permeability of a stage 

in relation to the previous stage. The constant reconfiguration of flow channels during (flooded) 

permeability tests results in slight changes in permeability throughout the test.  

Despite the limited extent of fines in the permeable specimens, there were still signs of material 

transportation to the bottom of the specimen, as shown by the initial reduction in permeability. A 

basecourse with greater fines content, such as the M/4 basecourse, can be expected to undergo a 

greater reduction in permeability in the initial stages. Due to the focus of this research on the 
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permeable basecourse and the limited availability of time, similar flooded drained tests could not 

be conducted on the M/4 basecourse. 

After each flooded drained test, it was noticed that the steel mesh used to prevent the accumulation 

of fines at the exit location of the base gradually deteriorated, as shown in Figure 6-19 below. The 

deterioration occurred despite there being a porous plate separating the steel mesh from the bottom 

of the specimen. 

 

Figure 6-19: Deterioration of protective steel mesh at the bottom of the specimen. 

This allows more fines to travel to the bottom of the specimen, where the exit flow channel was 

located. This meant that the extent of clogging occurring during each test would gradually progress 

from Test 1 to Test 3. This effect is shown in Figure 6-20 below. 
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Figure 6-20: Reduction in permeability from control conditions (PVC pipe) for the permeable basecourse. 

Figure 6-20 shows the difference in permeability for each of the test specimens during each stage 

of loading from control conditions. Free-flowing conditions are referred to as the situation in which 

there is no specimen but a PVC pipe as a replacement, providing a controlled permeability, 

allowing isolation of the head losses in the apparatus. ‘Stage 0’ is referred to as the completion of 

the pre-conditioning phase of the RLT test. From Figure 6-20 it is evident that the pre-conditioning 

phase induces the lowest reduction in permeability from free-flowing conditions. The pre-

conditioning stage consists of 1000 cycles of repeated loads where stages 1- 6 consist of 50,000 

cycles each. Therefore, the transportation of fines is initiated at the pre-conditioning stage but 

concluded at the end of stage 1 of testing. In stage 1, there is a significant reduction in permeability, 

as shown in Figure 6-19. As predicted, the deterioration of the protective mesh at the bottom of 

the specimen is likely to result in progressive clogging. The reduction in permeability from free-

flowing conditions is greatest in Test 3 and lowest in Test 1. This can be attributed to the small 

exit flow conditions at the base of the specimen. Clogging is more likely to occur in the RLT 

apparatus than the permeameter due to the significant difference in exit flow diameter. 
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Figure 6-21 shows the permanent axial strain experienced by the flooded permeable specimens, 

which has previously been discussed in Chapter 5, Section 3.3. As the extent of clogging is 

increased from Test 1 to Test 3, there is generally less deformation in the specimens, most notably 

in stage 6 of loading. 

 

Figure 6-21: Axial strain for the flooded permeable basecourse specimens. 

The reduction in deformation between tests may be due to the rate of flow within the specimen in 

Test 3 being lower compared to Test 2 and Test 1. The movement of water facilitates movement 

of finer particles in the specimen, meaning a restructuring of pore channels, potentially leading to 

greater pore sizes being created. Upon the application of loading these pores are filled with 

aggregate from above, resulting in a cumulative settlement of the specimen. Test 1 had the highest 

flow rates per stage out of the three test replicates, see Appendix E, Tables E-13-15. The 

transportation of fines is greatest at high flow rates, which results in greater deformation, as shown 

by Test 1 in Figure 6-21. This emphasises what has already been previously established in the 

literature; the hydraulic gradient needs to be controlled in order to control the transportation of 

fines within the basecourse layer (Dawson, 2008, Toan, 1975).  
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The results from Figure 6-20 and 6-21 indicate that the hydraulic gradient in the laboratory needs 

to closely simulate the hydraulic gradients expected in the field, as mentioned by Dawson (2008). 

Once a realistic hydraulic gradient is used in the laboratory, the fines transportation at that 

hydraulic gradient can be simulated, and deformation characteristics similar to what is expected in 

the field can be determined from RLT testing. Since field testing has not been conducted on the 

permeable basecourse manufactured for this research, it is difficult to identify what a realistic 

hydraulic gradient is for the permeable basecourse during design storms. 

Horizontal permeability at low hydraulic gradients might be anticipated in granular pavement 

layers (Dawson, 2008). This is supported by Cedergren (1974), who shows that the permeability 

of field drainage layers can be predicted using Darcy’s law since the hydraulic gradient is low, 

which limits the probability of turbulent flow. However, to maintain a steady state flow for the 

permeable specimen, a high flow rate and hydraulic head is required, which does not reasonably 

represent field conditions. The steady state flow induced in the laboratory to determine the 

permeability of the permeable specimen is expected to exceed any realistic flow anticipated in the 

field. 

6.5.3 Transportation of Fines 

Due to the small exit flow conditions in the RLT test apparatus, the size of material transported 

out of the specimen with the flow of water was restricted to particle sizes of less than 6mm. During 

permeability testing of the permeable basecourse specimen, there was no significant transportation 

of fines in the permeameter, as shown in Figure 6-16, and it was even less for the permeability 

tests conducted in the RLT test apparatus. However, there was significant migration of fines out 

of the M/4 basecourse specimens, indicated by the cloudy outflow shown in Figure 6-22 below. 
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Figure 6-22: Cloudy outflow from the RLT M/4 basecourse specimens. 

Similarly, Toan (1975) experienced transportation of fine material in permeability tests on the M/4 

graded basecourse. Transportation of fines started at hydraulic gradients between 0.1 and 1. The 

hydraulic gradients used for the M/4 specimens for this research were also between 0.1 and 1. 

Toan (1975) found most of the transported fines accumulated in the lower 100 - 50 mm of the 

specimen. The calculated permeability for the lower quarter of the specimen containing the 

clogged region was 100 times smaller than the permeability of the section above. The clogging 

limited the range of hydraulic gradients achievable as nearly all the head was dissipated over the 

clogged layer. 

PSD analysis following permeability testing of the M/4 basecourse would have determined the 

grading of material exiting the specimen. However, there would have been a change in grading as 

a result of RLT testing caused by particle crushing. Therefore, it would have been impossible to 

isolate the particle sizes lost during permeability testing of the M/4 basecourse specimens after the 

RLT test. For this reason, it was also impossible to study the effects of particle crushing during 

RLT tests. 
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6.6 Summary 

Pavements that are built without effective drainage deteriorate at much faster rates than if they are 

well drained (Cedergren, 1974). Initial long-term drainage investments can have downstream cost-

saving implications. Furthermore, it can help conserve diminishing supplies of vital construction 

materials, since pavements built with well-drained structural sections will use smaller quantities 

of crushed aggregates over their serviceable life.  

There is currently a significant lack of research into permeable pavements in New Zealand. This 

has resulted in lower levels of confidence in permeable pavements when pavement design is 

considered. The risks associated with permeable pavements are not well understood. Therefore 

traditional pavements with poor drainage are used in situations where layers with enhanced 

drainage can potentially be utilised. The underpinning purpose of this research was to identify an 

appropriate permeable basecourse and test its structural and permeability characteristics. This 

Chapter focused on determining the permeability of the material. Comparisons were made to other 

research conducted on similar material and the capacity of the permeable basecourse for remaining 

effective under a design storm evaluated. 

There are several factors that influence the permeability of granular material, e.g. particle grading, 

degree and mode of compaction, degree of saturation and porosity. Due to the number and 

interaction of these factors, empirical relationships developed to establish the permeability of 

granular material are not always reliable. Skilled engineering judgement needs to be made on a 

case by case basis to determine the suitability of certain models to the basecourse under review. 

To identify an appropriate model that can be used to determine the permeability of a basecourse, 

the flow type expected through the basecourse needs to be established. Certain models are 

appropriate for laminar flow within porous media, whilst others are useful for turbulent flow. The 

relationship between effective flow and hydraulic gradient needs to be determined so that linear or 

non-linear relationships appropriate for predicting future permeability can be applied. 

Permeability of approximately 6 mm/s can be expected for the permeable basecourse developed 

in this study. This permeability is within the expected range established through a search of the 

international literature. The permeability of the permeable basecourse is well above the infiltration 

rates expected for 2 - 10-year ARI storms. In contrast, the permeability of the M/4 compliant 
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basecourse is significantly lower, at approximately 0.04 mm/s. The permeability of the permeable 

basecourse is approximately 150 times greater than the permeability of the M/4 compliant 

basecourse. The permeability tests in conjunction with the deformation tests, discussed in Chapter 

5, justify the use of the permeable basecourse as being appropriate for use in situations that exceed 

the scope of carparks and shopping malls. For permeable pavements to be utilised in environments 

where more intense traffic loading occurs, emphasis must be made on establishing the long-term 

drainage of all components of the pavement, not just the basecourse.  

The permeability established in the laboratory can be expected to be higher than what may be 

realistic in the field. The hydraulic gradients, expected infiltration rate and extent of fines 

transportation occurring in the field need to be simulated in the laboratory so that reliable 

permeability values can be obtained. Further testing needs to be conducted in the field using the 

permeable basecourse. The relationship between permeability rates experienced in the field and in 

the laboratory needs to be established so that future cost savings can be made by improving the 

laboratory testing process. 
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7.0 Effect of Scale on Repeated Load Triaxial Tests 

7.1 Introduction 

Field trials are conducted when determining the suitability of proposed materials or design 

considerations. However, it is sometimes necessary to develop a routine, economical and 

laboratory-scale means of assessing the suitability of materials or design considerations before 

field trials are undertaken (Lambert, 2006). 

Since the scale of the original pavement structure is reduced in the laboratory, the specimens 

tested must be large enough, so that field situations are best represented. Different types of 

testing equipment have been developed for laboratory testing of basecourse material. Out of 

the methods developed, RLT testing has recently been recognised as an effective means to 

simulate traffic movement on basecourse material. For RLT testing of basecourse material, 

studies have shown that the size of the testing apparatus relative to the maximum ALD of 

aggregates significantly influences the test results (Donbavand, 1987, Lekarp, 2001, Sweere, 

1990, Thom, 1988a, Dawson, 1996a, Dawson, 1996b). This is similar to the conclusions drawn 

from Chapter 4 regarding the effects of mould size on compacted density and post compacted 

PSD. It was established in Chapter 4 that the maximum ALD to specimen diameter ratio 

recommendation of 1:6 from literature and through tests needs to be followed to limit the 

influence of grading effects on the structural properties of the material tested. 

Many universities and research laboratories have adopted RLT testing as a means to test 

basecourse characteristics in the laboratory. Although there are a few large-scale RLT test 

apparatus available internationally, most tests are conducted using apparatus that accommodate 

specimens in the order of 150mm diameter and 300mm in height due to ease of use, and 

availability of apparatus. Using specimens that are smaller results in maximum particle size 

restrictions. The specimens are usually scaled down from the in-field particle grading to keep 

to particle size restrictions of the apparatus. However, the influence of scaling the grading on 

tests results are yet to be fully explored (Lekarp, 2001). Equally as significant and currently 

largely unexplored is the influence in test results of testing the full grading spectrum of particle 

sizes in cases where the maximum particle size is not recommended for the diameter of 

specimens. Insufficient specimen size can lead to erroneous conclusions about the overall 

response of the material that does not match the performance of the material in the field. 
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It was identified in Chapter 5 that the supposed ‘premium’ M/4 basecourse did not meet the 

failure limits outlined in the specifications for basecourse materials in New Zealand NZTA 

(2012a, 2012b) when the material was tested in the large-scale triaxial apparatus. The large-

scale triaxial apparatus used in this study met the maximum ALD to specimen diameter ratio 

established through literature and re-established in Chapter 4. Further RLT testing was 

conducted to identify whether the deformation results for the M/4 basecourse were true for the 

more common smaller RLT apparatus, from which the NZTA T15 and M/4 specifications arise. 

In relation to these further tests, this chapter investigates the influence of grading scale on 

triaxial test results, utilising literature survey and laboratory experiments. The various changes 

in the resilient and permanent strain behaviour due to the change in maximum ALD and 

specimen size are presented, discussed and supported by the literature. 

7.1.1 Research Overview 

In total, the results of fifteen RLT tests were studied. RLT tests were conducted on M/4 

basecourse specimens, all in drained condition, as follows: 

• Three large-scale (250 x 625mm) RLT test specimens with maximum aggregate ALD 

of 37.5mm, compacted using 60 seconds of compaction duration per layer, for 8 layers. 

• Three small-scale (150 x 300mm) RLT test specimens with maximum aggregate ALD 

of 37.5mm, compacted using 60 seconds of compaction duration per layer, for 4 layers. 

• Three small-scale RLT test specimens with maximum aggregate ALD of 19mm, 

compacted using 30 seconds of compaction duration per layer, for 5 layers, conducted 

by Li (2017). 

• Three small-scale RLT test specimens with maximum aggregate ALD of 19mm, 

compacted using 30 seconds of compaction duration per layer, for 5 layers, tested in a 

soaked condition, conducted by Li (2017). 

• Three small-scale RLT test specimens with maximum aggregate ALD of 37.5mm, 

compacted using a target density method of compaction, for 4 layers. 

The purpose of the tests studied was to answer some of the questions relating to the influence 

of scalping and apparatus scale on the structural behaviour of basecourse material. The large-

scale and small-scale tests that were conducted using a standard 60 seconds of compaction 

duration per layer highlighted the influence of density variations between the two specimen 

sizes on the permanent deformation and resilient behaviour of the M/4 compliant basecourse. 

