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ABSTRACT 

The purpose of this study was to examine specific fundamental loading parameters (load 

magnitude and number ofrepetitions, tyre inflation pressure and basic tyre type) that influence the 

behaviour and performance of flexible pavements. The pavement response and performance 

measurements included continuous surface deflection basins, longitudinal and transverse profiles, 

and vertical strains in the unbound granular layers and subgrade. 

The main criterion for determining the thicknesses of unbound granular layers in flexible 

pavements is the vertical compressive strain in the top of the subgrade imposed by each axle load. 

The design procedure presupposes that the primary mode of structural failure is permanent 

deformation in the subgrade. If the vertical compressive strain at the top of the subgrade exceeds 

the capacity of the soil, then excessive vertical plastic deformation will occur, eventually 

manifesting itself at the road surface as rutting. 

The first pavement experiment considered only the elastic response of a thin-surfaced, unbound 

granular pavement over a weak subgrade, to varying wheel loads, tyre inflation pressures and two 

basic tyre types (bias and radial ply). The axle load had the greatest effect on pavement response 

and the tyre type had no apparent effect. For some load and tyre combinations, increases in the 

tyre inflation pressure resulted in statistically significant, slight decreases ( at a 5 percent level of 

confidence) in the magnitude of the vertical compressive strains in the subgrade and unbound 

granular cover. The slopes of the relationships between strain and wheel load were similar for the 

actual values measured and the values predicted by multi-layer linear elastic theory, but the moduli 

necessary to generate strain magnitudes comparable to those measured are unrealistically low. 

Two subsequent pavements were tested to study the relationship between elastic response at 

different cumulative loadings and the structural capacity of each pavement. The magnitudes of 

vertical compressive strain measured in the unbound granular layers and subgrade are substantially 

greater than the levels predicted by multi-layer linear elastic models on which the AUSTROADS 

and National Roads Board (NRB) flexible pavement design procedures are based, for the same 

number of loading repetitions to failure: the subgrade strain criterion is conservative. 
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However, the AUSTROADS criterion more closely approximated the actual strain values, 

compared with the New Zealand criterion. Also, in the second and third pavement tests, the 

vertical compressive strain levels in the unbound basecourse aggregate tended to decrease slightly 

in magnitude under cumulative loading, while the magnitude of the subgrade strain tended to 

increase. The basecourse aggregate consolidates under repetitive loading, before reaching a stable 

condition. 

Pavement responses (strain and surface deflection) to instantaneous loads can be a good indicator 

of future pavement performance only after an initial trafficking period, of at least 200,000 

Equivalent Standard Axles. Also, after approximately 50% of the pavement life has been 

consumed under cumulative loading, pavement response is a poor indicator of future performance. 

Applying the rate of rutting concept (rate of rutting is the incremental change in rut depth over 

an incremental number of loading repetitions), the change in the rate of rut development in the 

pavement surface can be related directly to the vertical compressive elastic strain in unbound 

granular basecourses and the cumulative number of loading repetitions at a point in the life cycle. 

In addition, the development of rutting early in the pavement life cycle can be used to predict the 

future rutting of the pavement, but the accuracy of any predictions of the number of allowable 

load predictions to pre-determined permanent deformation (rut depth) would depend on closely 

monitoring the development of the permanent deformation during the initial phase of the 

pavement life and carefully selecting the constant 'a' (intercept), which corresponds approximately 

to the end of the initial phase of the pavement life. 

The effects of pure loading alone are less damaging to unbound granular pavements than 

previously considered; other factors, such as environment and moisture, must have a greater 

impact than that which has been attributed to them. Multi-layer linear elastic theory does not 

adequately model thin-surfaced unbound granular pavements to be able to accurately predict 

performance soon after construction and during initial trafficking. Vertical compressive strains 

in unbound granular layers of thin-surfaced flexible pavements can be equal in magnitude to 

vertical compressive strains in the subgrade under such pavements, so the former should be 

considered in the modelling of thin-surfaced unbound granular pavements. 
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FOREWORD 

This thesis has been prepared both to document the literature review, experimental investigations, 

results, analysis and conclusions of the National Roads Board/Transit New Zealand research 

project PD/21, Fundamental Behaviour of Unbound Granular Pavements under Varying Loading 

Conditions and to partially fulfil the requirements of Doctor of Philosophy in the University of 

Canterbury, Christchurch, New Zealand. For the first time ever in the world, granular basecourse . 

layers composed of unbound aggregate and the underlying sub grade have been instrumented with 

sensors that do not disturb the materials, and the actual dynamic strains that occur under wheel 

loads have been re.corded, for both various wheel loads and over the life cycle of a pavement 

under accelerated rates of loading. 

This research was initiated in 1988-89, under the auspices and guidance of the CAPTIF technical 

sub-committee of the NRB Road Research Unit Pavements Committee, and the research was 

conducted during 1990-92. The research programme was essentially investigating some of the 

fundamental principles incorporated into the National Roads Board State Highway Pavement 

Design and Rehabilitation Manual ( NRB, 1989). In 1995, Transit New Zealand adopted the 

AUSTROADS Pavement Design Guide (AUSTROADS, 1992), partly on the basis of research 

findings documented in this thesis. 

Compressive strains are represented as negative values throughout the thesis and appendices. 

Strains are defined as the change in gauge length divided by the initial gauge length. 
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CHAPTER 1 INTRODUCTION 

1.lGENERAL 

New Zealand has a population of3.3 million and an area of 268,675 kni. The road network totals 

nearly 100,000 km in length, of which 50,300 km have all-weather surfaces. Maintaining and 

rehabilitating such a network for relatively low traffic volumes has encouraged the use of 

alternative pavement designs and practices. The pavement is defined as the road structure above 

the in situ soil or subgrade. Because aggregate has been generally readily available, though not 

always of high quality, in most regions of the country, the majority of New Zealand roads are 

constructed of flexible pavements, which consist of: 

(i) a thin surface which is most often a sprayed bituminous seal with uniform crushed stone 

chips, but is occasionally a bituminous mix; 

(ii) a basecourse which is commonly an unbound granular layer of high quality crushed rock 

or river gravel; and, 

(iii) a subbase which is usually one or sometimes two layers of unbound granular aggregate. 

One or more of the unbound layers may be stabilised or cemented to improve the properties of 

poorer aggregates or soils. However, some flexible pavements in New Zealand contain asphaltic 

concrete surface layers, which contributes substantially to the structural capacity of the pavement. 

The maximum gross vehicle weight permitted on national highways is limited to 430 kN, and the 

maximum loads permitted for dual-tyred single, tandem, and triple axle groups are 80, 145 and 

177 kN, respectively. The wide spectrum of actual axle weights, configurations and spacings 

between axles is converted, using Equivalency Factors (EF) to one selected standard reference 

load, referred to as Equivalent Single Axle Loads (ESAL) or Equivalent Single Axles ( esa ). The 

New Zealand term for equivalent single axle load was Equivalent Design Axle (EDA)1, an 80 kN 

single axle load on dual-tyred wheels inflated to 550 kPa. The load equivalency factors used in 

1 In 1995, Transit New Zealand adopted the AUSTROADS Pavement Design Guide 
( 1992) for state highway design, which calculates heavy vehicle loading in terms of equivalent 
single axles ( esa). 
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the National Roads Board2 pavement design model were based on a linear elastic multi-layer 

pavement response theory. The stresses, strains, and deformation created in the pavement by this 

loading condition were commonly described as causing one unit of "damage" (or "wear") to the 

pavement structure. A computer multi-layer linear elastic program (Bituminous Structures in 

Roads, BISTRO) was used to determine the stresses, strains, and deformation caused by 1 EDA 

Then, the same computer program was used to determine what other combinations of single or 

dual tyres, loads, and axle spacings would induce the same level of stresses, strains, and 

deformations in the pavement model. Due to the difficulty associated with trying to include all 

parameters, no allowance was made for the characteristics and dynamics of the vehicle 

components (suspensions, unsprung/sprung mass ratios, and tyres' components, imprints, and 

inflation pressures). 

The main criterion for thickness design of unbound granular pavements is the vertical compressive 

strain in the top of the sub grade imposed by each equivalent load repetition because the flexible 

pavement thickness design methods presuppose that the primary mode of structural failure for 

unbound granular pavements is permanent deformation in the subgrade. If the vertical 

compressive strain at the top of the subgrade exceeds the capacity of the soil, then excessive 

vertical plastic deformation will occur eventually manifesting itself at the road surface as rutting. 

The calculated response of the pavement is based on the subgrade strength, thickness of the 

different pavement layers and the compaction level of each layer. 

1.2 NEED FOR THE RESEARCH 

The behaviour of pavements is affected by several interdependent, extremely complex 

mechanisms. The temporal and spatial variation in the properties of materials is a critical factor. 

Also, the history of behaviour, or performance of the pavement, can be described as a positive 

feedback loop: as the loading increases in number or severity, the rate of deterioration in the 

pavements increases. Most pavement deterioration manifests itself at the surface as roughness, 

which in tum increases the dynamic effect of the loading. Simplifying assumptions are made to 

2The national highway authority is now called Transit New Zealand (TNZ), but prior to 1989, 
the title was the National Roads Board (NRB). 
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facilitate analysis of the performance, and load equivalencies of different vehicles for input to 

models for predicting pavement performance after construction could be improved. Models are 

essential for design and evaluation of constructed pavements. 

A second, related issue is the axle weights and loading model, which also requires substantially 

more research, so as to determine load equivalency factors for allowable axle weights for different 

tyres and vehicles and for a road user charges allocation model. In this case, the linear elastic 

theory may be unsuitable for evaluating the relative effects of different vehicles. Also, the models 

must take into account whether the major pavement criteria is: 

i) incremental damage, which is related to level of service, or 

ii) total pavement life, which is related to performance. 

Because of the unique situation in New Zealand, with respect to both the road user charges 

incurred by the road transport industry and the dependence on flexible pavements containing 

unbound granular layers, a major research effort is needed to address the vehicle/pavement 

interaction subject. The research must isolate the various components of the vehicle/pavement 

interaction system, such as the static and dynamic components of vehicle loading, and the relative 

effects of vehicles, the environment and the pavement materials. Laboratory testing and computer 

analysis alone are inappropriate to the nature of the work involved. Trials utilising full-scale 

equipment and pavements are necessary. 

1.3 STATEMENT OF THE PROBLEM 

Because the linear elastic theory is applied by using a relationship between standard axle load 

repetitions, strains and pavement performance, the elastic characteristics of the layers must be 

understood. The most appropriate method of evaluating this relationship is by measuring the 

minute vertical strains that occur within the basecourse and subgrade materials under both static 

and dynamic loading conditions. Numerous non-destructive methods of analysing the in situ 

dynamic characteristics of pavements have been developed, such as various dynamic vibratory 

loading devices, wave propagation techniques, and subsurface instrumentation. However, a 
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system of sensors capable of measuring strains in unbound granular layers and sub grades had to 

be developed and commissioned because in order to isolate the influence of the basecourse from 

the subgrade, strains within the separate layers must be measured. 

1.4 OBJECTIVE 

When the research was initiated in 1989, the original objectives were to investigate the influence 

of various fundamental parameters on the performance of unbound granular basecourses in 

thin-surfaced pavements, and to characterise the materials' behaviour by measuring subsurface 

strains, displacements, soil suction pressures, and temperatures. Thus, the aims of the research 

were to develop and verify instrumentation and a procedure for scientifically examining some 

fundamental parameters that influence the behaviour of unbound granular pavements, and evaluate 

the relative importance of each variable studied. The primary variables were the load magnitude, 

tyre inflation pressure, basic tyre type, number of tyres, cumulative loading repetitions and 

pavement design. Indirectly, the stress dependence and non-linearity of the moduli of sub grade 

and unbound granular pavement materials were also to be examined. 

As the research progressed, the purpose of the research was modified to reflect early findings. 

Thus, the objective was to conduct a scientific, thorough examination of the important 

fundamental parameters affecting the behaviour3 of unbound granular pavements and sub grade 

by measuring the vertical compressive strain under loading,. The final stages of the testing 

routines involved selecting a few parameters, and evaluating their influence on long-term 

performance4 of pavements. Ultimately, the influence of all the parameters requires a multi-year 

extended research programme utilising laboratory testing, full-scale test track pavements and field 

trials. 

3 Pavement behaviour is defined as the immediate response of the pavement including the 
subgrade, to a moving load being applied. 

4 The cumulative serviceability of the pavement over time. 
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1.5 SCOPE OF THE RESEARCH 

This project investigated the influence of various fundamental parameters on the behaviour and 

performance of subgrades and unbound granular cover layers under various loading conditions. 

Laboratory testing and computer analysis alone are inadequate to determine the influence of 

various components of the vehicle/pavement interaction system and the relative effects of vehicles, 

the environment and the pavement materials. Trials utilising full-scale equipment and pavements 

are necessary; an in-service field test is the ultimate means of evaluating the above because 

performance in a test section often differs significantly from the results of laboratory or model 

studies, but test sections are difficult to design, construct, monitor and evaluate, as well as 

expensive, and require a relatively long time to provide useful data. Therefore, testing full-scale 

pavements under an accelerated rate of load repetitions in a test track under controlled 

environmental and loading conditions was selected as the most suitable alternative for this 

investigation. 

Originally, a series of four sets of thin-surfaced, unbound granular pavements were to have been 

constructed in the track and tested; the principal variables were to have been the thickness of the 

unbound granular layers and the bearing capacity of the subgrade. The project was also to 

consider the influence of load magnitude on basecourse modulus and performance. In order to 

analyse the strain relationships within the materials, subsurface strain instrumentation was to be 

installed and monitored so that the resilient strains within the pavement layers could be identified. 

In recognition of the substantial financial support by the NRB for this research, the research 

objectives and project details were subject to review by a technical subcommittee of the 

Pavements Committee of the NRB Road Research Unit. 

As the experiment progressed, it eventually involved constructing· only three sequential test 

pavements at the Canterbury Accelerated Pavement Testing Indoor Facility (CAPTIF). In the first 

test pavement, the response of a thin-surfaced flexible pavement to the primary loading variables 

(load magnitude, tyre inflation pressure and basic tyre type, all on dual-tyred wheels) were 

measured. The variables in the loading conditions were: 
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load magnitude, 21 to 46 kN; 

tyre inflation pressure (550 to 825 k:Pa); 

tyre type (radial and bias ply); and 

wheel configuration ( dual versus single tyres). 

Subsequent pavement tests concentrated on the life-cycle performance of different pavements 

under selected loading conditions. According to the original scope of this research, subsequent 

pavement designs and loading routines were to have been devised based on the results of the first 

pavement test, but the pavements were to have consisted of at least two different granular 

thicknesses and two subgrade conditions. The second pavement consisted of an 85 mm thick layer 

of asphaltic concrete and 150 mm unbound granular basecourse; the pavement design was 

selected so that an urgent request from British Petroleum International for asphalt mix research 

that required the unique capabilities of CAPTIF could be accommodated. The third pavement 

consisted of a thin (25 mm) asphalt surfacing and 13 5 mm thick unbound granular basecourse. 

The research characterised the behaviour of flexible pavements by measuring the recoverable 

vertical compressive strains within the unbound granular pavement and upper subgrade layers; 

fatigue cracking in asphaltic concrete surfacings and associated horizontal tensile strain in the 

asphalt were not investigated in this research. Transverse surface profiles and deflection bowls 

were measured, using the CAPTIF Profilometer and Deflectometer, respectively. Pavement 

roughness was quantified by measuring the longitudinal profiles with a DIPStick Profiler. The 

pavement and tyre tread temperatures were measured. Tyre imprint areas were measured. 

Originally, the scope of this research was to have included laboratory experiments involving the 

resilient modulus and stress dependency of the subgrade and unbound granular materials, but time 

and budgetary constraints precluded the inclusion of the laboratory experiments in this research 

programme. 

The suitability of linear elastic theory for computing the stresses and strains at critical points in 

an unbound granular basecourse and subgrade was evaluated because the ultimate goal is the 

development of unique strain and load equivalency criteria based on fundamental parameters. 
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CHAPTER 2 REVIEW OF THEORY AND LITERATURE 

This chapter reviews the development of the thickness design procedure for flexible pavements, 

including governing criteria. First, some background information and terminology is explained 

(further detailed infonnation is provided in Appendix A). The function of any pavement is to serve 

the road users safely, comfortably, and efficiently at minimum or, at least reasonable, overall cost 

to the users and the road authorities. Thus, the objective of pavement design is to provide a hard 

road surface that will remain smooth with minimal maintenance or remedial action needed during 

the design life of the pavement. The basic philosophy of pavement design is that the structural 

failure and loss of service is not catastrophic; instead, the pavement is expected to deteriorate 

throughout its life, but if designed and managed properly, the degree of deterioration is kept 

within acceptable limits by the timely intervention of maintenance and rehabilitation procedures. 

A crucial component of the pavement design process involves estimating and evaluating the future 

perfonnance of a set of alternative design proposals. Thus, the design process for a pavement is: 

a) determining input factors; 

b) creating alternative structural designs; 

c) predicting future performance of each alternative; 

d) deciding whether performance is acceptable; 

e) appraising alternatives, especially economic analysis; 

f) selecting and implementing desired alternative. 

The pavement reduces the stresses transmitted to the in situ soil or subgrade under the pavement 

to magnitudes that can be supported by the sub grade without sudden, severe deformation. Rigid 

pavements, which consist of Portland cement concrete slabs, spread the effect of vehicular wheel 

loads over a larger area by slab action. Flexible pavements rely on the visco-elastic behaviour of 

structural asphalt concrete surface layers (if included) and the combined depth of the all the layers 

to distribute the load over a greater area, thereby reducing stresses and strains in the subgrade. 

Above the subgrade, a transition layer is not generally incorporated in flexible pavements unless 

the potential for fines migrating from the subgrade into the subbase is high. Either a geotextile or 

a transition layer of selected material may be used. 
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The subbase is the pavement layer overlying the sub grade ( or transition layer if used) and beneath 

the basecourse layer. A subbase is generally either an untreated granular material, or a lime or 

cement stabilised material. Since stresses in this layer are lower than those in the basecourse, the 

subbase can be composed of lower quality materials, but the upper subbase must be sufficiently 

permeable to act as a drainage layer. 

The basecourse is the upper part of the structural pavement and is constrained by the overlying 

surfacing and underlying subbase. In New Zealand the conventional base layer is composed of 

unbound well-graded aggregate and is traditionally termed a basecourse. 

Surfacings of New Zealand road pavements can be either non-structural, such as chip seals 

(Figure 1) , thin (less than 40 mm deep) asphaltic concrete and friction course, or structural 

surfacings, such as thicker asphaltic concrete surfacings, which act as a load spreading component 

of the pavement. Thin surfacings are designed not to be structural components of the pavement 

system, but to provide a skid resistant, waterproof, running surface. 

Formation width : ID.Om on straights ; /I.Om on curves 0.6m 

Shoulder Shoulder 
a.Sm Sealed width : 9.0m on straiahts · TO.Om on curves 0.5m 

I Half round 
BC40 Bosecourse side drain 

--~[~' 
Sub-bose Earthworl<s 

as required 

Figure 1 Typical Cross-section of Thin-surfaced Unbound Granular Pavement in New Zealand 

2.1 FACTORS CONSIDERED IN PAVEMENT DESIGN AND PERFORMANCE 

An ideal pavement design system would be one where all input parameters are known and 

available for use in the design process. However, the large number of variables makes this 

impossible. Some of the important variables are: 
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Subgrade materials and condition (type of soil, variability and water content) 

Pavement material properties, variability and availability (moduli and Poisson's ratios, 

densities, bearing and structural capacities, frost susceptibility, surface and subsurface 

drainage, permeability of surfacing and pavement layers, and rate of water infiltration from 

pavement boundaries). 

Traffic/Road Users (intensity and mix of vehicles and their axle loads, growth, design life in 

terms of load repetitions, and road capacity) 

Environment ( climate, rainfall intensity and seasonal variation, temperature - annual mean, 

daily and seasonal variation, freezing/thawing cycles, topography, vegetation, and 

groundwater table level) 

Serviceability (level required, classification of road, construction limitations, personnel skills, 

equipment, time of year, and schedules) 

Economics ( construction budget, maintenance, rehabilitation strategies and future value of 

investment) 

The behaviour of a road pavement can change over its life. Deterioration will occur if the 

pavement is over-stressed, but information was unavailable prior to 1960 to relate such 

deterioration to the level of service of the pavement. Carey and Irick (1960) were the first to 

define serviceability, as the ability of a specific section of the pavement to fulfil its function in its 

existing condition, and pavement performance, as the serviceability trend of a section of pavement 

with the accumulation ofload applications. The serviceability-performance concept has since been 

adopted by authorities world-wide. 

After construction is completed and the road is in operation, the first stage of the life of a 

pavement involves the "settling down" of the pavement, which lasts for one or two years in the 

case of a thin-surfaced flexible pavement. During this stage, construction deficiencies become 

evident ( especially after a wet season), in the form of subsidence, depressions or cracks. Such 

faults can usually be corrected by routine maintenance. 

As a road 1s subjected to accumulating traffic loads, the deterioration of the pavement 

9 



progressively increases. The pavement condition changes with its usage, but the condition is also 

a reflection of this usage. With the accumulation of minute permanent strains under each passage 

of a heavy vehicle axle load or when the stress within an unbound granular pavement enters the 

non-linear portion of the stress-strain curve, permanent deformation results. The symptoms of the 

cumulative damage become visible as distress in the pavement surface. Distress represents 

material failure but does not necessarily constitute failure of the pavement. Pavement failure 

occurs only when the accumulated distress reduces the level of serviceability to below a minimum 

level acceptable for the road users. 

The next stage of the life cycle of a pavement begins when the pavement condition deteriorates 

to the point that major effort is needed to correct the deterioration, usually by resealing or shape 

correction (also called overlays). The ultimate stage in the original life of the pavement occurs 

when the deterioration, such as rutting, becomes prominent. These conditions can be rectified 

only by some form of major rehabilitation, such as by either removing the existing pavement and 

replacing it, or adding more material. Because the primary operating characteristic of a pavement 

is the level of service provided to the users at a certain time, the road authority must: 

(a) measure and evaluate the level of service to establish the current status of a pavement; and, 

(b) predict the change in level of service in the future, for either an existing pavement or for a 

pavement to be constructed, under the cumulative effects of traffic and environmental factors. 

The rate of change in the level of service, or serviceability, depends on factors such as axle loads, 

tyre types and pressures, pavement type and thickness, surface distress, original construction 

quality, climatic factors, and maintenance performed. Roading engineers and managers require 

a better understanding of the relationship between loading conditions and the fundamental 

response of the subgrade and unbound granular pavement layers fo that loading, in order to 

produce better prediction models. 
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2.1.1 Traffic and Loading Conditions 

Traffic loading as an input to determining the structural design of pavements is normally 

considered in terms of axle load repetitions. The mechanisms of vehicle/pavement interaction are 

one of the most important, but also least understood, aspects of pavement engineering. Ideally, 

all of the different loads that will be imposed upon the pavement structure should be assessed, 

determining the effect of each load on the total available strength of the pavement. Unfortunately 

this is virtually impossible, but a far simpler solution has been to express the traffic loading in 

terms of the number of applications of a standard reference load. For most pavement response 

models, the actual axle weights, configurations and spacings between axles are converted using 

Equivalency Factors (BF) to one selected standard reference load, usually referred to as equivalent 

single axle (esa) loads in Australia and New Zealand. The following section discusses background 

to the existing criteria, recent developments in coupling vehicle dynamics and road condition, and 

the need for scientific investigation of dynamic pavement-vehicle interactive behaviour that 

embodies pavement and vehicle characteristics prevalent in New Zealand. 

2.1.2 AASHO Road Test 

Before 1960, most pavement design concepts in general use did not consider the level of 

performance desired. The American Association of State Highway Officials (AASHO) Road Test 

was undertaken during 1958-1961 to study a number of pavement design factors. The test 

sections, consisting of six loops, were located near Ottawa, Illinois. The six loops were divided 

into 644 pavement sections (332 were of flexible designs and 312 were rigid designs). The test 

included flexible pavements, rigid pavements, and short-span bridges . In the flexible pavement 

test sections, the surface course was a bituminous mix, the base course was a well-graded crushed 

limestone, and the subbase was an uniformly graded sand-gravel mixture. Major design factors 

were surface, base, and subbase thicknesses. The surface thickness ranged from 25 to 150 mm, 

base thickness varied from O to 180 mm and subbase thickness varied from O to 400 mm. Only 

one subgrade soil, a silty clay, was used (AASHO, 1961 ). 

Test traffic included both single and tandem axle vehicles with 10 different axle configuration and 
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axle load combinations. The vehicle types ranged from two-axle light trucks to multi-axle tractor

trailer combinations. Single-axle loads ranged from 88 kN to 138 kN, and tandem-axle loads were 

from 108 kN to 216 kN. Each pavement section was subjected to up to a million load repetitions 

of two of the possible ten combinations. 

The recommendations of the AASHO Road Test report emphasised that: 

"the :findings of the AASHO Road Test relate specifically to the physical environment of 

the project, to the materials used in the pavements, to the range of thicknesses and loads 

and number of load applications included in the experiments, to the construction 

techniques employed, to the specific times and rates of application of test track, and to 

the climatic cycles that occurred during construction and testing of the experimental 

pavements. Generalisations and extrapolations of these findings to conditions other than 

those that existed at the road test should be based upon experimental or other evidence 

of the effects on pavement performance of variations in climate, soil type, materials, 

construction practices and traffic." (AASHO, 1962). 

2.1.3 Load Equivalency Factors 

A means of equating the various axle loads to one common factor is necessary. One definition of 

this Equivalency Factor (EF) is: 

EF = Number of repetitions to pavement failure of the reference axle load 
Number of repetitions to pavement failure of a specific axle load 

In this case, a pavement has failed when its condition is at or below the minimum acceptable 

serviceability rating. The results of the AASHO Road Test were analysed with a complex 

regression technique, which produced a suite of formulae for calculating pavement thicknesses 

and load equivalency factors. Subsequently, engineers have simplified the procedure, usually 

without regard for the original assumptions and application. A major simplification for quantifying 

the effect of different axle loads has been: 
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where A is the number of load repetitions of magnitude S, 

B is the number of load repetitions of magnitude L, and 

y is an empirically derived exponent. 

(1) 

From the AASHO Road Test data, Bartelsmeyer and Finney (1962) produced tables of load 

equivalence factors as a function of axle load, axle type, terminal level of service, and pavement 

structural number (SN). Results were insensitive to SN, so SN was removed., and by combining 

all the equivalency factors for rigid and flexible pavements, one value for the exponent was found 

to be 4.15 . Irick and Hudson (1964) first referred to this relationship as the 'Fourth Power' 

approximation. The exponent has been modified by various roading authorities, but '4' is the value 

most commonly used. Thus, the relationship is referred to as the "fourth-power law". 

The axle load model shown in Figure 2 is based on the axle load and tyres most commonly used 

in the USA at the time of the AASHO Road Test. The tyre dimensions represent a modified 

loading area under a 10.00 x 20, 12-ply tyre. The axle load represented by an axle with dual tyres 

on each end and applying a total load of 

80 kN was chosen as the standard axle 

which causes one unit of wearing effect 

during one passage over the pavement; 

this axle load configuration was the 

most common legal load limit condition 

in the USA in the l 950's. The load is 

assumed to always be evenly distributed 

between the tyres in an axle group, and 

the tyre load is uniformly distributed 

over a circular area having a diameter of 

210 mm. The distance between the 

Equivalent Standard Axle 

I.OkN 4(JkN 

2500mm 

closest edges of the tyres is 105 mm Figure 2 Axle Load Model 
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(Figure 3). The contact pressure equals the standard tyre inflation pressure of 550 kPa. Until 

1995, the formula used in New Zealand for translating actual axle loads into Equivalent Design 

Axles (EDA) was: 

[ Actual Axle Load l 4 EDA 
- Reference Axle Load 

where the reference axle load were: 

65 kN for a spaced single tyred single axle, 

80 kN for a spaced dual tyred single axle, and 

143 kN for a dual-tyred twin axle group. 

In the AASHO Road Test, 65 kN 

20kN 

• 
20kN 

• 
single-tyred axles and 143 kN dual

tyred twin axle groups caused the 

same pavement wear as 80 kN dual

tyred axles. Both the 143 kN and 

80 kN axles were driven over Loop 4 

of the Road Test, with each lane 

carrying only one type of axle load. In 

some models, the equivalency factor 

for vehicular axles is determined using 

strain, stress or deflection at any given 

point in a pavement structure. The 

I• 210mm l105mml, 210mm I 
5801<Fb' J J J J J J J ! • J J J J J J J 580kPa 

8 ® 2 

4 

Circular Tyre Imprint 

Figure 3 Wheel Load Model 

(2) 

National Roads Board model used multi-layer linear elastic theory ( explained in section 2.2.3) for 

determining the equivalency factor for different tyre types, tyre inflation pressures, and axle 

configurations. 

More recently, Australian, European and North American studies have demonstrated that the load 

equivalency exponents for flexible pavements depend on the type of pavement failure mechanism 

(rutting, fatigue cracking, or loss of serviceability), type of pavement (unbound granular 
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basecourse, cemented basecourse or asphaltic concrete), and tyre-ax.le arrangement (number of 

tyres and axles, ax.le spacing, or tyre type). For example, Table 1 shows that the load equivalency 

exponents for single axles over flexible pavements ranges from 1 to 8, with a concentration of 

values between 2 and 6 (OECD, 1988; Kinder and Lay, 1988). However, these tests have 

considered only a limited number of vehicle characteristics, and the flexible pavements tested 

usually contain an asphaltic concrete structural surface or bound basecourse layers, both of which 

are uncommon in New Zealand highways. 

Table 1 Load Equivalency Exponents for Flexible Pavements 

Country Criterion Exponent Load Configuration 

Australia Cracking 2 dual and single-tyre 

Rutting 3.3 - 6 single axles 

Finland 3.3 dual tyre, single axles 
Fatigue Cracking 

4 dual tyre, tandem axles 

France Fatigue Cracking 2 dual tyre, single axle 

Rutting 8 

Italy Fatigue Cracking 1.2 - 3 15 axle tyre configurations 

USA 4.4 single axles 
Serviceability Loss 

4.9 tandem axles 

4.2 single axles 
Rutting 

4.8 tandem axles 

1.3 - 1.7 single axles 
Cracking 

1.9 tandem axles 

For New Zealand highways, the fourth power relationship may be appropriate for pavements 

surfaced with structural layers of asphaltic concrete, whereas an exponent greater than 4 might 

be more appropriate for those containing cemented base/subbase layers, and an exponent less than 
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4 might be more appropriate for unbound pavements, implying a decreased sensitivity to heavy 

loadings (Saunders, 1982). However, for the sake of simplicity, the fourth power has been used 

in all cases by the New Zealand highway authorities. 

The AASHO Road Test results have been applied world-wide, but since the time of the 

experiment, tyres, suspensions, axles and vehicle bodies have been designed which include load

transmitting components that have never been characterised in terms of their effect on the roads. 

2.1. 3 .1 Dynamic and Static Loads 

The road vehicle is a dynamic system, usually represented as a vehicle body mass, suspension 

mass, and tyre mass interconnected by springs possessing stiffness or compliance and inter-leaf 

friction and damping devices, as illustrated in Figure 4. The dynamic interaction of roads and 

vehicles is complex, because the components are non-linear, and varies because of the influence 

of other parameters such as vehicle speed and road profile. The dynamic relationship between 

pavements and vehicles can be described as a positive feedback loop: as the heavy vehicles bounce 

over the road, the higher dynamic load results in greater deformation in the road and its roughness 

increases, thus increasing the bounce in the vehicles. However, a vehicle with a certain suspension 

may cause less stress in the pavement than another suspension. Currently, an accurate model does 

not exist which can account for this. 

The coefficient of impact (le), which is 

the ratio of dynamic load to static 

load, is one concept used to quantify 

the dynamic interaction of pavements 

and vehicles. The dynamic loads 

fluctuate in magnitude by up to 50 % 

above the static load (OECD, 1988). 

A number of studies have investigated 

the relationships between dynamic 

heavy vehicle wheel loads and 

Displacement 
of the 
Sprung Moss 

Displacement ,-
of the f z,, 
Unsprung Mass u Linear 

Spring 
Displacement 1 .-(',~~~a:::::;:;;;--.~. (Tyre), Kr 
of the . , ., ~ 
Pavement Zx 
Surface Profile 

Figure 4 Quarter-car Vehicle Dynamics Model 
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pavement response, and have been comprehensively documented by Cebon (1993), Gillespie et 

al (1993) and O.E.C.D (1992). Sweatman (1983) still used the "fourth power law" in relating the 

relative wearing effect of different wheel loads, whereas Cebon (1988) proposed four new criteria 

for assessing the effect of dynamic wheel loads on pavement behaviour: 

(i) aggregate force, 

(ii) fatigue weighted contact stress, 

(iii) fatigue weighted tensile strain, and 

(iv) permanent deformation. 

Criteria (i) and (iv) are most relevant to New Zealand conditions because (ii) and (iii) affect only 

structural asphaltic concrete layers. The aggregate force is the combined effect of all wheels and 

axles on a segment of road. The mean value of the aggregate force of a vehicle is approximately 

equal to the gross vehicle weight, and its variance depends on the dynamics of the vehicle, the 

road roughness, and the coupling and spacing of the axles. Cebon's models are appropriate for 

comparing some characteristics of different vehicles, but can not account for many of the 

pavement factors. 

The relationships between loading- and unloading-deflection, and applied load of the tyres and 

suspensions exhibit considerable hysteresis. The loading curves are non-linear, with a steadily 

increasing stiffness in a parabolic or cubic curves pattern. Many suspension types exhibit a dual 

mode of behaviour, whereby the action at higher loads is that of a separate, stiffer system (Lay, 

1986). Instantaneous axle loads within axle groups will tend to be unequal due to dynamic forces 

generated over the road profile. Sweatman (1983) found that the peak dynamic force is influenced 

primarily by the road roughness, truck speed, suspension type and tyre pressure. Another major 

factor affecting the force applied to the pavement is the tyre/pavement contact pressure. 

2.1.3.2 Tyre-Pavement Contact and Tyre Inflation Pressure 

When a tyre is rotating smoothly over a road surface and the vertical load applied through the tyre 

is constant, the general assumption in pavement design and analysis has been that the normal 

component of the contact pressure between tyre and road surface is uniform, acts over a circular 
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footprint area of a particular radius, and nominally equals the tyre inflation pressure. The region 

in the centre of the tyre imprint consistently maintains pressures within 15 psi (100 kPa) of the 

actual inflation pressure for all tests conducted by Marshek et al (1986a). However, the peak 

contact pressure has been found to be more than twice the tyre inflation pressure (de Beer, 1994; 

Tielking and Abraham, 1992). 

Studies have shown that the contact pressures increase near the edges of the contact area, 

especially at either lateral side, due to the stiffness of the side walls and tread band; at the 

recommended inflation and loading conditions, the maximum edge pressure is typically twice the 

magnitude of the inflation pressure (OECD, 1992). Also, doubling the axle load but keeping the 

inflation pressure constant resulted in a doubling of the sub grade compressive strain and had little 

effect on compressive strain in the bituminous layers. The conclusion is that dynamic contact 

conditions will affect stresses and strains only in the upper layers and the overall dynamic force 

magnitude will have the greater effect in the lower layers. 

It is widely believed that increasing tyre pressure results in increased stresses and strains within 

the pavement, but no definitive results are available in the literature. Marshek et al ( 1986b) used 

the BISAR computer program ( described in 2.2.2.2) and the contact pressure data generated from 

the experiment described·in Marshek et al (1986a) to determine that inflation pressure produced 

an extremely small increase (actually, the increase appears to be negligible considering the 

variability in the data) in the compressive strains developed at the top of the subgrade, and that 

increasing the axle load increases the maximum compressive strain by a proportional amount, 

regardless of the surface course thickness. Bonaquist et al (1989) compared the effects of tyre 

pressure on asphalt pavements and reported that tyre pressure does influence the fatigue 

equivalency factor for a particular load, as shown in Figure 5, with respect to measured strains 

in asphalt-bound layers. However, a comprehensive literature review by Johansen and Senstad 

(1992) found no studies that determined the effect of tyre inflation pressure on the response and 

performance of thin-surfaced unbound granular pavements, which is the predominant road 

structure in Norway. All the parametric studies based on theoretical analysis reported that tyre 

pressure does not affect vertical compressive strain at the top of the subgrade (Johansen and 

Senstad, 1992), 
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2.1.3 .3 Tyre Types and Number 

20 Fatigue Equivalency Factor 
Lane2 

One of the most important changes 

during the last two decades has 

been the increasing use of radial 

tyres and wide-base tyres. 

15 ······· ·· ··············· ····························•······································ .. 8,600kg···· 

10 .. ~ .11:e.J .............. . 
Lane2 

nes1&2 
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Figure 6 (Bonaquist et al, 1988) 

illustrates that, at loads greater 

than legal loads and at increased Tyre Inflation Pressure (kPa) 

tyre pressures, the detrimental Figure 5 Tyre Inflation Pressure and Fatigue Equivalency 

affect of bias tyres on the fatigue of Factors (based on horizontal tensile strain in the asphalt
bound surfacing) (After Bonaquist et al, 1989) 

a flexible pavement is slightly 

greater than that of radial tyres. 

Papagiannakis et al (1988) collated research findings regarding the equivalent loads of single 

wide-based tyres and normal dual tyres. The loads vary significantly depending on the criteria used 

to compare the effects, as shown in Table 2. 

11. 
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Figure 6 Effect of Tyre Construction on Fatigue Equivalency Factors (based on horizontal tensile 
strain in the asphalt-bound surfacing) (After Bonaquist et al, 1988) 
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Table 2 - Equivalent Loads of Single Wide-based Tyres 

Load 
Evaluation Criterion Equivalency 

Method 
Dual Single 

Researcher 

Tyres Wide 
base 

(kN) (kN) 

Benkelman Deflection 80 57 Zube 1965 
Beam 

Benkelman Deflection Bowl 80 50-55 Emery 1967 
Beam 

Theoretical AC Strains 80 48-63 Deacon 1969 

Theoretical AC Strains 80 56 Terrel 1976 

Instruments AC Strains- 80 64-75 Christison 1978 
Deflection 

Instruments AC Strains 80 44 Battiato 1978 

Instruments AC Strains- 98 49-74 Christison 1980 
Deflections 

Instruments Deflection 80 61 -75 Snelgrove 1980 

Theoretical Work Strain 80 66 Southgate 1985 

Instruments Deflection 80 59 Sharp 1986 

AC= Asphaltic Concrete (after Papagiannakis et al, 1987) 

2.1.4 Axle load - Pavement Response Relationship 

When an axle passes over a point on the road, the subgrade and pavement deflect, then rebound 

not only directly beneath but also for some distance away from the tyres. Most of the strain is 

recovered - some immediately, some over a period of time. However, a fraction of the strain is 

permanent (Figure 7). These small residual strains accumulate under axle passes, resulting in 

permanent deformation in the subgrade and pavement layers. The deformation (o) caused by the 

20 



Direction of Travel 

E,t=~~-:;::::::=--
Stroin 

E1 = Permanent 
strain 

E2 = Resilient 
strain 

Figure 7 Vertical Compressive Strain in the Pavement under a Moving Axle Load 

passage of one axle is proportional to the recoverable strain ( E) created by that particular loading: 

0 ex E (3) 

The cumulative damage incurred in a pavement subjected to repetitive loadings of the standard 

design axle can be expressed in the following manner: If all the axle loads were the same, then the 

capacity of the pavement, before the maximum allowable deformation (D) is reached, can be 

expressed in terms of N, the total number of load repetitions needed for a particular strain 

magnitude E to produce failure, and o: 

N = D &- 1 (4) 

D is the total deformation allowable in the pavement and may be rut depth, cracking, ride 

roughness, or whatever road quality that is specified by the reading authority. D can be assumed 

to be a constant, so N is inversely proportional too, and referring to Equation (3): 

N ex E -l (5) 

The pavement must be designed to provide an adequate level of service for the desired number 

of cumulative loadings, N. 
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2.1.5 Load Equivalencies Appropriate for New Zealand Roads 

A great deal of confusion still exists as to the load equivalency factors appropriate to New 

Zealand conditions. The first phase ofresolving the problem is to identify the issues. Two separate 

but interdependent issues involve determining load equivalencies of different vehicles for input 

to: 

1. models for pavement design and predicting pavement performance, and 

2. models for comparing relative effects of vehicle characteristics. 

The load equivalency factors for a pavement design model are not so critical. Pavement design 

is not necessarily very sensitive to the number of ax.le load repetitions because other aspects, such 

as environmental and moisture conditions, can have a much greater influence. Research carried 

out in New Zealand on typical pavements indicates that, if the aggregate used in the granular 

layers possesses sufficient strength to resist traffic loadings and the drainage is adequate, then loss 

of serviceability will be due primarily to subgrade deformation and not aggregate deterioration 

(Bartley, 1980). In other words, good quality crushed aggregate should survive a great number 

of load repetitions without appreciable deterioration. Maree et al (1982) reported that the 

moisture content of unbound granular bases has a very important influence on the traffic-carrying 

capability of the pavement, and in a dry state, such pavements can carry a large number of axle 

load repetitions; this has been confirmed for typical New Zealand pavements (Pidwerbesky, 1989). 

However, as soon as the granular layers become wet, the rate of permanent deformation increases 

markedly, though high quality crushed stone bases are less sensitive to water. Also, loading 

conditions will change over the pavement life regardless of the original model. 

Load equivalencies of different vehicles for input to models for predicting pavement performance 

after construction should be improved. In order to reduce the total combined costs of the road 

users and the roading authorities, pavement management practices are being implemented for 

programming maintenance and rehabilitation. Once Weigh-in-Motion devices are installed 

throughout the road network, most of the vehicle loads will be measured. Using the accurate data 

on vehicle loads, the actual performance of a pavement can be compared with the predicted 
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perfonnance. An accurate pavement perfonnance model could be developed and used to predict 

when deterioration reaches a critical level, so that preventative maintenance can be scheduled and, 

thereby, reduce costs because, normally, by the time pavement deterioration manifests itself as a 

pothole or a rut, the remedy is quite expensive. 

The second issue, the axle weights and loading model, requires substantially more research, so 

as to detennine load equivalency factors for allowable axle weights for different tyres and vehicles 

and for a road user charges allocation model. In this case, linear elastic theory is unsuitable for 

evaluating the relative effects of different vehicles. Also, the models must take into account 

whether the major pavement criteria is: 

i) incremental damage, which is related to level of service, or 

ii) total pavement life, which is related to performance. 

2.2 DEVELOPMENT OF THICKNESS DESIGN METHOD FOR FLEXIBLE 

PAVEMENTS 

The objectives of pavement thickness design are to: 

minimise total overall life cycle costs (for the authority and users); 

maximise pavement serviceability during the design period; 

maximise load-carrying capacity (magnitude and number ofrepetitions); 

minimise deterioration due to environment and traffic; 

minimise noise and air pollution, including during construction; and 

minimise disruption of adjacent land uses. 

There are three general categories of pavement thickness design methods: 

1. Experience - procedures based on standard designs that reproduce past "successful" 

pavements, which are expected to perform satisfactorily again; 

2. Empiricism - methods using relationships between some measured pavement response, 

usually deflection, and thickness; and, 

3. Theory - theoretical models of the pavement used to calculate various pavement responses 
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(ie. strains, stresses, deflections). These can also be called mechanistic or analytical models. 

Mathematical models are used to calculate stresses, strains and deflections at various depths 

and locations within the pavement materials, which are defined with elastic, elasto-plastic or 

visco-elastic properties, subjected to loads that are characterised by loaded contact area( s ), 

tyre inflation pressure and load magnitude. Generally, the methods can allow for variations 

in loadings, material properties, service life, and environmental conditions. 

