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ABSTRACT 

The design and testing of asphalt to minimise wheel track rutting in highways 

and the prediction of its development with time remain areas requiring 

improved technology. Simple tests such as wheel tracking and repeated load 

compression are, at best, approximate and rely on empirical calibration 

against field performance. In the US, the Superpave Shear Test (SST) was 

developed during the Strategic Highway Research Program (SHRP) but, while 

this has proved useful, question marks remain about its reliability for 

fundamental research.  

Permanent deformation (rutting) is one form of bituminous pavement 

distress that affects a road performance significantly and it may lead to 

premature pavement failure. Research shows that rutting is generally 

associated with a shear deformation in the upper asphalt layers of pavement 

structures and better characterisation of the shear deformation of asphalt 

mixtures is required in order to improve rutting predictions. In order to 

investigate this phenomenon, a large, innovative hollow cylinder apparatus 

has been designed and commissioned at the University of Nottingham and 

this thesis describes the development process. The equipment used a hollow 

cylinder as the test specimen and applied repeated torsion and axial stress 

together with a confining stress, if required. The test philosophy is that an 
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element of the cylinder wall can be subjected to the combination of shear 

and normal stresses that arise in the pavement under a moving wheel load.  

The results of the literature review stressed the importance of specimen 

geometry and end boundary conditions. It was demonstrated that a 

specimen that reflects the asphalt mixture in the top 50mm to 100mm of a 

pavement should be used. Therefore, the large size specimen was adopted in 

order to test asphalt with realistic sized aggregate (10mm maximum).  

The new HCA proved to be a versatile shear testing device, that can follow 

stress paths involving stress invariants which are functions of the principal 

stresses but allow the stress conditions and corresponding strains to be 

expressed in a way which is independent of direction. The flexibility of stress 

path application afforded by the HCA is such that a wide range of possibilities 

arise for future research.  

The test programme allowed initial exploration of the relative effects of stress 

ratio (shear/normal stress) and shear stress level. The results indicated that 

permanent deformation is affected by load magnitude. It was found that for a 

high stress ratio, the results appear to be unreliable. At this state of stress, 

the mixture became unstable and the load magnitude does not appear to 

influence the permanent strain in a similar trend. The HCA results provided 

considerable evidence for the dilation phenomenon.  

Comparison of data from the HCA, Repeated Load Axial Test (RLAT) and SST, 

revealed discrepancies between the RLAT, SST and HCA tests and it showed 
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the HCA test is a more reliable tool to investigate asphalt permanent 

deformation performance than the RLAT and SST but it is too complex for 

routine use. 

From the results presented, it can be seen that the new HCA equipment 

behaved in a consistent manner and the results obtained during this research 

appeared to be generally acceptable. The device showed the potential to 

correctly reproduce the insitu stress regime and, hence, allow more 

appropriate relationships to be developed between the applied stresses and 

the resulting deformations.   

The resulting high quality data on shear and volumetric strains, particularly 

permanent strains, will assist with the development of theoretical methods 

for pavement analysis of rut development in future research and act as an 

accurate reference to assess the performance of simpler test equipment. 

Key words: asphalt, shear testing, permanent deformation, laboratory 

testing 
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1                               

INTRODUCTION 

 

1.1. Background  

Transport plays a critical role in the economy. An efficient transport network 

is vital to a strong economy - locally, regionally and nationally, particularly, 

the road transport sector, which is both the lifeblood and a major contributor 

to the globalisation of business and economic activity. Over the last decade, 

the majority of the freight in the UK has been carried by roads and will 

continue to do so for the foreseeable future. Traffic in England and Wales is 

forecast to increase across all scenarios, from 2015 traffic is forecast to grow 

by between 17% and 51% by 2050, as shown in Figure 1.1. Over the period 

from 2015 to 2050, Light Goods Vehicle (LGV) traffic is forecast to increase 

most rapidly and has potential to double with expected growth from 23% of 

108% and the Heavy Goods Vehicle (HGV) Traffic is forecast to grow from 

5% to 12%. The traffic demand will affect congestion, with the forecast of 

proportion of traffic in congested conditions in 2050 to range from 8% to 

16%. This is compared to 7% of traffic in congested conditions in 2015 (DfT, 

2018). 
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Figure 1.1. Forecast Traffic and Congestion Growth by 2050 (DfT, 2018) 

 

Roads are like vines and arteries of the economy. Therefore, a constant 

increase in traffic volumes demands a quality road infrastructure, up to the 

standard that a modern economy needs.  

 

As of today, 95% of pavements in Europe are asphalt pavements; a huge 

emphasis is placed on the asphalt industry to construct high performance, 

long lasting, safe and environmentally friendly roads that will be serviceable 

over a wide range of climatic conditions. To this end, many studies have 

been conducted and many advances in material technology, design and 

functionality have been introduced in recent decades. However, to extend 

current pavement design life hand-in-hand with lowering life-cycle costs it is 

important to minimise the development of common pavement distress 
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mechanisms, such as cracking and rutting.  Although fatigue and thermal 

cracking may affect permanent deformation due to water ingress, such 

mechanisms will not be considered in this research as they are considered of 

secondary importance. 
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1.2. Problem Definition 

Rutting is one of the major distresses of asphalt pavements which occur as a 

result of an accumulation of irrecoverable deformation with load repetitions 

(Figure 1.2). Its mechanism is very complicated and depends on a large 

number of variables, which comprise mixture properties (aggregate 

gradation, aggregate texture, binder stiffness, and binder content), traffic 

(wheel load, tyre pressure, and vehicle speed), environment (moisture, 

temperature), and construction procedures (compaction).  

 

The development of this longitudinal deformation in the vehicle wheel paths 

relative to the lane centre and edge has been and remains one of the key 

performance problems for asphalt roads, notably where combinations of 

heavy traffic and high temperatures arise, a situation that is likely to get 

worse as a result of constant increase in traffic volumes and global warming. 

Research has found that majority of surface rutting occurs on few days of the 

year, when the temperature of road surfacing exceeds 45ºC. There is also 

evidence that above a certain level of aggressiveness (combination of 

temperature and wheel load) asphalt materials can become relatively 

unstable (Willway et al. 2008). This is a serious mode of distress alongside 

fatigue in bituminous pavement which may lead to an early and costly 

rehabilitation as a result of premature pavement failure.  
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(a) 
 

 

 

 

 

 

 

 

(b) 

 
Figure 1.2. An asphalt response to: (a) a single wheel load pulse; (b) a 
repeated wheel loading (Brown et al., 1995) 
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Yet, above all, rutting presents a serious hazard to road users, particularly in 

wet conditions. Water filled ruts create the danger of aquaplaning and a 

deformed road makes steering more difficult, thereby increasing the potential 

for accidents. In addition, there is a hazard to cyclists and motorcyclists. 

 

Rutting can be subdivided into two main categories. Where the rutting 

emanates from the subgrade or pavement foundation and the entire 

pavement structure is deformed, this is referred to as structural 

deformation, which manifests itself as a wide rut with mild slopes. A 

commonly made assumption is that this mechanism can be controlled by 

adequate design of pavement thickness and selection of good quality 

materials. Therefore, the permanent deformation resistance of the granular 

and unbound layers often does not constitute a major problem. Consequently, 

the aim of this research project is to investigate only permanent deformation 

confined to hot mix asphalt (HMA) layers.    

 

Rutting that is confined to the asphalt surfacing is termed non-structural and 

is associated with near surface deformation, which can be characterised by 

shoulders formed on either side of the wheel path. Hofstra and Klomp, (1972) 

found that non-structural asphalt pavement deformation was greatest near 

the loaded surface and gradually decreased at lower level. Evidence from 

previous studies demonstrated that as a result of the repeated application of 

shear stress from vehicle wheel loading, rut development arises from 

permanent shear strains within 50 to 100mm from the surface, approximately 



7 Introduction 
  

beneath the edge of the load (Lytton et al., 1993, Monismith et al., 1994, 

White, 2002). 

 

Test-track studies reported by Hofstra and Klomp, (1972) indicated that shear 

deformation rather than densification was the primary rutting mechanism. 

They emphasised the importance of placing materials at high densities in order 

to minimise shear deformation. Sousa et al., (1991) illustrated that repetitive 

loading in shear is required in order to accurately measure, in the laboratory, 

the influence of mixture composition on resistance to permanent deformation.  

 

Some contributions to rutting in the asphalt layers can also come from 

additional compaction (decrease in mixture volume) under traffic but, for a 

well-constructed pavement, this will be less significant than the shearing 

effect. Eisenmann and Hilmer, (1987) also concluded that once the 

compaction under traffic is completed for the most part, the further rutting is 

caused essentially by displacement with constancy of volume. This phase is 

considered to be representative of the deformation behaviour for the greater 

part of the life of a pavement.  

 

The relative contributions to rutting from shear and volumetric strains for 

materials at different states of compaction are however, one of the issues to 

be studied since high levels of compaction are still not universally achieved in 

construction practice. Rutting of asphalt mixtures is strongly controlled by the 

viscous component due to the mechanical properties of the binder. This causes 
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permanent deformation changes either in shear or in volume to occur mostly 

at high temperatures or under heavy loads (Sousa et al., 1994). Therefore, 

laboratory testing should be conducted at temperatures and with loading 

conditions simulating the highest levels expected in the paving mixture in 

service. 

 

While permanent deformation of asphalt roads does not necessarily constitute 

a structural failure, it does shorten the service life of the pavement and 

increases maintenance cost. Based on the survey data collected in the US in 

1997, the average age of pavements experiencing permanent deformation is 

11 years. However, many rutted pavements (42%), fail at ages between 6 

and 10 years as shown in Figure 1.3 (Huber, 1999). Figure 1.4 indicates that 

in England and Wales in 2006, rutting contributed almost 40% to the defects 

index on non built-up principal and classified roads and below 20% on built-up 

principal and classified roads (DfT, 2006). 
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Figure 1.3. Age of pavements rehabilitated for permanent deformation (Huber, 
1999) 

 

Figure 1.4. Percentage contribution of defects to defects index in 2006, England 
and Wales (DfT, 2006) 
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1.3. The Hollow Cylinder Apparatus (HCA) 

Since asphalt was introduced to the road construction industry, many studies 

have been conducted to address performance issues and to create pavements 

that are rut-resistant but at the same time remain durable (resistant to 

environmental effects). Although, the last 20 years of development has led to 

significant changes and modifications in mix design technology and testing 

techniques, a good understanding of the fundamental behaviour is still lacking 

and the tests used in practice are often empirical and not well validated 

(Brown and Gibb, 1996). The “Desired Laboratory Performance Test” should 

accurately measure a mixture response over a wide range of conditions (i.e. 

stress condition, loading time, temperature, etc.) and reproduce the field 

loading regime as closely as possible. This characterisation of material 

properties under realistic stress conditions is an essential part of the structural 

design approach. It also contributes to the longer term objective of developing 

theoretical models for materials which can predict insitu performance from the 

results of a series of relatively straightforward standard tests in which the 

stress conditions do not necessarily bear any relation to the insitu condition. 

 

The stress paths to which an element of material in a pavement is subjected 

have long been recognised as complex. Loads generated by traffic induce 

radial, axial and shear stresses and as the wheel passes over the element, 

these stresses change with time as shown in Figure 1.5 (Chan and Brown, 

1994). Pell and Brown, (1972) discussed the need to design laboratory 

materials testing apparatus that could reproduce the complicated stress 
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conditions experienced in a pavement structure under traffic loading. Their 

ideas were stimulated by the need to understand and to quantify the key 

mechanical properties required for developing an analytically-based pavement 

design method. The nearest practical test to capture this regime is the axi-

symmetric repeated load triaxial test, which had been effectively applied for 

soils and granular materials since the early 1960’s (Hicks and Monismith, 

1971, Seed et al., 1962). However, this apparatus suffers from the 

disadvantage of only being able to directly apply principal stresses and cannot 

reproduce the shear reversal effect (Figure 1.5). Pell and Brown, (1972) 

concluded that research up to that date had properly focussed on apparatus 

that captured the most important stress parameter related to the failure mode 

of interest. Hence, for asphalt, tensile or flexure testing was used to study 

fatigue cracking and triaxial testing for permanent deformation. This 

configuration was also used extensively to study the resilient characteristics of 

soils, granular materials and asphalt as the secondary effects of shear stress 

reversal were not considered to be of such importance where small strains 

were involved. This was later confirmed by Chan and Brown, (1994).  

  

Since shear strains were recognised as being of critical importance for rutting, 

the University of California contribution to the US SHRP study led to the 

development of the Superpave Shear Test (SST). The SST was introduced to 

complement the Superpave volumetric mixture design method and it was 

envisioned that this simple performance test would play a key role in the 

quality control and acceptance of HMA mixtures (Monismith et al., 1994). The 
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equipment is capable of applying direct shear to laboratory specimens and the 

data can be correlated with field performance (Harvey et al., 2002). Since 

then the SST has become quite widely used in US research laboratories; 

however, it is regarded as too complex and expensive to use for routine 

design.  

 

 

Figure 1.5. Stress regime on a pavement element caused by moving wheel 
loading       

      

Pell and Brown, (1972) stated that the time had come to develop apparatus 

that could directly apply shear stresses to test specimens as well as normal 

stresses. The Nottingham pavement research team pursued this philosophy 

over subsequent years but with an emphasis on unbound materials.  
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The approach for asphalt involved the evolution, from soil mechanics research, 

of an improved theoretical philosophy for planning tests with the repeated load 

triaxial apparatus (Brown, 1975) in order to get as much from this 

configuration as was physically possible. This involved application of cyclic 

confining stress and the use of triaxial extension tests, in which a negative 

deviator stress was applied, as well as conventional compression tests. Brown 

and Bell, (1977) illustrated this approach and applied it to the prediction of 

rutting for a series of wheel tracking tests carried out in the pilot-scale 

Nottingham Pavement Test Facility. The approach involved use of invariants 

which are functions of the principal stresses but allow the stress conditions 

and corresponding strains to be expressed in a way which is independent of 

direction. While this approach was useful, it did not entirely overcome the 

inherent limitations of the triaxial configuration. Only two stress components 

can be varied independently out of maximum six for general conditions. To 

control three or more components of stress is more complicated (Thom, 

1988).  

 

Consequently, research effort in more recent years has focussed on use of the 

torsional Hollow Cylinder Apparatus (HCA) for fundamental work on granular 

materials. This configuration allows the field stress paths to be more 

accurately reproduced and controlled on elements of the cylinder wall. In 

addition to confining stress and axial deviator stress that can be applied the 

same way as in a triaxial device, it is also possible both to apply a torque to 

the cylindrical shape and also vary the pressure in the centre of the cylinder 
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from the external confining stress. The axial load generates a vertical stress; 

the torque develops complementary shear stress on horizontal and vertical 

planes in the wall of the cylinder, whereas variation of internal pressure 

imposes variation in circumferential stress much greater than variation in 

radial stress perpendicular to the wall (Thom, 1988). If the considered 

element is free from end effects then there are no shear stresses in the radial 

circumferential plane. The radial stress is a principal stress and the other three 

stress components define the remaining two principal stresses. As the loads 

can be applied independently, it is possible to control the magnitudes of the 

three principal stresses and the inclination of the major principal stress. HCA is 

particularly advantageous when predicting deformation away from the axis of 

symmetry of loading. Moreover, the instrumentation can be directly attached 

to the specimen, enabling accurate strain measurement.  

 

It is desirable to have uniformities in the stress and strain distributions within 

the specimen. This and the capability of reliable determinations of loads and 

displacements are vital for any device as only then the resulting stress and 

strain states within the specimen can be accurately defined. A HCA 

disadvantage is that some stress non-uniformity is inevitable, particularly 

when there is a difference between internal and external confining stress. 

However, Hight at al. (1983) reported that as long as the ratio of diameter to 

wall thickness and height to diameter were sufficiently large, such uniformities 

could be ignored.  
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In 1985, a repeated load HCA was developed at the University of Nottingham 

for granular materials testing and since then was used by number of 

researchers (Thom, 1988 and Richardson, 1999). The apparatus was 

specifically designed to apply cyclic loads, simulative of the stress condition in 

the pavement under moving wheel loads. The torsional hollow cylinder 

apparatus (HCA) had proved much more effective than any type of shear box, 

so the same configuration was used to develop a realistically sized HCA for the 

testing of asphaltic concrete. This type of apparatus was first introduced for 

asphalt by Sousa, (1986) at the University of California at Berkeley (UCB) and, 

subsequently, used by Alavi and Monismith, (1994) to study dynamic 

properties of asphalt under axial and torsional loads. Most recently, Rueda et 

al. (2017) developed a hollow cylinder apparatus (HCT-AM) at Los Andes 

University (Colombia) to study effect of climatic conditions on the dynamic 

response of asphalt mixtures. Neither of these projects investigated 

permanent deformation characteristics in any detail. 

 

Because of the success of previous research, this new study focused on the 

application of a thick-walled hollow cylinder device to asphaltic materials in 

order to assess their resistance to rutting. 
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1.4. Objectives and Scope of This Research 

With the foregoing in mind, this project has been concerned with developing a 

research level HCA apparatus for quantifying the permanent deformation 

characteristics of asphalt with respect both to shear and volume change 

characteristics. This should be done under appropriate laboratory test 

conditions to provide better insight into rut development. This will allow 

simpler, more practical methods, such as the SST and the various other 

methods in common use, including the uniaxial or triaxial test to be assessed 

and calibrated. It will also improve understanding of asphalt mechanics and so 

assist with developments in computational modelling of pavement rutting 

through better definition of the required constitutive equations. 

 

This research project was funded by both the government and industry and 

the principal objectives of this study were to: 

 

(1) Design, build and commission a new Hollow Cylinder Apparatus (HCA) for 

testing realistic asphalt mixtures under appropriate stress paths to investigate 

permanent deformation (Chapters 3 to 5); 

(2) Generate data on stress/permanent strain relationships to assist in the 

development of realistic models for the prediction of pavement rutting 

(Chapters 5 and 7); 

(3) Compare the results with the US SST and the simpler permanent 

deformation tests used for practical materials design to verify accuracy and 

reliability (Chapters 6 and 7). 
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In the EU, test methods for asphalt have been agreed by the relevant 

standardisation committee and are implemented into practice now. This 

research is intended to assist in generating background knowledge, which will 

allow future revisions of the EU standard to be improved and to provide a 

realistic basis for the determination of material properties to assist with the 

evolution of theoretical prediction methods for rutting. Such methods will 

increasingly be required by companies responsible for the long term 

management of highway networks to plan future maintenance requirements 

within a whole life cost approach.  

 

In order to accomplish these objectives, the following tasks were set out: 

I. Development of a new HCA which could simulate the stress paths 

experienced under moving wheel loads; 

II. Development of a reliable method of asphalt test specimen 

preparation; 

III. Collaboration with the University of California at Berkeley and Davis in 

order to compare data on identical materials in their SST device; 

IV. Completion of the general HCA test programme; 

V. Assessment of simple repeated load compression tests for use by 

industry for assessing the rutting resistance of asphalt layers in roads. 
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1.5. Outline of the Thesis 

This thesis is organised into eight chapters, including this introduction 

(Chapter 1). Chapter 2 presents the literature review concerning the 

permanent deformation behaviour of hot asphalt mixtures. It also includes a 

brief description of pavement design and a summary of the test methods used 

for measuring the rutting performance of asphalt. Chapter 3 describes 

development of the new HCA. Specimen preparation and testing set-up is 

presented in Chapter 4. Chapters 5 and 6 present the experimental work 

undertaken in this study, detail the testing procedure for each test method 

and present results. Chapter 7 summarizes the results and presents 

discussion. Chapter 8 includes conclusions and presents a framework for 

future work.  
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2                                

LITERATURE REVIEW 

 

2.1. Introduction  

This chapter consists of the literature review conducted on permanent 

deformation of flexible pavements, which provides the reader with the 

background knowledge necessary for this study. The following topics are 

considered:  

 

1) General Background 

2) Pavement Failure 

3) Pavement Design 

4) Behaviour of Asphalt Mixtures 

5) Factors Affecting Permanent Deformation  

6) Laboratory Testing 

7) The Hollow Cylinder Apparatus 

8) Asphalt Layer Rutting Performance Prediction Models 
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2.2. General Background 

The road pavement is the structure built to protect the subgrade soil from 

the destructive effect of wheel loading and constantly changing 

environmental conditions. There are two main types of pavements commonly 

used for highways construction: flexible (bituminous) and rigid (concrete). 

The primary aim of this research is to investigate the shearing characteristics 

of asphalt therefore consideration will not be given to rigid pavements. 

 

A flexible pavement structure normally consists of several layers of different 

materials bonded together placed over the top of the subgrade. Figure 2.1 

shows a typical cross section of a bituminous pavement. The surfacing should 

be abrasion, deformation and skid resistant and must provide a good riding 

quality and acceptable low levels of noise generation. It may be sub-divided 

into the surfacing course and the binder course. The road base provides the 

main structural support to the pavement and it may be laid in two or more 

sublayers. The subbase course provides a working platform to the 

construction traffic and paving operations and enables adequate drainage 

and frost protection. It may be sub-divided into the subbase and the capping 

layer. Figure 2.2 illustrates the “Ideal Pavement” and highlights the key 

characteristics of each layer (Brown, 2000). Although, each of the pavement 

layers has a specific role and specific function to fulfil, the ultimate aim is to 

ensure that the repeated rolling loads are distributed to the soil in such a 

way that stresses are low enough to avoid excessive deformation.  
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Figure 2.1. Cross section of a typical UK flexible pavement (Merrill, 2005) 

 

Figure 2.2. The ideal pavement (Brown, 2000) 
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2.3. Pavement Failure 

As soon as the road is open to traffic, the pavement starts to deteriorate. 

Under the impact of traffic loading and environmental effects, the service life 

of asphalt slowly decreases year after year, ultimately leading to failure. In 

order to predict a realistic performance of the pavement, which is necessary 

for keeping a road network at an acceptable level of service while minimising 

the cost of maintenance, highway engineers should have a good 

understanding of the nature of flexible pavement failures. 

 

Figures 2.3-2.4 illustrate two most common distresses occurring on 

bituminous roads, cracking and rutting. These are two main components 

taken into consideration during the design process. 

 

Under the impact of wheel loads pavement tends to deform/flex, inducing 

compressive, tensile and shear stresses in the bituminous pavement 

structure (Figure 2.5). Most of this deformation is recovered, when the load 

is removed. However, there is a small amount which remains irrecoverable. 

Repeated traffic loads cause the irrecoverable part to accumulate leading to 

rutting. The design criteria applied in current (analytical) design methods are 

intended to guard against serious permanent deformation originating within 

the subgrade. This is currently attributed to the excessive compressive 

stresses which are developed at the top of the subgrade layer (Akbulut and 

Aslantas, 2005). Such procedures assume that permanent deformation is 
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mainly due to the subgrade deformation and they do not consider rutting 

within the asphalt layer.  

Figure 2.3a. Subgrade deformation (Drakos, 2012) 

Figure 2.3b. Mix instability rutting (Web, 2012) 
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Figure 2.4. Cracking (Web, 2011) 

 

 

 

 

 

 

 

 

 

Figure 2.5. Stresses induced in the flexible pavement under the wheel 
loading 
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Fatigue cracking can be caused by a number of factors. However, bituminous 

pavements usually crack as a result of overloading. Fatigue failure relates to 

the tension developed at the bottom of a stiff asphalt layer. Therefore, 

pavement design models predicting pavement performance with respect to 

cracking control the maximum permissible horizontal strain at the bottom of 

the bituminous material (Brown and Brunton, 1985). More recent studies, 

however, suggest that cracking can also initiate at the surface, generally in 

thick pavements (Leech and Nunn, 1997). The fatigue behaviour of asphalt 

mixtures is outside the bounds of this research; thus, it will not be discussed 

in detail hereinafter.  

 

Failure is usually defined in terms of the amount of cracking or the rut depth. 

In the UK, a pavement is considered failed if maximum deformation of 20mm 

has been encountered or if 20% of the surface has cracked (Read and 

Whiteoak, 2003). 

 

The magnitudes of critical stresses developed in the structure are controlled 

by the relative stiffness of individual layers. Figure 2.6 illustrates the load-

spreading principle in pavement engineering (Brown, 2000). Since on the one 

hand, the increase of the elastic stiffness of a pavement improves its load 

spreading ability, on the other hand, it creates a potential risk of fatigue 

failure at the bottom of the asphalt layer (Figure 2.7), pavement design 

predominantly involves determining the most adequate combination of the 



26 Literature Review 
 

thickness and mechanical properties of the individual layers in order to obtain 

a long lasting and distress free road.  

 

Figure 2.6. Spread of loading in road pavement (Brown, 2000) 

 

Figure 2.7. Variation of critical stresses in a road pavement (Brown, 2000) 
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2.4. Pavement Design 

Flexible pavements are typically constructed from layers of compacted 

asphalt materials. Hot mix asphalts (HMA) consists of combination of mineral 

aggregate with bituminous binder and any other additive. The process of 

selecting the optimum proportion of these components is called mix design 

and the process of determining the number and thickness of different layers 

within a pavement structure is called structural design. Mix and structural 

design are the two key components of pavement design and are totally 

dependent on each other. The primary purpose of a good pavement design is 

that pavement can withstand environmental and traffic conditions 

encountered over the design life. 

 

2.4.1. Mix design 
 

Mix design typically involves an iterative search for an economical 

combination of ingredients which meets performance requirements while, at 

the same time, minimising the risk of premature failure. 

 

Table 2.1 summarises essential requirements that a material needs to 

acquire and gives a general indication of the levels of binder content, 

aggregate gradation, and air voids needed to achieve each of these 

demands. 
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Table 2.1. Summary of mixture design requirements (AI, 1983) 

Mixture Property 
Bitumen 
Content 

Aggregate 
Gradation Air Voids 

Low High Dense Open Low High 
Stability •  •  •  

Durability  • • • •  

Flexibility    •  •  • 

Fatigue resistance   • •  •  

Skid resistance •   •  • 

Imperviousness  • •  •  

Fracture strength  • •  •  
 

Two general methods of mix design are adopted, recipe approach and 

engineering design. Currently in the UK, bituminous mixture specifications 

are given in the relevant parts of British Standard BS EN 13108 with 

guidance on the requirements to be selected in the UK in BSI PD6691 (BSI, 

2016e). The British Standard is based on a common format and common 

principles. The overall principle is to provide a way for the target composition 

of a mixture to be declared in a standard way and demonstrate that, at that 

target composition, it has certain defined properties. Each mixture 

formulation needs a declaration of the properties which are being claimed, 

demonstrated through a product-type testing procedure. In the simplest case 

it can be just grading and binder content. In more complex situations it can 

include performance-related properties, such as stiffness, deformation 

resistance and fatigue resistance. The demonstration of performance and 

conformity of the mixture on an ongoing basis requires the producer to 

undertake factory production control. This is a quality management 

procedure involving defined inspection and test regimes, and conformity 



29 Literature Review 
 

criteria to prove that the mixture conforms to the declared target 

composition within defined tolerances. 

 

Recipe Approach. A recipe specification for selecting the types and 

proportions of the materials comprising an asphalt mixture is entirely based 

on experience of traditional mixtures of known composition that have 

performed well in practice. Nevertheless, the success of the mix is not only 

dependant on its composition but also on workmanship in construction.   

 

This experience based approach has a number of severe limitations. The 

conditions to which an in-service mixture is subjected (e.g., traffic, climate, 

etc.) will almost certainly not be the same as those existing when the 

specifications were developed. Additionally, recipe specifications are based on 

the aggregate grading curves and as these curves cannot take into account 

aggregate properties and packing characteristics, they are not very reliable, 

particularly when different source aggregates are used in the mixture (Read 

and Whiteoak, 2003). Moreover, specification by recipe may not be suitable 

for innovative asphalt mixtures that are beyond previous experience. 

 

For recipe mixtures BS EN 13108 adopts the principle of a declared target 

composition selected from a permitted range. This UK guidance gives 

recommendations for an approach to using BS EN 13108 to arrive at 

mixtures similar to those which have been traditionally used over many 

years.  
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Engineering Design. This approach involves selection of an aggregate 

grading and determination of appropriate binder content based on 

performance testing so that the material after compaction possesses 

sufficient stiffness, deformation resistance and air voids. There are several 

different mixture design methods used, of which the Hveem, Marshall and 

Superpave methods are the most common. References (AI, 1988, AI, 2001) 

provide details of these procedures.  

 

Regardless of what specific method is used, the basic mix design procedure 

remains the same. All mix design processes involve three basic steps: 

aggregate selection, binder selection and optimum asphalt binder content 

determination, as shown in Figure 2.8.  

 

2.4.2. Structural design 
 

The objective of pavement thickness design is to produce an engineering 

structure that will distribute traffic loads efficiently ensuring long-life 

performance, whilst minimising the whole-life cost of the pavement. There 

are two approaches to structural design, empirically-based and analytically-

based, also referred to as mechanistic-empirical (Monismith and Brown, 

1999). 

 

Empirical design methods were introduced to the UK more than 50 years 

ago. They were established by studying the performance of experimental 
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road pavements constructed of various surfacing, road base, and subbase 

materials placed in a range of thicknesses.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. The Mixture Design Process (AI, 1988, AI, 2001) 
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The empirical approaches do not demand detailed knowledge of engineering 

principles and cannot cope with circumstances beyond those included in the 

experience on which the method is based (Read and Whiteoak, 2003). 

 

In contrast, an analytically-based design approach uses theoretical analysis 

of stresses and strains induced in various layers and the mechanical 

properties of materials, and should in principle, be capable of dealing with 

any design situation. It also provides the opportunity for new materials to be 

incorporated in the design.  

 

The calculations are made under the full range of the load and climatic 

conditions and fatigue and deformation data are used to determine potential 

mode of failure and the potential life. Figure 2.9 summarizes these 

procedures (Monismith, 2004). The design process consists of three stages: 

evaluation (the data input stage), analysis (the complex distress prediction 

stage), and strategy selection (the design decision stage). The main purpose 

of this method is to adequately predict stress and strain response of the 

pavement over a particular design life to the transient loads generated by 

traffic that can be used in the development of models for any load associated 

deterioration mechanism. In order to do that, numerical analysis using both 

multilayered elastic theory and finite element (FE) technique has been used. 

 

In terms of current theoretical pavement design procedures, linear elastic 

theory is most often used for defining pavement response. Finite-element 
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(FE) analysis was developed to model non-linear behaviour of soils and 

granular materials in the late 1960s; however due to its complexity, 

computational time constrains, and cost, use of this methodology has had 

limited application to date (Duncan et al., 1968, Monismith, 2004).   