During this study, another doctoral study was conducted by Li (2017). Therefore some RLT 
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test results on M/4 compliant basecourse were shared between the two studies. The RLT tests 

conducted by Li (2017) on M/4 compliant basecourse were from the same quarry as the 

materials used for this research and the same RLT apparatus as this research was utilised to 

conduct these tests. Comparisons between the scalped RLT tests on M/4 compliant basecourse 

from Li (2017) and the unscalped tests in this study provided an insight into the influence of 

aggregate scalping on RLT test results. However, the compaction process adopted by Li (2017) 

was slightly different from that used to compact smaller RLT specimens in this research. This 

is discussed in further detail in Section 3 of this chapter. The soaked scalped tests were 

compared with the unsoaked scalped tests from Li (2017) to identify the influence of soaking 

on scalped RLT tests. Finally, the small-scale RLT tests compacted using a target density 

method of compaction was compared, firstly, with the small-scale RLT tests specimens 

compacted using a standard duration of compaction. This provided information on the 

influence of density and compaction methods on RLT tests using the same apparatus. Secondly, 

the target density-compacted specimens were compared with large-scale RLT test specimens 

that yielded a similar density but with a standard duration method of compaction, to determine 

the influence of apparatus scale on RLT tests conducted on basecourse material. 

7.2 Influence of Specimen Size on Repeated Load Triaxial Test 

It is difficult to assess the field behaviour of aggregates with large particles in conventional 

tests in the laboratory. There is a need for large-scale test methods that can accommodate large 

particle sizes. It has been well established in the literature that the larger diameter RLT 

apparatus is specially designed to accommodate large aggregate sizes that can be typically 

expected from base and subbase materials. The diameter is usually six times greater than the 

maximum particle size, which is required to avoid serious stone-equipment interference effects 

(Lambert, 2006). 

Similar to this research, Thom (1988a) investigated two aspects of scale in triaxial testing; the 

grading scale dictated by the maximum particle size and the scale of the specimen dictated by 

the diameter. For the tests conducted to determine the effects of scale of the specimen 

determined by its diameter, Thom (1988a) found that there is significant scatter in results when 

the ratio of the specimen diameter to maximum grain size is too small. As the ratio of maximum 

grain size to specimen diameter was reduced, there were higher shear strengths recorded 

(Thom, 1988a). However, no conclusions could be drawn from the permanent strain graphs 

when the ratio of the specimen to grain size was plotted. Consequently, conclusions were made 
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according to the permanent strain graphs that suggested apparatus size to aggregate size ratio 

appeared to have no significant influence on elastic stiffness, but the size of aggregate does. 

The accuracy of these conclusions is questionable due to the use of Proctor compaction to 

compact specimens. Proctor compaction was one of the more readily used methods of 

compaction during the time of the research conducted by Thom (1988a). As previously shown 

in Chapter 4, Section 2.2, Proctor or impact compaction is not a reliable method of compaction 

for basecourse specimens in the laboratory.  

Vibratory compaction was used to minimise the variation introduced in the compaction phase 

of specimen preparation. Comparisons were made between the large and small-scale RLT test 

specimens. The M/4 basecourse specimens were compacted using a standard compaction 

duration of 60 seconds per layer. Layer thickness of approximately twice the maximum 

aggregate ALD (37.5mm) was adopted to facilitate particle re-orientation. This resulted in 8 

layers of compaction for the large specimens and 4 layers for the smaller RLT specimens. Three 

replicate tests were conducted for each type of specimen, which is the minimum requirement 

for establishing any meaningful structural strength parameters (Cheung, 2002). 

The specimen preparation procedures are previously outlined in Chapter 5, Sections 5.1 and 

5.2 for the small and large-scale specimens respectively. The resulting density of the replicate 

specimens is presented in Chapter 4, Section 4.8.1, in Table 4-8. To summarise, the dry density 

of the large-scale specimens was typically 2240 kg/m3 without much variation in density in 

between test replicates. The densities achieved within the larger specimens were typical for the 

M/4 basecourse during field compaction, as established in Chapter 4. However, this was not 

the case for the specimens compacted in the small-scale apparatus. The average dry density for 

the smaller specimens was on average approximately 2380 kg/m3. The compacted dry densities 

for the smaller specimens were on average 140 kg/m3 higher in comparison to the larger 

specimens. This is due to the smaller size of the compaction mould, which is not appropriate 

for the larger particles sizes used, as previously shown in Chapter 4. The variation in density 

between the smaller replicate specimens was significantly lower than predicted.  

The results of the comparisons made between the large and small-scale RLT test specimens are 

presented below. Figure 7-1 shows the permanent deformation characteristics of the specimens 

and Figure 7-2 shows the resilient modulus of the different specimens, during the six stages of 

loading. 
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Figure 7-1: Permanent axial strain for small and large-scale M/4 basecourse RLT test specimens compacted for 60 

seconds per layer. 

As seen in Figure 7-1, there is a significant difference in permanent deformation between the 

large and small RLT test specimens. The permanent deformation within the large RLT test 

specimens is on average 280% greater cumulatively for the six stages of testing in comparison 

to the smaller RLT tests. However, the difference in permanent deformation can be attributed 

to the smaller specimens exhibiting a greater density. RLT test specimens with higher density 

typically result in lower permanent strains. The purpose of the RLT tests, however, is to 

simulate field conditions as closely as possible. Therefore, the permanent strain results obtained 

from larger tests are more representative of field situations for the stress ratios implemented in 

comparison to the smaller specimens.  

It is also evident from Figure 7-1 that the smaller RLT test specimens have more variability in 

permanent deformation between test replicates in comparison to the large-scale RLT tests. The 

permanent deformation of ‘Test 2’ conducted in the smaller apparatus is almost double to that 

of permanent deformation in Tests 1 and 3. In comparison, the test results of the larger RLT 

specimens are more repeatable. This agrees with work conducted by other researchers who 

found inconsistent results after using the smaller apparatus to test aggregates exceeding 30mm 

(Donbavand, 1987, Toan, 1975, Lekarp, 2001, Dawson, 1996a, Dawson, 1996b). This shows 

that the results obtained from the smaller RLT test apparatus are less reliable. In comparison, 

the large-scale tests have a variation in a cumulative permanent axial strain of less than 0.05% 
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between all three test replicates. The scatter in test results from the small-scale RLT tests may 

be one of the reasons for inconsistent results between laboratories which utilise NZTA T15 to 

conduct RLT tests. This is further discussed in Section 4.1 of this chapter. 

All the variables except for the specimen size ratio must be kept the same to determine the 

influence of apparatus size on RLT test results. This includes the compacted dry density of the 

specimens. Since the large and small specimens did not have a similar compacted dry density, 

it is difficult to draw any meaningful conclusions relating to specimen scale effects from the 

permanent strain and resilient modulus graphs. The small-scale RLT tests were repeated but 

with a target dry density that was the same as the large-scale RLT test specimens to establish 

this relationship. The results of these tests are presented in Section 4.0 of this chapter. 

 

Figure 7-2: Resilient modulus for small and large RLT tests utilising standard compaction duration. 

The resilient modulus of the specimens presented in Figure 7-2 shows a similar relationship to 

that established in Figure 7-1. The resilient modulus for the larger specimens is typically lower 

than the smaller specimens, especially during the later stages of testing. However, due to the 

small deformations encountered in the smaller specimens, the resulting resilient modulus was 

unpredictable and unreliable. This is shown in Figure 7-2 above. The larger deformation 

exhibited in the large-scale RLT test for each cycle of loading allowed stable resilient moduli 

to be deduced, which are more accurate and reliable. This is despite the transducer scale being 

kept proportional to the scale of the specimen between the large and small RLT tests. Due to 
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the higher densities achieved within the smaller specimens, the level of permanent strain was 

significantly lower, which meant that meaningful resilient moduli could not be calculated for 

these specimens. 

7.3 Effects of Aggregate Scalping on Specimen Performance 

Donbavand (1987) studied the influence of grading scale on RLT test results using 150mm 

diameter by 300mm tall specimens of crushed granite and carboniferous limestone. These tests 

were conducted in a dry condition. For each material, specimens with maximum aggregate 

ALD of 11, 16, 22, 30 and 40mm were prepared by sieving and remixing the material. 

Donbavand concluded that the grading scale significantly influenced the material response. 

However, this was very difficult to quantify since all the materials tested did not follow similar 

trends. For crushed granite, the volumetric shear stiffness properties were proportional to the 

maximum particle size. However, the results of the limestone did not match this conclusion. 

The grading scale had virtually no impact on volumetric behaviour (Donbavand, 1987). It was 

suggested by Donbavand that by scaling down the grading or scalping, the number of grains 

within the specimen is increased, thus providing an increased number of sites for movement to 

take place. A reduced grading scale would, therefore, lead to increased deformation and lower 

stiffness.  

The effects of aggregate scalping were also studied by Sweere (1990), who conducted triaxial 

tests using two specimen sizes of 400mm diameter by 800mm height; and 150mm diameter by 

300mm height. Sweere tested crushed masonry and concrete with a maximum aggregate size 

of 40mm in the larger apparatus. The tests were repeated in the smaller apparatus using a 

scalped grading of the material with a maximum particle size of 19mm. The moisture content 

and dry density were kept constant for all the tests conducted as part of the study of scale effects 

(Sweere, 1990). Similar to Donbavand (1987), Sweere (1990) found inconstancy in test results 

between the two types of materials tested. Higher resilient moduli were found within the 

150mm diameter specimens for the crushed masonry. However, the tests conducted on crushed 

concrete showed negligible influence of specimen size on resilient modulus. This led to the 

conclusion that maximum aggregate size, or the size of specimen used, had an influence on the 

resilient properties measured during triaxial tests (Sweere, 1990). Sweere suggested that, for a 

detailed study of the stress-strain behaviour of the coarse-grained basecourse material, large 

triaxial specimens would be required. 
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The study conducted by Donbavand (1987) was slightly different from that conducted by 

Sweere (1990). Donbavand conducted tests on materials with reducing maximum aggregate 

size utilising the 150 x 300mm apparatus, whereas Sweere (1990) conducted tests on the 

original and reduced grading scale on a large and small-scale triaxial apparatus respectively. 

Both reached inconsistent results from their testing methods, which led to conclusions drawn 

that are not entirely justified. To fully understand the influence of scalping of aggregate sizes 

on RLT test results, a combination of the research conducted by Donbavand (1987) and Sweere 

(1990) needs to be conducted. The un-scalped aggregates need to be tested within the small 

and large apparatus and then the scalped aggregates tested within the smaller apparatus to 

identify any meaningful relationships between aggregate scalping and structural performance 

characteristics established through RLT testing. 

The relationship between the large and small apparatus was established using the un-scalped 

M/4 basecourse in Section 2 of this chapter. Since the standard compaction procedures were 

used to compact both types of specimens, different densities eventuated for the larger and 

smaller RLT specimens. Results from scalped tests that were conducted by Li (2017) were 

compared against the un-scalped specimens, presented in Figure 7-1 to identify the influence 

of scalping on RLT test results. For the scalped tests, aggregates retained on the 19mm sieve 

were removed from the grading before the specimens were compacted. Li (2017) used a 

compaction duration of 30 seconds per layer for the five layers of compaction required for the 

scalped specimens. The compaction duration of 30 seconds used by Li (2017) was based on 

energy output comparisons with the current vibratory compaction procedures (NZS, 1986d). 

The vibratory compactor used by Li (2017) is the same as the vibratory compactor and 

compaction apparatus used in this study. For the vibratory hammers recommended in NZS 

(1986d), an equivalent of 30 seconds of compaction is required from a hammer exceeding the 

recommended energy range, such as that used in this research and by Li (2017), to reach a 

similar compacted dry density. The origin of 60 seconds per layer of compaction used in this 

research is from the plateau or refusal densities achieved for the large-scale RLT test 

specimens, validated against realistic field densities for the material tested. The average 

compacted density for the scalped specimens was approximately 2320 kg/m3, which is 60 

kg/m3 lower in comparison to the un-scalped specimens described in Section 2 of this chapter. 
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Figure 7-3: Un-scalped specimens from this study compared against scalped specimens from (Li, 2017). 

It is evident from Figure 7-3 that there is significant scatter in permanent deformation results 

between the scalped and un-scalped tests conducted in the smaller RLT test apparatus. ‘Test 2’ 

from the un-scalped database and ‘Test 2 from the scalped database are outliers in comparison 

with other tests from each database. Removal of these outliers shows trends that indicate the 

scalped specimens typically undergo approximately twice the amount of cumulative permanent 

strain exhibited by the un-scalped specimens. This agrees with research conducted by 

Donbavand (1987), which showed an increase in permanent deformation after reduction of the 

grading scale. However, the reduction in density between the scalped and un-scalped 

specimens could potentially be one of the reasons the scalped specimens have undergone 

greater levels of permanent strain in comparison to the un-scalped specimens. Three consistent 

replicate test results are also required per specimen type to reach any meaningful conclusions. 

Due to these limitations, for any reasonable conclusions to be drawn from the comparisons 

made in Figure 7-3, further testing needs to be conducted with specimens with the same density. 

Due to the availability of time, resources, and the primary theme of this study being focused 

on the permeable basecourse, these further tests could not be conducted as part of this study. 
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Figure 7-4: Effects of maximum aggregate size on crushed limestone from Lekarp (2001). 

Figure 7-4 shows the results of RLT tests conducted by Lekarp (2001) to describe the influence 

of maximum aggregate size on permanent deformation. The results show the permanent 

deformation of crushed limestone specimens. The trends from Figure 7-4 indicate the grading 

scale is proportional to the permanent deformation, which is contrary to the findings from 

Donbavand (1987). However, when a different material was tested by Lekarp (2001), the trends 

did not correlate with trends exhibited for the crushed limestone specimens. 
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Figure 7-5: Effects of maximum aggregate size on sand and gravel from Lekarp (2001). 

The relationship established from Figure 7-5 on sand and gravel specimens are contrary to the 

relationships established in Figure 7-4. The trends in Figure 7-5 agree with work conducted by 

Donbavand (1987) on crushed granite. The conclusions drawn from literature and the tests 

conducted in this research indicate that the results produced from smaller RLT test apparatus 

are dependent on the material being tested. The effects of aggregate scalping are difficult to 

determine due to the confinement conditions prevalent in the smaller apparatus and the 

different levels of densities that are produced after scalping materials.  