Multi-layer linear elastic theory for describing pavement behaviour is derived from earlier work 

by Boussinesq and Burmister (a brief overview of their relevant developments are included in 

Appendix A). Multi-layer linear elastic theory was used by Dormon and Metcalf (1965) to create 

the thickness design model on which the NRB flexible pavement design method was based. The 

design model yielded pavement designs which were intended to limit: 

(a) permanent deformation originating in the sub-grade, which is governed by the vertical 

compressive strain at the top of the sub grade; 

(b) 

(c) 

fatigue cracking in a cemented layer, or in asphaltic concrete, which is governed by the 
\ 

horizontal tensile strain and stresses at the bottom of the layer; and, 

horizontal compressive strains in the bottom of the asphaltic concrete layer induced by an 

axle load. 

The permanent vertical deformation in the top of the subgrade depends on the sub grade strength 

and the number ofload applications (the number of wheel loads passing over a point). Permanent 

deformation in the subgrade manifests itself at the road surface as rutting. If the vertical 

compressive elastic strain in the subgrade does not exceed the critical value, then the accumulated 

permanent strain (which leads to deformation and rutting) resulting from the design number of 

load repetitions will not exceed an acceptable value (Dormon, 1962; Peattie, 1962). 

From laboratory experiments, Pell (1962) proposed the following general relationship describing 

the strain-life of a bituminous mix before fatigue cracking occurs: 

N = k e-x 
1 
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where: N is the number of cycles of a constant bending stress to cause cracking, 

e is the amplitude of applied tensile strain, 

k1 is a constant depending on the volume concentration of the mix, and 

x is an experimentally derived constant. 

From the results of the AASHO Road Test, Dormon (1962) found that, irrespective of the 

construction, the vertical compressive strains in the surface of the sub grade were about 9 x 10-4; 

he suggested that the CBR design charts yielded under-designed roads for higher traffic loadings, 

so recommended that the permissible compressive strain for those cases should be 6.5 x 10-4. In 

order to produce design charts which cater for various design traffic loadings, relationships 

between traffic loading N (in EDA), and the repeated vertical compressive strain in the top of the 

subgrade and horizontal tensile strains in the bound layers induced by a single standard axle load 

were derived using the same format as Equation (6): 

where: N is the pavement life in terms of equivalent design axles, 

a1 , a2 , b1 and b2 are empirically derived constants, and 

(7) 

Ecvs and ET are the maximum vertical compressive strain in the top of the subgrade and 

horizontal tensile strain in the asphalt, respectively, under one equivalent standard axle. 

The criterion for the vertical compressive subgrade strain used for the Shell Pavement Design 

Manual (1978) was developed assuming the surface load to be two circles (for dual wheels) and 

Poisson's ratio to be 0.35 for all materials: 

Ecvs ;;;:; 0.028 N-0.25 (8) 

Different formulae were proposed by other researchers (Brown et al, 1977), but equation (8) is 

the least conservative of those considered and also has the greatest slope. 
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Dormon and Metcalf 

(1965) calculated values 

of N for a wide variety of 

subgrades and asphaltic 

granular layer thicknesses. 

In the flexible pavement 

thickness design charts, 

contours ofN are plotted 

against asphaltic and 

granular thickness for one 

subgrade CBR for each 

chart (Figure 8), then 
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Figure 8 Typical Design Curve for 1 x 106, repetitions of an 80 kN 
axle load and subgrade modulus of 25 MP a ( after Dorman and 
Metcalf, 1965) 

for other CBR values. The design curve is actually the worst case of two independent curves: one 

for asphaltic concrete thickness to minimise tensile cracking and one for granular thickness to 

minimise subgrade deformation. The straight line (tensile strain in the asphalt layer) gives the 

thickness of asphalt concrete required to prevent fatigue cracking, which is affected minimally by 

the thickness of the underlying unbound granular layer because although the granular layer is 

much stiffer than the subgrade, the former is more flexible than the asphalt concrete and therefore 

does not reduce the flexure in the asphalt layer. The thickness of asphaltic concrete is almost 

independent of the subgrade strength but is very dependent on the applied loading. The total 

granular thickness necessary is sensitive to both the strength of the subgrade and the design 

loading. No one combination of asphaltic concrete thickness and unbound granular thickness is 

given but rather a large number of acceptable combinations can be read off the charts, and thus 

the most economic combination of the pavement components can be selected, depending on the 

total life-cycle costs. By extrapolating the two curves back to their respective axes, thicknesses 

of purely granular pavements (U) or asphaltic pavements (F) can be determined. 

The relative costs of granular and asphaltic concrete construction in New Zealand mean that this 

type of pavement cannot be justified by savings in pavement thickness, in comparison with a thin-
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surfaced alternative, but the savings in pavement thickness provide practical and serviceability 

benefits under heavier traffic loadings. Full details of the development of the New Zealand 

thickness design charts are available in Saunders (1982) and Hudson et al (1983), but some 

relevant information is reviewed here. The NRB design procedure for flexible pavements with 

structural asphaltic concrete layers was based on the Shell Pavement Design Manual (1978), after 

converting the pavement life values from being expressed in terms of a 98 kN design axles to the 

80 kN EDA (One 98 kN axle is approximately 2.2 EDA). Ranges of layer thicknesses were 

selected and values for the elastic constants were assumed, · then the critical strains were 

computed, which enabled the life N of each structure to be determined. In the idealised model of 

the typical structural asphaltic concrete pavement shown in Figure 9, each pavement layer is 

regarded as of constant thickness and of infinite horizontal extension; the lowest layer (the 

subgrade) has infinite depth. All materials are assumed to be linearly elastic, being homogeneous 

and isotropic. Values of modulus E and Poisson's ratio are assigned (thin surfacing layers are 

regarded as having no structural strength and zero thickness). Interfaces between layers are 

perfectly rough. The surface load, being a dual wheel, is two circular loads each sustaining a 

force of20 kN, the contact pressure being equal to the assumed tyre pressure of 550 kPa. 

The NRB design procedure was simplified by reducing the many charts to a few by selecting a 

single combination of asphaltic concrete and granular material for each CBR value, for two w

MAAT, 12 °C and 16 °C, which cover the climatic conditions of most of New Zealand. Because 

bitumen is a visco-elastic material, the stiffness of bituminous mixes depends on the temperature 

and the rate of loading. 

In pavement design, the 

w-MAAT (weighted 

Mean Annual Air 

Temperature) is derived 

from the summation of 

individual monthly mean 

air temperatures 

(MMAT) multiplied by 

a weighting factor for 
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Figure 9 NRB Elastic Model of Asphaltic Concrete Flexible Pavement 
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each month. The charts are based on an assumed loading time of0.02 seconds which corresponds 

to a vehicle speed of approximately 60 km/h. 

The thickness design chart used for Christchurch is illustrated in Figure 10. With the relative 

costs of granular and asphalt concrete material in New Zealand, point I on Figure 8 was selected 

as the most suitable combination of bound and unbound layer thicknesses for the following 

reasons. Pavement designs selected on the curve to the right of S will usually fail by fatigue while 

those to the left will first exhibit rutting; S represents a pavement" design that could fail either by 

fatigue cracking or rutting. Of the two possible forms of distress which can occur, deformation 

of the surface due to accumulated subgrade strain should occur first because rutting is easy to 

smooth and strengthen with an overlay, whereas cracked pavement is more expensive to repair 

and the cracks tend to reflect through the overlay (Saunders, 1982). 

For thin-surfaced, unbound granular flexible pavements, the New Zealand thickness design 

procedure is based on one criteria: limiting the vertical compressive elastic strain in the top of the 

sub grade. The model assumes that surface thicknesses of less than 40 mm do not contribute to 

the structural capacity of the pavement, and that stresses are dissipated through the depth of the 

granular cover layers above the subgrade. In calculating strains for creating the New Zealand 

design charts for thin-surfaced flexible pavements, a more conservative formula with a smaller 
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slope than Equation (8) was used. The criterion for primary roads was: 

Ecvs = 0.021 N-0·23 (9) 

For lower grade roads, which have less demanding requirements of serviceability, the strain 

criterion was: 

Ecvs = 0.025 N-0·23 (10) 

which was less conservative than the relationship in Equation (8). The constants in equations (9) 

and (10) were chosen partly on the basis of information in Wang and Gramling (1980), in which 

the performance (rutting and cracking) of a number of test sections was related to subgrade strain. 

However, the flexible pavements studied in Wang and Gramling (1980) were relatively stronger 

than the typical New Zealand pavement, because the former contained basecourses of aggregates 

bound with cement, lime or bitumen possessing elastic moduli ofup to 24,800 MPa. Only one 

pavement had base modulus ofless than 2000 I\1Pa; the aggregate-bituminous base modulus was 

690 lvlPa, which is a comparable value for a properly constructed unbound granular base in a New 

Zealand highway. Wang and Gramling (1980) used the BISAR computer program (described in 

Section 2.2.2.2) to backcalculate the initial maximum compressive strain in the subgrade for 

various numbers of cumulative loadings at different rut depths (6, 12 and 18 mm); vertical 

compressive strain in the subgrade was not measured directly. In the aggregate-bituminous base 

pavement, the maximum allowable compressive strain in the subgrade was found to be 

approximately 400 µm/m for 1, 2 and 2.5 million equivalent axle loads. For comparison, the 

Australian subgrade strain criterion is (AUSTROADS, 1992): 

Ecvs = 0.0085 N-0·14 (11) 

In order to calculate the strains, the elastic properties for each layer must first be determined or 

estimated, then thickness designs which undergo strain levels in accordance with the criteria are 

formulated. Poisson's ratio(µ) is assumed to be 0.35 for all materials. 

29 



2.2.1 Elastic Characterisation of Thin-surfaced Unbound Granular Pavements 

In characterising the subgrade, one must determine its ability to withstand repeated loadings over 

time without permanently rutting to an unacceptable extent, which is extremely difficult given the 

changing environmental and loading conditions. The California Bearing Ratio (CBR) is used as 

the measure of likely subgrade performance because of established past performance and ease of 

measurability, and in most pavement design procedures, is used to estimate the modulus of the 

layers. However, the correlation between E and CBR shows a considerable scatter because under 

dynamic loading conditions, the elastic deformation is recorded exclusively, whereas the CBR test 

is measuring plastic deformation primarily, and the ratio between plastic and elastic deformation 

varies for different soils (Heukelom and Foster, 1962): 

E = q x CBR (12) 

where E is in MPa, and CBR is in %. q varied from approximately 5 to 20, with a mean value of 

11. Thus, a commonly used relationship has been the modulus equals 10 times the CBR. The New 

Zealand thin-surfaced thickness design charts were generated by estimating subgrade modulus 

from (Saunders, 1982): 

E = 20(CBR)°'64 , for CBR < 13 (13) 

E = 8(CBR) , for CBR > 13 (14) 

based on data from Maree et al (1982) and Paterson (1978). However, the empirical data is from 

field experiments and experience in South Africa, and validity of the data has never been 

confirmed for New Zealand. Normally soaked CBR is used in equations (13) and (14). If 

saturation will not occur, then in situ CBR or dynamic cone penetronieter (DCP) test results may 

be used. In order to reduce the risk of failure during the design period, the tenth percentile value 

of CBR test results over a length of road is used as the design CBR (Cd): 

Cd = C - 1.28 o (15) 

where C is the average of all the CBR values over a road project length; and 
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a is the standard deviation. 

However, Claessen et al (1977) emphasise that there is no direct relationship between elastic 

modulus and CBR because subgrade CBR values are determined when deformations are 

considerable whereas the dynamic elastic modulus is derived from measurements made with 

minute deformations and higher frequencies. 

In the NRB model for thin-surfaced unbound granular pavements, the unbound basecourse and 

subbase were idealised as a single layer of uniform modulus E2 and the subgrade modulus is 

denoted by E3 (Figure 11). Heukelom and Klomp (1962) found that the dynamic moduli (E) 

values for unbound basecourse 

materials, as 

calculated 

from wave 

velocity 

measurements, 

are dependent 

on the dynamic 

moduli of the 

______ Thin Surfacing ------ ---~l~ _ _ _______________ ___ __,,.... ho= 0 

E1 Unbound Base 

E1 = Ez ----------------- - -
Unbound Sub-base 

Ez 

E3 

underlying Figure 11 NRB Elastic Model for Thin-surfaced Unbound Granular Pavements 

material. The 

compacted basecourse layers had E moduli equal to approximately twice the moduli of the 

subgrades; the relevant details from Heukelom and Klomp (1962) are provided in Appendix A. 

The basecourse modulus is highly dependent on its density, aggregate interlock, soil suction and, 

thus, compaction. The degree of compaction depends primarily on the support offered by 

underlying layer. Radial tensile strength of unbound base course materials is low and may be 

assumed to be of the same order of magnitude as the vertical pressure (Heukelom and Klomp, 

1962) . Measurements of dynamic moduli in field conditions on similar structures made by 

Heukelom and Klomp (1962) showed that the ratio ofE2 to E3 ranged from 2 to 4. Dormon and 

Metcalf (1965) examined these results and also considered the probable ratios of successfully 

designed pavements of varying thickness. The following relationship was chosen by Dormon and 
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Metcalf (1965) to give designs which correlate reasonably well with empirically developed CBR 

curves: 

E 
...2 = k = O .2 1½·45 

E3 

where: 2 < k < 4, and 

h2 is the total thickness of basecourse and subbase (in mm). 

(16) 

If E3 is a large value, then the granular layers can be compacted to a higher degree, resulting in 

a greater value for E2. The ratio Ez~ is varied according to the thickness of the granular layer 

to allow for the surcharge effect. Foster (1972) showed that the bearing capacity (as measured 

by the CBR test) at a given level in an untreated pavement layer is a function of the CBR of the 

underlying material and the height above the underlying layer. 

Equations (9), (10), (13), (14), and (16) were employed to generate the elastic properties of the 

pavement and subgrade layers, which then became the input for calculations using the BISTRO 

(Bituminous STructures in ROads) computer program. The output from the calculations was the 

thickness design chart for thin-

surfaced unbound granular 

pavements shown in Figure 12 

(Hudson et al, 1982). 

When dealing with pavements in 

which unbound granular 

materials play a dominant 

structural role, non-linear stress

strain characteristics should be 

taken into account. Non-linear 
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soils in particular, quantitative information requires the use of relevant tests. In addition, the 

importance of the principle of effective stress has been demonstrated and should always be borne 
•, 

in mind when dealing with saturated or partially saturated materials. In this context, the influence 

of soil suction has been recognized. (Brown, 1978). 

The non-linear behaviour of unbound pavement and sub grade materials can be more accurately 

modelled by resilient moduli (MR). For cohesive materials, MR is defined as the applied vertical 

deviator stress (ad) divided by the recoverable resilient vertical compressive strain (ecv ). The 

deviator stress is the difference between the confining pressure ( a 1 , 0 2 ) and the total vertical 

stress under loading (o3 ). The modulus of granular materials is dependent on normal stress, but 

is independent of the magnitude of shear stress, so is typically represented as a function of the sum 

of the principal stresses (o1 , 0 2 , o3 ) (Hicks and Monismith, 1972): 

(17) 

where 6 is the sum of the principal stresses ( o1 + o2 + o3 ), also called bulk stress or first stress 

variant and, 

K1 , K2 are regression constants derived from laboratory tests of the material. 

Maree, van Zyl and Freeme (1982) demonstrated the first significant application of Equation (17) 

to modelling the behaviour of unbound granular pavements. They determined that regression 

constants, and thus the modulus, depend on the moisture condition. Rada and Witczak (1982) 

showed that the primary variables influencing the resilient modulus response of granular materials 

are the stress state, degree of saturation and degree of compaction. The fines content also affected 

the resilient modulus, but less so than the primary variables. 

Mitchell and Monismith (1977) found that the structural analysis of a flexible pavement system 

is not very sensitive to variation in the Poisson's ratio of the subgrade. Decreasing Poisson's ratio 

of the subgrade from 0.5 to 0.3 increased the tensile strains in cemented layers by a maximum of 

ten percent. Poisson's ratio for subgrade soils and granular materials typically ranges from 0.35 

(sands) to 0.5 (saturated clays). 
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2.2.2 Modelling Pavement Response to Loading 

Basic requirements of analytical models for relating distress to performance are: 

1. the pavement models must be able to predict both the type and the degree of distress that 

will occur under any given set of conditions; 

2. the model must be able to predict the component effect of any particular form of distress 

on the primary output of the ·pavement (its serviceability-age history); and, 

3. the effect of various maintenance strategies on the serviceability-age history of the pavement 

must also be modelled. 

Pavement response to traffic load models range from simple empirical models to sophisticated 

behavioural-response mechanistic models. The two basic approaches are: (1) analytical methods 

(primarily based on multi-layer linear elastic theory, MLET) and (2) numerical techniques (finite 

element methods). 

2.2.2.1 Multi-layer Linear Elastic Theory 

Generally, the MLET models assume that the pavement material properties can be characterised 

by linear elastic, homogeneous and isotropic behaviour. The critical strains, stresses and 

deflections for a variety of moduli for subgrade soils, granular layers and bound layers are found 

by using a computer program. The original version of the most popular program, called BISTRO 

(Bltumen STructures in ROads), was developed by Peutz et al (1968). The latest version of 

BISTRO is.called BISAR (Bltuminous Structures in Asphalt Roads), released in 1987. Numerous 

other programs are also used for mechanistic pavement design and analysis, including ELSYMS 

(Schnitter, 1977; Chua, 1989). 

Most MLET programs have the following constraints. Each layer has infinite horizontal 

dimensions; and all but the bottom layer have finite, constant vertical thicknesses; the bottom 

layer extends to an infinite depth. Complete friction is developed between the layers at their 

interfaces. The materials are homogeneous and isotropic, obeying Hooke's Law. No shear 

stresses develop at the surface. Materials are linearly elastic, and behaviour is defined by the 
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elastic modulus and Poisson's ratio. The load is assumed to be static and uniformly distributed 

over a circular area; dynamic loading is not directly addressed. 

The assumption that the layers possess infinite horizontal dimensions is a major drawback, 

because edges, joints and cracks in pavements increase the stresses generated by wheel loads. 

MLET provides a less than ideal pavement structure model, but is useful if the input data is 

properly formulated and the output is properly interpreted. Some of the major MLET-based 

computer programs are described in Appendix A 

2.2.2.2 Modelling Pavement Materials with Non-linear Stress/Strain Characteristics 

Most of the development work concerned with the use of theoretical analysis in flexible pavement 

design is concentrated on accurate modelling of the asphalt layer. Resilient characteristics of 

pavement materials are nonnally specified in tenns of a modulus of elasticity and Poisson's ratio, 

but simplifying assumptions are often made concerning the properties of the unbound granular 

layer and sub grade soil which is a reflection of the relative states of knowledge concerning the 

various materials together with the need to produce design methods that are not unduly complex. 

Also, unbound granular aggregates and cohesive soils exhibit non-linear stress-strain 

characteristics, but theoretical and experimental work by Brown and Pappin (1985), and Pell and 

Brown (1972) have shown that non-linear elastic behaviour of granular materials and of cohesive 

soils is only of importance in pavements with thin asphalt surfacings, where the granular base layer 

is significant structurally and its response primarily dictates the overall behaviour of the 

pavements, but this is exactly the case for New Zealand pavements. 

Brown and Pappin (1981) concluded resilient behaviour is more complex than the simple K-0 

non-linear model of Equation (17), and linear elastic layer systems are inadequate for computing 

stresses within the granular layer, but can suffice for conditions not approaching failure. Other 

researchers have fonnulated various expressions for the resilient modulus characteristics of 

pavement materials, including one for New Zealand aggregates developed by Bradley (1977) 

which considers confining and deviator stresses: 
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where A, B, C, and D are experimentally-derived values for each specific material. 

Arbitrary adjustments to stresses that indicate apparent failure or tensile conditions are 

unnecessary when an accurate material model and associated computational techniques are used. 

The· concept of a fixed modular ratio between a granular layer and sub grade is inappropriate 

because a particular granular material has an essentially constant equivalent stiffness. However, 

linear elastic layered system computer programs can be used to determine critical design 

parameters when the granular layer stiflhess is chosen on the basis of results from detailed non

linear analysis (Brown and Pappin, 1985). 

2.2.3 Validity of Pavement Response and Vehicle Loading Models 

Contrary to the major assumptions of the multi-layer linear elastic theory and computer programs 

discussed earlier, the behaviour of materials most commonly found in New Zealand pavements, 

unbound aggregates, tend to be non-linear, elasto-plastic, non-homogeneous and anisotropic. The 

non-linear behaviour of unbound granular layers means that the modulus depends on the stresses 

induced in that material by the load being applied, and is therefore difficult to model. Because of 

non-homogeneity, the properties of adjacent samples of the same material can vary significantly. 

Due to anisotropy, the stresses and strains depend on direction, so the loading must be modelled 

properly. The input to most of the computer programs is limited to the characteristics shown in 

Figures 2 and 3, such as a circular loaded area and uniform contact pressure. A more suitable 

model would allow for different characteristics and dynamics of the suspensions, tyres and axles, 

such as tyre construction, stiflhess, footprints and inflation pressures, and the sprung/unsprung 

masses. 

In the past, the basic concept of pavement behaviour in New Zealand was developed on the 

underlying assumption that the basecourse properties are specified to sustain shear stresses and 
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compressive strains. The primary mode of failure was to be subgrade deformation, for both 

unbound granular and structural asphaltic concrete pavements, because it is less expensive to 

repair compared with failure due to tensile cracking in the surfacing layer ( excluding cases where 

subgrade deformation and surface cracking are the result of shear failure), but the pavement still 

has to be of sufficient depth to protect the subgrade. Even though the design of pavements 

consisting of unbound materials is based primarily on one criteria (to limit the vertical compressive 

strain at the top of the subgrade), other possible modes of primary failure (such as a shear failure 

in the basecourse) are prevented by specifying the properties of the ·materials. As explained further 

in Appendix A, the basecourse aggregate has a specified gradation envelope to ensure proper 

compaction and effective drainage, and other properties are specified in order to avoid material 

degradation. Many existing basecourses may be substandard but have not failed because of the 

limits on loading conditions. However, new tyre types and increases in the allowable tyre inflation 

pressures, introduced since most of the highway network was built, have an unknown effect on 

the basecourse. Now, regulations permit bias ply tyres to be run at 620 kPa (cold, which may 

equal 700 kPa hot), and 825 k:Pa for radial tyres. The higher pressures may cause shear failure in 

the basecourse, depending on the properties of the aggregate. 

2.3 PERFORMANCE EVALUATION AND CRITERIA 

The evaluation of road quality is a complex problem, depending on three separate components: 

the pavement user, the vehicle and the pavement roughness, plus interactions between them. For 

many years, the "serviceability rating" has been used as a scale for pavement quality. This index 

is rather arbitrary, and a "good" value depends largely on the personnel and the equipment used. 

This problem could be minimised if some absolute standard was available, but one is not. 

Therefore, "scaling factors" have been developed to provide a basis for comparing ratings from 

many sources. The main pavement characteristics considered when rating pavement quality are 

surface distress (primarily cracking), structural capacity, longitudinal roughness, and skid 

resistance (user safety). The latter is not directly affected by pavement thickness, so is not 

considered in this dissertation. 
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2.3.l Surface Distress 

Pavement distress is detected by periodic "Condition Surveys" which are measurements of distress 

such as cracking, ravelling, disintegration and deformation. Condition surveys usually include not 

only the type of distress that has occurred but also its severity, its extent and its location. A record 

of the different categories of defects is compiled using special rating forms. The seriousness of 

each defects is judged and a numerical weighting value is assigned. 

2.3.2 Structural Capacity 

The purpose of structural evaluation is to estimate the load-carrying capability and the service life 

of the pavement under the expected traffic conditions. The main objectives of measuring the 

structural response of the pavement structure to load are to: 

1. determine the "remaining life" to anticipate when rehabilitation should be accomplished so 

that the functional performance will be maintained at a reasonable level; and, 

2. provide information useful in the design of rehabilitation measures. 

The two general categories of structural test methods are destructive and nondestructive. 

Nondestructive methods evaluate the structural adequacy and load-carrying capacity of an existing 

pavement and its various components without disturbing or destroying these components. 

Equipment used to measure structural response generally provides a measure of the surface 

deflection to slow moving, vibratory, or failing loads, although techniques have been developed 

to measure the propagation of waves from vibratory sources applied to the pavement surface 

(Heisey et al, 1982). Nondestructive tests are generally separated into four categories: 

1. Static or a single application of a slow moving load; 

2. Repeated or dynamic loading; 

3. Controlled source of nuclear radiation; and, 

4. Ground-penetrating radar or wave propagation techniques. 
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The response of a pavement to a single application of a static load or a slow-moving load is 

obtained by measuring the deflection of the pavement surface under the load; the Benkelman 

Beam test is an example of such a method. The Falling Weight Deflectometer is an example of 

a dynamic loading test. For pavements with unbound granular layers and thin bituminous surfaces, 

the properties of the unbound materials dominate the structural response to loading. In asphaltic 

concrete pavements, the asphalt layer contributes significantly to the structural response. Figure 

13 illustrates how the deflection 'tail' is influenced most by the subgrade modulus; the maximum 

deflection and the shape of the basin under the loading plate are influenced by the stiffer upper 

layers and any intermediate layers. Haas et al (1994) provide a comprehensive description and 

evaluation of the deflection testing techniques available; the two deflection devices relevant to this 

research are described in detail in Appendix G. 

t 
• 

Figure 13 Influence of Different Layers on the Surface Deflection Bowl 
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2.3.3 Pavement Roughness 

Pavement roughness is normally regarded as the major contributor (up to 95%) of the 

serviceability of a pavement, and is a function of the: 

• road profile ( transverse variations, longitudinal variations, and horizontal variation of 

pavement alignment); 

• characteristics of the vehicle; and, 

• sensitivity of the passenger. 

The surface quality of a pavement may be expressed in either a subjective or quantitative manner. 

Subjectively, the travelling public perceives the acceptability of the riding surface by the "seat of 

their pants". Hutchinson (1964) first described the problems associated with analysing the 

subjective experience of highway users in deriving an absolute measure of road quality. Two main 

requirements are: 

1. development of a suitable mathematical model to characterize pavement roughness; and, 

2. development of a suitable mathematical model to describe the suspension characteristics of 

highway vehicles that may be used along with the roughness model to predict the dynamic 

response of vehicles. 

An opinion of road roughness is normally a comparison with other road surfaces within a 

particular region. No accurate attempt is made to compare finite road roughness in one region 

with another. An area with particularly good/poor quality roading would have its subjective 

"rough" and "smooth" roads. Quantitatively, by establishing a datum and measurable roughness 

scale to which all road surfaces can be compared, the smoothness of a road may be expressed on 

a rational basis with confidence. To be able to express roughness in a quantitative form, 

techniques must be utilised to physically measure the road profile. The most common quantitative 

methods for expressing roughness are via the use of a profilometer, rolling straight edge, DIP Stick 

profiler (described in Appendix G) or roughness meter (Haas et al, 1994). 

The pavement roughness determined from mechanistic measurements are correlated with user 
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panel ratings to determine the riding comfort index. The International Roughness Index (IRI) is 

a standardised roughness value related to measurements obtained by response type road 

roughness meters (RTRRM) (Paterson, 1987). Most RTRRM measure in vertical and horizontal 

displacement units ( e.g. mm/km) although the mechanisms for the systems are not identical. IRI 

is also measurable by many other profilometric methods as well as being highly correlated to 

subjective opinion. Further information is provided in Appendix H. 

2.4 CHAPTER SUMMARY 

The New Zealand state highway pavement thickness design procedure is based on multi-layer 

linear elastic theory, modified by empirical data. The model used for thin-surfaced, unbound 

granular flexible pavements, which comprise 95% of the length of the New Zealand road network, 

assumes the surface thicknesses ofless than 40 mm does not contribute to the structural capacity 

of the pavement, and the stresses are dissipated through the depth of the granular cover layers 

above the subgrade. The main criteria is the vertical compressive strain in the subgrade because 

the design theory presupposes that the primary mode of structural failure is permanent 

deformation in the subgrade. If the vertical compressive strain at the top of the subgrade exceeds 

the capacity of the soil, then excessive vertical plastic deformation will occur, eventually 

manifesting itself at the road surface as rutting. The calculated response of the pavement is based 

on the subgrade strength, thickness of the different pavement layers and the compaction level .of 

each layer. The flexible pavement thickness design charts in the State Highway Design and 

Rehabilitation Manual (1987) are derived from the subgrade strain criteria for flexible pavements 

in the Shell Pavement Design Manual (1978), with some adjustments based on research and local 

empirical data. Laboratory moduli are not applicable to in service pavement moduli, so a more 

direct method of determining the latter must be developed. 

The "fourth power" concept used for comparing the relative damaging effect of different vehicular 

loading conditions is based on test data with major limitations, obtained three decades ago and 

altered little since. The load equivalency conversion exponent (the "fourth-power law") is 

derived through generalised and simplified assumptions that have not been confirmed for New 

Zealand conditions. 
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CHAPTER 3 EXPERIMENTAL INVESTIGATIONS 

The purpose of the experimental investigations was to examine specific fundamental loading 

parameters (load magnitude and number of repetitions, tyre inflation pressure and basic tyre type) 

that influence the behaviour of unbound granular pavements. The experiment involved 

constructing three sequential test pavements at CAPTIF. In the first, pavement response to the 

primary loading variables (load magnitude, tyre inflation pressure and basic tyre type, all on dual 

tyred wheels) were measured. Then, the life-cycle performances of the second and third 

pavements under selected loading conditions were determined. The pavement response and 

performance measurements included surface deflection basins, longitudinal and transverse profiles, 

and vertical strains in the granular layers and subgrade. 

3.1 EXPERIMENTAL DESIGN 

Originally, the experimental objectives were to: 

develop instrumentation and establish a procedure for examining fundamental parameters 

that influence the behaviour of unbound granular pavements; and, 

evaluate the relative importance of each variable studied. 

The primary variables selected were the wheel load magnitude, tyre inflation pressure, and basic 

tyre type. The experiments involved a series of instrumented pavements constructed in the 

Canterbury Accelerated Pavement Testing Indoor Facility (CAPTIF), and subjected to a variety 

of tyre pressures, tyre types, and loads. The variables in the loading conditions were to have been: 

magnitude of the wheel load, 21 to 46 kN. The maximum load depended on the capacity 

of the wheel bearings and imbalanced forces on the hydraulic rams of the CAPTIF 

Simulated Loading And Vehicle Emulator (SLAVE); 

tyre inflation pressure (500 to 1100 kPa). The actual pressures used were 550 and 700 

kPa on radial and bias ply tyres, plus 825 kPa on radial ply tyres; 

tyre type (radial, super single, bias ply), but only radial and bias ply tyres were used; and, 

wheel configuration ( dual versus single tyres), but only dual tyres were included. 

43 



Initial tasks included selecting, developing and comrruss1onmg instrumentation and data

acquisition systems, and preparing the vehicles and track. Then, the first pavement and loading 

routine considered only the elastic response of a thin-surfaced, unbound granular pavement over 

a weak subgrade, to varying wheel loads, tyre inflation pressures and two basic tyre types (bias 

and radial ply). 

The objectives of the second and third pavement tests were to use the results, systems and 

procedures from the first pavement test to relate axle loads directly to pavement responses for 

predicting pavement performance. In the second pavement test, SLAVE applied 3 .2 x 106 esa 

during 1.06 x 106 revolutions. The second pavement had an asphaltic concrete surfacing 85 mm 

in thickness and 200 mm unbound granular basecourse over a silty-clay subgrade. The in situ 

CBR of the subgrade for the test section was 13%; the subgrade was constructed to achieve a 

higher bearing capacity (than the first pavement subgrade) so as to achieve a longer pavement life. 

After initial conditioning, various measurements were carried out at intervals of 10000 revolutions 

up to 57000 revolutions, then at 100000 revolutions, and after that, at intervals of 60000 

revolutions. After 1. 06 x 106 revolutions of SLAVE, final measurements were taken and samples 

of asphaltic concrete were cut out of the pavement for laboratory tests. 

The third test pavement consisted of a 25 mm asphaltic concrete surfacing layer and 13 5 mm thick 

basecourse of unbound granular aggregate over a silty clay subgrade of CBR 13%. The pavement 

was subjected to a constant loading condition (40 kN load and dual radial tyres inflated to 825 

kPa) until the loading concluded at 740,000 esa. 

The research attempted to characterise the behaviour of the materials by measuring the strains, 

displacements, and deformation within the pavements. Surface profiles and deflection bowls were 

measured at selected intervals, using the CAPTIF Profilometer and Deflectometer, respectively. 

Subsurface strain/displacement measuring sensors were used for measuring the resilient and 

residual strains and displacements within the pavement layers. The pavement surface and tyre 

tread temperatures were measured. Tyre imprint areas were also measured. 
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3.2 DESCRIPTION OF THE FACILITY 

The Canterbury Accelerated Pavement Testing Indoor Facility (CAPTIF) is located at 

Christchurch, in the South Island. CAPTIF is also known by its Maori title, Te Ara Taka 

Whakatike (the circular track to discovery). CAPTIF was enclosed by a hexagon-shaped building 

that is 26 m wide and 6 m high. A circular concrete tank, 1. 5 m deep and 4 m wide, confines the 

bottom and sides of the track, enabling the control of moisture contents in the subsurface systems 

and drainage (Figure 14). The track has a median diameter and circumference of 18.5 m and 

58.1 m, respectively. Normal field 

construction and compaction 

equipment is used in the facility. The 

main feature of CAPTIF 1s the 

Simulated Loading and Vehicle 

Emulator (SLAVE), illustrated in 

Figure 15; the primary characteristics 

are summarised in Table 3. More 

I.. 4m 
Max. widfh of loading 

1-- 1.1.5 m --1 

2.1.m 

details are provided in Appendix Band Figure 14 CAPTIF Tank and Pavement Cross-section 

Pidwerbesky (1989). 

TABLE 3 Characteristics of the Simulated Loading and Vehicle Emulator 

Item Characteristic 

Test Wheels Dual- or single-tyres; standard or wide-base; bias or radial ply; 

maximum overall tyre diameter of 1. 06 m 

Load of Each Vehicle 21 kN to 60 kN, in 2.75 kN increments 

Suspension Air bag; multi-leaf steel spring; single or double parabolic 

Power drive to wheel Controlled variable hydraulic power to axle; bi-directional 

Transverse movement 1.0 m centre-to-centre; programmable for any distribution of 

of wheels wheel paths 
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Figure 15 SLAVE and Cross-section of Track 

3.2.1 Simulated Loading and Vehicle Emulator 

lfofficked portion ~ 
of pavement~ 1.1.Sm 

SLAVE can apply a myriad ofloading conditions via an array of vehicle types and assemblies. The 

SLAVE "vehicles" are equipped with half-axle assemblies that can carry either single- or dual

tyred wheels. The configuration of each vehicle, with respect to suspensions, wheel loads, tyre 

types and tyre numbers, can be identical or different, for simultaneous testing of different load 

characteristics. SLAVE is designed for the accelerated testing and evaluation of subgrades, 

pavements and surfacings and had features which replicated actual road vehicle characteristics. 

A sliding frame within the central platform can move horizontally 500 mm either side of the mid

point (or a maximum of 1 m) by two hydraulic rams; this radial movement produces multiple 

wheel paths. The position of the horizontal hydraulic rams (R) shifting the vehicles laterally is 

specified to the nearest 1 cm, from R00 to Rl00. The total width of track that can be trafficked 

is 1.44 m with dual tyres, including the tyre width of 0 .22 m. Hinges at each outer end of the 

sliding frame provide for the attachment of two diametrically opposed radial arms which rotated 

about the fixed centre. The base elevation of the central pedestal can be altered by up to 150 mm, 

to maintain the dynamic balance of the machine when the pavement surface level changes. The 

vehicles are affixed to the outer ends of the arms. 

A vehicle consists of an assembly of the axle, hydraulic motor, suspension, a frame, 

instrumentation, and standard truck wheel hubs and tyres. The standard vehicles (shown in Figure 

16) are equipped with dual-tyred wheel and half-axle assemblies which can be loaded to between 

21 and 50 kN, equating to axle loads of 42-100 kN, by adding steel Load Increment Plates (LIP), 
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Figure 16 Cross-section of One SLAVE Vehicle with Dual Tyres and Multi-leaf Suspension 

in increments of2.75 kN. Later modifications raised the upper half-axle limit to 60 kN or an axle 

load of 120 kN. 

Hydraulic output from the main pump powers the hydraulic motors driving the wheels. 

Consequently travelling speed is regulated by the control of this pump output. The wheels were 

self-driven, thereby simulating tractive forces. The speed of SLAVE is variable in increments of 

I km/h up to a maximum of 50 km/h. 

Incorporating standard truck axle and suspension components, SLAVE vehicles produce realistic 

dynamic wheel responses to the changing roughness of the pavement surfaces. The dynamic 

balance of the machine obviates the effects of weight transfer when in motion, because the 

dynamic centre of the SLAVE mass is in the same horizontal plane as the centre of restraint, so 

the static wheel load does not vary with the speed of rotation. The effects of travelling on a 

circular track are compensated for by adjusting the wheel slip angles to a maximum of± 3 ° offset 

from the tangent. 
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3 .2.1.1 Operating Control System 

SLAVE operations are directly controlled by its internal electronics. At the time of this research, 

SLAVE continued operating using default values and the most recent input regardless of whether 

the external computer was connected. The external, or on-shore, computer was an IBM

compatible personal computer. Whenever a parameter was altered, the new command was sent 

by the external computer through a communications link under the track via a slip ring within the 

central pedestal. SLAVE was designed to be operated continuously without supervision. 

The on-shore computer controlling program provided for software-directed or manual operation. 

In the former mode, the program issued commands to the SLAVE electronics. Testing routines 

were programmed in terms of parameters such as distance or revolutions to be run, travelling 

speeds, durations of constant speed, acceleration and braking, and distribution patterns of 

wheel path positions. Any combination of these were included in a programmed testing routine 

because the SLAVE software used default values for those items not defined in the on-shore 

computer program. In manual mode, commands were keyed-in by operators. Manual control was 

imposed when desired, to override the software program. 

The vehicles were moved slowly forward or in reverse, and positioned at any location within 

± 30 mm, by means of a hand-held inching controller that plugged into a connection located on 

one of the vehicles, and overrode the primary movement controllers. This was used for moving 

the vehicles off the track, positioning the vehicles for maintenance work and load adjustments, 

and conducting location-sensitive measurements, such as elastic rebound tests. 

3 .2.1.2 CAPTIF Logsheets 

SLAVE logsheets were a record of SLAVE operation on a day-to-day basis and indicated 

activities such as testing carried out between SLAVE operating intervals. The logsheet showed 

the status of vehicles A and B in terms of wheel load, wheel slip angle, and tyre types and 

pressures. A 24 hour record of SLAVE attendances and operation in terms of revolutions, 

maintenance, testing and repairs was kept. A sample logsheet is shown in Appendix B. 
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3.3 PAVEMENT EVALUATION INSTRUMENTATION AND PROCEDURES 

The behaviour of the pavements were monitored by a range of instrumentation systems and 

equipment. Electronic systems were developed to measure subsurface strains and temperatures, 

transverse and longitudinal surface profiles, and pavement rebound. The CAPTIF Deflectometer 

and the CAPTIF Profilometer were used to measure the elastic response of a pavement under the 

influence of a wheel load and to measure the transverse surface profiles, respectively. Both 

produced digital data output that was captured by a Psion hand held computer. The data was later 

downloaded to a desktop computer for analysis. A DIPStick Profiler, H-bar strain gauges, soil 

suction sensors and temperature probes were also utilised at CAPTIF. 

3.3.1 Transverse Profile Measurements 

The CAPTIF Profilometer was a modified version of the prototype developed by the Department 

of Civil Engineering, University of Auckland. The Profilometer consisted of a braced aluminium 

beam, 4.4 m long, supported at each end on aluminium legs with adjustable feet. A machined 

aluminium carriage was driven along the beam by an electric motor and drive chain. The carriage 

supported a jockey wheel which was free to move vertically. Connected to this wheel was a 

Linear Variable Displacement Transducer (L VDT), which measured vertical displacement every 

25 mm of horizontal travel of the carriage. The normal maximum vertical travel of the carriage 

was 155 mm. The CAPTIF Profilometer measured the transverse surface profiles to an accuracy 

of± 1 mm. 

Before each profile was measured, the path of the profilometer wheel was swept, if necessary, to 

remove any extraneous material that may have caused an erroneous reading, appropriate station 

data were fed into the Psion computer, the wheel was gently lowered and the machinery set in 

motion. Electronic measurement data were directly inputted into the Psion computer as the 

profilometer wheel traversed the track. When the wheel reached the end of its travel, it was 

manually triggered to return to the start point where the wheel was gently lifted to its resting 

position. The transverse profile measurements required one person at each end of the profilometer 

to lift it from one position to the next. The reference position for the correct radial position of the 
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profilometer was the outer wall marking so one person gently lower the profilometer at this end 

first, before the other end was lowered. The procedure was repeated for each profile taken. The 

operation, accuracy and calibration of the CAPTIF Profilometer are described in detail in 

Appendix G. 

The electronic data were collected by a Psion Organiser hand-held computer. The memory 

capacity of the Psion was sufficient to hold 12-15 profiles and therefore the Psion had to be 

cleared by downloading to the IBM compatible P.C. via the Psion link up to three times for each 

set of profile measurements. 

On 10 January 1991, at the start of the loading routine for the Second Pavement, CAPTIF 

Profilometer data acquisition software was reprogrammed to record the absolute elevation of the 

pavement surface, which required adding a calibration parameter to the Psion software to allow 

for different leg heights that could be fitted to the Profilometer. The default leg height was 

143 mm. Zero volts position of the L VDT was referenced to the height above the surface that the 

inner leg rests on or 38.5 mm with the 143 mm legs. The program was altered to store leg height, 

transverse slope between the walls for each station and inner wall elevation as variables. The 

variables were included in the calculation for elevations at 25 mm intervals of the transverse 

profile. 

3.3.2 Longitudinal Surface Profiles 

The DIPStick Profiler was a manually operated device designed to measure the difference in 

elevation between one point and another over a .set spacing. The normal spacing between the 

DIPStick feet was 12 inches(~ 300 mm), and a 250 mm adaptor fitting was provided, but the 

latter was unstable, introducing significant errors in the readings. Digital liquid crystal displays 

(LCD), one at each end of the instrument, showed the difference in elevation between one foot 

relative to the other foot when positioned on the road surface, to the nearest 0.001 inch. The 

device was 'stepped' along by pivoting the device about each foot alternately. 

At the start of each longitudinal profile measurement, one of the two feet on the DIPStick was 
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placed on the intersection of the Station 00 mark and the centreline. As the instrument was 

'stepped' along, the person rotating the instrument about each alternate foot called out the digital 

measurement and another tabulated the readings, continuing until the entire pavement was 

traversed back to the start point. The data was then entered into a spreadsheet on a computer 

spreadsheet, which was programmed to convert the data to SI metric units and accumulate the 

measurements to yield a centreline profile of the test track. 

The feet supplied with the device were unsatisfactory, for reasons explained in Appendix G, and 

a new semi-hemispherical foot design performed satisfactorily. Also, the manufacturer claimed 

that the displayed readings were accurate to within± 0.05 mm in 250 mm or 1/5000, but trials 

indicated that the accuracy of the particular device used was actually 1/800 to 1/1500. Additional 

details are provided in Appendix G. 

3.3.3 Elastic Surface Deflection 

Normally, the Benkelman Beam test is used in New Zealand to measure the surface rebound of 

in-service road pavements under wheel loads. The two important aspects of pavement rebound 

are the peak value and the shape of the deflection bowl (as explained in Chapter 2). Deflections 

of flexible pavements with thin surfacings are not influenced by temperature. Because the 

properties of asphaltic concrete depend on temperature, the surface deflections of flexible 

pavements with the asphaltic concrete layers (more than 50 mm thick) are normalised to a 

standard temperature. The following temperature correction formula was used (TNZ T/1, 1977): 

where: 

20- t 
d20 = dt + --

110 

d20 is the normalised deflection in mm at 20 ° C, 

d1 is the actual deflection in mm, at temperature t °C. 