 

A multilayered elastic system was developed by extending Burmister’s two-

layer analytical solution (Burmister et al., 1944, Papagiannakis and Masad, 

2008). The pavement system consists of multiple layers of a finite thickness 

and infinite dimensions in all horizontal directions, resting on a subgrade of 

infinite thickness. The theory assumes that all layers are homogenous, 

isotropic, and can be described by their elastic Young’s modulus E and their 

Poisson’s ratio μ (Hooke’s Law). The tyre loads are modelled as either point 

loads or circular loads of uniform pressure. Pavement response is calculated 

using linear elastic theory. Therefore, it is not possible to analyse layered 

systems consisting of non-linear subbases or subgrade materials. The study 

by Monismith et al., (1994) indicates that this theory is not able to accurately 

model pavement performance. Regardless of these results, the multilayer 

elastic models are considered to be satisfactory for predicting flexible roads 

response under external wheel loads and have been implemented into 

numerous computer codes. Several computer programs are available for the 

pavement structural analysis such as: BISAR: Multi-layer Linear Elastic Half-

space Analysis (Shell, 1998), VEROAD: Viscoelastic Multilayer Program 

(Hopman, 1996), EVERSTRESS: Multi-layer Nonlinear Elastic Half-space 

Analysis (EUG, 2005), and ABAQUs: Finite Element Analysis (DSS, 2009).  
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Figure 2.9. Analytical Pavement Design (Monismith, 2004) 
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2.5. Behaviour of Asphalt Mixtures 

The behaviour of asphalt is very complex as its mechanical properties are 

strongly susceptible to loading time and the temperature. The material 

response to wheel loads can be expressed by elasticity, plasticity, and 

viscoelasticity. The deformation of asphalt layers of the pavement is 

controlled by plastic and viscous components. In order to adequately 

evaluate and predict changes that occur within the asphalt over the life of the 

road, a fundamental understanding of mechanical characteristics of 

bituminous materials is required.  

 

Asphalt behaves like an elastic solid at low temperatures and rapid loading. 

Under these conditions, the pavement is able to return to its original shape 

after a load is removed (all deformation is recoverable). Therefore, during 

the winter, when the mixture is very stiff rutting does not occur. At high 

temperatures and slow loading, asphalt acts more like a viscous liquid. This 

behaviour is in contrast with that of elasticity, the stiffness of pavement 

decreases, and strains induced by traffic increase. A portion of strain within 

the viscous component is not recovered and permanent deformation occurs. 

At the intermediate conditions found in most pavement systems, asphalt 

material displays partly elastic and partly viscous behaviour.  

 

The response of loading time and temperature-dependent asphalt materials 

to stress can be described by rheological models, e.g. Burger’s Model.  



36 Literature Review 
 

The principal requirement of a suitable model is its 

ability to simulate the deformation response of an 

asphalt material (Wa and Muthen, 1997). Burger’s 

model (see Figure 2.10) consists of Maxwell’s 

model (spring, E1, and dashpot, η1, in series) and 

Kelvin’s model (spring, E2, and dashpot, η2, in 

parallel). The spring acts to model elastic 

properties of material, while the dashpot acts to 

model viscous properties of material. Figure 2.11 

illustrates the viscoelastic response of asphalt by 

Burger’s model.  

                                                                            (Thom, 2008) 

 

The elastic and delayed elastic strain is totally recoverable once the load and 

applied stress are released. However, the viscous strain represents the non-

recoverable deformation. 

 

As the rheological properties of bitumen are functions of time and 

temperature, both the magnitude and the shape of the creep curve will 

change with loading time and temperature. The elastic response of the 

bitumen dominates at short loading times and/or low temperatures, while the 

viscous response dominates at long loading times and/or high temperatures 

(Airey, 1997). Consequently, at normal pavement temperatures the bitumen 

exhibits viscoelastic behaviour, hence delayed elastic response dominates. 

Figure 2.10.               
Burger’s Model  
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Figure 2.11. Visco-elastic response of asphalt - Burger’s model (Read and 
Whiteoak, 2003) 

 

Furthermore, since the viscosity is temperature and loading time dependant, 

a series of such curves is required to describe an asphalt material (Bouldin 

and Collins, 1992). 

 

The non-linear response of asphalt material is difficult to model or to 

characterise in the laboratory tests (Airey, 1997). It is necessary to 

supplement the mechanical models with damage models which degrade or 
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change the mix properties as a function of the temperature and load cycles 

(Monismith et al., 1994). 

 

In order to define viscoelastic properties of asphalt mixtures, Van der Poel 

introduced the concept of stiffness modulus in 1954 (Read and Whiteoak, 

2003). Traditionally the stiffness modulus was assumed to be dominated by 

elastic behaviour but this is not the case for asphalt material. Stiffness 

modulus of bitumen is a function of temperature and the duration of load. 

Under the impact of these two factors there is a transition from elastic to the 

viscous situation. Stiffness modulus is defined as the ratio between the 

applied stress and the resulting strain at the loading time. 

 

The two most popular methods which enable determination of stiffness 

modulus include a creep test (static measurement, constant stress) and an 

oscillatory-type testing (dynamic measurement, sinusoidal strain). 

 

From the dynamic test, the complex shear modulus (G*) as well as its elastic 

and viscous components can be calculated. Figure 2.12 shows the response 

of the material under sinusoidal dynamic stress loading. Generally testing is 

conducted within the region of linear viscoelastic response. The phase angle, 

δ, is a measure of the degree of viscosity of the asphalt mixture.  

 

An increase in phase angle indicates an increase in the viscous properties of 

the material. Asphalt exhibits purely elastic behaviour when load and 
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deformation are in phase (the phase angle is equal to zero). In contrast, 

phase angle of 90 degrees between load and deformation represents purely 

viscous behaviour. Consequently, viscoelastic materials have a phase angle 

between zero and 90 degrees. 

 

 

Figure 2.12. A dynamic test in shear (Read and Whiteoak, 2003) 
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2.6. Factors Affecting Permanent Deformation 

Hot Mix Asphalt (HMA) consists by volume, 70 to 85 per cent of aggregate 

and 10 to 15 per cent of binder. It is self-evident that the response of asphalt 

pavement to loads is significantly affected by the mechanical properties of 

these two components. Over the years many studies have been conducted in 

an effort to investigate rut resistance of asphalt mixtures and it has been 

concluded that permanent deformation of HMA depends not only on the 

aggregate and asphalt binder properties and how they interact with each 

other but also on the environmental conditions to which the mix is subjected. 

Based on the review of others’ work, the factors that influence the 

deformation damage of asphalt concrete the most are: mixture 

characteristics (aggregate properties, binder properties, and air void 

content), traffic (wheel load, tyre pressure, and vehicle speed), environment 

(temperature, moisture), and construction practice (compaction). The effect 

of each of these factors is discussed in the following sections.  

 

2.6.1. Aggregate 

 

Typically, a road is constructed by combining aggregate particles and asphalt 

binder to serve as a flexible structure over a wide range of environmental 

conditions. The aggregate skeleton is the primary component of the mixture, 

hence it is clear that it plays an important role in controlling the behaviour of 

asphalt and rut resistance relies predominantly on particle properties 

(Flowers et al., 1989, Brown and Bassett, 1990, Mahboub and Allen, 1990). 
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Aggregate gradation refers to the amount of each size particles used in the 

mix. Aggregate size distributions are classified as: continuously graded – 

asphalt mix in which there are proportions of various sizes of aggregate 

resulting in a smooth grading envelope, gap graded – asphalt mix from which 

intermediate aggregate sizes are omitted to follow a stepped grading 

envelope, or open graded – asphalt mix which consists of single sized 

crushed aggregate, with no fine particles (see Figure 2.13).  

 

 

Figure 2.13. Aggregate size distribution 

 

Many researchers have shown that gradation is one of the most important 

factors responsible for permanent deformation (Huber, 1999, Hensley and 

Leahy, 1989). Maccarrone and Holleran, (1990) studied rut resistant mixes 

for Australian conditions and found that improper gradation as well as 

excessive binder are the main factors causing rutting in the field.  

 

Available evidence indicates that mechanical properties of the asphalt result 

more from the internal friction of aggregate interlock. The aggregate 

interlock phenomenon has a significant contribution to shear strength. These 
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observations were confirmed by Brown and Pell, (1974), who showed that a 

continuously graded mixture can resist permanent deformation more than a 

gap graded mixture due to stone-on-stone contact. Because of that, they 

proved as well that gap graded mixtures will be more prone to rutting at 

higher temperatures.  

 

Geometry of the particles plays an extremely important role in developing 

asphalt mixtures that will be able to withstand heavy vehicle loads. A few 

previous researchers have shown that an increase in aggregate angularity 

and texture increase the strength and stability of the asphalt mixture (Krutz 

and Sebaaly, 1993, Masad et al., 2005, Uge and Van de Loo, 1974). Kim et 

al., (1992) revealed that mixtures comprised of aggregates with rough 

surface texture and an angular shape, have better permanent deformation 

properties. Oduroh et al., (2000) showed that as the percentage of crushed 

coarse particles decreased, the rutting potential of HMA increased. Chen et 

al., (2005) found that cubical particles possessed the best rutting resistance 

over other shapes. Flaky or elongated aggregates were shown to have lower 

compatibility hence poorer mechanical stability.  

 

In general, to maximise aggregate interlock it is desirable to use angular 

particles rather than rounded or flat and elongated. Rounded aggregate 

particles have a tendency to slide by each other under the impact of traffic. 

Flat and elongated particles have a tendency to break during the compaction 
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process, changing the mixture gradation, hence the overall mixture 

performance.  

 

Most of the permanent deformation in surface layers results from an asphalt 

mixture that does not have enough shear strength to resist repeated loads 

(Monismith et al., 1994, White, 2002). In order to overcome this problem 

and to enhance shear resistance of the mixture it is desirable to have 

particles with a rough surface texture. Fletcher et al., (2002) identified 

aggregate texture to be the shape property that has the most significant 

influence on the asphalt mix performance.   

 

Fine aggregate angularity is one of the most important factors affecting the 

rutting performance of asphalt concrete pavements. Similarly, as in the case 

of coarse aggregates, angular shape and rough surface texture of the 

crushed fine aggregate provides better stability of the mixture and 

consequently lesser susceptibility to rutting (Wedding and Gaynor, 1961).  

Smooth rounded particles of natural sand tend to slip easily producing a 

weak aggregate skeleton. This statement was confirmed by Sigurjonsson and 

Ruth, (1990) who reported that natural sand contributes to the poor 

resistance to permanent deformation. Several researchers concluded that 

replacing natural sand with crushed fines not only improves rutting 

resistance but also significantly increases water damage resistance and 

reduces bitumen susceptibility to the effects of temperature (Lee et al., 

1999). Lee et al., (1999) studied the effects of fine aggregate angularity on 
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asphalt mixture performance and found that fine aggregate angularity has 

correlation with the performance of the mixture, however the asphalt 

performance depends on many other factors. Different mixtures with the 

same fine aggregate can either perform well or poorly.        

 

2.6.2. Binder 

 

Despite the fact that that binder constitutes only 10 to 15 percent of the 

asphalt mixture by volume, it still has an important bearing on the pavement 

performance (Gibb, 1996). The influence is highly dependent on the condition 

to which the road is subjected. This was recognised by Leahy et al., (1995) 

reporting that the effect of asphalt was significant, but that its influence was 

small compared to the influence of aggregate and air voids, especially when 

mix was subjected to states of stress which amplified the aggregate 

influence. However, in cases where mix characteristics are such that 

interparticle friction is low and the mix is subjected to harsh environmental 

and loading conditions, the influence of the binder becomes more readily 

apparent. 

 

The binder content should be sufficient to provide thick enough binder 

films on the aggregate to provide durability and good workability. If the 

relative volume of the bitumen exceeds the optimum level, there is a loss of 

internal friction at aggregate contacts and the mixture will become unstable 
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(Hunter, 1994). Use of excessive asphalt binder is a common cause of rutting 

(Maccarrone and Holleran, 1990). 

 

Viscosity determines how bitumen material will behave over a temperature 

range. Generally higher viscosity means better stiffness of the mixture. Thus, 

the higher viscosity, the better resistance to rutting at higher temperatures 

(Monismith et al., 1985, Stuart and Izzo, 1995). 

 

It is well known that not all asphalts will meet all of the performance criteria 

required, thus bitumen modifiers can be added to asphalt binders to improve 

viscoelastic behaviour of the material. The mixture stiffness should increase, 

enhancing rut resistance of the pavement at high temperatures without 

affecting the properties of the asphalt at low temperatures.  

 

These bitumen modifying materials and additives include a wide range of 

polymers, crumb rubber, chemical agents (e.g. sulphur), adhesion improvers, 

natural asphalts, fillers and fibres, among other materials. According to 

Airey, (1997), ethylene vinyl acetate (EVA) and styrene butadiene styrene 

(SBS) copolymers were two of the most widely used polymers in bitumen 

modification.   

 

Over the past 50 years there have been numerous studies conducted in order 

to compare mechanical properties of modified and unmodified asphalt 

binders (King et al., 1999, Monismith, 1988, Qi et al., 1995). For example, 
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Williamson and Gaughan, (1992) investigated pavement performance related 

to rutting and cracking in asphalt with modified binders. 100 meters long trial 

sections were built on a road carrying 44,500 vehicles per day, just at 

approaches to traffic lights. Different types of modified and unmodified 

asphalt were used in the experiment. The results indicated that modified 

binders performed better than the unmodified and lasted twice longer. Other 

research proved that one of the primary benefits of many polymer modified 

binders is a reduced susceptibility to temperature (King et al., 1999). 

Furthermore, modified asphalt binders improve pavement durability and 

hence reduce life cycle cost. 

 

Measurement of the physical properties of bitumen is traditionally carried out 

using tests such as: penetration, softening point, Fraass breaking point and 

viscosity. These conventional tests are used to determine the consistency of 

bitumen and prediction of asphalt mixture performance has been historically 

based on the parameters calculated from these tests. Because binder 

properties cannot be tested over a wide range of temperatures and loading 

times, this empirical approach does not allow for complete and accurate 

prediction of the viscoelastic behaviour of bitumen.  

 

Furthermore, the conventional bitumen test procedures are not able to 

adequately characterise rheological properties of polymer modified binders 

(PMB). King et. al. (1992) reported that the present trend of using softening 

point as a parameter to predict resistance to permanent deformation should 
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be changed. The results from wheel tracking test indicated the correlation 

between softening points and permanent deformation can reasonably be 

used at fairly low level of polymer modifier concentration. They showed that 

at higher level of polymer content, this correlation should not be used as soft 

bitumen with high polymer content can achieve high softening point while 

these do not necessarily have a good rut resistance. However, the addition of 

polymer at a proportional amount can be used effectively to improve high 

temperature performance. The wheel tracking test results indicated that once 

a binder reached a certain stiffness level, the addition of polymer had only a 

marginal effect on resistance to permanent deformation. Conclusions drawn 

from this experiment was that conventional bitumen tests such as 

penetration, absolute viscosity, kinematic viscosity, and ring and ball 

softening point did not correlate well with the predicted rutting result from 

laboratory simulator when PMB were used. 

 

In order to provide a suitable method of quantifying the rheological 

behaviour of binders over a wide range of temperatures and loading times as 

well as to address the long-term performance of binders, the US SHRP 

developed specifications which grade bitumen on the basis of its rheological 

properties. A number of new tests have been developed and implemented to 

measure physical properties over the complete range of the binder service 

life. Binder specification criteria relate to insitu performance and the test 

procedures evaluate binder resistance to rutting, fatigue cracking and low 

temperature cracking. 
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The rutting performance of the binder is determined by measuring the shear 

stiffness and viscoelastic balance of the bitumen using a Dynamic Shear 

Rheometer (DSR) (Airey, 1997). 

 

As there was a need in the UK, to correlate binder physical properties with 

pavement performance, SHRP findings were used to develop a new 

performance-based specification. The specification enables the selection of an 

appropriate asphalt mixture, including mixes containing PMBs that will have 

long-field performance.   

 

2.6.3. Hot Asphalt Mixtures 

 

Asphalt is one of the oldest engineering materials. The first asphalt mixture 

was used in Paris in 1858 for surfacing the Rue Begere. The UK laid their first 

asphalt pavement in London’s Threadneedle Street in 1870 (Croney and 

Croney, 1991). Asphalt is also one of the most often used materials in road 

paving. More than 100 million tons of asphalt is used annually worldwide, 

from which 90 percent is used in highways construction (SGEP, 2010). 

 

Asphalt is a mixture of mineral aggregates, bitumen binder and air. Air void 

content is defined as “the total volume of the small pockets of air between 

the coated aggregate particles throughout a compacted paving mixture, 

expressed as percent of the bulk volume of the compacted paving” (AI, 
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2001). Results from many studies indicate that the performance of asphalt is 

strongly dependent on density of a mixture. According to Brown, (1990) a 1 

percent increase in air voids (applied to air voids above 7 percent) may lead 

to a decrease of pavement life by 10 percent. Figures 2.14 and 2.15 show 

that specimens with high void contents (9-12 percent) exhibit higher 

deformation than denser material compacted by the same method.   

 

Under the impact of wheel loads the air void content in an asphalt mixture 

can change, mainly in early life of the pavement, therefore to ensure that the 

voids stay within an acceptable range the density must be closely controlled. 

Ideally, the initial air voids content must be below approximately 8 percent 

and should never fall below 3 percent during the life of the pavement. Brown, 

(1990) indicated that once air voids reaches 3 percent the stability of a 

mixture decreases and severe rutting is likely to occur. Hunter, (2000) 

studied the effect of different states of compaction on properties of Hot 

Rolled Asphalt and Asphaltic Concrete and found that the deformation in AC 

increased when air voids content fell below 3 percent; however, in HRA this 

was not the case. It needs to be noted that he did not consider air voids 

content of 2.5 percent or below. Huber and Heiman, (1987) concluded that a 

major cause of rutting is low volume of air voids in asphalt mixtures (below 3 

percent). The results of research done by Brown, (1990) showed that asphalt 

mixtures with an initial air void content below 8 percent have very low 

permeability of water and air, preventing rapid oxidation. 
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Figure 2.14. Asphaltic Concrete: Roller compaction, Low voids (Brown et al., 
1995) 

 

Figure 2.15. Asphaltic Concrete: Roller compaction, High voids (Brown et al., 
1995) 

 



51 Literature Review 
 

Depending on the required fundamental properties and the function of the 

pavement, the European asphalt industry offers a wide variety of bituminous 

materials. Historically, there were two main types of asphalt mixture used in 

highway engineering, continuously-graded mixes (Asphalt Concrete) and 

gap-graded mixes (Hot Rolled Asphalt). However, constantly growing 

demands for improvement in the performance of roads has led to 

development of new stiffer and deformation resistant mixtures such as, 

Enrobé á Module Élevé (EME) or Stone Mastic Asphalt (SMA). The following 

sections describe three materials that appeared to be of possible interest and 

relevance for this study. 

 

Asphalt Concrete is the most commonly used pavement material and 

accounts for approximately 80 percent of asphalt consumed in highway 

engineering. It consists of continuously graded aggregate particles held 

together by the bitumen binder, as specified in the European Standard BS EN 

13108-1:2016 (BSI, 2016a). An example of the grading for this material 

(14mm close graded) is presented in the Figure 2.16. The material has a 

distribution of aggregate particle sizes often designed to 

follow closely the Fuller curve to give the maximum density after compaction. 
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Figure 2.16. Comparison of grading curves (Nicholls, 1998a) 

 

Stone Mastic Asphalt (SMA) is a surface course material originally 

developed in Germany in the late 1960s to resist wear from studded tyres 

(Huber, 1999). The mixture has proved to be highly deformation resistant 

and nowadays is widely used in many different countries such as: 

Scandinavia, France, Austria, Japan, the United States and the United 

Kingdom.  
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SMA is composed of a gap-graded coarse aggregate skeleton with voids filled 

with a fine aggregate/filler/bitumen mortar. Although, the stone-to-stone 

skeleton carries all the traffic loads providing mixture with excellent rut 

resistant properties, the adequate composition of the mortar is equally 

important to ensure durability and laying characteristics (Nicholls, 1998b). 

Fibres are used, primarily to prevent drainage of the bitumen during 

transport, however wheel tracking tests carried out in Germany, Austria and 

Japan found that fibres also act as a micro-reinforcement of the mastic. 

Thus, by dint of improved stability of the mix, the deformation capacity of 

SMA is enhanced (Nicholls, 1998b). Composition of the mixture is specified 

according to the European Standard BS EN 13108-5:2016 based only on 

empirical requirements (BSI, 2016c). 

 

The process of designing a SMA mixture involves adjusting the grading to 

accommodate the required binder and void content rather than the more 

familiar process of adjusting the binder content to suit the aggregate grading 

(Nicholls, 1998b). 

 

The SMA aggregate gradings in the UK are illustrated in Figure 2.17 and 

compared with an idealised Fuller curve, representing the grading with the 

most optimum density (Nicholls, 1998b).  SMA gradation contains only a 

small percentage of aggregate particles in the mid-size range. The curve is 

flat in the mid-size range. Gap graded mixes can be prone to segregation 

during placement. 



54 Literature Review 
 

 

Figure 2.17. Stone Mastic Asphalt gradings (Nicholls, 1998b) 

 

Enrobé á Module Élevé (EME) is a very high modulus binder course/road 

base material which was introduced in France in the early 1980s as a result 

of economic concerns following the oil crisis (Nunn, 1994). The high stiffness 

of EME enabled the thickness of the road base to be reduced by up to 40 

percent compared to the traditional French road material, grave bitume.   

 

There are two types of EME defined in the French standard, EME Class 1 with 

binder content around 4.8 percent and EME Class 2 with slightly higher 

binder content around 6 percent (Nunn and Smith, 1994).  
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Transport Research Laboratory studies have shown that EME fulfils the 

requirements of modern highly trafficked and long lasting flexible pavements 

(Sanders and Nunn, 2005). High elastic stiffness provides material with 

excellent load-spreading properties and deformation resistance and its higher 

binder content helps ensure good durability, workability and sufficient 

moisture proofing.  

 

The design of EME should be in line with the criteria of the French standard 

NF EN 13108-1 (NF, 2007).  

 

2.6.4. Traffic 

 

Tyre Pressure and Wheel Load. It is well recognised that pavement 

deterioration caused by traffic is mainly associated with vehicles with high 

axle loading. Trucks have much higher tyre inflation pressures than 

passenger cars, which result in higher contact pressures at the surface of the 

pavement and, therefore, increase the risk of potential pavement damage in 

the form of rutting. Over the last decade, the majority of the freight in the 

UK (about 82 percent of the annual freight, by tonnes lifted), has been 

carried by road, and Heavy Goods Vehicles have accounted for about 6 

percent of traffic each year (DfT, 2008). 

 

Due to ongoing increase in traffic volumes, axle loads, and tyre pressures, 

premature permanent deformation has become a major concern of the 
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highway engineer. In recent years, many studies were carried out to 

investigate the effect of those changing traffic loading factors on pavement 

damage (Bonaquist et al., 1988, Hudson and Seeds, 1988, Sousa et al., 

1988). For example, Smith, (1991) studied the vehicle-tyre-pavement 

interaction related to Asphalt Concrete (AC) pavement performance, 

particularly premature wheel path rutting, and concluded that it is essential 

to establish realistic maximum limits for tyre-pavement contact pressures for 

which AC pavements can be designed and built using readily available 

materials and generally accepted construction technology, not only to 

minimize pavement deterioration now but also to provide the critical link to 

vehicle-tyre-pavement optimisation in the future. 

 

Speed. The effect of speed reflects the viscoelastic behaviour of HMA. In 

general, maximum strains (greater deformation) occur under longer loading 

times (slower speeds). Work done by Garg and Hayhoe, (2001) clearly 

demonstrated the effect of the vehicle speed on the induced strains in 

asphalt concrete layers. Increasing the speed from 0.08 m/sec to 2.2 m/sec, 

caused a reduction in the longitudinal strain by 50 - 55 percent and a 

reduction in the transverse strain by 40 - 50 percent (for a given load level). 

This observation was confirmed by Chatti et al., (1996), who showed that 

increasing the truck speed from 32 km/hr to 64 km/hr, reduces the 

longitudinal strain by 30 - 40 percent. However, it should be noted that the 

effect decreases with decreasing tyre pressure and at the lowest tyre 

pressure, the longitudinal strains were reduced only by 4 - 13 percent. Figure 
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2.18 presents the mean reduction in longitudinal strains with increasing 

speed in three different cores and at three different tyre pressures. Figure 

2.19 presents the mean reduction in transverse strains with increasing speed 

in three different cores and at three different tyre pressures. Blocks 1, 2, and 

3 represents midmorning and afternoon of September 28 and midmorning of 

September 29, respectively. The study has indicated that there is less 

reduction in transverse strain than in the longitudinal strain.  
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Figure 2.18. Reduction in the longitudinal strain at the bottom of the AC layer 
with increasing speed (Chatti et al., 1996) 
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Figure 2.19. Reduction in the transverse strain at the bottom of the AC layer 
with increasing speed (Chatti et al., 1996) 

 

2.6.5. Environment 

 

The effects of environmental factors such as, temperature and moisture, on 

the structural behaviour of the pavement have long been recognised as 
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important. It is therefore quite obvious that in order to predict realistic 

pavement performance, weather and climatic information needs to be 

characterised and taken into account.    

 

Temperature is probably the most important factor from all the variables 

related to asphalt rutting discussed in this chapter. Due to the viscoelastic 

properties of bitumen binder, pavements are strongly temperature 

susceptible (Figures 2.20 and 2.21). As the temperature increases, the 

stiffness of material decreases and therefore its permanent deformation 

propensity increases. 

 

Hofstra and Klomp, (1972) observed during the laboratory test track studies 

that the increase of temperature from 20˚C to 60˚C significantly increases 

rutting. It is well known that most of the rutting occurs during the summer 

time and in order to properly evaluate the phenomenon of rutting in the 

laboratory it is essential to test specimens within the high temperature range 

of those encountered in the field (Bonnot, 1986, Mahboub and Little, 1988).  

 

According to Goodrich, (1991), who used dynamic mechanical analysis to 

study rheological behaviour of asphalt mixtures, at low temperature the 

asphalt properties are strongly influenced by binder and the deformation is 

that of the binder, while at high temperature plastic behaviour of the mix is 

mainly controlled by the aggregate skeleton. He also indicated that at 
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temperatures between 10˚C and 50˚C permanent deformation is related to 

both the binder and the aggregate.  

 

On the other hand, Bouldin and Collins, (1992) carried out wheel tracking 

tests to investigate the effect of binder rheological properties on permanent 

deformation of polymer modified and unmodified HMA and concluded the at 

elevated temperature (60˚C) the mechanical properties of the binder have a 

significant impact on the deformation resistance of the asphalt mixture. 

Consequently, the insertion of the polymer modifier into the binders will 

result in less temperature susceptibility, thereby leading to improved rut 

resistance. 

Figure 2.20. Effect of test temperature: 200Pen 20mm DBM Basecourse 
(Brown et al., 1995) 
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Figure 2.21. Effect of test temperature: 100Pen 20mm DBM Basecourse 
(Brown et al., 1995) 

 

Moisture (Water) damage refers to loss of the adhesive bond between the 

asphalt and aggregate due to ingress of water. It decreases the stiffness and 

strength of the asphalt concrete and gradually, under the action of traffic, 

can contribute to the development of lateral flow of the material. According 

to Hicks, (1991) many asphalt pavements experience stripping failure within 

the mixture without structural failure of the pavement. However, excessive 

stripping in the asphalt may lead to severe pavement deformation and failure 

may occur as a result of repeated loading. Kennedy et al., (1983) also 

suggest that damage will be minimal if stripping is restricted to coarser 
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aggregates but if stripping occurs to finer particles then the impact will be 

severe because it constitutes the basic matrix of the mixture.  

 

Wong et al., (2004) studied the effect of water on permanent deformation 

potential of asphalt concrete mixtures by using the Asphalt Pavement 

Analyzer (APA) and concluded that water influences the rut depths. They 

found that depths of wet rut are greater than those of dry in most 

preconditioning states except for the one with saturation at 25% (St.25%).  

 
 
2.6.6. Compaction 

 

Compaction is a densification process during which the volume of air voids is 

reduced by applying a force which allows aggregate particles to move closer 

to each other. Compaction plays a major role in the performance of flexible 

pavements. The strength and durability of an asphalt mixture is strongly 

dependant on the degree and method of compaction (Khan et al., 1998, 

Muniandy et al., 2007, Van de Loo, 1978). Poor compaction results in 

excessive air voids content (density), which in turn may lead to premature 

failure of asphalt layers. Several experimental studies have shown that in 

order to design an asphalt mixture which will be stable, durable, and rut 

resistant the initial air voids content must be between 3 and 8 percent 

(Roberts et al., 1996).  
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Past studies have shown that if the field conditions for which mixtures are 

being designed are different from those for which the design method was 

developed, the mixture may not be adequate for service even though it is 

designed according to the method. Therefore, it is important that the 

laboratory compaction procedure of asphalt mixtures should be able to 

achieve materials and engineering properties such as density, air voids and 

resilient modulus as close as possible to those of the materials placed in the 

field using standard compaction practices (Muniandy et al., 2007). 

 

Over the years, many different methods of compaction have been used such 

as, impact compactor, gyratory compactor, vibratory compactor, roller 

compactor, kneading compactor and Marshall hammer. A number of research 

studies have been undertaken in order to evaluate their ability to simulate 

field conditions and the extent to which they affect engineering properties of 

asphalt mixes. 

 

Sousa et al., (1991) focused their research on the extent to which 

compaction methodology affects fundamental mixture properties related to 

the performance of pavements in service. Evaluated compaction methods 

included Texas gyratory compaction, kneading compaction, and rolling-wheel 

compaction. The results indicated that rolling-wheel compaction can produce 

the stiffest mixture and can more closely simulate the field properties than 

some other compactors. Kneading compaction produces the most rut 

resistant specimens. They also indicated that kneaded specimens are more 
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sensitive to aggregate characteristics while gyratory and rolling-wheel 

specimens have greater sensitivity to bitumen type. Because the response of 

rolling-wheel specimens to test loads was typically between the gyratory and 

kneaded specimens, rolling-wheel compaction has proven to be best suited 

for preparing laboratory specimens. Among the methods investigated, it 

appears to simulate insitu compaction quite well and also has an advantage 

that the large-size aggregate mixes can be compacted without difficulty 

(Monismith et al., 1994).  