Figure 7-6 shows the resilient moduli comparisons between the scalped and un-scalped 

specimens. The results do not add any further information to the conclusions already drawn 

from the permanent deformation graphs. However, they do re-iterate the difficulties that lie 

with obtaining meaningful resilient modulus values from the smaller apparatus setup. The 

procedures used by Li (2017) to obtain the resilient modulus for the scalped specimens also 

show unreliable resilient moduli values due to the small deformations encountered in the 

smaller RLT test specimens.  
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Figure 7-6: Resilient modulus of the scalped and un-scalped specimens tested in the smaller RLT apparatus. 

The extent of scatter in cumulative permanent deformation values presented in Figure 7-3 is 

also projected in Figure 7-6 above. Due to the scatter in results, it is difficult to draw any 

meaningful conclusions from Figures 7-3 and 7-6. 

The results of tests conducted for the determination of the influence of aggregate scalping on 

RLT tests within this research agrees with research conducted by Sweere (1990), which 

recommends not utilising the smaller specimen sizes to test typical basecourse aggregate. Field 

situations are not reasonably simulated when grading scales are reduced to test materials within 

the RLT test apparatus. As shown in literature and in this research, reduction in grading scale 

typically increases the deformation exhibited by granular specimens. However, this effect is 

inconsistent with different materials (Donbavand, 1987, Lekarp, 2001). It is therefore 

recommended that triaxial testing of granular materials are conducted at natural gradings using 

appropriately sized triaxial apparatus (Lekarp, 2001, Sweere, 1990). 

7.3.1 Soaked Repeated Load Triaxial Tests 

Li (2017) conducted soaked RLT tests to determine the influence of moisture on scalped 

(AP20) M/4 basecourse specimens. The specimens were soaked for 4 days to ensure 

equilibrium levels of saturation were achieved. Equilibrium saturation levels typically exceed 

70% and when reached in field situations, facilitate the deformation of basecourse layers (Salt, 
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2011, Toan, 1975). The soaked small-scale RLT tests were compared with the un-soaked tests 

to determine the influence of soaking. Figure 7-7 presents the results of this comparison. 

 

Figure 7-7: Comparison of permanent deformation of soaked and un-soaked, scalped, small-scale RLT test 

specimens, from Li (2017). 

‘Test 1’ of the soaked specimens was excluded from analysis since it exceeded the failure 

criterion of 1% per loading stage following the commencement of stage 5 of testing. This test 

was conducted in an undrained state, which induced excessive build-up of pore water pressure, 

resulting in premature failure. A completely undrained condition is unrealistic in field 

situations. Therefore, it was not considered in further analysis by Li (2017). Comparisons 

between drained and undrained tests to determine the effects of the apparatus scale did not 

provide any meaningful conclusions.  

The soaked and drained specimens had an average dry density of approximately 2290 kg/m3, 

which is approximately 30 kg/m3 less than the un-soaked specimens. Despite the reduced 

density, Figure 7-7 does not show a significant increase in permanent strain for the other two 

soaked specimens, when compared with the un-soaked test replicates. The inconsistent results 

from Li (2017) further reinforce that scalping basecourse aggregates and testing it within the 

smaller RLT apparatus does not provide accurate and consistent results. 
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Figure 7-8: Resilient behaviour of soaked specimens compared to un-soaked specimens, from Li (2017). 

Figure 7-8 presents the resilient behaviour of the soaked specimens in comparison to the un-

soaked specimens. The figure shows a significant decrease in resilient modulus for the soaked 

specimens, during the later stages of cyclic loading. Typically, soaked, saturated or flooded 

specimens are predicted to show a lower resilient response in comparison to un-soaked 

specimens. This is shown in Chapter 5, Section 3.3, where the flooded permeable specimens 

showed slightly lower values of resilient moduli, especially during the later stages of testing. 

The decrease in resilient modulus is much more significant for the soaked specimens when 

compared to flooded specimens. This may be due to the greater susceptibility to moisture of 

the M/4 basecourse in comparison to the permeable specimens discussed in Chapter 5. The 

greater extent of fines within the scalped M/4 specimens, presented in Figure 7-8, contributes 

to the reduction of resilient modulus. However, the results from Figures 7-7 and 7-8 should be 

used with caution due to the lack of consistency in test results for basecourse specimens tested 

in the smaller RLT apparatus. The larger apparatus is recommended to test basecourse 

materials at their natural gradings. 

7.4 Influence of Specimen Density on Repeated Load Triaxial 

Tests 

In an attempt to standardise the RLT testing procedure, Dawson (1996a) found a considerable 

difference in RLT test results between laboratories across four different European countries. 
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The tests conducted at laboratories in Portugal (LNEC), United Kingdom (UNOT), France 

(LRSB) and Netherlands (DUT) yielded variable results for the three different materials tested, 

in the different RLT test apparatus. RLT test setups with specimen dimensions of 150 x 300mm 

(UNOT, maximum aggregate size of 30mm), 300 x 600mm (LNEC, maximum aggregate size 

unspecified), 160 x 320mm (LRSB, maximum aggregate size of 31.5mm) and 400 x 800mm 

(DUT, maximum aggregate size unspecified) were used. The difference in test results was 

attributed to differences in test procedures, the number of tests per apparatus limited to only 

one and inconsistent results, showing limited repeatability in testing. The tests were conducted 

on specimens with the same source and production properties, with a maximum grain size of 

31.5mm. Different densities originated from different laboratories, as shown in Table 7-1 

below. 

Table 7-1: Densities of specimens tested by (Dawson, 1996a) using different RLT apparatus from different 

laboratories. 

 

The conclusions from Chapter 4 would indicate that the variations in density originate from a 

difference in mould size. However, since the mode of compaction utilised was different for 

each laboratory, it would be inaccurate to attribute the changes in density between laboratories 

to mould size alone. Most of the variation in deformation from RLT testing conducted by 

Dawson (1996a) were attributed to specimen preparation and the requirement for a 

standardised compaction method, as shown in Chapter 4 of this thesis. For accurate RLT tests, 

homogenous densities that are achieved from a standardised testing procedure are required 
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(Dawson, 1996a).  Recommended mould sizes are required for achieving homogenous 

densities between specimens prepared using standard compaction procedures. 

Using the standardised method of compaction, adapted from Chapter 4 of this thesis, does not 

result in consistent densities between the large and small RLT test specimens. Since the 

densities are not the same, the effects of maximum aggregate ALD to specimen diameter ratio 

on the structural response of the M/4 basecourse are likely not to provide meaningful 

conclusions. As a result, small-scale RLT test specimens were compacted to a target density 

that matched the refusal density of the larger RLT test specimens and represented the typical 

field density of the M/4 compliant basecourse. The procedures for conducting the target density 

method of compaction is described in Chapter 3, Section 5.1.1. 

Figure 7-9 below show a comparison in permanent deformation between the standard 

compacted, un-scalped, small RLT test specimens and the small RLT test specimens 

compacted to a target density of 2240 kg/m3. The difference in density between the two types 

of replicate specimens was 140 kg/m3. 

 

Figure 7-9: Comparison of permanent deformation between standard duration and target density compacted 

specimens. 

Figure 7-9 shows that the cumulative permanent deformation increases as a result of using the 

target density method of compaction. The degree of compaction and the resulting density 

significantly influences the shear strength and resistance to permanent deformation (Cheung, 



346 

 

2002). This is evident in Figure 7-9, where the specimens with a lower density show, on 

average, 80% greater cumulative permanent strain in comparison to the specimens compacted 

to a higher density. 

 

Figure 7-10: Resilient moduli comparisons between target density and standard duration compacted small RLT 

specimens. 

Figure 7-10 presents the resilient behaviour of the specimens presented in Figure 7-9. The 

specimens compacted to the lower target density typically show lower resilient behaviour for 

all stages of loading in comparison to the specimens compacted using a standard duration of 

compaction per layer. However, the resilient modulus values for the specimens compacted to 

a target density are more reliable since there is more consistency in results. This may be 

attributed to increased deformation per cycle of load application, compared to the standard 

compacted test replicates. 

All variables between test replicates and specimen types must be kept constant to study the 

effects of specimen size on RLT test results. This allows the influence of specimen size on test 

results to be isolated. The small RLT test specimens compacted to a target density were 

compared with the larger RLT test specimens, utilising the same density and moisture content 

of 5%, to study the effects of specimen size on RLT test results. Figure 7-11 and 7-12 present 

this comparison. 
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Figure 7-11: Comparison of permanent strain between small and large RLT specimens compacted to the same 

density. 

Figure 7-11 shows the comparison of permanent strain between the small and large RLT test 

specimens, compacted to the same density. There is a significant difference in cumulative 

permanent strain between the two specimen types. On average, the permanent strain of the 

larger specimens is approximately 0.5% greater in comparison to the smaller RLT specimens. 

The 100% increase in permanent strain is significant. The variation in permanent strain 

between the two specimen sizes is greatest for stage 6 of loading, which typically results in the 

greatest deformation within specimens. These results agree with literature and further re-

enforce the importance of using appropriate mould sizes for testing basecourse material (Toan, 

1975, Sweere, 1990, Lekarp, 2001).  

Field testing needs to be conducted to identify which specimen size simulates the deformations 

typical for the unbound M/4 basecourse in the field. However, there is enough evidence 

accumulated from literature and this chapter that shows the smaller RLT test specimens 

overestimate the performance of basecourse material in the laboratory. The consequences of 

overestimation of performance in RLT tests are discussed in Section 4.1 of this chapter. 
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Figure 7-12: Resilient modulus of small and large M/4 basecourse RLT specimens compacted to the same density. 

Figure 7-12 presents the resilient behaviour of the two types of specimens for the 6 stages of 

loading. The specimens tested in the smaller apparatus typically show greater resilient 

behaviour in comparison to the larger test specimens, for all stages of loading. There is a 

distinct correlation between resilient modulus and permanent strain. Generally, greater resilient 

moduli indicate less tendency for the specimens to deform, represented by lower cumulative 

permanent strain values. However, resilient modulus values obtained from the larger RLT tests 

are more repeatable and reliable in comparison to the values obtained from the small-scale RLT 

tests, as shown by the replicate specimens in Figure 7-12. 

The implications of the test results presented in Figure 7-12 on pavement design are primarily 

attributed to material characterisation within pavement modelling software, such as CIRCLY. 

There is a remarkable difference in average resilient modulus for the same material, using the 

two different RLT test setups. The triplicate results show approximately 150MPa lower 

resilient modulus values for the specimens tested utilising the large RLT setup. The two 

resilient modulus values, 400MPa using the small RLT test setup and 250MPa utilising the 

larger RLT test setup, will constitute to significantly different predictions of serviceable 

pavement life within CIRCLY, assuming unbound granular basecourse strength dictates 

pavement life. The influence of basecourse modulus will depend on the underlying substrate 

strength, pavement confinement conditions, drainage and nature and magnitude of traffic 
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loading. Over-prediction of material strength in pavement design can result in premature failure 

of the pavement. 

The differences in specimen homogeneity arising during the compaction are less related to the 

vibratory hammer model or the age of the hammer and more related to the mould size used for 

compaction. The recommendations made in literature for testing basecourse material suggest a 

maximum particle ALD to specimen diameter ratio of at least 1:6 for achieving reliable and 

repeatable test results. Dawson (1996a and 1996b) showed repeatability between the four 

laboratories utilised was not achieved, and this was attributed to the size of the specimens. The 

greatest test repeatability was from LNEC, which utilised 300 x 600mm specimens, for a 

maximum ALD of 31.5mm. The results of this research further emphasise that recommended 

aggregate ALD and specimen diameter ratios are essential for repeatability in test results.  
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7.4.1 Application of Basecourse Performance Criterion to Repeated Load Triaxial Tests 

Table 7-2: M/4 basecourse failure criteria applied to RLT test specimens from this study. 

RLT Test Test Number 

Water 

Content 

(%) 

Dry 

Density 

(kg/m³) 

%/M Strain (6 

stages, Unsoaked 

Drained<0.55, 

Soaked <1) 

Pass/Fail? 

Large M/4 - Drained 1 5 2242 0.79 Fail 

 2 5 2245 0.74 Fail 

 3 5 2230 0.78 Fail 

Small M/4 – Un-scalped, Drained 1 5 2377 0.18 Pass 

 2 5 2377 0.18 Pass 

 3 5 2390 -0.11 Pass 

Small M/4 – Scalped, Drained 1 5 2301 0.57 Fail 

 2 5 2369 0.34 Pass 

 3 5 2291 0.19 Pass 

Small M/4 – Scalped, Soaked, Drained 2 5 2300 0.28 Pass 

 3 5 2286 0.28 Pass 

Small M/4 – Un-scalped, Target Density, Drained 1 5 2240 0.33 Pass 

 2 5 2240 0.28 Pass 

 3 5 2240 0.41 Pass 
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The specifications NZTA T15 and NZTA M/4 determine the suitability of basecourse material for 

field construction, using the small-scale RLT test (NZTA, 2012b, NZTA, 2012a). The failure 

criterion for RLT tests was adopted from these specifications and applied to the small-scale RLT 

tests presented in this Chapter. As previously discussed in Chapter 5, the application of NZTA 

(2012a and 2012b) to the large-scale RLT tests on the ‘premium’ M/4 basecourse material resulted 

in the basecourse failing the limitations set out in the specifications. This meant that for the 

basecourse to be used in construction for traffic loads exceeding 5 million ESA’s, stabilisation 

techniques must be adopted to reinforce its structural integrity. However, stabilisation of virgin 

unbound granular basecourse layers in state highways is not a common practice. 