(19) 

Instead of using the Benkelman Beam test, the experiment described in this thesis employed two 

types ofDeflectometer. 
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3.3.3.1 CAPTIF Deflectometer 

The CAPTIF Deflectometer measured the surface deflection bowl of a pavement under the 

influence of a wheel load in much the same way as a Benkelman Beam except that the former used 

an electro-magnetic gap measuring sensor at the end of the beam to measure the vertical distance 

between the sensor and a target disc placed on the pavement surface. The CAPTIF Deflectometer 

was a modified version of the Geobeam developed by Tonkin and Taylor Ltd. of Auckland. The 

Deflectometer consisted of a rigid beam and a device for measuring horizontal distances, both of 

which were linked to a Psion hand-held computer. 

The 4.18 m long beam was fabricated from box section aluminium and rested on three feet, two 

at the midpoint and one at the end. The only moving parts were a height adjusting wheel for 

horizontal alignment and a lockable hinge section for easier transportation. The vertical gap 

measuring sensor at the end of the beam measured the distance between the electronic sensor and 

a target disc placed on the pavement surface. An Analogue Data Acquisition Module (ADAM) 

and other electronics, which digitised the signals, were contained within the aluminium box 

section. The accuracy, calibration and operation of the CAPTIF Deflectometer is described in 

detail in Appendix G, which includes a figure illustrating the device. 

During testing, the Deflectometer probe was positioned between the tyres of a dual-tyred wheel 

and, as the wheel was moved away, the elastic vertical rebound of the pavement was recorded, 

to the nearest .01 mm, every 50 mm of horizontal movement. After positioning the target disk on 

the pavement, the Deflectometer was placed tangentially to the centreline with the gap sensor 

over the target. Using a safety stop, the vehicle was positioned over the target and gap sensor 

so that they are between the dual tyres. The distance measuring device was then connected and 

data corresponding to the station were entered into the Psion. When ready, the vehicle was moved 

away. The Psion display indicated when all data from the station had been captured; the Psion 

memory was sufficient to store data for a maximum of 12 stations. When readings were 

completed, data captured by Psion were downloaded to the desktop computer via the Psion 

communication link. 

52 



3.3.3.2 Falling Weight Deflectometer 

The Falling Weight Deflectometer (FWD) simulated the load imposed on a pavement by a moving 

wheel load by dropping a known mass onto the pavement surface from a selectable drop height. 

The Dynatest FWD was a computer-controlled, hydraulically-operated deflectometer towed 

behind a vehicle which carried the data acquisition and computing equipment. A foot of set size 

was placed on the surface of the pavement and a known mass was then dropped from a known 

height; the mass and drop height were adjustable. The FWD. measured the deflection of the 

pavement directly under and at specific lateral distances from the centre of the dropped load, 

using a row of geophones affixed to the FWD trailer; during testing, the geophones were lowered 

to just rest on the pavement surface. The FWD is illustrated schematically in Appendix G. The 

FWD dropped a mass of 150 kg from a height which was varied between O. 04 to O. 4 m, thereby 

achieving a peak force on the pavement of between 15 kN and 48 kN, depending on the impact 

load required. 

The calibration of the device was checked on a known hard surface. Three FWD tests were 

carried out on each of the six pavement segments: two on the centre line, and one between the 

wheelpaths and the inside perimeter of the test track. The data from the FWD were saved on an 

IBM compatible portable P.C. and immediately printed to monitor successive tests as they were 

done. The FWD was used for evaluating the second pavement only. The FWD had to be returned 

to Australia on 7 May 1991, before the loading routine was completed. 

3.3.4 Strain-measuring Systems Based on Bison Strain Coils 

The soil strain measuring systems determined subsurface strains using inductance coupling 

between two free-floating, flat, circular wire-wound induction coils ·coated in epoxy; these coils 

are called Bison Soil Strain sensors. One of the two discs which comprised a single sensor was 

connected to an oscillator and acted as the transmitter coil. The oscillator produced an alternating 

voltage, and the current flowing through the wound wires of the transmitter coil created an 

electro-magnetic field in the surrounding soil. The field induced a voltage and an electrical 

current in the receiving coil. The magnitude of the induced current was a function of the spacing 
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between the two coils (Selig, 1975). The 

gauge length was the separation distance 

between each paired coil, which was also 

the thickness of the given layer. The resilient 

strain ( E) was defined as the change in 

gauge length (LiL) divided by gauge length 

(L). The principle of operation is illustrated 

in Figure 17. The strain coils used had a 

Bison Oise 

'.I. J-
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l I f>lj 
Boa.rds 

Oulput 
Receiver 

diameter of 50 mm and were 7 mm thick. The Figure 17 Principle of Bison Strain Coils 

strain coil discs are designed to be 
(after Brown and Brodrick, 1978) 

sufficiently robust to survive compaction and resist puncture by aggregate particles, so that they 

can be installed during the formation of the subgrade and the overlying pavement layers, resulting 

in negligible disturbance to the materials. The coils move with the surrounding material, thereby 

yielding more representative measurements. Strains referred to are elastic (resilient), not 

permanent (residual). Further details are provided in Appendix C. 

Two different data-acquisition systems were used to input current and capture output signals from 

the Bison strain gauges. The interim system used a Hewlett Packard (HP) data-acquisition unit 

to record the output signals from a Bison Strain Gauge monitor (Model 4101A), the 

characteristics of which are documented in Paterson (1972). The permanent system was based on 

the Saskatchewan (Canada) Soil Strain\Displacement (SSSD) prototype. 

In the interim system, all the coils in an array were connected to a manual switching apparatus. 

Then, the two leads from the switching apparatus were connected to a Bison Soil Strain Gauge, 

Model 4101A, a single-channel linearising monitor that supplied the alternating current to the 

transmitter coil and measured the output from the paired coil. The output voltages from the 

gauge and pavement temperature probes were recorded through the HP Model 3852A Data

acquisition Unit using a HP 4471 lA 24 channel FET multiplexer module. The HP 3 852A unit was 

capable of taking 100,000 readings per second, and processed the data using stored algorithms. 

The unit accepted a wide range of interface modules, for capturing data from a variety of sensors. 

The output from the multiplexer was fed into a 13 bit digital voltmeter (HP 44702A). The data-
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acquisition unit stored the data in memory before downloading it to a HP PC308 controller board 

installed in an IBM-compatible AT. 

The error in the interim strain-measuring system was ± 50 µm/m. Before installation, the 

sensors were calibrated to generate an output voltage versus separation distance relationship for 

each sensor configuration. During the loading routine, the normal sampling rate was 100 Hz, but 

the sampling rate increased to at least 10 kHz ( depending on the vehicle speed) for a O. 5 second 

period whenever triggered by the test vehicle cutting an infra-red beam at the start of the 

instrumented pavement section. Then, the collected data were transferred to the PC controller 

from the data logger, and the dynamic strain was calculated by resonating the measured gauge 

length back to the initial reference gauge length prior to testing. Strain was calculated using the 

~L/Linitiat relationship. Finally, a graph of strain versus time was produced on the screen for 

immediate observation. The collected data were then outputted to a file in a format suitable for 

importing into MS-DOS software packages. Because of its versatility and ease of operation, VP

Planner®, a Lotus 1 2 3® -like spreadsheet program, was used to sort the data and provide initial 

graphs. The final graphs were generated using the Harvard Graphics program. 

The permanent system was a modified prototype of the more sophisticated Saskatchewan Soil 

Strain/Displacement-measuring (SSSD) system, developed by Saskatchewan (Canada) Highways 

and Transportation. The SSSD was essentially a computer and associated units containing 

custom-built control, general purpose input/output, transmitter and receiver boards. The SSSD 

system determined the gauge length or separation distance between the two inductance-coupled 

Bison coils comprising a sensor. Once triggered by the moving vehicles cutting a light beam, all 

the sensors in an array were scanned simultaneously every 3 0 mm of vehicle travel, and a 

continuous record of displacement versus distance travelled was obtained. Three examples of such 

measurements are illustrated in Figure 18. Further details describing the subsurface 

displacement/strain measuring systems are provided in Appendix C. 
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Figure 18 Simultaneous Recording of Bison Gauge Lengths in One Layer under Wheel Loading 

3.3.5 Data Processing 

Raw data from the Psion and HP computers and daily temperature files were saved in ASCII 

format. For analysis, files were downloaded into spreadsheet templates; initially, VP Planner was 

used, and later, MS Excel. FWD files were saved in their proprietary ASCII format. All files 

were then stored in a DOS directory corresponding to the measurement interval. 

3.3.6 Subgrade Bearing Capacity Tests 

From a pavement engineering viewpoint, one of the most important properties which a soil 

possesses is shearing resistance or shear strength. Shearing resistance of a soil under given 

conditions is related to its ability to withstand load. The shearing resistance is especially important 

in its relation to the supporting strength, or bearing capacity, of a soil used as a subgrade beneath 

a road. For most pavement applications, the California Bearing Ratio (CBR) value of a soil is 

used as a measure of shear strength. The CBR is determined by a penetration shear test and is 

used with empirical curves for designing and evaluating flexible pavements. The CBR test is 
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usually performed on laboratory-compacted test specimens when used in pavement design, but 

in-situ CBR tests can be conducted on the subgrade materials. However, the in-situ CBR tests 

are time consuming. An alternative, quicker method of quantifying the bearing capacity of a soil 

uses the dynamic cone penetrometer (DCP) or Scala test. The DCP test is described in detail in 

Appendix D. Both the CBR and DCP tests were used, but the latter was predominant because 

the DCP test is easier and quicker. 

3.3. 7 Dynamic Wheel Forces 

Dynamic wheel forces are dominated by behaviour of sprung mass, so the wheel forces are the 

sum of the vehicle mass multiplied by the chassis acceleration and the unsprung mass multiplied 

by the vertical axle acceleration. The dynamic loads applied by the SLAVE wheels were quantified 

by measuring the vertical acceleration using PCB 308B accelerometers mounted at different 

locations on each of the vehicles. The piezoelectric accelerometers had a linear response from 1-

3000 Hz of 100 mV/g. The accelerometers were connected to a PCB 483A 12 channel signal 

conditioning unit, and the signals were recorded on a Hewlett-Packard 3968A eight-track 

frequency-modulation (FM) tape recorder. The analogue signals were digitised using the HP 

3852A data acquisition system sampling at 200 Hz per channel. 

3.4 FIRST PAVEMENT: RESPONSE OF GRANULAR PAVEMENTS UNDER 

VARIOUS LOADING CONDITIONS 

The aims of the initial test were to develop and verify instrumentation and devise a procedure for 

examining fundamental parameters that influence the behaviour of unbound granular pavements, 

and then to evaluate the relative importance of each variable studied: load magnitude, tyre 

inflation pressure and basic tyre type. Initial tasks included selecting and developing 

instrumentation and data-acquisition systems, and preparing the SLAVE vehicles and track, 

before constructing, and applying a loading routine to, the first subgrade and pavement; these 

tasks are described here because of their direct relevance to the experiments. 
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3.4.1 Preliminary Activities 

The CAPTIF Deflectometer had to be fully operational to ensure the accuracy of deflection bowl 

measurements for this research, and to minimise the time required to conduct the measurements. 

Fabrication of the deflectometer and software programming was completed by October, 1989, 

and commissioning trials were then undertaken. Output signals from the gap sensor of the 

Deflectometer had to be digitised so that they could be captured by and stored in a PSION hand

held computer. 

The Pro:filometer had to be modified, including an Analog/Digital convector, so that output signals 

can be read by the hand-held PSION computer, to ensure accuracy and speed in measurements. 

The AID convector and software are similar to that used in the deflectometer because both devices 

are measuring vertical movement relative to a horizontal distance, though the deflectometer is 

measuring vertical elastic deflection in the pavement.. 

The DIPStick Profiler was evaluated to determine its accuracy and to develop a operating 

technique suitable to the experiment. The accuracy was found to be only 1/800, as compared with 

the accuracy of 1/2000 claimed by the manufacturer. The 58 m circumference along the centreline 

of the track provided a closed loop for the DIP Stick; the closing error varied but was typically 

in the order of 3 5 mm. 

The permanent strain-measuring system was not fully operational until 1991, so an interim system 

for the first two pavement trials consisted of the Hewlett Packard (HP) data-acquisition unit and 

controller computer, and a twenty-five year old, single-channel Bison bridge gauge monitor 

(Model 4101A). A transportable, environmentally-controlled station was fabricated to carry the 

interim system; the station was shifted around the track and connected to the subsurface strain

measuring coils. The interim system collected data from only one sensor at a time, but at a rate 

of up to 100 kHz, which provided sufficient data for software filtering to eliminate noise and 

errant signals common to electro-magnetic instrumentation. The results yielded information on 

the temporal response of the pavement to the various loading conditions travelling at different 

speeds and the rate of recovery of the pavement, in addition to peak deflections under the loads. 
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A device for calibrating the coils was fabricated by University technical staff CAPTIF computers 

were upgraded to handle the volume of data to be produced. 

The SLAVE vehicles were partially disassembled, to replace the multi-leaf steel spring suspension. 

A new multi-leaf spring configuration was designed to suit the rigorous testing routine scheduled 

for this experiment. If necessary, the suspension and the tyres would have been replaced or 

adjusted during the testing routine to maintain a nearly constant reference vehicle, but this did not 

occur. The SLAVE hydraulic systems were repaired, and brake accumulators were replaced. New 

wheel rims were installed, and the tyres were re-treaded. Accelerometers were mounted on the 

vehicles for measuring the dynamic loads being applied, and the data-acquisition system was 

installed and commissioned. 

The final phase before the CAPTIF trials was to confirm the operation and accuracy of all 

instrumentation in a pavement. The trials were successful, and the pavement was also used as the 

first test pavement. 

The author met with other researchers in Australia, Europe and North America, to discuss other 

current research, to gain invaluable advice from more experienced researchers, to compare 

preliminary results, and to visit other facilities being used for similar research. 

3.4.2 Material Selection for and Construction of the Subgrade and Pavement 

Results of material property tests are presented in Appendix D, and details of construction of the 

layers are in Appendix E. 

3 .4 .2.1 Material Selection 

Criteria for selecting the subgrade material were (i) provide a reasonably elastic layer which did 

not allow permanent deformation to occur quickly, and (ii) that its properties remained relatively 

constant over time. A suitable subgrade material, which possessed high plasticity and a reasonably 

definitive relationship between bearing capacity and moisture content, was selected. A silty clay 
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that had been imported from 370 km south of Christchurch for an earlier project at CAPTIF 

satisfied the criteria. The clay had a CBR of 5% at its natural moisture content of 12%. The liquid 

limit and plasticity index were 43 and 23, respectively. The available volume of clay was limited, 

so it was not used for the full depth of the subgrade (1.2 m) in the track. The granular cover 

aggregate was a well-graded crushed Canterbury greywacke with a laboratory CBR of 80%. 

The pavement surfacing selection was based on a comparison of the results of earlier research 

projects conducted at CAPTIF. Road Research Unit project BC/5.7 used single and two-coat chip 

seals (Pidwerbesky, 1987), BC/58 (Pidwerbesky and Dawe, 1990) and BC/59 (Pidwerbesky, 

Dawe and Joshi, 1990) used a friction course for the surfacing, and SS/14 used a thin layer of 

asphaltic concrete for the surface (Owiro and Pidwerbesky, 1990). Because RRU Research 

Project BC/57 (Pidwerbesky, 1989) emphasised that, under the ideal environmental conditions 

existing at CAPTIF, pavements composed of good quality, well-compacted unbound aggregates 

over stable subgrades will sustain many times their theoretical design loading, the pavement 

surfacing is a more important factor influencing the serviceable life of the pavement. Thus, a thin 

asphaltic concrete surfacing was selected. 

3.4.2.2 Subgrade and Pavement Construction 

Only 15 m of the 5 8 m length of track was utilised as the test pavement for this project; the 

remainder provided a smooth running surface for the vehicles. The bottom layer over all the track 

consisted of a 150 mm thick drainage layer of 

coarse granular material covered with a non-

woven geotextile. On top of that was a 800 

mm thick layer of Port Hills loess that was 

well-compacted. The bottom coil of each 

vertical strain sensor array was carefully 

positioned in the top of the loess; the locations 

of the vertically stacked arrays of Bison strain 

coils are illustrated in Figure 19. The coils 

were located 1.7 and 2.3 m from the inner Figure 19 Positions of Bison Coil Arrays for 
Measuring Vertical Compressive Strain 
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wall of the track tank. 

Within the test segment, the subgrade layer of silty clay was placed and compacted to a 200 mm 

depth over the loess. The subgrade surface profiles were measured at stations 5, 7, 9, 11, 13, and 

15. Originally, another 100 mm layer of the silty clay was to have been added, but the CBR of the 

material in place was less than 10%, which was lower than expected (15% to 20%), so the 

pavement thickness design had to be modified and the depth of the granular cover over the 

subgrade was increased to 300 mm, from 200 mm, because the final elevation of the pavement 

was constrained by the base pedestal of the SLAVE. The SLAVE base was set at its highest 

elevation so that it could be lowered as ruts developed in the pavement to maintain dynamic 

balance. Originally, 200 mm and 100 mm gauge length vertical strain sensors were to have been 

placed in the subgrade for each of the six strain coil arrays, but only the 200 mm length gauge 

sensors were installed. The depths to the surface of each compacted layer and each Bison strain 

coil, relative to a transverse reference beam with its end legs resting on the top of the concrete 

tank walls, were recorded, so that the actual as-constructed thicknesses of each layer and actual 

strain gauge lengths of each coil pair could be determined to an accuracy of± 1 mm. The gauge 

lengths of the Bison strain coils are tabulated in Appendix E. 

The material properties of samples taken from the subgrade and unbound granular layers are 

summarised in Table 4. All layers of the subgrade and the granular cover were spread by a small 

bulldozer and compacted by a Sakai SW41 (40 kN) dual drum roller, in non-vibratory and 

vibratory modes depending on the layer and its condition. 

Table 4 Subgrade and Basecourse Material Properties (First Pavement) 

Layer Moisture Content Dry Density California Bearing Ratio (%) 

(%) (kg/m3 ) Soaked Unsoaked 

Basecourse 4.2 2230 72 

Clay Subgrade 20.1 1690 3 5 

Loess 12.7 1820 16 32 
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Bison coils and temperature probes were 

placed at the interface of the subgrade 

and granular cover layers; installation of 

the instrumentation is detailed in 

Appendix E. Then, Typar 3407, a non

woven, spunbonded polypropylene 

geotextile, was placed over the subgrade 

to separate the layers, which facilitated 

the determination of subsurface layer 

profiles following the testing routine. 
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less than 10%, the unbound granular aggregate was placed and compacted in three 100 mm lifts 

to increase the total thickness to 300 mm. 

Sets of temperature probes were placed on top of the first lift of the granular cover at stations 5, 

9 and 13, 1.7 m and 2.3 m from the inner wall of the track tank, which was far enough from the 

strain coils to avoid electrical interference. Representative samples from each segment were tested 

for gradation, maximum density, and crushing resistance. The moisture content during compaction 

was 5%. TNZ B/2 (1989), the specification for the construction of unbound granular pavements, 

was followed. The second lift of aggregate was carefully placed over the Bison coils, while 

monitoring the sensors to determine if they shifted; none did. If any coils had shifted, then the 

aggregate would have been removed and the coils re-aligned. The running course, or uppermost 

50 mm of the granular layer, consisted of the same aggregate as the lower lifts, but the maximum 

particle size was only 20 mm so as to aid workability and compaction; final compaction was with 

a pneumatic-tyred roller trailer. Nuclear density tests in backscatter mode were done at stations 

1, 5, 7.5, 12.5 and then every 5 m; the dry density of the basecourse aggregate was 2200 kg/m3 

at a moisture content of 4%. Clegg Hammer Impact tests were done every 1 m between stations 

02 and 18, the test segment; the Clegg Impact Values (CIV) ranged from 39 to 50 and are 

tabulated in Appendix E. Finally, the H-bar strain gauges, temperature gauges and Bison strain 

coils were placed on the basecourse surface. 

A tack coat of emulsified 60%, 180/200 penetration grade bitumen was sprayed onto the surface 

of the basecourse. The surfacing was specified to be 25 mm thick asphaltic concrete because this 

provided the optimal thickness for measuring pavement deflections and profiles, a smooth ride to 

minimise vehicle bounce and thus dynamic load impact, and ease of construction and repair, while 

still providing a non-structural thin surfacing. The asphaltic concrete was placed and levelled by 

hand, and compacted using a pedestrian roller and a Sakai SW 41 dual drum roller. The surfacing 

was an asphaltic concrete consisting of a well-graded aggregate (maximum particle size 10 mm), 

6.4% bitumen and 4. 7% air voids; bitumen penetration grade was 80/100. The bulk density and 

bulk specific gravity of the mix were 2300 kg/m3 and 2.306, respectively, and the mix temperature 

was 155°C. Marshall Stability and Flow were 18.10 kN and 4.3 mm, respectively. Further details 

about the material properties are provided in Appendix D. 
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The maximum allowable variation in the surface evenness was specified to be 3 mm in 1 m. A 3 

m straight-edge beam was used to check the evenness, and the maximum deviation was 4 mm, 

Table 5 Average Thickness of Asphalt Surfacing Layer of the First Pavement 
(between 1.0 and 3.0 m from inner wall of the track) 

Station 01 05 07 10 12 15 20 25 30 35 40 

Thickness (mm) 26 33 38 35 37 35 30 33 29 34 31 

45 50 

35 42 

except for one location where it was 7 mm, so the surface evenness was acceptable. The surfacing 

layer thickness was specified to be 25 mm ± 5 mm; the actual thickness of the surfacing between 

stations 02 and 18, the test segment, was 3 5 mm ± 3 mm (Table 5), which was acceptable. 

3.4.3 Loading Routine for First Pavement 

Originally, one of the variables (tyre pressure, tyre type, tyre number or load) was to have been 

altered after intervals of30000 loading cycles, which was one day of continuous operation of the 

SLAVE. As the load repetitions accumulated, the granular layers would compact further, thereby 

becoming stiffer and the deflections would reduce in magnitude. Also, if a vehicle of constant 

loading characteristics and speed passes repeatedly over the same location, the natural frequency 

of the vehicle results in dynamic impact occurring at the same location during each passage. In 

order to minimise these influences, the number of load repetitions was kept to a minimum by 

running SLAVE just long enough to achieve a constant speed and record valid strain outputs from 

the sensors. 

3. 4. 3 .1 Sequence of Loading Conditions 

Characteristics of Vehicle A were held constant throughout the entire series of tests: 40 kN load 

on dual bias ply 10.00 x 20 tyres inflated to 550 kPa, representing 1 esa and acting as a reference 

throughout the testing routine. The original experimental matrix included all combinations of 
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wheel loads, tyre configurations and tyre inflation pressures in Table 6. Firestone Tyres 

recommended that maximum safe pressures for bias and radial ply tyres were 700 and 825 kPa, 

respectively. Because of the deterioration in the pavement condition by the end of the tests using 

dual 10.00x20 and 10.00R20 tyres, all of the proposed tyre types could not be included in the 

experimental matrix. The actual sequence of loading conditions is shown in Table 7. 

Table 6 Original Schedule of Loading Variables for the First Pavement 

Wheel Load (kN): 21, 30, 40, 46 

Tyre Type and Bias ply 10.00x20 duals, Radial ply 10.00R20 single and duals, 

Configuration: Radial ply 14/80R20 single, Radial ply 12.00R20 duals 

Tyre Pressure (kPa) : 550, 700, 825, 1000, 1100 

Table 7 Sequence of Loading Conditions on Vehicle B 

Tyre Tyre Pressure Wheel Load Tyre Tyre Pressure Wheel Load 

Type (kPa) (kN) Type (kPa) (kN) 

1 Bias 550 40 9 Radial 825 46 ...._ 

2 ply 700 40 10 ply 700 46 ...._ 

3 700 21 11 550 46 ...._ 

4 550 21 12 550 31 ...._ 

5 550 31 13 825 31 ...._ 

6 700 31 14 700 31 ...._ 

7 700 46 15 700 21 -
8 550 46 16 550 21 

17 825 21 -
18 825 40 -

All tyre inflation pressures were 19 700 40 -
measured cold. 20 550 40 
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The sequence ofloading conditions for Vehicle B, as shown in Table 7, was devised on the basis 

of the difficulty in altering the variable; in order of increasing difficulty, they were tyre pressure, 

vehicle weight and tyre type. A loading code, 'ttppll', was used in which the first two digits (tt) 

are the individual tyre number (1, 2, 3 and 4 were bias ply, and 5 and 6 were radial play tyres), 

the second two digits (pp) are the tyre inflation pressure in psi divided by 10, and the last two 

digits (11) are the wheel load in kN; for example, 121021 refers to tyres 1 and 2 on Vehicle A, 100 

psi and 21 kN. English unit of pressure (psi) was used to avoid confusion because that is the unit 

still used by the trucking industry in general. 

3.4.4 Tyre Types and Pressures 

Two types of tyres were used: 10.00R20 radial and 10.00x20 bias ply tyres. All tyres were 

retreads from the Firestone Retread factory in Christchurch. When the pavement response to each 

combination of wheel load, tyre pressure and type was tested, the tyre footprint area was 

measured. The vehicle containing the tyres to be measured was positioned at the selected station; 

the same station, 52, was used each time because it was at the main door which made access 

easier and because the pavement was stiffer at this station, therefore it was less likely for its 

condition to change during the loading routine. The other vehicle was blocked to hold the SLAVE 

firmly in position. The vehicle was jacked up, and the full tread width of the top of the tyre treads 

was sprayed with black paint over 

0. 5 m of the tyre circumference. 

Then, the tyres were revolved so 

that the painted tread was on the 

bottom. A sheet of poster board was 

positioned on the pavement surface 

directly under the wheel, and the 

vehicle was lowered slowly, to 

create a positive imprint of both 

tyres on the poster board. The 

details of the tyre type, inflation 
Figure 22 Vehicle A Tyre Imprints (40 kN, 550 kPa, Bias 
ply) 
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pressure and load, the date, and the respective tyre (inner or outer) were recorded on the board. 

Finally, the vehicle was jacked up, the poster board removed, and the vehicle lowered again. An 

example imprint is illustrated in Figure 22, and all imprints are included in Appendix F. 

The tread depth of each tyre was measured at three locations, on both the inner and outer edges, 

at the minimum tread depth indicator rib. The location on the inside of the outer tyre of each pair 

was permanently marked. The tread surface temperature was recorded at the same time as the tyre 

inflation pressure. The contact area of each tyre in every pair was determined from the poster 

board imprints using a Lasico Graphic Digitiser, Series 1280, located in the Department of Civil 

Engineering. No correction has been made for the tread area. The details of the above 

measurements are provided in Appendix F. 

3.4.5 Pavement Response to Loading 

A series of trials were done to confirm that the pavement responses under each vehicle were 

similar. Each vehicle passed over each of two strain-measuring arrays located at the same 

longitudinal station to determine their vertical dynamic strain response; averaged results are 

presented in Table 8. The strains produced in the unbound basecourse and the top of the subgrade 

were nearly identical, especially considering that the error in the readings, due to electronic noise, 

was ± 50 µm/m. 

Table 8 Comparisons of Subsurface Strains under SLAVE Vehicles 

Layer Vehicle 

A1 Bl 

Strains ( um/m) 

Basecourse 965 940 

Subgrade 2080 2050 

1 Dual bias ply tyres inflated to 550 kPa carrying a 40 kN wheel load. 
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3.4.6 Dynamic Loading Characteristics of SLAVE Vehicles 

Dynamic wheel forces are dominated by behaviour of sprung mass, so the wheel forces are the 

sum of the vehicle mass multiplied by the chassis acceleration and the unsprung mass multiplied 

by the vertical axle acceleration. Three vehicle conditions were measured at a constant speed of 

40 km/h. First, vehicle A was tested when loaded to 40 kN, and its dual bias ply tyres inflated to 

550 kPa, while the load on vehicle B was 46 kN and its dual radial tyres were inflated to 825 kPa. 

Then, vehicle B was also tested with a load of 40 kN and tyre inflation pressures of 550 kPa. The 

digitised data from the accelerometers were analysed using the ASYST computer program. The 

vehicles exhibited similar dynamic characteristics, and one aspect, the dynamic load coefficient 

(die) is presented in Table 9. 

Table 9 Dynamic Load Co-efficients ( dlc) 

Tyre 

Vehicle 

Load Pressure 

(kN) (kPa) 

A 40 550 

B 40 550 

B 46 825 

Dynamic load co-efficient ( dlc) = 

dlc 

Type 

Bias ply 0.22-0.24 

Radial ply 0.22-0.24 

Radial ply 0.16-0.18 

Std Deviation of Wheel Forces 

Static Load 
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3.4. 7 Pavement Measurements 

The pavement surface characteristics were determined by visual inspections (recorded on 

pavement condition forms), photologging, and by measuring tyre and pavement surface 

temperatures, deflection bowls, profiles and subsurface strains and displacements. After 

construction and specified intervals of loading as detailed in Appendix F, transverse surface 

profiles were measured at every second station between stations 02 and 16 inclusive, and every 

fifth station (every 5 m) between stations 20 and 55. Elastic deflection basins were measured at 

stations 6, 10 and 14, then every 10 m (corresponding to every second surface profile above) 

between stations 20 and 50, inclusive. The pavement surfaces at every station between stations 

2 and 20 were photographed with the camera O. 5 m above the surface. 

Subsurface strains and temperatures were measured for every loading condition in each wheelpath 

at two of the instrumented stations, 06 and 10. Figure 23 is a plan view of the instrumented 

portion of the track showing the locations of Bison strain coil arrays and the respective positions 

of the infrared beams that triggered the high rate data-acquisition for the strain signals. Surface 

deflection bowls were measured at stations 6, 10, 14 and 30. The pavement surface was 

photographed to record crack development. 
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3.5 SECOND PAVEMENT: LIFE CYCLE PERFORMANCE OF A FLEXIBLE 

PAVEMENT 

Aims of the second test were to develop and verify procedures for examining pavement responses, 

primarily dynamic strains and surface deflections, induced by vehicle loading at different times in 

a pavement life. The objectives were: 

- to apply a loading routine consisting of continuous operation . of SLAVE, so as to subject the 

test pavement to at least 2 million load repetitions before incurring substantial deterioration 

in the pavement condition; 

- to determine the variability in strain and deflection measurements in a pavement that remains 

relatively stable during the loading routine; and, 

- to determine the long-term repeatability of the Bison coil-based strain-measuring system. 

British Petroleum International (BPI) wanted to conduct a research project investigating the life

cycle performance of six different bitumens in bituminous mix surfacings at CAPTIF, but the 

project had to commence in 1990. So, the BPI project was incorporated into this stage of the 

experimental investigations. The six test segments were labelled A, B, C, D, E and F; only the 

subgrade and pavement in segment B, between stations 04 and 13, were instrumented and 

monitored because only a 9 m portion of the track nearest to the SLAVE control room could be 

instrumented for subsurface strains due to the limitations of the data-acquisition systems available 

at the time. The remainder track served as a running platform for SLAVE, as far as this research 

is concerned. 

3.5.1 Subgrade Material and Construction 

The subgrade modulus was specified to be between 80 and 120 MPa, or a CBR of between 7% 

and 13%. A silty clay material from Waikari, North Canterbury was selected because laboratory 

testing of this material showed that it was suitable for the subgrade not only because of its 

elasticity and low California Bearing Ratio ( approximately 7%) at natural moisture content but 

also because the material was available in sufficient quantities in relatively close proximity to 
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Christchurch. A truckload of the silty clay was procured, and placed and compacted in a test pit; 

the method of and monitoring of compaction was the same as was normally done at the test track 

( details are provided in Appendix E). Even though the in situ CBR value of 5%, inferred from 

dynamic core penetrometer (DCP) tests using the relationship described in Appendix D and 

laboratory tests on undisturbed 

samples, was less than the lower 

limit of 7 % specified, the Waikari 
40 CBR (%) 

Penetration 
silty clay at its natural moisture 30 

content was suitable because all 
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initial trafficking. The objective was 
Figure 24 Laboratory CBR of Waikari Silty Clay 

to achieve pavement failure after 1 Subgrade Material (Tested 11/10/1990) 

million loading cycles, which meant 

that a weaker subgrade was preferred over a stronger one. The properties of the Waikari silty clay 

are shown in Figures 24 and 25 . 
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difference in the moisture content of 

the material. A range of possible 

methods for drying out the subgrade 

material were examined, such as LPG, 

kerosene and infrared heaters, orchard 
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Figure 25 Dry Density and Moisture Content 
Relationship for Waikari Silty Clay Subgrade Material 
(Second and Third Pavements) 

71 



and industrial fans, and removal of parts of walls from the test track building to help facilitate 

better air circulation. A thorough work over by a hovercraft did not reduce the moisture content. 

Part of the test track enclosure wall was removed to improve circulation, which combined with 

a schedule of rotating and rotovating the subgrade, decreased the moisture content by 4 %. A 

wetter section of the test track between stations 43 and 50 was excavated and replaced. Drying 

the 400 mm deep layer of silty clay subgrade to an acceptable level took until 12 December 1990. 

The subgrade received seven passes of a Bomag BW130 (40 kN) dual-drum roller. The 

construction and pavement deflections, densities, DCP test results and moisture contents are 

detailed in Appendix E. FWD readings were also taken. The subgrade properties after compaction 

are shown in Table 10. 

Table 10 Subgrade Properties after Compaction 

Depth (mm) Depth (mm) 

Benkelman 100 200 300 0 100 
Beam Peak DCP test 
Deflection Moisture Content In-situ CBR (22/11/90) 
(27/11/90) (26/11/90) (23/11/90) (Inferred 

Station (mm) (%) (%) CBR) 

06 2.75 14.0 14.2 14.1 16.4 7.5 

08 2.86 

10 2.92 11.8 

11 13.9 13 .8 13 .9 15 .1 15.1 6.0 

12 3.19 

3.5.2 Basecourse Construction 

Unbound granular aggregate was laid and compacted in two lifts of 100 mm each. The first lift 

reached optimum density after five passes of a Bomag BW130 roller. Some difficulty was 

experienced with compaction of the second 100 mm lift to achieve a tight surface but six passes 

of a rubber tyred trailer roller produced an adequately tight surface. Profiles, densities (Table 11) 

and FWD measurements were taken of the basecourse surface (Appendix E). Layer thicknesses 

were determined from manual transverse profile measurements. 
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3.5.3 Instrumentation Table 11 Basecourse Properties after Compaction 

During the prev10us test stage, the 

interim strain data-acquisition system 

was found to be not transportable 

around the track perimeter, so only the 

section of track between stations 04 and 

13, nearest the control room, was 

instrumented with Bison strain coil 

arrays. Four duplicate arrays of strain 

sensors were installed during the 

construction of the subgrade and 

Site Moisture Dry Thickness 
(Station) Content1 Density1 (mm) 

(%) (kg/m3) 

06 4 2140 
07 195 
08 4 2150 
09 200 
10 5 2150 
11 195 
12 5 2040 

1 Nuclear Density Meter in backscatter mode 

pavement, in December 1990, to ensure the survival of at least 3 complete arrays. Contrary to 

expectations based on experience, all sensors survived the construction but only three of the 

arrays were monitored because of the volumes of data involved. The three monitored arrays of 

Bison coils were on the centreline at Stations 6, 7 and 8, as shown in Figure 26. At each of these 

three locations, a Bison strain coil was installed on the top of the penultimate and upper-most 

subgrade lifts, and the lowest basecourse layer, as the layers were completed. The gauge lengths 

Infrared Beam for E,F 

Infrared Beam for C,D 

Infrared Beam for A,B 

i 
10 

Stations 

04 16 

~ 
• Vertical strain sensors 
• Temperatures probes 

(asphalt surface, -20, -40 and -60mm) 
Figure 26 Location of Subsurface Instrumentation (Second Pavement) 
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for all four Bison strain coil pairs were 100 mm± 1 mm. Strains were measured using the interim 

strain-measuring system except that the HP 3852A data-acquisition unit was controlled by a 

Dolch 286 portable computer fitted with an HP controller board. 

Temperature probes were calibrated by placing the gauges in water, recording the water 

temperature with a portable gauge, and running a calibration software program to obtain the 

correction factors for each individual gauge; the correction factors were stored on computer disk. 

Recording only a single reading on each channel showed large discrepancies; for a water 

temperature of 17 .1 ° C, 13. 5 ° C to 19. 5 ° C was recorded due to electronic noise on the Hewlett

Packard data-acquisition unit. Therefore, multiple readings were taken and averaged. Temperature 

sensors for measuring temperatures at the base, mid-depth and surface of the asphaltic concrete 

were colour coded in two sets (red and yellow), ready for installation during laying of the asphalt. 

3.5.4 Asphaltic Concrete Construction and Instrumentation 

Commencing at 5.30 am on 20 December 1990, the entire trafficked portion of the track was 

surfaced in one day; the edges were finished the following day. A tack coat was used between the 

two lifts of asphalt. Subgrade and pavement construction, and manufacture of the asphaltic 

concrete were videotaped. The thicknesses of the asphalt layer at stations 07, 09, and 11, in the 

instrumented section of the track, were 80, 80 and 85 mm, respectively. The asphalt binder was 

a BPI plastomer-modified bitumen called Practiplast, with a penetration grade of 50 at 25 ° C, a 

softening point of 59.4 °C, a viscosity of 2 poise at 169°C, and a shear susceptibility of -0.089 

(Stock et al, 1992). 

The temperature sensors were integrated circuits. During the laying of the asphaltic concrete, 

which was constructed in two layers, the sensors were located centrally in each segment. As the 

asphalt was laid, the temperature probes were first covered and then exposed. These sensors were 

located at the bottom, mid-depth or top of the asphalt layer. The temperature sensors were 

colour-coded to identify the location of each probe, which ensured correct placement. The lowest 

probe was left where it was placed while the mid-depth and uppermost probes were lifted up to 

the top of their respective lifts prior to compaction. The temperature probes were located 1. 3 m 
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from the inner wall of the track tank, which is 0.7 m inside the track centreline, at stations 08, 

17, 26, 35, 44 and 57; only the temperatures taken at station 08 are needed for this analysis 

because the remainder were installed for the BPI project conducted simultaneously. Air 

temperature was recorded on the inner perimeter of the track. The procedure followed in 

positioning temperature probes is explained in detail in Appendix E. A duplicate trio of probes 

were placed to allow for losses during construction, but none were damaged, and the duplicates 

were not monitored. One sensor was located at a central location in the CAPTIF enclosure to 

measure air temperature. Temperatures were recorded hourly, on: the hour, by a HP 3852A data 

acquisition unit through a 24 channel multiplexer and a high speed voltmeter, and downloaded 

every 24 hours to an IBM compatible P .C. via an HP-IB link. 

Complete details of the subgrade and pavement construction and instrumentation are provided 

in Appendix E. 

3.5.5 Loading Routine for Second Pavement 

The test pavement consisted of85 mm of asphaltic concrete over 200 mm of unbound granular 

cover. The in situ CBR of the subgrade for the test section was 13%; the subgrade was 

constructed to achieve a higher bearing capacity than the subgrade under the first pavement tested 

so as to achieve a longer pavement life. It was expected that this pavement would support at least 

2 million load repetitions without incurring substantial deterioration in the pavement condition, 

so that the variability in strain and deflection measurements could be determined in a pavement 

that remains relatively stable during the loading routine. 

Normal CAPTIF practice is to apply between 5000 and 8000 revolutions of SLAVE to condition 

the newly-constructed pavements and expose any serious construction deficiencies. A 

conditioning period of 6400 revolutions was carried out with an uniform wheel path distribution 

using the full extent of the transverse movement, which trafficked the pavement 520 mm on either 

side of the centreline. 

Vehicles A and B were loaded to 40 kN and equipped with dual radial ply tyres (10.00R20) 
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maintained at 700 kPa. Loading commenced 30 December 1990 and ended 30 May 1991 after 

applying 2.12 x 106 loading cycles (3 x 106 esa). After 460000 cumulative revolutions of SLAVE 

or 0.92 x 106 loading cycles, the wheel load was increased to 46 kN on each vehicle, in an attempt 

to accelerate the pavement wear. The vehicle speed during normal operation was 40 km/h. 

Vehicle speed was 20 km/h for 400 revolutions during subsurface strain measurements under load. 

The wheel slip angle in both vehicles was set at 0. 5 °, which, based on prior experience, was the 

optimum angle to minimise the effect of tyre scuffing due to radial acceleration. 

Retreaded, standard angle traction 10. 00R20 radial ply tyres were used. The tyres were checked 

every 175000 revolutions of SLAVE, with a tyre pressure gauge, digital thermometer and tread 

depth gauge. The tread depth was measured over the same section of tread for each individual 

tyre and recorded. Also, tyre imprints were taken at intervals of 250000 revolutions. During 

1060000 loading cycles, the only incidents with the 10.00R20 radial ply tyres were: one blowout, 

one puncture and one retread separation. However, the tyre replaced after 255000 cumulative 

loading cycles was of a different rubber composition than the others, supposedly a harder 

compound, but the replacement tyre shed rubber particles which progressively built up on the 

track, filling and obscuring the cracks making crack detection more difficult. After 940000 

cumulative loading cycles, tyres were reversed to even the wear and high spots became worn 

down, depositing more rubber onto the pavement surface. 

3. 5. 5. 1 Wheel path Distribution 

The specified wheelpath distribution was a normal Gaussian distribution extending 25 cm either 

side of the centreline as shown in Figure 27; the detailed data are tabulated in Appendix F. The 

distribution was set at 10 revolutions per 2 cm interval of transverse movement. The wheelpath 

distribution was programmed into the on-shore computer, which issued instructions to the 

SLAVE electronics whenever the wheelpath position had to be shifted. However, the operating 

software used at the time was not capable of recording the actual accumulation of revolutions 

versus wheelpath position. 
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Figure 27 Programmed Wheelpath Distribution (Second Pavement) 

3.5.5.2 Measurements and Loading Intervals 

With the exception of only a few instances such as temporary unavailability of video tape 

equipment or SLAVE stopped due to a fault, the trafficked portion of the pavement surface was 

videotaped after each loading interval. 

Following the conditioning period, the loading interval was I 0000 revolutions in order to closely 

monitor any possible rapid changes to the pavement condition. Measurements were carried out 

at 0, 6400, 17000, 27000, 37000, 47000, 57000 and 100000 revolutions. Thereafter, testing was 

carried out at 60000 revolution intervals until the final testing at 1060000 revolutions. Details are 

provided in Appendix F. 

A single wheelpath along the centreline was used during measurements, because the tyres had to 

pass directly over the strain arrays for each measurement. Also, the vehicles had to be on the 

centreline for the CAPTIF Deflectometer measurements of deflection bowls at Stations 06 and 

10. The first pavement experiment revealed that normal road marking paint could not be used to 

permanently mark the centreline because the contraction of the paint during drying induced 

significant cracking in the pavement surface. For the second and third pavements tested, SLAVE 
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was positioned over the centreline and an adjustable jig which applied a constant force to the 

smface through a chalk stick was attached to the rear of one vehicle. Then, the inching controller · 

was used to move SLAVE around the track for two revolutions to temporarily mark the surface 

in this way. Station marks corresponding to the three test positions in each segment were marked 

on the centreline, to aid the routine photography of standard positions in each segment. The 

process had to be repeated after each loading interval. 