 

Cooley and Kandhal, (2000) conducted a study to evaluate the density 

gradients in samples compacted by the Asphalt Vibratory Compactor (AVC) 

and the Superpave Gyratory Compactor and found that vibratory compaction 

produces specimens with the highest density at the top and with less density 

at the bottom. Gyratory compaction, on the other hand, results in less 

density at the top and the bottom of samples and significantly more 

compaction in the middle of the sample.  

 

Although, the gyratory compaction does not produce specimens most 

representative of site compacted material, SHRP eventually identified it as 

the most suitable method for the Superpave mix design and several 

researchers perceived it as the most appropriate laboratory device to assess 

the mechanical properties of asphalt mixtures (Butcher, 1998, Tarefder and 

Zaman, 2002). The particular advantages offered by gyratory compactors are 
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the facilities both to control the density of the specimen and to assess 

mixture workability. 

 

While there is a wide array of proposed compaction techniques, two broad 

methods remain notable: slab compaction and gyratory compaction.  In the 

UK, HMA specimens for laboratory testing need to be compacted in 

accordance with one of the methods described in BS EN 13108-20:2016 

(BSI, 2016d). 

 

Specimens for testing have to be compacted from loose bituminous mixture 

or obtained by coring or sawing from a trial area in accordance with one of 

the methods presented in Table 2.2. 

 

Table 2.2. Compaction methods in the UK 

Compaction Method Standard 

Impact compaction EN 12697-30 

Gyratory compaction EN 12697-31 

Vibratory compactor EN 12697-32 

Roller compaction EN 12697-33 

Cores from trial areas - 
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2.7. Laboratory Testing 

Permanent deformation has long been recognised as a major problem on 

flexible roads. A survey carried out by the University of Maryland Superpave 

team reveals, that the industry rates rutting as the most important distress 

type that should be correlated to the performance test which could be 

included in the Superpave volumetric mix design method (Witczak et al., 

2002). Hence, there is a great desire for a laboratory test method which 

could accurately and reliably evaluate the deformation resistance of asphalt 

mixtures. 

 

Although, the last 20 years of development has led to significant changes 

and modifications in mix design technology and testing techniques, a good 

understanding of the fundamental behaviour is still lacking and the tests 

used in practice are often empirical and not well validated (Brown and Gibb, 

1996). Results of several studies clearly demonstrate that there is no 

“perfect” test method for all types of HMA mixtures placed under varying 

loading and environmental conditions (Witczak et al., 2002). 

 

The “Desired Laboratory Performance Test” should accurately and precisely 

measure a mixture response over a wide range of conditions (i.e. stress 

condition, loading time, temperature, etc.) and reproduce the field loading 

regime as closely as possible. At the same time the test results must allow 

determination of a mixture’s ability to resist pavement deformation (Witczak 

et al., 2002). 
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The stress condition can be reproduced in the laboratory only with great 

difficulty (Read and Whiteoak, 2003). The stress paths to which an element 

of material in a pavement is subjected have long been recognised as 

complex. Loads generated by traffic induce radial, axial and shear stresses 

(see Figure 1.5) and as the wheel passes over the element, these stresses 

change with time as shown in Figure 2.22. As the wheel approaches an 

element in the pavement, initially the major stress component is a horizontal 

shear stress. When the wheel is directly over the element, the major stress 

component is the vertical stress and as the wheel travels away from the 

element, the major stress component becomes a horizontal shear stress with 

the opposite sign to the initial shear stress. 

 

Figure 2.22. Different stresses acting on an element in the pavement 
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Pell and Brown, (1972) discussed the need to design laboratory materials 

testing apparatus that could reproduce the stress conditions experienced in a 

pavement structure under traffic loading. Figure 2.22 illustrates the 

variations in normal and shear stresses in a pavement element beneath the 

centre line of a moving wheel load. Particularly hard to reproduce is the 

reversed shear stress on the element (Figure 1.5), which has been 

recognised as a major contributor to the rutting. As discussed in Section 1.2, 

rutting appears to be more closely related to the shear deformation rather 

than densification. Therefore, if accurate predictions of rutting are to be 

made, a laboratory test should duplicate the states of stress that are 

encountered within the entire rutting zone, in particular where the shear 

stress is greater than the normal stress. Accordingly, the susceptibility of 

mixes to rut should be measured using apparatus capable of directly applying 

shear stress (Monismith et al., 1994).   

 

Over the years, various types of test have been developed to provide precise 

information on permanent deformation in HMA. These tests can be divided 

into the following three groups:   

1) Fundamental: 

• Uniaxial and Triaxial Creep Test 

• Repeated Load Triaxial Test 

• Simple Shear Test (SST) 

2) Simulative: 

• Wheel Tracking Test 
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3) Empirical 

• Marshall Stability Test 

 

Since empirical methods, such as the traditional Marshall Stability Test, have 

proved to have very limited relationship to performance of asphalt (Gibb, 

1996, Read and Whiteoak, 2003), only fundamental and simulative tests will 

be discussed.    

 

2.7.1. Uniaxial and Triaxial Creep Test 

 

The creep test is the simplest experimental tool for investigating the 

behaviour of bituminous mixes. In 1970 Shell implemented this equipment to 

define permanent deformation characteristics of different mixes for particular 

environmental conditions and traffic (Gibb, 1996). A cylindrical specimen is 

set up between end platens and placed within the loading frame. The 

specimen is subjected to a constant axial stress at a fixed test temperature 

and a total permanent strain is measured under unconfined or confined 

conditions. Detailed information of static creep test procedures can be found 

in reports by Van de Loo, (1978) or Liu, (1995). A diagram layout of the 

prototype uniaxial creep equipment is shown in Figure 2.23 (Cooper and 

Brown, 1989). 

 

Results of the creep test, when expressed as relative deformation (measured 

change in height divided by the original height) are independent of the shape 
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of the specimen and of the ratio of height to diameter, provided that the 

specimen’s ends are parallel, flat and well lubricated (Hicks and Esch, 1990). 

This will minimise lateral end restraint and ensure uniform stress distribution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.23. Diagram layout of uniaxial creep equipment (Cooper and Brown, 
1989) 
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Strain obtained from this test is measured as a function of the loading time 

at a fixed test temperature. Figure 2.24 shows a typical creep curve 

representing development of strain as a function of time. It can be seen that 

the permanent strain curve can be divided into three phases; the primary 

phase in which compaction of the mixture leads to rapid strain rate decrease. 

This is followed by a constant rate of accumulation of strain, steady state 

creep. In the third phase, tertiary creep, the strain rate increases rapidly 

leading to creep rupture.  

 

 

 

 

 

 

 

 

 

Figure 2.24. A typical creep strain response 
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Extensive research using the creep test (unconfined or confined) for 

determining bituminous material properties and assessing rutting 

susceptibility has been conducted. Uge and Van de Loo, (1974) found that 

results from the static creep tests at the higher stress levels seem to be 

inconsistent. They concluded then that the creep test must be performed at 

relatively low stress levels and low temperatures (within the linear range of 

material). The need to use a stress level within the liner range has been 

attributed to the fact that insitu stresses are high, but the loading time is 

small compared to the loading time in the creep test.   

 

Hills, (1973) clearly demonstrated that the creep test results under-predict 

rut depth measured in the pavement. Similar conclusions arose from Brown 

and Snaith is work (Brown and Snaith, 1974). In another publication (Harvey 

et al., 2001) it was reported that creep testing may over-predict rutting for 

mixes containing modified binders and procedures may therefore require 

correction. Similar conclusions were drawn by Tayebali et al., (1992).  

 

Brown and Foo, (1994) conducted a study that evaluated rutting potential of 

dense graded asphalt mixes. The unconfined and confined creep was 

measured. They pointed out that the confined test was more representative 

of insitu performance. 
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Although, the test is simple, quick and inexpensive, its ability to predict 

pavement performance is questionable because the test conditions do not 

closely simulate in-service pavement conditions (Gibb, 1996).  

 

2.7.2. Repeated Load Triaxial Test 

 

The nearest practical test to capture the insitu stress regime is the repeated 

load triaxial test. This test is able to directly apply principal stresses, as shown 

in Figure 2.25, but only two stress components can be varied independently 

out of maximum six for general conditions.  

  

Exactly as in the creep test, the cumulative permanent deformation is 

presented as a function of a number of load cycles and three distinct zones 

can be identified (Witczak et al., 2002). Even though, the repeated load test is 

very similar to the creep test, Monismith et al., (1994) concluded that the 

repeated load test provides a better measure of rutting characteristics than 

the creep test.   

 

On the other hand, it should be noted that the repeated load test was found to 

be more sensitive to mix variables than the creep test. Several studies 

(Barksdale and Miller, 1977, Monismith and Tayebali, 1988) have indicated 

that the increase in the bitumen content, when using the repeated loading 

test, significantly increases the plastic deformation of asphalt mixtures. There 
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was no significant effect noted on the same mixtures under the static creep 

conditions. 

 

Pell and Brown, (1972) pointed out that the repeated load triaxial test 

equipment could only reproduce the insitu normal stress regime (see Figure 

2.26) and that the associated variations in shear stress could be very 

significant, particularly in the asphalt layer. Later Brown and Bell, (1977) 

concluded that data from triaxial testing tend to overestimate rut depth. This 

is because the triaxial configuration generates data on the axial permanent 

strain, which is only equal to the vertical value insitu when the wheel load is 

immediately above the element (see Figure 2.22). Hence, the principal 

stresses applied by the triaxial equipment relate to an insitu element that 

rotates as the wheel passes, a phenomenon known as “principal stress 

rotation” or “shear reversal”. 

 

Pell and Brown, (1972) concluded that research up to that date had properly 

focused on apparatus that captured the most important stress parameter 

related to the failure mode of interest. Hence, for asphalt, tensile and flexure 

testing was used to study fatigue cracking and triaxial testing was at least on 

a safe side for permanent deformation. This configuration was also used 

extensively to study the resilient characteristics of soils, granular materials 

and asphalt as the secondary effects of shear stress reversal were not 

considered to be of such importance where small strains were involved. This 

was later confirmed by Chan and Brown (1994). 
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Thrower, (1978) reported that triaxial testing should not be relied completely 

on to define pavement performance. He further suggested that state of stress 

encountered in upper layers cannot be duplicated in triaxial test. A drawback 

of this technique is that the shear reversal effect (see Figure 1.5) cannot be 

reproduced.  

 

Figure 2.25. Repeated Loading Triaxial Test (Read and Whiteoak, 2003) 

 

 

Figure 2.26. Stress regimes under a moving wheel in a triaxial compression 
test (Pell and Brown, 1972) 
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2.7.3. Superpave Shear Test (SST) 

 

Since the shear flow was recognised as being the primary cause of rutting, the 

US SHRP study led to the development of the SST. During their research, the 

team at UCB concluded that it was necessary to design and build a direct 

shear apparatus to study the permanent deformation characteristics of 

asphalt. This was driven by the stress conditions they calculated in the critical 

zones of the asphalt layer under the edge of the wheel load where the shear 

to normal stress ratios exceeded those that could be applied in a triaxial test. 

In order to develop an apparatus that was not unduly complex but which 

captured the importance of shear stress application under repeated loading, 

they developed the SST rather than going back to their HCA configuration 

(Monismith et al., 1994).  

 

The SST was introduced to complement the Superpave volumetric mixture 

design method and it was envisioned that this simple performance test would 

play a key role in the quality control and acceptance of HMA mixtures. The 

equipment is capable of applying direct shear to laboratory specimens (see 

Figure 2.27) and the data can be correlated with field performance (Harvey et 

al., 2002).  

 

The SST was designed to execute a variety of performance-related tests on 

HMA, but a number of serious problems were found and many of these tests 

were found to be unreliable. Only two procedures were found to be reasonably 
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accurate, the frequency sweep test and repeated shear at constant height 

(RSCH) procedure (Christensen Jr et al., 2002). Detailed information of both 

procedures are described in AASHTO TP7 (AASHOT, 1994). In RSCH test, the 

vertical stress on the specimen is adjusted to ensure that the height and, 

therefore, the volume remain constant so that all the strain is derived solely 

from shearing action. The results from this test yield relationships between 

permanent shear strain and the number of load applications for a particular 

combination of temperature and applied shear stress.  

 

The SST is the simplest tool that permits controlled rotation of the principal 

axes of strain and stress which is important in studying permanent 

deformation. Although, over recent years this test has become quite widely 

used in US research laboratories for predicting the rutting resistance of 

asphalt mixtures, the SST test method has a number of drawbacks (Cooper 

and Brown, 1989, Brown et al., 2005), such as: 

1) “The use of a circular specimen and no side platens introduces non-

uniform stress conditions”.  

2) “Application of a shear stress and a vertical normal stress without the 

ability to measure the lateral stress on the specimen means that the 

complete stress regime is not known. This makes fundamental 

interpretation of test results difficult”. 

3) “The standard SST test is conducted at constant height to eliminate any 

volume change. However, to achieve this, the normal stress has to be 
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adjusted during testing, which means that the shear to normal stress ratio 

varies during a test”. 

4) The SST test method is regarded as too complex and expensive to use for 

routine design. 

 

 

 

 

 

 

 

 

 

 

Figure 2.27. The Superpave Shear Test (SST) device (Harvey et al., 2002, 
Sousa, 1986) 

 

Therefore, the shortcomings of this test configuration are similar to those 

identified for granular materials testing but its use for asphalt over the past 

decade has demonstrated that it is effective as a research tool, as part of a 

design method for rutting and for the design of asphalt mixtures intended for 
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heavily trafficked situations (Deacon et al., 2002, Harvey et al., 2002, 

Monismith et al., 2000). In its use under constant height conditions, by 

definition, no data are collected about volume change, though this could in 

principle be done with the equipment.  

 

2.7.4. Wheel Tracking Test 

 

The wheel tracker is an empirical laboratory device designed to assess the 

liability of bituminous material to deform under conditions which simulate the 

distresses caused by many years of exposure to traffic within a matter of 

hours by rolling a wheel across a sample of asphalt concrete under specific 

temperature and humidity conditions. In general, the procedure is to move a 

loaded wheel backwards and forwards across a prepared specimen under 

specified conditions of speed and temperature (in the UK 45˚C or 60˚C). 

These devices do not account for seasonal changes in traffic, temperature, or 

environment. The rate of rutting which develops in the wheel path is 

monitored continuously and plotted against time. The test specimens can be 

either slabs manufactured in the laboratory or 200mm diameter cores cut 

from a pavement. Detailed procedures and requirements for the UK wheel-

tracking test are described in BS 598: Part 110: 1998 (BSI, 1998). 

 

The test is usually terminated after 45min, unless the rut depth exceeds 

15mm prior to this time. The material resistance is assessed by measuring the 
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resultant rut depth after a given number of passes or rate of tracking (in 

millimetres per hour) (Read and Whiteoak, 2003).  

 

It should be highlighted that general properties of mixtures change over time 

due to oxidation of asphalt. The aging progressively increases viscosity 

(stiffness) of the bitumen material, making the road more resistant to rutting 

at higher temperatures. Hence, any form of accelerated loading testing e.g. 

(HRB, 1954, HRB, 1955, HRB, 1962) is likely to indicate pavement lives much 

shorter than would have been found in practice (Croney, 1991). As age 

hardening does not take place during accelerated pavement testing, 

permanent deformation of asphalt accelerates, leading to earlier failure.   

 

Nevertheless, this test facilitated rapid measurement of pavement response to 

load and allowed comparisons to be made between calculated pavement 

responses and actual field performance. Generated data formed the basis for 

the pavement design methodology used until today (Papagiannakis and 

Masad, 2008). 

 

Over the last 15 years, several different rut testers have been developed, 

ranging from extra large-size to small-size devices. Figures 2.28-2.31 show 

the most prominent laboratory-scale trackers. All of these devices can be 

reasonably well correlated to the insitu rut performance. However, the 

complex stress regime makes it difficult to determine fundamental material 

properties from wheel tracking test results. 
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Figure 2.28. The Laboratoire Central des Ponts et Chaussées (LCPC) wheel 
tracker, also known as French Rutting Tester (FRT) (PI, 2010) 

Figure 2.29. Hamburg Wheel Tracking Device (HWTD) 
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Figure 2.30. The Nottingham Slab Testing Facility 

 

Figure 2.31. TRL Wheel Tracker (Sanders et al., 2015) 

 

 



84 Literature Review 
 

2.8. The Hollow Cylinder Apparatus (HCA) 

Pell and Brown, (1972) concluded their discussion by stating that the time had 

come to develop apparatus that could directly apply shear stresses to test 

specimens as well as normal stresses. The Nottingham pavement research 

team pursued this philosophy over subsequent years but with an emphasis on 

unbound materials. 

 

Thin long hollow cylindrical specimens have been used periodically to simulate 

different stress conditions on various materials for decades (Alavi, 1992). They 

have been used predominantly in geotechnical investigations and due to its 

great success in generating a variety of stress paths, a similar approach was 

followed in asphalt research and a realistically sized HCA for the testing of 

asphaltic concrete was developed.  

 

2.8.1. Research on Granular Material 

 

The new apparatus developed during this project is based on the results of 

earlier research on granular materials, which clearly demonstrated that the 

accumulation of permanent strain under repeated loading is significantly 

affected by the shear stress regime applied in laboratory tests and that this 

should model that which occurs in the pavement. A brief review of this earlier 

work and how it evolved from soil mechanics research is the subject of this 

section.  
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Two approaches to direct shear testing of cohesive soils were introduced in 

Scandinavia during the 1950’s as improvements to the old standard square 

Casagrande shear box. Kjellman’s apparatus (Kjellman, 1951) was improved 

later by Bjerrum and Landva, (1966) and both used cylindrical test specimens 

with reinforced rubber membranes between the loading platens. The stress 

conditions in these tests were non-uniform near the edges of the loading 

platens to retain equilibrium because no arrangement for formal application of 

the complementary shear stress was provided [Figure 2.32 (a)]. In addition, 

the circular section also caused non-uniformities. Roscoe, (1953) introduced 

the Simple Shear Test for sand in an attempt to obtain better stress conditions 

in the centre of the specimen and by use of load cells built into the loading 

platens. He used a rectangular specimen which was deformed in shear in the 

shape of a parallelogram. This latter approach was followed at Nottingham by 

Ansell and Brown, (1978) and Shaw and Brown, (1986) when developing 

apparatus for the repeated direct shear testing of sand-sized granular 

materials. They demonstrated that, while useful data could be obtained, the 

precise applied stress and resulting strain conditions were impossible to 

determine, even with their sophisticated measuring techniques and did not 

provide the pure shear environment of Figure 2.32 (b). For this reason, the 

Nottingham group adopted the principle of torsional hollow cylinder testing in 

order to obtain improved stress conditions and facilitate accurate 

measurement of the resulting deformations for conditions simulative of those 

under a moving wheel load. 
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Figure 2.32. Simple shear and pure shear 

 

The principles involved in hollow cylinder testing of soils have been reviewed 

by Saada, (1988). The hollow cylindrical specimen can be subjected to axial 

(W) and torsional (M) loads, applied to the ends of the hollow cylindrical 

specimen that is subjected to lateral confining pressures (po, pi). This 

configuration allows independent control of the magnitude of the three 

principal stresses and rotation of the major-minor principal stress axes 

facilitating more generalised stress path testing (O’Kelly and Naughton, 2003). 

Figure 2.33 shows the stress conditions within an element of the HCA 

specimen wall after applying an axial force (W), a torque (M) and inner and 

outer cell pressures (pi, po).  
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Figure 2.33. Stress regime on an element of the wall of the HCA 

 

 

The HCA existed in Nottingham for a number of years. The first apparatus was 

developed in 1985 (Figure 2.34) and since then it has been continuously 

evolving to meet different research needs and to gather accurate and reliable 

data on pavement behaviour under repetitive wheel loading.  
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Figure 2.34. The Nottingham Hollow Cylinder Apparatus – Basic Arrangement 
(Cooper and Brown, 1989) 
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The HCA used at Nottingham for testing granular materials was described by 

Brown and Richardson, (2004). It evolved from an earlier version, some 

results from which were presented by Chan and Brown, (1994). This, in turn, 

was based on a similar monotonic loading facility developed by Hight et al., 

(1983). It utilised all the key features of this type of testing with the exception 

of differential cell pressure; equal internal and external pressure being 

applied. The apparatus differed from earlier versions in that it was designed to 

apply repeated loading using servo-hydraulic systems. The dimensions of the 

specimens for this HCA were 280mm outside diameter, 28mm wall thickness 

and 500mm height. The aggregate particle size that could be accommodated 

was limited by the wall thickness with a maximum size of 5mm being used.  

 

Chan and Brown, (1994) demonstrated that the application of a reversed 

shear stress, as shown in Figure 1.5, compared with the same magnitude 

applied in one direction had a marked effect on volume change. Significant 

compaction occurred under reversed shear, but dilation was measured when it 

was unidirectional. This compaction effect had been previously noted by Brown 

and Ansell, (1980) using Simple Shear Testing. Chan and Brown also 

demonstrated, experimentally, that a similar value of vertical permanent 

strain developed in a pavement at a particular location under a moving wheel 

load as in the HCA, when the stress conditions were of the same magnitude. 

This provided some validation for use of this new apparatus. Brown and Chan, 

(1996) also demonstrated the importance of shear stress reversal in wheel 

tracking tests on well graded crushed rock as bidirectional wheel tracking 
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caused larger ruts than unidirectional and significantly higher than repeated 

loading on a stationary plate. This point was also addressed by (Brown, 2007) 

in a more recent paper underlining the significance of principal stress rotation 

for modelling pavement materials. 

 

Richardson, (1999) employed an HCA for investigating the influence of 

principal stress rotation on granular material behaviour with respect to initial 

material anisotropy. He concluded that the subsequent volumetric behaviour 

was strongly influenced by changes in void ratio during pre-stressing, while 

the shear strength behaviour was influenced by the direction of induced major 

principal strain. It has been shown as well that the initial development of 

strain within the first few cycles had a significant influence on the subsequent 

rate of permanent strain accumulation.   

 

2.8.2. Application to asphalt 

 

Although the hollow cylinder apparatus is still very rarely used in hot mixture 

asphalt testing, its development and use has been growing. This type of 

apparatus was first introduced for asphalt by Sousa, (1986) at the University 

of California Berkeley (UCB) and, subsequently, used by Alavi and Monismith, 

(1994) to evaluate viscoelastic properties of asphalt mixtures under axial and 

shear dynamic loading. Alavi and Monismith, (1994) additionally investigated 

the effects of combined axial and shear dynamic loading on the permanent 

deformation characteristic of asphalt. During the preliminary stage of these 
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experiments, they observed that application of excessive stress may affect the 

proper ranking of permanent deformation properties. Therefore, they 

recommended that stress magnitudes are selected such, that the specimen 

would at least undergo a sufficient number of load application before failure. 

Alavi and Monismith, (1994) showed that axial stress has a confining effect on 

the values of permanent shear strain. Shear stress was reported to have a 

dilatancy effect on the permanent axial strain magnitudes, therefore, this 

phenomenon should be studied in any permanent deformation investigation of 

asphalt. Finally they concluded that higher angles of major principal stress 

rotation resulted in higher permanent shear deformation and more shear 

dilatancy effect. Crockford, (1993) used an HCA to study the effect of 

principal-plane rotation on permanent deformation in flexible pavement under 

compressive and shear loading. Most recently, Rueda et al. (2017) developed 

a hollow cylinder apparatus (HCT-AM) at Los Andes University (Colombia) to 

study effect of climatic conditions on the dynamic response of asphalt 

mixtures.  

 

Based on the previous studies carried out at the University of Nottingham 

(Chan, 1990, Richardson, 1999, Shaw and Brown, 1986, Thom, 1988) and 

research in America (Alavi, 1992, Sousa, 1986, Rueda et al., 2017), the HCA 

appears to have a potential to closely simulate the complex insitu pavement 

stress regime caused by moving wheel loading. In addition to confining stress 

and axial deviator stress that can be applied the same way as in a triaxial 

device, it is also possible both to apply a torque to the cylindrical shape and 
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also vary the pressure in the centre of the cylinder from the external confining 

stress. The axial load generates a vertical stress; the torque develops 

complementary shear stress on horizontal and vertical planes in the wall of the 

cylinder, whereas variation of internal pressure imposes variation in 

circumferential stress much greater than variation in radial stress 

perpendicular to the wall (Thom, 1988). If the considered element is free from 

end effects, then there are no shear stresses in the radial circumferential 

plane. The radial stress is a principal stress and the other three stress 

components define the remaining two principal stresses. As the loads can be 

applied independently, it is possible to control the magnitudes of the three 

principal stresses and the inclination of the major principal stress. HCA is 

particularly advantageous when predicting deformation away from the axis of 

symmetry of loading. Moreover, the instrumentation can be directly attached 

to the specimen, enabling accurate strain measurement.  

 

It is desirable to have uniformities in the stress and strain distributions within 

the specimen. This and the capability of reliable determinations of loads and 

displacements are vital for any device as only then the resulting stress and 

strain states within the specimen can be accurately defined. A HCA 

disadvantage is that some stress non-uniformity is inevitable, particularly 

when there is a difference between internal and external confining stress. 

However, Hight at al. (1983) reported that as long as the ratio of diameter to 

wall thickness and height to diameter were sufficiently large, such uniformities 

could be ignored.  
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The dimensions chosen for the HCA specimens used for this study are in 

favour of these suggestions. It is therefore expected that the levels non-

uniformities have been effectively minimised and hence test results could be 

interpreted reliably in terms of the average stress and strain components. 

 

The HCA has a capability to generate complimentary shear stresses to the test 

specimen, it allows the study of material anisotropy, and the principal stress 

rotation effects can be investigated. The apparatus clearly offers valuable 

capabilities in determining permanent deformation characteristics of asphalt 

under three-dimensional state of stress with reversal of shear stress; 

however, its complexity make it to be essentially as a research tool rather 

than standardised equipment for routine applications. 
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2.9. Asphalt Layer Rutting Performance Prediction Models 

As was proposed by Monismith et al. (1994), the permanent deformation 

response of asphalt mixes to loading should be characterised by a rate-

dependent constitutive relationship, with a stress analysis being performed for 

the entire rutting zone (i.e. over the entire lane width), to effectively handle 

complex constitutive relationships and the transverse distribution of traffic. 

This relationship should take dilatation under shear and plastic properties into 

account and must reflect at least the effects of loading time, temperature and 

stress states. Loading history, e.g. loading time, axle load, wheel lateral 

position, etc. are essential factors in the analysis of long-term irrecoverable 

displacement in asphalt mixtures.  

 

A number of models representing the permanent deformation behaviour of 

asphalt mixes have been developed. A number of these procedures 

include criteria for limiting values of subgrade strain to levels that preclude 

rutting at the pavement surface. Design limitations on strain or stress are 

based on the assumption that, if the maximum vertical compressive strain or 

stress at the surface of the subgrade is less than a critical value, then rutting 

will be limited to a tolerable level for a specified number of load applications 

(Sousa et al., 1991). Unfortunately, such methodology does not necessarily 

preclude rutting which might occur in the asphalt-bound layer. The Shell 

method (Claessen et al., 1977) was probably the first attempt to incorporate 

rutting of bituminous layers in pavement design. Existing models can broadly 

be categorised into structural and functional performance models (Ullidtz, 
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1987). In all cases, laboratory tests are necessary to determine parameters 

representative of permanent deformation behaviour (Monismith, 1994). 

 

The structural performance models determine the structural soundness or 

load carrying capacity of the pavement. They are usually mechanistic-

empirical, M-E, and are based on layered-strain analysis with elastic or 

viscoelastic theories. The M-E models can be employed in the decision making 

processes regarding pavement design, maintenance and rehabilitation 

strategies by identifying the structural condition with regard to bearing 

capacity. The functional performance models determine the ability of the 

pavement to provide a comfortable, safe, economical riding surface to the 

road users. Functional models determine the rate of deterioration in terms of 

functional parameters (e.g. evenness (International Roughness Index) and rut 

depth) with the age of the pavement and are applied on existing pavement as 

part of the pavement management system (Jelagin et al., 2018).  

 

This study only examines structural performance models and the main five 

models are briefly summarised in this section. Both layer-strain and 

viscoelastic methods for predicting permanent deformations in pavements are 

discussed. 

 

2.9.1. Layer-strain Method 

The layer-strain method consists of predicting rut depths using permanent-

deformation characteristics determined from laboratory tests together with an 
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analysis procedure for the pavement structure using either linear or nonlinear 

elastic theory. The general principle of this method was first proposed by 

Barksdale (1972) and Romain (1972).  

 

The layer-strain method is considered a simplified engineering approach for 

predicting rut depth which permits the flexibility of using either linear or 

nonlinear elastic analysis. While nonlinear elastic theory should provide more 

accurate results (Brown and Bell, 1977), it has not been used very extensively 

because of its added complexity. 

 

The prominent examples of M-E elastic models are listed below. It should be 

noted that although the M-E elastic models are based on elastic theory, they 

account for time-dependent material characteristics using a type of repeated 

loading test. 

 

Van de Loo (1976): BISAR Elastic layer theory  

𝜀𝜀𝑝𝑝 = 𝑐𝑐𝑐𝑐𝑁𝑁𝑎𝑎                                   (2.1) 
 

 

where  

εp   - axial permanent strain (axial creep test) 

c    - constant 

σ    - axial stress level (103.5kPa) 

N    - number of load applications 

a    - constant  
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This model formed the basis of the SHELL method and generally, it 

overestimates rut depth (Monismith et al., 1994). 

 

Brown and Bell (1977): DEFPAV Nonlinear finite element  

𝜀𝜀𝑝𝑝 = �𝑞𝑞
𝑎𝑎
�
𝑏𝑏

(𝑁𝑁)                                   
(2.2) 

 
 

where  

εp   - permanent shear strain (axial repeated load test) 

q    - deviator stress 

N    - number of load applications 

a, b - constant  

Brown and Bell (1977) have compared theoretically-predicted rut depths using 

the layer strain approach with those actually measured in the Nottingham Test 

Track. Material properties were predicted using the repeated load triaxial test. 

Comparison between predicted and measured total displacements indicated 

good agreement (Monismith et al., 1994). 