Table 7-2 above is a comparison of the small-scale RLT tests to the large-scale tests, following the 

application of NZTA (2012a and 2012b) to test results. Appendix D includes the relevant 

calculations conducted in determining if a basecourse specimen presented in Table 7-2 passed or 

failed. For the un-soaked specimens presented in Table 7-2, if the %/M strain was less than 0.55, 

the material was considered appropriate for traffic exceeding 5 million ESAs. The materials are 

also expected to pass all the other source and production tests specified in NZTA M/4. The 

specimens tested in the small-scale RLT apparatus passed this criterion, except for ‘Scalped Test 

1’. The scalped specimens are typically closer to the failure limit, whereas the un-scalped 

specimens compacted using standard methods are furthest from failure. Similar to the permanent 

deformation graphs, there is inconsistency in test results for the specimens tested in the smaller 

RLT test apparatus. In one case, there is a negative slope (%/M) value recorded, which can be 

attributed to the unpredictable permanent deformation curves that originate from the smaller RLT 

tests. The inconsistency in failure criterion values exhibited for the small-scale RLT specimens 

may explain the lack of reproducibility and repeatability in test results between laboratories testing 

UGM, especially when replicate RLT tests are not conducted. The larger M/4 basecourse 

specimens do not meet the criteria for high traffic design. However, the results from the large-

scale tests are consistent. 

The small-scale specimens compacted using a target density are within the failure limits specified 

within NZTA M/4, whereas specimens with the same density, tested in the larger apparatus, fail 

to meet the specified limits. This is a significant limitation associated with testing larger-sized 

aggregates within the smaller RLT test apparatus. Using the small-scale RLT test to predict the 



352 

 

performance of basecourse material may be attributed to the lack of correlation between field and 

laboratory predicted rates of deformation within M/4 compliant basecourse that currently exists. 

Field testing needs to be conducted to validate laboratory testing so that laboratory methods can 

be refined to produce accurate predictions of field performance. Following field testing, a 

correlation between the deformation exhibited within the large and small-scale RLT test setups 

can be made. There is a significant difference in permanent deformation between replicate 

specimens tested within the small-scale RLT test in comparison to the large-scale RLT tests. Field 

testing is required to determine the suitability of RLT test apparatus sizes investigated in this 

research, for predicting basecourse performance. Based on the test results and conclusions drawn 

from this research and agreement of test results with literature, it is recommended that basecourse 

gradings including large-sized aggregates should be tested in apparatus that reduce the effects of 

specimen size on test results, i.e. a ratio of maximum aggregate ALD to specimen diameter ratio 

of at least 1:6 provides repeatable and reliable test results. 

From Table 7-2 it can be concluded that using the small-scale RLT apparatus to test basecourse 

materials is not recommended since this can result in overprediction of performance in the 

laboratory. This can potentially have follow-on effects in the field when the performance of the 

basecourse does not meet laboratory predictions, and premature failure of pavements occurs as a 

result. This will have significant downstream implications on costs required for maintenance and 

potential redesigning of pavements.  
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7.5 Summary 

There is currently inconsistency in RLT test results between laboratories in New Zealand, similar 

to that experienced by Dawson (1996a). The inconsistency can be related to the following outdated 

compaction procedures, and where a target density method is followed, the discrepancies are a 

result of insufficient maximum aggregate ALD to specimen diameter ratios adopted. This is shown 

in this research and by several reputable researchers in this field of study. The target density 

method of compaction does not offer homogeneity within the specimen. Therefore, a standard 

method of compaction that simulates realistic field densities is suggested. A standard method of 

compaction produces variable densities in the smaller 150mm diameter triaxial apparatus. As a 

result, the smaller apparatus is not recommended to be used to test course aggregate gradings. 

Using the small-scale apparatus to test basecourse material, such as the M/4 basecourse, results in 

inconsistent results. Trends recorded in permanent deformation and resilient modulus graphs are 

inconsistent and unpredictable. Inconsistency in test results is evident for both scalped and un-

scalped material gradings. This indicates that although scalping of aggregates ensures that 

maximum aggregate size to specimen diameter ratios recommended in literature is met, it does not 

provide the same level of consistency as the larger apparatus, which is recommended for testing 

the full grading of the material. Reduction of the grading scale is not an appropriate practice to 

follow. For a representative test result, the material must be tested in its natural grading, and the 

specimen size of the material being tested must be appropriate for the largest aggregates present. 

Scalping of the grading does not provide results that can be correlated to field conditions, which 

utilises the full grading spectrum. 

The structural response observed during RLT testing proved to be significantly influenced by the 

grading scale or the maximum particle size of the aggregate used within the specimen. The resilient 

modulus and permanent strain response were influenced by the material grading to specimen size 

scale. The experimental outcome of this investigation is in agreement with the results of previous 

studies. The analyses of the test results confirm the complexity of the nature and the extent of the 

influence of grading scale reduction on triaxial test results. It is recommended that triaxial 

specimens are large enough to allow testing of granular materials at their natural gradings. A 

maximum aggregate ALD to specimen diameter ratio of at least 1:6 is recommended if reliable 

and repeatable test results are desired. 
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Based on literature from reputable authors in this field of study, and the results of compaction and 

RLT testing in this research, the application of the specifications NZTA T15 and NZTA M/4, to 

specimens tested in the smaller RLT test apparatus, leads to overprediction of basecourse 

performance. Due to repeatability issues associated with the small-scale RLT apparatus, it is not 

an appropriate tool to be used in predicting the in-field performance of basecourse materials in the 

laboratory. Field validation of laboratory test results is necessary to determine appropriate methods 

for predicting basecourse performance in the laboratory, i.e. validation of the large-scale RLT test 

results. The specifications on classifying and testing basecourse material need to be relevant to all 

types of RLT test apparatus and should enable consistency between RLT tests conducted at 

different laboratories. 
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8.0 Conclusions and Recommendations 

8.1 Introduction 

The results of many studies have shown that the primary cause of pavement failure is water ingress 

into the pavement layers. Recent increases in severe rainfall events worldwide indicate that the 

rate at which pavements fail, as a result of water ingress, is set to increase. On top of this, the 

quantity of infiltration into stormwater systems from surface runoff will also increase due to 

intense rainfall, as a result of climate change. To help overcome these difficulties there is an 

immediate need for an increase in the permeable pavement network around the world. Permeable 

pavements serve as a more environmentally conscious alternative to traditional bituminous 

pavements. 

Permeable pavements are typically used in areas of low traffic volume in New Zealand. Several 

countries have investigated the use of permeable pavements in high traffic areas. This has led to a 

very advanced state of research and the successful implementation of permeable pavements in high 

traffic areas in some countries. Due to the lack of research and knowledge into permeable 

pavements in New Zealand, the risks associated with this type of pavements are not well 

understood, which has resulted in its limited use. 

The suitability of permeable pavements in New Zealand traffic and environmental conditions, 

using readily available materials, needs further research that leads to an understanding of the 

potential of these materials to attenuate the adverse effects of severe weather conditions in urban 

environments. This has led to the objectives of this research, which are to evaluate the structural 

and drainage performance of permeable basecourse using several methods of laboratory testing. 

The objectives included: 

• Developing an appropriate permeable basecourse grading for traffic and environmental 

conditions typical for New Zealand, utilising naturally available resources. 

• Determining the ideal method, from the aspect of laboratory and field applications, of 

compacting the permeable basecourse. 

• Determining the structural capacity and permeability of the permeable basecourse and 

comparing it to the performance of more traditional materials. 
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• Predicting the potential for application of permeable basecourse within the New Zealand 

road network based on laboratory test results. 

During the phase of the research concerned with compaction of the unbound granular medium, it 

was discovered that New Zealand based specifications related to identifying the performance of 

basecourse materials either did not relate well to similar specifications adopted internationally, or 

did not follow internationally recommended principles of testing basecourse materials described 

in the international literature. This gave rise to additional objectives in this research. The additional 

objectives were: 

• Identify methods of compaction that offer repeatability and reproducibility in the 

characteristics of specimens. The aim was to develop a compaction method that offers 

homogeneity in specimen density and particle size distribution.  

• Evaluate achievable methods of determining the permeability of basecourse material. 

• Determine the suitability of current basecourse specifications and tests, in particular, the 

RLT test, to determine the laboratory performance limits of premium basecourse material. 

• Identify the effects of the apparatus and specimen size, as well as the influence of grading 

on structural performance and repeatability of RLT test specimens and the practical 

implications of RLT test results deduced for different apparatus size. 

The conclusions drawn from these studies can be categorised into three sections, compaction, 

permeability and repeated load triaxial tests. The conclusions are summarised in the following 

sections. 

8.2 Compaction 

Preliminary compaction tests, in appropriate moulds, comparing kneading and vibratory 

compaction determined that there is no significant particle crushing as a result of either mode of 

compaction. Since basecourse material is typically compacted in the field using vibratory 

compaction, it is appropriate to replicate this in the laboratory. For this reason, vibratory 

compaction was chosen as the mode of compacting specimens. 

A significantly large database of compaction and PSD test results were achieved and interpreted 

to determine the effects of mould size, vibratory hammer energy and compaction duration on 
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compacted specimen dry density and particle crushing. The mould sizes were chosen with the ratio 

of maximum aggregate size to specimen diameter of 1:6 in mind, acquired through an extensive 

literature survey. The vibratory hammers used were determined through a survey of the models of 

hammers used in industry and the specification for vibratory hammer compaction, NZS 4402 Test 

4.1.3 (1986d)), the New Zealand standard for laboratory vibratory compaction. The compaction 

duration was determined from a consideration of both the international literature and NZS (1986d). 

The following points are significant for the vibratory compaction research conducted: 

• The use of a vibratory compactor, with high energy, results in densities that are much 

greater than what may be achieved in the field. 

• The detrimental effects of hammer energy are amplified when the maximum aggregate to 

specimen size ratios are ignored. 

• Aggregate with lower crushing resistance would be expected to demonstrate greater 

particle breakdown and therefore variation in results, the magnitude of which is caused by 

compactor energy and mould size. 

• The influence of hammer energy is negligible when an appropriate mould size, based on 

specimen ALD, is adopted. 

• It is recommended in the international literature and shown in this research, that a minimum 

aggregate ALD: specimen diameter: specimen height ratio of 1:6:2 results in more 

consistent laboratory densities. 

• Using a minimum aggregate ALD: specimen diameter: specimen height ratio of 1:6:2 

allows for greater specimen repeatability and reproducibility, allowing inter-laboratory 

tests to produce meaningful results. 

• Using recommended aggregate ALD to specimen size ratios minimises variability in 

vibratory hammer compaction characteristics that are associated with using different 

operators. 

• Compacting basecourse specimens using appropriate mould sizes results in plateau 

densities that are similar to realistically achievable field densities. 
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• It is recommended that maximum aggregate ALD to layer height ratio of 1:2 be used to 

allow sufficient re-orientation of aggregate particles. 

• When appropriate specimen moulds are used, a standard compaction duration of 60 

seconds per specimen layer can be used to compact basecourse specimens that are 

reproducible, and representative of field compacted densities. 

8.3 Permeability 

Through a literature review, it was identified that high degrees of saturation in the structural 

basecourse section of the pavement is the primary cause of premature pavement failure. High-

intensity rainfall events cause significant amounts of run-off to flow over traditional impermeable 

pavements, causing flooding and increasing the run-off load into the stormwater system. As a 

result of flooding, the water table rises, flooding the structural layers of the basecourse. This leads 

to saturation of base layers that have a high amount of fines present, resulting in the build-up of 

excess pore water pressure from applied surface loading, leading to premature failure of traditional 

pavements. Once the rainfall event passes, the inability of the traditional basecourse to rapidly 

drain the excess water means that pavement deterioration continues to occur well past the event of 

high rainfall. 

Permeable pavement systems (PPS) reduce surface run-off by allowing water infiltration into the 

pavement. Thus, the run-off load into the stormwater network is delayed, which reduces the 

likelihood of flooding. Due to the permeable nature of the basecourse, the retained water can 

evapotransporate back into the atmosphere after high rainfall events. Other benefits of the PPS are: 

• Reduction of pollutants into the stormwater network, 

• Reduction of spraying on the road surface, which minimises the likelihood of vehicle 

crashes resulting from low visibility, 

• Protection of the weaker subgrade by early removal of retained water, and  

• Promotion of the natural water cycle in an otherwise urban environment. 

The benefits of PPS justify its use in locations where pavement flooding and deterioration from 

pavement saturation is a concern. This has led to many developed countries utilising permeable 

pavements in high traffic environments. However, there is currently a significant lack of research 
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into permeable pavement in New Zealand. This has resulted in lower levels of confidence in 

permeable pavements when pavement design is considered. The risks associated with permeable 

pavements are not well understood. Therefore, traditional pavements with poor drainage qualities 

are used in situations where well-drained layers can potentially be utilised. Pavements that are 

built without effective drainage are deteriorating at much faster rates than if they were well drained. 

The purpose of this research was to identify an appropriate permeable basecourse and evaluate its 

structural and permeability characteristics. 

Several constant head tests were conducted on both the permeable basecourse developed in this 

research and a traditional high fines basecourse to compare the permeability between the two types 

of basecourse. An extensive literature survey was also conducted to validate the permeability 

values obtained. Through the literature survey, it was identified that there are many factors that 

influence the permeability of granular materials. Particle grading, degree and mode of compaction, 

the degree of saturation and porosity are some of the factors that influence the permeability of a 

basecourse. Due to these factors, empirical relationships developed to establish permeability of 

granular material do not always provide reliable results. Engineering judgement needs to be made 

on a case by case basis to determine the appropriate permeability model required for different types 

of basecourse. 

The flow type expected through the basecourse needs to be established to identify an appropriate 

model that can be used to determine the permeability. Certain models are appropriate for laminar 

flow within porous media whilst others are more correctly used for turbulent flow. The relationship 

between flow and hydraulic gradient needs to be determined so that the linear or non-linear 

relationships appropriate for predicting future permeability values can be applied. 

A permeability of approximately 6 mm/s can be expected for the permeable basecourse developed 

in this study. The permeability is within the expected range established through an extensive 

literature survey. The permeability of the permeable basecourse is well above the infiltration rates 

expected for a 2-10-year ARI storm in Auckland. In contrast, the permeability of the M/4 

compliant basecourse is significantly lower, at approximately 0.04 mm/s. The permeability of the 

permeable basecourse is approximately 150 times greater than the permeability of the M/4 

compliant basecourse.  
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The discharge capacity of the surrounding stormwater network needs to be known so that an 

appropriate permeable pavement can be constructed. The capacity of the stormwater network to 

receive uninterrupted discharge will dictate whether temporary retention within the permeable 

basecourse is required to delay peak flow conditions. 