There was a 1 m longitudinal offset between the FWD test sites and the stations where the 

transverse profiles were measured, so as to avoid any effects from the FWD impact. Also all the 

manual reference profiles were recorded at the transverse profile stations. Longitudinal surface 

profiles were measured using the DIPStick Profiler. Surface deflections under Vehicle A with dual 

tyres inflated to 700 kPa were measured using the CAPTIF Deflectometer on the track centreline, 

at the same sites as the FWD tests. Deflections were measured by the CAPTIF Deflectometer 

throughout the loading routine at Stations 6 and 10, at the same time as the Bison strain coil 

readings. After the FWD was returned to Australia, deflection readings were then taken with the 

CAPTIF Deflectometer only. 

Crack width and total crack length were measured. On occasions this involved using a thick 

flexible string to follow the crack and then measuring the length of string used, but mostly it could 

be done with a scale. In a few examples where the crack had deteriorated into more of a crevice, 

both sides of the crevice were delineated with paint and the first side of the crevice was measured 

for total crack length. Cracks were photographed in close-up mode with the exception of a few 

taken with wider fields to show the relationship of the crack area to adjacent areas. 

Condition surveys were done to indicate any major changes that may occur between one set of 

loading intervals and the next; the surveys identified the locations of changes and not details. The 

surveys were particularly useful for documenting repairs to the segments concerned. A 

representative segment survey sheet is shown in Appendix G. 

Although comprehensive video taping of the wheel path surface was carried out frequently it was 

of limited value in identifying surface distress because it was unable to capture surface detail in 
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the same way photography could. The advantage of videotaping was it served to locate the 

relative positions of features such as cracking and repairs. 

3.5 .5.3 Final Measurements 

Profiles were taken of the pavement surface before trenches were cut using a diamond toothed 

concrete saw. A substantial volume of water was required to cool the blade while cutting the 

asphalt. Samples of the asphaltic concrete layer were taken froni the trench excavation, and the 

underlying basecourse and subgrade were exposed. Two asphalt cores W(?re cut out over cracks 

in B and F. In situ CBR tests were done at centreline and outer edge in each trench without using 

a surcharge weight around the bearing plate; the outer edge was used because it received less 

cooling water. Basecourse CBR values were less than 19 % because the surface of the basecourse 

was broken and disturbed. A small excavator was used to excavate the trenches to the top of the 

subgrade level. At station 10, the strain coil 423 mm below the reference beam had moved 

sideways 40 mm during compaction. 

The moisture contents of the basecourse and subgrade were 2.2 % and 10 %, respectively. In situ 

subgrade CBR tests were done using surcharge weights; the subgrade CBR values were 11 % at 

the centreline of the trafficked pavement and 9 % outside the trafficked area. DCP tests were 

done at the same points; CBR values inferred from DCP results were 12 % for both locations as 

above. 
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3.6 THIRD PAVEMENT: LIFE-CYCLE TESTING OF A THIN-SURFACED UNBOUND 

GRANULAR PAVEMENT 

The aim of this test was to investigate the relationship between elastic strain response and loading 

in the life cycle of a thin surfaced unbound granular pavement, and the long-term performance of 

the pavement, so as to verify the subgrade strain criterion. The objectives were: 

To characterise . the materials behaviour by measuring the strains, displacements, and 

deformation within the pavements. Surface profiles and deflection bowls were measured at 

selected intervals, using the CAPTIF Profilometer and Deflectometer, respectively. 

Subsurface strain/displacement measuring sensors were used for measuring the resilient and 

residual strains and displacements within the pavement layers. Pavement temperatures were 

also measured. 

To trial and commission the permanent Saskatchewan Soil Strain/Displacement-measuring 

system (SSSD). A prototype module had been setup and commissioned by the University of 

Canterbury, but additional software had to be programmed to allow for the severe 

environmental conditions (for electronics) existing in CAPTIF and for other factors . 

To evaluate the suitability of the linear elastic theory for computing strains in an unbound 

granular pavement structure with a thin surfacing. 

First, the Psion program for CAPTIF Deflectometer measurements was modified in July 1991 for 

pavement temperature input. The temperature value was stored in the first field of the first row 

in the data file as an integer. Subgrade materials were procured, SLAVE was prepared and new 

tyres for both vehicles were purchased and installed. Both the interim system and the 

Saskatchewan strain-measuring systems were used initially, but the interim system became 

inoperable part way through the loading routine. The interim system relied on a twenty-five year 

old, single-channel Bison bridge gauge, which failed. SLAVE suspensions were checked prior the 

testing routine, to assure constant vehicle loading conditions. 

80 



3.6.1 SLAVE Suspensions 

The compression characteristics of the multi-leaf steel spring suspensions of each vehicle were 

quantified by mounting a dial gauge between the chassis and the axle on each vehicle in tum, and 

then adding Load Increment Plates (LIP) while recording the resulting dial gauge readings (Table 

12). The apparatus was inverted so that the gauge extension touched the underside of the chassis, 

thereby negating the effect of the sloping axle housing. The 40 mm thick LIP were added in pairs, 

and readings were recorded at 22, 28, 34, 40 and 46 kN. A pair of 22 mm thick LIP were added 

to take the total weight to 49 kN. For each reading, the springs had to be bounced until they 

settled into the slippers and maintained a steady reading. The characteristics of each suspension 

are nearly identical. 

3.6.2 Subgrade Construction and Instrumentation 

The old pavement and subgrade were removed so that the bottom and walls of the concrete tank 

could be closely inspected for fine cracks and leaks. The bearing capacity of the subgrade was 

specified to be CBR 10 % ± 5%, so as to provide a medium bearing capacity. The existing loess 

foundation was replaced and compacted. The source of the Port Hills loess, which is a non-

Table 12 Multi-leaf Spring Compression Test (04 February 1992) 

Load Number of Load Vehicle A VehicleB 
(kN) Increment Plates 

of Each Thickness Dial Compression Dial Compression 

22mm 40mm 
Gauge (mm) Gauge (mm) 
(mm) (mm) 

22 0 0 1.95 0 3.87 0 

28 0 2 8.41 6.46 9.29 5.42 

34 0 4 15.04 13 .09 16.96 13 .09 

40 0 6 22.46 20.51 24.73 20.86 

46 0 8 30.18 28.23 31.46 27.59 

49 2 8 34.45 32.50 36.69 32.82 
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swelling clay used as a running course additive, was a pit 2 km from Taitapu, which is 12 km 

south of Christchurch, and towards the Port Hills. The source was known as Bakers clay, named 

after a previous pit owner. Nuclear density tests and transverse profiles were measured at stations 

05, 06, 07, 08, 09, 15, 20, 25, 30, 35, 40, 45, 50, 53, 54, 55, 56 and 57. Nuclear densities were 

measured along the centreline; minimum, average and maximum dry densities were 1650, 1730 

and 1820 kg/m3, respectively. DCP tests were done at stations 05, 07, 09, 15, 20, 25, 30, 35, 40, 

45, 53, 55, and 57; the results showed a noticeable stratification of strength through the loess. 

The in situ CBR inferred from DCP tests (the procedure and relationship are described in 

Appendix D) was taken to be 15 %. 

A sample from the stockpile of silty clay had a moisture content of 12.6 %. Densities of the first 

lift of silty clay were measured; the readings changed only slightly after two passes of the roller 

in non-vibratory mode, and compaction stopped after four passes. The subgrade was levelled up 

to the elevation of the first coil layer and placement of the strain coils began, but accurate 

placement of the coils in the hard silty clay was difficult. 

The finished subgrade was compacted with 4 passes of a Bomag roller in non-vibratory mode. 

The average and standard deviation of the silty clay sub grade thickness were 600 mm and 20 mm, 

respectively. The average dry density and moisture content of the silty clay were 1820 kg/m3 and 

12.8%, respectively; minimum and maximum dry densities were 1720 and 1930 kg/m3, 

respectively (details are in Appendix E). DCP tests and transverse profiles were done on the 

finished subgrade at the same stations as above. The average inferred CBR of the subgrade was 

13% in the upper 500 mm; the bearing capacity of the subgrade at three stations instrumented 

with Bison strain coils is shown in Figure 28. 

Each coil of the vertical strain-measuring sensors was placed at the lift interface. Four sets of new 

instruments comprised of 3 coils in a 100 mm spaced vertical array, with a temperature probe at 

the basecourse/subgrade interface for each array, were installed for the SSSD system; three of the 

sets, at stations 07, 08 and 09, were used. An identical arrangement of older coils was installed 

for the interim strain-measuring system; the arrays at stations 53, 54 and 55 were used. Accurate 

placement of the strain coils was achieved by using the manual transverse reference beam and a 
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level bubble. The cable lengths for both types were 6 m; the shallow trenches for the cables were 

difficult to make in the hard, crumbly silty clay. 

A temperature probe was included at each strain coil location at the subgrade/basecourse 

interface; the probes were placed 800 mm inside the track centreline, except at stations 06, 08, 

54 and 56, where the probes were placed 200 mm inside the centreline so that they were under 

the vehicle wheelpath. A probe for measuring air temperature was also installed. Because the 

datalogger was modified, the correction factor for each probe was manually calculated using a 

procedure described in Appendix E. 

3.6.3 Pavement Construction and Instrumentation 

Only one pavement design was used so that the effects of vehicle dynamic loading could be 

determined over the maximum possible pavement length, 5 8 m. The granular cover consisted of 

crushed greywacke river gravel; the material properties are provided in Appendix D. TNZ B/2 

specifications (modified to allow for the CAPTIF constraints) for the construction of unbound 

granular pavements were closely followed. The granular material was placed using a bulldozer and 

compacted using a smooth-wheeled roller with vibration. Nuclear density tests were done over 
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the entire track; the minimum, mean and maximum dry densities were 1930, 2050 and 2290 

kg/m3, respectively (details are in Appendix E). The unbound basecourse·aggregate was not easily 

compacted to the desired density and surface finish; the material procurement and compaction are 

detailed in Appendix E. The surface profile of all completed layers were measured; the details are 

tabulated in Appendix E. The average and standard deviation of the unbound granular layer 

thickness were 138 mm and 10 mm, respectively. 

The surfacing was specified to be a 25 mm thick layer of asphaltic :concrete because this provided 

the optimal condition for measuring pavement deflections and profiles, a smooth ride to minimise 

vehicle bounce and thus dynamic load impact, and ease of construction and repair. Asphaltic 

concrete with a maximum particle size of 10 mm and 80/100 penetration grade bitumen was 

placed and compacted, as described in Appendix E. The average and standard deviation of the 

asphalt layer thicknesses (at different stations) were 24 mm and 3 mm, respectively. The asphalt 

was allowed to cure for six days before being trafficked. 

Transit New Zealand, which was wholly funding this stage of the experiment, requested that 

porewater pressure in the subgrade be measured. After construction, three soil porewater 

pressure gauges were installed to measure the porewater pressure of the sub grade; all three soil 

suction gauges were inserted to a depth of 300 mm below the top of the subgrade adjacent to 

the outer wheelpath, one near each Bison strain coil array. The ceramic ends were surrounded 

with sand and the holes were sealed with bentonite slurry. Subsurface strain/deflection sensors 

were installed. 

3.6.4 Loading Routine 

The pavement surface characteristics were monitored by visual inspections (recorded on pavement 

condition forms), photologging, and by measuring tyre and pavement temperatures, deflection 

bowls, profiles and subsurface strains and displacements. The air temperature in the SLAVE 

enclosure and at three depths within each segment were recorded hourly. 

A full set of measurements were taken prior to trafficking: 
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* Transverse profiles at stations 05, 06, 07, 09, 15, 20, 25, 30, 35, 40, 45, 50, 53, 54, 55, 56 

and 57. 

* Longitudinal profile along the centre line of the wheel path using the DIPStick profiler. 

* Surface deflections using the CAPTIF deflectometer at the above stations. 

* Subsurface strains and deflections in the layers. 

* Porewater pressure in the subgrade. 

The vehicles carried 40 kN wheel loads on dual bias ply 10. 00 x 20 tyres. The pavement was 

subjected to a constant loading condition (40 kN load and dual radial tyres inflated to 825 kPa). 

Tyre inflation pressures were checked intermittently and tyres were changed by a commercial 

service. The tyre tread depths, imprints and pressures were measured at the start and finish of the 

project, and intermittently throughout the project. 

After SLAVE had completed 120000 cumulative loading cycles, pavement strains were measured 

before a major repair was undertaken between stations 02 and 03 . An earlier surface patch at the 

same location had survived but could not withstand further loading. The failed patch was 

excavated, to reveal that the basecourse aggregate had either not been compacted properly or not 

dried sufficiently before being covered. The broken asphalt layer and underlying aggregate were 

removed, then 300 mm of the subgrade was excavated, to 0.5 m below the top of the concrete 

wall of the track tank. The· moisture content of the samples taken from the subgrade and the 

basecourse during the repair at station 03 were 12.1 % and 3.5%, respectively. Two DCP tests 

were done on the sub grade; the inferred CBR values were 10% and 15%. The excavation was 

backfilled with a 150 mm deep lift of wet AP 20 aggregate and compacted. The next lift was also 

150 mm of AP 20 aggregate, but this lift and the next lift were mixed with three 25 kg bags of 

lime evenly distributed throughout the aggregate, in order to reduce the moisture content of the 

aggregate immediately. 

At stations 4, 7 and 10, the surface of the asphalt was shiny and compressed about 3 mm, 

probably due to dynamic loads being higher at those stations. Vehicle bounce was being initiated 

as it approached station 2. The normal vehicle speed was 40 km/h which, combined with a natural 

frequency of the vehicles of 3 Hz, created a 3.5 m wavelength. 
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After 180000 cumulative loading cycles had been applied, transverse cracks had developed at 

stations 05, 06, 07, 08, 11, 12, 15, 16, 19, 20, 23, 24, 28, 31, 36, 55, 56 and 57. 

During the loading routine, cracks developed in some of the leaves in the steel spring suspensions. 

The vehicles were disassembled, the suspensions were removed and repaired to achieve the same 

characteristics as before, and re-assembled in the vehicles. Details are provided in Appendix F. 

Pavement failure was defined as either a maximum rut depth of 25 mm or surface distress 

( cracking, bleeding, etc) exceeding 40% of the trafficked portion of the pavement, whichever 

occurs first. On 13 July, 1992, after 369625 cumulative loading cycles had been applied, loading 

was stopped because the maximum rut depth ( other than at the failure at station 02) exceeded 25 

mm. 

3.6.4.1 Wheelpath Distribution 

The wheelpath distribution pattern was a normal Gaussian distribution. After the previous stage 

of this experiment, the operating software in the on-shore computer was modified so that it 

correctly recorded the data output from the SLAVE at every reporting sequence and the 

cumulative wheelpath positions, thereby determining the actual wheelpath distribution pattern. 

After 40000 cumulative loading cycles, the SLAVE started running with a normal Gaussian 

wheelpath distribution with the vehicles moving a transverse distance of only 0.60 m, instead of 

the full width of 1 m; the pavement under the full trafficked width of the track was compacted, 

so by reducing the width of pavement being trafficked, the unbound granular basecourse outside 

the new trafficked width but within the old trafficked portion should have been less susceptible 

to shallow shear. On 02 July 1992, after 300000 cumulative loading revolutions, the normal 

Gaussian distribution ofwheelpaths was modified, to limit the transverse extremes to between 

R30 and R70, then SLAVE started running at 40 km/h. The final cumulative transverse 

distribution ofwheelpaths for the entire loading routine is illustrated in Figure 29; the wheelpath 

data is tabulated in Appendix F . 
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3.6.5 Effect of Speed on Pavement Response 

The effects of vehicle speed on strain response within the pavement were measured at 20, 25, 35, 

40 and 45 km/h using the SSSD system, after 60800 cumulative loading cycles had been applied. 

Dual radial ply tyres were at an inflation pressure of 825 kPa (120 psi) and wheel load of both 

vehicles was of 40 kN. The following measurements were done for each of the loading conditions: 

- strain measurements in the basecourse and the subgrade at each of stations 6, 7, and 8; 

- surface deflections at stations 6 and 10, repeated three times at each station for both vehicles; 

and, 

- pavement temperatures for each set of tests above. 

3.6.6 Final Measurements of Third Pavement 

On 17 July 1992, transverse layer profiles of the surfaces of the asphalt, basecourse and sub grade 

were measured at stations 07, 09, 30 and 55 with the transverse reference beam. Trenches were 

excavated at stations 07, 09, 30, and 55. Each trench was excavated to a depth of 150 mm into 

the subgrade. The basecourse aggregate was loose in all excavations. Samples of the basecourse 
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aggregate and subgrade material were taken at stations 09 and 5 5 for laboratory tests. The faces 

of the trenches were cleaned with compressed air. DCP tests were done at stations 09 and 55 to 

a depth of 0. 4 m below the top of the sub grade; the depth to the loess underlying the silty clay 

subgrade was 0.6 m. The inferred CBR from DCP results was 12% (see Appendix D). The 

moisture content of the sub grade silty clay from trenches excavated at stations 09 and 55 were 

11.4 % and 12.3 %, respectively. 
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CHAPTER 4 PRESENTATION AND ANALYSIS OF RESULTS 

The data collected during the three experimental pavement tests described in Chapter 3 are 

presented and analysed. 

4.1 FffiST PAVEMENT: VARYING LOADING CONDITIONS 

The goal of the first pavement experiment was to develop and verify instrumentation and a 

procedure for scientifically examining some fundamental parameters that influence the behaviour 

of thin-surfaced granular pavements. The primary loading variables were the load magnitude, tyre 

inflation pressure and basic tyre type, all on dual tyred wheels. The pavement consisted of a 3 5 

mm surfacing of asphaltic concrete and a 300 mm thick granular layer of well-graded, crushed 

river gravel over a weak silty clay subgrade (CBR of 4 %). A weak subgrade was created in 

order to simulate worst case conditions in the field and to ensure the magnitudes of the responses 

of the pavement were sufficient to emphasise any differences between effects of tyre types, tyre 

inflation pressures and the wheel loads. 

The loading variables were wheel load (21, 31, 40 and 46 kN), tyre inflation pressure (550, 700 

and 825 kPa), and tyre type (bias ply and radial). SLAVE vehicle A carried a constant half-axle 

load of 40 kN with dual bias ply tyres inflated to 550 kPa, creating a reference throughout the 

testing routine. The characteristics of vehicle B were modified. The tyres were inflated to the 

maximum cold pressures allowed by the tyre supplier (700 and 825 kPa for the bias and radial ply 

tyres, respectively) to minimise the likelihood of blowouts during the testing. All radial and bias 

ply tyres were 10.00R20 and 10.00x20, respectively, the tyre pressures used were 550, 700 and 

825 kPa, and wheel loads were 21, 31, 40 and 46 kN. Bison strain coil gauges were installed in 

the subgrade and the basecourse for measuring vertical strains and deflections within the layers. 

The vertical strains within the three lifts of the unbound granular cover and the top 200 mm lift 

of the sub grade, and the surface deflection bowls were measured under each of the 20 loading 

combinations of the above variables. Also, temperatures, tyre imprints and material properties 

were measured. Longitudinal and transverse profiles were measured after specified increments of 

cumulative loading cycles. 
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4.1.1 Comments on Construction, Evaluation and Operating Procedures 

4 .1. 1.1 Material Properties 

The unbound basecourse aggregate and surfacing mix aggregate were both slightly outside the 

gradation envelope of the relevant specifications, but not enough to affect the pavement 

performance and validity of the experiment (Appendix D). In fact, the same occurs in practice 

often, so the test pavement was representative of actual in-semce pavements. 

4 .1.1.2 Longitudinal Profiles 

Even though DIPStick Profiler measurements were a time-consuming and labour-intensive 

exercise, it was the most cost-effective method of measuring the longitudinal profile. However, 

there are later models available which are easier to operate and can capture the data on computers 

clamped to the device. 

4 .1.1. 3 Surface Deflections 

Deflection bowls are the average of three stations measured. Bulging sidewalls for tyre inflation 

pressures of 550 kPa physically interfered with the CAPTIF Deflectometer gap sensor probe, 

which affected deflection bowl measurements. Bias ply tyres were not inflated to 825 kPa. 

Because the asphalt surface layer was less than 40 mm thick and thus has a minimal influence on 

pavement deflection, deflections were not normalised to 20°C. Also, as shown in Table H 1 (in 

Appendix H), temperatures within the surface layer for all tests were between 6 °C and 13 °C. 

4 .1.1. 4 Vertical Compressive Strain Measurements 

A steel belted radial ply tyre was rolled over each array while measuring the 'strain' output. 

Results showed relatively large readings, indicating that strain results obtained from the top coil 

pairs were not reliable; the steel belts in the radial ply tyres were influencing the electro-magnetic 

field of the paired coils that comprise a strain sensor, the tyre was rolled directly over the sensor, 
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hence the influence was greater than that of a pair of tyres straddling the senor, but the combined 

effect of the steel in a pair of tyres would still be substantial. Therefore, the output from the top 

layer of Bison strain coils was discarded and not analysed. 

Selig (1975) reported that the metal in the wheels of vehicles driving over a pavement 

instrumented with Bison strain coils substantially disturbed the electro-magnetic fields of the strain 

coil pairs nearest the surface, thereby causing incorrect output signals. The problem was solved 

by pasting strips of aluminium foil on the coil surface to shield the coils, but the presence of the 

aluminium altered the calibration curves for the affected coils, so the coil pairs were re-calibrated 

with the foil placed near the sensors to simulate the effects in the electro-magnetic field. However, 

for the experiment described in this thesis this remedy would have required the removal of the 

pavement surface and uppermost granular layer so that the upper strain coil pairs could have been 

re-calibrated. Given the fiscal and time constraints, the remedy was not feasible; instead, the 

output signals from the upper most strain coils were not analysed. 

4.1.2 Permanent Vertical Deformation 

The maximum permanent deformation, as measured at the pavement surface, in the test segment 

(between stations 03 and 18) was 25 mm (Figure 30); the maximum subgrade permanent 

deformation was 6 mm. The permanent deformation was not considered to have substantially 

affected the moduli of the layers, so all loading conditions were applied with negligible variation 

in the subgrade and pavement properties. 

4.1.3 Longitudinal Profiles 

Longitudinal profiles measured before loading commenced (0 loading cycles) and after the final 

load combination was tested (43300 cumulative loading cycles) are illustrated in Figure 30. The 

relative surface profiles changed slightly, mainly due to the vertical deformation (rutting) in the 

pavement, but the waveform of the longitudinal roughness did not change substantially. The rut 

depths determined from the difference in the longitudinal profiles were the same as the rut depths 

determined from transverse profiles measured at each station. The IRI at 0 and 43300 loading 
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Figure 30 Longitudinal Surface Profiles Before and After Loading Compared with Maximum Rut 
Depths from Transverse Profile Measurements (First Pavement) 

cycles were 5.4 and 6.3, respectively, which is equivalent to a pavement with medium roughness. 

4.1.4 Surface Deflection 

Deflection basins were measured at three locations on the test section, and averaged to determine 

one basin for each loading combination. The deflection basins are plotted on a semi-logarithmic 

graph instead of the more usual arithmetic graph because the short, steep deflection basins are 

more readily interpreted from the former. The deflection basins were compared on the basis of 

tyre type, tyre inflation pressure, and wheel load. 

Neither tyre type nor tyre inflation pressure had a substantial affect on the deflection basin shape, 

as shown in Figures 31 and 32, respectively. Wheel load had a minor affect on the basin shape, 

but this was primarily due to the peak rebound value, as shown in Figure 3 3. 

In general, the peak deflection value was independent of tyre type, and tyre pressure tended to 

have a negligible affect on peak value (Table 13). As before, the major influence on peak 

deflection was the wheel load, as shown in Figures 34 and 35. Considering wheel load only, 

Figure 36 illustrates that the relationship between load and total deflection of the pavement and 
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all three tyre pressures. 
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Table 13 Peak Surface Deflections under Load Combinations 

Tyre Pressure Load Station 
Type (kPa) (kN) 06 10 14 Average 

Peak Deflection (mm) 
(mm) 

Bias 550 40 2.06 2.38 2.5 2.313 

21 1.07 1.25 1.43 1.25 

31 1.59 1.92 1.99 1.833 
550 

40 2.38 2.38 

46 2.37 2.8 2.9 2.69 

21 1.15 1.45 1.55 1.383 

31 1.59 1.94 2.08 1.87 
700 

40 1.96 2.52 2.56 2.347 

46 2.32 3.21 2.85 2.793 

Radial 21 1.05 1.24 1.3 1.197 

31 1.73 2.04 2. 14 1.97 
550 

40 1.76 2.36 2.29 2.137 

46 2.26 2.72 2.66 2.547 

21 I.I 1.35 1.46 1.303 

31 1.65 1.04 2. 11 1.933 
700 

40 1.94 2.41 2.5 2.283 

46 2.28 2.76 2.85 2.63 

21 1.04 1.22 1.31 1.19 

31 1.67 1.95 2.05 1.89 
825 

40 1.92 2.35 2.39 2.22 

46 2.34 2.73 2.6 2.643 

95 



Deflection (mm) 
0i----------;===========;-, 

lyre Pressure 
-0.5 ----------------- ···· 550 kPa -·-· 700 kPa - 825 kPa 

-1 ---------------------------------------------------

-1.5 

-2 

-2.5 
-3 '--'--~'--'----'-'--'----'-'--'----'-~--'-~-'-..__.___.._..__.___.._..__.___.._..__.____,__, 

20 30 40 50 
Wheel Load (kN) 

Figure 36 Surface Deflections under All Loads and Tyre Inflation Pressures 

4.1.5 Vertical Compressive Strains 

The vertical compressive strain readings in three layers (upper basecourse, lower base and 

subgrade) for each of 20 loading conditions were recorded for five complete revolutions of the 

SLAVE vehicles. Sub grade and basecourse strains were measured over 200 mm and 100 mm 

gauge lengths respectively. All strains are vertical, compressive and elastic. Figures 37 and 38 

show representative samples of the original data from the subgrade and the basecourse, 

respectively, for one specific loading condition, which was dual radial tyres inflated to 825 kPa 

and loaded to 40 kN. The longest spikes represent the passages of the test vehicle (B) directly 

over the sensors, and the lessor spikes are the passages of the control vehicle (A with dual bias 

ply tyres inflated to 550 kPa and a load of 40 kN) at a transverse distance of 0.6 m, as illustrated 

in Figure 20. The five cycles were averaged to produce plots as shown in Figures 3 9 and 40. 

Peak compressive strains were defined as the difference between the average residual strain 

recorded prior to the approach of the test vehicle to the sensor and the maximum strain ( averaged 

over five cycles) measured under the test vehicle. Variations in strain measurements conducted 

under Vehicle A before, during and after the loading routine were less than or equal to the error 

in the measurements, confirming that the pavement and subgrade conditions were relatively 

constant throughout the experiment. Thus, the pavement and subgrade conditions did not 

influence variations in pavement and subgrade responses to various loading conditions applied by 

Vehicle B. 

96 



Strain (x lOE-06) 
0------------~ 

-500 ... ··-·-·······-··•·-·-····-·······-················-····-····-··•·••·····•·•·····-·······-·-·-·· 
-1000 .. . 
-1500 ... ·-·················•·-·· ··-·•··················· ..................... ···-········-······· ........ . 
-2000 .. · ...................... ........................ ....................... ····················- ·-·•······ 

-2500 ........................ ·····-·•·············· ······················ ······-···············- ············ 

-3000 •---•······-·-·······-·-·-·--·-·-·-·-····•··-- ... --·······-·-·-·-·-··· ·-

-35000 
10 20 30 40 50 

Time (seconds) 

Figure 37 Subgrade Strain under Radial ply 
Tyres, 825 kPa, 40 kN (5 Loading Cycles, 
Sensor 1D, at 20 km/h) 

0 Strain (x lOE-06) 

-500+-----. 
-1000 
-1500 · ........... ··········-- ······································· 
-2000 · ........... ········· .... .......... ..... . ...... .. ..................... ··-··· 

-2500 ·········- ···········································•····-····•··•·•·-········•············· ·· 
-3000 ·········· -······ ······ ...................................................... . 

-35000 
2 4 6 8 10 

Time (seconds) 

Figure 39 Subgrade Strain under Radial ply 
tyres, 825 kPa, 40 kN ( 5 Loading Cycles 
Averaged, Sensor 1D, at 20 km/h) 

In every loading condition and strain 

measurement in the subgrade, a residual 

vertical compression remained after the 

passage of a vehicle directly over the array, 

as can be seen in Figures 37 to 40. Then, 

when the other vehicle passed by, 600 mm 

from the array, the residual compression 

disappeared and the subgrade reverted to the 

original situation. This phenomena repeated 

1 

2 

500 Strain (x lOE-06) 

-500 ... . 

-1000 ........ ... ..... ........ . .. . .... . . .... . .. . .... .. . 

10 20 30 40 50 
Time (seconds) 

Figure 38 Lower Basecourse Strain under 
Radial ply Tyres, 825 kPa, 40 kN (5 Loading 
Cycles, Sensor 1 C, at 20 km/h) 

500 Strain (x lOE-06) 

-500 ··-······················· ········· -··· ··· ·· ······-···· ···················· --··· 

-1000 ·-·· ........ . . ---·-·-·-····-·-·······-·-····-·-·-·-····-·· 

2 4 6 8 10 
Time (seconds) 

Figure 40 Lower Basecourse Strain under 
Radial ply Tyres, 825 kPa, 40 kN ( 5 Loading 
Cycles Averaged, Sensor IC, at 20 km/h) 

3 1, 3 
--..-•······--···---··J 
'-·-··-··-··-r ---------' I --·-··-··-··- -- - - ·- ··- I 

! 2 

(a) (b) 
itself for all loading cycles. If this was simply Figure 41 Relative Movement of Bison Strain 

Coils during Loading and Unloading 
a case of the sensors axes being dislocated 

97 



laterally, as depicted in Figure 41(a), then the effect would have increased with cumulative cycles, 

but this did not occur. Instead, the subgrade was compressed and the relative separation distance 

between Bison strain coils in a pair changed to position 2 in Figure 41 when Vehicle B passed 

directly over the sensor (Figures 37 and 39). Shallow shear forces created by Vehicle A, 

travelling in a wheel path 0.6 m away laterally, produced extension and the Bison strain coils 

returned to their original position (3) as shown in Figure 41(b). Marsh and Jewell (1989) also 

reported that residual vertical strains were developed in the subgrade for wheel paths that were 

closer to strain-measuring sensors (than the previous pass) and the residual strains were released 

by passes in wheel paths that were further away. 

Similarly, in the lower basecourse layer, the residual compression induced by one vehicle passing 

directly over the senors was eliminated by extension as the other vehicle passed over a point 0.6 

m away transversely; however, in the basecourse layers, there was no discernible compression as 

the second vehicle passed (Figures 38 and 40). 

This cyclic compression and extension contributed little to the permanent deformation of the 

layers, which is the primary criterion for the model describing the performance of thin-surfaced 

unbound granular pavements. Nevertheless, it could affect the degradation of the aggregate and 

soil in the pavement and subgrade. The situation is likely to occur only in conditions similar to the 

test pavement: weak subgrades (CBR less than 5%) and pavement thicknesses of300 mm or less. 

The subgrade was relatively weak, so the lower base could not be compacted to optimum density, 

but the mid-depth and upper base layers were better compacted, and, thus, had higher moduli . 

The resulting strains in the mid-depth unbound base layer were less than lower layers, even though 

the former would have experienced higher stresses because it was closer to the surface. 

Including both tyre types, tyre inflation pressure had no effect on vertical compressive strain in 

the middle unbound granular layer, as illustrated in Figure 42. However, considering the radial 

ply tyres only, elastic compressive strain actually decreased (in magnitude) slightly as the inflation 

pressure increased, in every load category (Figure 43). 
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A statistical analysis of the data was done in order to detennine whether the differences were 

statistically significant. The F test was applied to the largest and smallest variances, because if the 

F test indicates that the largest variance is not significantly different from the smallest one, then 

it is reasonable to assume that variances lying in between the two extremes do not differ 

significantly, and all the variances are homogeneous. 

The F test uses the ratio of two sample variances (s/ and s/ ) to detennine if the two samples 

are from the same population (the null hypothesis) where s1 is greater than s2 (when the F test is 

a one-sided test). If the calculated F exceeds the tabulated value, then the probability that the 

difference between the two variances is caused by chance alone is less than the specified 

probability (5 percent was selected for this analysis), and the null hypothesis is rejected. If 

variance is a function of the magnitude of the mean and the populations have different means, then 

the F test cannot be applied directly to the variances; this does not apply to the data being 

analysed in this section (Kennedy and Neville, 1976). 

Student's t - test was used to compare the means, to detennine if the differences between the 

means is statistically significant. The null hypothesis of the t test is that the two samples of data 

are from the same population, and the probability of the difference between the means of the 

samples having a value as large as or greater than that observed is calculated. The combined 

population variance is estimated by pooling the sums of the squares of the residuals of both 

samples and dividing by the total number of degrees of freedom ( v ), which is equal to the sum 

of the number of observations ( n 1 and n 2) in each sample minus two ( v = ( n 1 -1) + ( n 2 -1). A 5 

percent level of significance was used. When the calculated t is greater than the critical value at 

the 5 percent level of significance, the null hypothesis is rejected, and it is concluded that the 

difference is significant (Kennedy and Neville, 1976). 

The t test for two samples assuming equal variances also assumes that the means of both data sets 

are equal, and is referred to as a homoscedastic t test. The t test for two samples assuming 

unequal variances also assumes that the means of both data sets are equal, and is referred to as 

a heteroscedastic t test. The F test was conducted for each data set to detennine whether the 

samples had unequal variances, in order to select the appropriate assumption for the t test. A 5 
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percent level of confidence was chosen for all the following statistical computations. In order to 

provide the maximum number of data points for the analysis, the strains for each measurement 

cycle and each array were included in the data set (not the average of five cycles as explained at 

the start of this section). The F test and t test were applied to the strains for the two extremes of 

the tyre inflation pressures included in the testing regime, 550 kPa and 825 kPa, for reasons 

explained above. 

Christison (1990) studied the influence of tyre pressure (550, 700 :and 825 kPa), using dual tyres 

and two wheel loads ( 40 and 45 kN), on surface deflection, surface compressive strains and 

tensile strains at the asphaltic concrete-base interface, and found no difference, at the 5 percent 

level of significance, between the responses to the three tyre pressures. However, Christison's 

study did not include measurements of the vertical compressive strains in the pavement and 

subgrade layers. 

Returning to Figure 43, for the middle unbound granular layer, the data set for only the radial ply 

tyre inflation pressure was analysed statistically; at the 5 percent level of confidence and using the 

t test, there was no significant difference between the vertical compressive strains at the different 

tyre inflation pressures for the 21, 31 and 40 kN wheel loads, but there was a significant difference 

under the 46 kN wheel load, confirming that the magnitude of the strains decreased under 

increasing tyre pressure for that wheel load. 

When strains for both bias and radial ply tyres in the lowest unbound granular layer are combined 

in Figure 44, vertical compressive strains decreased as tyre inflation pressure increased, except 

for the 46 kN wheel load. Measurement error for strains was ± 50 µm/m, which is represented 

by the size of the symbols in the figures. In the same layer, the results for radial tyres only were 

mixed; the 21 and 46 kN wheel loads exhibited negligible change ·due to different pressures 

(Figure 45), while the mid-range loads showed a decrease in strain as the tyre pressure increased. 

However, none of the differences in the strains under the different wheel loads and for both data 

sets (radial ply tyres only, and combined radial and bias ply) were statistically significant at the 5 

percent level of confidence. 
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Figure 44 Peak Vertical Compressive Strains in Lower Basecourse Layer 
(All Load Combinations) 
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Figure 45 Peak Vertical Compressive Strains in Lower Basecourse Layer 
(All Loads on Radial ply Tyres) 
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Figure 46 Peak Vertical Compressive Strains in the Top of the Subgrade 
(All Load Combinations) 
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Figure 47 Peak Vertical Compressive Strains in the Top of the Subgrade 
(All Loads on Radial ply Tyres) 
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In the sub grade, vertical compressive strain also decreased (in magnitude) as the inflation pressure 

increased, for every load range and for both cases ( combined bias and radial ply tyres in Figure 

46, and radial ply tyres only in Figure 47). However, the differences between the means were not 

statistically significant at the 5 percent level of confidence, except for the strains under the 21 kN 

wheel load. Measurement error for the strains was ± 50 µm/m, which is approximately 

represented by the size of the symbols in the figures . 

At inflation pressures of 550 kPa , for each wheel load, the subgrade strain under radial ply tyres 

was 0 % to 5 % greater than under bias ply tyres (Figure 46). At 700 kPa, the differences varied 

from - 17 % to + 4 % so no trend is discernible. 

4. 1.5.1 Effect of Vehicle in Adjacent Wheelpath on Surface Deflection 

The CAPTIF Deflectometer was set up over strain coil array 1 in the outer wheelpath at Station 

06 with the Deflectometer feet outside the wheelpath. Vehicle A was at R80, which positioned 

it on the inner wheelpath. The strain-measuring program captured strain data while vehicle A was 

inched over the station. The procedure was repeated, using Bison strain coil array 3 in the inner 

wheelpath and Vehicle A in the outer wheelpath. Figure 48 illustrates the residual surface rebound 

which corresponds to a residual extension in the unbound granular and subgrade layers. Akram 

et al (1993) reported that dilation or extension occurred in a granular base layer of a similar 

pavement (38 mm thick asphalt and 250 mm unbound base layers over a sandy clay subgrade). 
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Figure 48 Surface Deflection Measured with Vehicle Passing 0.6 m Away (at Station 06) 
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4.1.6 Deflection-Strain Relationship 

The relationship between peak surface deflection and wheel load is approximately linear (Figure 

36), suggesting that the unbound granular pavement and subgrade system as a whole has a linear 

response. Walker et al (1962) developed a method for measuring the deflection of the individual 

layers of a pavement structure, using the Benkelman beam, but could not determine a relationship 

between total surface deflection and deflections within the layers of the pavement. However, the 

method involved substantial disturbance of the materials at the locations being tested. 

Total surface deflections can be related to subsurface strains within subgrade and pavement layers, 

as illustrated in Figure 49. The curves representing vertical strains within the basecourse layers 

are approximately parallel; the effect of increasing deflection (resulting from increasing wheel 

load) is approximately the same regardless of depth in the basecourse. However, the increases 

in subgrade compressive strain are greater than the corresponding increases in base strain, for the 

same increase in deflection. 

During the relatively short time taken for the wheel load to be changed for the deflection and 

strain tests, the subgrade and pavement conditions remained constant. As the load increased, the 

Vertical Compressive Strain (x l0E-03) 
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surface deflection and the stress within the layers increased. Due to the non-linearity of the 

resilient modulus of unbound granular materials, the increase in stress in the granular basecourse 

resulted in an increase in resilient modulus of the granular material. Thus, the relative rate of strain 

increase in the basecourse is lower than the rate of strain increase in the subgrade. 

The best fit curves shown in Figure 49 were determined by the method of least squares. The 

formulae describing the exponential curves are: 

E . = e6.19+ 0.47D 
cvb 

Ecvl = e 6.66 + 0.043D 

Ecvs = e 6.19+ 0.72D 

where ecvb is peak vertical compressive strain (µm/m) at mid-depth of the basecourse, 

ecvl is peak vertical compressive strain (µm/m) in the lower basecourse, 

ecvs is peak vertical compressive strain (µm/m) in the subgrade, and 

Dis peak surface deflection (mm) 

(20) 

(21) 

(22) 

Correlations were determined between the strains within each of the layers and the surface 

deflection for the paired data of each subset. As shown in Table 14, there was a high correlation 

in the relationship between strains and surface deflections in all three layers, with the best fit 

occurring with the subgrade strain. The regression coefficients for the curves shown in Figure 49 

are also provided in Table 14. 

Table 14 Correlation and Regression Coefficients for Strain-Deflection Relationships 

Correlation Co-efficient 
r2 

Layer 
Subgrade 

0.963 
0.928 
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Lower 
Basecourse 

0.944 
0.892 

Mid-depth 
Basecourse 

0.911 
0.830 



4.1.7 Tyre Tread Depths and Footprints 

Tread depths for each tyre were measured using a standard tread depth measurement tool after 

each loading combination was tested. Table 15 shows that the maximum change in tyre tread 

depth was only 1. 5 mm, which is insignificant. 

The dimensions and contact areas of all the tyre imprints were determined from the poster board 

imprints by manual measurements and a Lasico Graphic Digitiser, respectively. The results are 

tabulated in Table 16. Differences in contact area between the outer and inner tyres of each wheel 

set were determined and are presented in Table 17. The measured footprint areas of the outer 

tyres were greater than that of the inner tyres in all loading conditions except for the 31 kN, 700 

kPa bias ply type combination. With respect to tyre footprint areas calculated from dividing the 

pressure by the tyre load, Figure 50 illustrates that the difference between actual and calculated 

areas tended to decrease as the wheel load increased. The percentage differences in Figure 50 

were determined by subtracting the calculated areas from the actual measured areas, and then 

dividing that difference by the latter area. In all cases, the actual measured tyre imprint areas were 

greater than the calculated areas. 

Table 15 Tyre Tread Depths (First Pavement) 

Vehicle (Tyre Type) 

A (Bias Ply) B (Bias Ply) B (Radial Ply) 

Start End Start End Start End 

Tyre Tread Depth 

(mm) (mm) (mm) (mm) (mm) (mm) 

Inner Tyre 

Inside 11.5 10.5 11.5 11.0 12.0 11.0 

Outside 12.0 12.0 12.0 10.5 12.0 12.0 

Outer Tyre 

Inside 12.0 12.0 12.0 11.5 12.0 11.5 

Outside 12.0 12.0 12.0 10.0 12.0 11.5 
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Table 16 Tyre Imprint Areas 

Tyre Tyre Wheel Outer T:}:!e Inner Tl!e Outer Tl!e Inner T:}:!e 

Type Pressure Load Width Length Gap Width Length Area Circwn. Area Circwn. 

(kPa2 (kN) (mm) (mm) (mm2 ~mm} (mm2 ~m22 ~m2 (m22 ~m2 
VehicleB 

Bias 550 21 205 220 130 200 210 0.03889 0.7185 0.03284 0.6597 

31 200 238 132 200 225 0.04246 0.7525 0.03874 0.7229 

40 203 260 128 200 260 0.05074 0.8485 0.04843 0.8304 

46 205 275 128 203 270 0.05482 0.8894 0.05188 0.8622 

700 21 200 200 140 180 180 0.03332 0.6603 0.02752 0.6026 

31 200 225 135 200 230 0.03957 0 .7258 0.04089 0.7403 

40 203 240 130 203 250 0.04605 0.7942 0.04375 0 .78014 

46 205 270 128 205 260 0.05215 0.8646 0.04926 0.838 

Radial 550 21 200 170 135 195 172 0.03415 0.6954 0.03022 0.6444 

31 200 215 135 195 220 0.04669 0.8325 0.04153 0.7767 

40 200 255 135 195 250 0.0526 0.9072 0.04625 0.8309 

46 197 280 135 195 265 0.05534 0.93557 0.0521 0.8976 

700 21 200 155 135 190 165 0.03135 0.6679 0.02774 0.6182 

31 200 225 135 197 190 0.04245 0.7799 0.03498 0.715 

40 202 240 132 198 225 0.04902 0.8548 0.04427 0.8095 

46 202 265 133 198 240 0.05444 0.9143 0.469 0.8325 

825 21 200 155 135 190 160 0.0299 0 .6501 0.02545 0 .5845 

31 200 190 135 198 192 0.0371 0.7197 0.03498 0.692 

40 202 235 132 198 225 0.04651 0.8262 0.04293 0.489 

46 200 260 135 198 265 0.05196 0.8699 0.0513 0.9152 

Vehicle A 

Bias 550 40 208 260 125 200 268 0.05055 0.8426 0.04948 0.8464 

Table 17 - Differences Between Inner and Outer Tyre Footprint Areas 

Wheel Tyre Type and Pressure (kPa) 
Load 

B550 B700 R550 R700 R825 

(kN) (%) (%) (%) (%) (%) 

21 15.6 17.4 11.5 11.5 14.9 

31 8.8 -3.3 11.1 17.6 5.7 

40 4.6 5.0 12.1 9.7 7.7 

46 5.4 5.5 5.9 13.9 1.3 

B = bias ply, R = radial ply 
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Figure 50 Differences between Actual and Calculated Tyre Imprint Areas (First Pavement) 

4.1.8 Analysis and Discussion 

Through an interactive, iterative procedure, using ELSYM5 computer software and initial 

estimates of layer moduli derived from a relationship between elastic modulus (E) in MP a and 

inferred CBR in percent (E = 10 x CBR), values for the strains in all three layers and surface 

deflection basins were calculated for each wheel load. As the wheel load increased, the peak 

surface deflection, averaged over all tyre types and inflation pressures, increased at approximately 

the same rate as that predicted by multi-layer linear elastic modelling (Figure 51 ). The relationship 

between peak surface deflection and wheel load is approximately linear, suggesting that despite 

the incongruous assumptions of the linear elastic model and non-linear behaviour of granular 

materials in laboratory triaxial tests, the unbound granular pavement and subgrade system as a 

whole has a linear response. However, the vertical compressive strain in the subgrade increased, 

with increased wheel load, at a rate slightly greater than that predicted by elastic modelling 

(Figure 52). 