 

ARA (2004): American Association of Highway and Transportation 

Officials (AASHTO) Model 

𝜀𝜀𝑝𝑝
𝜀𝜀𝑟𝑟

 = 𝑘𝑘1 × 10𝑘𝑘2 × 𝑇𝑇𝑘𝑘3 × 𝑁𝑁𝑘𝑘4                                    (2.3) 
 

 

where  

εp   - permanent strain (axial repeated load test) 

εr   - resilient strain (axial repeated load test) 
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T    - temperature (°F) 

N    - number of load applications 

k1   - depth adjustment coefficient as a function of layer thickness and depth 

to the ground water table 

k2, k3, and k4 material constants 

 

The AASHTO model was developed under the National Cooperative Highway 

Research Program (NCHRP) and it is included in the Mechanistic - Empirical 

Pavement Design Guide (MEPGD) to predict the maximum permanent 

deformation in each layer as a function of time. The regression parameters are 

obtained from laboratory tests and field calibrated. The resilient strain εr is 

obtained by analysing the pavement structure using a response model such as 

multilayer elastic theory. The air voids within an asphalt layer are an 

important parameter. It is used in the estimation of the rutting related to post 

compaction that may significantly increase the amount of rut depth. A time 

hardening approach related to repeated traffic loading is used to combine the 

permanent deformation contribution from different axle loads. The model is 

able to divide the surface rutting between pavement layers, which is valuable 

in pavement design (Jelagin et al., 2018). 

 

2.9.2. Viscoelastic Method 

In this approach moving wheel loads can be considered in conjunction with 

time-dependent material properties to define the states of stress and strain at 

particular points in the pavement structure. Material properties can be defined 
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either in terms of models consisting of finite numbers of Maxwell and/or Kelvin 

elements in various arrangements or in terms of generalised compliance 

relationships. An important advantage of this approach is that moving wheel 

loads can be considered directly. This results in the correct time-rate of 

loading to be applied to each material element and permits estimates to be 

made of the lateral plastic flow of material from beneath the moving wheel. 

While nonlinear viscoelastic response characteristics may provide a more 

realistic estimate of pavement response, the associated mathematical 

complexities have limited past analyses to linear characterizations (Sousa et 

al., 1991). In this approach, material properties within a given layer are 

assumed to be the same throughout the layer regardless of whether the 

material is in tension or compression.  

 

This approach resulted in several viscoelastic rutting performance models, 

such as the VESYS and VEROAD models described below. However, being 

computationally expensive (time-consuming) the nonlinear viscoelastic and 

viscoelastoplastic models have gained little usage (Collop et al., 1995). 

 

Kenis and Wang (1997): VESYS Probabilistic linear viscoelastic 

solution  

 

𝜀𝜀𝑝𝑝 (𝑁𝑁) = 𝑒𝑒𝑒𝑒𝑁𝑁−𝛼𝛼                                   (2.4) 
 

 

where  
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εp (N) - permanent strain per pulse (uniaxial repeated load test) 

𝛼𝛼    - 1 - S 

S    - slope of the line on log-log plot of permanent strain versus N 

𝑒𝑒    - peak haversine load strain for a load pulse of duration d = 0.1sec 

𝜇𝜇    - IS/ 𝑒𝑒 

I    - intercept 

 

Similar to the AASHTO, the VESYS model assumes that the permanent strain 

in an asphalt layer is proportional to the resilient elastic strain. The permanent 

strain model parameters of the layers are estimated by conducting repeated 

load (incremental static-dynamic) laboratory tests. 

 

Hopman, (1996): VEROAD linear viscoelastic multilayer computer 

program  

 

The VEROAD (Visco-Elastic Road Analysis Delft) is a three-dimensional linear 

viscoelastic multilayer program developed at the Delft University of 

Technology (Hopman, 1996). The viscoelastic nature of bituminous materials 

is considered through the Burger’s model (or Maxwell-Kelvin-Voigt model) and 

the layered system can be analysed under stationary or moving wheel loads 

using the layered elastic theory and the elastic-viscoelastic correspondence 

principle (Jelagin et al., 2018). The permanent deformation parameters for the 

plastic component calculation were determined from a triaxial creep test. The 

VEROAD model also considers lateral traffic wander. 
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2.10. Conclusions 

Permanent deformation of asphalt mixture is a complex phenomenon that 

depends on many factors, including asphalt binder, aggregates, mixture 

design, loading time and the temperature. Its accumulation may be partly 

minimised by an appropriate mix design and efficient construction control.  

 

In order to reduce asphalt mix susceptibility to plastic deformations, 

specifications of various mix parameters, such as binder type and content, 

aggregate type and gradation, compaction degree (air voids), are essential. 

Nevertheless, plastic deformations in an asphalt layer will occur due to 

combination of densification (volumetric reduction) and shear strain, caused 

by traffic loads. 

 

Rutting resistance is a major performance measure for designing pavements 

and proper assessment of permanent deformation behaviour is critical to 

ensure the structural adequacy of flexible pavement. Although the importance 

of shear stress application under repeated loading is relatively well 

understood, its influence on permanent deformation accumulation is usually 

not considered while designing flexible pavement structures.  

 

Aiming at achieving rut resistant asphalt mixes, field conditions have been 

simulated in the laboratory by a variety of repeated loading tests. These tests 

are carried out following specified temperatures and stress magnitudes and 

variable loading times. However, this chapter has set out some of the main 
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criticisms of the standard test methods that have been used to date for testing 

asphalt material.  

 

Layer-strain and viscoelastic methodologies are currently used to predict the 

development of permanent deformation in asphalt layers. The literature 

sources reviewed for this report suggest that 1) neither the layer-strain 

procedure or conventional viscoelastic analysis has been able to accurately 

and reliably model pavement rutting; and 2) although many researchers 

recognised that shear stress is the main mechanism causing rutting, suitable 

laboratory test methods and theoretical models are not yet available for 

properly treating shear-induced permanent deformation (Monismith et al., 

1994). 

 

Available analytical models differ greatly in their estimation of the variation of 

permanent strain with depth beneath the pavement surface. Further 

improvements are necessary to extend the prediction of rut depth from the 

centreline of the loading to the entire rutting zone. Currently the laboratory 

test procedure makes use of some form of axial compression, either creep or 

repeated loading. If predictions are to be extended away from the centreline 

of loading, the laboratory procedure must incorporate provision for states of 

stress which include significant shear components: such stress states exist off 

centreline and are particularly important near the tire edges. It also implies 

that new functions relating stress to plastic deformation will be required to 

take shear stresses into consideration (Sousa et al., 1991). 
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3                                

DEVELOPMENT OF THE HOLLOW 

CYLINDER APPARATUS (HCA) 

 

3.1. Introduction 

The previous chapters have set out some of the main criticisms of the 

standard test methods that have been used to date for testing asphalt 

material. With the above in mind, the aim of this project was to develop a 

more accurate apparatus for quantifying the permanent deformation 

characteristics of asphalt with respect both to shear and volume change 

characteristics. At the same time, it was also necessary to develop the test 

procedures which define the parameters contributing to the mixture 

performance. This will allow simpler, more practical methods, such as the SST 

and the various other methods in common use, including the uniaxial or 

triaxial test to be assessed and calibrated. It will also improve understanding 

of asphalt mechanics and so assist with developments in computational 

modelling of pavement rutting through better definition of the required 

constitutive equations. 
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The following chapter describes the large torsional Hollow Cylinder Apparatus 

(HCA) and testing procedures used in the research. The initial design and 

development of the device was carried out by Chief Experimental Officer, Mr 

Barry Brodrick in collaboration with suppliers in the Nottingham Transportation 

Engineering Centre (NTEC) at the University of Nottingham. In order to design 

the loading actuator, it was necessary to estimate the maximum levels of 

shear and normal stress which would need to be applied, so that a full range 

of possible insitu stress levels could be accommodated. The results of this 

study are presented in Section 3.2. Calculations used to determine stresses 

and strains in HCA testing are outlined in Section 3.3.  

 

 
3.2. Large Torsional Hollow Cylinder Apparatus (HCA) 

As mentioned in previous Chapters, the HCA has existed in Nottingham since 

1985 for the purpose of testing granular materials (Brown and Richardson, 

2004). The design of the new Nottingham testing facility was broadly based 

on this previous experience. The principal aim was to build and commission a 

new torsional HCA capable of applying high loads representing correct field 

conditions and able to handle physically larger asphalt specimens with wall 

thickness large enough to accommodate realistic maximum-sized aggregate.  
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3.2.1. Linear Elastic Analyses 

 

Controlling Parameters 

Determining the states of stress and strain in a pavement section under a 

load is an essential step in predicting pavement surface deformation. As 

previously mentioned in the Literature Review, Pell and Brown, (1972) 

highlighted the importance of relating the stresses in laboratory tests to 

those insitu. Before studying the behaviour of asphalt mixtures, it is 

necessary to decide upon control parameters for the investigation. Brown 

and Bell, (1977) discuss that the use of stress invariants is the most 

appropriate approach for the correct representation of stress states in an 

asphalt pavement. The use of stress invariants is particularly advantageous 

for predicting rutting away from the axis of symmetry of loading. Since the 

rut depth prediction always requires that the vertical insitu permanent strain 

be determined, some procedure, independent of the directions of principal 

stresses is required. The applied stresses can be divided into those causing 

volume change and those causing shear distortion. The stress conditions at a 

point in a general three-dimensional stress field can be described by the 

following parameters: 

 

• p, mean normal stress  

p = (σ1 + σ2 + σ3)/3                                                  (3.1) 
 

  
• and τoct, octahedral shear stress 

τoct = 1/3�[(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2]    (3.2) 
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These stress invariants are functions of the principal stresses, σ1, σ2, and σ3, 

but are independent of the orientation of the axis. Corresponding strain 

invariants can be determined from the laboratory tests, and better estimates 

of the insitu vertical strain can be obtained. 

 

For simplicity, particularly in triaxial testing, when the insitu stress condition 

beneath the centre of a single wheel load is considered, then σ1 =  σz =

𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, and σ2 = σ3 =  σr = ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠. Hence, the normal and 

shear stress invariants can be defined as: 

p = 1
3

(σz +  2σr)                           
   (3.3) 

 
  

q = 3
√2

(τoct) = (σz −  σr)                 
(3.4) 

 
 

Moreover, previous HCA studies indicated that the stress ratio, η, and the 

inclination of major principal stress direction, α, defined as follow: 

η = q
p
                                             (3.5) 

 
  

 α = 1
2

tan−1 2τθz
(σz−σθ)                         

(3.6) 
 

 

are also important parameters controlling material behaviour (Chan, 1990). 

 

Theoretical Analyses of Pavements  

The key to the improved prediction of rutting in asphalt pavement, as 

discussed in the Literature Review, lies in the ability to test asphalt materials 

under as closely as possible reproduced insitu stress conditions. 
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Consequently, in order to establish the actual stress paths for use in the new 

HCA testing and in order to design the loading actuator, it was necessary to 

estimate the maximum levels of shear and normal stress which would need 

to be applied, so that the full range of possible insitu stress levels could be 

accommodated. To this end, a number of multi-layer linear elastic analyses 

were undertaken to calculate the stresses within the layers of asphalt 

pavements. Normal and shear stresses were computed using the Shell 

developed BISAR 3.0 program (Shell, 1998) at different depths and at 

different positions in the transverse and longitudinal directions, as shown in 

Figure 3.1. Although more accurate modelling could have been carried out 

using visco-elastic analysis, it was considered that correct orders of 

magnitude for stresses could be determined from simple linear elasticity. 

Asphaltic mixture responds to loading in both an elastic and viscous manner. 

The proportion of each depends on the time of loading and on the 

temperature at which the load is applied. The pavement structure exhibits 

elastic behaviour under conditions of low temperature or short loading times.  

 

In order to keep the process as simple as possible, an effort has been made 

to reduce the number of variables involved in the analysis of pavements. 

Therefore, a two-layered structure was selected representing a typical 

pavement configuration consisting of a flexible construction (all bituminous 

layers combined) on a foundation. In the UK, the pavement design 

thicknesses are based on four foundation stiffness classes (IAN, 2009).  
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Figure 3.1. Locations of calculated stresses at predefined points using BISAR 
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Figure 3.2 shows six pavement systems that were investigated with asphalt 

thickness ranging from 100mm to 400mm, including some with stiffness 

gradients to model temperature change with depth, overlying a foundation 

with different support stiffness, relating to the choice of Foundation Class as 

set out in IAN 73/06 (IAN, 2009). The thickness of the subgrade is infinite. 

The materials are assumed to be homogeneous and isotropic and are 

characterised by stiffness modulus (E) and Poisson’s ratio (ν). Poisson’s 

ratios of 0.35 and 0.30 were assumed for asphalt layer and foundation, 

respectively.  

 

No.1 No.2 
       
No.3           

            
No.4 

                                                          

No.5 

                                                        
No.6 

 

Figure 3.2. Pavement structures analysed 
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The traffic load is applied over a circular area, with a uniform contact 

pressure equal to the tire inflation pressure. In most countries, road traffic 

loading is converted to the legal axle load or standard axle load such as the 

equivalent 80kN axle load and is used as design input for roads. This can be 

converted to 40kN per dual wheel loading and typically a 0.565MPa contact 

pressure per wheel (Nunn, 1997). Therefore, a single, standard vertical 

wheel load of 40kN with a contact pressure of 565kPa and radius of 151mm 

is assumed.  

 

As discussed in Section 3.2.1, parameters p, q or η (p/q), and α are 

suggested to represent stress states in an asphalt pavement. Based on the 

BISAR results, the p and q stress invariants were calculated and, hence, the 

stress ratio, η. The orientation of the major principal stress axis was also 

determined. 

 

As the stress distributions were broadly similar for all the cases, the detailed 

stress calculations were carried out for only one of the structures, which is 

Structure No. 3 (Figure 3.2). These computations used only two depths 

approximately where the maximum shear stress developed, 50mm and 

200mm. The results of this investigation are plotted in Figures 3.3 to 3.8.  
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Figures 3.7 and 3.8 show the stress paths plotted for vertical stress against 

shear stress and mean normal stress against deviator stress on the centre 

line of the load and under the edge of the tyre, respectively. 

 

Evidence from previous studies is that rut development arises within the top 

50mm to 100mm in the asphalt layers approximately beneath the edge of 

the load as a result of the repeated application of shear stress from vehicle 

wheel loading (Lytton et al., 1993, Monismith et al., 1994, White, 2002). 

BISAR modelling confirmed that the maximum shear stress on the 

vertical/horizontal plane (τxz) generally developed under the edge of the load 

but the actual maximum value of it varied and ranged from 128kPa to 

320kPa. The predicted maximum vertical stress occurred close to the 

surface, within the top 50mm of asphaltic mix and was in range of 224kPa to 

566kPa. 

 

The shear stress parameter (q) varied with radial position but was generally 

maximum at the bottom of the layer with an approximate range of 350kPa to 

1180kPa. The maximum stress ratio, (η = q/p), however, occurred within the 

layer and varied between 0.1 and 43.6. The very high values were 

encountered between 225mm and 300mm from the load centre.  

  

The results of this study suggested that the maximum levels of shear and of 

normal stress should be 220kPa and 600kPa respectively for loading 

associated with highway applications and up to 1,300kPa and 3,300kPa for 
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the larger stresses that would result from aircraft or container terminal 

traffic.  

 

A runway design using a typical design aircraft such as the Boeing 747 has a 

wheel load of approximately 225kN per wheel on their main gear and a tyre 

pressure of 1.39MPa per wheel. The tyre pressure of such a typical design 

aircraft is roughly double that of a truck tyre pressure. 
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Figure 3.3. Normal and Shear Stresses on centre line of load 
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Figure 3.4. Mean Normal and Deviator Stresses on centre line of load 
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Figure 3.5. Normal and Shear Stresses under edge of load 
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Figure 3.6. Mean Normal and Deviator Stresses on under edge of load 
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Figure 3.7. Stress Paths on centre line of load 
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 Figure 3.8. Stress Paths under edge of load  
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the size of the facility, a decision was made to select 100kN and 30kN for the 

vertical and shear actuators, respectively. 

 

To proceed with the HCA design, apart from setting the specimen dimensions 

and defining the loading ranges from expected levels of vertical and shear 

stresses, it was also necessary to specify the ranges of loading frequency and 

temperature that the testing will be run at (see Table 3.1). 

 

Mechanical properties of asphalt are strongly susceptible to loading time and 

the temperature. It is well known that most of the rutting occurs during the 

summer time and in order to properly evaluate the phenomenon of rutting in 

the laboratory it is essential to test specimens within the high temperature 

range of those encountered in the field (Bouldin and Collins, 1992). In the 

United Kingdom, the wheel-tracking test is generally carried out at either 

45°C or 60°C.  

 

Nicholls and Carswell, (1998a) concluded the resultant deformation is more 

dependent on loading time than traffic speed (frequency). However, the low 

deformations due to static load show that dynamic effects are also important. 

Dynamic response of asphalt mixes in laboratory tests is commonly 

determined by applying a dynamic load having sinusoidal or haversine 

waveform with a specific frequency. Walther and Isailovic, (2015) confirmed 

that different vehicle speeds lead to different strain values in the pavements. 

As shown in Figure 3.9, a vehicle speed of 90 km/h, which corresponds to a 
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loading frequency of 10 Hz for a 34cm thick pavement induces the lowest 

strain value, where loading frequencies of 5Hz and 3Hz, 40 km/h and 20 

km/h vehicle speed respectively, show very similar results, and indicate the 

shortest design life of the considered structure. Moreover, this research 

concluded that vehicle speeds lower than 40 km/h have significant impact on 

the service life of asphalt pavements.  

 

 

 

 

 

 

Figure 3.9. Resulting strain evolution at the bottom of an asphalt base course 
at 34cm depth, taking into account different loading frequencies for duration 
of one month (Walther and Isailovic, 2015) 

 

In order to investigate the impact of both temperature and time of loading to 

which the pavement will be subjected on rutting, in addition to the geometric 

and load parameters defined above, the following additional factors were 

specified at the design phase of the HCA: applied stress frequencies up to 

5Hz, test temperatures from 20 to 45ºC.  

 

A system should be able to apply internal and external pressure to the 

sample to reproduce the conditions of confinement from the surrounding 
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material in an asphalt layer. Therefore, confining stresses from 0kPa to 

200kPa were selected, applied statically with equal values internally and 

externally to the cylinder but with the facility to apply differential values in 

the future.  

 

Table 3.1. Summary of all the factors defined for HCA testing 

Specimen Dimensions H 350mm, OD 350mm, ID 250mm 

Vertical Load Up to 100kN, stroke 0 to 100mm 

Torque  Up to 30kN; arc of rotation +/- 15º   

Loading Frequency 0 to 5Hz                                                        
stroke at 5Hz – ≤1.5mm, rotation at 5Hz - 2º 

Confining Pressure 0 to 200kPa 

Temperature Range 20 to 45ºC 

 

 

3.2.3. Loading System 

 

A servo hydraulic system was selected as this had the accuracy of control to 

meet the above specification over the range of loading. Key components of 

the system are the servo valve on the vertical actuator and the proportional 

valve on the torque actuator. These allow large actuator loads and strokes to 

be controlled by small electrical signals. 

 

The operating principal of the closed loop servo control system used for the 

HCA can be seen in Figure 3.11, which shows a section taken through the 

vertical loading actuator. This actuator is fitted with a servo valve, and load 
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and stroke transducers. The transducers measure the mechanical output 

(load or stroke) of the actuator, in response to an electrical command signal, 

and convert the output to an electrical signal. This feedback signal is 

compared to the command signal in a summing junction (comparator) and is 

arranged to be the opposite polarity to the command signal (known as 

negative feedback). The resulting difference or error signal is amplified and 

used as a control signal (drive current) to the servo valve, which controls the 

oil flow to the actuator in proportion to this current. This flow forces the 

actuator shaft to move and apply load. Any further change in the command 

signal generates an error signal which causes the actuator to respond in an 

attempt to zero the error signal. The larger the error signal the harder the 

amplifier will drive the servo valve to reduce the error and if the amplifier 

gain is high enough the actuator will respond rapidly and accurately follow 

the command signal. In this way the servo valve is able to control high oil 

pressure (140 bar) and flow (40 litre/min) and direction of flow using just a 

small electrical signal. Control can be in force (load) or position (stroke).  

The torque actuator was a different design to the vertical actuator as can be 

seen in Figure 3.15 and was fitted with a high precision servo-proportional 

valve but still operated in a closed loop mode with load and position 

feedback, as shown in Figure 3.10. 
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Figure 3.10. Closed loop servo control diagram 
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Figure 3.11. Servo hydraulic loading arrangement 
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Figure 3.12 shows the general configuration of the new torsional HCA and 

Figure 3.13 is a photograph of it. The large stiff frame was designed to 

provide an adequate reaction to the applied loads from hydraulic actuators 

and to accommodate the heavy specimen on a low solid steel base provided 

to facilitate installation. An intermediate steel crosshead with adjustable 

height was provided to support the two cylinder torque actuator and an 

upper solid steel crosshead, also with adjustable height, for location of the 

vertical actuators. Four round guide columns were used to align the base and 

crossheads, and these provided stability and strength to resist the vertical 

and horizontal forces from the two actuators. Two long stroke pistons with 

extensions were fitted to raise or lower the crossheads prior to clamping 

them in their correct position after final assembly of the HCA.  

 

The vertical loading components are shown in Figure 3.14. The 100kN 

actuator with a stroke length of 100mm is fitted above the top crosshead and 

a position transducer is attached to the top of the shaft to measure its 

position. Couplings are used to connect the main vertical feedback load cell 

to the actuator shaft and to an extension shaft below. A collar is used to 

ensure a direct connection to the extension shaft but allows for ease of 

separation if necessary.  

 

Vertical load in this instance can be applied in a compressive mode only. 

Tensile characteristics are limited by the actuator / load cell connection which 



126 Development of the HCA 
 

has been designed to provide free float characteristics with a maximum 

tensile force of 10kN to allow raising of the drive mechanism. 

 

 

Figure 3.12. Cross section of new Hollow Cylinder Apparatus showing 
principal components 
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Figure 3.13. HCA with test specimen in position and pressure chamber open 
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The extension shaft passes through a large clearance hole in the 

intermediate crosshead and a secondary 100kN load cell is screwed to its 

end. This load cell is bolted to the inner ring of a large angular contact roller 

bearing and the outer bearing ring is fitted to the final drive disc, which is 

part of the torque loading arrangement. The bearing allows vertical load to 

be applied on a fixed axis and also rotation about the fixed axis without 

torque being transferred to the vertical loading components.  

 

The secondary load cell provides a check on the upper vertical load cell as 

the extension shaft has to pass through the torque loading arrangement and 

some friction may occur.  

 

The side view on Figure 3.15 shows the arrangement for transmitting torque 

to the top of the specimen using three discs. The 30kN horizontal actuator is 

fixed to an intermediate crosshead at a 200mm offset from the vertical axis 

(6kNm torque). +/- 75mm travel is available, which allows +/- 15º of 

rotation of the final drive plate. The primary drive disc is turned by an arm 

attached to a central shaft, which is connected to two hydraulic cylinders as 

shown in the plan view. A pin on the shaft moves the arm and passes 

through a slot, which accommodates the lateral movement of the arm as the 

primary drive disc rotates.  
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Figure 3.14. Details of vertical load application system 
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This disc is extended downwards by a short spigot and bolted to the inner 

ring of a cross roller bearing. The bearing is attached by means of a cover 

plate to the intermediate crosshead but can still rotate. The secondary drive 

disc is extended upwards by a longer spigot which connects to the underside 

of the bearing so that it turns with the primary drive disc.  

 

The torsional load applied during rotation is measured by two tension-

compression 25kN load cells linking a secondary drive disc to the final drive 

disc (Figure 3.15). These are mounted at each end with rose-jointed 

couplings, allowing the final drive disc to move down about 30mm to follow 

the permanent deformation of the sample in response to the vertical loading.  

The load cells and couplings form a link of about 150mm in length and make 

an angle of 11 degrees to the horizontal for a downward movement of 

30mm. This causes a slight reduction in the horizontal force on the final drive 

for a constant force applied by the torque actuator. The primary drive 

mechanism and two load cells are shown in Figure 3.16. 

 

The amount of rotation is measured by a position transducer connected to 

the common actuators’ shaft.  
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Figure 3.15. Torque application mechanism 
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(a) Torque primary drive mechanism and actuator 
 
 
 

(b) Two load cells and connecting links between the secondary and final disc 
drives 

 

Figure 3.16. Torque drive mechanism and load cells 
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Figure 3.13 shows the location of the specimen in a stainless steel pressure 

chamber, which had to be insulated for temperature control. As shown in 

Figure 3.17, the cylinder can be split in half and bolted together through 

vertical flanges either side of the split and bolted to the base through circular 

flanges welded around the bottom of each half of the cylinder. The top of the 

chamber and each of the holes within the chamber are individually sealed 

with ‘O’ rings.  

 

In order to provide sufficient vertical movement through the chamber top, it 

was necessary to bolt a cylindrical extension to the final drive disc which is 

then bolted to the specimen top platen. The bottom specimen platen bolts to 

a pedestal which is clamped to the base of the pressure chamber which, in 

turn, is clamped to the base of the loading frame. This method of fixing 

simplifies the alignment of the specimen and the centralisation of the final 

drive extension through the pressure chamber cover. 

 

The chamber was used as a temperature controlled container. Air pressure 

controlled by a regulator was connected to a calibrated pressure gauge and 

then passed through an air filter combined with an internal heater. The 

calibration certificates are included in Appendix A. The heated air at the 

required pressure then passed into the pressure chamber at the bottom so 

that the specimen was brought up to the test temperature. It was necessary 

to have a small flow of air through the heater and this was controlled by an 

exhaust valve attached to an outlet from the pressure chamber. This was 



134 Development of the HCA 
 

arranged to be near the top of the chamber so that there was movement of 

the air to ensure even temperature distribution. In addition, the chamber is 

also intended to simulate conditions of the confinement from the surrounding 

material in the asphalt layer. Future testing will require internal and external 

pressure on the specimen to be applied through a regulated pressure supply. 

 

 

Figure 3.17. HCA with test specimen in position and pressure chamber closed 
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3.2.4. Specimen Geometry 

 

The dimensions of the HCA specimen were defined by the maximum 

aggregate size, to account for uniformity of stress and strain distribution 

across the specimen wall, and by end effects caused by loading platen 

restraint on the top and bottom surfaces of the specimen. Different studies 

on HCA’s for soils and asphalt have given insights and ideas about suitable 

dimensions for specimens (Alavi, 1992, Hight et al., 1983). 

 

Chan, (1990) pointed out that in order to minimise stress non-uniformity 

caused by specimen curvature, it is necessary to increase the external 

diameter and reduce the wall thickness of the specimen.  

 

Vallerga et al., (1957) indicated that in testing of granular and 

heterogeneous specimens, in order not to constrain failure mechanisms, it is 

necessary to define maximum particle size with respect to the specimen 

thickness. According to him, the ratio of maximum grain size to specimen 

size of 1 to 3 or 1 to 4 should be adopted.  

 

Saada, (1988) demonstrated the importance of specimen geometry and end 

boundary conditions. Using the theory of thin elastic cylindrical shells, he 

revealed that a central zone can be reasonably free from the end effects when 

dimensions of a hollow cylindrical specimen meet the following criteria: 
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H ≥ 5.44 �Ro − Ri          
   (3.7) 

 
and  

𝑛𝑛 = 𝑅𝑅𝑖𝑖
𝑅𝑅𝑜𝑜
≥ 0.65               (3.8) 

 
 

where, H is the height, Ro is the external radius, and Ri is the internal radius of 

the hollow cylindrical specimen.  

 

Based on these studies and needs of this research, the adopted specimen 

dimensions were as follow:  

 

• Height H = 350mm  

• External diameter Do = 350mm 

• Internal diameter Di = 250mm  

• (note: Ri/Ro = 0.71) 

 

Taking 10mm maximum aggregate size as reasonable, this indicated a 

minimum wall thickness requirement of 50mm to give a ratio of five, which 

was similar to that used earlier (Brown and Richardson, 2004). The outside 

diameter of the specimen was fixed at 350mm, again giving similar 

proportions to the other apparatus. The height of the specimen was selected 

as 350mm, based on the concept that instrumentation would be arranged 

around a 150mm long section at mid-height to minimise end effects from the 

loading platens. These sizes compared with: 
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•  a wall thickness of 25.4mm, an external radius of 114mm and a 

height of 457mm or 203mm used by Sousa, (1986) and by Alavi 

and Monismith, (1994) respectively; 

• a wall thickness of 25.4mm, an external radius of 63.5mm and a 

height of 127mm used by Rueda, (2017), 

so this new facility is significantly larger than anything used hitherto for 

asphalt testing of this type.  

 

3.2.5. Deformation Measurement 

 

The instrumentation used to monitor specimen deformations is shown in the 

schematic of Figure 3.18. The instruments are arranged around the central 

150mm of the specimen height to minimise end effects as the test specimens 

are glued into the end platens and are, therefore, unable to deform radially 

at each end.  

 

The instrumentation arrangement was designed to make a positive direct 

contact with the specimen in the central zone. It consists of a set of eight 

RDP electronics type Linear Variable Differential Transformers (LVDTs) 

arranged to measure vertical, radial and 45° components with two readings 

for each.  

 

Pot marked metal studs were glued to the specimen at the required locations 

to define the measuring points at either end of the gauge lengths. Light 
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weight fittings to support displacement transducers at various orientations 

were manufactured, as shown in Figure 3.19.  

 

The two strain collars carrying D5/300AGRA type LVDT’s 1, 2, 5 and 6 are 

located on studs at diametrically opposite points. These serve to determine 

both the axial and the external radial deformations. The radial measurements 

are taken both internally and externally (across the open end of the external 

spring loaded hoops) to define the change in wall thickness.  

 

Figure 3.18. Arrangement of deformation measuring instrumentation 
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LVDTs 7 and 8 (4A & 4B) are displaced on figure for 
clarity. They are on the same centre line as 5 and 6 (3A 
& 3B) and located inside the cylinder. 
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The photographs in Figures 3.20 to 3.22 show the LVDT’s in position both on 

the inside and outside of the hollow cylinder. The internal D5/300AGRA type 

LVDTs were fitted with tubes which were spring loaded directly across the 

internal diameter and were located into studs glued to the specimen as 

shown in Figure 3.21. The spring loaded LVDTs 1, 2, 5, 6, 7 & 8 with +/-

7.5mm range were selected, which could cover expected permanent and 

resilient displacement measured directly on the specimen.   

 

The 45 degree D6/02500URA type LVDTs (3 & 4) are fitted directly onto the 

specimen as shown on Figure 3.20 and have a displacement range of +/- 

2.5mm. They had to fit between the collars as are set at a 100mm gauge 

length and have a free moving core. They are not spring loaded type to avoid 

the spring force pushing off the glued studs on the specimen at elevated 

temperatures.  