The permeability established in the laboratory can be expected to be higher than what may be 

expected in the field. The hydraulic gradients, expected infiltration rate and extent of fines 

transportation occurring in the field need to be simulated in the laboratory so that reliable field 

permeability values can be obtained. Further testing needs to be conducted in the field using the 

permeable basecourse. The relationship between permeability rates experienced in the field and in 

the laboratory needs to be established, so that future cost savings can be made by improving the 

laboratory testing process, leading to improved predictions of field performance. 

8.4 Repeated Load Triaxial Tests 

Pavements are complex engineering structures that involve two or three phase multi-layered 

media. While there have been advances over the last three decades, there are still many unresolved 

aspects to understanding the permanent strain response of granular media to repeated transient 

loads of varying amplitude and frequency. In both the unsaturated and saturated state, the effective 

stress state will govern the behaviour. The effective stress state will be governed by the geometry 

of the pavement surroundings, the magnitude and frequency of the loading and the material 

response, i.e. as a two or three phase medium, including the capacity for moisture migration as a 

function of time, space and temperature. 

An increasingly common laboratory method of evaluating the permanent strain response of 

granular material is the RLT test. The RLT test can be used to predict the structural response of 

the in-situ basecourse material if laboratory tests accurately simulate field conditions. It was 

established in this research that testing of course aggregates in relatively small triaxial equipment 

could result in misleading strength-permanent deformation characteristics, even though this 

practice is very common in laboratories in New Zealand and elsewhere. Appropriate test variables 

such as specimen dimensions, compaction and testing procedures, and saturation techniques were 

evaluated, and the effects of each of the above variables were established using the RLT test. A 

significant database of RLT test results was achieved and interpreted to determine the influence of 

these variables as well as the deformation behaviour of the permeable and M/4 basecourse. 



361 

 

Interpretation of preliminary RLT tests determined that proctor or impact compaction is not a 

reliable method of specimen compaction, due to the lack of repeatability and reproducibility. A 

shakedown theory was used as a tool to understand the deformation behaviour of the permeable 

specimens in comparison to the M/4 compliant basecourse. Through this avenue, it was shown that 

both types of basecourse exhibit similar performance in the RLT test. The permanent deformation 

of the basecourse is high during the initial compaction phase of testing (Range B), followed by 

stable (Range A) behaviour through extensive periods of loading for stages 1 to 5 of NZTA T15. 

The behaviour initially in stage 6 is largely unstable for both types of material followed by a 

decrease in permanent strain rate after 50, 000 stage 6 load cycles. Further loading beyond the 

specified 50, 000 load cycles in the stage is predicted to bring forth stable behaviour in both types 

of basecourse.  

The introduction of water into a specimen, to create a flooded permeable specimen, did not 

significantly influence the permanent strain rates or the stability of the specimens. The flooded 

permeable tests showed that there is a significant increase in permanent strain, due to an increase 

in moisture conditions, for stage 6 of loading. The permanent strain in low to moderate stress states 

is largely unaffected by the introduction of water into the specimen. Thus, through large-scale 

flooded RLT tests, it was established that the permeable basecourse could potentially be used as a 

reservoir layer, to delay and thus reduce the peak of the hydrograph, during heavy rainfall events. 

The draft NZTA M/4 basecourse specification, Section 3.3.4 - 3.3.6 (Repeated triaxial loading 

criteria of basecourse material), was used to determine if the two types of basecourse used in this 

study were appropriate for pavement construction. Large-scale RLT test results revealed that both 

material types, for typical pavement geometries, are not appropriate for pavement construction for 

traffic volumes of more than 5 million ESA’s. The deformation results for the M/4 basecourse 

were unexpected since this type of material is regarded as premium basecourse in New Zealand. 

The unexpected results were attributed to the inappropriate small specimen size that was used to 

determine the design limitations of the premium basecourse in NZTA T15 and NZTA M/4. This 

result is a reflection of the lack of capacity of the small specimen to accommodate the largest 

fractions of the aggregate. 

Currently, there is inconsistency in RLT test results between laboratories in New Zealand. Through 

the work in this study, the inconsistency has related to following outdated compaction procedures, 
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and where a target density method is followed, the discrepancies are a result of utilising insufficient 

maximum aggregate ALD to specimen diameter ratios. This is one of the major outcomes of the 

work for this thesis and is validated by several reputable researchers external to New Zealand. The 

target density method of controlling compaction destroys homogeneity within the specimen. 

Therefore, a new standard method of compaction that simulates realistic field densities is 

suggested. Standard methods of compaction produce variable densities in the smaller 150mm 

diameter triaxial specimens. This is one of the reasons why the smaller apparatus is not 

recommended to be used to test coarse aggregate gradings, which prevail in the M/4 specification. 

Using the small-scale apparatus to test basecourse material eventuates to inconsistent test results. 

Trends recorded in permanent deformation and resilient modulus are inconsistent and 

unpredictable. The scatter in test results is evident for both scalped and un-scalped material 

gradings. This indicates that although scalping of aggregates ensures that maximum aggregate size 

to specimen diameter ratios is met, as recommended in the literature, it does not provide the 

acceptable levels of consistency achieved through the use of the larger 250mm diameter apparatus, 

necessary for the full M/4 grading. Reduction of the grading scale is not an appropriate practice to 

follow. For more representative test results, the material must first be tested in its natural grading, 

and secondly, the specimen size of the material being tested must be appropriate for the largest 

aggregates present. Scalping of the grading does not provide results that can be realistically 

transferred back into field situations, which utilise the full grading.  

The structural response observed during RLT testing proved to be significantly influenced by the 

grading scale, or the maximum particle size of the aggregate used in the specimen. Both the 

resilient modulus and permanent strain responses were influenced. The experimental outcome of 

this investigation is in agreement with the results of previous studies performed both in and 

external to New Zealand. The analyses of the test results confirm the complexity of the nature and 

the extent of the influence of grading scale reduction on triaxial test results. It is, therefore, 

recommended that triaxial specimens be made large enough to allow testing of granular materials 

at their natural gradings. A maximum aggregate ALD to specimen diameter ratio of at least 1:6 is 

recommended if reliable and repeatable test results, appropriate to field conditions, are desired. 

Based on literature from reputable authors in this field of study, and the results of compaction and 

RLT testing conducted for the research presented in this thesis, the application of specifications 
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such as NZTA T15 and NZTA M/4 to specimens tested in the smaller 150mm diameter apparatus 

leads to overprediction of basecourse performance, i.e. the results are not conservative. Field 

validation of laboratory test results is required in determining the suitability of laboratory 

equipment to typical basecourse materials. The specifications on basecourse material need to be 

applicable to all types of RLT equipment, and the profession should ensure consistency between 

different types of RLT apparatus and laboratories. 

8.5 Future Testing 

Due to the difference in the compaction equipment and environment between field and laboratory 

situations, there is a likelihood of discrepancies in the measured properties of the compacted 

basecourse material. Properties such as density, PSD, permanent strain and resilient moduli values 

(obtained from RLT tests) need to be reasonably compatible between laboratory and field for 

reliable modelling of expected field performance.  

Instrumented field testing of the permeable and M/4 basecourse needs to take place to validate the 

conclusions drawn from the laboratory testing and literature survey in this research. It should not 

be assumed that similar levels of compaction are required in the field to achieve laboratory target 

values. This is primarily due to the vast difference in compaction environments between field and 

laboratory. The plateau densities of both types of materials need to be determined in the field so 

that these densities can be correlated back to the laboratory and appropriate mould sizes and 

compaction procedures can be derived. Specifying field targets based on laboratory tests that are 

unrealistic will result in over-compaction of materials in the field which change the deformation 

characteristics of the field material compared to what is predicted in the laboratory. 

The permeability of both types of materials needs to be studied in the field so that drainage 

characteristics and maintenance protocols can be established. While the permeability values 

obtained in the laboratory and through literature can be generalised, there is sometimes no real 

congruence between the field situation and the theoretical assumptions or framework of the 

laboratory experiments. After conducting a study comparing field and laboratory permeability, 

laboratory procedures can be improved so that greater levels of accuracy in predicting field 

basecourse permeability can be achieved in the laboratory. 
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Since a lot of design criteria on basecourse material are based around the RLT test, it is essential 

that the RLT test procedures and basecourse design limitations established in the laboratory are 

validated against field trials. The relationship between specimen preparation and RLT test results 

established in this study show there is a significant influence of apparatus size on permanent 

deformation. The deformation characteristics of materials tested in this laboratory study need to 

be evaluated in the field to further reinforce the recommendations from this study and the literature 

regarding appropriate specimen sizes for RLT testing. The specifications for compaction and RLT 

testing would then need to be re-evaluated and amended if the recommendations suggested provide 

better comparisons with field-based results. The validation process is presented in Figure 8-1 

below. Following Figure 8-1 will ensure that accurate predictions are made in the laboratory and 

these predictions can be confidently applied to field situations.  
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Figure 8-1: Flowchart for predicting basecourse performance. 

The financial viability of implementing the additional confinement conditions and maintenance 

protocols that may be required for permeable pavements needs to be determined. The 

environmental benefits of permeable pavements need to be considered within this economic 

assessment. The economic assessment also needs to incorporate the cost of rework, both 

environmental and economic, as a result of utilising inappropriate materials for the conditions and 

premature failure of the pavement which is likely to eventuate as a result. 
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RLT testing utilising subgrade material as a platform for compacting and testing basecourse 

materials can be conducted so that field conditions can be more closely simulated. The embedment 

effects of basecourse into subgrade material during specimen compaction and testing is likely to 

result in a variation of pavement performance and layer properties in comparison to existing 

methods utilising a solid base. The influence of geotextiles between base and subgrade layers can 

also be studied so that their use can be justified when pavement designs are considered. The large-

scale RLT apparatus is recommended to minimise boundary effects when undertaking RLT tests 

utilising a subgrade layer. 
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8.6 Recommendations to New Zealand Materials and Testing 

Specifications 

As stated in Section 8.5, field testing is necessary to validate the laboratory tests undertaken within 

this research. It is therefore premature to make explicit recommendations based purely on 

laboratory testing. However, there is significant evidence generated from this research, which 

closely correlates with international studies, that reinforce the following recommendations to New 

Zealand pavement material and testing specifications. These recommendations require field 

validation for a more critical understanding of their influence on pavement life prediction. 

For the set of standards outlining pavement material compaction methods: 

• Change of specimen size to 250mm diameter and 175mm height for specimens prepared 

using NZS 4402 Tests 4.1.1, 4.1.2, 4.1.3 (Determination of Maximum Dry Density) and 

6.1.1 (California Bearing Ratio Test). 

• Vibratory compaction duration reduced to 60 seconds per layer within NZS 4402 Test 

4.1.3. 

The shift in mould diameter from 150mm diameter to 250mm is expected to produce repeatable 

and reproducible specimens that have a MDD that simulates achievable field densities. This 

facilitates consistency in target densities produced between laboratories testing the same type of 

material. A greater specimen height was considered. However, the number of compaction tests 

required during pavement design and typical material quantities retained from test pits, limits the 

specimen height to 175mm. 

For the specification for RLT testing in New Zealand (NZTA T15): 

• Change of specimen size to 250mm diameter and 625mm height. 

• Reduction of testing frequency from 4Hz to 1Hz for RLT testing. 

• The degree of saturation for materials tested confirmed to be in excess of 80% for the 

soaked tests conducted. 

The increased specimen size within NZTA T15 is expected to produce repeatable and reproducible 

specimens, which allow consistency and accuracy between laboratories when predicting the life 
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of pavement materials or layers. This prevents poor quality materials from being utilised and good 

quality materials from being rejected during pavement design, minimising rework and conserving 

depleting natural aggregate resources. The testing frequency of 1Hz is more representative of field 

conditions, allowing for a more meaningful prediction of pavement life to be made. Conservative 

pavement conditions are tested when the degree of saturation is in excess of 80%, allowing more 

robust pavement designs to be implemented. 

It is recognised that there is limited availability of the large-scale RLT apparatus within New 

Zealand. However, continued use of the small-scale RLT, utilising existing pavement performance 

prediction specifications, is not justified based on the conclusions from this research. A meaningful 

correlation between the small and large-scale RLT test methods is required, as well as a correlation 

between the large-scale RLT test results and field performance of materials tested. This allows 

validation of the small-scale RLT tests, based on tests conducted in the large-scale RLT test, which 

can be validated from field performance of pavement materials. This enables laboratories within 

New Zealand to use small-scale RLT tests to provide more meaningful and accurate predictions of 

pavement performance. 

For the specification for basecourse material in New Zealand (NZTA M/4): 

• Include a permeable basecourse grading range.  

• Re-evaluate ESA thresholds for basecourse material using test results from the proposed 

RLT test specimen size. 

The crushing resistance and lateral confinement conditions required for the implementation of a 

permeable basecourse will need to be highlighted within NZTA M/4. This will allow a permeable 

basecourse to be used in areas where a more conventional basecourse is expected to fail 

prematurely due to moisture ingress and heightened moisture susceptibility. Minimising premature 

failure of basecourse conserves natural aggregate resources, and utilisation of a permeable 

pavement reduces the environmental impacts associated with pavement run-off. 

As a result of climate change, the occurrence of severe storms is becoming more frequent in 

comparison to predictions based on historical rainfall data. The reliance on the stormwater 

discharge network is now more severe than ever. However, most of the stormwater networks in 

New Zealand was constructed more than 50 years ago, based on the storm intensities and 
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frequencies evident at the time. The capacity and condition of the stormwater network capturing 

discharge flow from the permeable pavements need to be considered for effective permeable 

pavement design. 
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Appendix A.: Aggregate Properties 

A.1. M/4 Basecourse Specification Tests 
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Appendix B.: PSD of Compacted Specimens 

B.1 Influence of Compaction Duration 

The following PSD and standard deviation graphs are part of the compaction study that evaluated 

the influence of the three vibratory hammer models (Kango 900kV, Kango 950K and BOSCH 

GSH 16-30), using the three different moulds (150mm x 125mm, 243mm x 175mm and 250mm x 

625mm) and using compaction durations of 40, 60 and 180 seconds. Each data point in each graph 

is an average of at least three replicate tests. The graphs are supplementary to Chapter 4: Section 

4.4 and reinforce discussions included therein.  