Attempts were made to backcalculate the moduli of each layer using ELSYM5 and an iterative 

procedure. The basecourse was divided into three 100 mm layers for the analysis, and the 

surfacing and subgrade layers were each treated as one layer. The theoretical strains were 
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computed at depths of 

190 mm ( centre of the 

middle basecourse layer), 

290 mm ( centre of the 

lowest basecourse layer) 

and 3 90 mm ( centre of 

the subgrade strain 

gauge) below the surface 

of the pavement. Both 

strains and surface 

0 Deflection (mm) 

-0.5 ······ ··············· ············--- lyre Pressure/Type 
"- 550kPaB 

-1 ·········· ·• ···· ········-·-·-············· ···· ·········· ····· ··················- --··· •·-········· ··-······· "- 550 kPa R 

-1.5 

-2 

-2.5 

<~o 

···········"'····•·•············-····-·················· ···· ·····---

• 

30 40 
Load (kN) 

• 700kPaB 

• 700 kPa R 

o 825 kPaR 

._... 550 kPa ELSYM5 

• 700 kPa ELSYM5 

.... 825 kPa ELSYM5 

50 

deflections were Figure 51 Comparison of Actual and Calculated Surface Deflections 

calculated at the centre 

of the dual tyres. 

In order to produce a good fit between measured and calculated responses shown in Figures 51 

and 52, the moduli values generated were unrealistically low and the ratios of basecourse to 

subgrade moduli were unacceptably high (Table 18). ELSYM5 is based on multi-layer linear 

elastic theory and assumes that the pavement material properties can be characterised by linear 

elastic, homogeneous and isotropic behaviour, whereas, in reality, the behaviour of the unbound 

granular materials most commonly found in New Zealand pavements tends to be non-linear, 

elasto-plastic, non-

homogeneous and 

anisotropic. Selig (1975) 

reported that measured 

strains were much greater 

than strains computed 

from elastic layer theory in 
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Figure 52 Comparison of Actual and Calculated Subgrade Strains 
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Table 18 Elastic Layer Moduli Back-calculated from Strain and Deflection Data 

Layer Elastic Modulus (MPa) Poisson's Ratio 

Asphalt 700 0.15 

Upper Basecourse 200 0.40 

Middle Basecourse 70 0.45 

Lower Basecourse 35 0.45 

Sub!!rade 17 0.45 

4.1.9 Summary 

The CAPTIF Profilometer and Deflectometer data-acquisition software, and the interim sub

surface strain-measuring system completion and commissioning were completed and 

commissioned. The SLAVE spring leaf suspensions were re-designed and a process for tyre 

inspection and maintenance was established, so as to provide tyre and suspension parameters 

needed during this project. The accuracy and suitability of the Bison strain coil sensors and the 

interim data-acquisition system for measuring the pavement and subgrade response to ve~cle 

loading were confirmed . 

For the specific conditions of this investigation, the tyre type (10.00R20 radial and 10.00x20 bias 

ply) had an insignificant effect on the dynamic vertical strain response. Tyre inflation pressure 

(between 550 kPa and 825 kPa) had a minor effect on the response of the pavement. The strain 

in the lower layers must be dependent upon the zone of influence, which is related to load, contact 

area and speed of vehicle travel. Thus when the speed is constant and the contact area is reduced, 

at higher tyre inflation pressures, the zone of influence in the pavement and subgrade is reduced, 

thereby reducing the effect. The effect of increasing the wheel load was approximately linearly. 

For the unbound granular pavement and weak subgrade used in this project, elastic layer moduli 

back-calculated from a computer program based on linear elastic theory were unrealistically low. 
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4.2 SECOND PAVEMENT: RELATING PAVEMENT RESPONSE TO 

PERFORMANCE 

The objective of the second test was to use the system developed in the previous stage to relate 

axle loads directly to pavement response for predicting pavement performance. The second 

pavement was one of the six flexible pavements tested simultaneously for British Petroleum 

International (BPI). The project was set up to conduct two trials simultaneously: one for the 

experimental research described here, and one for BPI, to determine the effect on pavement 

performance of different binders used in the asphaltic concrete. The BPI test sections consisted 

of various asphaltic concrete mixes over 200 mm of unbound granular basecourse and a silty clay 

subgrade possessing a CBR of 13%, which was determined from in situ CBR and Dynamic Cone 

Penetrometer (DCP) tests. All test sections were designed for the same strain criteria and number 

ofload repetitions, so the depth of the asphaltic concrete around the track varied from 80 mm to 

125 mm, depending on the predicted performance of the different mixes. 

The test pavement was one of the six and had an asphaltic concrete surfacing 85 mm in thickness, 

over 200 mm unbound granular basecourse over a silty clay subgrade. The basecourse aggregate 

was a well-graded, crushed river gravel, compacted to a maximum dry density of2150 kg/m3 at 

a moisture content of 4%. The asphaltic binder was a BPI plastomer-modified bitumen called 

Practiplast, with a penetration grade of 50 (at 25 ° C), a softening point of 59.4 °C, a viscosity 

of2 Pat 169°C, and a shear susceptibility of -0.089 (Stock et al, 1992). The details of the other 

five test sections are found in Stock et al (1992). 

The surface deflection bowls, the vertical strains at various depths in the pavement and subgrade, 

longitudinal and transverse profiles, and temperatures in the bottom of the asphalt layer and in the 

basecourse were measured after 0, 12800, 34000, 54000, 74000, 94000, 114000 and 200000 

loading cycles and thereafter, every increment of 120000 loading cycles until the conclusion of 

the trial. The wheel load was 40 kN for both vehicles for the first 920,000 loading cycles, and 46 

kN for the remaining 1.2 million loading cycles. The dual radial tyres in both vehicles were inflated 

to 700 kPa. The vehicle speed was 40 km/h for the routine loading and 20 km/h for the 

approximately 500 cycles required for completing the strain measurements. Altogether, SLAVE 

112 



applied 3 .2 million EDA to the test pavements. The vertical compressive elastic strains in the 

unbound granular basecourse and silty clay subgrade were measured using three arrays of Bison 

strain coil gauges located at stations 06, 07 and 08. The effects of speed and dynamic loading 

were minimised by measuring the strains under vehicle speeds of 20 Wh. 

4.2.1 Comments on Construction, Evaluation and Operating Procedures 

4 .2.1.1 Sub grade Bearing Capacity 

The relationship presented in Brickell (1985) was used at CAPTIF for inferring CBR values from 

DCP results and the validity of the relationship was evaluated. Twelve equally-spaced DCP tests 

were done on the track subgrade, before and after trafficking. The average DCP values before and 

after loading were 5 and 9 blows/I 00 mm, respectively, therefore, the average increase in the 

bearing capacity of the subgrade directly under the trafficked portion of the pavements was 80%. 

An attempt was made to relate dynamic cone penetration values directly to subgrade and 

pavement rutting. However, no reasonable relationship could be discerned due to: the small rut 

depths (less than 4 mm) developed; the scatter in the data; and the limited range of bearing 

capacities (DCP values of only 3 to 6 blows/100 mm). A substantially greater number of 

measurements, on a much greater range of subgrade bearing capacities (2 to 10 blows/100 mm) 

would be needed to develop such a relationship. 

4.2.1.2 Surface Repairs 

Sand and emulsion mix was an effective, convenient method of repairing the cracking of asphaltic 

concrete under the loading conditions, and prevented further deterioration of cracked areas. 

4.2.1.3 Surface Deflection Measurements 

Equation (19) is the formula used to correct the peak surface deflection for the effects of 

temperature. The temperature-correction factor is essentially an absolute constant that is valid for 

only the peak deflection value (d0 ). For the first and third pavement tests, temperature correction 

113 



factors were not used because the thickness of the asphalt surfacing layer was less than 40 mm. 

For the second pavement test, the temperature correction factor was applied to all deflection 

points by first calculating the ratio of the uncorrected to the temperature-corrected maximum 

deflection for each deflection bowl, then multiplying that ratio by the remaining points in the 

deflection bowl. AUSTROADS (1992) describes a procedure for determining temperature 

correction ratios, which also considers the thickness of the asphalt layer in addition to the 

pavement temperature. Equation (19) considers only the pavement temperature, but thicker 

asphalt layers are relatively rare in New Zealand so there is no data for confirming the effect of 

asphalt layer thickness on the temperature correction factor. 

4.2.1.4 International Roughness Index and Short Section Lengths 

The International Roughness Index (IRI) is a numeric output of a computation procedure applied 

to measured road surface profiles that summarises the roughness qualities with respect to their 

impact on vehicle response. The optimum and minimum site lengths required for IRI calibrations 

are normally 320 m and 200 m lengths (Sayers et al, 1986); since the CAPTIF track length is only 

58 m, measurement errors in the IRI calculations are unknown and may be much greater than the 

0. 5 error associated with Class 1 measurements of sites 3 20 m long. 

4.2.2 Permanent Deformation 

The maximum vertical deformation at any transverse position on the longitudinal stations in the 

pavement test segment (between stations 03 and 14) was 3 mm, which was negligible. 

4.2.3 Longitudinal Profiles 

Between the first and last measurements of longitudinal profile, the pavement profile around the 

track changed slightly (Figure 53), and there was no significant change in the longitudinal profile 

in the instrumental pavement section, between stations 04 and 12 (Figure 54). After only 100000 

cumulative loading cycles, a depression had developed between stations 49 and 53, which caused 

the vehicles to bounce over the instrumented pavement and sub grade between stations 05 and 10. 
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The system for monitoring vertical acceleration in the vehicles was unavailable for the second 

pavement experiment, so the dynamic wheel forces being applied to the pavement were unknown. 

The IR.I of the constructed pavement before loading began and after 6400 loading cycles were 3.5 

and 3.3, respectively; the IR.I remained at 3.3 for the remainder of the loading routine. According 

to Sayers et al (1986), the IR.I values of3.5 and 3.3 suggest that the pavement profile could be 

categorised as belonging to an 'older' (rough) pavement, but the observed condition was that the 

pavement was actually smooth. 

30 
,-... 

§ 20 
-0 -1060000 Loading Cycles 

'-' 
s::: 

10 0 
·.j:l 
ro 
;> 0 (I) 

m 
(I) -10 ;> 

'.j:l 
ro 

Q) 
i::i::: 

-20 

-30 

0.00 10.00 20.00 30.00 40.00 50.00 60.00 

Longitudinal Distance along Track Centreline (m) 

Figure 53 Longitudinal Surface Profile (Entire Track Length) 

30 

j 20 
- 0 -1060000 Loading Cycles 

'-" 
s::: 10 0 

'-§ 
;> 0 (I) -r.i.:i 
(I) -10 ;> 
'-§ 
Q) 
i::i::: 

-20 

-30 

0 5 10 

Longitudinal Distance along Track Centreline (m) 

Figure 54 Longitudinal Surface Profiles (Stations 00 - 14) 

115 

15 



4.2.4 Surf ace Deflections 

The shapes of all deflection bowls at both stations are similar, except for the maximum deflection 

directly between the tyres. The deflection bowls measured as station 06 after four loading 

intervals are presented in Figure 55~ the peak deflection did not vary, but the deflections between 

0 .20 mm and 1. 50 m from the axle load centre decreased slightly, indicating that the modulus of 

the unbound granular basecourse and/or the subgrade increased slightly. The maximum deflection 

ranged between 0.71 .and 0.99 mm (Table 19); the tyre inflation :pressure in the dual radial ply 

10.00R20 tyres was 700 kPa. Normally, surface deflection can be expected to decrease slightly 

as a freshly 

constructed pavement 

consolidates under the 

initial traffic loading, 

then remain constant 

for a period and then 

increase as the 

pavement condition 

deteriorates under 

traffic loading and 

environmental effects. 
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Figure 55 Deflection Bowls (Second Pavement) 
In this case, the test 

pavement did not 

follow this trend, and 

there is no discernible 

relationship between 

cumulative loadings 

and surface deflection 

(Figure 56). 
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Table 19 Surface Deflections and Temperatures (Second Pavement) 

Date Wheel Cumulative Station Temperature 
Load Loading 6 10 Avg 

(kN) (EDA) 
Peak Deflection 

(mm) (mm) (mm) (°C) 

28-12-90 40 0 -0.86 -0.91 -0.88 21 

03-01 -91 40 12848 -0.72 -0.61 -0.66 19 

05-02-91 40 114000 -0.77 -0.82 -0.79 23 

08-02-91 40 200566 -0.75 -0.64 -0.70 25 

21-02-91 40 320886 -0.84 -0.74 -0.79 21 

28-02-91 40 440088 -0.88 -0.99 -0.94 19 

06-03-91 40 560132 -1.00 -0.96 -0.98 19 

15-03-91 40 687412 -0.95 -0.81 -0.88 20 

26-03-91 40 920134 -0.81 -0.82 -0.81 21 

03-04-91 46 1131173 -0.85 -0.70 -0.77 23 

08-04-91 46 1339689 -0.87 -0.71 -0.79 16 

15-04-91 46 1549573 -0.90 -0.75 -0.83 18 

20-04-91 46 1759468 -0.94 -0.80 -0.87 15 

01-05-91 46 1969636 -0.92 -0.77 -0.85 12 

06-05-91 46 2179205 -0.90 -0.77 -0.84 13 

13-05-91 46 2389159 -0.96 -0.80 -0.88 13 

19-05-91 46 2598967 -0.89 -0.81 -0.85 13 

26-05-91 46 2808858 -0.95 -0.79 -0.87 12 

31 -05-91 46 3018760 -0.96 -0.76 -0.86 11 

4.2.5 Strains 

In the sub grade, the magnitude of the vertical compressive strain tended to increase slightly as 

loadings accumulated, as shown in Figure 57, though individual incremental changes varied in 

their slope. The measurement error for the strains plotted in Figure 57 approximately equate to 

the size of the data point symbols; the strains for the 3 stations monitored are plotted as individual 

data points, and the solid line is the average of those 3 data points at each cumulative loading 

interval. The temperatures plotted are the average reading of the three temperature probes 

installed directly above the strain sensors in the 85 mm thick asphaltic concrete surfacing layer, 

recorded at the same time as the strain measurements. As the temperature decreased, the stiffness 

of the asphaltic layer increased, thereby reducing the load transmitted through the pavement to 
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the subgrade. 
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loading at 20 km/h 

appeared to decrease (in magnitude) during the cumulative loading, from 300 to 220 µm/m. 

However, the error in strain measurements was ± 50 µm/m (shown as the representative error 

bars in Figure 58) so the variation in basecourse strain was negligible. 

For the second pavement test, a second HP 3854A data-acquisition unit was used for strain 

measurements and the original unit (used for the first pavement test) was dedicated to temperature 

measurements. Unknown to the researcher, the configurations of the two units were not identical; 

this dissimilarity introduced a data processing error in strain measurements because the strain-

measurement software 

was written for the 

configuration of the 

first unit. The problem 

was corrected after 

40000 loading cycles, 

but the strain data 

collected before then 

was invalid. 
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4.2.5.1 Effect of Vehicle Speed on Subgrade Strain Response 

The effect of speed on vertical compressive strain in the subgrade was negligible (-1080, -1230 

and -1100 µm/m at 20, 30 and 40 km/h, respectively), considering that the error due to electronic 

signal noise in the interim system used was ± 50 µm/m. 

4.2.6 Crack Measurement 

The crack lengths and widths for stations where cracking occurred are presented in Table H 3 (in 

Appendix H). After cracks developed at stations 7, 8 and 10, the crack length actually decreased 

from one loading interval to the next, because: 

(i) Repairs to the asphaltic concrete were carried out. Most of these repairs were an 

application of an emulsion/sand-mix over a limited area which filled in some of the cracks 

in the vicinity. 

(ii) At one location, the top layer of asphaltic concrete between the centreline and the outside 

of the wheelpath was completely removed and replaced with a standard asphaltic concrete 

IlllX. 

(iii) Near the end of the loading routine, rubber particles from the tyres covered some cracks. 

4.2. 7 Tyre Imprint Areas 

The contact areas of the tyres (all 10.00R20) in both vehicles were measured at 700 kPa under 

46 kN load: 

Vehicle A- Inner Tyre 0 .057 m2; Outer Tyre 0.054 m2 

Vehicle B - Inner Tyre 0.053 m2; Outer Tyre 0.058 m2 

The values are the same as that measured under the 10. 00R20 tyres in the first pavement 

experiment for the same loading conditions (refer to Table 16). The measurements confirm that 

the load distribution between the tyres was uniform. 
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4.2.8 Analysis and Discussion 

The maximum rut depth at the surface of the test section was only 4 mm, indicating negligible 

deformation in the subsurface layers. Surface cracking was insignificant. The project concluded 

before the pre-defined failure criterion of a maximum surface rut depth of 25 mm occurred 

because the pavement design was conservative. The testing routine could not be extended any 

further because the maximum allowable over-expenditure on the project was reached ( even after 

substantial additional. research funds were provided) and the next project in CAPTIF had to 

commence. The experiment was conducted simultaneously with another project in the track 

investigating the effect of different modified binders on the performance of asphaltic concrete 

surface layers, which is reported in Stock et al (1992). 

In the basecourse, the magnitude of the peak vertical compressive strain decreased slightly during 

the cumulative loading, from 300 to 220 µm/m. The relationship between the magnitude of the 

vertical compressive subgrade strain and cumulative loading is shown in Figure 57. The nominal 

magnitude of the vertical compressive strain in the subgrade varied between 900 and 1400 µm/m, 

and the pavement survived 3 .2 x I 06 EDA without incurring any substantial permanent 

deformation in the pavement or subgrade. When the temperature of the asphaltic concrete 

decreased, thereby increasing the asphalt modulus, the subgrade strain decreased because the 

stiffer asphalt is more effective in reducing the stresses from the wheel load. Increasing the wheel 

load, from 40 kN to 46 kN, after 920000 EDA resulted in a negligible change in the magnitude 

of the vertical compressive strain responses in the subgrade (from 1200 to 1250 µm/m) and no 

change in the basecourse strain. In the first pavement test, the same increase in wheel load 

produced a I 0% increase in the magnitude of the vertical compressive strain in a weak sub grade 

(CBR of 4%) under a thin-surfaced, 300 mm unbound granular pavement. Therefore, the 

procedure for determining load equivalency factors must consider the type of pavement and the 

bearing capacity of the sub grade. 

Employing equations (8), (10) and (11 ), the maximum allowable vertical compressive strain in the 

subgrade would have been 660 µm/m, 670 µm/m and 1045 µm/m, respectively, for that number 

ofloading cycles, assuming that the pavement would have failed at that point. For maximum rut 
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depths of 6 mm and 18 mm, Wang and Gramling (1980) suggest that the maximum initial 

compressive strain in the subgrade should be less than 200 µm/m and 400 µm/m, respectively. 

The Shell and New Zealand subgrade strain criteria (Equations 8 and 10, respectively) are 

conservative, but the AUSTROADS criterion (Equation 11) permits higher strains, within the 

range of the actual strain values measured in this experiment. Also, the lack of adverse 

environmental effects usually encountered in road pavements undoubtedly contributed to 

extending the life of the pavement. 

The pavement thickness design procedure was conservative, because pavements designed for 1 

x 106 EDA should have exhibited greater deterioration after 3.2 x 10' EDA. According to the 

New Zealand pavement thickness design chart for structural asphaltic concrete pavements (Figure 

26), the pavement had an expected life of at least 3 x l06 EDA. 

4.2.8.1 Backcalculation ofModuli from Strains and Surface Deflection Bowls 

Peak surface deflection ( d0) values were adjusted to compensate for the effect of temperature 

variations using Equation (19). However, Equation (19) is valid for only the peak deflection 

value. The ratio of the temperature-corrected peak deflection to the uncorrected peak deflection 

value was calculated for each deflection bowl measured. This ratio was then multiplied by each 

deflection value to determine the temperature-corrected deflection at each point in the deflection 

bowl. 

Surface deflection tests are the most widely used means of quantifying the existing pavement 

condition and in analysis for estimating remaining life of the pavement. The deflection bowl ( or 

basin) is the shape of the pavement surface caused by a wheel load applied at a specific point on 

the pavement. The deflection bowl cannot be measured directly by the CAPTIF Deflectometer, 

but is determined from a series of deflection readings taken every 50 mm on the pavement as the 

wheel load moves away from the Deflectometer probe measuring the surface deflection, by 

applying the principle of superpositioning. For example, the surface pavement deflection at a 

point 100 mm from the point of peak deflection (in the vertical plane through the wheel axle) is 

assumed to be equal to the deflection of the stationary probe when the moving wheel load is 100 
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mm away. In this manner, a continuous deflection bowl is created by plotting the measured 

deflection against the horizontal distance from the wheel load for a series of positions of the wheel 

load (Figure 59). 

d0 is the principal indicator of the structural capacity of the pavement and subgrade, and is 

influenced by the pavement thickness, but as shown in the first pavement test the most significant 

factor influencing the magnitude of the peak (maximum) surface deflection (d0) is the vertical 

compressive strain in the subgrade. However, because of the ·varying response of different 

pavements to the same wheel load, other parameters are necessary to isolate the behaviour of the 

respective pavement and subgrade layers. Another characteristic of the deflection bowl used to 

assess pavement condition is the curvature function (CF), which is defined as (AUSTROADS, 

1992): 

CF = do - dzoo (23) 

where d0 = peak surface deflection (mm) 

d200 = surface deflection measured at the CAPTIF Deflectometer probe when the 

wheel load is 200 mm from the point at which the peak surface deflection was 

recorded, in the direction of travel. 

The magnitude of the 

curvature function 

depends on many factors, 

especially the thickness 

of any asphalt surfacing 

layer, and the stiffiless of 

the basecourse. Another 

characteristic of the 

deflection bowl used to 

quantify the structural 

condition of a pavement 

is the deflection ratio 

d900 dO d200 

i 
CF = dO- d200 

l 
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Figure 59 Typical Pavement Deflection Bowl and Some Critical 
Assessment Points on a Bowl 
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(DR). Deflection ratio is defined as the deflection at a point 250 mm away from the wheel load 

divided by the peak surface deflection ( d0) as described above: 

Table 20 Deflection Ratio (DR) and Pavement Conditions (QDoT, 1992) 

Pavement Condition 

DR~ 0.8 High modulus, probably bound pavement 

0.6 ~DR~ 0.7 Medium modulus, good quality unbound granular pavement 

DR 0.6 Weak pavement 

(24) 

Deflection Ratios of the second pavement tested ranged between 0.5 and 0.8 during the life of the 

pavement (the DR values are in Table 25), which, according to Table 20, suggests that the 

pavement condition varied from being a weak pavement to a high modulus bound pavement. The 

pavement was actually a relatively strong, bound pavement, so the DR was an inaccurate indicator 

of the condition of the subsurface layers of a flexible pavement. 

4.2.8.2 Backcalculation of Moduli 

Moduli of the pavement and subgrade layers were backcalculated from Falling Weight 

Deflectometer (FWD) data using the computer program EFROMD2. In order to accommodate 

non-linearity in the unbound granular basecourse and subgrade layers, these layers are subdivided 

into sub-layers. Each sub-layer is assigned an allowable range of moduli values, by inputting 

minimum and maximum values for the moduli. Backcalculation analyses of only four FWD 

deflection bowls measured at four loading intervals when the pavement and subgrade responses 

changed significantly from the average of the responses, plus one FWD data set that represents 

the typical response characteristics of the pavement and sub grade over the major portion of the 

loading routine, are shown in Table 22. In at least 75% of the back-calculations, the program 
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iterations approached or reached one of the predefined minima moduli in at least one of the lower 

unbound basecourse and upper subgrade sub-layers, even when the minima were set to unrealistic 

values; on the other hand, in the upper unbound basecourse layer the program iterations often 

approached or reached the predefined maxima for the moduli, even though the latter was set to 

unrealistically high values considering the known condition of the basecourse after construction. 

The results of the backcalculation exercise are presented in Table 21. 

Table 21 Backcalculated Pavement and Subgrade Layer Moduli · 

Layer ale Basecourse Subgrade 

Thickness (mm) 85 so so 100 100 100 llOO 
Material Type 1 2 2 2 3 3 3 1 

Initial Seed Values 

Ev(1\.1Pa) 2000 300 300 300 150 150 150 2000 
Ev (min) (1\.1Pa) 500 so so so so so so so 
Ev (max) (1\.1Pa) 5000 700 700 700 300 500 500 5000 
Poisson's Ratio 0.4 0.35 0.35 0.35 0.35 0.35 0.35 0.45 
Ev/Eh I 2 2 2 2 2 2 1 
Station Cumulative Moduli 

Loading 

(EDA) (1\.1Pa) 

06 6400 3725 399 230 58 118 108 101 247 
08 1327 353 245 135 77 94 153 229 
10 1029 700 402 99 120 126 109 260 
06 27000 2395 404 231 56 107 123 92 249 
08 4295 99 104 99 105 ll8 160 215 
10 1314 700 374 so 187 143 97 223 
06 220000 3047 293 183 73 68 73 93 192 
08 3813 179 145 110 87 101 149 241 
10 2168 676 333 50 125 114 108 237 
06 460000 2359 299 176 52 59 67 97 229 
08 2954 220 156 91 102 113 151 240 
10 1386 613 307 50 88 90 97 220 
06 3200000 1952 515 268 50 71 74 84 203 
08 1656 700 367 so 126 130 142 271 
10 1917 658 352 50 82 84 93 221 

Material Type: 

1 - Stress independent (asphaltic concrete, bedrock); 2 - Stress dependent granular base; 

3 - Stress dependent subgrade sublayer 

Ev= Vertical modulus 

µv =Vertical Poisson's ratio 
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Load 
Pressure 

(1\.1Pa) 

0.569 
0.564 
0.554 
0.566 
0.54 
0.546 
0.55 
0.56 
0.56 
0.55 
0.549 
0.55 
0.57 

0.541 
0.566 



4.3 THIRD PAVEMENT: LIFE CYCLE PERFORMANCE OF A THIN-SURFACED 

UNBOUND GRANULAR PAVEMENT 

The third pavement consisted of 25 mm asphaltic concrete surfacing layer over 13 5 mm thick 

basecourse of unbound granular aggregate on a silty clay subgrade of CBR 13%. The pavement 

was subjected to a constant loading condition ( 40 kN load and dual radial tyres inflated to 825 

kPa) in both SLAVE vehicles until the trial concluded at 740,000 EDA, when the permanent 

vertical deformation (rut depth) of the surface reached 28 mm (the predefined definition of failure 

was a maximum rut depth of 25 mm) at station 07. The location of failure was over the first of 

the three subsurface strain-measuring arrays, so the vehicle bounce induced by the failed station 

would have affected the instrumented pavement downstream (in the direction of travel). 

4.3.1 Comments on Construction, Evaluation and Operating Procedures 

4. 3 .1.1 Strain Measurements 

The pavement strains were measured at stations 07, 08 and 09 using the SSSD system for the first 

time. Measurements began when the vehicle passed through the infrared triggering beam, which 

was 1. 5 m before the first array of coils at station 07, and continued until the vehicle was 1. 5 m 

past the last coil. The total delay distance was 5.24 m, including the distance from the front of 

the vehicle breaking the beam to the axle, 0.4 m. The program recorded the strains under only 

one vehicle at a time, by skipping every second trigger of the infrared beam, but the strain

measuring program occasionally missed a vehicle pass and continued recording strains with the 

other vehicle. The effect on the results was not significant because both vehicles were configured 

exactly the same with respect to wheel load, tyre type, inflation pressure and suspension 

characteristics. 

The vertical strain responses of the basecourse aggregate at the start of the loading were similar 

for the three stations where the strain-measuring arrays were located, as shown in Figure 18 (the 

error in the measurements was± 50 µm/m). 
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The SLAVE vehicles travelled over the localised failure at Stations 02-04 before passing over the 

subsurface strain-measuring arrays (at stations 07, 08 and 09), so any bounce induced in the 

vehicles by the uneven surface may not have been dissipated by the time the vehicles were loading 1 

the pavement at stations 07-09. The natural frequency of the vehicles is 2-3 Hz, so at 20 km/h (the 

speed at which the subsurface strains were normally measured), the corresponding wavelength 

is approximately 2 m. Therefore, because of dynamic loading from the vehicle bounce, the load 

being applied at the three strain-measuring arrays may not have been constant. Unfortunately, the 

permanent data-acquisition system for monitoring the dynamic' loading being applied by the 

vehicles was not commissioned in time for this project. 

4.3.2 Permanent Deformation 

The maximum rut depths over the whole pavement were in the range of 15 to 28 mm. Transverse 

surface profiles for the three stations containing the subsurface strain-measuring arrays are 

illustrated in Figure 60. The centrifugal sideways force of the vehicle produced most of the 

heaving on the outside of the wheel paths, but the development of the rut depth under the wheel 

paths is consistent with that which occurs in public highways. Figure 61 shows the maximum 

surface rut depths and corresponding surface heave with cumulative loading. Most (75%) of the 

permanent deformation occurred in the first 100,000 EDA, then the rutting progressed at a 

relatively constant rate of 9 µml loading cycle (1 loading cycle equals 1 EDA). In the excavated 

trenches at stations 07, 09, 30 and 55, the asphaltic concrete surfacing and basecourse of unbound 

aggregate compacted 8 mm and 7 mm, respectively, on average at the centreline under the 

cumulative loading, while the permanent deformation in the subgrade varied between I and 13 

mm. 
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Cumulative Loading Cycles 
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4.3.3 Longitudinal Profiles 

Longitudinal surface profiles were determined using the DIPStick Profiler device. The DIP Stick 

Profiler determines the difference in elevation between the two 'feet' of the device 305 mm apart, 

and the elevations differences are accumulated to produce a surface profile. Figure 62 shows that 

the only significant difference in the longitudinal surface profiles before loading commenced and 

at the end of the trials lay between Stations 2 and 4, where a localised failure was repaired. The 

absolute profiles were converted to the International Roughness Index using the model described 

in Sayers et al (1986). As shown in Figure 63, the IRI increased at first, but then remained in the 

range of 5.0 to 5.3 for the remainder of the pavement life. 
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Figure 63 Pavement Surface Roughness 
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4.3.4 Surf ace Deflection 

Except for the substantial increase in surface deflection that occurred between 100,000 and 

200,000 cumulative EDA, the peak surface deflection was relatively constant (at approximately 

1.6 mm) throughout the life of the pavement. Figure 64 shows the deflection values for the three 

stations 05, 07 and 09 within the instrumented portion of the pavement as individual symbols, and 

the average of those three values as a solid curve. The deflection bowl shapes (between d050 and 

~ ) (Figure 65) changed temporally, indicating that the moduli of the sub grade or lowest portion 

of the granular cover decreased during the loading (refer to Figure 13). Deflections were not 

modified for temperature (that is, not normalised to 20 °C) because the asphalt surfacing was less 

than 40 mm thick. 
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4.3.5 Strains 

After the initial increase in the magnitude of the sub grade vertical compressive strain ( ecvs), they 

remained relatively constant ( considering the measurement error of ± 50 µm/m) until after 

500 000 EDA, then decreased slightly under cumulative loading, as shown in Figure 66. The three 

instrumented stations are included in Figure 66 as the individual symbols, and the solid line is the 

average of those three values measured after each loading interval. 
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Figure 67 illustrates the general decrease in the average magnitude of the vertical compressive 

strain in the basecourse during the first 300,000 loading cycles, from 3200 to 2350 µm/m, after 

which the strain remained relatively constant until the end of the loading. The three instrumented 

stations are included in Figure 67 as the individual symbols, and the solid line is the average of 

those three values measured after each loading interval. 

4.3 .5.1 Strain Response to Vehicle Speed 

The elastic strain responses of the sub grade and granular cover to different vehicle speeds were 

measured using the SSSD system. The SLAVE vehicle speeds were 20, 25, 35, 40, and 45 km/h. 

The effect of speed on the vertical strain at each of three stations varied slightly, though, on 

average, the effect of speed on vertical compressive strains in the subgrade and basecourse was 

negligible (Figures 68 and 69). 

4.3.6 Subgrade Soil Suction 

The soil suction in the subgrade, as measured by the ceramic-tipped sensors installed at stations 

00, 04 and 10, increased in magnitude, as shown in Table 22, during the initial load repetitions, 

but then the soil suction reamained constant over most of the loading routine. As a consequence, 

the effective strength of the subgrade may have increased slightly; however, CBR values inferred 

from DCP tests before and after loading showed that the subgrade bearing capacity decreased 

slightly, from 15 % to 12 %. 

I 

Table 22 Subgrade \ orewater Pressure 

Cumulative EDA 0 80000 360000 740000 

Date 16 04 92 27 04 92 08 06 92 13 07 92 

Station Soil Suction (kPa) 

00 20 31 46 48 

04 21 40 38 41 

10 22 36 52 53 
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4.3. 7 Cracks 

During the loading interval which ended at 180000 cumulative loading cycles, transverse cracks 

developed at stations 05, 06, 07, 08, 11, 12, 15, 16, 19, 20, 23, 24, 28, 31, 36, 55, 56 and 57; the 

rate of cracking increased slightly before the pavement failed due to rutting. 

4.3.8 Analysis and Discussion 

During the initial traffic compaction (until approximately 300,000 EDA), the third pavement 

tested exhibited fluctuating surface deflections and vertical compressive strain levels in the 

basecourse and subgrade layers, and the pavement layers densified substantially. The basecourse 

strain levels tended to decrease in magnitude, while the magnitude of the sub grade strain tended 

to increase. Then, the pavements reached a relatively stable condition, with minor fluctuations in 

response to load. Other research carried out in New Zealand on typical pavements indicates that, 

if the aggregate used in the granular layers possesses sufficient strength to resist traffic loadings 

and the drainage is adequate, then loss of serviceability will be due primarily to subgrade 

deformation and not aggregate deterioration (Bartley, 1980). In other words, good quality 

aggregate should survive a very large number of load repetitions without deteriorating 

appreciably. 

The above results seem to support the theory of "shakedown" for describing the performance of 

unbound granular pavements. Shakedown theory postulates that a pavement may respond 

plastically for some initial number ofloading cycles, but then respond purely elastically thereafter, 

with no further permanent deformation because the residual stresses introduced by the initial 

plastic deformation inhibit further plastic flow during subsequent loading cycles (Collins and 

Wang, 1992). Unbound granular particles under the influence of cycles of stress will be re

arranged until a dense stable condition is established; the stable condition will be maintained 

indefinitely provided that the level of stress (shakedown limit) is not exceeded and the properties 

of the materials remain unchanged. Once the particles are rearranged in the dense stable state, 

then the elastic response should be more predictable. As a consequence, the stress levels and 

deformation of the pavement under cumulative loading should be more easily estimated. 

133 



Using Equation (9), and substituting 740,000 EDA for N (number ofloading cycles to failure), 

the maximum allowable vertical compressive strain in the subgrade is 940 µm/m, which is 

substantially less than the actual strains recorded. Assuming a nominal value of2800 µm/m, the 

actual strains are three times the theoretical maximum allowable, which suggests that the criterion 

on which the pavement thickness design charts are based is overly conservative. However, the 

limiting strain could also be dependent upon both strain level and strain distribution. Therefore, 

a pavement with a stiffer base, which can distribute the transmitted stresses and strains over a 

greater area, can tolerate subgrade strains of greater magnitude. · 

Steven (1993) reported similar results from a field study involving a private forestry road in the 

North Island of New Zealand. In the field study, an instrumented unbound granular pavement, 

surfaced with a chip seal, was subjected to loads varying from 80 to 160 kN per axle; the strain 

responses were measured using Bison strain sensors installed in the basecourse and subgrade 

monitored with the interim data-acquisition system developed at the University of Canterbury. 

Steven (1993) found that the strains actually induced in the subgrade were up to nearly four times 

greater than the strains predicted by the model in Equation (9), and the pavement performance 

was acceptable. 

4.3.8.1 Predicting Pavement Performance from Surface Deformation 

Because of the reliance on 

thin-surfaced unbound 

granular pavements in New 

Zealand, primary operating 

characteristics are related to 

permanent vertical 

deformation under loading. A 

typical curve depicting rut 
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Substantial deformation occurs during the initial trafficking, then the rate of rut development 

becomes relatively stable for most of the life of the pavement (assuming that the magnitude of the 

applied load remains constant). If water enters the unbound layers, weakening the material, then 

deformation occurs rapidly. 

Thompson and Nauman (1993) demonstrated (i) the validity of the concept of rutting rate as a 

function of cumulative loading and (ii) that stable pavement rutting trends are related to pavement 

structural responses. They proposed the following model: 

RD 
RR= -

N 
A 

(25) 

where RR is the rate of rutting, which is defined as the ratio of rut depth (RD) to the number of 

repeated load applications (N), 

RD is the total accumulated rut depth, incurred under the total accumulated number of 

load repetitions N, and 

A and B are empirically-derived constants. 

However, accepting that the residual strain in a pavement is related to the elastic strain, and that 

the accumulation of residual strains manifests itself as permanent surface deformation, then the 

incremental changes in rut depth over incremental accumulations of load repetitions should be the 

definition of the rate of rutting. Figure 71 illustrates that rate of rutting is not related to the 

vertical compressive strain in the sub grade, though Figure 72 suggests that the magnitude of the 

vertical compressive strain in the basecourse may be related to the rate of development of surface 

rutting. The relationship between rate of rutting and basecourse strain was quantified using 

exponential, linear, logarithmic and quadratic functions; the quadratic function shown in Figure 

72 provided the best fit with the measured data. Correlations between vertical compressive strain 

in the basecourse and rate of rutting were 0.62, 0.63 and 0.45 for stations 07, 08, and 09, 

respectively. For this analysis, the rate of rutting (RR') is re-defined as the ratio of the incremental 

change in rut depth (LiRD) to the incremental number of repeated load applications (LiN): 

RR' = LiRD 
LiN 
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Figure 73 shows the relationship, on a log-log scale, between the rate of rutting and cumulative 

loading for the third pavement, once the pavement response had stabilised after approximately 

200,000 EDA The relationship can be expressed as: 

RR I = 2.5 N - 0·9 (27) 

However, Equations (25), (26) and (27) are not applicable to the entire life of the pavement, and 

are of the form: 

where y is the permanent rut depth (in mm), 

a is the slope of the curve, 

x is the number of axle load repetitions, and 

b is the exponent describing the function. 

(28) 

Relationships of this type give a reasonable fit over the initial portion and the stable linear portion 

of the pavement deterioration curve (Figure 70), but one set of constants for a and b cannot 

describe the entire curve, and thus are not applicable to the entire life of the pavement. Therefore, 

pavement performance cannot be predicted from the pavement deterioration during the initial 

trafficking. 

A relationship that provides a better estimate of the permanent surface deformation in thin

surfaced unbound granular pavements as a function of the cumulative axle load repetitions was 

proposed by Wolff and Visser (1994): 

y=(a+mx)( 1-e•bx) 

where a is the intercept of the asymptote, 

bis a constant for the curvature of the relationship, 

m is the slope of the asymptote, and 

x and y are as above. 
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Equation (29) is non-linear and was solved for the number of load repetitions by numerical 

techniques. For this exercise, the Solver function in the spreadsheet package Microsoft Excel 5© 

was used to determine the constants for each curve. The first step was to measure the slope of 

the asymptote (m) and calculate the intercept (a), for the actual data. In the spreadsheet, initial 

estimates of the basic variables in each one dimensional search were found using quadratic 

extrapolation, which provided better results for this non-linear problem. An example of the 

Windows dialog box for the input values is shown in Figure 74. Central differencing was 

employed to estimate partial derivatives of the objective and constraint functions, because the 

curves of the actual data were not always smooth. Newton's method of searching was selected 

to obtain the best fit between the model and the data points. Then, the solution for each station 

was found by setting target cells, variable cells and constraints. The solutions for all stations at 

which the transverse surface profile were measured are tabulated in Table 23. The coefficient 'b', 

which controls the curvature of the relationship, had a mean value of 2.5 x 10-05 with a standard 

of deviation of0.5 x 10-05, and is relatively independent of the other parameters (rut depth and the 

slope of the asymptote). 

The curves fitted to the rutting 

data from the three stations (07, 

08 and 09) instrumented with 

subsurface strain-measuring 

arrays are shown in Figure 75. 

The three stations had different 

rut depths at the end of the 

loading routine and the slopes of 

the asymptotes varied slightly (the 

range was 8.46 ± 0.84 x 10-6 ), 

but the coefficient of curvature 

was 3 x 10-06 for all three curves. 

The main difference between the 

Solver Options 

Figure 74 Input Conditions for Solver Function 

rutting potential of the three stations was primarily dependent on the permanent deformation that 

occurs immediately after construction, emphasising the importance of quality control during 
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construction. 

Stations 05 and 06 incurred exactly the same total rut depth (20 mm), but the curvature constant 

and the slope of the asymptote (refer to Table 23) were different; the predicted and measured rut 

development for stations 05 and 06 are plotted in Figures 76 and 77, respectively. The curvature 

constant can vary somewhat, as shown in Figure 76, but the same final rut depth is predicted. The 

rutting model is relatively insensitive to both curvature and intercept constants, as illustrated in 

Figure 77, if the intercept constant is within a reasonable range. The constant 'a' (the intercept), 

approximately corresponds to the end of the initial phase of the pavement life. 

Table 23 Parametric Values for y = (a+ m x) ( 1 - e -bx) 

Station Maximum Rut Depth a b m 

mm 

5 20 15.6 2.0E-05 6.02E-06 

6 20 17.5 2.5E-05 3.44E-06 

7 28 22.3 3.0E-05 9.13E-06 

8 22 15.3 3.0E-05 8.68E-06 

9 15 9.4 3.0E-05 7.61E-06 

15 21 19.5 2.0E-05 2.0lE-06 

25 14 10.1 2.0E-05 5.28E-06 

30 19 15.4 3.0E-05 4.85E-06 

35 20 16.4 3.0E-05 4.85E-06 

40 20 13.6 3.0E-05 8.60E-06 

45 18 13 .6 2.0E-05 6.02E-06 

53 13 11.0 2.0E-05 2.64E-06 

54 13 11.5 2.0E-05 2.0lE-06 

55 16 12.4 3.0E-05 4.85E-06 

56 23 19.2 3.0E-05 5.16E-06 

57 20 15.1 2.0E-05 7.93E-06 

Average: 18.9 15 2.5E-05 5.57E-06 

Std. Dev: 4.0 5.0E-06 2.34E-06 
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4.3.8.2 Relating Surface Deflection and Pavement Performance 

Many pavement performance models assume that after some initial traffic compaction, the peak 

surface deflection, D, (D is used instead of do to avoid confusion in the formulae below) increases 

linearly with cumulative traffic loadings, to some maximum value for which the pavement is still 

structurally sound. An empirical relationship between surface deflection and cumulative traffic 

loading for predicting structural deterioration of the pavement (Rhodes and Suara; 1994 Porter 

and Abell, 1985) is: 

(30) 

where T, TO , and T. are the cumulative number of load repetitions at specific times in the life 

of the pavement, after initial traffic compaction, and when the pavement is still structurally 

sound, respectively, such that T0 < T < Ts, and 

D, D0 , and D. are the surface deflections at T, T0 , and T., respectively. 