 

During testing, the sample must be maintained at constant temperature. A 

calibrated thermocouple is used to monitor and control the temperature 

during the conditioning phase. To provide the most accurate indication of the 

specimen temperature, a thermocouple tip is inserted to the centre of the HC 

specimen wall as shown in Figure 3.23. 
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Figure 3.19. Hinged strain collar 

Figure 3.20. Vertical and 45° LVDTs 
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Figure 3.21. Radial LVDTs 

 

 

 

 

 

 

 

 

 

 

Figure 3.22. Internal radial LVDTs 
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             Figure 3.23. Thermocouple attached to the HC specimen 

 

Combining the output from these instruments provides a set of mean values 

from the sets of replicate data as follows:  

 

εz = Vertical strain from LVDT’s 1 and 2.  

ε45 = Strain at 45° from LVDT’s 3 and 4.  

εθ = Tangential strain from LVDT’s 3, 6, 7 and 8.  

 

These are then used to compute the principal strains as explained later on in 

Section 3.3.2. From monitoring the occurrence of strain at an angle of 45° to 

the vertical, it is possible to construct a Mohr’s circle of strain (Figure 3.35). 
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The shear strain in the z–θ plane can be deduced from the diagram and an 

average value of shear strain (γ) can be calculated using the following 

equation: 

γ𝜃𝜃𝜃𝜃 = 2ε45 − εz − εθ             (3.9) 
 

  
Where γ𝜃𝜃𝜃𝜃 is equal to twice εθz and is comparable with the parameter 

measured in the SST. 

 

3.2.6. Calibration of the HCA stress and strain measuring system 

 

Instrumentation calibration 

All the displacement transducers have a maximum linearity error of +/- 0.1% 

of full scale and were carefully calibrated before tests with a precise 

micrometer using the set-up shown in Figure 3.24. Figure 3.25 shows the 

equipment for checking the calibration of the strain collars.  

 

LVDTs are inductive sensing devices that produce an AC output voltage 

proportional to the mechanical displacement of a small iron core. These LVDT 

transducers requiring AC excitation were connected to a signal conditioning 

unit and an analogue output was adjusted to obtain output such as 1v/mm 

as shown in Figure 3.26.  
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Figure 3.24. LVDT calibration 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.25. Strain collar calibration 
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Figure 3.26. HCA on-specimen LVDTs calibration (18/08/2010) 

 

Vertical load cell calibration  

The top and secondary vertical load cells (A & B) were supplied with 

calibration certificates. These calibrations were done by the manufacturer 

using a National Physical Laboratories certified load cell and provided a 

sensitivity value in mv/volt which was incorporated in the SmarTEST 

controller software as part of the calibration procedure. The wizard 

calibration method was used to configure vertical load cell A input. The 

manufacturer’s calibration data was entered as shown in Figure 3.27. The 

“Zero TD Offset” was used to get a zero output from the vertical load cell A 

before the extension and final arrangement was attached. When the final 

arrangement was attached the load cell read the equivalent force of 0.1kN 
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due to their weight. This was then cancelled by using the Tare to give a zero 

reading from the load cell and it was this reading that was used for feedback. 

 

Figure 3.27. Calibration Wizard Window from control software 

 

Torque load cells calibration 

Two tension-compression 25kN B3G-C3-2.5T load cells were calibrated by 

the manufacturer and calibration certificates are included in Appendix A. 

Their full scale outputs were 3.003 mv/V and the reported combined error 

was defined to be 0.02% of FS.  

 

With regard to the shear stress, due to the length of the torque load cells, it 

was necessary to fix them to the final drive disc to operate at an arm length 

of 200mm from the axis of rotation. The load is then transferred by the disc 

to operate on the top of the specimen on a 150mm arm. Therefore, when 

this load was used to calculate the approximate shear stress, the load applied 

at 200mm was lower by 33 per cent. However, as the HCA requires a torque 

input in kNm, as long as the torque was calculated using Equation 3.13 (see 

Section 3.3.2) based on 150mm arm then the correct load was applied 
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through the two load cells. The formula was therefore used to obtain required 

torque value by using target shear stress but the load reading was 33 per 

cent less than the load actually applied to the top of the specimen. Although 

the load cells are part of the feedback loop, these readings were only needed 

as a check. 

 

3.2.7. System Control and Data Acquisition  

 

A digital servo control system is used to operate the HCA and it was designed 

to apply a wide variety of input signals and the control can be either through 

position (stroke) or force (load).  Figure 3.28 shows a schematic diagram of 

the HCA digital servo control and logging system. An LCD monitor was 

connected to the portable test controller to allow view of the information on a 

larger screen, as shown in Figure 3.29. 

 

This standalone controller with LCD front panel can handle up to four digital 

servo control channels. For the HCA two channels are used and are assigned 

as Channel 1 for the vertical actuator and Channel 2 for the torque actuator 

in the control software. Analog I/O modules were added to the test controller 

to allow all the load cells and deformation instrumentation to be monitored 

through frequent sampling to defined wave forms. 
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Figure 3.28. Schematic diagram of HCA digital servo control system 
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Figure 3.29. HCA digital servo control system 

 

 

SmartWAVE block-editing software was used to create sequences and 

download them for local control on the test controller. A sequence is a set of 

instructions or steps that can be executed by the test controller either locally 

or remotely. Sequences can run instructions serially or in parallel, which 

allows the user to run multi-channel, multithreaded instruction sets. Further, 

the test controller has been optimised to support the local playback of 

sequences, allowing the user to run multiple independent control channels 

simultaneously. 
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A sequence can be composed of any combination of the following instruction 

types: 

• Setpoint - A setpoint instruction assigns a value to a designated 

property or channel. This set point instruction utilizes step, transition ramp 

time, and transition type. Typically a sine or ramp is used for the transition; 

• Cycle - A cycle instruction, used in a sequence, sets and starts a 

specific cycle application for a specific duration on a specified property or 

channel.  

• Record - The Record instruction used in a sequence is used to trigger 

the recording application in the controller. This instruction allows the user to 

record any property in the test controller at a specific sample rate (DeltaT), 

for a specified duration. The acquired data is stored locally on the controller 

at the specified filename and location specified in the instruction. 

 

This provides the possibility of varying the load pulse time and magnitude 

and also having a variable rest period between load pulses.  

As shown in Figure 3.30, for the initial programme of work, the applied load 

regime was the same as used for the SST, namely 0.1s haversine waves with 

0.6s rest periods between each.  
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Figure 3.30. The loading waveforms produced by SmartWAVE for HCA testing 

 

 

To access information stored on the Moog Test Controller, and perform 

maintenance tasks, such as file management and uploading of data files, use 

of the web server interface is required. A computer has to be connected to 

the Test Controller via Ethernet (see Figure 3.31). The raw data are saved in 

*.fstrm format and the MOOG web interface allows the data output to be 

converted to the Comma separated files - *.csv. When converting is 

completed, data files can be saved to a computer.  
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Figure 3.31. Welcome screen of webserver 

 

 

The specimen temperature is controlled 

by a heated air system forming part of 

the confining stress application 

arrangements as shown in Figures 3.12 

and 3.32, and through a thermocouple 

that was fitted into the wall of the 

specimen as shown in Figure 3.23. 

 

 

Figure 3.32. The system used to 
direct a heated flow of air into the 
pressure chamber 
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3.3. Data Analysis of Stress and Strain in HCA 

3.3.1. Hollow Cylinder Apparatus Software (HCAS) 

 

To help with the analysis of large data files, development of a filtering 

software was necessary. NTEC in collaboration with Cooper Research 

Technology Ltd. developed the HCAS software to take the raw data and 

analyse on a cycle by cycle basis to give the permanent and resilient strains 

of the material under test. The data was stored in the CSV Output File 

chosen by the operator. 

 

For each cycle the software took the following inputs from the recorded data 

file and calculated the offset and amplitude. 

Description Symbol Units Source 
Axial Force 𝑊𝑊 kN HCA 1.CH1 Vertical.FCS loop.Force.Feedback 

Torque 𝑀𝑀𝑇𝑇 kNm HCA 1.CH2 Torque.FCS Loop.Force.Feedback 

Axial LVDT 1 𝑙𝑙1 mm HCA 1.AI1.Engineering Value  

Axial LVDT 2 𝑙𝑙2 mm HCA 1.AI2.Engineering Value 

45° LVDT 1 𝑙𝑙45|1 mm HCA 1.AI3.Engineering Value 

45° LVDT 2 𝑙𝑙45|2 mm HCA 1.AI4.Engineering Value  

Top Outside Radial LVDT 𝑙𝑙𝑜𝑜|𝑇𝑇 mm HCA 1.AI5.Engineering Value  

Bottom Outside Radial LVDT 𝑙𝑙𝑜𝑜|𝐵𝐵 mm HCA 1.AI6.Engineering Value  

Top Inside Radial LVDT 𝑙𝑙𝑖𝑖|𝑇𝑇 mm HCA 1.AI7.Engineering Value  

Bottom Inside Radial LVDT 𝑙𝑙𝑖𝑖|𝐵𝐵 mm HCA 1.AI8.Engineering Value  

Rotation LVDT 𝑥𝑥 mm HCA 1.CH2 Torque.HardwareConfig.Position. 
Engineering value  

External Pressure 𝑝𝑝𝑜𝑜 kPa N/A – for future use.  

Internal Pressure 𝑝𝑝𝑖𝑖 kPa N/A – for future use.  

 

The data was passed through a 20Hz, 2-Pole Butterworth Filter. The peak of 

the pulse was found by taking the point (positive or negative) which is 
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furthest from the mean value. The offset was given by taking the average 

value over 0.3 seconds prior to the pulse and taking the value of the initial 

offset from this as presented in Figure 3.33. The amplitude was given by 

subtracting the value at the peak (or trough if negative) of the pulse from 

the offset. 

 

 

Figure 3.33. Amplitude and offset calculation for one cycle 

 

The resilient and permanent components of strains discussed in the next two 

sections were calculated for each cycle and sent to the Output File. 
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3.3.2. Analysis of stress and strain 

 

The stresses existing within an element of the HCA wall have already been 

shown in Figure 2.33. The axial load (W) generates an axial stress 𝜎𝜎𝑧𝑧, while 

torque (M) contributes to shear stress 𝜏𝜏𝜃𝜃𝜃𝜃. Differential values of lateral 

confining pressures (po, pi) lead to the formation of a radial stress, however 

when po=pi, then 𝜎𝜎𝑟𝑟=𝜎𝜎𝜃𝜃. In the HCA tests individual stresses and strains vary 

across the wall and along the height of a specimen due to the effects of wall 

curvature and end restraint. Therefore, despite careful consideration of 

specimen dimensions, Hight et al., (1983), Chan and Brown, (1994) and few 

others suggested assuming that the stresses are uniform and their average 

values can be defined as follows: 

𝜎𝜎𝑧𝑧 = 𝑊𝑊
𝜋𝜋�𝑟𝑟𝑜𝑜2−𝑟𝑟𝑖𝑖

2�
+ 𝑝𝑝𝑜𝑜𝑟𝑟𝑜𝑜2−𝑝𝑝𝑖𝑖𝑟𝑟𝑖𝑖

2

𝑟𝑟𝑜𝑜2−𝑟𝑟𝑖𝑖
2                    

   
(3.10) 

 
  
𝜎𝜎𝑟𝑟 = 𝑝𝑝𝑜𝑜𝑟𝑟𝑜𝑜+𝑝𝑝𝑖𝑖𝑟𝑟𝑖𝑖

𝑟𝑟𝑜𝑜+𝑟𝑟𝑖𝑖
                                 (3.11) 

 
  
𝜎𝜎𝜃𝜃 = 𝑝𝑝𝑜𝑜𝑟𝑟𝑜𝑜−𝑝𝑝𝑖𝑖𝑟𝑟𝑖𝑖

𝑟𝑟𝑜𝑜−𝑟𝑟𝑖𝑖
                                 (3.12) 

 
  
𝜏𝜏𝜃𝜃𝜃𝜃 = 3𝑀𝑀𝑇𝑇

2𝜋𝜋�𝑟𝑟𝑜𝑜3−𝑟𝑟𝑖𝑖
3�
                                (3.13) 

 
 

where W and MT are the applied axial load and torque;  

          po and pi are the outer and inner cell pressures;  

          ro and ri outer and inner radius of the specimen; 

          𝜎𝜎𝑧𝑧, 𝜎𝜎𝑟𝑟, 𝜎𝜎𝜃𝜃 are average vertical, radial and circumferential stress, 

respectively; 
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          𝜏𝜏𝜃𝜃𝜃𝜃 is the average shear stress in the 𝜃𝜃-z plane. 

Similarly, the average strains are defined as follows: 

𝜀𝜀𝑧𝑧 = 𝛿𝛿𝛿𝛿
𝐿𝐿
                                       

   
(3.14) 

 
  
𝜀𝜀𝜃𝜃 = 𝑢𝑢𝑜𝑜+𝑢𝑢𝑖𝑖

𝑟𝑟𝑜𝑜+𝑟𝑟𝑖𝑖
                                   (3.15) 

 
  

𝜀𝜀𝑟𝑟 = 𝛿𝛿𝛿𝛿
𝑟𝑟𝑜𝑜−𝑟𝑟𝑖𝑖

                                    (3.16) 
 

  

𝛾𝛾 = 2∆𝜃𝜃�𝑟𝑟𝑜𝑜
3−𝑟𝑟𝑖𝑖

3�
3𝐻𝐻�𝑟𝑟𝑜𝑜2−𝑟𝑟𝑖𝑖

2�
                               (3.17) 

 
 

where 𝛿𝛿𝛿𝛿, 𝑢𝑢𝑖𝑖, 𝑢𝑢𝑜𝑜, 𝛿𝛿𝛿𝛿 are the changes in height, outer and inner radii and 

thickness of the specimen wall respectively; 

          𝜀𝜀𝑧𝑧, 𝜀𝜀𝜃𝜃, 𝜀𝜀𝑟𝑟 are average vertical, radial and circumferential strains,   

respectively; 

           𝛾𝛾 is the average shear strain. 

 

3.3.3. Principal stress and strain components 

 

The magnitude and the angle of principal stress rotation can be obtained 

from the Mohr’s circle for stresses as shown in Figure 3.34. This diagram is 

based on the condition that 𝜎𝜎𝑧𝑧>𝜎𝜎𝜃𝜃 and 𝜏𝜏𝜃𝜃𝜃𝜃 is positive. Since there is no shear 

stress acting in the radial direction of the hollow cylinder specimen, 𝜎𝜎𝑟𝑟 and 

the plane on which it acts must be a principal plane, the 𝜃𝜃-z plane. 
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The principal stresses and the direction of the major principal stress can be 

defined as follows: 

𝜎𝜎1 = 𝜎𝜎𝑧𝑧+𝜎𝜎𝜃𝜃
2

+ ��𝜎𝜎𝑧𝑧−𝜎𝜎𝜃𝜃
2

�
2

+ 𝜏𝜏𝜃𝜃𝜃𝜃2             
   

(3.18) 
 

  

𝜎𝜎2 = 𝜎𝜎𝑟𝑟                                          
(3.19) 

 
  

𝜎𝜎3 = 𝜎𝜎𝑧𝑧+𝜎𝜎𝜃𝜃
2

− ��𝜎𝜎𝑧𝑧−𝜎𝜎𝜃𝜃
2

�
2

+ 𝜏𝜏𝜃𝜃𝜃𝜃2                  
(3.20) 

 
  

ασ = 1
2

tan−1 � 2𝜏𝜏𝑧𝑧𝑧𝑧
𝜎𝜎𝑧𝑧−𝜎𝜎𝜃𝜃

�                          (3.21) 
 

  

As already mentioned in Section 3.2.1, stress invariants such as the normal 

and shear stress (p, q) can also be used to describe the stress conditions in a 

hollow cylinder specimen. They are defined by equations presented in that 

section (Equations 1.3 and 1.4).   

 

The principal strains in the z-𝜃𝜃 plane can be obtained for the Mohr’s circle 

shown in Figure 3.35 and they are defined as follows: 

𝜀𝜀1 = 𝜀𝜀𝑧𝑧+𝜀𝜀𝜃𝜃
2

+ 1
2
�(𝜀𝜀𝑧𝑧 − 𝜀𝜀𝜃𝜃)2 + 𝛾𝛾𝑧𝑧𝑧𝑧2                       

   
(3.22) 

 
  

𝜀𝜀3= 𝜀𝜀𝑧𝑧+𝜀𝜀𝜃𝜃
2

− 1
2
�(𝜀𝜀𝑧𝑧 − 𝜀𝜀𝜃𝜃)2 + 𝛾𝛾𝑧𝑧𝑧𝑧2                        (3.23) 

  

𝛼𝛼𝜀𝜀= 1
2

tan−1 � 𝛾𝛾𝑧𝑧𝑧𝑧
𝜀𝜀𝑧𝑧−𝜀𝜀𝜃𝜃

�                                      (3.24) 
 

 

The strain invariants corresponding to p and τoct are 𝜀𝜀𝑣𝑣 (volumetric strain) 

and 𝜀𝜀𝑠𝑠 (shear strain) respectively and they are defined as follows: 
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𝜀𝜀𝑣𝑣 = 𝜀𝜀1 + 𝜀𝜀2 + 𝜀𝜀3 = 𝜀𝜀𝑧𝑧 + 𝜀𝜀𝜃𝜃 + 𝜀𝜀𝑟𝑟                                        
   

(3.25) 
 

  

𝜀𝜀𝑠𝑠 =  √2
3

[(𝜀𝜀1 − 𝜀𝜀2)2 + (𝜀𝜀2 − 𝜀𝜀3)2 + (𝜀𝜀3 − 𝜀𝜀1)2]1 2�          (3.26) 
 

 

Because there is no shear stress acting on the z-r and r-𝜃𝜃 planes, it can be 

assumed that the shear strains 𝜀𝜀𝑟𝑟𝑟𝑟 and 𝜀𝜀𝑟𝑟𝑟𝑟 are zero. Hence, 𝜀𝜀𝑟𝑟  becomes the 

third principal strain and 𝜀𝜀𝑟𝑟 = 𝜀𝜀2.            

 

The maximum shear strain in the the z-𝜃𝜃 plane is defined as follows: 

𝛾𝛾𝑚𝑚𝑚𝑚𝑚𝑚 = (𝜀𝜀1 − 𝜀𝜀3)                                           
   

(3.27) 
 

  
The strain invariant for q is 𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚=0.5𝛾𝛾𝑚𝑚𝑚𝑚𝑚𝑚 
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Figure 3.34. Principal stresses on the 𝜃𝜃-z plane (Chan, 1990) 
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Figure 3.35. Principal strains on the 𝜃𝜃-z plane (Chan, 1990)
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4 

SPECIMEN PREPARATION AND TESTING 

SET-UP 

4.1. Specimen Preparation 

Particularly, when investigating permanent deformation in laboratory tests, it 

is important and desirable that the method of laying and compaction be as 

realistic as possible. Compaction plays a major role in the performance of 

flexible pavements. It has been shown that permanent deformation results 

are sensitive to differences in method of compaction (Gibb, 1996). It has 

been also reported by Harvey et al., (2001) and others (Monismith and 

Tayebali, 1988) that different compaction processes can produce different 

preferred orientations in aggregate which strongly influence asphalt 

performance. Therefore, recognition of potential effects of different 

compaction techniques on properties is essential if a reliable evaluation of 

mixture performance is to be made. There were several approaches which 

could be taken, all depending upon equipment availability, number of 

specimens retrieved, compaction level and coring accuracy.  

  

As discussed in the Literature Review, rolling-wheel compaction has proved 

to be best suited for preparing laboratory specimens. Among investigated 
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methods, it appears to simulate insitu compaction quite well (Monismith et 

al., 1994). During the SHRP an extensive study was conducted of the 

compaction influences on the permanent deformation response of mixes. 

Results of the study suggested that some form of rolling wheel compaction 

was most suitable for laboratory specimen preparation. In addition more 

recent research (Monismith, 2004) supported the work of the SHRP showing 

that specimens prepared by rolling wheel compaction are similar in response 

to field cores.  

 

Therefore, it was considered that taking cores out of a slab compacted by a 

vibratory roller was the most effective and efficient way of obtaining 

specimens for this HCA study. The coring procedure involved using two 

diamond tipped core barrels operated concentrically. During the first year of 

the project two trials were carried out. Despite care during construction of 

the first trial sections, thicknesses of the finished slabs were not exactly as 

specified. Therefore, the first trial indicated that the chosen HCA specimen 

preparation technique was workable in order to obtain the required quality 

specimens with regard to dimensions, but several modifications had to be 

implemented during the second trial in order to achieve the desired thickness 

of the slab. Overall, the method adopted for sample preparation involved the 

following four stages: 

• Trench Excavation; 

• Slab Construction; 

• Coring; 

• Sawing. 
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4.1.1. Trench Excavation 

 

In order to provide edge restraint to resist the lateral displacement from 

imposed loading placed upon the pavement during construction, a 600mm 

deep trench with dimensions of 2.4 x 6.0m was prepared at Aggregate 

Industries Hulland Ward site in Derbyshire (Figure 4.3). The width of the 

trench was designed to accommodate the coring rig, whose dimensions are 

shown in Figure 4.1.  

 

 

Figure 4.1. Coring rig dimensions: (a) lateral view; (b) longitudinal view 

 

The core layout plan should address space for all of the equipment, enough 

clearance around the drilling rig to allow for proper equipment layout, and 

site and equipment access to strategically optimise the slab for safety and 

productivity.  Figure 4.2 presents the core layout plan adopted. 
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Figure 4.2. Slab dimensions and specimen locations 

 

 

Figure 4.3. The Aggregate Industries Hulland Ward site – trench excavation 
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4.1.2. Trial Slab Construction 

 

Before the slab construction could begin, a problem of insufficient surface 

drainage (Figure 4.4) had to be addressed. The trench was almost entirely 

filled in with water from recent rain. The subgrade became exceedingly weak 

and unfit to support the placement and compaction of the asphalt. Thus, in 

order to bring the level of water down and to provide a stable subgrade, it 

was necessary to take remedial action. Prior to placing the pavement layers, 

the water was pumped out and a layer of crushed stone was installed and 

compacted (Figure 4.5). 

 

 
 Figure 4.4. Prepared trench after rain 
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Figure 4.5. Installing a layer of crushed stone 

 

As shown in Figure 4.5, in order to achieve adequate layer thickness, 

reference rods with a levelling string that corresponded to the specified 

thickness, were installed alongside the trench. The thickness was also 

marked with paint on the side of the trench. 

 

For the purpose of this research, only a standard continuously graded AC 10 

close surf 100/150 was used. It was supplied by Aggregate Industries and 

manufactured with a 10mm maximum aggregate size and 5.2% of grade 

100/150 bitumen. A specification for this product is presented in Figure 5.15. 
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Twenty tons of the material was transported from Derby Quarry, which was 

22.5km away, by trucks and distributed to the trench by a loader. 

 

In order to achieve a level foundation a 100mm thick AC 10 close surf 

100/150 regulating layer was provided. It was placed on top of a layer of 

crushed rock, compacted with a double drum roller and covered with a thin 

layer of sand (Figures 4.6 and 4.7). The layer of sand was provided to stop 

interlayer bonding between the main test slab and the sub-base.  

 

The actual slab was placed in four, 100mm thick lifts. Mixture rutting is 

strongly related to volumetric properties, air voids content in particular, 

therefore the double drum vibratory roller was used to achieve satisfactory 

compaction. The temperature of the mix just prior to commencing 

compaction was approximately 153˚C. The minimum required specimen 

length is 400mm and for that reason it was very important to make sure that 

all layers were installed correctly. Tack coat was applied on half of the slab, 

as shown in Figure 4.8, in order to compare interlayer bonding of a tack 

coated surface with an uncoated surface.  
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Figure 4.6. Installing AC 10 close surf 100/150 regulating layer 
 

Figure 4.7. Sand capping 
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Figure 4.8. Tack coat 

 

4.1.3. Coring 

 

The coring was performed using a portable rig (Figure 4.9). The constructed 

slab gave sufficient area for 18 specimens to be cut (Figure 4.2 and 4.11) 

using two specially fabricated barrels shown in Figure 4.10. In order to 

achieve hollow specimens with dimensions as per Section 3.2.4, the central 

part of the cylinder was drilled first followed by the external part, as shown in 

Figure 4.11. This procedure produced quite accurately dimensioned 

specimens. The average achieved wall thickness was 50mm measured top 

and bottom (+/- 1mm). The whole coring process requires about 20-

25minutes per specimen. The specimens were transferred carefully to the 
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laboratory in a refrigerated van during warm weather, to avoid any 

distortion, and stored in a temperature controlled room at 5ºC.   

 
 Figure 4.9. The drilling rig                 Figure 4.10. Coring barrels 

 

Figure 4.11. Cutting of test specimens from slab 
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4.1.4. Sawing 

 

After coring, the standard hollow cylinder specimens were approximately 

400mm long. The end planes of the specimen required trimming to the 

desired testing length of 350mm. Manual handling and trimming of the heavy 

hollow asphalt specimens in warm conditions (after removal from the cold 

store), had to be controlled to keep the specimen in its original shape. As 

well as developing setting-up procedures, this led to the design and 

manufacture of a rotating jig illustrated in Figures 4.13 - 4.16. Appendix A 

includes manufacturer details. 

 

The heavy specimen (approximately 42kg) had to be removed from a cold 

room and transported to the sawing room. Inner and outer thin walled split 

steel tubes were made as part of the jig to maintain the specimen shape 

during transportation and trimming. Figure 4.13 shows a specimen with inner 

and outer steel tubes installed prior to sawing.  

 

It then had to be fitted into the jig (already on the saw) and clamped, so that 

an initial cut could be taken of about 20mm from one end (Figure 4.14). As 

shown in Figure 4.15, rotation of the specimen while trimming ensured that 

the cut surfaces were smooth and at right angles to the vertical axis. The jig 

was then pushed towards the sawn end and the second cut made (Figure 

4.16).   
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Figure 4.12. Hand rotated trimming jig for HCA specimens 
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Figure 4.13. HC specimen with inner and outer steel tube 

 

 

 

 

 

 

 

 

4.14. HC specimen clamped and aligned with a diamond saw blade  
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Figure 4.15. Specimen after first saw cut 

 

 

 

Figure 4.16. Jig set up for second cut 
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This sawing technique created highly accurate cuts. However, the main 

difficulties were sliding the jig onto and off the sawing machine using a heavy 

duty stacker and sliding the specimen into the jig by hand. This procedure 

was needed to be carried out by two people and required use of lifting 

facilities. 

 

4.2. Test Set-Up 

4.2.1. Determination of Air Void Content 

 

Recognition that the resistance to permanent deformation is strongly 

dependent upon density of an asphalt mixture and that adequate volumetric 

composition is essential if desired mechanical properties of an asphalt 

mixture are to be obtained is discussed in the literature review. Therefore, 

the air void content of insitu produced specimens was measured in order to 

monitor volumetric properties. 

 

Due to the shape and large size of the hollow cylindrical specimens, 

determination of their true air void content was really difficult. Hence, in 

order to estimate the air void content, additional test specimens 150mm in 

diameter by 50mm in height were manufactured by coring and trimming 

250mm solid cylinders that formed the central part of the HCA specimens. 

This allowed production of 7 cylindrical specimens per HCA sample. The 

dimensions were selected to ensure that some of the specimens could be 

utilised for the SST tests as described in Section 6.2.2 or axial load tests 
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(Section 6.3.2) in order that these could be conducted on the same material 

as was used for the HCA experiments. Therefore, some of the specimens 

were tested in NTEC in accordance with BS EN 12697-6:2012 (BSI, 2012) 

and BS EN 12697-8:2018 (BSI, 2018). However, the specimens used for the 

SST tests were shipped to the Pavement Research Centre at University of 

California, Berkeley, where the air void contents were determined in 

accordance with the ASTM D1188 parafilm method (ASTM, 2007). The 

average air void content of these solid cylinders was used to estimate the air 

void content of the HCA specimens.  

 

The profile of air void contents through each specimen was determined and 

the values achieved are presented in Section 5.5 of this thesis. It can be 

seen clearly that air void content varies throughout the slab and this is 

assumed to reflect the laying procedure on site and inadequate compaction 

control. However, the overall conclusion from this exercise was that the void 

content of that volume of each specimen that has most influence on the 

deformation data was between about 5 and 12%. While this is not ideal, it 

was considered adequate for initial experiments to proceed.  

 

Due to the extended time devoted to developing and commissioning of the 

device, only a limited number of HCA tests were performed. Consequently, 

such variation in the air void content between HC specimens was considered 

adequate for this project. However, for repeatability of the tests and 

accuracy of the results, it is important that prepared specimens are uniform 
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and identical. It is suggested that, in order to overcome the problem in 

future research, the asphalt laying and compaction method will require 

improvement. Better quality control on site needs to be adopted.  

 

4.2.2. Glueing 

 

 An important aspect of sample preparation is fixing the specimen to the 

apparatus in a manner that will help minimise the stress concentration 

effects at and near the glued ends. At the same time, the bond at the 

interface needs to be strong enough to resist the applied axial load but still 

not slip during twisting at the top when a torsional stress is applied.  

 

The strength of the glue was checked in advance to ensure that adequate 

bonding at the interfaces can be achieved. Two tests were performed: an 

adhesion test on the glue by using two jacks to twist the top of the specimen 

against a frame and a direct shear test in which the lower end of the 

specimen was supported and the aluminium base was pushed at right angles 

to the specimen. Although, it was not possible to determine the strength of 

the glue because the hollow cylinder specimen broke before the glue 

interface did (Figure 4.17), Araldite 2011 proved to be strong enough to be 

used in the future HCA testing. 
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Figure 4.17. Failed hollow cylinder (an adhesion test on the glue) 

 

Prior to glueing the cores were removed from the controlled temperature 

room, trimmed and the specimen dimensions (H, Di, Do and t) were 

measured at eight different positions (four at the top and four at the 

bottom). The values were recorded and average values were used for further 

stress and strain analysis. 

 

An arrangement for fitting a HCA specimen in alignment with the vertical and 

torque actuators of the apparatus is depicted in Figure 4.18. The weight of 

the specimens (42kg) dictated that lifting equipment in the form of a fork lift 

trolley was needed to manipulate them up to the base of the HCA.  
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                Figure 4.18. The HCA specimen fitting arrangement 
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Figure 4.19 presents the glueing procedure. The bottom recessed ring was 

screwed to the bottom platen, which was bolted to the bottom pedestal. 

Epoxy adhesive was applied to the recess in the bottom ring (a) and the 

asphalt specimen was lowered into it (b). Consecutively, the top of the 

specimen was covered with adhesive and the top recessed ring was placed 

on the adhesive (c). The top platen was screwed to the top ring and the 

assembly was placed in the HCA as the glue cured to ensure the correct 

alignment (d). The HCA specimen was left to cure for 24 hours before 

testing.  