B.1.1 Kango 900kV Vibratory Hammer 

 

Figure B-1:  Influence of compaction duration using the small mould and Kango 900kV hammer. 
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Figure B-2: Variation in test results for the small mould using Kango 900kV hammer. 

 

Figure B-3: Influence of compaction duration using the medium mould and Kango 900kV hammer. 
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Figure B-4: Variation in PSD's for 243x175mm specimens using Kango 900kV hammer. 

 

Figure B-5: Influence of compaction duration using the large mould and Kango 900kV hammer. 

0

1

2

3

37.5 19 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 0.001

St
an

d
ar

d
 D

e
vi

at
io

n
 (

%
)

Sieve Size (mm)

Variation in PSDs for 243x175mm Specimens using Kango 900kV 
Hammer

60 sec 180 sec

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

0.001 0.01 0.1 1 10 100

C
u

m
u

la
ti

ve
 %

 P
as

si
n

g

Sieve Size (mm)

Specimen Size of 250x625mm using 900kV Hammer

40 sec average 100 sec average 180 sec average

Upper Limit Lower Limit Pre-compaction



384 

 

 

Figure B-6: Variation in PSDs for 250x625mm specimen using Kango 900kV hammer. 

B.1.2 Kango 950K Vibratory Hammer 

 

Figure B-7: Variation in PSDs for 150x125mm specimens using Kango 950kV hammer. 
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Figure B-8: Influence of compaction duration using the medium mould and Kango 950K hammer. 

 

Figure B-9: Variation in PSD's for 243x175mm specimen using Kango 950K hammer. 
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Figure B-10: Influence of compaction duration using the large mould and Kango 950K hammer. 

 

Figure B-11: Variation in PSD's for 250x625mm specimen using Kango 950K hammer. 
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B.1.3 BOSCH GSH 16-30 Vibratory Hammer 

 

Figure B-12: Influence of compaction duration using the medium mould and BOSCH GSH 16-30 hammer. 

 

Figure B-13: Variation in PSD's for 243x175mm specimens using BOSCH GSH 16-30 hammer. 
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Figure B-14: Influence of compaction duration using the large mould and BOSCH GSH 16-30 hammer. 

 

Figure B-15: Variation in PSD's for 250x625mm specimens using BOSCH GSH 16-30 hammer. 
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B.1.4 Scalped Tests Using 150mm Diameter Mould 

 

Figure B-16: Influence of compaction duration on scalped specimens compacted with Kango 900kV hammer. 

 

Figure B-17: Standard deviation for scalped tests conducted using Kango 900kV vibratory hammer. 
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Figure B-18: Influence of compaction duration on scalped specimens compacted with Kango 950K hammer. 

 

Figure B-19: Variation in PSD's for scalped tests compacted with Kango 950K hammer. 
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Figure B-20: Influence of compaction duration on scalped specimens compacted with BOSCH GSH 16-30 hammer. 

 

Figure B-21: Variation in PSD's for scalped specimens using BOSCH GSH 16-30 hammer. 
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B.2 Influence of Mould Size 

The following PSD and standard deviation graphs are supplementary to Chapter 4: Section 4.5 of 

the main body of the thesis. The graphs present the influence the three different mould sizes 

(150mmØ, 243mmØ and 250mmØ) on compacted specimen PSD, utilising 60 and 180 seconds of 

compaction duration for each of the three vibratory hammers used. 

B.2.1 Kango 900kV Vibratory Hammer 

 

Figure B-22: Influence of compaction duration using the Kango 900kV hammer for 60 seconds. 
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Figure B-23: Variation in PSD’s using Kango 900kV hammer for 60 seconds. 

 

Figure B-24: Influence of compaction duration using the Kango 900kV hammer for 180 seconds. 
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Figure B-25: Variation in PSD's using Kango 900kV hammer for 180 seconds. 

B.2.2 Kango 950K Vibratory Hammer 

 

Figure B-26: Influence of compaction duration using the Kango 950K hammer for 60 seconds. 
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Figure B-27: Variation in PSD's using Kango 950K hammer for 60 seconds. 

 

Figure B-28: Variation in PSD’s using Kango 950K hammer for 180 seconds. 
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B.2.3 BOSCH GSH 16-30 Vibratory Hammer 

 

Figure B-29: Influence of compaction duration using the BOSCH GSH 16-30 hammer for 60 seconds. 

 

Figure B-30: Variation in PSD's using BOSCH GSH 16-30 for 60 seconds. 
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B.3 Influence of Energy 

The following PSD and standard deviation graphs are supplementary to Chapter 4: Section 4.6 of 

the main body of the thesis. The graphs present the influence of compaction energy, using the three 

different vibratory compactors, utilising the three different mould sizes for layer compaction 

duration of 60 and 180 seconds. 

B.3.1 Small (150mmØ by 125mm high) Specimens 

 

Figure B-31: Influence of energy using the small mould for 60 seconds. 
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Figure B-32: Variation in PSD’s for small specimens compacted for 60 seconds. 

 

Figure B-33: Influence of energy using the small mould for 180 seconds. 
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Figure B-34: Variation in PSD's for small specimens compacted for 180 seconds. 

B.3.2 Medium (243mmØ by 175mm high) Specimens 

 

Figure B-35: Influence of energy using the medium mould for 60 seconds. 
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Figure B-36: Variation in PSD's for medium specimens compacted for 60 seconds. 

 

Figure B-37: Influence of energy using the medium mould for 180 seconds. 
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Figure B-38: Variation in PSD's for medium specimens compacted for 180 seconds. 

B.3.3 Large (250mmØ by 625mm high) Specimens 

 

Figure B-39: Influence of energy using the large mould for 60 seconds. 
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Figure B-40: Variation in PSD's for large specimens compacted for 60 seconds. 

B.3.4 Scalped Tests Using 150mm Diameter Mould 

 

Figure B-41: Scalped specimens compacted for 180 seconds. 
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Figure B-42: Variation in PSD's for scalped specimens compacted for 180 seconds. 

B.4 Influence of Operator 

 

Figure B-43: Influence of operator on PSD for scalped basecourse compacted for 180 seconds. 
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Figure B-44: Variation between operators using pre-compaction data.
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Appendix C.: Densities 

 

C.1 Kango 900kV Vibratory Hammer 

C.1.1 Specimen Size of 150x125mm 

Table C-1: Densities for 150x125mm specimens compacted using Kango 900kV vibratory hammer for 60 seconds per 

layer. 

60 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) 

Variation in WC 

(actual %) 

Variation in 

Density (kg/m3) 

Operator 

1 1 3.7 2234 0.4 21.0 

2 layers 2 4 2213   

 3 4.1 2215   

 Average 3.9 2221   

Operator 

2 4 4.5 2329 0.4 56.0 

2 layers 5 4.3 2273   

 6 4.7 2273   

 Average 4.5 2292   

 

Table C-2: Densities for 150x125mm specimens compacted using Kango 900kV vibratory hammer for 180 seconds per 

layer. 

180 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) 

Variation in WC 

(%) 

Variation in Density 

(kg/m3) 

Operator 

1 1 3.4 2231 0.2 14.0 

2 layers 2 3.3 2217   

 3 3.5 2230   

 Average 3.4 2226   

Operator 

2 4 4.7 2236 0.3 177.0 

2 layers 5 4.4 2355   

 6 4.4 2413   

 Average 4.5 2335   
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C.1.2 Specimen Size of 243x175mm 

Table C-3: Densities for 243x175mm specimens compacted using Kango 900kV vibratory hammer for 60 seconds per 

layer. 

60 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) 

Variation in WC 

(%) 

Variation in 

Density (kg/m3) 

3 layers 1 4 2114 0.2 56.0 

 2 4 2108   

 3 4.2 2164   

 Average 4.1 2129   

 

Table C-4: Densities for 243x175mm specimens compacted using Kango 900kV vibratory hammer for 180 seconds per 

layer. 

180 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) 

Variation in WC 

(%) 

Variation in Density 

(kg/m3) 

3 layers 1 4.9 2124 0.4 53.0 

 2 4.6 2176   

 3 4.5 2123   

 Average 4.7 2141   

 

C.1.3 Specimen Size 250x625mm 

Table C-5: Densities for 250x625mm specimens compacted using Kango 900kV vibratory hammer for 40 seconds per 

layer. 

40 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) 

Variation in WC 

(%) 

Variation in 

Density (kg/m3) 

8 layers 1 4.3 2036 0.2 35.0 

 2 4.5 2071   

 Average 4.4 2054   

 

Table C-6: Densities for 250x625mm specimens compacted using Kango 900kV vibratory hammer for 60 seconds per 

layer. 

60 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) 

Variation in WC 

(%) 

Variation in Density 

(kg/m3) 

6 layers 1 3.8 2070 1.2 20.0 

 2 5 2050   

 Average 4.4 2060   
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Table C-7: Densities for 250x625mm specimens compacted using Kango 900kV vibratory hammer for 100 seconds per 

layer. 

100 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) 

Variation in WC 

(%) 

Variation in Density 

(kg/m3) 

8 layers 1 4.4 2137 0.7 91.0 

 2 5.1 2046   

 Average 4.8 2092   

 

Table C-8: Densities for 250x625mm specimens compacted using Kango 900kV vibratory hammer for 180 seconds per 

layer. 

180 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) 

Variation in WC 

(%) 

Variation in Density 

(kg/m3) 

8 layers 1 4.7 2147 0.3 37.0 

 2 5 2110   

 Average 4.9 2129   

 

C.1.4 Scalped Tests using 150x125mm Specimen 

Table C-9: Densities for scalped 150x125mm specimens compacted using Kango 900kV vibratory hammer for 60 seconds 

per layer. 

60 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) 

Variation in WC 

(%) 

Variation in Density 

(kg/m3) 

3 layers 1 4.8 2311 0.3 56.0 

 2 4.5 2256   

 3 4.6 2255   

 Average 4.6 2274   

 

Table C-10: Densities for scalped 150x125mm specimens compacted using Kango 900kV vibratory hammer for 180 

seconds per layer. 

180 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) 

Variation in WC 

(%) 

Variation in Density 

(kg/m3) 

3 layers 1 5.1 2386 0.4 148.0 

 2 4.8 2327   

 3 5.1 2238   

 4 4.9 2328   

 5 4.7 2287   

 Average 4.9 2313   
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C.2 Kango 950K Vibratory Hammer 

C.2.1 Specimen Size 150x125mm 

Table C-11: Densities for 150x125mm specimens compacted using Kango 950K vibratory hammer for 60 seconds per 

layer. 

60 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) Variation in WC (%) 

Variation in Density 

(kg/m3) 

2 layers 1 5 2363 0.6 102.0 

 2 5.5 2400   

 3 4.9 2465   

 Average 5.1 2409   

 

Table C-12: Densities for 150x125mm specimens compacted using Kango 950K vibratory hammer for 180 seconds per 

layer. 

180 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) Variation in WC (%) 

Variation in Density 

(kg/m3) 

2 layers 1 4.6 2403 0.2 48.0 

 2 4.8 2401   

 3 4.6 2355   

 Average 4.7 2386   

 

C.2.2 Specimen Size 243x175mm 

Table C-13: Densities for 243x175mm specimens compacted using Kango 950K vibratory hammer for 60 seconds per 

layer. 

60 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) Variation in WC (%) 

Variation in Density 

(kg/m3) 

3 layers 1 4.7 2144 0.2 19.0 

 2 4.8 2163   

 3 4.6 2146   

 Average 4.7 2151   

 

Table C-14: Densities for 243x175mm specimens compacted using Kango 950K vibratory hammer for 180 seconds per 

layer. 

180 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) Variation in WC (%) 

Variation in Density 

(kg/m3) 

3 layers 1 4.7 2150 0.1 44.0 

 2 4.6 2147   

 3 4.7 2191   

 Average 4.7 2163   
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C.2.3 Specimen Size 250x625mm 

Table C-15: Densities for 250x625mm specimens compacted using Kango 950K vibratory hammer for 60 seconds per 

layer. 

60 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) Variation in WC (%) 

Variation in Density 

(kg/m3) 

8 layers 1 4.9 2111 0.3 28.0 

 2 5.2 2127   

 3 4.9 2139   

 Average 5.0 2126   

 

Table C-16: Densities for 250x625mm specimens compacted using Kango 950K vibratory hammer for 180 seconds per 

layer. 

180 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) Variation in WC (%) 

Variation in Density 

(kg/m3) 

8 layers 1 4.8 2151 0.1 25.0 

 2 4.7 2167   

 3 4.8 2142   

 Average 4.8 2153   

 

C.2.4 Scalped Tests using 150x125mm Specimens 

Table C-17: Densities for scalped 150x125mm specimens compacted using Kango 950K vibratory hammer for 60 seconds 

per layer. 

60 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) Variation in WC (%) 

Variation in Density 

(kg/m3) 

3 layers 1 4.7 2274 0.3 26.0 

 2 4.7 2275   

 3 4.4 2249   

 Average 4.6 2266   

 

Table C-18: Densities for scalped 150x125mm specimens compacted using Kango 950K vibratory hammer for 180 

seconds per layer. 

180 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) Variation in WC (%) 

Variation in Density 

(kg/m3) 

3 layers 1 4.5 2343 0.3 34.0 

 2 4.6 2322   

 3 4.3 2309   

 Average 4.5 2325   
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C.3 BOSCH GSH 16-30 Vibratory Hammer 

C.3.1 Specimen Size 150x125mm 

Table C-19: Densities for 150x125mm specimens compacted using BOSCH GSH 16-30 vibratory hammer for 60 seconds 

per layer. 