D0 and Ds are related to T0 and Ts , respectively, by: 

and 

D m - a 
0 -

To 

D"= s 
b 

Ts 

(31) 

(32) 

where the coefficients a, b, m, and n depend on the type ofbasecourse in the pavement. For a 

non-cemented granular base, Porter and Abell (1985) suggested a~ 310000, b = 4 821 000, 

m = 2.73, and n = 3.21. However, the above linear functions are not applicable to the pavement 

deflection data collected in this experiment - the relationships between peak surface deflection and 

cumulative load repetitions did not become linear after the initial traffic compaction. In Section 

4 . 4, a sensitivity analysis of the various pavement response characteristics and performance 

parameters is described. 
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The deflection ratios (DR) of the third pavement tested were in the range of 0. 3 to 0. 6 throughout 

the life of the pavement; from Table 20, the pavement is classified as being a weak pavement. 

Finally, subgrade response under a thin surfaced unbound granular pavement is generally assumed 

to be the main influence of the surface deflection 900 mm from the centre of the wheel load (d900). 

Thus, dwo is sometimes used in practice to quantify the bearing capacity of subgrades under such 

pavements, but in this experiment, d900 could not be used as an indicator of subgrade condition 

because the d900 values were less than the measurement error. . · 

4.3.8.3 Backcalculation of Moduli using BISAR 

The BISAR (Bituminous Structures in Asphalt Roads) computer program was employed to 

backcalculate moduli for the asphalt, basecourse and subgrade layers. BISAR is based on multi

layer linear elastic theory; in the BISAR model, the pavement is represented by a system of 

homogeneous layers of uniform thickness and infinite horizontal dimensions, on a semi-infinite 

subgrade. Pavement layers and the subgrade are assumed to respond to wheel loading in an 

isotropic, linearly elastic manner. Chua (1989) compared the effectiveness of twelve computer 

programs for analysing thin-surfaced flexible pavements, and showed that BISAR generates the 

same results as ELSYM5 (given the same input) for all vertical stresses and strains for a semi

infinite subgrade, but when a rigid bottom or bedrock layer is encountered, the results will differ. 

Twelve combinations of three asphalt moduli (1000, 1500 and 2000 MPa), two basecourse moduli 

(200 and 300 MPa) and two subgrade moduli (100 and 150 MPa) were evaluated; the selected 

moduli values represent reasonable extremes of the layer moduli. Strains determined from the 

BI SAR analyses are plotted in Figure 78. In Figure 78, each set of three bars grouped together 

represent the strains for one combination of three layer moduli, which are shown in the labels for 

the abscissa. The basecourse and subgrade vertical compressive strains for the weakest pavement 

and subgrade combination (asphalt, basecourse and subgrade moduli of 1000, 200 and 100 MPa, 

respectively) were only 480 and 1050 µrn/m, respectively, which are substantially lower than the 

minimum basecourse and subgrade strains (2300 and 2700 µrn/m, respectively) measured at any 

time during the loading routine. 
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Akram et al ( 1993) also found that, with a thin pavement (3 8 mm thick asphaltic concrete layer 

over a 250 mm unbound granular layer), theoretical vertical compressive subgrade strains, 

detennined using BISAR and moduli backcalculated from smface deflections under FWD loading, 

were substantially less (by 15 to 18%) than actual strains induced under truck loadings; the actual 

strains were measured using multi-depth deflection gauges installed in the pavement and subgrade. 

Akram et al (1993) reported that the moduli backcalculated using both surface and subsurface 

deflections under FWD loading produced the lowest error between the measured and calculated 

strains. On the basis of that combination of input, and despite the non-linearities of unbound 

granular materials, they concluded that subgrade strains under thin-surfaced flexible pavements 

can be predicted using linear elastic models. However, the accuracy depended on having 

information about the subsurface strains. 
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4.3.9 Summary of Third Pavement Results 

In summary, the third pavement test provided a comprehensive set of data describing the entire 

life cycle of a thin-surfaced unbound granular pavement. The subgrade and pavement performance 

approximated that of a real pavement under actual service conditions, except that the lack of 

deleterious environmental influences ( other than temperature) meant that the only factor affecting 

the pavement responses and performance was the load repetitions. The only pavement distress 

that occurred was due to shear failure and lateral displacement within the unbound granular 

pavement layer. The measured vertical compressive strain in the subgrade was substantially 

greater than the permissible values found by applying subgrade strain criteria. Moduli of the 

pavement and subgrade layers backcalculated using BISAR, which is based on linear elastic 

theory, were much lower than expected. A number of models selected for their practicality were 

evaluated to determine their suitability for modelling the performance of thin-surfaced unbound 

granular pavements. 
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4.4 SENSITIVITY ANALYSIS OF PARAMETERS 

A sensitivity analysis of the relationships between the pavement responses (surface deflection and 

subsurface compressive strains), and between the pavement responses and surface distress was 

done by determining the correlation between the various parameters. 

4.4.1 Subsurface Strains and Surface Deflection Correlation (First Pavement Test) 

As demonstrated in Section 4 .1. 6, there is a high degree of correlation between average ( of three 

stations) elastic strains measured in the sub grade and unbound granular layers, and average ( of 

three stations) peak surface deflection, do , for different loading conditions on the same pavement. 

In addition, correlations between d0 , curvature function ( d0 - d200 ) and d250 / d0 , and subsurface 

strains for each station where both the strains and deflections were measured are summarised in 

Table 24. The highest correlation (0.91) was between d0 and vertical compressive strain in the 

subgrade; the correlations between d0 and d0 - dioo , and vertical compressive strains in the 

unbound granular basecourse were in the range of 0.76 to 0.86, which is a good fit. The 

correlation between curvature function and vertical compressive strain in the sub grade ( 0. 73) was 

reasonably good. However, there was no correlation between d250 / d0 and subsurface strains in 

any of the layers. 

4.4.2 Subgrade Strain and Surface Deflection Correlation (Second Pavement Test) 

The correlations between each combination of the surface deflection parameters ( d0 , d0 - d200 and 

d250 / d0 ) and the vertical compressive strains in the subgrade are tabulated in Table 25. Surface 

deflections were measured at stations 06 and 10, and the strain arrays were located at stations 06, 

07 and 08. The deflection parameters at the two stations were paired with the strains at the 

nearest station, and with the average of the strains from all three stations. Correlations between 

deflection parameters and vertical compressive strain in the subgrade were poor (and mostly 

negative) for all the combinations. Correlations between the deflection parameters and the vertical 

compressive strain in the unbound granular basecourse were not determined because the variation 

in the magnitudes of the strains was minimal, considering the accuracy of the measurements. 
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Table 24 Correlations Between Pavement Response Measurements (First Pavement) 

Loading Code Stn Mid- Lower Subgrade do do-d200 d250 
(tyre pressure, xl0 psi, wheel load, kN, tyre type, bb Base Base (mm) (mm) 

do for bias ply and rr for radial ply) (µm/m) (µm/m) (µm/m) 

0821bb 06 420 1000 1400 1.068 0.341 0.56 

10 1150 2500 950 1.376 0.552 0.57 

0831bb 06 900 1200 1910 1.592 0.622 0.56 

10 1090 1950 1770 1.92 0.667 0.52 

0840bb 06 940 1640 2050 1.893 0.5 0.6 

10 1270 2240 2 .28 0.74 0.58 

0846bb 06 1160 1690 3000 2.372 0.739 0.54 

10 1820 2970 3500 2.799 0.882 0.55 

1021bb 06 520 950 1425 1.155 0.496 0.52 

10 900 1410 1330 1.452 0.539 0.47 

1031bb 06 940 1250 1870 1.589 0.667 0.54 

10 1340 2170 1660 1.939 0.898 0.49 

1040bb 06 820 1410 2300 1.962 0.837 0.48 

10 1360 2490 3140 2.52 0.797 0.51 

1046bb 06 1820 1530 3100 2.324 0.947 0.54 

10 1730 2960 3010 2.977 1.059 0.5 

082lrr 06 680 900 1250 1.049 0.339 0.62 

10 1170 1500 1250 1.237 0.576 0.43 

083 lrr 06 880 1310 1890 1.727 0.536 0.52 

10 1480 2260 1940 2.038 0.724 0.48 

0840rr 06 1140 1230 2500 1.827 0.647 0.6 

10 1820 3100 2910 2.361 0.968 0.54 

0846rr 06 1490 1660 3000 2.263 0.623 0.59 

10 2070 2790 3860 2.723 0.795 0.58 

1021rr 06 620 940 1220 1.121 0.417 0.5 

10 1100 1540 1070 1.354 0.474 0.59 

1031rr 06 960 1200 1960 1.65 0.677 0.55 

10 1450 2180 1800 2.044 0.817 0.52 

1040rr 06 1036 1240 2400 1.936 0.698 0.54 

10 1660 2570 3140 2.405 0.938 0.51 

1046rr 06 1270 1550 2460 2.279 0.637 0.56 

10 1960 3000 3360 2.756 0.914 0.58 

122lrr 06 660 890 970 1.043 0.385 0.58 

10 1100 1560 1100 1.224 0.535 0.5 

123 lrr 06 920 1190 1950 1.669 0.639 0.57 

10 1490 2240 1160 1.953 0.826 0.52 

1240rr 06 1110 1280 2330 1.924 0.728 0.56 

10 1610 2380 2945 2.346 0.76 0.57 

1246rr 06 1330 1640 2500 2.34 0.752 0.54 

10 1820 3140 3950 2.734 0.943 0.57 

Average of All Loading Conditions 1225 1816 2188 1.93 0.69 0.54 

Standard Deviation 412 687 847 0.54 0.18 0.04 

Correlation with Mid-base strain 0.86 0.83 0.03 

Correlation with Lower base strain 0.78 0.76 -0.04 

Correlation with Subgrade strain 0.91 0.73 0.2 
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Table 25 Correlations Between Pavement Response Measurements (Second Pavement) 

Load Date Load Station 06 Station 10 Strains @ Station: 

Cycles do do-d200 DR do do-d200 DR 06 07 08 Average 

(kN) (EDA) (mm) (mm) (mm) (mm) (µm/m) (µm/m) (µm/m) (µm/m) 

40 28-12-90 0 0.86 0.29 0.58 0.91 0.35 0.46 988 1148 891 1009 

40 03-01-91 12848 0.72 0.15 0.67 0.61 0.12 0.64 1035 1285 984 1101 

40 05-02-91 114000 0.77 0.17 0.6 0.82 0.31 0.6 951 1213 1000 1055 

40 08-02-91 200566 0.75 0.31 0.49 0.64 0.28 :0.56 874 893 1075 947 

40 21-02-91 320886 0.84 0.27 0.58 0.74 0.23 0.58 1000 1017 853 957 

40 28-02-91 440088 0.88 0.22 0.7 0.99 0.26 0.48 1142 1133 1104 1126 

40 06-03-91 560132 1.00 0.31 0.56 0.96 0.54 0.8 1010 1231 974 1072 

40 15-03-91 687412 0.95 0.33 0.56 0.81 0.28 0.54 1276 1340 1021 1212 

40 26-03-91 920134 0.81 0.23 0.62 0.82 0.24 .0.55 1107 1376 1029 1171 

46 03-04-91 1131173 0.85 0.33 0.52 0.7 0.28 0.46 1370 1622 1173 1388 

46 08-04-91 1339689 0.87 0.35 0.5 0.71 0.26 0.56 1242 1075 930 1082 

46 15-04-91 1549573 0.90 0.34 0.6 0.75 0.32 0.48 1142 1372 1007 1174 

46 20-04-91 1759468 0.94 0.35 0.59 0.8 0.28 0.56 1130 1187 945 1087 

46 01-05-91 1969636 0.92 0.33 0.61 0.77 0.28 0.60 1219 943 1081 

46 06-05-91 2179205 0.90 0.38 0.55 0.77 0.31 0.53 1364 1538 1101 1334 

46 13-05-91 2389159 0.96 0.36 0.62 0.8 0.27 0.59 1244 1419 1169 1277 

46 19-05-91 2598967 0.89 0.35 0.55 0.81 0.28 0.59 1083 1321 1165 1190 

46 26-05-91 2808858 0.95 0.35 0.62 0.79 0.26 0.58 1015 1268 876 1053 

46 31 -05-91 3018760 0.96 0.38 0.59 0.76 0.2 0.66 1157 1348 986 1164 

Correlation with Subgrade 0.23 0.40 -0.18 -0.06 -0.14 -0.55 

Strain at Nearest Array 

Correlation with Subgrade 0.10 0.37 -0.17 -0.05 -0.09 -0.60 

Strain (All Arrays Averaged) 

4.4.3 Maximum Rut Depth and Pavement Response Correlation (Third Pavement Test) 

The third pavement was the only pavement that was tested to failure (failure was defined as a rut 

depth of 25 mm or greater), and the failure mechanism was rutting, which is the mode of failure 

assumed in the pavement performance modelling. The correlations between the peak surface 

deflection at each station (in mm) after each loading interval were compared with the maximum 

surface rut depth (in mm) measured at the conclusion of the loading; the correlations between 

these two performance indicators are graphically represented in Figure 79. Immediately after 
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construction and during the latter stages of the pavement life cycle, peak surface deflection has 

a poor correlation with maximum rut depth. The highest correlations occurred when the d0 was 

measured between 80000 and 200000 EDA, or approximately 10% to 25% into the life cycle of 

the pavement; after that peak correlation, the correlation decreased as the cumulative loading 

increased. 

The maximum correlation between the rut depth and curvature function ( d0 - d200 ) also occurred 

after 80000 cumulative EDA, then decreased. The correlations. between d250 I d0 and rut depth 

were predominantly low (less than 0.5), as shown in Figure 79, except for the maximum 

correlation of0.66 at 160000 cumulative EDA, and were often negative; the values are in Table 

26. The correlations between subgrade and basecourse strain, and the deflection parameters ( d0 , 

d200 - do and d250 / d0 ) were at best low positive values, and many were negative. The correlations 

between subsurface strains and rut depth were not determined because the data set consists of 

only three pairs of data, which is insufficient for a statistically valid analysis. 

-= 1.0 -Q. - d0 - d0-d200 - - d250/d0 cu 
A - 0.8 = ~ 
s 
= r, s 0.6 .... 

I' I ~ 
~ ' ~ 

I 

'( ...... -= 0.4 ...... -.... ~ 
= ' 0 ' .... 

0.2 - ' ~ - ... cu 
l,,, I ... 
l,,, 
0 ... 
u 0.0 

0 100000 200000 300000 400000 500000 600000 700000 800000 

Cumulative Loading (EDA) 

Figure 79 Correlations Between Surface Deflection Parameters and Maximum Rut Depths for 
All Stations in the Third Pavement Test 
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Table 26 Correlations between Pavement Response Measurements (Third Pavement) 

Station 07 

Load Subgrade Basecourse do <lo-d200 DR 
Cycles Strain Strain 
(EDA) (µm/m) (µm/m) (mm) (mm) 

1200 2897 3490 1.771 1.288 0.27 

40000 3315 3358 1.723 0.976 0.43 

80000 3268 3295 1.7 0.891 0.48 

160000 3189 3146 1.969 0.666 0.66 

240000 3216 2965 1.618 0.827 0.49 

360000 3507 2250 1.665 1.049 0.37 

480000 3760 2351 1.579 0.843 0.47 

600000 3555 2492 1.587 0.885 0.44 

740000 3180 2145 1.516 0.812 0.46 

Correlation with Subgrade Strain -0.433 0.029 -0.144 

Correlation with Basecourse Strain 0.668 0.290 -0.023 

I Station 09 

1200 1500 2992 1.505 0.927 0.384 

40000 2065 2860 1.350 0.731 0.458 

80000 2091 2891 1.425 0.849 0.404 

160000 2333 2865 1.503 0.591 0.606 

240000 1505 3045 1.384 0.647 0.532 

360000 2645 2514 1.408 0.829 0.411 

480000 2862 2625 1.496 0.718 0.52 

600000 2827 2725 1.389 0.653 0.53 

740000 2871 2683 1.432 0.731 0.489 

Correlation with Subgrade Strain 0.032 0.156 0.280 

Correlation with Basecourse Strain 0.002 -0.008 0.022 

I Stations 07 08 09 Averaged 

0 1774 3273 1.640 1.043 0.366 

40000 2687 3222 1.554 0.809 0.480 

80000 2747 3262 1.578 0.869 0.450 

160000 2788 2959 1.763 0.702 0.600 

240000 2784 2922 1.556 0.738 0.520 

360000 2872 2370 1.601 0.951 0.406 

480000 3005 2373 1.629 0.817 0.480 

600000 2846 2517 1.537 0.831 0.460 

740000 2661 2335 1.550 0.822 0.470 

Correlation with Subgrade Strain -0.125 -0.138 0.530 

Correlation with Basecourse Strain 0.168 0.104 -0.008 
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4.4.4 Maximum Rut Depth and Layer Properties (Third Pavement) 

The maximum rut depth at each station at the end of the third pavement test was compared with 

the dry densities and moisture contents of the basecourse and the subgrade recorded during 

construction. The densities and moisture contents were relatively uniform around the track. No 

significant correlation was found between the as-built properties and the ultimate rut depth, except 

for the density measurement with the nuclear density meter probe inserted to 100 mm below the 

top of the subgrade, which had a correlation of 0.65 (Table 27). · 

Table 27 Basecourse and Subgrade Densities and Moisture Contents (Third Pavement) 

Station Basecourse Depth Below Subgrade Swface 
Backscatter 50mm 100mm 200mm 300mm Rut 

DD me DD me DD me DD me DD me 

(kg/m3) (%) (kg/m3) (%) (kg/m3) (%) (kg/m3) (%) (kg/m3) (%) (mm) 

05 2007 3.1 1843 12.8 1840 11.9 1750 13.2 1719 13.4 20 
06 1958 3.0 1873 10.3 1778 11.2 1724 12.5 20 
07 2126 2.4 1881 9.9 1811 10.9 1783 11.6 28 
08 2018 2.7 1871 11.7 1800 13 .2 1837 12.7 1824 11.9 22 
09 2291 2.0 1857 10.2 1809 11.6 1780 10.6 1738 12.3 15 
15 2095 2.8 1819 12.4 1831 11.9 1788 12.2 21 
20 2006 2.8 1845 12.4 1821 12.5 1785 12.1 1789 13.2 
25 1933 3.5 1891 10.1 1779 11.6 1865 10.1 14 
30 2026 2.8 1834 13.8 1828 14.0 1797 13.3 1818 12.9 19 
35 1725 3.9 1919 12.9 1872 13.1 1768 12.4 1710 14.8 20 
40 2033 2.8 1841 12.8 1817 12.5 1797 13.6 1800 12.2 20 
45 2048 3.5 1930 11.5 1854 12.1 1842 11.9 1856 12.6 18 
50 2073 2.6 1929 11.2 1833 13.1 
53 2030 2.6 1843 10.9 1749 12.5 1833 10.2 1838 11.4 13 

54 1992 3.4 1810 11. l 1760 11.l 1795 10.9 1808 10.6 13 

55 2037 2.9 1892 9.4 1807 11.3 1870 10.5 1841 11.3 16 
56 2094 3.2 1889 11.6 1840 12.8 1864 12.3 1864 . 11.4 23 
57 2062 3.0 1796 12.8 1820 11.3 1846 11.7 1815 12.0 20 

Correlation with Maximum Rut Deeth: I 
0.07 -0.1 0.14 0.22 0.65 0.41 -0.1 . 0.48 -0.1 0.2 

DD = Dry Density 
me = Moisture Content 
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CHAPTER 5 INTERPRETATION 

5.1 SCOPE OF OBSERVATIONS 

Three experiments involving pavements with unbound granular basecourses over silty clay 

subgrades were conducted. The first pavement, which consisted of a 40 mm surfacing of asphaltic 

concrete and a 300 mm thick granular layer of well-graded, crushed river aggregate, over a weak 

silty clay subgrade (CBR of 4 %), test considered only the responses of the pavement to different 

tyre types, tyre inflation pressures and the wheel loads. The second and third pavements 

investigated the life-cycle perfonnances of asphaltic concrete- and thin-surfaced unbound granular 

basecourses. The second pavement, which consisted of an 85 mm thick asphaltic concrete surface 

layer over 200 mm of crushed unbound granular aggregate and a silty clay subgrade with a CBR 

of 13 %, test studied the subgrade and pavement response to cumulative wheel loadings. Even 

though the pavement loading routine concluded before the defined failure criteria were reached, 

for reasons explained previously, substantial valuable data was collected about the performance 

of such pavements. The third test pavement, which consisted of 25. mm asphaltic concrete 

surfacing layer over 135 mm thick basecourse on a silty clay subgrade with a CBR of 13%, 

evaluated the response of a thin-surfaced unbound granular and subgrade to cumulative wheel 

loadings. In all the pavement tests, surface deflection bowls, and vertical strains at various depths 

in the pavement and subgrade were measured for each of the loading conditions, along with 

pavement temperatures. Longitudinal and transverse profiles were measured after specified 

increments of cumulative loading cycles. 

5.2 OBSERVATIONS 

The first pavement experiment revealed that tyre pressure can influence pavement response in an 

inverse relationship for some load and tyre combinations: the higher the pressure, the lower the 

vertical compressive strains in the unbound granular and subgrade. Also, the strains produced by 

the loads are substantially less than that predicted by elastic layer modelling, though the pavement 

was not unduly stressed by the cumulative loading. 
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The second pavement experiment revealed that the actual strain response to loading is greater 

than that allowed by pavement response models based on linear elastic theory, and that the 

subgrade strain criterion alone is not sufficient for predicting the performance and life of a flexible 

pavement under cumulative wheel loading. 

In the third pavement performance test, the pavement deformed in both rutting in the wheelpaths 

and heaving outside of the wheelpaths. Large plastic deformations occurred in the horizontal and 

upward directions (shoving). The deformation reflects shear failure in the unbound basecourse 

aggregate layer. The deformation occurred primarily within the unbound granular layer; much 

smaller deformations occurred in the subgrade. The third pavement experiment also confirmed 

that the actual strain response to loading is greater than that allowed by pavement response 

models based on linear elastic theory, and that the subgrade strain criterion alone is inadequate 

for predicting the performance and life of a flexible pavement under cumulative wheel loading. 

5.3 PAVEMENT RESPONSE TO LOADING 

Pavement response is defined as the immediate reaction (strain and deflection) under a passing 

wheel load. Tyre type (bias ply and radial ply) did not affect pavement response. Wheel load (in 

the range of21 to 46 kN) has a substantial influence on pavement and subgrade response (with 

respect strain and deflections); the increase in strains and deflection was linearly related to the 

increase in wheel load. For most of the combinations tested, tyre inflation pressure had no 

statistically significant effect on response. However, at the mid-depth of the unbound granular 

layer in the first pavement test, elastic compressive strain actually decreased (in magnitude) as the 

inflation pressure increased, for the heaviest ( 46 kN) wheel load, with 5 percent level of 

confidence. In the lower base, the results were mixed, with the lightest and heaviest loads 

exhibiting negligible change due to different pressures, while the 31 and 40 kN loads showed a 

decrease in strain as the tyre pressure increased, though the difference was not statistically 

significant. In the subgrade, vertical compressive strain exhibited a statistically significant decrease 

(in magnitude) as the inflation pressure increased under the 21 kN wheel load only. 

The above results suggest that the strain in the lower unbound granular layers and top of the 
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subgrade can be dependent upon the 'zone of influence', which is related to load, contact area and 

speed of vehicle travel. Thus when the speed is constant and the contact area is reduced, at higher 

tyre inflation pressures, the zone of influence in the unbound granular layers and subgrade is 

reduced, thereby reducing the effect. 

The procedure for quantifying the effect of different loading conditions on subgrade and granular 

cover response was confirmed as valid. For the specific conditions of this investigation, attempts 

were made to backcalculate the moduli of each layer using ELSYMS, BISAR and EFROMD2 

computer programs. However, the moduli values generated were unrealistically low, and the 

ratios of basecourse to sub grade moduli were unacceptably high. The computer program models 

are based on multi-layer linear elastic theory and assume that the pavement material properties 

can be characterised by linear elastic behaviour, whereas, in reality, the behaviour of the unbound 

granular materials most commonly found in New Zealand pavements tends to be non-linear, 

elasto-plastic, non-homogeneous and anisotropic. 

5.4 FUNDAMENTAL PARAMETERS INFLUENCING PAVEMENT PERFORMANCE 

5.4.1 Subgrade Vertical Compressive Strain 

Peattie (1962) asserted that: 

" ... the primary function of a road structure is to protect the underlying soil from 

excessive stresses produced by traffic loads .... It is therefore necessary to limit the 

deformation in the soil and this may be done by limiting the value of the vertical 

compressive stress reaching the top of the sub grade .... the value of the vertical 

stress in the subgrade is one of the critical quantities determining the performance 

of a flexible pavement." 

Dormon (1962) continued the line ofreasoning by stating that: 

" .. failure of the granular layers may be avoided by limiting the value of the 

vertical stress conditions imposed in those layers ... Deformations of the surface 

under the action of repeated loadings by traffic is controlled by limiting the vertical 
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compressive stress or strain in the subgrade, and if necessary on the other granular 

layers in the structure." 

Dormon (1962) also suggested that, irrespective of the construction, the vertical compressive 

strain in the surface of the subgrade is 9 x 1 O'"\ and for roads carrying greater traffic volumes, a 

permissible compressive strain should be 6.5 x 104 . Dormon (1962) considered that this 

permissible strain was unlikely to be exceeded within the base. 

Dormon (1962) attempted to confirm the validity of the basic principle that the compressive stress 

or strain in the subgrade is a major factor governing performance by analysing data from the 

AASHO Road Test. He plotted calculated compressive strain under average spring conditions 

(the worst case scenario) for a selection of sections from all the loops against the number of 

weighted axle loads which the sections carried before they deteriorated to a Present Serviceability 

Index (P.S.I.) of2.5, and found that, irrespective of the construction or the wheel load, there was 

a reasonably uniform relationship. Dormon (1962) stated that his test results showed a good 

.correlation between the elastic deflection of the subgrade and that of the total construction, while 

the plastic deformation (rut depth), which was associated with the subgrade and each of the 

construction layers, generally increased with increasing total elastic deflection 

The criterion for limiting vertical compressive strains in subgrades, which governs permanent 

deformation and is based on Dormon's (1962) research, has been adopted as the fundamental 

basis of thickness design for thin-surfaced unbound granular pavements in many flexible pavement 

design procedures around the world, including New Zealand and Australia. For the first time, such 

strains have been measured directly, for a range ofloading conditions and pavements. The criteria 

evaluated are found to be conservative, in that the actual strains tend to be higher than the 

permissible strains calculated according to the criteria. The subgrade strains measured actually 

represent the average strain over the uppermost 100 mm of the sub grade, whereas the 

theoretically-derived strains were meant to be the maximum permissible at the top of the 

subgrade, so the latter are much lower than the measured values. In Table 28 and Figure 80, 

maximum allowable vertical compressive strain determined from the various criteria are compared 

with the actual strains measured in the pavement experiments. 
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Vertical compressive strains in the basecourse of thin-surfaced unbound granular pavements can 

be as large (in magnitude) as the vertical compressive strains in the sub grade, yet the strains in the 

basecourse are not explicitly considered to be critical in the National Roads Board nor the 

AUSTROADS pavement design procedures. However, as in the failures that occurred in these 

experiments, shear and deformation within the unbound granular pavement layers are often the 

principal cause of pavement failure. 

Table 28 Allowable Vertical Compressive Strain Models Compared with Actual Values 

Cumulative 
Loading 

Pavement 
Number (EDA2 
le 3200000 
2r 740000 

• Equation (8) 
b Equation (9) 
c Equation (10) 
d Equation (11) 

Maximum Allowable Vertical Compressive Strain 
{f:!mlm2 in the Subs;rade: 

National Roads Board 

Shell3 Primaryb Secondaryc AUSTROADSd 
Actual 
(Nominal Value2 

660 670 800 1045 1200 
955 940 1115 1280 2800 

e 85 mm asphalt surface, 200 mm unbound granular basecourse, silty clay subgrade CBR 13% 
r 25 mm asphalt surface, 135 mm unbound granular basecourse, silty clay subgrade CBR 12% 

5.4.2 Reliability of Performance Indicators 

In the absence of the deleterious effect of water ingress, pavement performance can be predicted 

from rut development and peak deflection ( d0 ) history after cumulative loading corresponding 

to between approximately 10% and 20% of the total life of the pavement (in terms of cumulative 

EDA). However, after initial traffic compaction, there was no discernible relationship between 

peak surface deflection or any other deflection bowl parameter evaluated and cumulative load 

repetitions, as is assumed by pavement performance models. DR and CR are unreliable indicators 

of pavement condition and performance; no correlation was found between DR, CR and 

subsurface strains, especially with respect to the vertical compressive strain in the subgrade, which 

is the fundamental basis of the rutting criteria for all flexible pavement design procedures. 
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Figure 80 Comparison ofSubgrade Vertical Compressive Strain Models (Equations 8, 9, 10 and 
11) and Strains Measured in (a) Second Pavement and (b) Third Pavement 

The life cycle performance and failure mechanism for the third test pavement, an unbound 

granular pavement, were determined using the pavement response and condition data (surface 

deflection, transverse and longitudinal surface deformation, and vertical compressive strains in the 

basecourse and subgrade). Pavement performance was most closely related to rutting, and 

pavement responses (surface deflection bowls and subsurface strains) were not significant 

influences. One of the principal requirements for shakedown theory to be valid for modelling 

unbound granular pavements is that the vertical elastic strains in the unbound granular layers 

remain constant after an initial 'settling-in' period during early trafficking; the elastic strains in the 

unbound layers in this research did not always satisfy that condition. 

The elastic properties of the unbound basecourse and sub grade layers, including their variation 

under cumulative loading, were back-calculated from (i) surface deflection and subsurface layer 

strains using ELSYM5, (ii) surface deflection data from Falling Weight Deflectometer (FWD) 

tests using EFROMD2, and (iii) subsurface layer strains using BISAR. All the back-calculated 

moduli were found to be unrepresentative of the expected properties of the subsurface layers. 
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 CONCLUSIONS 

An electronic-based system for accurately measuring strains in unbound granular pavements and 

subgrades using Bison inductance coils has been developed and employed successfully in a 

number of projects. The principal benefit of the Bison strain coils is that they can be installed 

during construction of the sub grade and pavement layers, and create minimal disturbance within 

the materials. 

With respect to pavement response to loading, and for the specific conditions of this investigation, 

the tyre type (10.00R20 radial and 10.00x20 bias ply) had an insignificant effect on the elastic 

vertical strain. Tyre inflation pressure (between 550 kPa and 825 kPa) had a minor, though 

statistically significant, inverse effect on the strain response of the pavement and subgrade under 

some of the wheel load and tyre combinations (the magnitude of the vertical compressive strain 

in the unbound granular layers and subgrade decreased as the tyre inflation pressure increased); 

tyre inflation pressure affects subsurface pavement strain responses to wheel loads. The effect of 

increasing the wheel load was approximately linearly. The difference between measured and 

calculated tyre imprint areas was significant, but the difference decreased as the wheel load 

increased. 

As wheel load increased, the surface deflection and the stress within the layers increased. Due to 

the non-linearity of the resilient modulus of unbound granular materials, the increase in stress in 

the granular basecourse resulted in an increase in resilient modulus of the granular material. Thus, 

the relative rate of strain increase in the basecourse is lower than the rate of strain increase in the 

subgrade, for the same total surface deflection. 

The relationship between vertical compressive strains in the materials and the cumulative loadings 

becomes stable after the pavement is compacted under initial trafficking (in the absence of adverse 

environmental effects). 
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Pavement thickness design models based on multi-layer linear elastic theory attempt to limit 

permanent deformation by setting the vertical compressive elastic strain in the subgrade as the 

governing criteria because the elastic strain is assumed to be proportional to permanent strain. The 

relationship between permanent strain and elastic vertical compressive strain was not investigated 

in this research, but in all three pavements, the magnitudes of actual vertical compressive strain 

measured in the unbound granular layers and subgrade were substantially greater than the levels 

predicted by the multi-layer linear elastic models on which the AUSTROADS and National Roads 

Board flexible pavement design procedures are based, for the same number of loading repetitions 

to failure. The subgrade strain criterion is conservative. However, the AUSTROAD criterion 

more closely approximated the actual strain values than the National Roads Board criterion. Also, 

in the second and third pavement tests, the vertical compressive strain levels in the unbound 

basecourse aggregate tended to decrease slightly in magnitude under cumulative loading, while 

the magnitude of the sub grade strain tended to increase. The basecourse aggregate consolidates 

under repetitive loading, before reaching a stable condition. 

The vertical compressive strain in a thin-surfaced unbound granular pavement can be equal in 

magnitude to the vertical compressive strain in the subgrade, and thus can be significant 

contributor to fatigue of the surfacing layer and permanent deformation. Under a thicker asphaltic 

concrete surface layer, the vertical compressive strain is substantially smaller (in magnitude) than 

the vertical compressive strain in the subgrade, and is not significant. 

The various performance models (based on deflection basin parameters, calculated elastic 

responses using the AUSTROADS, Shell and NRB subgrade strain criterion, and outputs from 

plastic deformation analysis) underestimated the deflection and strain capacity of the pavements 

tested. The validity of the performance models and the usefulness of the parameters used in each 

model were evaluated. The only model that has a direct relationship with pavement performance 

is the surface rutting model. Applying the rate of rutting concept, the change in the rate of rut 

development in the pavement surface can be related directly to the vertical compressive elastic 

strain in unbound granular basecourses and the cumulative number of loading repetitions at a 

point in the life cycle. The rate of rutting is the incremental change in rut depth over an 

incremental number of loading repetitions. 
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The relationship between cumulative axle loads and surface rutting for thin-surfaced unbound 

granular pavements expressed in Equation (29): 

y=(a+mx)(l-e•bx) 

where y = permanent deformation (mm), 

x = number of cumulative axle load repetitions, and 

a and b are constants. 

(29) 

yielded excellent fits with the measured data. However, the accuracy of any predictions of the 

number of allowable load repetitions to pre-determined permanent deformation (rut depth) would 

depend on closely monitoring the development of the permanent deformation during the initial 

phase of the pavement life and carefully selecting the constant 'a' (intercept), which corresponds 

approximately to the end·ofthe initial phase of the pavement life. 

Multi-layer linear elastic modelling was never calibrated nor validated for unbound granular 

pavements, and is inappropriate for modelling the behaviour of unbound granular layers, which 

can experience substantial plastic deformation. In addition, any procedures for determining load 

equivalency factors must also consider the pavement type and condition, as well as the bearing 

capacity of the subgrade. Equivalencies should not be based on cumulative loads to failure 

because the relationship between pavement condition and cumulative loadings is constant over 

most of the pavement life, so the marginal effect of an incremental increase in load varies, 

depending on the road condition. 

The implications of the sensitivity analysis are that any performance measurements made 

immediately after construction and during the latter half of a pavement life cycle are a poor 

indicator of the rutting potential of the pavement. The best indicator of the rutting potential of the 

thin-surraced unbound granular pavement is d0 (peak surface deflection) measured at the period 

corresponding to between approximately 10% and 25% of the life-cycle of the pavement. 
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6.2 HYPOTHESIS 

The effect of cumulative loadings for axle loads of up to and including 92 kN has a substantially 

lesser influence on the response and performance of unbound granular pavements than is implied 

in the pavement models that are the basis of the flexible pavement thickness design procedures. 

The pavement models have been calibrated to in-service pavements using empirical data from field 

studies, so environmental factors and construction quality must have a significant influence on the 

pavement performance, but current flexible pavement design procedures emphasise the effect of 

load repetitions and only implicitly considered the other two major factors. The subgrade strain 

criterion is conservative, with respect to both elastic response to changes in wheel loads and 

cumulative load repetitions. 

6.3 RECOMMENDATIONS FOR FURTHER RESEARCH 

A mechanistic design process for unbound granular pavements that is not based on linear elastic 

theory but does incorporate cumulative load repetitions, construction quality and environmental 

factors explicitly should be investigated. 

The effect of shape of tyre footprints on pavement response should be studied further. 

Equation (29) should be calibrated for more unbound granular pavements by collating and 

analysing available field data characterising the performance of in-service pavements. If the field 

data is insufficient or the analysis are inconclusive, then additional experiments would have to be 

initiated. 

The stress-strain characteristics of both the sub grade and unbound granular pavement materials 

should be an integral component of the pavement design procedure. Critical strain values for both 

can be determined from laboratory tests, accelerated loading experiments and instrumented field 

trials. 

The subsurface strain-measuring system should be enhanced, and expanded into a comprehensive 
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pavement response monitoring system that includes temperature and soil suction sensors. If 

simple, robust in-pavement instrumentation and data analysis systems were available, in-service 

road pavements at various sites could be monitored. 

The assumed relationship between permanent deformation and elastic vertical compressive strain 

in the subgrade should be investigated further, now that suitable instrumentation systems are 

available. 

The goal of pavement analysis is to relate the immediate elastic response of the pavement layers, 

at a specific time, from a specific loading condition to the long-term performance of the pavement. 

Instead of relying on simplistic relationships between static axle loads and performance, the 

pavement response itself can be measured, for input to the pavement performance prediction 

models. Also, the magnitude of the strains in the different layers varies during the life of the 

pavement, as the moduli of the materials change. The objective is to provide tools that aid in 

optimising the management and use of the transport system. If the appropriate data were 

collected, a pavement performance model that provides for the greatest range of climatic 

conditions, materials and dynamic vehicle loading could be devised and validated. 
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APPENDIX A FLEXIBLE PAVEMENT TERMINOLOGY, DESIGN 
THEORIES AND PRACTICES 

This appendix reviews relevant terminology, material and construction practices, and 

developments in pavement analysis not discussed elsewhere. 

A.1 DEVELOPMENT OF FLEXIBLE PAVEMENT ELASTIC LAYERED THEORY 

One - layer theory was developed by Boussinesq in 1878; Love solved differential equations in 

late 1800's. The results are a bell - shaped distribution of stress in the horizontal plane and 

maximum stress at shallow depth, near the surface. The load at the surface is assumed to be 

uniform and circular. Layered theoty does not support discontinuities, and no material properties 

are involved in the determination of stresses. Formulae for point load are: 

p 
a =K-z 2 z 

3 1 K=-----

2n Hi)l' 

where oz = vertical stress, in z direction 

P = point load 

r = radial distance from point load 

z = depth 

Formulae for circular load stress are: 

a = p [1 - __ z_·3--l 
z (a 2 + z2)1.5 

at r = 0 

Al 

(A 1) 

(A2) 

(A3) 



where or = radial stress 

P = contact pressure 

a = loaded area radius 

µ = Poisson's ratio 

Formulae for circular load strains are: 

1 e =- fa -2µa] z E l z r 

1 e =- fa -2µa] 
r E L r Z 

where Ez = vertical strain 

Er = radial strain 

E = Young's modulus of elasticity 

or and oz are defined above. 

(A 4) 

(A 5) 

(A 6) 

Deflection is calculated by integrating strain, Ez, over some depth (from z = z to z = 00 ). 

Two formulae can be sued to estimate deflection. In the flexible plate-deflection equation, the 

loaded plate is assumed to have zero stiflhess: 

3Pa 2 
Deflection = 6. = ----- for µ = 0.5 

2E(a 2 + z 2 f-5 
(A 7) 

A2 



At the surface, Ii = I.Spa (at z = 0) 
E 

(A 8) 

For the rigid plate-deflection equation, constant deflection over the area of the loaded plate is 

assumed: 

At the sur1ace, Ii . . = pa1t(I -µ2
) (at z = 0) 

J' ng1d 2E (A 9) 

For µ =0.5, li,igid = 1.15 p; (A 10) 

Foster and Ahlvin (1954) developed charts of design curves by assuming zero deflection within 

the pavement and total deflection was due to the subgrade. Solutions for various parameters were 

expressed in terms of various functions, A, B, C, ......... , H. Influence charts were created; stress 

was expressed as a percentage of contact pressure, and depth and offset were expressed in terms 

of radii of the loaded area. Stresses on two or more elements some distance apart at the same 

depth under the surface can be solved by using the influence charts. For example, using two 

elements, A and B, load is directly over A and because the material is assumed to be linear elastic, 

principle of superposition is valid and can be used to determine stresses on element B. 

One layer theory does not take into account the influence of different types of subgrade material. 

The effect of stiffer pavement layer is ignored which is unreasonable in the case of thick asphalt 

concrete surface layers. Therefore, two - layered theory was developed by Burmister at Columbia 

University in the early 19401s for airport pavement design. Burmister was the first to solve the 

problem of two layers in terms of deflection and conceptually established the three-layer problem. 

Assumptions in constitutive equations are that the materials are homogeneous, isotropic, and 

linearly elastic. Boundary conditions are: 

(a) Infinite lateral dimensions. 

(b) Finite thickness of surface layer and bottom layer of infinite thickness. 
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( c) Upper layers are weightless. 

( d) Layers are in continuous contact. 

( e) Surface layer is free of shearing. 

(f) Full continuity at the interface (complete transfer of shear strain along the interface). 

The stresses in Burmister's layered theory are dependent on E/E2 ratio. The Burmister equations 

for deflection of flexible and rigid plates are: 

!l. = 1.18 pa F2 assumingµ = 0.5 
E2 

where p = unit load on circular plate 

a = radius of plate 

E2 = modulus of elasticity of lower layer 

F2 = dimensionless factor 

Three-layer theory was solved for the following stresses: 

a 21 , vertical stress at interface I 

a 22 , vertical stress at interface 2 

ar1 , horizontal stress at bottom oflayer 1 

ar2 , horizontal stress at bottom of layer 2 

ar3 , horizontal stress at top of layer 3 

(A 11) 

(A 12) 

Stress solutions for axisymmetric conditions were expressed in terms of the following parameters: 

k1 = E1 / E2 ; 

k2 = E2/E3 ; 

al = a/h2 and 

H = h/h2 
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Where E1 , E2 and~ are the elastic moduli of the top, middle and bottom layers, respectively, and 

h1 and 4 are the thicknesses of the top and middle layers, respectively. A more detailed 

explanation of the development of multi-layer linear elastic theory is available in Yoder and 

Witczak (1975). 

Using impulse wave technique, Heukelom and Klomp (1962) determined the dynamic moduli of 

the basecourse and subgrade, and calculated the ratio of their moduli (Table Al). 

Table A.1 Dynamic E Moduli of Unbound Basecourse Materials (Heukelom and Klomp, 1962) 

Subgrade Basecourse 

Location Modulus, E3 E2 
Description Modulus 

(MPa) E3 

Holland, Rotterdam 130 slag 315 2.4 

Holland, Utrecht 150 rolled brick 520 3.5 

England 180 rubble 265 1.4 

England 235 hand-pitched 460 1.9 

Germany, Lahr 235 hand-pitched 310 1.3 

France, Fontenay 275 gravel 765 2.8 

Holland, Ospel 295 river gravel 725 2.5 

England 295 rubble 460-660 1.6 -2.2 

Germany, Fussen 580 gravel and sand, compacted 1960 3.4 

in two layers 

735 mechanically stabilised 1420 1.9 

A.2 PAVEMENT ANALYSIS COMPUTER PROGRAMS 

A.2.1 Programs Based on Multi-layer Linear Elastic Theory 

Five programs, ELSYM5, BISAR, CIRCL Y, EFROMD2, and PAS, are discussed in this section. 