 

The reason for the recessed rings was to have several different sets so that 

any slight variation in the specimen inner and outer diameters could be 

accommodated and the end platens could be removed when the tested 

specimen was placed in an oven to release the recessed rings. Also continual 

heating and cleaning of the rings will cause them to deteriorate and they can 

be more readily replaced. 

 

In order to apply confining stress in future testing, provision was made for 

the fitting of inner and outer rubber membranes as shown in Figure 4.20. 

The inner membrane is fitted and sealed at the top with a tapered solid disc 

and at the bottom with a tapered ring. The outer membrane is pulled over 

the sample and sealed at the top and bottom with ‘O’ rings. Small holes are 

cut over the instrumentation location studs to allow proper contact with the 

instrumentation carriers and the membrane is glued to the stud to effect a 



181 Development of the HCA 
 

seal. It can be seen (Figure 4.18) that holes in the bottom platen can be 

used to apply an internal confining pressure to the specimen. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.19. HC specimen glueing 
 

 

 

(a) 

(b) 

(c) (d) 
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Figure 4.20. Inner and outer membranes 

 
                   
4.2.3. Conditioning  

 

Once the glue had set, the specimen was removed and fitted with the on-

specimen instrumentation arrangement as shown in the schematic of Figure 

3.18 and also Figures 3.20 to 3.22. The assembly was subsequently ready to 

be transferred back into the apparatus. 

 

The specimen was positioned within a pressure chamber as shown in Figure 

4.21. The end platens were then bolted to a pedestal below the specimen 

and to an extension fitted to the final drive disc. This extension passes 

through the top cover of the pressure chamber and is of sufficient height to 

accommodate the vertical deformation of the specimen during testing. 

Clamps were used to fix the pedestal to the bottom of the chamber and also 

the chamber to the frame base. This method of fixing facilitated the 
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alignment of the top platen bolt holes with the final drive extension threaded 

holes and allowed centralisation of the chamber about the extension. It was 

possible to apply a high clamping force to resist the torque loading and any 

vertical tensile forces with these types of clamps which are shown in Figure 

4.22. The pressure chamber was then placed around the specimen and the 

cylinder was bolted together through vertical flanges either side of the split 

and bolted to the base through circular flanges welded around the bottom of 

each half of the cylinder. Finally, as shown in Figure 4.23 insulation was 

fitted around the chamber to reduce heat loss.  

 

A combined air filter and heater connects to the chamber so that heated air 

passed through the chamber to control the specimen temperature. For 

unconfined testing a very low pressure was used and exhausted from the 

chamber with the exhaust valve fully open. The specimen was conditioned for 

a few hours in order to reach the desired temperature.  

 

The LVDT outputs were monitored throughout the conditioning period and 

recorded at the test start. During the test specimen deformation was 

measured and recorded continuously.  

 

A flow chart illustrating the basic principal of the entire process from 

specimen preparation, through specimen set-up and conditioning period is 

shown in Figure 4.24. For full testing protocol refer to Appendix B. 
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Figure 4.21. HC specimen ready to be tested 

 

  

 

 

 

 

 

 

 

 

 



185 Development of the HCA 
 

 

 

 

 

 

Figure 4.22. Clamps holding the pedestal to the bottom of the pressure 
chamber 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.23. Insulation installed around the chamber 
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Figure 4.24. Specimen preparation and set-up flow chart
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5                 

TEST PROGRAMME FOR THE HCA TESTS 

5.1. Aim of the Investigation 

The principal aim of this research was to design, build and commission the 

new HCA that will allow the generation of high quality experimental data to 

assist with theoretical modelling of asphalt for pavement performance 

prediction. A large, innovative torsional HCA has been built and its design 

and development was described in Chapter 4. This chapter is broadly divided 

into two main sections. In the first section, the HCA commissioning for the 

testing of asphalt, in order to apply the complex shear and normal stress 

paths experienced in a pavement under a moving wheel load is reported. The 

equipment assessment, conclusions and recommendations that arose from 

these preliminary tests are also presented. In the latter section, the HCA 

main testing programme and the findings from this investigation are detailed.  
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5.2. Commissioning Tests  

5.1.1. Introduction 

 

The commissioning of the new HCA progressed over six months. The main 

objective was to verify that the new HCA was operating properly. This work 

consisted of careful assessment of all the functions to ensure that when test 

data is obtained it is as accurate as possible. Testing started with a dummy 

specimen before progressing to work with asphalt and four such tests are 

reported in this section. In each case, lessons were learned, and 

modifications made to the measurement or control systems. Some 

improvements were also made to the specimen preparation method. 

 

5.1.2. Specimens 

 

In order to ensure that all the systems function correctly, the commissioning 

work was carried out. Testing started with a polymeric dummy specimen, 

shown in Figure 5.1, before progressing to work with asphalt. The HCA 

dummy specimen was manufactured of a polyurethane because this material 

possesses certain unique properties, such as a high load bearing capacity in 

both compression and shear. Compression in this case, means that the 

elastomer will not change in volume under pressure, but may undergo a 

change of shape under load. However, it will return to its original shape once 

the load is removed. In addition, the polymer material with a stiffness of 

1500MPa was selected to represent well asphalt specimen stiffness. 
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5.1.3. Test Details 

 

Four hollow cylindrical specimens were used for initial tests aimed at 

establishing the correct test regime. This included setting up the command 

signal to the same specification as used in Berkeley for the SST experiments; 

0.1s haversine waves with 0.6s rest periods between each. This is illustrated 

in Figure 5.2. 

 

Table 5.1 identifies the four test specimens that were used for commissioning 

of the equipment towards the acquisition of reliable test data. At each stage, 

one or more problems arose and appropriate steps were taken to solve 

these.  

 

Specimen 5 failed at the interface between the first and second layer (Figure 

5.3) but the remaining specimens predominantly failed in tension along 45° 

planes (Figures 5.4 to 5.6).          
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Figure 5.1. Polyurethane cylindrical test specimen 
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Table 2.1. Test conditions for initial experiments 

HC 
No 

Shear 
stress 
(kPa)                    

Normal 
stress 
(kPa)                

Stress 
Ratio 
(target) 

Temp 
(°C)  
(target) 

Cycles 
No 

Failure 
mode 

Comments 

5 130 32 2.8 (4.1) 31 (30) 90 
Failure at 
layers interface 
(Figure 5.3) 

Failure could be 
related to 
excessive tack 
coat or >24hr at 
elevated temp. 

6 130 32 4.5 (4.1) 31 (45) 1300 
Predominantly 
shear failure 
(Figure 5.4) 

Further 
modification of 
collar supports 
required. 
Max. temp 
achieved was 
31ºC. 

7 70 28 2.5 (1.4) 37 (55)  8067 None          
(Figure 5.5) 

Strain collars had 
to be modified. 
Unable to reach 
55ºC. 

8 130 32 2.4 (4.1) 30 (30) 212 

Specimen 
became barrel 
shaped with 
significant 
shear failure   
(Figure 5.6) 

The specimen was 
far too barrel-
shaped to 
perform a reliable 
measurement. 
Stresses level and 
stress ratio to be 
reconsidered. 
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Figure 5.2.  Typical applied stress regime 
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Figure 5.3. Failure of specimen no. 5 through the top interface 

Figure 5.4. Specimen no. 6 at the end of the test 
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Figure 5.5. Specimen no. 7 at the end of the test 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Specimen no. 8 at the end of the test 
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5.1.4. Equipment Assessment 

 

Instrumentation 

The testing programme was the first opportunity to assess the reliability of 

the readings from the on-specimen instrumentation. As shown in Figure 

3.17, two annular hinged collars were used to support the vertical LVDTs, 

which were positioned on opposite sides of the specimen. The initial top 

strain collar is shown in Figure 5.7. The hinge was a flanged cylinder, which 

was sitting in semi-circular cut-outs machined in each end of the two halves 

of the collar. The cylinder was held in place by a tension spring which pulled 

the two halves of the collar together and it was noted that when the collar 

was fitted to the specimen, the cylinder was difficult to turn. This restrained 

the opening of the collar as the specimen diameter increased at the start of 

the test. Also, the springs which held the collar halves together were set 

below the centre line of the collars and these put a bending moment into the 

hinged end and open end of each collar, which created friction in the guides. 

This situation was overcome by joining the collar halves together at the 

hinged end using a pin arrangement (Figure 3.18), which eliminated the 

need for the spring. 

 

Figure 5.5 shows the way the vertical LVDTs were clamped to the bottom 

collar. They relied on the two strain collars remaining level and parallel and 

improvements were made to this arrangement as the specimen behaviour 

became clearer during testing. Figure 5.8 shows, on the left, collar supports 
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glued to the specimen and an extended plate above the vertical LVDT which 

allowed the LVDT to remain in contact with the upper collar as it moved 

horizontally relative to the bottom collar during shearing. The supports 

consisted of a bracket and a screw which enabled the collars to be levelled 

prior to testing. This arrangement appeared to work satisfactorily. Slight 

tilting may not be a problem as the errors would be cancelled out by 

averaging the two LVDTs, as one LVDT output would increase and the other 

would decrease by the same amount during rotation. Guide plates were fitted 

above and below the radial LVDTs and the guides kept the open end of the 

collar in horizontal alignment as shown in Figure 5.9. 

 

 

Figure 5.7. Initial top strain collar components 
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Figure 5.8. Support brackets under the strain collars and the extended plate 
above the vertical LVDT 

 

 

 

 

 

 

 

 

 

 

 

           Figure 5.9. Guide plates to keep the open end of the collars aligned 
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Temperature 

A major difficulty was encountered in raising the temperature of the 

specimen to either the 45°C or 55°C values used for the SST test programme 

at Berkeley. The heated flow of air, which was directed into the pressure 

chamber, proved unable to raise the temperature much above 30°C to meet 

the criteria originally specified as described in Section 3.2.2, without 

extensive insulation because of thermal losses caused by the large mass of 

metal. The test specimens, although held in position in the HCA, had been at 

a temperature above 30°C for longer than 20 hours during attempts to 

achieve at least 45°C. Hence, after the first two tests, a decision was taken 

to proceed further testing at 30°C.  

 

Control systems 

During early stages of the HCA design a coupling was designed as shown in 

Figures 5.11 and 5.12, with the use of two screws to clamp it to the 

extension shaft. During the commissioning period the coupling was loaded 

and unloaded many times and the screws became bent in the clearance slot. 

This caused friction in the loading system and it was observed that there was 

some difficulty in achieving the exact stress conditions, as shown in Figure 

5.10. This also resulted in the torque for Specimen 7 being applied a few 

seconds before the vertical load resulting in premature failure. Therefore, it 

was decided that the vertical extension shaft coupling required a 

modification. A split collar was made with an internal slot, which pulled the 

shaft and upper part of the coupling together (see Figures 5.11 and 5.13). It 
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was then found that the haversine loading carried out without any offset and 

tension could be applied if required. Figure 5.10 shows that this modification 

eliminated friction in the loading system and led to the improvement in 

meeting the specified stress ratios. 

 

 

Figure 5.10. HCA haversine testing - improvement in stress ratio control 

 

As it was not possible to see the specimen in the chamber, the tests were 

continued until the torque actuator neared the end of its stroke. This was 

equivalent to a rotation of the top of the specimen of between 40mm and 

60mm depending on the actuator start point. Consequently, there was 

considerable distortion of the specimen beyond the point at which it had 

failed, which was another control issue that needed to be resolved. 
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Figure 5.11. Vertical load cell coupling before and after modification  
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Figure 5.12. Vertical load cell coupling before modification 

 

Figure 5.13. Modified vertical load cell coupling 
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5.1.5. Concluding Remarks 

 

The initial phase of work with this new apparatus involved an extensive 

period of commissioning in order to ensure that all the systems functioned 

correctly. The equipment proved to be able to apply more complex stress 

paths and accurately measure the corresponding deformation in the 

specimen. The average deformation readings were consistent with the shear 

stress levels. The typical output from LVDTs is shown in Figure 5.14. In order 

of confidence in their accuracy the best readings were from the 45° LVDTs 

closely followed by the vertical LVDTs. The radial LVDTs proved to be 

satisfactory but could be improved by modifying the collars.  

 

This work resulted in some adjustments to the drive system and also to the 

instrumentation mounting arrangements.  

 

The temperature control system proved to be unreliable above 30ºC because 

of substantial heat loss through the metal components. The provision of 

some additional lagging was necessary to reduce this problem, but 

modifications will be needed in the future to achieve higher test 

temperatures. Consequently, HCA tests were to be carried out at 30ºC and it 

was necessary for further SST tests to be conducted at Berkeley at the same 

temperature in order to complete the exercise of comparing results from the 

two experimental facilities. 
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Figure 5.14. Typical output from LVDTs vs time for Specimen no. 6 
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Overall, it was demonstrated that the specimen preparation method was 

satisfactory and capable of obtaining the required quality specimens and the 

apparatus is capable to record consistent stress-strain responses.  

 

Some modifications of the HCA were attempted during this research in order 

to develop and commission the equipment. However, the problem with the 

coupling caused a delay to the progress of the project and the time to carry 

out each test was underestimated. Due to that, improvement of the HCA had 

to be limited in order to progress the main HCA testing programme. A further 

study is needed to identify and address any other developments required.  
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5.3. Main HCA Tests 

The main objective of this project was to design and build the new torsional 

apparatus for the testing of asphalt materials used in road pavement 

construction, in order to simulate the stress paths experienced under moving 

wheel loads. As described in previous sections of this report, the objective 

was met, and the new Nottingham HCA was successfully built and 

commissioned.  

 

All proposed methods for estimating rutting need a complete mechanistic 

validation that should include field performance testing. Therefore, at the 

beginning of the project it was agreed that it will be essential to conduct 

wheel tracking tests which would allow comparisons of predicted permanent 

strain profiles with field measurements in order to validate current analytical 

models. Unfortunately, following a lengthy period of the HCA development 

and commissioning process, given the limited time available to complete this 

project, it was decided that the original range of tests needed to be 

narrowed, focusing mainly on making a comparison between the behaviour of 

asphalt concrete tested in the HCA and that tested in California with the SST. 

The initial experiments were designed to allow direct comparisons to be 

made. 18 HCA specimens produced as per Section 4.1 were used. The tests 

were performed in accordance with procedures outlined in Chapter 4. The 

HCA incorporated a number of adjustments to the drive system and also to 

the instrumentation mounting arrangements to address problems observed 

during the commissioning period.  
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5.4. Test Programme 

The programme of HCA testing is shown in Table 5.2, from which it is seen 

that it was based around the use of three stress ratios (1, 2 and 3) each with 

a set of three applied shear stresses (70, 100 and 130kPa). The stress ratio 

was defined as shear stress divided by axial normal stress (τzθ/σz in Figure 

2.33). This relates to the stress conditions applied in the SST, which was 

operated at constant stress ratio rather than in its normal mode of constant 

height.  

 

The same applied stress regime of 0.1s pulses with 0.6s rest periods was 

used for both the shear and normal stresses. The shear stress was applied in 

one direction, again as in the SST. The basic idea was to compare the 

response of an SST specimen with that of a vertically orientated element in 

the wall of the HCA, as illustrated in Figure 2.33. Testing was carried out 

until a rotation of the final drive equivalent to an overall shear strain of 

approximately 3 percent was reached. The test temperature was 30ºC and 

two tests were conducted at each stress condition.  
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Table 5.2. Initial test programme 

Test 
No. 

Shear Stress 
(kPa) 

Normal Stress 
(kPa) 

Stress 
Ratio 

1 70 70 1 

2 100 100 1 

3 130 130 1 

4 70 35 2 

5 100 50 2 

6 130 65 2 

7 70 23.3 3 

8 100 33.3 3 

9 130 43.3 3 

*Each test was replicated once 
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5.5. Test Materials 

A standard AC 10 close surf 100/150 asphalt mixture was selected for initial 

experiments, with 10mm maximum size continuously graded aggregate 

containing 5.2 percent of grade 100/150 bitumen as shown in Figure 5.15. 

 

 
Figure 5.15. Material specification 

 

The method described in Section 4.1 was used to produce 18 quite accurately 

dimensioned specimens. The specimens were prepared and stored in a 

temperature controlled room at 5ºC. The test procedure used for the HCA 

tests is described in Section 4.2 of this report. 

 

The profile of air void contents through each specimen was determined as 

per Section 4.2.1. Figure 5.16 shows how the mean and standard deviation 
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of void content varied through the test specimens. The data were derived as 

averages from 18 specimens. The approximate positions of the interfaces 

between the 100mm lifts that were used for construction of the slabs are 

shown. There is no obvious influence of these on the void content profiles. 

The overall mean void content of all the samples from the 18 test specimens 

was 6.8% with a standard deviation of 1.8%. Figure 5.16 also identifies the 

zone at the centre of the specimens over which the instrumentation for 

deformation measurement was located. The mean and standard deviation for 

this zone were 6.4% and 1.5% respectively, showing marginally less 

variability than for the overall figures. Figure 5.17 focuses just on the central 

instrumented zones as these are the most important parts of the test 

specimens. It presents the mean and standard deviations for all 18 

specimens.  

 

The overall conclusion from this exercise was that the void content of that 

volume of each specimen that has most influence on the deformation data 

was between about 5 and 12 percent. While this is not ideal, it was 

considered adequate for initial experiments to proceed. 
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Figure 5.16. Mean and Standard Deviation of air void content profiles through 
test specimens 
 
 

Figure 5.17. Mean and Standard Deviation of air void content profiles through 
test specimens 
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5.6. Results of HCA Tests 

Typical time histories over three cycles for the axial load and torque are 

shown in Figure 5.18 for a shear stress of 130kPa and a stress ratio of 1. 

Figure 5.19 shows output from four of the LVDT’s over the same three 

cycles. It can be seen from this figure that the responses are offset due to 

permanent deformation that had accumulated by that stage in the test. The 

transient deformation in response to the applied axial load and torque pulses 

is clearly visible. 

 

Figure 5.18. Typical wave load for cycles 209 to 211: Test No. 3 
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Figure 5.19. Typical response of LVDT’s under the load (cycles 209 to 211): 
Test No. 3 
 
 
 
The Literature Review indicated the importance of adopting stress invariants 

for the correct representation of stress states in an asphalt pavement. The 

mean normal stress, p, is associated with volume change due to poor 

compaction, and the octahedral shear stress, q, is associated with shear 

distortion as a result of high shear stresses in the pavement. Figure 5.20 

illustrates stress conditions used in the HCA test programme.  
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Figure 5.20.  The deviator stress vs. mean normal stress                            

(Key: SP - specimen / SS - shear stress / SR - stress ratio) 
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where the permanent shear and volumetric strains change as the number of 

load cycles increases. Each figure illustrates the effects of shear stress level 

and stress ratio on mixture performance. 

 

Figures 5.21 and 5.22 show the accumulation of permanent shear strain, γzθ 

(Eq. 3.9) plotted as a function of the number of load cycles. Each of the 

curves corresponds to a single test result at a particular value of applied 
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for asphalt mixtures as described in Section 2.7.1, the strain curves have 

visible two creep regions: a primary where the strain rate decreases and a 

secondary where the strain rate is almost constant. None of the specimens 

reaches the tertiary region, where the strain rate increases rapidly as the 

specimen approaches failure. 

 

It can be seen from Figure 5.21 that the stiffness (resistance to deformation) 

is sensitive to the applied stress level and an increase in the shear stress 

magnitude accelerates the rate of permanent deformation substantially. In 

addition, application of lower normal stress (high stress ratio), results in 

higher accumulation rate of permanent shear strain. This indicates that axial 

compressive stress had a confining effect on the accumulation of permanent 

shear strain. It is also apparent from this figure that the deformation 

behaviour of the asphalt mixture at particular shear stress levels is similar in 

shape.  

 

Figure 5.22 indicates that, at low shear stress levels of 70kPa, there is a 

greater rate of accumulation of permanent strain as the stress ratio is 

increased from 1 to 3 due to the lower normal stress. However, this is not 

evident in the tests carried out at shear stress levels of 100kPa and 130kPa. 

The effect of compressive axial stress on permanent shear strain becomes 

apparent when the shear stress is relatively low. However, when specimens 

are subjected to very high shear stress, it appears that increase in 

permanent shear strain is mainly attributed to shear deformation and the 
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effect of axial compressive stress on permanent shear strain is negligible. 

Similar conclusions were drawn by Alavi, (1992) who reported that when 

shear stress is great enough, the confining effect of axial compressive stress 

can be overshadowed.  

 

Figure 5.23 shows the permanent volumetric strain, εv (Eq. 3.25), plotted as 

a function of the number of load cycles. Note that negative volumetric strains 

indicate an increase in volume (i.e. dilation). It can be seen from this figure 

that all except one of the specimens display permanent dilation. Specimens 

SP21 and SP14 display a slight volume decrease at first which may be due to 

initial compaction, followed by an increase in volume with further increase in 

shear strain. In addition, specimen SP24 and 26 exhibits mainly densification 

likely as a result of loss of air void content or some other phenomenon that 

could not be explained based on these results. 

 

Figure 5.23 also shows that generally after an initial period where the rate of 

permanent volumetric strain decreases (in most of the specimens), the 

permanent volumetric strain increases approximately in proportion to the 

number of loading cycles and is not strongly dependent on the stress 

conditions (i.e. the curves have a similar slope). However, it should be noted 

that results from more testing are required to confirm this observation. 

 

Lastly, the results suggest that for a stress ratio of SR=1 and SR=2, higher 

shear stresses tend to cause higher dilatant volumetric strain. However, 
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Figure 5.23 indicates that for a high stress ratio of SR=3, the dilation 

phenomenon appears to be independent of the shear stress level. 

 

Figure 5.24 shows the variation of the angle of major principal stress rotation 

α with stress ratio. It is evident that as stress ratio increases from 1 to 3, the 

angle of major principal stress rotation α increases, causing higher rate of 

permanent deformation (Figure 5.22).  
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Figure 5.21. Variation of permanent shear strain with number of load cycles 
for different stress ratios 
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Figure 5.22. Variation of permanent shear strain with number of load cycles 
for different shear stress levels 
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Figure 5.23. Variation of volumetric strain with number of load cycles for 
different stress ratios  
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Figure 5.24. HCA Mohr’s Circles for shear stress of 70kPa and stress ratio 
values of SR=1, SR=2 & SR=3  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



221 Test Programme for the HCA Tests 
 

5.7. Summary and Conclusions 

The new Nottingham HCA has been successfully developed. It was observed 

that the equipment properly controls the applied stress signals. The HCA was 

able to apply more complex stress paths and accurately measure the 

corresponding deformation in the specimen. The test allowed to test asphalt 

with realistic sized aggregate (10mm maximum). However, a number of 

modifications had to be incorporated in order to address issues encountered 

during the commissioning phase of the work. Further improvement of the 

equipment might be required but this had to be limited in order to progress 

the main HCA testing programme. 

 

Overall, it was demonstrated that the specimen preparation method was 

satisfactory and capable of obtaining the required quality specimens and the 

apparatus is able to record consistent stress-strain responses.  

 

Due to the extended period of commissioning process, the main HCA test 

programme had to be narrowed focusing mainly on making a comparison 

between the behaviour of asphalt concrete tested in the HCA and that tested 

in California with the SST. 

 

The test programme allowed initial exploration of the relative effects of stress 

ratio (shear/normal stress) and shear stress level. 18 HCA tests have been 

performed and the following conclusions can be drawn from this work:  
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• An increase in the shear stress magnitude accelerates the rate of 

permanent deformation substantially. This again highlights importance 

of developing a suitable laboratory test method and theoretical models 

that could properly treat shear-induced permanent deformation in order 

to ensure the structural adequacy of flexible pavement.   

• Application of lower normal stress (high stress ratio), results in higher 

accumulation rate of permanent shear. This indicates that axial 

compressive stress had a confining effect on the accumulation of 

permanent shear strain. The development of permanent deformation 

predictive models must therefore incorporate this phenomenon.  

• At low shear stress levels of 70kPa, a greater rate of accumulation of 

permanent strain is observed, as the stress ratio is increased from 1 to 

3 due to the lower normal stress. However, tests at higher shear stress 

level (100kPa and 130kPa) seem to be inconsistent. This shows that the 

effect of compressive axial stress on permanent shear strain is greater 

when the shear stress is relatively low. However, when specimens are 

subjected to very high shear stress, it appears that increase in 

permanent shear strain is mainly attributed to shear deformation and 

the effect of axial compressive stress on permanent shear strain is 

negligible.  

• Asphalt was found to dilate under the HCA tests. 

• The dilation phenomenon was observed to be shear stress level 

dependent in conditions where stress ratio is low. However, the tests 

revealed that when higher stress ratio value (e.g. SR = 3, hence low 
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axial stress) was used, the rate of development of volumetric strain was 

independent of the magnitude of shear stress. 

• More HCA testing is required to study shear dilatancy effect on 

permanent axial stress development under the combined loading mode.   

• No apparent correlation between air voids content and asphalt mixture 

performance was found likely due to non-homogeneous characteristics 

of the slab which led to core specimens with non-consistent void 

content. Also, too many variables used in the tests made this 

assessment impossible. 

 

In Chapter 7, these results will be compared with the results of SST and RLAT 

on the same asphalt mixture. 
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6               

REPEATED LOAD AXIAL TEST AND 

SUPERPAVE SHEAR TEST  

6.1. Introduction 

As explained earlier (Chapter 1), one of the objective of this study was to 

investigate the reliability of the SST test, given the non-uniform stress 

conditions inherent in its configuration relative to that in the HCA. In addition, 

comparisons of the new HCA with the simpler compression tests, such as the 

Nottingham Asphalt Tester (NAT) used routinely for mixture design, is to be 

carried out in order to understand how reliable this approach is for 

characterising resistance to permanent deformation under field conditions. 

Thus, the SST and RLAT tests were performed over a range of stress levels 

and stress ratios. This chapter presents descriptions of these tests and 

summarises results obtained from the individual tests. The discussion of these 

results in the context of the HCA data can be found in Chapter 7.   
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6.2. Repeated Load Axial Tests (RLAT) 

The simple uniaxial creep test is rapidly being replaced by a repeated load 

version. This is more representative of insitu conditions and on the basis of 

extensive testing, it has been reported that repeated load tests appear to 

provide a better measure of rutting characteristics than the creep tests (Brown 

and Cooper, 1984, Monismith et al., 1994). Moreover, Monismith and 

Tayebali, (1988) showed that repeated load tests are more sensitive to mix 

variables than static creep tests. For static creep tests, similar behaviour was 

observed for different mixtures, while repeated load tests on the same 

mixtures indicated significant differences in mix response. The RLA testing 

method has been used for many years for purposes of mix design, quality 

control, and evaluation of the asphalt mixture resistance to permanent 

deformation. The test gained wide acceptance, principally due to ease of 

specimen preparation, simplicity of test procedure and relatively low cost of 

test equipment. Nevertheless, Gibb and Brown (1993) concluded that the 

RLAT can rank dense mixtures quite reliably with respect to their rutting 

resistance in the road. 

 

Based on the literature review the RLAT was selected for further study. With 

the aim of exploring the possibility of correlating the results from the RLAT 

with those from the HCA tests in an attempt to verify its accuracy and 

reliability, the RLAT was carried out on the cores obtained from the central 

parts of the HCA specimens. The experiments programme adopted axial stress 

levels that related to the stress conditions applied in the HCA and the SST.  
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6.2.1. Testing Apparatus 

 

The RLA test developed at the University of Nottingham (Brown, 1995) is an 

unconfined uniaxial test used now routinely in several countries including the 

UK to quantify the permanent deformation characteristics of bituminous 

paving materials using the Nottingham Asphalt Tester (NAT) shown in Figure 

6.1. This servo-pneumatic machine uses a low-friction actuator to apply 

waveforms to produce repeatable stress variations in test specimens that are 

simulative of those in a road pavement due to moving traffic. 

 

6.2.2. Specimen Preparation 

 

150mm diameter x 50mm specimens were cut for RLAT tests, as described in 

Section 6.3.2, in order that these should be conducted on the same material 

as was used for the HCA experiments. The specimens were stored in a 

temperature controlled room at 5ºC.  

 

Prior to testing, the profile of air void contents of each specimen was 

determined as per Section 4.2.1 and generally varied between 6.00 and 7.50 

percent. Unfortunately, due to lack of remaining specimens, two tests had to 

be carried out at an average of about 12.50 percent air void content. While 

this was not ideal because densification has a strong influence on mix 

behaviour, it was considered adequate for RLAT experiments to proceed. The 

purpose of this testing was not to compare directly the performance of 
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mixtures but to compare performance in the RLAT with that in the HCA. Table 

6.1 contains a summary of the air void contents used for these tests.  

 

Figure 6.1. Nottingham Asphalt Tester 
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Table 6.1. Air void contents of RLAT specimens 

HC Specimen 
No 

RLAT Core 
No 

Test 
No 

Average void 
content (%)  

9 11-645 
1R 

6.4 

12 11-475 7.5 

21 11-1731 
2R 

12.7 

22 11-1738 12.3 

15 11-463 
3R 

6.0 

4 11-455 7.2 
 

 

6.2.3. Test Conditions 

 

The RLA tests were performed at 3 axial stress levels. As in the RLAT the 

material was only subjected to axial normal stresses, where in the HCA and 

SST a combination of normal and shear stresses was used, selected axial 

stress levels for the RLA test programme corresponded to the HCA/SST stress 

conditions carried out at a stress ratio = 1.  

 

Repeated axial stresses ranging from 70kPa to 130kPa were applied with a 

time of loading of 1s separated with 1s rest periods, with a loading pulse as 

shown in Figure 6.2. This shape was applied as this is the standard load pulse 

used as per DD 226:1996 (BSI, 1996, Withdrawn). This is a slightly different 

wave form to the haversine pulse applied in the HCA and SST, however this 

was considered of little importance (Terrel et al., 1974). The test was 

continued for 1,800 load pulses (3,600s). The test temperature was 30ºC and 
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two tests were conducted at each stress condition. A total of 6 specimens 

were tested. This testing programme is summarised in Table 6.2.  

 

Table 6.2. RLAT test conditions 

Test No Axial Stress 
(kPa) 

Temperature  
(ºC) 

1R 70 

30 2R 100 

3R 130 
*Each test was replicated once 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 6.2. RLAT loading pulse (BSI, 1996, Withdrawn) 
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6.2.4. Test Procedure 

 

The RLAT test was conducted in accordance with DD 226:1996 (BSI, 1996, 

Withdrawn) using the NAT type facilities shown in Figure 6.1. Each specimen 

was kept in a temperature-controlled cabinet and conditioned at testing 

temperature until uniform conditions were achieved. After bringing the 

specimen to the test temperature, the ends of the specimen were coated with 

a thin layer of silicone grease sprinkled in turn with graphite flakes. The 

specimen was placed centrally in position on the lower platen and the upper 

load platen was then placed on the top of the specimen. The two diametrically 

positioned displacement transducers resting on the upper platen were fitted 

and the specimen was pre-loaded with a conditioning load equivalent to a 

stress of 10kPa for 600s. The deformation was measured by the change in 

distance between the loading platens throughout the test. Both axial stress 

and strain were logged during the tests by the computer connected to the 

equipment.  