60 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) Variation in WC (%) 

Variation in Density 

(kg/m3) 

2 layers 1 4.6 2448 0.2 54.0 

 2 4.7 2427   

 3 4.5 2394   

 Average 4.6 2423   

 

Table C-20: Densities for 150x125mm specimens compacted using BOSCH GSH 16-30 vibratory hammer for 180 seconds 

per layer. 

180 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) Variation in WC (%) 

Variation in Density 

(kg/m3) 

2 layers 1 4.6 2519 0.2 29.0 

 2 4.4 2509   

 3 4.6 2490   

 Average 4.5 2506   

 

C.3.2 Specimen Size 243x175mm 

Table C-21: Densities for 243x175mm specimens compacted using BOSCH GSH 16-30 vibratory hammer for 60 seconds 

per layer. 

60 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) Variation in WC (%) 

Variation in Density 

(kg/m3) 

3 layers 1 4.5 2118 0.1 91.0 

 2 4.5 2084   

 3 4.6 2175   

 Average 4.5 2126   

 

Table C-22: Densities for 243x175mm specimens compacted using BOSCH GSH 16-30 vibratory hammer for 180 seconds 

per layer. 

180 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) Variation in WC (%) 

Variation in Density 

(kg/m3) 

3 layers 1 4.4 2204 0.4 11.0 

 2 4.6 2198   

 3 4.8 2209   

 Average 4.6 2204   
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C.3.3 Specimen Size 250x625mm 

Table C-23: Densities for 250x625mm specimens compacted using BOSCH GSH 16-30 vibratory hammer for 60 seconds 

per layer. 

60 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) Variation in WC (%) 

Variation in Density 

(kg/m3) 

8 layers 1 4.9 2203 0.4 60.0 

 2 4.7 2263   

 3 4.5 2228   

 Average 4.7 2231   

 

Table C-24: Densities for 250x625mm specimens compacted using BOSCH GSH 16-30 vibratory hammer for 180 seconds 

per layer. 

180 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) Variation in WC (%) 

Variation in Density 

(kg/m3) 

8 layers 1 5 2281 0.4 46.0 

 2 4.9 2302   

 3 4.6 2327   

 Average 4.8 2303   

 

C.3.4 Scalped Tests using 150x125mm Specimens 

Table C-25: Densities for scalped 150x125mm specimens compacted using BOSCH GSH 16-30 vibratory hammer for 60 

seconds per layer. 

60 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) Variation in WC (%) 

Variation in 

Density (kg/m3) 

3 layers 1 4.6 2403 0.2 14.0 

 2 4.6 2389   

 3 4.8 2402   

 Average 4.7 2398   

 

Table C-26: Densities for scalped 150x125mm specimens compacted using BOSCH GSH 16-30 vibratory hammer for 180 

seconds per layer. 

180 sec 

duration Test 

WC 

(%) 

Density 

(kg/m3) Variation in WC (%) 

Variation in Density 

(kg/m3) 

3 layers 1 4.2 2426 0.4 20.0 

 2 4.4 2446   

 3 4 2432   

 Average 4.2 2435   
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C.4 Kneading Compaction 

Table C-27: Density of 250x625mm specimen compacted at a foot pressure of 1000kPa for 6 layers. 

Test 

WC 

(%) 

Density 

(kg/m3) 

1 4.5 2043 

 

Table C-28: Density of 250x625mm specimen compacted at a foot pressure of 2000kPa for 6 layers. 

Test 

WC 

(%) 

Density 

(kg/m3) 

1 4 2200 

 

Table C-29: Density of 243x175mm specimens compacted at a foot pressure of 1600kPa for 3 layers. 

Test 

WC 

(%) 

Density 

(kg/m3) 

Variation in 

WC (%) 

Variation in 

Density (kg/m3) 

1 4.2 2202 0.2 8.0 

2 4 2194   

3 4.1 2197   

Average 4.1 2198   
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Appendix D.: Permanent Strain Calculations 

 

Table D-1: Test 1 - Large RLT, unsaturated drained permeable basecourse. 

RLT Test Stage 

Permanent 

Strain 

Permanent Strain Slope 

(%/1M) 

Stage A 0.017 0.171 

 0.022  
Stage B 0.071 0.286 

 0.078  
Stage C 0.124 0.214 

 0.129  
Stage D 0.235 0.471 

 0.246  
Stage E 0.307 0.457 

 0.319  
Stage F 0.966 4.932 

 1.089  
Average (first 5 stages)  0.320 

Average (all 6 stages)  1.088 

 

Table D-2: Test 2 - Large RLT, unsaturated drained permeable basecourse. 

RLT Test Stage 

Permanent 

Strain 

Permanent Strain Slope 

(%/1M) 

Stage A 0.007 0.066 

 0.008  
Stage B 0.027 0.181 

 0.032  
Stage C 0.070 0.150 

 0.074  
Stage D 0.153 0.313 

 0.161  
Stage E 0.222 0.394 

 0.232  
Stage F 1.236 4.131 

 1.339  
Average (first 5 stages)  0.221 

Average (all 6 stages)  0.873 
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Table D-3: Test 3 - Large RLT, unsaturated drained permeable basecourse. 

RLT Test Stage 

Permanent 

Strain 

Permanent Strain Slope 

(%/1M) 

Stage A 0.011 -0.061 

 0.009  
Stage B 0.030 0.280 

 0.037  
Stage C 0.086 0.336 

 0.095  
Stage D 0.193 0.415 

 0.204  
Stage E 0.272 0.535 

 0.285  
Stage F 1.132 4.215 

 1.238  
Average (first 5 stages)  0.301 

Average (all 6 stages)  0.953 

 

Table D-4: Test 1 - Large RLT, unsaturated drained M/4 basecourse. 

RLT Test Stage 

Permanent 

Strain 

Permanent Strain Slope 

(%/1M) 

Stage A 0.034 0.101 

 0.036  
Stage B 0.067 0.245 

 0.073  
Stage C 0.119 0.461 

 0.131  
Stage D 0.235 0.529 

 0.248  
Stage E 0.327 0.747 

 0.345  
Stage F 0.892 2.648 

 0.958  
Average (first 5 stages)  0.417 

Average (all 6 stages)  0.789 
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Table D-5: Test 2 – Large RLT, unsaturated drained M/4 basecourse. 

RLT Test Stage 

Permanent 

Strain 

Permanent Strain Slope 

(%/1M) 

Stage A 0.016 0.080 

 0.018  
Stage B 0.047 0.144 

 0.050  
Stage C 0.105 0.286 

 0.112  
Stage D 0.236 0.442 

 0.247  
Stage E 0.343 0.733 

 0.361  
Stage F 0.936 2.734 

 1.005  
Average (first 5 stages)  0.337 

Average (all 6 stages)  0.737 

 

Table D-6: Test 3 – Large RLT, unsaturated drained M/4 basecourse. 

RLT Test Stage 

Permanent 

Strain 

Permanent Strain Slope 

(%/1M) 

Stage A 0.025 0.040 

 0.026  
Stage B 0.061 0.195 

 0.066  
Stage C 0.113 0.260 

 0.120  
Stage D 0.229 0.555 

 0.243  
Stage E 0.331 0.811 

 0.351  
Stage F 0.857 2.843 

 0.928  
Average (first 5 stages)  0.372 

Average (all 6 stages)  0.784 
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Table D-7: Test 1 - Large RLT, flooded drained permeable basecourse. 

RLT Test Stage 

Permanent 

Strain 

Permanent Strain Slope 

(%/1M) 

Stage A 0.041 0.157 

 0.045  
Stage B 0.094 0.349 

 0.103  
Stage C 0.177 0.410 

 0.188  
Stage D 0.304 0.478 

 0.316  
Stage E 0.383 0.737 

 0.401  
Stage F 2.731 6.270 

 2.887  
Average (first 5 stages)  0.426 

Average (all 6 stages)  1.400 

 

Table D-8: Test 2 - Large RLT, flooded drained permeable basecourse. 

RLT Test Stage 

Permanent 

Strain 

Permanent Strain Slope 

(%/1M) 

Stage A 0.039 0.219 

 0.044  
Stage B 0.116 0.483 

 0.128  
Stage C 0.210 0.433 

 0.221  
Stage D 0.354 0.600 

 0.369  
Stage E 0.456 0.870 

 0.477  
Stage F 1.813 4.957 

 1.937  
Average (first 5 stages)  0.521 

Average (all 6 stages)  1.260 
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Table D-9: Test 3 - Large RLT, flooded drained permeable basecourse. 

RLT Test Stage 

Permanent 

Strain 

Permanent Strain Slope 

(%/1M) 

Stage A 0.013 0.041 

 0.014  
Stage B 0.047 0.142 

 0.051  
Stage C 0.090 -0.045 

 0.089  
Stage D 0.154 0.298 

 0.162  
Stage E 0.228 0.772 

 0.248  
Stage F 1.570 3.980 

 1.669  
Average (first 5 stages)  0.242 

Average (all 6 stages)  0.865 

 

Table D-10: Test 1 - Small RLT, unsaturated drained M/4 basecourse. 

RLT Test Stage 

Permanent 

Strain 

Permanent Strain Slope 

(%/1M) 

Stage A 0.012 0.023 

 0.012  
Stage B 0.025 0.091 

 0.027  
Stage C 0.049 0.185 

 0.054  
Stage D 0.094 0.114 

 0.097  
Stage E 0.120 0.300 

 0.128  
Stage F 0.189 0.354 

 0.198  
Average (first 5 stages)  0.143 

Average (all 6 stages)  0.178 
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Table D-11: Test 2 - Small RLT, unsaturated drained M/4 basecourse. 

RLT Test Stage 

Permanent 

Strain 

Permanent Strain Slope 

(%/1M) 

Stage A -0.009 0.067 

 -0.007  
Stage B 0.023 0.057 

 0.025  
Stage C 0.062 0.007 

 0.062  
Stage D 0.197 0.122 

 0.200  
Stage E 0.228 0.114 

 0.231  
Stage F 0.329 0.732 

 0.347  
Average (first 5 stages)  0.074 

Average (all 6 stages)  0.183 

 

Table D-12: Test 3 - Small RLT, unsaturated drained M/4 basecourse. 

RLT Test Stage 

Permanent 

Strain 

Permanent Strain Slope 

(%/1M) 

Stage A 0.011 -0.239 

 0.005  
Stage B 0.029 -0.161 

 0.025  
Stage C 0.048 -0.179 

 0.043  
Stage D 0.073 0.002 

 0.073  
Stage E 0.104 -0.102 

 0.101  
Stage F 0.162 -0.005 

 0.162  
Average (first 5 stages)  -0.136 

Average (all 6 stages)  -0.114 
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Table D-13: Test 1 - Small RLT, target density, unsaturated drained M/4 basecourse. 

RLT Test Stage 

Permanent 

Strain 

Permanent Strain Slope 

(%/1M) 

Stage A 0.034 0.148 

 0.038  
Stage B 0.074 -0.196 

 0.069  
Stage C 0.112 0.390 

 0.122  
Stage D 0.183 0.721 

 0.201  
Stage E 0.253 0.283 

 0.260  
Stage F 0.513 0.629 

 0.528  
Average (first 5 stages)  0.269 

Average (all 6 stages)  0.329 

 

Table D-14: Test 2 - Small RLT, target density, unsaturated drained M/4 basecourse. 

RLT Test Stage 

Permanent 

Strain 

Permanent Strain Slope 

(%/1M) 

Stage A -0.001 0.037 

 0.000  
Stage B 0.041 0.028 

 0.041  
Stage C 0.087 0.410 

 0.097  
Stage D 0.171 0.200 

 0.176  
Stage E 0.223 0.494 

 0.235  
Stage F 0.381 0.512 

 0.394  
Average (first 5 stages)  0.234 

Average (all 6 stages)  0.280 
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Table D-15: Test 3 - Small RLT, target density, unsaturated drained M/4 basecourse. 

RLT Test Stage 

Permanent 

Strain 

Permanent Strain Slope 

(%/1M) 

Stage A 0.062 0.304 

 0.070  
Stage B 0.094 0.098 

 0.097  
Stage C 0.136 0.413 

 0.146  
Stage D 0.196 0.584 

 0.211  
Stage E 0.285 0.294 

 0.292  
Stage F 0.441 0.780 

 0.461  
Average (first 5 stages)  0.338 

Average (all 6 stages)  0.412 

 

Table D-16: Test 1 - Small RLT, unsaturated drained scalped (AP20) M/4 basecourse. 

RLT Test Stage 

Permanent 

Strain 

Permanent Strain Slope 

(%/1M) 

Stage A 0.038 0.040 

 0.039  
Stage B 0.082 0.711 

 0.100  
Stage C 0.114 0.362 

 0.123  
Stage D 0.156 0.421 

 0.167  
Stage E 0.203 0.259 

 0.210  
Stage F 0.404 1.616 

 0.445  
Average (first 5 stages)  0.359 

Average (all 6 stages)  0.568 
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Table D-17: Test 2 - Small RLT, unsaturated drained scalped (AP20) M/4 basecourse. 

RLT Test Stage 

Permanent 

Strain 

Permanent Strain Slope 

(%/1M) 

Stage A 0.024 0.145 

 0.027  
Stage B 0.053 0.083 

 0.056  
Stage C 0.058 0.494 

 0.071  
Stage D 0.088 0.252 

 0.094  
Stage E 0.117 0.312 

 0.124  
Stage F 0.232 0.750 

 0.251  
Average (first 5 stages)  0.257 

Average (all 6 stages)  0.339 

 

Table D-18: Test 3 - Small RLT, unsaturated drained scalped (AP20) M/4 basecourse. 

RLT Test Stage 

Permanent 

Strain 

Permanent Strain Slope 

(%/1M) 

Stage A 0.038 0.102 

 0.041  
Stage B 0.072 -0.090 

 0.069  
Stage C 0.112 0.065 

 0.114  
Stage D 0.148 0.039 

 0.149  
Stage E 0.189 0.227 

 0.195  
Stage F 0.358 0.796 

 0.378  
Average (first 5 stages)  0.069 

Average (all 6 stages)  0.190 
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Table D-19: Test 1 - Small RLT, soaked drained scalped (AP20) M/4 basecourse. 