ELSYM5 models a three dimensional idealised elastic layered pavement system. The pavement 

is loaded by one or more identical uniform circular loads normal to the surface of the pavement. 
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The program computes the various component stresses, strains and displacements along with 

principal values at specified locations. The input required is: 

•layer property data (thickness, elastic modulus, Poisson's ratio); 

•load data (location, size, area); and, 

• evaluation coordinates. 

Pavement design can be achieved by comparing the calculated strains with those allowed (FHW A, 

1987). 

BISAR is the most powerful of the MLET programs. Chua (1989) compared the effectiveness 

of twelve computer programs for analysing thin-surfaced flexible pavements, and showed that 

BISAR generates the same results as ELSYM5 (given the same input) for all vertical stresses and 

strains for a semi-infinite subgrade, but when a rigid bottom or bedrock layer is encountered, the 

results will differ. 

BISAR is used in conjunction with BANDS as input into the computer program version of the 

Shell Pavement Design Manual (SPDM). BANDS predicts relevant material properties of the 

bituminous binder and of the asphalt mix, which are required by SPDM to determine the thickness 

design of asphaltic pavements. SPDM can also provide: 

( 1) estimates of the permanent deformation in asphalt layers; and, 

(2) structural thickness design for asphalt overlays on existing pavements. 

The analysis method for CIRCL Y is based on integral transform techniques; the integrals are 

evaluated by Patterson's quadrature. The program is used to analyse multi-layered anisotropic 

pavements subject to complex load distributions. Using input the same as for ELSYM5, the 

program produces similar output. CIRCL YPrep is a preprocessor for the CIRCL Y program, and 

makes the data preparation for CIRCLY easier (Wardle, 1977). 

EFROMD2 is a computer program which predicts the elastic properties of layers in pavement 

structures from surface deflection bowls, and is based on CIRCLY code. The properties are back

calculated in an iterative process. Starting with a seed value for both the modulus and the 

Poisson's ratio, the program calculates a deflection bowl and compares it with the actual input 
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bowl. By minimising the calculated error between bowls, the program iterates to the nearest 

solution. EFROMD2 produces more realistic pavement moduli because of the detail of the input, 

such as layer thickness and type, seed values for modulus, degree of anisotropy, the load data and 

the deflection bowl (Vuong, 1989). 

The Pavement Analysis Software (PAS 1) iterations involve fitting theoretical deflections to 

measured values on a graphical display, by manually altering a table of moduli and thicknesses. 

The program then calculates the new theoretical deflection bowl :and error for each layer so the 

user can choose the best solution by viewing it graphically on screen as well as minimising the 

errors. The relative importance of different layers can be factored in. The program is not limited 

to linear elastic materials and analyses anisotropic materials as well. A rigid bottom, such as 

bedrock, may be included at any depth in this program. The program is highly flexible, as known 

properties can be included as certainties instead of just as seed values. The process allows 

confidence limits to be set because the user can visually appraise the accuracy of the results 

(Ullidtz, 1988). 

ELMOD is an acronym for "Evaluation of Layer Moduli and Overlay Design". Layer moduli 

software evaluate the structural condition of a pavement, by using a deflection bowl as input, and 

then calculating layer moduli with depth as output. The Falling Weight Deflectometer deflection 

bowl is input, along with the layer thicknesses and traffic loading. The traffic information is used 

to evaluate residual life and to design overlays. An iterative process then calculates the layer 

moduli. The program is based on the method of equivalent thicknesses, where a system consisting 

oflayers with different moduli is transformed into an equivalent system where all layers have the 

same modulus, and on which Boussinesq's equations may be used. For an extra layer modulus to 

be found, the layer must have a significant influence on the deflection bowl, which is difficult 

because the program outputs only the one solution depending on the layer thicknesses the user 

inputs. For example, if the user splits the base layer into three, then a stiff layer at the bottom of 

the base is discernible than if it had been modelled as one layer (Ullidtz, 1987). 
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A.2.2 Finite Element Methods of Pavement Analysis 

Compared with ivlLET, finite element methods (FEM) can provide stresses and strains similar to 

those that are measured in the pavement structure; but, in terms of computed deflections, there 

is no advantage over ivlLET. The use of FEM allows modelling of more complex material 

characteristics, such as the non-linear behaviour and non-homogeneity of unbound granular layers, 

as well as complex pavement geometrics (Duncan et al, 1968; Hoffinan and Thompson, 1982; and 

Westman, 1968). Variable or moving loads can also be modelled, so dynamic loading can be 

simulated. 

IlliPave is a stress-dependent finite element model used for the analysis of flexible pavements 

developed by the University oflllinois. Relationships between the response parameters (output) 

and the independent input variables were determined, thereby generating a series of algorithms. 

For use as a pavement design and analysis program, the IlliPave algorithms are on a series of 

spreadsheets, which are selected from menus. The algorithms relate pavement response 

parameters (stress, strain, and deflection) to layer thickness and moduli inputs. The program does 

not need the base modulus or Poisson's ratio for the layers. IlliPave algorithms are inflexible, 

requiring a standard three layer ( asphaltic concrete, base, sub grade) configuration, and have no 

loading data input because one equivalent single axle load is the assumed loading. The range of 

values used to develop the algorithms are specified, and values other than these cannot be 

analysed. For design purposes, the output strains, stresses and deflections have to be compared 

with those allowed (FHW A, 1986). 

A.3 PAVEMENT MATERIAL PROPERTIES 

In New Zealand, high quality aggregates of crushed rock are produced to provide sufficient: 

• stability to satisfy the service requirements and demands of traffic without distortion or 

displacement; 

• voids in the compacted aggregate to ensure adequate permeability and to allow for slight 

additional compaction under traffic loading; 

• workability for an efficient construction operation in the placement of the aggregate; and, 
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• strength and durability for a long life without need for repairs. 

The capital cost of constructing roads using high quality crushed aggregates is substantially less 

than the cost of asphalt bound and rigid pavements of equivalent strength, if life cycle costs are 

ignored, which has been the practice in New Zealand in the past. Aggregate strength and 

durability depend on a number of factors, including particle size distribution or gradation. 

A.3.1 Particle Size Distribution 

An applied load is transmitted through an unbound aggregate by point to point contact and 

interparticle friction. The individual particle is subjected to a system of forces primarily tending 

to crush it or shear it. The strength of the material influences the amount of breakdown that 

occurs in the aggregate layer. However, in a dense graded aggregate adjacent particles support 

those under stress, absorbing some of the load and resisting breakdown. Hence, dense aggregates 

degrade less, while degradation of open graded aggregates depends on the strength of the 

constituent material. 

Well graded aggregates have just enough particles of a given size available to fill the voids 

between the particles of the next larger size, which leads to good uniformity and smoothness of 

the finished surface. Coarser gradations are cheaper to produce because they need less crushing 

and have less surface area, but excess coarse aggregate leads to segregation problems if used in 

the base course. Excess medium-sized aggregate leads to open gradations which increases 

perviousness, and excess fines lead to weakening of the base support with increases in moisture 

content. The movement of moisture in the aggregate layer is controlled by the porosity of the 

aggregate, or the ratio of the total void space to the total volume, in the layer and the porosity of 

the underlying layers. The same elements will have an influence on the size of negative pore 

pressures set up in the system and the dissipation of any positive pressures. The main factors 

controlling porosity are the grading, particularly the fines fraction which is material smaller than 

7 5 µm, and the compaction. Fine material can be transported in the void space of a saturated 

aggregate by the hydraulic head applied until they concentrate in one area and effectively block 

the pore spaces. 
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The gradation envelopes for premium unbound aggregates in New Zealand create a well-graded 

aggregate with just adequate voids for permeability, but coarse graded aggregates are used in the 

subbase layers because of their lower unit cost. The required particle size distribution for the 

gradation envelopes for unbound aggregate for basecourses is determined from: 

P, = 100 ( ~r 
where Pd is the percentage smaller than particle size d; 

dis any particle size (mm) less than D; 

D is the nominal maximum particle size (in mm); and, 

n is an index of porosity. 

(A 13) 

Higher 'n' values produce higher void contents ( assuming particle shape and other parameters are 

constant). For example, n's of0.4 and 0.65 produce a fine (or dense) grading and coarse grading, 

respectively. Aggregate satisfying the New Zealand standard lies within the envelope created 

from the limits of n values of 0.4 and 0.6. The shape of the gradation curve is also controlled to 

limit local variations in the grading envelope. 

Aggregates with a larger maximum size provide higher shear and compressive strengths, but the 

maximum size in basecourse aggregates is limited to 40 mm to enhance workability, to minimise 

segregation potential and to allow for the optimum thickness of the layer being placed. In surface 

courses, the maximum particle size is usually limited to 20 mm to minimise problems with 

workability. 

The origins of a particular rock affects its behaviour in a road pavement. Sedimentary and 

metamorphic rocks contain bedding and shear planes which influence the shape of the aggregate 

after crushing and provide potential planes of weakness. The sizes of the constituent particles tend 

to determine the size of the fines produced if the rock degrades by abrasion. 

Clay- and silt-sized particles (fines) affect most aggregates detrimentally, but some fines are 

necessary for cohesion and proper gradation. The optimum fines content is about 5%; the New 

A 10 



Zealand specification for unbound aggregates specifies a maximum fines content of 8% (TNZ 

M/4, 1987). Because the strength of unbound granular basecourses is substantially reduced by 

moisture contents greater than 1 - 2 %, the granular material must possess a high permeability, 

and an excess of fines inhibits permeability. 

Durability is the resistance of an aggregate to degradation and disintegration. Degradation refers 

to surface wear and internal fracture and depends on: rock type; gradation ( openness increases 

degradation); particle shape; particle size (larger particles degrade'more); compactive effort; and 

other factors. Degradation is minimised by using dense gradations, limiting the maximum size of 

particle, crushing aggregate to create cubical shapes, and applying heavy compactive effort to 

force breakdown during construction. Disintegration results from the effects of weathering and 

temperature changes. 

A.3.2 Particle Shape 

Particle shape influences compaction and performance. Rounded particles compact more readily 

than angular particles but the former push or shove under the roller. Cubical particles will fit 

together tighter than either round or splintery particles and will resist shoving and degradation. 

Therefore, New Zealand specifications require that the proportion of broken rock, by weight, in 

each of three fractions of aggregate between the 37.5 mm and 4.75 mm sieves must be greater 

than or equal to 70%, to ensure that the aggregate contains sufficiently sharp surfaces to enhance 

inter-particle friction (TNZ M/4, 1987). 

Surface texture is also important in ensuring good quality unbound basecourse aggregate. 

Crushing aggregate increases surface roughness as well as angularity. In a compacted mass, 

angular aggregates will have abutting faces rather than points of contact, thus surface texture 

influences resistance to displacement between particles. 

Road aggregates in New Zealand are created by crushing alluvial gravels or rock, then screening 

and sieving the crushed material. However, the method does not guarantee the correct gradation 

is always achieved, nor does it ensure that the desired percentage of angular faces is provided. 

All 



A.3.3 Constructing Unbound Granular Pavements 

The objectives when constructing unbound granular pavements to a high standard are: 

(a) design thicknesses must be achieved consistently within small tolerances; 

(b) the material must be compacted uniformly; and, 

( c) the surface shape provides adequate drainage, safety and comfort for the road user. 

The loose layer thickness must be uniform to ensure that full depth compaction is achieved in the 

pavement course and that a sufficient thickness is provided for placing and compacting. The 

placing and working of aggregate must be minimised to avoid segregation. The aggregate should 

always be placed directly from the spreading equipment in the correct loose layer thickness. End 

dumping of loads of aggregate and then spreading is unsuitable because the working of the 

material leads to segregation. Paver, transverse bottom dump, roll spreader and controlled tailgate 

spreading are satisfactory, depending on operator expertise. Layer thicknesses are calculated and 

controlled, to prevent uneven surfaces after compaction. 

The two principal objectives in compaction of pavement layers are that the compaction is uniform 

to the underside of the layer and that over-densification, usually by degradation or breakdown of 

the aggregate, is prevented, especially in the upper 30-50 mm of the basecourse layer which is to 

be sealed. Non-uniform compaction of a basecourse causes early wheel track rutting in service. 

Over-densification can result in shallow shear under early trafficking. The vibrating roller, by its 

compaction process, prevents non-uniform compaction with depth, whereas both vibrating and 

non-vibrating steel rollers can produce over-densification if excessive rolling is applied. Therefore, 

static weight rollers are precluded for all construction except for the finishing of the surface. 

In most countries, the normal practice is to compact subgrades and unbound granular layers to 

a laboratory-derived density. Because of the inherent deficiencies in such a method, primary 

compaction is completed in New Zealand using the minimum necessary number of passes of a 

vibratory roller of specified characteristics needed to achieve uniform dense conditions (TNZ B/2, 

1989). The density or modulus increases substantially until a plateau is reached, then changes 
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slightly or not at all (Figure A 1). The structural capacity of the granular layer being compacted 

is measured after each pass of a roller, and once two successive readings show no change or a 

slight decrease in density, compaction ceases. Subsequent compaction by normal wheeled traffic 

consolidates the surface. 

Compaction depends on so many factors, many of which cannot be replicated in laboratory 

determinations of densities of samples. Thus, compaction of unbound granular pavement and 

subgrade layers is usually monitored by measuring densities using a nuclear density meter in the 

back-scatter mode on the same spot after each pass of the roller. The density meter can also be 

used to measure the uniformity of compaction. By not relying on a laboratory-derived value, the 

method allows for the normal variation in the great volumes of unbound road aggregate used in 

New Zealand, and over-compaction, which can cause 'bounce' of vibrating roller drums, aggregate 

degradation, a reduction in density at the surface of the layer, and segregation is prevented. The 

performance of flexible pavements depends on the quality of the compaction, among other factors. 

Density 

"Density Plateau" 

Number of Roller Passes 

Figure A 1 Compaction Density under Cumulative Roller Passes 
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APPENDIX B FEATURES OF THE CANTERBURY ACCELERATED 
PAVEMENT TESTING INDOOR FACILITY 

The Canterbury Accelerated Pavement Testing Indoor Facility (CAPTIF) is located in 

McLean's Island Road, on the northeastern perimeter of the Christchurch International Airport. 

CAPTIF is housed in a hexagon-shaped enclosure that is 26 m wide and 6 m high. A circular 

concrete tank, 1.5 m deep and 4 m wide, confines the bottom and sides of the track, enabling 

the control of moisture contents in the subsurface systems and drainage. The track has a 

median diameter and circumference of 18.5 m and 58.1 m, respectively. Normal field 

construction and compaction equipment is used in the facility. The main features of CAPTIF 

are the Simulated Loading And Vehicle Emulator (SLAVE), which can apply a myriad of 

loading conditions via an array of vehicle types and assemblies, and the unique 

instrumentation developed for CAPTIF; the instrumentation is described in Appendices C and 

G. 

B.1 BACKGROUND 

Laboratory testing and computer analysis alone are inadequate to isolate the influence of 

various components of the vehicle/pavement interaction system, such as the static and 

dynamic components of vehicle loading, and the relative effects of vehicles, the environment 

and the pavement materials. Confidence in the models can be verified only by monitoring the 

behaviour of real pavements. Thus, trials utilising full-scale equipment and pavements are 

necessary, either in the field or in a test track under controlled conditions. The national 

highway authority, Transit New Zealand, and its predecessor, the National Roads Board, have 

been cooperating with the University of Canterbury in accelerated testing of full-scale 

pavements since the first installation was constructed in 1969 (Paterson, 1972; Williman and 

Paterson, 1969). 

The first machine was used for a number of pavement research projects, and, in 1983, finally 

became unserviceable. An assessment was made of the need for a new, improved accelerated 

trafficking facility, and four primary topic areas identified for an accelerated testing 

programme were: 
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a) evaluating the performance of aggregates, such as marginal materials; 

b) expanding the field of research in surfacings; 

c) evaluating pavement design assumptions by collecting data describing the long-term 

performance of pavements; and, 

d) investigating the relationship between vehicle loading conditions and the deterioration of 

pavements for a wide spectrum of pavement and loading characteristics. 

The type of facility needed was also evaluated. Accelerated: pavement testers have been 

constructed in a variety of configurations (OECD, 1985; Shackel, 1980; Sparks and Metcalf, 

1980). The facilities are generally classified as being either circular or linear test tracks. After 

considering the various alternatives, a circular test track in which full scale pavements could 

be constructed, in combination with a machine capable of imposing realistic dynamic heavy 

vehicle loading, was determined to be the most suitable configuration for New Zealand 

because: 

* the machines can be operated continuously without being interrupted for direction changes, 

thereby greatly increasing the rate of load cycling; 

* after initial acceleration, the speed of the loading system can be kept constant for long 

periods of time or varied, depending on the requirements of specific projects; 

* circular tracks can be divided into a number of either annular rings or longitudinal 

segments, each containing a pavement with some unique characteristics, and all segments 

can be tested simultaneously under the same or varying loading conditions; 

* the configuration of each loading assembly in a multi-armed machine, such as tyre types 

and pressures, axle numbers and weights, suspensions and loads, can be altered, so that 

the response of the same pavement under various loading conditions can be determined; 

and, 

* the interaction of pavement and loading dynamics can be studied by using a combination 

of unsprung and sprung masses possessing realistic damping characteristics. 

B.2 SIMULATED LOADING AND VEHICLE EMULATOR (SLAVE) 

SLAVE was designed by Ian Wood Associates and fabricated by Southern Cross Engineering 

(mechanical components), C.W.F. Hamiltons (hydraulic systems), and Streats Ltd. (electrical 
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and electronic systems), all of Christchurch. SLAVE provides for the accelerated testing of 

subgrades, pavements and surfacings by replicating the effect on the pavement of actual road 

traffic conditions because of the following characteristics: 

(i) The driving force is produced at the road surface. 

(ii) A differing or mixed wheel and tyre combinations can be included. 

(iii) The vehicle speeds can be varied. 

(iv) The wheel loads can be varied. 

(v) A variable pattern of wheelpath distribution across the test pavement width 1s 

possible. 

(vi) Controlled accelerating, braking and constant speed modes can be selected. 

(vii) Accelerating and braking forces are comparable with actual vehicles. 

(viii) Adjustable wheel slip angle compensates for circular track constraint. 

A sliding frame within the central platform is moved horizontally a maximum of 1 m (from 

stop to stop) by two hydraulic rams, in order to produce multiple wheel paths. The total width 

of track that can be trafficked is 1.44 m, which includes dual tyre widths of 0.22 m each. 

The base elevation can be altered by up to 150 mm, to maintain the dynamic balance of the 

machine if the pavement surface level changes or has to be built up. 

Each vehicle consists of an assembly of the axle, hydraulic motor, suspension, a frame, 

instrumentation, and standard wheel hubs and truck tyres. The standard SLAVE vehicles are 

equipped with half-axle assemblies and multi-leaf suspensions that can carry either single- or 

dual-tyres. After modifications to the vehicle made in 1993-94, including the installation of 

axles rated for higher loads, the wheel load can be adjusted to between 21 and 60 kN (42-

120 kN axle loads) by adding or removing steel Loading Increment Plates (LIP), as shown 

in Figure B-1; originally the maximum load was 50 kN. The modifications also enabled the 

suspensions to be either multi-leaf steel springs, tapered parabolic steel leaf springs or air 

bags; each vehicle can carry the same or a different suspension for simultaneous testing. The 

speed can be set or varied at any value between 0 and 50 km/h, and can be varied while 

running. The vehicles can be moved very slowly forward or in reverse, and positioned at any 

location on the track, using a hand-held inching controller. 
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Figure B 1 Adding Load Increment Plates 

SLAVE operations are directly controlled by its internal electronics. The external or on-shore 

computer is an IBM-compatible personal computer. Whenever a parameter is to be altered, 

the new command is sent by the external computer through a communications link under the 

track and a slip ring within the central pedestal. SLAVE and the computers can be safely left 

running without supervision. Testing routines can be programmed in terms of parameters such 

as start/stop times, distance or revolutions to be run, travelling speeds, and tracking pattern 

of wheelpath positions, to name only a few. Any combination of these may be included in a 

programmed testing routine because the SLAVE software will use default values for those 

items not defined in the shore computer program. In manual mode, commands are keyed-in 

by operators. Manual control can be imposed when .desired, to override the software program. 

In addition to conventional hydraulic pressure, electrical current and motor over-load devices, 

the SLAVE electronics continually scans the safety monitors, and if a condition occurs which 

requires human inspection, brakes the vehicles to a stop. Some of the emergency stopping 
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conditions actuated have been: 

(a) obstructions and ruts developing on the track; and 

(b) the tyre profile changing because of deflation of the tyre and from material adhering to 

a tyre. 

B.2.1 SLAVE Suspension Characteristics and Dynamic Balance 

For the research described in this dissertation, the SLAVE vehicles contained conventional 

multi-leaf steel springs because these are the type most commonly found on New Zealand 

heavy transport vehicles. The conventional steel springs consisted of 7 steel leaves .in the 

standard load set, as shown in Figure B-2, and an additional 6 steel leaves in the overload set 

sitting on top of the standard set. The 

springs act together because of the 

cramp irons or brackets. The springing 

action is possible because of the 

elasticity of the steel leaves. During 

the springing action, the individual 

leaves slide against one another, 

creating friction forces that dampen 
Figure B 2 Multi-leaf Steel Spring Suspension 

the action. Additional damping is usually not provided, nor necessary, on heavy vehicles using 

this suspension type. Other suspension types were considered. In the tapered leaf spring, 

shown in Figure B-3, the leaves are not in contact with one another, except for the mountings 

at the vehicle chassis and the wheel axle. As a result, the inherent damping in the spring is 

relatively insignificant, and usually, viscous dampers (shock absorbers) are needed. An air 

bag suspension was actually favoured to 

replace the conventional leaf springs m 

SLAVE, but were not included in this 

experimental matrix because the vehicles 

would have required substantial 

modifications and few road transport 

vehicles in New Zealand contain air spring 

232 

Figure B 3 Tapered Steel Spring 
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suspensions1• The air spring relies on the elastic properties of a gas (usually air) under 

compression in a rubber bellow, as shown in Figure B-4. The air spring has no inherent 

damping except for minute hysteresis losses in the thin walls of the rubber bellow, assuming 

no additional air volume is introduced. An air spring suspension must always be accompanied 

by an external viscous damper (O.E.C.D., 1988). 

In the standard configuration of the SLAVE vehicles, the wheel and spring assembly are 

constrained to move in a vertical plane only by a Watts linkag·e. This linkage also serves to 

transmit horizontal forces and torque reactions between the axle and the vehicle frame. 

Vertical forces are transmitted by semi-elliptic springs to bearer plates under the vehicle sole 

bar (Wood, 1984 ). 

The vehicles carry Load Increment Plates 

for extra weight which are placed so that 

their centripetal reactions co-ordinate with 

those of the unsprung weight and other 

frame masses as to centre on the plane of 

the inner arm hinges, thereby avoiding 

weight transfer. This consideration of Figure B 4 Air bag Suspension 

weight transfer combines with even 

tyre-to-pavement reactions to require that the axle assembly articulates about a mean, 

horizontal plane. Spring deflection and, therefore, vehicle height will vary with loading, and 

to compensate for this, axle levelling is adjusted by means of screw adjusted wedge blocks 

which are placed between the spring ends and the sole bar; the mechanism is called the pre

load adjusters. 

Normally, suspens10ns on the single driving and loaded axles of a truck and trailer are 

connected to the chassis via only the suspension, which does allow some horizontal movement 

in addition to the vertical movement. The unsprung mass includes only the axle, hub and 

1 Subsequently, the SLAVE vehicles were modified to accommodate both air bag and 
single unit parabolic suspensions. 
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tyres. Normal suspensions do not have a tie bar or other device for transmitting horizontal 

forces to the vehicle chassis, thus they can dampen quickly because only the axle (unsprung 

mass) bounces and does not transmit any load to the vehicle. 

B.2.2 Dynamic Loading of SLAVE Vehicles 

Figure B 5 illustrates the frequency histogram of the dynamic loads applied by the SLAVE 

vehicles, which show that the vehicles have two body modes, b·ut the frequencies correspond 

to the freqencies of actual heavy vehicles. 
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APPENDIX C STRAIN-MEASURING SYSTEMS AND COMPUTER 
ALGORITHMS 

C.1 STRAIN-MEASURING SYSTEMS 

Originally, the permanent strain-measuring system was to have been commissioned in 1989, in 

time for the first pavement test. An interim strain-measuring systems was developed because the 

permanent system was not available until 1992, after testing 9f the first two experimental 

pavements was completed. The permanent system was available for the third pavement tested. 

Both strain-measuring systems determined vertical compressive strains in the unbound granular 

layers and the subgrade using Bison Soil Strain sensors. 

C.1.1 Bison Strain Coils 

The Bison strain coil sensors use the principle of inductance coupling between two free-floating, 

flat, circular wire-wound induction coils coated in epoxy. The cable from one of the two discs 

which comprises a single sensor is connected to an oscillator and acts as the transmitter coil. The 

oscillator produces an alternating voltage, and the current flowing through the wound wires of 

the transmitter coil creates an electro-magnetic field in the surrounding soil. The field induces a 

voltage and an electrical current in the receiving coil. The magnitude of the induced current is a 

function of the spacing between the two coils in a linear relationship over a specific range of 

spacings. The gauge length is the separation distance between each paired coil. The sensors can 

measure resilient or dynamic strain, residual strain, absolute permanent deformation, and 

subsurface deflection bowls when positioned in an array. Development of the inductance coils 

system is reviewed by Selig (1975). 

The Bison coil sensors are commercially available with 25 mm, 50 mm and 100 mm diameters, 

from Bison Instruments in Minneapolis, Minnesota. 50 mm diameter coils were used, to minimise 

both the effects of introducing sensors to the pavement system and the influence of the largest 

particles in the unbound aggregate (38 mm) on the sensors. 

The accuracy of the strain measurements depends on the exact placement of each coil. 
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Paterson (1972) showed that lateral and rotational misalignment of the coils can result in unit 

strains and gauge length measurements being greater than the actual values. However, as long as 

the lateral misalignment is less than ten percent of the gauge length (10 mm in the case of the 100 

mm gauges) or the rotational misalignment is less than ten degrees, the effect on unit strain is 

insignificant (less than 1.2%). 

Stanger (1989) evaluated the sensitivity of the Bison coils to a variety of conditions. Rotation was 

defined as one or both gauges rotating about their centre while remaining coaxial. The rotation 

of the transmitter and the receiver coils may have different effects on the output signal, so 

calibrations were performed for the rotation of each separately. The calibration curves were 

generated by rotating one gauge between 0 and 50 degrees in 10 degree increments. Rotation of 

the receiver and transmitter gauge offsets the calibration curves in a similar manner; the greater 

the rotation, the larger the offset, but the curves remained parallel. No hysteresis was apparent 

during rotation of the receiver coil. 

Translation was defined as one or both gauges shifting laterally in the same plane. Both the 

receiver and transmitter gauges were translated separately between 0 and 50 mm in 5 mm 

increments to derive the calibration curves. Translation results in an offset of the calibration 

curves and the curves diverge as the separation distance decreases. 

The effects of the core medium (the material between the coils in a pair) were determined by 

deriving calibration curves for air, compacted clay, compacted sand and water. A latex surgical 

glove was filled with water and placed between the gauges, then the calibration curve was 

generated. Calibration curves generated with clay, sand and water between the gauges showed 

no variation from the reference calibration curve generated in the normal fashion, with air as the 

medium. 

The effect of metal rods parallel to, but offset at 10, 20 and 30 cm, or perpendicular to the axis 

of deflection being measured was evaluated. The parallel steel bars at any offset had negligible 

effect on the calibration curves and no measurable hysteresis effect. The perpendicular bars in the 

vicinity of the gauges had no effect on the calibration curves and no measurable hysteresis effect. 
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However, steel bars directly between the coils introduced substantial errors in the strain 

calibration curves. The movement of a steel bar above the gauges produced a minimal, though 

measurable, change in the output voltage (Stanger, 1989). 

C.1.2 Interim Strain-measuring System 

The interim system was devised by Grant Crombie, with assistance from Gordon Grey and Frank 

Greenslade, Electronic Technicians in the Department of Civil Engineering, University of 

Canterbury, as the first stage of the development of a strain-measuring system for CAPTIF. The 

interim system also served to trial the measurement procedures and to confirm that the basic 

technology was appropriate for CAPTIF. 

Before installation, the sensors were calibrated using the calibration setup shown in Figure C 1. 

The calibration procedure generated an output voltage versus separation distance relationship for 

each sensor configuration. A range of - 20 to + 25 mm was selected as the calibration range of 

the Bison coils for the nominal coil spacings of 100 mm vertical and 150 mm horizontal. The 

appropriate sensitivity setting of the Bison strain gauge was determined by initially nulling the 

instrument at a nominal coil separation distance and then reducing the soil separation distance by 

20 mm. The sensitivity was then adjusted until the meter came on scale. Then, the coil spacing 

was readjusted to the nominal spacing and the output voltage recorded when the sensitivity switch 

was depressed became the standard sensitivity. The standard sensitivities for two gauge lengths 

were: 

Gauge Length Orientation 

100 mm Vertical 

150mm 

195mm 

Horizontal 

Vertical 

Voltage 

- l.OOV 

- 11.05 V 

- 11.20 V 

The coil pairs were calibrated over a - 20 to + 25 mm distance at 1 mm intervals. The recorded 

output voltage from the Bison was an average of 500 readings taken over 2.5 seconds. Because 

these were static measurements, an 0.1 µf capacitor was placed across the input terminals to the 
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data logger to reduce the effects of noise. The voltage versus distance readings for each coil pair 

were stored in a file "CAL-DATA". 

The coils were accurately placed by using a relocatable transverse reference beam consisting of 

a horizontal C-channel steel member and vertical feet at either end. The feet rested on the exposed 

tops of the track pavement confinement walls, at exact stations permanently marked on the 

concrete. The horizontal member was the reference for all measurements of coil locations and 

vertical depths oflayers (Figure C 2). First, the location of the coil was marked, then the material 

was compressed slightly (2-4 mm) to provide a stable platform of a flat circular surface of 

approximately 70 mm diameter. A small volume (50 ml) of wet plaster-of-paris was placed on the 

platform and covered with a small 100 mm square sheet of plastic. The plaster-of-paris was 

levelled using a 70 mm diameter solid steel cylinder and a bubble level. 

Above the first layer of coils, the precise axial alignment of coils was achieved by connecting the 

next lowest buried coil and the exposed coil to the Bison Strain Gauge monitor. Then, the upper 

coil was moved in the horizontal plane over the level bed of plaster and the position that created 

the maximum deflection on the Bison Strain Gauge meter indicated the coils were aligned axially. 

Once the final position of a coil was determined, it was held in place with moist clay. The clay was 

also used to cover and protect the wire leads from the coil. Then, the next layer of material was 

placed and compacted. 

Because the output voltage range of the Bison monitor, which was± 12 V, exceeded the range 

of the datalogger, the Bison output voltage was scaled down via a potential divider network 

consisting of a 39 k and 100 k resistor, which reduced the voltage by a factor of 100/(100 + 39). 

The measured voltage was then scaled up by software back to its original value prior to being 

stored. 

A data-capture program was written to collect data during 5 complete revolutions of SLAVE; the 

entire listing of the code is provided in Section C.3 of this appendix. The data sampling rate was 

100 Hz while the test vehicle was outside the test segment and 10 kHz while the vehicle was in 

the test segment. The program required the operator to first set up the Bison gauge using an 

external reference pair of coils, which were located beside the station, to obtain a null balance and 
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to set the correct sensitivity value. 

Prior to loading, an initial voltage reading was made by averaging 100 readings over 1 second and 

converting the voltage to a gauge length, which used as the reference length (Linitiat ) for strain 

calculations. Once the SLAVE was running at the selected speed, which was 20 km/h during the 

testing of the first pavement, the operator triggered the program to begin collecting 5 revolutions 

of data. Initially sampling at 100 Hz, the sampling rate increased to 10 kHz for an 0.5 second 

period when the test vehicle passed through an infra-red beam. The voltage readings were 

averaged over every ten readings giving data readings of 10 Hz and 1 kHz sampling rates. The 

voltages were then converted to gauge lengths via look up tables produced in the calibration 

process. Linear interpolation was used to calculate the gauge length from the two adjacent 

voltage/distance readings in the look up table. The dynamic strain was then calculated by 

resonating the measured gauge length back to the initial reference gauge length prior to testing. 

The strain was calculated using the t:,L relationship, where LiL was the difference 
L. 't. l 1.n1. 1.a 

between the reference length ( Linitiat ) and the actual separation distance between the coil pairs 

under wheel loading. 

In the interim system, all the coils in an array were connected to a manual switching apparatus. 

Then, the two leads from the switching apparatus were connected to the single channel of the 

Bison Soil Strain Gauge Model 4101 A, which is an electronic, linearising monitor that supplied 

the alternating current to the transmitter coil and measured the output from the paired coil. The 

output voltages from the gauge and pavement temperature probes were recorded through the 

Hewlett Packard (HP) Model 3852A Data-acquisition Unit using a HP 4471 lA 24 channel FET 

multiplexer module. The HP Model 3852A is a high speed data acquisition device into which a 

wide range of devices may be fitted by using the appropriate interface module. For strain gauges, 

a 10 channel 120 ohm strain gauge multiplexer (HP 44179) was used, and for other devices, such 

as the thermocouples, a 24 channel high speed FET multiplexer (HP 4471 lA) was used. The 

output from these multiplexers was fed to a 13 bit digital voltmeter (HP 44702A), which had a 

resolution of 2.5 mV at a full scale signal of 10.24 V and was capable of 100000 readings per 

second (100 kHz). All necessary scaling calculations were done on the data in this instrument and 
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the results were stored in memory before being downloaded to a Hewlett Packard PC308, which 

was an IBM-compatible AT computer with a second microcontroller chip, a Motorola 68000, and 

HP Basic in ROM which handled all the interfacing with the Model 3852A. The system 

components are shown in Figure C 3, and the system as setup in the portable workstation next 

to the test pavement is illustrated in Figure C 4. 

C.1.3 Saskatchewan Soil Strain/Displacement-measuring System 

The permanent CAPTIF strain-measuring system was derived from the prototype Saskatchewan 

Soil Strain/Displacement measuring system (SSSD) developed by Saskatchewan Highways and 

Transportation, Regina, Canada. The system has a dedicated HP Vectra AT computer containing 

a specially built General Purpose Input/Output (GPIO) board, and uses assembler code written 

specifically for this application. The GPIO board communicates with the strain-measuring systems 

located around the track. Each station includes a minimum of three circuit boards, depending on 

the number of channels to be read. A Control Circuit board interfaces with the computer and 

decodes information for control and measurement of the transmitter and receiver board. All 

analog-to-digital (and vice versa) conversions are processed on this board. Each Receiver board 

provides calibrated conditioning for up to 4 receiver coils, amplification of the signals, 

rectification and output selection for static strains, sample-and-hold dynamic strains and digital-to

analog voltage-referenced dynamic strains. Each transmitter Circuit boards provides precision 

output voltage levels and selected frequencies for up to 16 transmitter coils. The signal generation 

provides instant output when required and smooth phase changes when different frequencies are 

selected. Each sensor in an array is scanned simultaneously* when triggered, every 30 mm of 

vehicle travel, so that a continuous bowl shape of strain versus distance travelled is obtained. 

*The software allows for the creation and decay of the electromagnetic fields of each coil. 
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Figure C 1 Calibration Setup for Bison Strain Coils (for Interim Strain - Measuring System) 
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Figure C 2 Measuring Depth of Coils Relative to Transverse Reference Beam 
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Figure C 3 Interim Strain-measuring System Components 

Figure C 4 Interim Strain-measuring System and Portable Workstation 
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10 PRINTER IS 1 380 ! n 
20 OPTION BASE 0 381 PRINT TABXY(5,7);"ENTER Vehicle B load, kN (21,31,40 or 46):" c.,.) 

30 OUTPUT 709;"RST" 382 INPUT- Load$ n 
0 

40 ! 383 PRINT TABXY(60,7);Load$;" kN Load on Vehicle B" s: 
50 ! 393 !GOTO 12360 l"d 

60 KEY LABELS ON 400 ! 0 
~ 

70 CLEAR SCREEN 410 IF Combination=! THEN Spacing$="150" ~ 
:.c 

80 INTEGER Array,Combination 420 IF Combination=2 THEN Spacing$="100" r::r.i 
90 INTEGER Machine_speed 430 IF Combination=3 THEN Spacing$="150" 0 
100 REAL Amplitude,Sensitivity 440 IF Combination=4 THEN Spacing$="100" ~ 

~ 
110 ! 450 IF Combination=5 THEN Spacing$=" 100" ~ 
120 PRINT TABXY(5,4);"ENTER ARRAY TO BE TESTED" 460 IF Combination=6 THEN Spacing$=" 150" > :.c 
130 ENTER KBD;Array 470 IF Combination=? THEN Spacing$=" 150" ~ 

140 PRINT TABXY(37,4);Array 480 IF Combination=8 THEN Spacing$="100" n 
150 IF Array>6 OR Array<l THEN 490 IF Combination=9 THEN Spacing$=" 100" 0 

t:, 
160 PRINT TABXY(5,4);"INV ALID ENTRY II 500 IF Combination=lO THEN Spacing$="150" ~ 

170 WAIT 1 510 IF Combination=ll THEN Spacing$="100" ~ 
0 180 GOTO 120 520 IF Combination=12 THEN Spacing$="150" :.c n 190 END IF 530 IF Combination=13 THEN Spacing$="100" """ ,_. 2 o 200 ! 540 IF Combination=14 THEN Spacing$="195" ~ 

210 PRINT TABXY(5,5);"ENTER COMBINATION TO BE TESTED" 550 l ~ 
:.c 

220 ENTER KBD;Combination 560 IF Spacing$="150" THEN """ 
230 PRINT TABXY(37,5);Combination 570 Switch$=" 1 " s: 
240 IF Combination>14 OR Combination<! THEN 580 Amplitude=9076 

r::r.i 
~ 

250 PRINT TABXY(5,5);"INV ALID ENTRY II 590 Sensitivity=-11.05 ~ 
260 WAIT 1 600 Bison_switch$="3" """ 2 
270 GOTO 210 610 END IF I 

280 END IF 620 ! s: 
~ 

290 ! 630 IF Spacing$="100" THEN > 
r::r.i 

300 PRINT TABXY(5,6);"ENTER VEHICLE SPEED km/h" 640 Switch$="2" 0 
301 ENTER KBD;Machine_speed 650 Amplitude=4005 :.c 

""" 
302 PRINT T ABXY (3 7 ,6);Machine _ speed 660 Sensitivity=-1.00 2 

~ 
303 IF Machine_speed>55 THEN 670 Bison_switch$="2" r::r.i 
304 PRINT TABXY(5,5);"INV ALID ENTRY II 680 END IF ~ 

r::r.i 
305 WAIT 1 690 ! ~ 

306 GOTO 300 700 IF Spacing$="195" THEN ~ 

307 END IF 710 Switch$=" 4" ~ 



720 
730 
740 
750 
760 
770 

780 

790 
800 
810 
820 
830 
840 
850 
860 

n 870 
_ 880 

- 890 
900 
910 
920 
930 
940 
950 
960 

Amplitude=9248 
Sensitivity=-11.20 
Bison_switch$="3" 

END IF 
! GOTO 12380 
!PRINT TABXY(5,8);"CONNECT ";Spacing$;" MM REFERENCE PAIR 

TO REAR OF SWITCHING UNIT" 
PRINT TABXY(5,10);"SET COIL SEPARATION SWITCH TO 

";Bison_ switch$ 
PRINT TABXY(5,12);"DEPRESS SWITCH 14" 
PRINT TABXY(5,14);"SET AMPLITUDE TO ";Amplitude 
PRINT TABXY(5,16);"SET SENSITIVITY 5 TURNS FROM LEFT" 
PRINT TABXY(l5,18);"PRESS F2 TO CONTINUE" 
PAUSE 
! 
CLEAR SCREEN 

! 
REAL Mid_window,Old_mid_window 
REAL L,U 
REAL Rl,R2 
R1=387000 
R2=986000 
! 
GINIT 
VIEWPORT 65,133,80,100 
LINE TYPE 4 

970 MOVE 0,0 
980 PEN 3 
990 DRAW 0,1 
1000 LINE TYPE 1 
1010 
1020 REAL Voltage_20(1:20) 
1030 REAL Voltage 
1040 ! 
1050 !PRINT TABXY(0,O);"PRESS F8 IF THE AMPLITUDE AND 

SENSITIVITY ARE ALREADY SET" 

1060 ON KEY 8 LABEL" STRAIN RECORD" GOTO 2070 
1070 
1080 OUTPUT 709;"RST" 
1090 OUTPUT 709;"REAL V _ OUT_20(20)" 
1100 
1110 
1120 
1130 
1140 
1150 
1160 
1170 
1180 
1190 
1200 
1210 
1220 
1230 
1240 
1250 

OUTPUT 709;"SUB BISON_ V" 
OUTPUT 709;"DISP OFF" 
OUTPUT 709;"USE 600" 
OUTPUT 709;" SCANMODE ON" . 
OUTPUT 709;"CONF DCV" 
OUTPUT 709;"SPER .01" 
OUTPUT 709;"PRESCAN 20" 
OUTPUT 709;"POSTSCAN 0" 
OUTPUT 709;"CLWRITE 512" 
OUTPUT 709;"SCTRIG INT" 
OUTPUT 709;"XRDGS 600,20 INTO V _OUT_20" 
OUTPUT 709· "VREAD V OUT 20" , - -
OUTPUT 709;"SUBEND" 

1260 PRINT TABXY(0,15);"ADJUST PHASE (AND AMPLITUDE) 
CONTROLS UNTIL A NULL IS OBTAINED" 

1270 PRINT TABXY(5,17);"PRESS F7 WHEN THE NULLING IS 
COMPLETE" 

1280 PRINT TABXY(5,18);"TO SET THE SENSITIVITY" 
1290 ON KEY 7 LABEL "SENSITIVITY" _GOTO 1810 
13 00 Mid_ window=0 
1310 
1320 GOSUB 1350 
1330 GOTO 1320 
1340 ! 
1350 L=Mid window-.2 
1360 U=Mid_window+.2 
1370 OUTPUT 709·"CALL BISON V·" , - , 
1380 PEN -1 
1390 MOVE Voltage,! 
1400 DRAW Voltage,0 



1410 ! 1780 PRINT TABXY(0,l0);"RECORDER VOLTAGE= ";Voltage 
1420 MOVE Old_mid_window,l 1790 RETURN 
1430 DRAW Old_mid_window,0 1800 
1440 ! 1810 CLEAR SCREEN 
1450 PEN 3 1820 Old mid window=Mid window - - -
1460 MOVE 0,0 1830 Mid_ window=Sensitivity 
1470 DRAW 0,1 1840 ! 
1480 ! 1850 PRINT TABXY(0,14);"DEPRESS CALIBRATE SWITCH AND 
1490 VIEWPORT 65,133,80,100 ADJUST THE SENSITIVITY" 
1500 PEN 5 1860 PRINT TABXY(0,15);"UNTIL SENSITIVITY= ";Sensitivity;" VOLTS" 
1510 FRAME 1870 PRINT TABXY(0,17);"ONCE THE SENSITIVITY HAS BEEN SET, 
1520 WINDOW -13,13,0,1 SWITCH OFF THE" 
1530 PEN -1 1875 !PRINT TABXY(0,17);"ONCE THE SENSITIVITY HAS BEEN SET, 
1540 MOVE Voltage, 1 PRESS F8" 
1550 DRAW Voltage,0 1880 PRINT TABXY(0,18);"CALIBRATION PAIR, SWITCH ON THE TEST 
1560 PEN 3 PAIR THEN PRESS F8" 
1570 MOVE 0,0 1890 
1580 DRAW 0,1 1900 

C":l 1590 ! 1910 PEN 6 
N 1600 FOR J=l TO 20 1920 VIEWPORT 65,133,80,100 

1610 ENTER 709;Voltage_29(J) 1930 WINDOW -13,13,0,1 
1620 NEXT J 1940 MOVE Mid_window,0 
1630 V oltage=SUM(V oltage _ 20)/20 1950 DRAW Mid_ window, 1 
1640 Voltage=Voltage*(Rl+R2)/R2 1960 PEN 5 
1650 IF Voltage>15 THEN Voltage=0 1970 FRAME 
1660 PEN 5 1980 VIEWPORT 65,133,50,70 
1670 MOVE V oltage,0 1990 FRAME 
1680 DRAW Voltage, 1 2000 WINDOW L,U,0,1 
1690 VIEWPORT 65,133,50,70 2010 MOVE Mid_window,0 
1700 PEN 5 2020 DRAW Mid_ window, 1 
1710 FRAME 2030 
1720 WINDOW L,U,0,1 2040 GOSUB 1350 
1730 PEN 5 2050 GOTO 2040 
1740 MOVE Voltage,0 2060 
1750 DRAW Voltage,! 2070 
1760 Voltage=DROUND(V oltage,5) 2080 GRAPHICS OFF 
1770 PRINT TABXY(19,10);" II 2090 CLEAR SCREEN 



2100 
2110 PRINT TABXY(5,5);"THE PROGRAM WILL NOW DETERMINE" 
2120 PRINT TABXY(5,6);"THE INITIAL COIL SEPARATION" 
2130 ! 
2140 V oltage=0 
2150 REAL !nit dist 
2160 FOR J=l TO 50 
2170 OUTPUT 709;"CALL BISON_ V" 
2180 FOR K=l TO 20 
2190 ENTER 709;Voltage_20(K) 
2200 NEXT K 
2210 Voltage=Voltage+SUM(Voltage_20) 
2220 NEXT J 
2230 Voltage= V oltage/1000* (Rl+R2)/R2 
2240 PRINT Voltage 
2250 Init_dist=Voltage 
2260 ! 