 

6.2.5. Data Analysis 

The axial strain of the test specimen was calculated from the measured 

deformation at the end of the rest period immediately after application of the 

load using the Equation 6.3. 

 

The principal stresses acting on the specimen in the RLAT are shown in Figure 

6.3. For the RLAT test situation, because of axial symmetry of the 
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arrangement, two of the principal stresses are the same and equal to the 

confining stress. Therefore, as the specimen was subjected to compression in 

the axial direction and no confining pressure was applied in the radial 

direction, σ3=σz and σ1=σ2=σθ=0. The normal stresses are considered as 

negative while compressive.  

 

 

 

Figure. 6.3. Principal stresses on the θ-z plane in the RLAT 
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6.2.6. Results of RLAT 

 

Figure 6.4 shows typical results from the RLAT tests, where the cumulative 

permanent strain is plotted versus the number of loading cycles. It can be 

seen from the figure that the cumulative permanent strain curves have two 

regions, as explained in Section 2.7.1. The specimens deform quite rapidly at 

the beginning of the test (primary region). In the secondary region, 

permanent strain accumulates in a relatively linear pattern and where the set 

of curves represent the same axial load, they are relatively parallel. None of 

the specimens reaches the tertiary region, where the specimen approaches 

failure.  

 

As expected, permanent strain appears to be dependent on different stress 

levels and air voids contents. The specimens with higher densities (lower 

voids) perform better than the less dense mixes and the permanent 

deformation increased with higher load levels. The indication from the RLAT 

results is that at very high void contents (above 12%) which would indicate 

poorly compacted material, the load level effect has less influence on the 

resistance to permanent deformation than air voids.  

 

After 1,800 cycles of load the magnitude of permanent axial strain obtained 

under RLAT stress conditions is less than 1.2%.  
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The Mohr’s circle presented in Figure 6.3 shows that the limitations of the RLA 

test are that it can only simulate the situation when the load is directly above 

the element. Principal stress rotation (Section 2.8) that occurs in a pavement 

from a passing wheel load cannot be duplicated in the RLAT and is therefore a 

limitation of its ability to fully simulate vehicle loading. The state of stress 

encountered in upper layers cannot be duplicated in RLAT. Also, the radial 

strain was not measured in these tests, therefore estimation of volume change 

was not possible.  

 

 

Figure 6.4. Summary of RLAT Tests  
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6.3. Superpave Shear Test (SST) 

As part of the programme of research set out in the original proposal, 

arrangements were made for testing of asphalt specimens, manufactured in 

Nottingham to be carried out at UCB in their SST. This equipment was 

introduced to complement the Superpave volumetric mixture design method 

and it was envisioned that this simple performance test would play a key role 

in the quality control and acceptance of HMA mixtures. The equipment is 

capable of applying direct shear to laboratory specimens and permits 

controlled rotation of the principal axes of strain and stress which is important 

in studying permanent deformation. Data gathered using the SST are used as 

input to the material property, environmental effects and pavement response 

and distress models to provide prediction of pavement performance. 

 

As discussed in Section 2.7.3, over the past few years this test has become 

quite widely used in US research laboratories for predicting the rutting 

resistance of asphalt mixtures, but a number of serious problems were 

discovered and many of these tests were found to be unreliable. The objective 

of this work was to carry out tests under selected stress conditions for 

comparison with results under conditions replicated as close as possible on the 

same material using the HCA in Nottingham.  
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6.3.1. Testing Device 

 

The SST is a servo-hydraulic apparatus capable of testing asphalt by applying 

repeated direct shear to cylindrical test specimens (Figure 6.5) with the facility 

to control and/or monitor the applied normal stress. As Figure 6.6 presents, it 

consists of the test module, an environmental control chamber, a test control 

and data acquisition unit and a hydraulic system. The testing apparatus 

includes a rigid reaction frame and shear table which is connected to two 

hydraulic actuators. The environmental control unit chamber maintains 

constant temperature and air pressure inside the testing chamber. The test 

control consists of the system hardware and software. The hardware interfaces 

with the testing apparatus through transducers, and consists of controllers, 

signal conditioners, and a computer. The software consists of the algorithms 

required to control the testing apparatus and acquire test data.  LVDTs are 

affixed to specimens to measure axial and shear deformation (Figure 6.7). 

LVDTs allow the system to operate in a closed loop feedback mode, meaning 

that LVDT signals are used to control applied testing loads. The hydraulic 

system contains the hydraulic motor which powers a horizontal and a vertical 

actuator, which provide the axial and shear loading for different testing 

conditions. A full description of the test equipment and procedures can be 

found in AASHTO TP7 (AASHOT, 1994).  
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Figure 6.5. SST specimen with LVDTs attached 

Figure 6.6. General view of the SST in the UC Berkeley Laboratory 
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Figure 6.7. SST with test specimen in position 

 

6.3.2. Specimen Preparation 

The SST test specimens were manufactured by coring and sawing test 

specimens 150mm in diameter by 50mm in height from 250mm diameter 

cores that formed the central part of the HCA specimens produced at NTEC, as 

shown in Figure 6.8. After shipping all specimens to UCB the air void contents 

were determined in accordance with the ASTM D1188 parafilm method (ASTM, 

2007).  

                                                                   

A total of 70 cores were produced from which, 36 with void contents between 

4.7 and 12 per cent were selected for testing. Results obtained by this method 

are presented in Table 6.3. The air voids of the SST test specimens were 

Reaction 
frame 

Shear 
table 
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matched with the average air void content of the HC specimens measured 

over the central zone as described in Section 5.5. As discussed before in 

Sections 4.2.1, 5.5 and 6.2.2, there were clearly differences in void contents, 

associated with poor workmanship and compaction control on site, but this did 

not affect the analysis. Furthermore, the SST plots, Figures 6.15 - 6.20, 

indicate that there was no consistent effect of air void content on performance 

of the material. 

 

The specimen to be tested was glued to the platens using a gluing device, 

which compresses the specimen with 32kPa load, ensuring that the platen 

faces are parallel (Figure 6.9). The specimen was then exposed to the test 

temperature for approximately two hours prior to testing. After the 

conditioning period, the specimen was instrumented and placed in the SST to 

measure both shear and vertical deformation as shown in Figure 6.10.   
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Figure 6.9. SST specimen with platens glued to top and bottom 
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Figure 6.10. SST specimen ready for testing showing LVDT setup 
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Table 6.3. Summary of SST specimens air void contents 

HC 
Specimen 
No 

Average void content 
- zone at the centre 
of HC specimen (%) 

SST Core 
No 

Test 
No 

Average void 
content (%)  

Phase 1 
- - 10-406 

1S 

4.8 

- - 10-350 7.6 

- - 10-360 5.5 

- - 10-381 

2S 

5.9 

- - 10-355 6.6 

- - 10-357 7.0 

- - 10-399 

3S 

5.0 

- - 10-372 7.4 

- - 10-363 6.1 

- - 10-359 

4S 

7.9 

- - 10-390 6.8 

- - 10-377 5.7 

- - 10-387 

5S 

4.8 

- - 10-407 6.1 

- - 10-371 7.5 

- - 10-395 

6S 

5.0 

- - 10-364 4.7 

- - 10-391 6.9 

Phase 2 

9 6.60 11-454 
7S 

6.6 

12 7.40 11-452 7.4 

21 12.64 11-1734 
8S 

12.0 

22 12.34 11-1741 11.8 

15 5.20 11-465 
9S 

6.5 

4 7.20 11-461 7.0 

23 11.14 11-1748 
10S 

9.6 

26 11.14 11-1767 10.3 

27 11.24 11-1773 
11S 

10.4 

28 10.70 11-1780 10.4 

24 10.58 11-1754 
12S 

9.9 

25 10.66 11-1760 9.5 

17 5.30 11-447 
13S 

6.8 

18 5.20 11-483 7.3 

10 5.20 11-477 
14S 

5.7 

11 5.40 11-481 5.3 

14 7.90 11-460 
15S 

6.6 

16 6.00 11-471 6.6 
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6.3.3. Test Conditions 

 

Initially, the SHRP research proposed six different test protocols for evaluating 

the shearing characteristics of HMA, including a Volumetric Test, a Uniaxial 

Test, a Repeated Shear at Constant Stress Ratio (RSCSR), a Repeated Shear 

at Constant Height (RSCH) and a Frequency Sweep (FS). For the purpose of 

this study, only three of these tests were carried out: RSCH, RSCSR and FS.  

The FS data is used to determine the linear viscoelastic properties of the 

asphalt mixtures that include dynamic shear modulus and shear phase angle. 

The RSCSR and RSCH tests provide a tool for evaluating rutting performance 

of the asphalt mixture.  

 

The RSCH test was an optional test for Superpave mixture design 

(intermediate and complete analysis). AASHTO recently endorsed this test in 

TP7 and SHRP Superpave mix analysis procedures, for higher trafficked 

projects, which require a check for tertiary creep behaviour (Cominsky et al., 

1994). Tertiary deformation occurs when an asphalt mixture densifies to a 

very low air void content. In this condition the strain rate increases rapidly as 

the specimen approaches failure as illustrated in Figure 2.24. The RSCSR test 

is very similar to the RSCH test, except that the axial load is proportional to 

the shear load. Similarly, to the RSCH test, this test is regarded as a screening 

tool to identify mixtures that exhibit tertiary permanent deformation leading to 

instability and premature rutting. When the strain enters the tertiary creep 

phase, the mixture fails the screening test, and redesign is required.  



243 SST and RLAT 
 

Since the RSCH and FS results are beyond the scope of this project, only 

RSCSR results are presented and discussed below.  

 

6.3.4. RSCSR Tests 

 

In the RSCSR test, repeated synchronised haversine shear and axial load 

pulses were applied to the specimens. As in the HCA test, the load cycle 

consisted of a 0.1 second load followed by a 0.6 second rest period. The ratio 

of shear to axial stress was maintained constant. Tests were carried out until 5 

percent shear strain was reached or until failure. The 5 percent shear strain 

level was selected as previous research found that at this level of shear strain 

rut depths of about 13mm can be expected (Sousa, 1994). During the test 

axial and shear loads and deformations were measured. Detailed information 

on these procedures is described in AASHTO TP7 (AASHOT, 1994). 

 

The initial experimental plan for the SST RSCSR (Phase 1) included testing at 

two stress ratios (2.5 and 4.1) and two temperatures (45 and 55ºC). 

However, as concluded in Section 5.1.4 and 5.1.5, the HCA temperature 

control system proved to be unreliable above 30ºC because of substantial heat 

loss through the metal components. Hence, it was decided to proceed with the 

HCA tests at 30°C. Consequently, it was necessary for further SST tests 

(Phase 2) to be conducted at this temperature in order to complete the 

exercise of comparing results from the two experimental facilities. Also based 

on the HCA testing, for the test temperature of 30°C, three stress ratios were 
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used: 1, 2 and 3. Given the limited time to carry out this work, it was decided 

to continue all of the Phase 2 tests for 30,000 cycles or 5 percent strain, 

whichever comes first. Table 6.4 presents details of the RSCSR test plan for 

Phase 1 and Phase 2.  

 

Table 6.4. RSCSR test conditions 

Test No Shear Stress, τ 
(kPa) 

Stress 
Ratio 

Temperature  
(ºC) 

SST RSCSR Phase 1 (each test was replicated twice) 

1S 70 

4.1 45 2S 100 

3S 130 

4S 70 

2.5 55 5S 100 

6S 130 

SST RSCSR Phase 2 (each test was replicated once) 

7S 70 

1 

30 

8S 100 

9S 130 

10S 70 

2 11S 100 

12S 130 

13S 70 

3 14S 100 

15S 130 
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6.3.5. Data Analysis 

 

The axial load generates a vertical stress and the torque develops 

complementary torsional shear stresses in the vertical and horizontal planes. 

The stresses acting on a specimen can be given by: 

𝜎𝜎 = 𝑊𝑊
𝐴𝐴
                                               (6.1) 

 
  

𝜏𝜏 = 𝑄𝑄
𝐴𝐴
                                             (6.2) 

 
 

where W and Q are the applied axial and shear load;  

          A is cross-sectional area of the specimen;  

          𝜎𝜎 is average vertical stress; 

          𝜏𝜏 is the average shear stress. 

Similarly, the permanent strains at the end of the test can be calculated 

using the following equations: 

𝜀𝜀𝑧𝑧 = 𝛿𝛿ℎ
𝐻𝐻

                                              (6.3) 
 

  

𝛾𝛾 = 𝑢𝑢𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  − 𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝐻𝐻

                               (6.4) 
 

 

where 𝛿𝛿ℎ is the change in height of the specimen; 

    𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 initial shear deformation at the start of the test (nominally zero); 

    𝑢𝑢𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 final recorded deformation by the shear LVDT at the end of the test; 

    H is specimen height (platen-to-platen measurement only); 

    𝜀𝜀 is permanent vertical strain; 

    𝛾𝛾 is permanent shear strain. 
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The principal stresses as well as rotation of principal axes can be calculated 

from the Mohr’s Circle as shown in Figure 6.11. The normal stresses are 

considered as negative while compressive. The stress condition was 

characterised by the stress ratio, η = 𝜏𝜏 / 𝜎𝜎.  

 

 

 

 

 

 

Figure 6.11. Principal stresses on the θ-z plane in the SST 
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6.3.6. Results of SST RSCSR 

 

Each of the RSCSR tests provided a relationship between the permanent shear 

strain and the number of load repetitions. The results are grouped by 

temperature. The initial SST testing results obtained at 45°C and 55°C (Phase 

1) are presented in Figures 6.12 and 6.13. In the analysis reported herein, 

one of the 18 tests is discarded because it gives values orders of magnitude 

above all others. The results indicate that stress level strongly affects the 

accumulation of permanent deformation. The tests executed at a shear stress 

of 130kPa exhibit much higher rate of accumulation of permanent deformation 

that those carried out at 100kPa and 70kPa.  

 

An examination of the specimens after the SST-RSCSR test conducted at 

higher shear stress levels such as 130kPa and at a high temperature of 55°C 

reveals development of many cracks through the specimen (see Figure 6.14). 

This result is expected in view of the way that shear stress is applied to the 

test specimen, especially at high temperatures and/or at high loads. However, 

cracking can influence the measurements and its effects may be considered in 

the interpretation of the test results once the crack has formed (Monismith et 

al., 1994). 
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Figure 6.12. SST-RSCSR Tests: Stress Ratio 4.1 / 45ºC (Phase 1) 

 

Figure 6.13. SST-RSCSR Tests: Stress Ratio 2.5 / 55ºC (Phase 1) 
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Figure 6.14. Cracks formed in the SST specimen tested at 130kPa shear 
stress at 55°C  
 

The SST-RSCSR test plots, Figures 6.12 and 6.13, show also that there was no 

consistent effect of air void content on performance of the material. As seen in 

Tables 6.3 and 6.4 there are variations in the air void contents, stress ratios 

and temperatures, making comparisons of initial SST results almost 

impossible. This does not, however affect analysis, as the purpose of this 

testing was not to compare performance of the asphalt mixtures but to 

compare performance in the SST equipment with that in the HCA test. 
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The results from Phase 2 SST-RSCSR tests performed at 30°C are summarised 

in Figures 6.15 - 6.20, where the permanent strain is plotted against stress 

repetition. Similarly, to creep and RLAT tests, the strain curve can be divided 

into two regions (Sections 2.7.1 and 6.2.6). The initial high rate of 

deformation is attributed to the densification of the mixture without significant 

shear failure. The slope of the secondary region, in which the strain varies 

linearly with time, is defined as the steady-state strain rate at the prescribed 

stress, in line with the prescription of Ossa et al., (2006) and Taherkhani, 

(2006). During this deformation phase, repeated loads densify the mix, 

developing better aggregate interlock and improving shear stiffness. It can be 

seen from the figures that the characteristic shape of the curve obtained for 

most of the samples is similar, particularly over the linear phase.  

 

The data in Figures 6.15 - 6.17 show the effect of stress ratio, SR, on the 

resistance to permanent deformation. The results for each of the specimens 

are grouped by shear stress magnitude. The experiments, as in the HCA tests, 

involved shear stresses of 70, 100 and 130kPa. During the 30,000 load 

repetitions of the SST test, most of the specimens failed to enter the tertiary 

stage at which excessive deformation develops. The tertiary region can clearly 

be seen only in Figure 6.15 where specimens 11-447 and 11-483 reaches 

failure range. This can occur when the air void content falls below some critical 

value after which the binder starts acting as a lubricant between the 

aggregates, pushing particles apart. However, as this behaviour is only 

observed for high stress ratio value of SR=3 (relatively high shear stress vs. 
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low axial stress), at this loading condition, a significant increase in permanent 

shear strain appears to be associated with shear failure of the asphalt mixture. 

The presence of tertiary rutting also indicates that the mixture is very unstable 

under high shear stress conditions (Chowdhury and Button, 2002).  

 

For stress ratio values of SR=1 & SR=2, the asphalt mixture exhibits similar 

response characteristics. However, the highest shear strain resistance is 

observed for stress ratio value of SR=2. These experiments indicate that, for 

the combined mode of loading, the magnitude of permanent shear strain can 

be affected by the axial stress level. It is evident that axial stress is one of the 

major factors affecting development of permanent deformation. This data 

highlights the importance of selecting the proper stress state for laboratory 

evaluation to ensure that it is representative of that which occurs insitu.  

 

The data have been plotted in another way to illustrate the effect of shear 

stress magnitude, τ, on the SST results. This is shown in Figures 6.18 - 6.20 

where results are grouped by stress ratio. For a stress ratio values of SR=1 

and SR=2, as was to be expected, an increase in the permanent shear strain 

is obtained as shear stress level increased.  

 

However, Figure 6.20 indicates that for a high stress ratio value of SR=3, the 

magnitude of permanent shear strain in specimens tested under these stress 

conditions, was generally greater than for stress ratio values of SR=1 & SR=2. 

Similar behaviour is shown in Figure 5.21 for the HCA tests. As discussed 
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before in Section 5.6, when axial stress is relatively low but at the same time 

shear stress is great enough, the confining effect of axial compressive stress 

can be overshadowed. At this state of stress, the mixture became unstable 

and the load magnitude does not appear to influence the permanent strain 

with a similar trend. This can be possibly associated with the development of 

internal damage of the material as a consequence of the high shear strains 

and gradual loss of aggregate interlock.  

 

As can be seen in Figures 6.17 and 6.20, there is a lack of data points for 

specimen 11-471 tested at high stress levels. This is due to the rapid 

specimen failure at those conditions.  

 

For design purposes, it would be sensible to avoid the critical states of stress 

that intensify rutting. This can be achieved by using materials more resistant 

to permanent deformation and/or by controlling loading conditions either by 

varying the pavement structure or the vehicular characteristics (e.g. tire 

pressures). Francken, (1977) found that for each mixture, there is a state of 

stress and temperature above which it becomes unstable (i.e. permanent 

deformation develops at an accelerating rate). He also identified a threshold in 

the stress field above which a given mixture exhibits premature failure. From 

these data, he developed a modified deformation law model relating axial 

permanent deformation under creep loading to state of stress, frequency of 

loading, and temperature (Francken et al., 1987). 
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Figure 6.15. The effect of SR on permanent deformation for τ=70kPa 

Figure 6.16. The effect of SR on permanent deformation for τ=100kPa 
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Figure 6.17. The effect of SR on permanent deformation for τ=130kPa 

Figure 6.18. The effect of τ on permanent deformation for SR=1 
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Figure 6.19. The effect of τ on permanent deformation for SR=2 

Figure 6.20. The effect of τ on permanent deformation for SR=3 
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Figures 6.21-6.23 illustrate the variation of axial strain with load repetition. 

Figures 6.21 and 6.22 show the effect of combined (shear and axial) loading 

on the values of permanent axial strain and the results are grouped by stress 

ratio. Comparison of the strain values indicates, that permanent axial strain 

was dependent on applied shear stress level. Higher axial permanent 

deformation was recorder for higher shear stresses. This can be a sign of 

shear dilatancy phenomenon which was also investigated by Alavi, (1992).    

 

The results for high stress ratio of SR=3, are not shown because most of the 

samples appeared to fail very soon after starting the test.  

 

It can be seen, that at the same shear stress level, the related permanent 

axial strain rate is lower for higher stress ratio (Figure 6.23). As expected, this 

shows that permanent axial deformation is dependent on the axial stress 

magnitude. The decrease in axial stress magnitude resulted in lower 

permanent axial strain. 

 

Figure 6.21 to 6.23 also indicate that the deformation behaviour of the asphalt 

mixture at particular stress conditions is similar in shape. After 30,000 load 

cycles the permanent axial strain obtained in these tests is predominantly very 

low, with the maximum value below 0.38%.  
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Figure 6.21. The effect of τ on permanent deformation for SR=1 

 

Figure 6.22. The effect of τ on permanent deformation for SR=2 
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Figure 6.23. The effect of SR on permanent deformation for τ=100kPa 

 

 

Lastly, the plots also show that the air void content does not significantly 

affect the asphalt mix performance. These results seem to be in contradiction 

with results from many studies indicating that the performance of asphalt is 

strongly dependent on density of a mixture (see Section 2.6.2). The reason for 

this is not fully understood and it is recommended to investigate the issue in 

the future HCA research programme. 
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6.4. Summary 

SST and RLAT tests were conducted using conditions similar to the conditions 

used in the HCA tests. The following summarises important findings of the 

study: 

• For the same state of stress, the shape of strain curve obtained for 

most of the samples is similar, particularly over the linear phase. 

• As expected, permanent deformation increases with load levels which 

was confirmed by both test methods.  

• SST results show that for a stress ratio values of SR=1 and SR=2, as 

was to be expected, an increase in the permanent shear strain is 

obtained as shear stress level increased. However, for a high stress 

ratio value of SR=3, the magnitude of permanent shear strain in 

specimens tested under these stress conditions, was generally greater 

than for stress ration values of SR=1 & SR=2. Similar behaviour is 

shown in Figure 5.21 for the HCA tests. This indicates that when axial 

stress is relatively low but at the same time shear stress is great 

enough, the confining effect of axial compressive stress can be 

overshadowed.  

• The SST reveals that at high stress ratio (SR=3), mixture became 

unstable and the load magnitude does not appear to influence the 

permanent strain with a similar trend. This can be possibly associated 

with the development of internal damage of the material as a 

consequence of the high shear strains and gradual loss of aggregate 

interlock. Therefore, the results may be unreliable.  
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• At this state of stress, the load magnitude does not appear to influence 

the permanent strain in a similar trend. This is not the case in the RLAT, 

therefore clearly this is associated with effect of combined axial and 

shear load conditions. This may suggest that the SST test for estimating 

rutting is more reliable under lower stress conditions and lower stress 

ratios.  

• Comparison of the strain values indicates, that permanent axial strain in 

SST was dependent on applied shear stress level. Higher axial 

permanent deformation was recorder for higher shear stresses. This can 

be a sign of shear dilatancy phenomenon which was also investigated 

by Alavi, (1992).    

• The effect of stress ratio on the axial permanent strain in SST was 

shown, indicating that the strain rate increases, with lower stress ratio 

(Figure 6.23). As expected, this shows that permanent axial 

deformation is dependent on the axial stress magnitude. The decrease 

in axial stress magnitude resulted in lower permanent axial strain. 

• The RLAT plot indicates that the specimens with higher densities (lower 

voids) perform better than the less dense mixes. 

• The effect of air voids is less clear from the SST. The plots show that 

the air void content does not significantly affect the asphalt mix 

performance. However, this seems to be in contradiction with results 

from the RLAT and earlier studies (Chapter 2) that have found that the 

aggregate structure is important, and the asphalt performance is 

strongly dependent on density of a mixture. The reason for this is not 
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fully understood and it is recommended to investigate the issue in the 

future HCA research programme. 

 

In Chapter 7 the results from these tests are assessed and discussed in the 

context of the HCA data. 
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7               

DISCUSSION AND COMPARISON WITH 

HCA 

7.1. Introduction 

The results of the tests carried out in the three testing machines are presented 

in Chapters 5 and 6. With the aim of evaluating the use of the HCA as a 

means of providing precise information on permanent deformation of asphalt 

mixture response representative on insitu conditions, tests were carried out 

over a range of shear stresses and stress ratios at 30°C. Chapter 5 contains 

the HCA test program and presents the results of this testing. Chapter 6 

presents experimental work and results from RLAT and SST tests carried out 

at NTEC and at UCB, respectively. Both of the tests used selected stresses 

that simulated as closely as possible the HCA conditions, in order to provide a 

comparison between the results of these routine performance tests and the 

data obtained from the HCA. Consequently, only discussion of results from all 

the tests carried out during this project is presented below.  

 

HCA tests provided essential results to validate the more widely used rutting 

prediction laboratory tests and future pavement modelling. Data derived from 
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the RLAT and SST are further analysed in this chapter and compared to the 

HCA measurements. The conclusions will be presented in Chapter 8. 

 

7.2. Permanent Shear Strain 

Data for an accumulation of permanent shear deformation with load cycles 

obtained from the HCA and SST tests in axial and shear repeated loading have 

already been presented in Figures 5.21-5.22 and 6.15-6.20. Both tests were 

carried out under as close as possible stress conditions. These data suggest 

that under most conditions considered, the permanent shear strain increases 

gradually with the number of load cycles.  

 

It should be noted, however, that in specimens tested in the SST at a high 

stress ratio of SR=3, the mixture became unstable and the load magnitude 

does not appear to influence the permanent strain with a similar trend. This 

can be possibly associated with the development of internal damage of the 

material as a consequence of the high shear strains and gradual loss of 

aggregate interlock. Therefore, the results may be unreliable. 

 

A comparison between Figures 5.21 - 5.22 and 6.15 – 6.20 shows that large 

differences are obtained for the permanent shear strain rates and the shear 

strain magnitudes obtained from the HCA are found to be much higher. This 

shows apparent discrepancy between these tests. The following observations 

are made: 
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• The results grouped by stress ratio illustrate that the accumulation of 

permanent shear strain is dependent on the shear stress magnitude. It 

is clear that higher shear stress increases the permanent shear strain.  

• At low shear stress levels of 70kPa, a greater rate of accumulation of 

permanent strain is observed, as the stress ratio is increased from 1 to 

3 due to the lower normal stress. However, this is not evident in the 

tests carried out at shear stress levels of 100kPa and 130kPa.  

Similarly, SST results show that for a stress ratio values of SR=1 and 

SR=2, as was to be expected, an increase in the permanent shear strain 

is obtained as shear stress level increased. However, for a high stress 

ratio value of SR=3, the magnitude of permanent shear strain in 

specimens tested under these stress conditions, was generally greater 

than for stress ration values of SR=1 & SR=2. This shows that the effect 

of compressive axial stress on permanent shear strain is greater when 

the shear stress is relatively low. However, when specimens are 

subjected to very high shear stress, it appears that increase in 

permanent shear strain is mainly attributed to shear deformation and 

the effect of axial compressive stress on permanent shear strain is 

negligible. Similar conclusions were drawn by Alavi, (1992). 

• The SST reveals that at high stress ratio (SR=3), the mixture became 

unstable and the load magnitude does not appear to influence the 

permanent strain with a similar trend. This can be possibly associated 

with the development of internal damage of the material as a 

consequence of the high shear strains and gradual loss of aggregate 
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interlock. At this state of stress, the load magnitude does not appear to 

influence the permanent strain in a similar trend. This is not the case in 

the RLAT, therefore clearly this is associated with effect of combined 

axial and shear load conditions. This may suggest that the SST test for 

estimating rutting is more reliable under lower stress conditions and 

lower stress ratios. 

• Both HCA and SST, showed that the application of lower normal stress 

(high stress ratio), results in higher accumulation rate of permanent 

shear strain. This indicates that axial compressive stress had a confining 

effect on the accumulation of permanent shear strain. 

• These experiments indicate that, for the combined mode of loading, the 

magnitude of permanent shear strain can be affected by the axial stress 

level. It is evident that axial stress is one of the major factors affecting 

development of permanent deformation. This data highlights the 

importance of selecting the proper stress state for laboratory evaluation 

to ensure that it is representative of that which occurs insitu. Also, any 

current pavement performance prediction models must be calibrated 

using realistic strain paths as they occur insitu. 

• In view of these results, it seems questionable whether the SST is a 

suitable tool for investigation rutting characteristics of asphalt mixtures.   

• Furthermore, both the HCA and SST results seem not to be influenced 

by air void content, as demonstrated in Figures 7.1 and 7.2. Despite the 

void differences between specimens being as much as 6 percent, no 

consistent effect of densification on the mixture performance was found. 
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These results are not untypical and are consistent with data reported by 

Gibb (1996) which also show little or no effect of air voids on 

performance of materials tested in the RLAT.  

 

Figure 7.3 compares SST and RLAT Mohr’s circle. SST tests carried out at a 

stress ratio value of SR=1 and axial stress levels of 100kPa is plotted versus 

RLAT carried out at the same axial stress level of 100kPa. In RLAT only a 

maximum shear stress at 45° to the principal planes can be calculated from 

the Mohr’s circle, and the effect of rotation of principal plane on the 

permanent shear deformation cannot be investigated. Also, both tests do not 

have ability to measure the lateral stress on the specimen, therefore the 

complete stress regime is unknown. This makes fundamental interpretation of 

test results difficult. Moreover, stress conditions in both tests are very 

different, making a direct comparison of results very difficult and almost 

meaningless. 
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Figure 7.1. Variation in void content and performance: SST SR=2 

Figure 7.2. Variation in void content and performance: HCA SR=1 
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Figure 7.3. SST at SR=1 vs RLAT Mohr’s Circle 

 

The results highlight again the importance of the contribution to rutting of 

shear stresses. Also, as discussed in Section 2, in densely compacted 

pavements, shear stresses are largely the cause of permanent deformation in 

the upper asphalt layers. Although many researchers recognised that shear 

stress is the main mechanism causing rutting, suitable laboratory test 

methods and theoretical models are not yet available for properly treating 

shear induced permanent deformation (Monismith et al., 1994). As discussed 

in Section 2.9, both layer-strain and viscoelastic methods are presently used 

for predicting permanent deformations in pavements. The layer-strain method 
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is considered a simplified engineering theory for predicting rut depth which 

allows use of either linear or nonlinear elastic theory together with the 

permanent deformation characteristics of asphalt mixtures. Nonlinear 

viscoelastic models are more realistic than linear viscoelastic models for 

predicting permanent deformations but, because of mathematical complexities 

and difficulty in defining an appropriate material model, the linear model is 

most frequently used. Also, the viscoelastic method has not been shown to be 

more accurate in estimating permanent deformations observed in pavements 

in situ (Sousa et al., 1991). 