RLT Test Stage 

Permanent 

Strain 

Permanent Strain Slope 

(%/1M) 

Stage A 0.153 0.469 

 0.165  
Stage B 0.327 0.622 

 0.343  
Stage C 0.416 0.706 

 0.433  
Stage D 0.561 1.706 

 0.604  
Stage E NA Failed 

 NA  
Stage F NA Failed 

 NA  

   
Average (first 5 stages)  Failed 

Average (all 6 stages)  Failed 
 

Table D-20: Test 2 - Small RLT, soaked drained scalped (AP20) M/4 basecourse. 

RLT Test Stage 

Permanent 

Strain 

Permanent Strain Slope 

(%/1M) 

Stage A 0.078 0.124 

 0.081  
Stage B 0.118 0.137 

 0.121  
Stage C 0.147 -0.024 

 0.146  
Stage D 0.190 0.271 

 0.196  
Stage E 0.227 0.304 

 0.235  
Stage F 0.362 0.865 

 0.383  
Average (first 5 stages)  0.162 

Average (all 6 stages)  0.279 
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Table D-21: Test 3 - Small RLT, soaked drained scalped (AP20) M/4 basecourse. 

RLT Test Stage 

Permanent 

Strain 

Permanent Strain Slope 

(%/1M) 

Stage A 0.043 -0.060 

 0.042  
Stage B 0.082 0.119 

 0.085  
Stage C 0.120 0.179 

 0.125  
Stage D 0.181 0.202 

 0.186  
Stage E 0.230 0.311 

 0.238  
Stage F 0.420 0.952 

 0.444  
Average (first 5 stages)  0.150 

Average (all 6 stages)  0.284 

 



424 

 

 

Appendix E.: Permeability Calculations 

E.1 Permeability using the Permeameter 

Table E-1: Core permeability of permeable specimen 1, Part A. 

Core 

Flow Δt (s) ΔV (L) 

Piezometer 

1 (mm) 

Piezometer 

2 (mm) 

Piezometer 

3 

(mm) 

P3 - P1 

(mm) 

P2 - P1 

(mm) 

Test 1 26 5 1180 1200 1220 40 20 

Test 2 24 5 1122 1144 1162 40 22 

Test 3 25 5 1268 1288 1316 48 20 

Test 4 26 5 1176 1200 1220 44 24 

Test 5 26 5 1206 1230 1254 48 24 

Average 25.4 5    44 22 

     i 0.135802 0.135802 

 

Table E-2: Core permeability of permeable specimen 1, Part B. 

Q 0.000197 m3/s 

   

A 0.049087 m2 

   

V 0.00401 m/s 

   

k 0.02953 m/s 

   

k 106306.8 mm/hr 

 

Table E-3: Core permeability of permeable specimen 2, Part A. 

Core 

Flow Δt (s) ΔV (L) 

Piezometer 

1 (mm) 

Piezometer 

2 (mm) 

Piezometer 

3 (mm) 

P3 - P1 

(mm) 

P2 - P1 

(mm) 

Test 1 24 5 850 888 934 84 38 

Test 2 24 5 880 924 972 92 44 

Test 3 26 5 1202 1242 1272 70 40 

Test 4 25 5 988 1032 1070 82 44 

Test 5 24 5 954 998 1036 82 44 

Test 6 26 5 1152 1190 1220 68 38 

Test 7 27 5 1156 1192 1224 68 36 

Average 25.14286 5    78 40.57143 

     i 0.240741 0.250441 
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Table E-4: Core permeability of permeable specimen 2, Part B. 

Q 0.000199 m3/s 

   

A 0.049087 m2 

   

V 0.004051 m/s 

   

k 0.016828 m/s 

   

k 60581.27 mm/hr 

 

Table E-5: Permeability of 'Edge' flow for permeable specimen 2, Part A. 

Edge 

Flow Δt (s) ΔV (L) 

Piezometer 

1 (mm) 

Piezometer 

2 (mm) 

Piezometer 

3 (mm) 

P3 - P1 

(mm) 

P2 - P1 

(mm) 

Test 1 25 5 1618 1650 1690 72 32 

Test 2 30 5 1836 1866 1898 62 30 

Test 3 27 5 1742 1776 1806 64 34 

Average 26.78571 5    55.24815 27.36437 

     i 0.170519 0.168916 

 

Table E-6: Permeability of 'Edge' flow for permeable specimen 2, Part B. 

Q 0.000187 m3/s 

   

A 0.049087 m2 

   

V 0.003803 m/s 

   

k 0.022301 m/s 

   

k 80283.57 mm/hr 

 

Table E-7: Core permeability of permeable specimen 3, Part A. 

Core 

Flow Δt (s) ΔV (L) 

Piezometer 

1 (mm) 

Piezometer 

2 (mm) 

Piezometer 

3 (mm) 

P3 - P1 

(mm) 

P2 - P1 

(mm) 

Test 1 27 5 1762 1788 1816 54 26 

Test 2 26 5 1726 1754 1780 54 28 

Test 3 24 5 1558 1582 1628 70 24 

Test 4 29 5 1850 1872 1896 46 22 
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Test 5 28 5 1782 1808 1838 56 26 

Average 26.8 5    56 25.2 

     i 0.17284 0.155556 

 

Table E-8: Core permeability of permeable specimen 3, Part B. 

Q 0.000187 m3/s 

   

A 0.049087 m2 

   

V 0.003801 m/s 

   

k 0.02199 m/s 

   

k 79163.47 mm/hr 

 

Table E-9: Permeability of 'Edge' flow of permeable specimen 3, Part A. 

Edge Flow Δt (s) ΔV (L) 

Piezometer 

1 (mm) 

Piezometer 

2 (mm) 

Piezometer 

3 (mm) 

P3 - P1 

(mm) 

P2 - P1 

(mm) 

Test 1 30 5 1844 1866 1892 48 22 

Test 2 25 5 1622 1654 1686 64 32 

Test 3 24 5 1584 1616 1650 66 32 

Test 4 24 5 1506 1540 1576 70 34 

Test 5 23 5 1480 1516 1550 70 36 

Average 25.2 5    63.6 31.2 

     i 0.196296 0.192593 

 

Table E-10: Permeability of 'Edge' flow of permeable specimen 3, Part B. 

Q 0.000198 m3/s 

   

A 0.049087 m2 

   

V 0.004042 m/s 

   

k 0.020591 m/s 

   

k 74129.31 mm/hr 
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E.2 Permeability using the RLT Test Apparatus 

Table E-11: Permeability of RLT test apparatus using control PVC pipe, Part B. 

Test 

Δt 

(min) ΔV (L) 

Entry Piezometer 

(cm) 

Exit Piezometer 

(cm) 

1 2:50 1 184 134 

2 2:44 1 187 138 

3 2:42 1 190 140 

4 2:32 1 196 149 

5 2:35 1 194 148 

6 2:35 1 194 144 

Average 2:39  191 142 

Difference    49 

   i 0.778667 

 

Table E-12: Permeability of RLT test apparatus using control PVC pipe, Part B. 

Q 6.28931E-06 m3/sec 

   

A 0.049087385 m2 

   

V 0.000128125 m/s 

   

kc 0.000164544 m/s 

   

kc 592.3575034 mm/hr 
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Table E-13: Permeability of flooded drained permeable specimen 1 using the RLT apparatus. 

After Stage Test 

Δt 

(min) 

P in 

(cm) 

P 

out 

(cm) 

Δhead 

(m) i V(m/s) k(m/s) kc-k(m/s) 

Reduction 

in 

permeability 

kred (mm/s) 

kred 

(mm/hr) 

Δ from 

previous 

stage 

Pre-

conditioning 1 1:48 114 33 0.81        

0 2 1:48 114 33 0.81        

 3 1:48 113 33 0.8        

Average  1:48 108 sec 0.81 1.290667 0.000188628 0.000146 

1.8396E-

05 0.018395961 66.22546  
1 1 2:29 114 16 0.98        

 2 2:29 114 16 0.98        

 3 2:31 114 16 0.98        

Average  2:29 148  0.98 1.568 0.000137648 8.78E-05 

7.67583E-

05 0.076758344 276.33 210.1046 

2 1 2:13 139 33 1.06        

 2 2:10 139 33 1.06        

 3 2:08 139 33 1.06        

Average  2:10 130  1.06 1.696 0.000156706 9.24E-05 

7.21461E-

05 0.072146106 259.726 -16.6041 

3 1 2:08 135 33 1.02        

 2 2:06 135 33 1.02        

 3 2:06 135 33 1.02        

Average  2:06 126  1.02 1.632 0.000161681 9.91E-05 

6.54744E-

05 0.065474381 235.7078 -24.0182 

4 1 2:13 141 33 1.08        

 2 2:08 142 33 1.09        

 3 2:08 142 33 1.09        

Average  2:09 129  1.09 1.738667 0.000157921 9.08E-05 

7.37148E-

05 0.073714849 265.3735 29.66569 
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5 1 2:08 139 32 1.07        

 2 2:08 140 32 1.08        

 3 2:08 140 32 1.08        

Average  2:08 128  1.08 1.722667 0.000159155 9.24E-05 

7.2155E-

05 0.072155046 259.7582 -5.61529 

6 1 2:09 138 34 1.04        

 2 2:07 138 34 1.04        

 3 2:08 138 34 1.04        

Average  2:08 128  1.04 1.664 0.000159155 9.56E-05 

6.88978E-

05 0.068897751 248.0319 -11.7263 

 
Table E-14: Permeability of flooded drained permeable specimen 2 using the RLT apparatus. 

After Stage Test 

Δt 

(min) 

P in 

(cm) 

P 

out 

(cm) 

Δhead 

(m) i V(m/s) k(m/s) kc-k(m/s) 

Reduction 

in 

permeability 

kred (mm/s) 

kred 

(mm/hr) 

Δ from 

previous 

stage 

Pre-

conditioning 1 2:19 93 32 0.61        

0 2 2:20 92 32 0.6        

 3 2:19 92 32 0.6        

Average  2:19 157 sec 0.60 0.965333 0.000129757 0.000134 3.01271E-05 0.030127077 108.457476  
1 1 2:20 127 30 0.97        

 2 2:18 127 30 0.97        

 3 2:18 127 30 0.97        

Average  2:18 179  0.97 1.552 0.000113809 7.33E-05 9.12131E-05 0.091213132 328.367274 219.9098 

2 1 2:13 148 18 1.3        

 2 2:11 148 18 1.3        

 3 2:11 148 18 1.3        

Average  2:11 182  1.30 2.08 0.000111933 5.38E-05 0.00011073 0.110729738 398.627057 70.25978 

3 1 2:20 153 31 1.22        

 2 2:16 153 31 1.22        
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 3 2:18 153 31 1.22        

Average  2:18 193  1.22 1.952 0.000105554 5.41E-05 0.000110469 0.110469193 397.689094 -0.93796 

4 1 2:05 136 35 1.01        

 2 2:05 136 35 1.01        

 3 2:03 136 35 1.01        

Average  2:04 194  1.01 1.616 0.000105009 6.5E-05 9.95627E-05 0.099562658 358.425567 -39.2635 

5 1 2:08 141 33 1.08        

 2 2:09 141 33 1.08        

 3 2:08 141 33 1.08        

Average  2:08 200  1.08 1.728 0.000101859 5.89E-05 0.000105597 0.105597476 380.150913 21.72535 

6 1 2:11 144 33 1.11        

 2 2:11 144 33 1.11        

 3 2:11 144 33 1.11        

Average  2:11 192  1.11 1.776 0.000106103 5.97E-05 0.000104801 0.104800904 377.283256 -2.86766 

 

Table E-15: Permeability of flooded drained permeable specimen 3 using the RLT apparatus. 

After Stage Test 

Δt 

(min) 

P in 

(cm) 

P 

out 

(cm) 

Δhead 

(m) i V(m/s) k(m/s) kc-k(m/s) 

Reduction in 

permeability 

kred (mm/s) 

kred 

(mm/hr) 

Δ from 

previous 

stage 

Pre-

conditioning 1 2:37 170 32 1.38        

0 2 2:37 169 32 1.37        

 3 2:39 169 32 1.37        

Average  2:37 157 sec 1.37 2.197333 0.0001298 5.91E-05 0.000105492 0.105491765 379.770355  
1 1 3:00 181 11 1.7        

 2 2:59 181 11 1.7        

 3 3:00 181 11 1.7        

Average  2:59 179  1.70 2.72 0.0001138 4.18E-05 0.000122702 0.122702162 441.727784 61.95743 

2 1 3:03 183 11 1.72        

 2 3:03 183 11 1.72        
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 3 3:02 183 11 1.72        

Average  3:02 182  1.72 2.752 0.0001119 4.07E-05 0.00012387 0.123870369 445.933329 4.205545 

3 1 3:13 188 25 1.63        

 2 3:13 188 25 1.63        

 3 3:13 188 25 1.63        

Average  3:13 193  1.63 2.608 0.0001056 4.05E-05 0.000124071 0.124070769 446.654768 0.721439 

4 1 3:16 188 24 1.64        

 2 3:14 188 24 1.64        

 3 3:14 188 24 1.64        

Average  3:14 194  1.64 2.624 0.000105 4E-05 0.000124525 0.124524907 448.289665 1.634897 

5 1 3:22 192 23 1.69        

 2 3:20 191 23 1.68        

 3 3:20 191 23 1.68        

Average  3:20 200  1.68 2.693333 0.0001019 3.78E-05 0.000126725 0.126724755 456.209116 7.919452 

6 1 3:12 187 24 1.63        

 2 3:13 187 24 1.63        

 3 3:12 188 24 1.64        

Average  3:12 192  1.63 2.613333 0.0001061 4.06E-05 0.000123943 0.123943 446.194801 -10.0143 

 