 

Current analytical models focus on the rut depth under the centre line of 

loading and do not consider the contribution to rutting of shear stresses at the 

edges of the tires. Moreover, analytical models differ greatly in their 

estimation of the variation of permanent strain with depth beneath the 

pavement surface and theoretical predictions of the distribution of permanent 

deformation with depth fail to match test track and field measurements.  

 

However, in order to estimate rutting resistance accurately, a model should be 

developed that directly takes into account the shear stresses developed within 

the entire zone of permanent deformation, extending outward from the 

centreline of loading at least to the tire edges. This can be achieved using a 

finite element technique. 
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Available analytical models rely on some form of axial compression, either 

creep or repeated loading tests. Brown and Bell (1977 and 1979) compared 

theoretically predicted rut depths using the layer-strain approach with those 

measured in the Nottingham Test Track. Comparisons between predicted and 

measured total displacements generally indicated reasonable agreement. 

However, in the cases where upheaval occurred, the prediction was not as 

good. Material properties were measured using the repeated load triaxial test. 

Thrower (1978) suggested that the triaxial test is not suitable for investigating 

materials in the upper layers of asphalt concrete pavements because it cannot 

duplicate the states of stress that are encountered near the load.  

 

It is required to extend the states of stress under which permanent 

deformation characteristics of materials are measured in the laboratory to 

duplicate the states of stress that are encountered within the entire rutting 

zone, in particular where the shear stresses are relatively greater that normal 

stresses. Therefore, the new HCA capable of directly applying shear stresses, 

appears to be more suitable to investigate asphalt rutting properties, which 

could be then used to modify current rutting prediction equations. More 

experimental work is required to obtain regression permanent deformation 

parameters from HCA and field calibrate them. 
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7.3. Permanent Axial Strain 

In order to allow direct comparison of the stress-strain behaviour of the 

asphalt specimen tested under HCA stress conditions with that tested under 

RLAT and SST stress conditions, a plot of permanent axial strain accumulating 

in the HCA against the number of load cycles is shown in Figure 7.4. The 

results of HCA tests number 9, 12, 21, 22, 15 and 4 are included to be 

evaluated against the six tests carried out in the RLAT (Figure 6.4). Figure 7.5 

illustrates the permanent axial strain results for the SST tests. The results 

show that permanent axial strain was dependent on different stress levels. An 

increase in axial stress, resulted in a higher rate of permanent axial 

deformation in all three tests. However, it can be seen that under the HCA 

stress conditions, the specimen experienced dilation. Alavi, (1992) also 

reported that, for the combined mode of loading, the magnitude of permanent 

axial strain can be affected by shear dilation. Therefore, it is recommended 

that future HCA research should study shear dilatancy effect on permanent 

axial stress development in more detail and this phenomenon must be 

included in new rutting prediction models. 

 

The specimens tested under RLAT and SST conditions, exhibit similar response 

characteristics, as shown in Figure 7.6. The plot includes SST results from 

tests carried out at a stress ratio value of SR=1 in order to match normal 

stresses applied in the RLAT. None of the tests reaches the tertiary phase at 

which excessive deformation develops. However, the results show that more 

axial deformation occurs in the RLAT than in the SST. After 30,000 load cycles 
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the permanent axial strain obtained in the SST is predominantly very low, with 

the maximum value below 0.4%. This finding implies that the SST provides 

improved resistance to axial permanent deformation caused by the combined 

mode of loading. This can be a sign of shear dilatancy phenomenon. Also, the 

specimen is so confined that in reality there is a quite large horizontal stress 

generated within the specimen due to the end restraints.  

 

 

Figure 7.4. Variation of permanent axial strain with load repetition in the HCA 
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Figure 7.5. Variation of permanent axial strain with load repetition in the SST 

 

Figure 7.6. Variation of permanent axial strain with load repetition: RLAT vs 
SST at SR=1 (Key: RLAT/SST-Axial Stress-Air Voids) 
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7.4. Volume Change Characteristics 

It can be seen that the application of a shear stress to the HCA specimen 

results in dilation (Figure 5.23). Similar conclusions were drawn by Alavi, 

(1992) and Sousa et al., (1994), who found that mixes may dilate when 

subjected to shearing deformations. This shows that dilation is an important 

phenomenon, which should be taken into account in any modelling efforts, if 

accurate predictions of rutting are to be made. Taherkhani, (2006) reported 

that ignoring the dilation behaviour of the mixtures causes inaccuracies for 

prediction of asphaltic mixtures in real pavements. 

 

Analyses of the data from the HCA tests indicate that the permanent axial 

strain path varies considerably with the magnitude of stresses applied. 

However, because of the limited number of tests, it is difficult to draw any 

definite conclusions about their influence. It can also be observed that for low 

stress conditions, a resulting strain exhibits both compression and dilation. 

These data highlight the importance of selecting the proper stress state for 

laboratory evaluation to ensure that it is representative of insitu conditions.  

 

The radial strain was not measured in the SST and RLAT, therefore estimation 

of volume change was not possible. This did not allow comparison to be made 

between the HCA and the other two tests. 
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7.5. Summary 

In this chapter, the results of the laboratory investigation have been 

discussed. This research reveals discrepancies between the RLAT, SST and 

HCA tests. The literature review stressed the importance of the effect of shear 

stresses on the accumulation of permanent deformation and the results of this 

study confirm that better characterisation of the shear properties of asphalt 

concrete is necessary if accurate predictions of rutting are to be made. It was 

observed that permanent strain increases with load applications and it is 

dependent on the applied shear loads.  

 

Additional BISAR modelling, as per Section 3.2.1, confirmed that states of 

stress in the upper part of the pavement near the tyre edge could best be 

defined with a test where both the normal and shear stresses could be 

controlled independently of each other. An axial loading test, such as the 

RLAT, is not sufficient to duplicate insitu stress conditions in such a manner as 

to directly measure their influence.  

 

All the above suggests that a laboratory test which measures shear 

deformations beyond the centre of the loaded area, particularly important 

near the tire edges, can more accurately simulate insitu loading condition. 

Also, it is crucial to use an apparatus that can test asphalt mixtures under 

combined axial and shear loading mode, as both SST and HCA experiments 

indicated that axial stress plays key role in permanent deformation 

development when such stress state applied. The data obtained can be used 
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to develop accurate methodologies for pavement rutting prediction, which are 

crucial for decision support in pavement design. 

 

The HCA results provide considerable evidence for the dilation phenomenon, 

which was also observed by other researchers (Alavi, 1992, Monismith et al., 

1994). Most of the specimens increase in volume under test, confirming that 

rut development is essentially controlled by the shear strains that develop in 

the road. This shows the HCA test maybe a more appropriate tool to 

investigate asphalt permanent deformation performance than the RLAT and 

SST. 

 

While one might argue that in the SST it is possible to directly measure the 

effects of a specific stress state and the device can approximate field 

situations that are characterised by a pure shear stress, the limitations of the 

SST became apparent largely through the unknown level of confining stress it 

applies leading to significantly lower permanent shear strains than in the HCA 

or in the RLAT. 

 

The effect of air voids is less clear from the HCA and the SST. The plots show 

that the air void content does not significantly affect the asphalt mix 

performance. However, this seems to be in contradiction with results from the 

RLAT and earlier studies (Chapter 2) that have found that the aggregate 

structure is important, and the asphalt performance is strongly dependent on 

density of a mixture.  
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The investigation provides an indication of asphalt mixture behaviour relating 

to the applied torsional shear stresses. From the results presented, it can be 

seen that the new HCA equipment has behaved in a consistent manner and 

the results obtained during this research appear to be generally acceptable. 

These findings thus provide strong support for the continuing use of the HCA 

test to predict the response of the material to complex stress conditions such 

as the one encountered insitu. The flexibility of stress path application 

afforded by the HCA is such that a wide range of possibilities arise for future 

research and this is discussed in Chapter 8. 
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8               

SUMMARY, CONCLUSIONS AND 

RECOMMENDATION FOR FURTHER 

INVESTIGATION 

8.1. Introduction 

In order to study the permanent deformation characteristics of asphalt 

mixtures under loading simulating insitu conditions as closely as possible, the 

following three objectives were considered during this research: 

(1) Design, build and commission a new HCA for testing realistic asphalt 

mixtures under appropriate stress paths (Chapters 3 to 5); 

(2) Generate data on stress/permanent strain relationships to assist in the 

development of realistic models for the prediction of pavement rutting 

(Chapters 5); 

(3) Compare the results with the SST and the RLAT, simpler permanent 

deformation tests, used for practical materials design to verify accuracy and 

reliability (Chapters 6 and 7). 

 

The development of wheel track ruts in asphalt roads is one of the main 

design criteria for this form of pavement construction, since deep ruts are a 
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hazard to vehicles. Limitation of the amount of rutting requires detailed 

knowledge of how asphalt materials respond to the repeated stress 

applications caused by large numbers of wheel passes. The stress regime in a 

road is complex and test methods to date have applied simplified stress 

systems to measure asphalt mechanical properties. 

 

Permanent deformation of asphalt mixture depends on many factors, including 

asphalt binder, aggregates, mixture design, loading time and the temperature. 

Its accumulation may be partly minimised by appropriate mix design and 

efficient construction control.  

 

In order to reduce asphalt mix susceptibility to plastic deformations, 

specifications of various mix parameters, such as binder type and content, 

aggregate type and gradation, compaction degree (air voids), are essential. 

Nevertheless, permanent deformations in an asphalt layer will occur due to a 

combination of densification (volumetric reduction) and shear strain, caused 

by traffic loads. 

 

Rutting resistance is a major performance measure for designing pavements 

and proper assessment of permanent deformation behaviour is critical to 

ensure the structural adequacy of flexible pavement. Although the importance 

of shear stress application under repeated loading is relatively well 

understood, its influence on permanent deformation accumulation is usually 

not considered while designing flexible pavement structures.  
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Although many researchers recognise that the shear stress is the main 

contributor causing rutting, suitable laboratory test methods and theoretical 

models are not yet available for properly treating shear-induced permanent 

deformation. Aiming at achieving rut resistant asphalt mixes, field conditions 

have been simulated in the laboratory by a variety of repeated loading tests. 

Tests that have been used to date, such as uniaxial, triaxial and wheel 

tracking, have been designed to evaluate the elastic, viscoelastic, plastic, and 

strength parameters of asphalt mixtures. These tests are carried out following 

specified temperatures, stress magnitudes and variable loading times but they 

only approximate field conditions. The Literature Review set out some of the 

main criticisms of these standard test methods. It also suggested that another 

test should be used to investigate properties of materials composing the upper 

pavement layers because the states of stress encountered in upper layers 

cannot be easily duplicated in the laboratory.  

 

8.1.1. HCA development and commissioning 

 

The main aim of this project was to develop an apparatus that will improve 

simulation of insitu conditions resulting in more accurate quantification of the 

permanent deformation of asphalt with respect to both shear and volume 

change characteristics. At the same time, it was also necessary to develop the 

test procedures which define the parameters contributing to the mixture 

performance.  
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A number of multi-layer linear elastic analyses were undertaken in order to 

establish the actual stress paths for use in the new HCA testing and in order to 

define the necessary applied loads, so that the full range of possible insitu 

stress levels could be accommodated. BISAR modelling confirmed that the 

maximum shear stress on the vertical/horizontal plane (τxz) generally 

developed under the edge of the load. It was also found that the predicted 

maximum vertical stress occurred close to the surface, within the top 50mm of 

an asphaltic mix. The shear invariant (q) varied with radial position but was 

generally maximum at the bottom of the layer. The maximum stress ratio, (η 

= q/p), however, occurred within the layer and varied between 0.1 and 43.6.  

 

Design of the HCA was led by Mr B V Brodrick, a recently retired Chief 

Experimental Officer with extensive experience of this type of development 

within the research group. The new HCA has been successfully built. The 

device can provide both repeated axial (W) and torsional (M) shear loads with 

regulated internal and external pressures on a hollow cylindrical specimen with 

250mm inner radius, 350mm outer radius and 350mm height. The large size 

of specimen was dictated by the need to test asphalt with realistic sized 

aggregate. The test asphalt used a 10mm maximum size continuously graded 

aggregate mixed with grade 100/150 bitumen. 

 

The initial phase of work with this new apparatus involved an extensive period 

of commissioning in order to ensure that all the systems functioned correctly. 

This work resulted in some adjustments to the drive system and also to the 
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instrumentation mounting arrangements. Further improvement of the 

equipment might still be required but this had to be limited in order to 

progress the main HCA testing programme. 

 

The temperature control system proved to be unreliable above 30ºC because 

of substantial heat loss through the metal components. The provision of some 

additional lagging was necessary to reduce this problem, but modifications will 

be needed in the future to achieve higher test temperatures as suggested in 

the next section. 

 

As discussed in Section 2.8, in geotechnics, HCA has been adopted as a 

practical and reliable device for measuring key performance profiles of clays 

and granular materials. The use of HCA for testing asphalt with realistic sized 

aggregate, has not progressed as far as in geotechnical testing. However, due 

to its great success in generating a variety of stress paths, a similar approach 

was followed in asphalt research and a realistically sized HCA for the testing of 

asphaltic concrete was developed. Overall, it was demonstrated that new HCA 

proved to be a versatile laboratory shear testing equipment that is able to 

apply more complex stress paths and it is capable of recording consistent 

stress-strain responses. The HCA is relatively complex, time consuming and, 

therefore, expensive, making it unattractive as a routine test, but it is very 

useful as a research tool. 
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8.1.2. Specimen preparation 

 

To ensure that the test reflects mix response representative of insitu 

conditions, uniform specimens with engineering properties similar to those in 

pavements need to be obtained. The specimen preparation method included 

accurately cutting hollow cylinder specimens from the paved slabs of asphalt 

using large diameter core cutters. The internal 150mm cores were also used in 

the research for the SST and RLAT. 

 

8.1.3. Experimental work 

 

A considerable time was devoted to developing and commissioning the new 

HCA and this took longer than had been planned. Therefore, only a limited test 

programme was possible. This was based around the concept of comparing 

results with those from the SST at UCB and the RLAT. The test programme 

allowed initial exploration of the relative effects of stress ratio (shear/normal 

stress) and shear stress levels.  

 

It was observed that permanent strain increases with load applications and it 

is dependent on the applied shear loads, confirming the importance of the 

effect of shear stresses on the accumulation of permanent deformation. This 

suggests that a laboratory test which measures primarily shear deformations 

appears to be the most effective way to define asphalt resistance to rutting. A 

test where both the normal and shear stresses could be controlled 
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independently of each other should be used. An axial loading test, such as the 

RLAT, is not sufficient to duplicate insitu stress conditions in such a manner as 

to directly measure their influence. 

 

8.2. Conclusions  

The main conclusions that emerged from this study are listed below: 

• This work highlights the importance of selecting the proper stress state 

for laboratory evaluation to ensure that it is representative of insitu 

conditions.  

• Better characterisation of the shear deformation of asphalt mixtures is 

required in order to improve rutting predictions. 

• The new test method needs to be able to account for shear stresses at 

the edges of the tyre loading, not only under the centre line. 

• The new HCA equipment was built, and it proved to be a versatile shear 

testing device, that can follow stress paths involving p, q and α. The 

flexibility of stress path application afforded by the HCA is such that a 

wide range of possibilities arise for future research. 

• The method of specimen preparation described in thesis was found to 

be satisfactory and capable of obtaining the required quality specimens 

(in terms of dimensions). Some improvement needs to be made to 

compaction procedure in order to achieve more uniform specimens and 

to get less variable results (see Section 8.3). 

• The investigation provides an indication of asphalt mixture behaviour 

relating to the applied torsional shear stresses. From the results 
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presented, it can be seen that the new HCA equipment behaved in a 

consistent manner and the results obtained during this research 

appeared to be generally acceptable.  

• The device shows the potential to correctly reproduce the insitu stress 

regime and, hence, allow more appropriate relationships to be 

developed between the applied stresses and the resulting deformations.  

• Principal stress rotation that occurs in a pavement from a passing wheel 

load cannot be duplicated in the RLAT and is therefore a limitation of its 

ability to fully simulate vehicle loading.  

• Increasing load levels resulted in higher rate of permanent deformation 

of specimens tested in all of the tests.   

• Both HCA and SST, showed that the application of lower normal stress 

(high stress ratio), results in higher accumulation rate of permanent 

shear strain. This indicates that axial compressive stress had a confining 

effect on the accumulation of permanent shear strain. 

• Analysis of Mohr’s circles indicate that development of permanent shear 

strain is dependent on the angle of major principal stress rotation σ. 

• At low shear stress levels of 70kPa, a greater rate of accumulation of 

permanent strain is observed, as the stress ratio is increased from 1 to 

3 due to the lower normal stress. However, this is not evident in the 

tests carried out at shear stress levels of 100kPa and 130kPa.  

• Similarly, SST results show that for a stress ratio values of SR=1 and 

SR=2, as was to be expected, an increase in the permanent shear 

strain is obtained as shear stress level increased. However, for a high 
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stress ratio value of SR=3, the magnitude of permanent shear strain in 

specimens tested under these stress conditions, was generally greater 

than for stress ration values of SR=1 & SR=2. This shows that the 

effect of compressive axial stress on permanent shear strain is greater 

when the shear stress is relatively low. However, when specimens are 

subjected to very high shear stress, it appears that increase in 

permanent shear strain is mainly attributed to shear deformation and 

the effect of axial compressive stress on permanent shear strain is 

negligible. Similar conclusions were drawn by Alavi, (1992). 

• The SST reveals that at high stress ratio (SR=3), mixture became 

unstable and the load magnitude does not appear to influence the 

permanent strain with a similar trend. This can be possibly associated 

with the development of internal damage of the material as a 

consequence of the high shear strains and gradual loss of aggregate 

interlock. At this state of stress, the load magnitude does not appear to 

influence the permanent strain in a similar trend. This is not the case in 

the RLAT, therefore clearly this is associated with effect of combined 

axial and shear load conditions. This may suggest that the SST test for 

estimating rutting is more reliable under lower stress conditions and 

lower stress ratios. Therefore, for design purposes, it would be sensible 

to avoid the critical states of stress that intensify rutting.  

• Dilation is one of the most important aspects controlling a mix stability, 

and it becomes particularly important when evaluation of permanent 

deformations in high temperatures is undertaken (Monismith et al., 
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1994). The HCA results provide considerable evidence for the dilation 

phenomenon. Analyses of the data from the HCA tests indicate that the 

permanent axial strain path varies considerably with the magnitude of 

stresses applied. However, because of the limited number of tests, it is 

difficult to draw any definite conclusions about their influence. It can 

also be observed that for low stress conditions, a resulting strain 

exhibits both compression and dilation. 

• The radial strain was not measured in the SST and RLAT, therefore 

estimation of volume change was not possible. 

• The limitations of the SST became apparent largely through the 

unknown level of confining stress it applies leading to significantly lower 

permanent shear strains than in the HCA or in the RLAT. 

• This research reveals discrepancies between the RLAT, SST and HCA 

tests and it shows the HCA test is a more appropriate tool to investigate 

asphalt permanent deformation performance than the RLAT and SST, 

but it is too complex for routine use. 

• No consistent effect of densification on the mixture performance could 

be determined from the HCA and the SST. The plots show that the air 

void content does not significantly affect the asphalt mix performance. 

However, this seems to be in contradiction with results from RLAT and 

earlier studies (Chapter 2) that have found that the aggregate structure 

is important, and the asphalt performance is strongly dependent on 

density of a mixture. The reason for this is not fully understood and it is 
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recommended to investigate the issue in the future HCA research 

programme. 

 

8.3. Recommendations for Future Research 

The development has been based on earlier experience in soil and granular 

materials research, which identified the shortcomings of simple shear testing 

and the advantages of the torsional hollow cylinder format for the accurate 

application of the complex stress conditions that arise under a moving wheel 

load in a pavement. The data available to date have only involved rather 

simple stress paths, in order that comparisons may be made with data from 

existing equipment such as the SST.  

 

Having made the capital investment to create this major experimental facility, 

it is now possible to study the mechanical properties of asphalt under the 

complex stress conditions imposed in a pavement structure by moving wheel 

loads more accurately than hitherto. The flexibility of the HCA in terms of the 

stress regimes which can be applied is such that a wide range of possibilities 

arise for future research. The overall objective for further work should be to 

use the apparatus as a generator of high quality data on the relationships 

between applied stress and permanent strain for asphalts of various types, 

constituents and mixture proportions. These data then should be used both as 

a reference standard for the simpler tests used in engineering practice and to 

assist in the development of improved theoretical models for the prediction of 

rutting.  
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This work should be then linked to wheel tracking studies using Accelerated 

Pavement Testing facilities in order to allow for further field validation. A 

complete mechanistic validation must assure that the profile of permanent 

strain can be accurately estimated, and the desired accuracy exists between 

the laboratory and the real field data. 

 

The new HCA for testing asphalt performance was successfully designed, built 

and commissioned. However, time constraints imposed by the extensive 

equipment development period meant that the further modifications had to be 

postponed. Some improvements to the HCA should be made in the future in 

the light of early experience of its use, notably in respect of increasing the 

temperature range available.  

 

It is well documented that asphalt performance is dependent on confining 

pressure (Monismith and Tayebali, 1988) and the HCA chamber is intended to 

simulate conditions of the confinement from the surrounding material in the 

asphalt layer. Hence, the author believes that future testing will require 

internal and external pressure on the specimen to be applied through a 

regulated pressure supply in order to investigate influence of confinement on 

permanent deformation. 

 

If results from tests performed on different samples are to be compared, then 

quality control for the specimen preparation procedure should be improved in 
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order to minimise the variability in air void content. To produce more 

homogenous specimens, desired level of compaction should be specified and 

laying and compaction should be carried out in accordance with the 

Specification for Highways Works Series 900 (SHW, 2018). Insitu density 

control should be carried out using nuclear density gauges. It is also 

recommended to avoid hand placing of asphalt mixtures.  

Since other needed material properties can be obtained, an effort should be 

made to investigate and evaluate the use of the test for obtaining such 

information. For example, the effect of air voids is less clear from the testing 

programme adopted. As already discussed in this thesis, the aggregate 

structure is important, and the asphalt performance is strongly dependent on 

density of a mixture. Therefore, it is recommended to investigate the issue in 

the future HCA research programme. 

 

The flexibility of stress path application afforded by the HCA is such that a 

wide range of possibilities arise for future research. Based on the findings of 

this study, the following stress variables should be studied:  

• Shear stress reversal; 

• Stress ratio in terms of both τzθ/σz and q/p;  

• Permanent and resilient strain response as a function of stress invariants 

p and q and the influence of direction (α) of major principal stress. This 

will assist the development of improved theoretical modelling. 
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Further study involving larger number of tests is recommended to determine 

the variability of the rutting resistance measured by simpler, routine tests 

such as RLAT or SST and their applicability in mixture design and evaluation. 
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APPENDIX B 

 

HCA TEST PROTOCOL 

 

 

 

 

 

 



HCA TESTING PROTOCOL 

 



 

1 APPARATUS 

The new HCA has been successfully built. The device can provide both repeated 

axial (W) and torsional (M) shear loads with regulated internal and external 

pressures on a hollow cylindrical specimen with 250mm inner radius, 350mm 

outer radius and 350mm height. The large size of specimen can be used to test 

asphalt with realistic sized aggregate. Figure 3.12 shows the general 

configuration of the new torsional HCA and Figure 3.13 is a photograph of it.  

 

The vertical loading components are shown in Figure 3.14. The 100kN actuator 

with a stroke length of 100mm is fitted above the top crosshead and a position 

transducer is attached to the top of the shaft to measure its position. Couplings 

are used to connect the main vertical feedback load cell to the actuator shaft 

and to an extension shaft below. A collar is used to ensure a direct connection to 

the extension shaft but allows for ease of separation if necessary. The extension 

shaft passes through a large clearance hole in the intermediate crosshead and a 

secondary 100kN load cell is screwed to its end. This load cell is bolted to the 

inner ring of a large angular contact roller bearing and the outer bearing ring is 

fitted to the final drive disc, which is part of the torque loading arrangement. 

The bearing allows vertical load to be applied on a fixed axis and also rotation 

about the fixed axis without torque being transferred to the vertical loading 

components.  

 

The secondary load cell provides a check on the upper vertical load cell as the 

extension shaft has to pass through the torque loading arrangement and some 

friction may occur.  

 

The side view on Figure 3.15 shows the arrangement for transmitting torque to 

the top of the specimen using three discs. The 30kN horizontal actuator is fixed 

to an intermediate crosshead at a 200mm offset from the vertical axis (6kNm 

torque). +/- 75mm travel is available, which allows +/- 15º of rotation of the 



final drive plate. The primary drive disc is turned by an arm attached to a central 

shaft, which is connected to two hydraulic cylinders as shown in the plan view. A 

pin on the shaft moves the arm and passes through a slot, which accommodates 

the lateral movement of the arm as the primary drive disc rotates. 

 

Specimen Dimensions H 350mm, OD 350mm, ID 250mm 

Vertical Load Up to 100kN, stroke 0 to 100mm 

Torque  Up to 30kN; arc of rotation +/- 15º   

Loading Frequency 0 to 5Hz                                                        
stroke at 5Hz – ≤1.5mm, rotation at 5Hz - 2º 

Confining Pressure 0 to 200kPa 

Temperature Range 20 to 45ºC 

 

For full description of the equipment refer to Section 3. 

2 Preparation of specimens 

 

 

Specimen preparation is discussed in Section 4, and Section 5 describes test set-

up procedure.  

 



The following procedures shall apply to undisturbed, cored hollow cylinders: 

• Specimens shall be prepared by coring cylinders from a slab. As discussed 

in Section 4. In order to achieve hollow specimens with dimensions as per 

Section 3.2.4, the central part of the cylinder should be drilled first 

followed by the external part, as shown in Figure 4.11. The average 

achieved wall thickness should be 50mm measured top and bottom (+/- 

1mm). 

• Transfer specimens carefully to the laboratory in a refrigerated van during 

warm weather, to avoid any distortion, and then store in a temperature-

controlled room at 5ºC.   

• Cut and trim the specimen to the required dimensions as per Section 

4.1.4. Take care to avoid deforming the specimen during the cutting and 

trimming process. 

• The soil specimen end surfaces shall be plane and perpendicular to the 

longitudinal axis.  

• Examine undisturbed samples prior to testing. If significant disturbance is 

apparent in the specimen this should be recorded in the test report. Highly 

disturbed samples will not provide meaningful results and should not be 

tested. 

• Measure the specimen height, diameter, wall thickness and mass 

immediately prior to gluing. Record average values to used for further 

stress and strain analysis. 

• Determine air voids. 

• Glue the specimen as per Section 4.2.2. 

• An arrangement for fitting a HCA specimen in alignment with the vertical 

and torque actuators of the apparatus is depicted in Figure 4.18. 



• 6.2.9 Once the glue set, remove the specimen and fit with the on-

specimen instrumentation arrangement as shown in the schematic of 

Figure 3.18 and also Figures 3.20 to 3.22.  

• Fit a thermocouple to the wall of the specimen. 

• Transfer the assembly back into the apparatus. 

• Position the specimen within a pressure chamber as shown in Figure 4.21. 

The end platens were then bolted to a pedestal below the specimen and to 

an extension fitted to the final drive disc. This extension passes through 

the top cover of the pressure chamber and is of sufficient height to 

accommodate the vertical deformation of the specimen during testing. 

Clamps were used to fix the pedestal to the bottom of the chamber and 

also the chamber to the frame base. This method of fixing facilitated the 

alignment of the top platen bolt holes with the final drive extension 

threaded holes and allowed centralisation of the chamber about the 

extension.  

• Place the pressure chamber around the specimen and bolt the cylinder 

together through vertical flanges either side of the split and bolt to the 

base through circular flanges welded around the bottom of each half of 

the cylinder.  

• Fit insulation around the chamber to reduce heat loss as shown in Figure 

4.23.  

• A combined air filter and heater connects to the chamber so that heated 

air passed through the chamber to control the specimen temperature. For 

unconfined testing use a very low pressure and exhaust it from the 

chamber with the exhaust valve fully open.  

• Condition the specimen till a desire temperature is reached.  



• Lower the final drive extension using CH1 set-point until a slight 

compressive load is observed on the vertical load cell (about-0.3kN) and 

change to vertical (CH1) force control. Check that the load is still at about 

-0.3kN and adjust with CH1 set point if necessary. Torque CH2 should be 

in position control.   

• Monitor the LVDT outputs throughout the conditioning period and recorded 

at the test start. During the test measure specimen deformation and 

record continuously.  

• Specimen ready to be tested is show below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 TEST PROCEDURE 

• Create sequences in SmartWAVE block-editing software and download 

them for local control on the test controller.  

• Switch on the HCA and the hydraulics. 

• Switch on the Moog Test Controller and connect laptop to it vie ethernet 

cable. 

• Note the CH1 vertical force feedback reading, CH1 control mode, the CH2 

torque force feedback reading and the CH2 control mode.  

• The CH1 vertical force will be probably at about -1.0kN (the weight of the 

vertical load components) and the CH2 torque force should be close to 

zero. 

• CH1 should be in force control. If not, use set-point for CH1 to set to force 

control mode at -0.1kN compressive. The nuts on the supporting bolts 

under the final drive can be screwed down and all three bolts removed.  

• CH2 should be in position control. If not, use CH2 set-point to apply a 

slight -ve load so that the torque load cells have no play in their pinned 

ends.  

• Open SmartWAVE programme and export a sequence to Moog Test 

Controller (master.seq). 

•  Go to set recording file. 

• Start recording. 

• Start test. 

• Stop test. 

• Stop recording. 

 



4 TEST RESULTS 

• Upload Download data to a computer by accessing information stored on 

the Moog Test Controller. Use of the web server interface. Connect a 

computer to the Test Controller via Ethernet (see Figure 3.31). The raw 

data are saved in *.fstrm format and the MOOG web interface allows the 

data output to be converted to the Comma separated files - *.csv. When 

converting is completed, save data files to a computer. 

• To analyse the data files, use NTEC & Cooper Research Technology Ltd. 

filtering software. See section 3.3. 
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