(') 2270 
2280 ,_, 

w 2290 !*********************************************************** 
2300 ! TEMPLOGGER 
2310 !*********************************************************** 
2320 
2330 
2340 
2350 
2360 

2370 
2380 
2390 
2400 
2410 
2420 
2430 
2440 
2450 

GOTO 2890 !USE THIS IF YOU WANT TO SKIP TEMPLOGGING 
PRINT TABXY(5,5);"A SET OF TEMPERATURE READINGS WILL 

NOW BE TAKEN" 
PRINT TABXY(5,6);" 
! 
REAL Temp_readings(6) 
INTEGER Channel 
OUTPUT 709; "RST" 
OUTPUT 709;"DISP .OFF" 
OUTPUT 709;"REAL R_FIFTY(349)" 
OUTPUT 709;"REAL R_AVG(6)" 
OUTPUT 709;"INTEGER RD_SCAN,CHAN,T_READ" 

2460 
2470 
2480 
2490 
2500 
2510 
2520 
2530 
2540 
2550 
2560 
2570 
2580 
2590 
2600 
2610 

2620 
2630 
2640 
2650 
2660 
2670 
2680 
2690 
2700 
2710 
2720 
2730 
2740 
2750 
2760 
2770 

2780 
2790 
2800 

OUTPUT 709;"SUB T_LOG" 
OUTPUT 709;"INDEX R_FIFTY 0" 
OUTPUT 709;"USE 600" 
OUTPUT 709;"SCANMODE ON" 
OUTPUT 709;"CONF DCV" 
OUTPUT 709;"CLWRITE 500-506" 
OUTPUT 709;"FOR T_READ = 1 TO 50" 
OUTPUT 709;"SCTRIG INT" 
OUTPUT 709;"XRDGS 600,7 INTO R_FIFTY" 
!OUTPUT 709;"WAIT .l" 
OUTPUT 709· "NEXT T READ" , -
OUTPUT 709;"FOR CHAN= 0 TO 611 

OUTPUT 709;"FOR RD_SCAN = 0 TO 342 STEP 7" 
OUTPUT 709;"R_AVG(CHAN)=R_AVG(CHAN) 

+R_FIFTY(CHAN+RD _ SCAN)" 
OUTPUT 709;"NEXT RD_SCAN" 
OUTPUT 709;"NEXT CHAN" 
OUTPUT 709;"MAT R_AVG=R_AVG*(2)" 
OUTPUT 709·"VREAD R AVG" , -
OUTPUT 709;"SUBEND" 
! 
REAL Time_ out 
Time out=TIMEDATE 
OUTPUT 709·"CALL T LOG" , -
REAL Temp_sns_cal(2,6) 
REAL Array _pair 
Array _pair=Array DIV 2 
FOR Channel=0 TO 6 

ENTER 709;Temp_readings(Channel) 
IF Time_out<(TilviEDATE-60) THEN 

PRINT TABXY(I0,15);"ERROR IN TEMPERATURE 
MEASUREMENTS" 
MAT Temp _readings= (0) 
BEEP 
WAIT 5 



2810 GOTO 2860 
2820 END IF 
2830 IF Temp_readings(Channel)>60 OR Temp_readings(Channel)<0 THEN 

2700 
2840 Temp _readings(Channel)=Temp _readings(Channel)+ Temp_ sns _ cal(Array _ 
pair,Channel) 
2850 NEXT Channel 
2860 PRINT Temp_readings(*) 
2870 ! 
2880 WAIT 2 
2890 INTEGER Inner_outer 
2900 REAL Air 
2910 REAL Surface 
2920 REAL Base_course 
2930 Inner outer=Pair MOD 2 = 0 FOR INNER ARRAY, I OUTER 

2940 
2950 

n 2960 
~ 2970 

2980 
2990 
3000 
3010 
3020 
3030 
3040 
3050 

3060 
3070 
3080 
3090 
3100 
3110 
3120 

ARRAY 
IF Inner outer=0 THEN 

Air=Temp _readings(!) 
Surface=Temp _readings(2) 
Base_ course=Temp _readings(3) 

ELSE 
Air=Temp _readings( 4) 
Surface=Temp _readings(5) 
Base_ course=Temp _readings(6) 

END IF 
! 
CLEAR SCREEN 
PRINT TABXY(5,5);"RUN MACHINE UP TO ";Machine_speed;" 

km/h" 
PRINT TABXY(5,7);"PRESS F2 WHEN THIS HAS BEEN DONE" 
! 
PAUSE 
Test_ date$=DATE$(TIMEDATE) 
Test_time$=TIME$(TIMEDATE) 
! ·-

3130 !************************************************************ 

3140 ! STRAIN MEASUREMENT ROUTINES 
3150 !************************************************************ 
3160 ! 
3170 ! 
3180 INTEGER Bf(l:30000) BUFFER 
3190 ASSIGN @Path_3852 TO 709;FORMAT OFF 
3200 ASSIGN @Bf TO BUFFER Bf(*);FORMAT OFF 
3210 ! 
3220 
3230 OUTPUT 709;"DISP OFF" 
3240 OUTPUT 709;"TSLICE 20.0" 
3250 OUTPUT 709;"NTASKS 3,20" 
3260 OUTPUT 709;"ENABLE MULTI" 
3270 OUTPUT 709;"PACKED FST_DAT1(59999)" ! REVOLUTIONS 1-3 

OF HIGH SPEED DATA 
3280 OUTPUT 709;"PACKED FST_DAT2(39999)" ! REVOLUTIONS 4-5 

OF HIGH SPEED DATA 
3290 OUTPUT 709;"REAL FAST_AVG(4999)" ! REVOLUTIONS 1-5 

OF HIGH SPEED DATA AVERAGED OVER EVERY TEN 
3300 ! MEASUREMENTS 
3310 OUTPUT 709·"REAL FST CNT" , -
3320 OUTPUT 709;"INTEGER J" 
3330 OUTPUT 709;"PACKED SLOW _DAT(39999)" ! SLOW DATA 
3340 OUTPUT 709;"INTEGER SL_INDXI(I0)" ! INDEX MARKER 

IDENTIFYING EACH SET OF "SLOW" READINGS 
3350 OUTPUT 709;"INTEGER INDX_POS." 
3360 OUTPUT 709;"1NDX_POS =0 " 
3370 OUTPUT 709;"REAL PROX_V" ! OUTPUT VOLTAGE FROM 

PROXIMITY DETECTOR 
3380 OUTPUT 709;"REAL REV _NUMB " ! NUMBER OF 1/2 

REVOLUTIONS THAT THE VEHICLE HAS COMPLETED 
3390 OUTPUT 709·"REV NUMB=0" , -
3400 OUTPUT 709;"OUTBUF ON" 
3410 OUTPUT 709; "INBUF ON" 
3420 OUTPUT 709;"REAL PROX_OVR" ! TIME UNTIL WHEN THE 
OUTPUT OF THE PROXIMITY SENSOR IS IGNORED 
3430 OUTPUT 709;"REAL NOW" 



n 
>-' 

Vl 

3440 
3450 
3460 
3470 
3480 
3490 
3500 !*********************************************************** 
3510 ! ROUTINE TO AVERAGE EVERY TEN READINGS TAKEN AT 10 

kHz 
3520 !*********************************************************** 
3530 
3540 
3550 OUTPUT 709;"SUB DATA_AVG" 
3560 OUTPUT 709;"FOR FST_CNT = 0 TO 29990 STEP 10" 
3570 OUTPUT 709;" FOR J = 0 TO 9" 
3580 OUTPUT 709;"FAST_AVG((FST_CNT/10))=FAST_AVG((FST_CNT/10)) 

+ FST_DATl((FST_CNT+J))" 
3590 OUTPUT 709;" NEXT J" 
3600 OUTPUT 709;"NEXT FST_CNT" 
3610 OUTPUT 709;"FOR FST_:CNT = 30000 TO 49990 STEP 10" 
3620 OUTPUT 709;" FOR J = 0 TO 9" 
3630 OUTPUT 709;"FAST_AVG((FST_CNT/10))=FAST_AVG((FST_CNT/10)) 

+ FST _DAT2((FST _ CNT-30000+ J))" 
3640 OUTPUT 709;" NEXT J" 
3650 OUTPUT 709;"NEXT FST_CNT" 
3660 OUTPUT 709;"MAT FAST_AVG = FAST_AVG/(10)" 
3670 OUTPUT 709;"SUBEND" 
3680 
3690 
3700 
3710 !*********************************************************** 
3720 ! ROUTINE TO TAKE 5000 READINGS OVER .5 SECONDS 
3730 !************************************************************ 
3740 ! 
3750 OUTPUT 709;"SUB SPEED" 
3760 OUTPUT 709;"BEEP" 
3770 OUTPUT 709;"INDEX? SLOW_DAT INTO SL_INDXI(INDX_FOS)" 

3780 OUTPUT 709;"DISP SL_INDXl(INDX_FOS)" 
3790 OUTPUT 709;"INDX_POS=INDX_POS+l" 
3800 OUTPUT 709;"USE 600" 
3810 OUTPUT 709;"SCANMODE ON" 
3820 OUTPUT 709;"CONF DCV" 
3830 OUTPUT 709;"RANGE 10.24" 
3840 OUTPUT 709;"NRDGS 100" 
3850 OUTPUT 709;"SPER lE-4" !INTERVAL BETWEEN READINGS 

=.0001 SEC 
3860 OUTPUT 709;"SCDELAY 0" !READINGS START IMMEDIATELY 

TRIGGERING OCCURS 
3870 

3880 
3890 

3900 

3910 
3920 

3930 
3940 

3950 
3960 
3970 
3980 
3990 

OUTPUT 709;"POSTSCAN 50" !TOTAL NUMBER OF READINGS = 
NRDGS *POSTSCAN = 5000 

OUTPUT 709;"ASCAN ON" 
OUTPUT 709;"CLWRITE 512" !CHANNEL LIST THAT READINGS 

ARE MADE ON 
OUTPUT 709;"SCTRIG SGL" !TRIGGER A SET OF READINGS TO 

BE TAKEN 
OUTPUT 709·"REV NUMB=REV NUMB + 0.5'' ' - -
OUTPUT 709;"IF REV _NUMB < 3.5 THEN ;XRDGS 600,5000 INTO 

FST DATl II 

OUTPUT 709;"END IF" 
OUTPUT 709;"IF 3 < REV _NUMB AND REV _NUMB < 5.5 THEN 

;XRDGS 600,5000 INTO FST_DAT2;END IF" 
OUTPUT 709;" SUB END" 

4000 !************************************************************ 
4010 ! INITIALISATION ROUTINE FOR DATA TO BE COLLECTED AT 

.01 SEC INTERVALS 
4020 !************************************************************ 
4030 
4040 
4050 OUTPUT 709;"SUB BEGIN" 
4060 OUTPUT 709;"USE 600" 



4070 OUTPUT 709;"SCANMODE ON" 4320 OUTPUT 709;"IF PROX_ V > 4 THEN " 
4080 OUTPUT 709;"CONF DCV" 4330 OUTPUT 709;" TIME INTO NOW" 
4090 OUTPUT 709;"SPER lE-4" 4340 OUTPUT 709;" IF PROX OVR < NOW THEN" 
4100 OUTPUT 709;"SCDELAY 0" 4350 OUTPUT 709;" IF REV _NUMB = 5 THEN" 
4110 OUTPUT 709;"CLWRITE 512,509" !CHANNEL LIST - 512 BISON 4360 OUTPUT 709;" INDEX? SLOW DAT INTO 

- 509 PROXIMITY DETECTOR SL_INDXl(INDX_POS) II 

4120 OUTPUT 709;"SUBEND" 4370 OUTPUT 709;" BEEP" 
4130 ! 4380 OUTPUT 709;" RUN 3 DATA_AVG" 
4140 ! 4390 OUTPUT 709;" BEEP" 
4150 !************************************************************ 4400 OUTPUT 709;" WAIT 1" 
4160 ! 4410 OUTPUT 709;" BEEP" 
4170 !ROUTINE THAT TAKES A SINGLE READING OF THE BISON 4420 OUTPUT 709;" WAIT l" 

OUTPUT VOLTAGE FOLLOWED BY A READING OF THE 4430 OUTPUT 709;" BEEP" 
PROXIMITY DETECTOR. IF THE PROXIMITY DETECTOR 4440 OUTPUT 709;" WAIT 1" 

4180 !VOLTAGE IS GREATER THAN FIVE VOLTS THIS CAUSES THE 4450 OUTPUT 709;" DISP ON" 
ROUTINE SPEED TO BE CALLED PROVIDED AT LEAST 2 4460 OUTPUT 709;" ABORT 2" 
SECONDS HAS ELASPED SINCE THE SPEED ROUTINE 4470 OUTPUT 709;" END IF" 

4190 !WAS CALLED. AFTER THE SPEED ROUTINE HAS COMPLETED 4480 OUTPUT 709;" RUN 3 SPEED;" 
n THE INITIALISATION ROUTINE BEGIN IS CALLED TO 4490 OUTPUT 709;" RUN 3 BEGIN" 
>--' RECONFIGURE THE VOLTMETER. 4500 OUTPUT 709;" TIME INTO PROX OVR" 
O'I 

4200 !IF THE VEHICLE HAS COMPLETED FIVE REVOLUTIONS A 4510 OUTPUT 709;" PROX OVR = PROX OVR + l" - -
SINGLE BEEP IS ISSUED TO INDICATE THE END OF DATA 4520 OUTPUT 709;" END IF" 
LOGGING. NEXT THE DATA AVERAGING ROUTINE 4530 OUTPUT 709;"END IF" 

4210 !DATA_AVG IS CALLED TO AVERAGE THE READINGS TAKEN 4540 OUTPUT 709;"SUBEND" 
AT HIGH SPEED. 4550 

4220 !WHEN THIS HAS COMPLETED THREE BEEPS ARE ISSUED TO 4560 
ALERT THE USER TO PRESS THE CONTINUE KEY F2 ON THE 4570 !************************************************************ 
PC. THE MESSAGE ABORTIS ALSO DISPLAYED ON THE 4580 ! THIS ROUTINE SPECIFIES THE ROUTINE BEGIN TO RUN ONCE 

4230 DATA LOGGERS SCREEN. FOLLOWED BY SLOW WHICH RUNS EVERY .01 SECONDS. 
4240 ! 4590 !************************************************************ 
4250 !************************************************************ 4600 
4260 ! 4610 OUTPUT 709;"SUB CYCLE" 
4270 ! 4620 OUTPUT 709;"RUN 2 BEGIN" 
4280 OUTPUT 709;"SUB SLOW" 4630 OUTPUT 709;"RUN 2 SLOW O EVERY .01" ! THEO IN THIS LINE 
4290 OUTPUT 709;"SCTRIG INT" INDICATES THAT THE ROUTINE KEEPS RUNNING EVERY 
4300 OUTPUT 709;"CHREAD 600 INTO SLOW _DAT" 4640 ! .01 SECONDS. IF 0 WAS REPLACED BY A NUMBER THE 
4310 OUTPUT 709;"CHREAD 600 INTO PROX_ V" ROUTINE SLOW WOULD 



n .... 
-...l 

4650 ! RUN THAT MANY TIMES. 
4660 OUTPUT 709;"SUBEND" 
4670 
4680 
4690 
4700 !************************************************************ 
4710 
4 720 ! THIS ROUTINE SETS THE PRIORITIES THAT ROUTINES RUN 
AT. THE LOWER THE PRIORITY NUMBER THE HIGHER PRIORITY A 
SUBROUTINE HAS OF RUNNING. 
4 730 ! HENCE IN THE ROUTINE SLOW WHEN THE POXIMITY 
DETECTOR OUTPUT GOES ABOVE 5 VOL TS THE ROUTINE SPEED 
HAS A HIGHER PRIORITY OF 50 CONSEQUENTLY THE 
4740 ! ROUTINE SPEED RUNS TO COMPLETION THEN THE ROUTINE 
SLOW RESUMES. 
4750 
4760 
4770 
4780 
4790 
4800 
4810 
4820 
4830 
4840 
4850 
4860 
4870 
4880 
4890 
4900 
4910 
4920 
4930 
4940 
4950 
4960 

!************************************************************ 

OUTPUT 709;"SUB SET_UP" 
OUTPUT 709;"DISP OFF" 
OUTPUT 709;"CREATE RUN 2 55" 
OUTPUT 709;"CREATE RUN 3 50" 
OUTPUT 709;"URGENCY HPIB 100" 
OUTPUT 709;"CALL CYCLE" 
OUTPUT 709;"SUBEND" 

OUTPUT 709;"CALL SET_UP" 
! 
OUTPUT 709;"DISP OFF" 

!************************************************************ 
POST PROCESSING 

!************************************************************ 

4970 
4980 
4990 REAL V _scale I COMPENSATES FOR THE EFFECTS 

OF THE VOLTAGE DIVIDER USED ON THE INPUT. 
5000 REAL Slow_data(l:15000) I DATA COLLECTED AT 100 Hz 

WHILE THE VEHICLE IS A WAY FROM THE COIL ARRAY 
5010 INTEGER Slow_data_indx(3,l:ll) ! AN INDEX ARRAY TO 

IDENTIFY THE END POINT OF EACH SET OF HALF 
REVOLUTION 

5020 !READINGS TAKEN AT 100 Hz. 
5030 REAL Slow_data_avg(l:1500) ! EVERY TEN READINGS TAKEN 

AT 100 Hz ARE AVERAGED TO GIVE A SET OF READINGS 
5040 l TAKEN AT 10 Hz 
5050 REAL Fast_data(l:10,1:500) ! 10 SETS OF 5000 READINGS 

INITIALLY TAKEN AT 10000 Hz FOR .5 SECONDS. 
5060 ! EACH SET OF TEN READINGS IS AVERAGED TO GIVE 500 

READINGS TAKEN AT 1000 Hz 
5070 INTEGER Pre_event_indx(l:10) ! AN INDEX MARK.ER 

IDENTIFYING THE START OF AN EVENT WITHIN EACH SET 
OF 500 

5080 ! READINGS. 
5090 INTEGER Post_event_indx(l:10) ! AN INDEX MARKER 

IDENTIFYING THE END OF AN EVENT WITHIN EACH SEYT 
OF 500 

5100 ! READINGS 
5110 INTEGER Speed_invalid(l:10) I A MARKER SET TO 1 IF NO 

EVENT OCCURED WITHIN A SET OF 500 READINGS. 
5120 REAL Pre_event(l:10,1:5) ! THE READINGS PRIOR TO AN 

EVENT WITHIN A SET OF 500 READINGS ARE AVERAGED TO 
5130 ! GIVE READINGS AT 10 Hz INTERVALS. 
5140 REAL Post_event(l:10,1:5) I THE READINGS AFTER AN 

EVENT WITHIN A SET OF 500 READINGS ARE AVERAGED TO 
5150 ! GIVE READINGS AT 10 Hz. 
5160 REAL Assembled_data(0:2,0:2500) ! ARRAY THAT THE 

CONVERTED STRAIN VRS TIME READINGS WILL BE 
PLACED IN. 

5170 REAL Init_spacing(l:6,1:14) ! ARRAY STORING INITIAL COIL 



n 
...... 
00 

5180 
5190 

5200 
5210 
5220 
5230 
5240 
5250 
5260 
5270 
5280 
5290 
5300 
5310 
5320 
5330 
5340 
5350 
5360 
5370 
5380 
5390 

SPACINGS AT THE TIME OF INSTALLATION 

ALLOCATE Coil_data(l:6,1:14,1:2,1:60)! ARRAY STORING THE 
CALIBRATION DATA FOR EACH COIL PAIR 

REAL Pair 
REAL End time 
Pair=Combination 

********** IMPORTING THE CALIBRATION DATA ******** 

MASS STORAGE IS ":CS80,1500,2" 
ASSIGN @Path TO "CAL_DATA" 
ENTER @Path;Coil_ data(*) 
ASSIGN @Path TO * 

*********** IMPORTING THE INTIAL COIL SPACINGS DATA 

ASSIGN @Path TO "INIT_DIST" 
ENTER @Path;Init_ spacing(*) 
ASSIGN @Path TO * 
! 
GOTO 5880 
!************************************************************ 

5400 !***** TEST DATA USED TO CHECK THE PROGRAMS OPERATION 
5410 Slow_data_indx(l,1)=205 
5420 Slow_data_indx(l,2)=437 
5430 Slow_data_indx(l,3)=500 
5440 Slow_data_indx(l,4)=628 
5450 Slow_data_indx(l,6)=959 
5460 Slow_data_indx(l,5)=828 
5470 Slow_data_indx(l,7)=1237 
5480 Slow_data_indx(l,8)=1437 
5490 Slow_ data_ indx(l ,9)= 1500 
5500 Slow_data_indx(l,10)=1628 
5510 Slow_data_indx(l,11)=1959 
5520 

5530 GOTO 5690 
5540 FOR J=l TO 2000 
5550 Slow_ data(J)=J/2000 
5560 NEXT J 
5570 
5580 FOR J=l TO 10 
5590 FOR K=150 TO 250 
5600 Fast_ data(J,K)=.25 
5610 NEXTK 
5620 FOR K=l TO 149 
5630 Fast_ data(J,K)= 1.0 
5640 NEXTK 
5650 FOR K=251 TO 500 
5660 Fast_ data(J,K)=.50 
5670 NEXTK 
5680 NEXT J 
5690 
5700 FOR J=l TO 2000 
5710 Slow_ data(J)=Coil_ data(l,2,2,27) 
5720 NEXT J 
5730 FOR J=l TO 10 
5740 FOR K=150 TO 250 
5750 Fast_ data(J,K)=Coil _ data(l ,2,2,29) 
5760 NEXTK 
5770 FOR K=l TO 149 
5780 Fast_ data(J,K)=Coil_ data(l ,2,2,24). 
5790 NEXTK 
5800 FOR K=251 TO 500 
5810 Fast_ data(J,K)=Coil_ data(l ,2,2,24) 
5820 NEXTK 
5830 NEXT J 
5840 GOTO 6590 
5850 
5860 
5870 !************************************************************ 
5880 ! DATA TRANSFER FROM MAINFRAME 
5890 !************************************************************ 



n -'-0 

5900 
5910 CLEAR SCREEN 
5920 !PRINT TABXY(5,10);" PRESS F2 WHEN THE mainframe DISPLAYS 
ABORT" 
5930 ! PAUSE 
5940 
5950 
5960 
5970 
5980 
5990 
6000 
6010 
6020 
6030 
6040 
6050 
6060 
6070 
6080 
6090 
6100 
6ll0 
6120 
6130 
6140 
6150 
6160 
6170 
6180 
6190 
6200 
6210 
6220 
6230 
6240 
6250 

PRINT "TRANSFERING INDEX INFO" 
OUTPUT 709; "DISP OFF" 
OUTPUT 709;"VREAD SL_INDXl" 
FOR I=l TO 11 

ENTER 709;Slow_data_indx(l,I) 
NEXT I 
PRINT Slow_data_indx(*) 
! 

!************************************************************ 
**** TRANSFER OF SLOW DATA **** 

!************************************************************ 

PRINT "TRANSFERING SLOW DATA UP TO ";Slow_data_indx(l,11) 
OUTPUT 709;"VREAD SLOW _DAT,PACK" 
RESET @Bf 
TRANSFER @Path_3852 TO @Bf;COUNT 39999,EOR (END) 
! 
! 
!******* CONVERSION FROM PACKED TO REAL READINGS 
REAL V,M 
REAL Ff 
REAL Rt(0:3) 
Rt(0)=256 
Rt(1)=32 
Rt(2)=4 
Rt(3)=1 
FOR J=l TO Slow_data_indx(l,11) 

Ff=Bf(J) 

6260 
6270 
6280 
6290 
6300 
6310 
6320 
6330 
6340 
6350 
6360 
6370 
6380 
6390 

IF J<I0 THEN PRINT J;" ";Ff 
M=BINAND(Ff,4095) 
IF Ff>0 OR M=4095 THEN 

Slow_data(J)=l.E+38 
IF J>l THEN 

Slow_ data(J)=Slow _ data(J-1) 
END IF 

ELSE 
V=M* .0025/(Rt((BINAND(SHIFT(Ff, 13),3)))) 
IF BIT(Ff,12) THEN V=-V 

6400 
6410 

Slow_data(J)=V 
END IF 

NEXT J 

6420 Slow_ data(l )=Slow_ data(2) 
6430 FOR J=l TO 10 
6440 PRINT Slow_data(J) 
6450 NEXT J 
6460 
6470 !************************************************************ 
6480 ! **** TRANSFER OF FAST DATA ***** 
6490 !************************************************************ 
6500 
6510 OUTPUT 709· "VREAD FAST A VG·!' , - ' 
6520 PRINT" FAST DATA TRANSFER STARTED. PRESS F2 TO 
CONTINUE" 
6530 ENTER 709;Fast_ data(*) 
6540 PRINT" FAST DATA TRANSFER COMPLETED" 
6550 
6560 V _scale=((Rl+R2)/(R2)) ! COMPENSATING FOR THE EFFECTS 

OF THE VOLT AGE DIVIDER ON THE 
6570 ! VOLT METER INPUT. 
6580 MAT Fast_data= Fast_data*(V _scale) 
6590 ! 
6600 



n 
N 
0 

6610 !************************************************************ 
6620 AVERAGING READINGS 
6630 !************************************************************ 
6640 
6650 FOR J=l TO 11 
6660 Slow_data_indx(2,J)=Slow_data_indx(l,J) DIV 10 
6670 Slow_data_indx(3,J)=Slow_data_indx(l,J) MOD 10 
6680 NEXT J 
6690 
6700 
6710 FOR K=l0 TO Slow_data_indx(2,1)*10 STEP 10 
6720 FOR L=0 TO 9 
6730 Slow_ data_ avg(K/1 0)=Slow _data_ avg(K/1 0)+Slow _ data(K-L) 
6740 NEXT L 
6750 NEXT K 
6760 
6770 
6780 FOR J= 1 TO 10 
6790 FOR K=((Slow_data_ind'C(2,J))+2)*10 TO (Slow_data_indx(2,(J+l)))*l0 
STEP 10 
6800 FOR L=0 TO 9 
6810 
682-0 
6830 

Slow_ data_ avg(K/1 0)=Slow _data_ avg(K/1 0)+Slow _ data(K-L) 
NEXTL 

NEXTK 
6840 NEXT J 
6850 
6860 MAT Slow_data_avg= Slow_data_avg*(V _scale) 
6870 MAT Slow_data_avg= Slow_data_avg/(10) 
6880 
6890 FOR J=l TO 11 
6900 IF Slow_data_indx(3,J)=0 THEN Slow_data_indx(3,J)=10 
6910 NEXT J 
6920 
6930 
6940 INTEGER Temp_var 
6950 FOR J=l TO 11 
6960 Temp_ var=(Slow _ data _indx(2,J)+ 1) 

6970 FOR K=l TO Slow_data_indx(3,J) 
6980 
Slow_ data _avg(Temp _ var)=Slow _data_ avg(Temp _ var)+Slow _ data(Slow _ data _in 
dx(2,J)* 1 0+K) 
6990 NEXT K 
7000 
Slow_ data_ avg(Temp _ var)=Slow _data_ avg(Temp _ var)/Slow _ data _indx(3 ,J) 
7010 Slow _data_avg(Temp_ var)=Slow _data_avg(Temp_ var)*V _scale 
7020 NEXT J 
7030 
7040 
7050 
7060 !************************************************************ 
7070 ! DETERMINING THE INDEX POINTERS TO IDENTIFY THE START 
AND END WHEN AN EVENT OCCURS IN EACH REVOLUTION 
7080 !************************************************************ 
7090 INTEGER No_exceed_lmt 
READINGS WHICH 
BOUNDARY LIMITS 
7100 INTEGER Reading 
THROUGH 500 

!THE NUMBER OF CONSECUTIVE 
ARE OUTSIDE THE 

!FAST_DATA READING NUMBER 1 

7110 INTEGER Event_start,Event_end 
7120 ! 
7130 REAL Threshold 
7140 Threshold=.07 
7150 FOR I=l TO 10 
7160 
7170 ! DETERMINING THE START OF THE EVENT 
7180 FOR Reading=! TO 490 
7190 IF Fast_ data(l,(Reading+ 1 0))<Fast_ data(I,(Reading))-Threshold OR 
Fast_ data(l,(Reading+ 1 0))>Fast_ data(l,(Reading))+ Threshold THEN 
7200 No_exceed_lmt=No_exceed_lmt+l !THE NUMBER OF 

7210 
7220 
7230 

CONSECUTIVE READINGS WHICH ARE OUTSIDE THE 
BOUNDARY LIMITS 
ELSE 

No_ exceed_ lmt=No _exceed_ lmt-1 
IF No_exceed_lmt=-1 THEN No_exceed_lmt=0 



7240 END IF 
7250 IF No_exceed_lmt=5 THEN 
7260 Event start=l 
7270 Pre_event_indx(I)=((Reading DIV 100)*100) 
7280 Reading=490 ! EXIT LOOP WHEN THE EVENT START HAS 

BEEN IDENTIFIED 
7290 END IF 
7300 NEXT Reading 
7310 
7320 
7330 ! 
7340 ! DETERMINING THE END OF THE EVENT 
7350 ! 
7360 ! 
7370 ! 
7380 ! 
7390 No exceed lmt=0 - -
7400 FOR Reading=500 TO 11 STEP -1 

n 7410 IF Fast_data(I,(Reading-l0))<Fast_data(I,(Reading))-Threshold OR 
N Fast_ data(I,(Reading-1 0))>Fast_ data(I,(Reading))+Threshold THEN - 7420 No_ exceed_ lmt=N o _exceed_ lmt+ 1 

7430 ELSE 
7440 No_ exceed _lmt=N o _ exceed _lmt-1 
7450 IF No_exceed_lmt=-1 THEN No_exceed_lmt=0 
7460 END IF 
7470 IF No_exceed_lmt=5 THEN 
7480 Event end=l 
7490 Post_event_indx(I)=(((Reading DIV 100)+1)*100) 
7500 Reading=l0 
7510 END IF 
7520 NEXT Reading 
7530 ! 
7540 ! 
7550 IF Event_ start=O AND Event_ end=0 THEN 
7560 Speed_ invalid(!)= 1 I NO EVENT OCCURED 
7570 END IF 
7580 ! 

7590 
7600 
7610 
7620 
7630 

7640 

7650 
7660 
7670 
7680 
7690 
7700 

7710 
7720 
7730 
7740 
7750 
7760 
7770 
7780 
7790 
7800 
7810 
7820 
7830 
7840 
7850 
7860 
7870 
7880 
7890 

! THE PREVIOUS 3 LINES IDENTIFY IF NO EVENT OCCURED 
DURING A SET OF FAST READINGS, IE A FAST READING 
TRIGGER WAS RECEIVED AND A SET 

! OF READINGS WERE TAKEN BUT THIS APPLIED TO THE 
ADJACENT BISON COIL ARRAY WHICH WAS NOT BEING 
MONITORED. 

NEXT I 

!AVERAGE OUT ANY SETS OF SPEED READINGS IN WHICH 
NO EVENT OCCURED TO GIVE 5 READINGS AT 0.1 SECOND 
INTERVALS 

FOR J=l TO 10 
IF Speed_invalid(J)=l THEN 

FOR L=0 TO 4 
FOR K=l TO 100 

Pre_ event(J,(L+ l))=Pre _ event(J,(L+ l))+Fast_ data(J,((L * 1 00)+K)) 
NEXTK 

NEXTL 

ELSE 

FOR N=0 TO (((Pre_event_indx(J))/100)-1) 
FOR K=l TO 100 

Pre_ event(J,(N+ l))=Pre _ event(J,(N+ l))+Fast_ data(J,((N* I00)+K)) 



n 
N 
N 

7900 
7910 
7920 
7930 

NEXTK 
NEXTN 

7940 FOR N=(((Post_event_indx(J))/100)+1) TO 5 
7950 FOR K=l TO 100 
7960 Post_ event(J,N)=Post_ event(J,N)+Fast_ data(J,(((N-1)* 1 00)+K)) 
7970 NEXT K 
7980 NEXT N 
7990 END IF 
8000 NEXT J 
8010 MAT Pre_event= Pre_event/(100) 
8020 MAT Post_event= Post_event/(100) 
8030 ! 
8040 
8050!************************************************************* 
8060! VOLTAGE TO GAUGE LENGTH CONVERSIONS 
8070!************************************************************* 
8080 ! 
8090 ! 
8100 ! 
8110 
8120 
8130 
8140 
8150 
8160 
8170 
8180 
8190 

FOR Dist estimate=? TO 51 
IF Coil_ data(Array ,Pair,2,Dist_ estimate )<Init_ dist THEN 

V=lnit dist 
Vl=Coil_data(Array,Pair,2,(Dist_estimate-1)) 
V2=Coil _ data(Array ,Pair,2,(Dist_ estimate)) 
D1 =Coil_ data(Array ,Pair, I ,(Dist_ estimate-I)) 
D2=Coil_ data(Array ,Pair, I ,(Dist_ estimate)) 
Distance=((V-Vl)*(D2-Dl)/(V2-Vl))+Dl 
Init dist=Distance 

8200 Dist estimate=51 
8210 END IF 
8220 NEXT Dist estimate 
8230 
8240 
8250 
8260 

8270 FOR J=l TO Slow_data_indx(2,11) !LAST RECORDED READING 
8280 FOR Dist estimate=? TO 51 
8290 
8300 

IF Coil_ data(Array ,Pair,2,Dist_ estimate )<Slow_ data_ avg(J) THEN 
! 

8310 V=Slow_data_avg(J) 
83 20 V 1 =Coil_ data(Array ,Pair,2,(Dist_ estimate- I)) 
8330 V2=Coil_data(Array,Pair,2,(Dist_estimate)) 
8340 Dl=Coil_data(Array,Pair,1,(Dist_estimate-1)) 
8350 D2=Coil_data(Array,Pair,l,(Dist_estimate)) 
8360 Distance=((V-Vl)*(D2-Dl)/(V2-Vl))+Dl 
8370 Slow_ data_avg(J)=Distance 
8380 Dist estimate=51 
8390 END IF 
8400 NEXT Dist_estimate 
8410 NEXT J 
8420 
8430 
8440 FOR P=l TO IO 
8450 FOR Q=l TO 5 
8460 FOR Dist estimate=? TO 51 
8470 
8480 
8490 
8500 
8510 
8520 
8530 
8540 
8550 
8560 

IF Coil_ data(Array ,Pair,2,Dist_ estimate )<Pre_ event(P ,Q) THEN 
V=Pre_event(P,Q) 
Vl=Coil_data(Array,Pair,2,(Dist_estimate-1)) 
V2=Coil_ data(Array ,Pair,2,(Dist_ estimate)) 
DI =Coil_ data(Array ,Pair, 1,(Dist_ estimate-I)) 
D2=Coil_data(Array,Pair,1,(Dist_estimate)) 
Distance=((V-Vl)*(D2-Dl)/(V2-Vl))+Dl 
Pre_ event(P ,Q)=Distance 
Dist estimate=51 

END IF 
8570 NEXT Dist_ estimate 
8580 NEXT Q 
8590 NEXT P 
8600 
8610 
8620 FOR L=l TO 10 
8630 FOR M=l TO 5 



n 
N 
w 

8640 
8650 
8660 

FOR Dist_estimate=7 TO 51 
IF Coil_data(Array ,Pair,2,Dist_ estimate )<Post_ event(L,M) THEN 
! 

8670 V=Post_event(L,M) 
8680 Vl =Coil_ data(Array ,Pair,2,(Dist_ estimate-!)) 
8690 V2=Coil_data(Array,Pair,2,(Dist_estimate)) 
8700 Dl=Coil_data(Array,Pair,1,(Dist_estimate-1)) 
8710 D2=Coil_ data(Array ,Pair, I ,(Dist_ estimate)) 
8720 Distance=((V-Vl)*(D2-Dl)/(V2-Vl))+Dl 
8730 Post_event(L,M)=Distance 
87 40 Dist_ estimate=5 l 
8750 END IF 
8760 NEXT Dist estimate 
8770 NEXT M 
8780 NEXT L 
8790 
8800 FOR J=l TO 10 
8810 
8820 
8830 
8840 
8850 
8860 
8870 
8880 
8890 
8900 
8910 
8920 
8930 
8940 
8950 

IF Speed_invalid(J)=0 THEN 
FOR K=(Pre_event_indx(J)+l) TO Post_event_indx(J) 

FOR Dist_estimate=7 TO 51 
IF Coil_ data(Array ,Pair,2,Dist_ estimate )<Fast_ data(J,K) THEN 
! 
V=Fast_ data(J,K) 
VI =Coil_ data(Anay ,Pair,2,(Dist_ estimate- I)) 
V2=Coil_ data(Array ,Pair,2,(Dist_ estimate)) 
Dl =Coil_ data(Anay,Pair,1,(Dist_ estimate-I)) 
D2=Coil_ data(Array ,Pair, I ,(Dist_ estimate)) 
Distance=((V-Vl )*(D2-D l)/(V2-Vl))+D I 
Fast_ data(J,K)=Distance 
Dist estimate=5 l 

END IF 
NEXT Dist estimate 

8960 NEXTK 
8970 END IF 
8980 NEXT J 
8990! 
9000!************************************************************* 

9010! STRAIN CALCULATION S = CHANGE IN L /INITIAL L 
9020!************************************************************* 
9030! 
9040! ****************** STATIC STRAIN ******************* 
9050! 
9060 REAL Static start 
9070 REAL Static_end 
9080 REAL Final dist 
9090 ! 
9100 Install_ dist=Init_ spacing(Array ,Pair) 
9110 IF Install_dist=0 AND Combination=l4 THEN Install_dist=195 
9111 Install dist= 100 
9120 Static _start=((Init_ dist-Install_ dist)/Install_ dist)* l .E+6 
9130 Static _start=DROUND(Static _start,4) 
9140 ! 
9150 FOR J=((Slow_data_indx(2,l l))-30) TO ((Slow_data_indx(2,l l))-10) 
9160 Final_dist=Final_dist+Slow_data_avg(J) 
9170 NEXT J 
9180 Final_dist=Final_dist/20 
9190 !IF Install_dist=0 THEN 
9200 ! CLEAR SCREEN 
9210 ! PRINT TABXY(5,10);"NO INITIAL MEASUREMENT EXISTS FOR 
STATIC STRAIN CALCULATION" 
9220 ! GOTO 9260 
9230 !END IF 
9240 ! 
9250 Static_ end=((Final_ dist-Install_ dist)/Install_ dist)* l .E+6 
9260 Static_ end=DROUND(Static _ end,4) 
9270 ! 
9280 ! *************** DYNAMIC STRAIN*************** 
9290 ! 
9300 MAT Slow_data_avg= Slow_data_avg/(Init_dist) 
9310 MAT Slow_data_avg= Slow_data_avg-(1) 
9320 MAT Slow_data_avg= Slow_data_avg*(l.E+6) !CONVERT TO 

MICROSTRAIN 
9330 ! 
9340 MAT Pre_ event= Pre_ event/(Init_ dist) 



9350 MAT Pre_event= Pre_event-(1) 
9360 MAT Pre_event= Pre_event*(l.E+6) !CONVERT TO MICROSTRAIN 
9370 ! 
9380 MAT Post_event= Post_event/(Init_dist) 
9390 MAT Post_event= Post_event-(1) 
9400 MAT Post_event= Post_event*(l.E+6) !CONVERT TO MICROSTRAIN 
9410 
9420 FOR J=l TO 10 
9430 IF Speed_ invalid(J)=0 THEN 
9440 FOR K=(Pre_event_indx(J)+l) TO Post_event_indx(J) 
9450 Fast_ data(J,K)=((Fast_ data(J,K)-Init_ dist)/lnit_ dist)* l .E+6 
9460 NEXT K 
9470 END IF 
9480 NEXT J 
9490 ! 
9500 DEALLOCATE Coil_data(*)! FREEING UP MEMORY SPACE 
9510 

9720 
9730 
9740 
9750 
9760 
9770 
9780 
9790 
9800 
9810 
9820 
9830 
9840 
9850 
9860 
9870 
9880 

Start _slow=Slow _ data _indx(2,I- l )+2 
END IF 

END IF 
IF Slow_data_indx(3,l)=10 OR 1=11 THEN 

End_ slow=Slow _data_ indx(2,l) 
ELSE 

End_ slow=Slow _data_ indx(2,l)+ 1 
END IF 

! 
FOR K=Start_slow TO End_slow 

J=J+l 
Assembled_ data(0,J)=Slow _data_ avg(K) 
Assembled_ data(! ,])=Assembled_ data(l ,J-1 )+. l 
Pen_ colour(])= 1 

NEXTK 
9520! ************************************************************* 9890 

(') 9530 ! ASSEMBLE DATA FOR GRAPHING AND SPREAD SHEET 
~ 9540! ************************************************************* 

9550 ! 
9560 PRINT "ASSEMBLING DATA FOR GRAPHING" 
9570 INTEGER Pen_colour(0:2500) 
9580 MAT Pen_colour= (6) 
9590 REAL Reading_ time 
9600 INTEGER End_ mark 
9610 INTEGER Start_slow,End_slow 
9620 
9630 
9640 
9650 FOR I=l TO 11 
9660 IF I= 1 THEN 
9670 Start slow=l 
9680 ELSE 
9690 IF Slow_data_indx(3,I-1)=10 THEN 
9700 Start_ slow=Slow _ data _indx(2,I- l )+ 1 
9710 ELSE 

9900 
9910 
9920 
9930 

IF I=l l THEN 10260 
IF Speed_invalid(l)=l THEN 

FOR L=l TO 5 
9940 J=J+l 
99 50 Assembled_ data(0,J)=Pre _ event(I,L) 
9960 Assembled_data(l,J)=Assembled_data(l,(J-1))+.l 
9970 NEXT L 
9980 
9990 
10000 ELSE 
10010 
10020 
10030 
10040 
10050 
10060 
10070 
10080 

! 
IF Pre_event_indx(l)=0 THEN 10080 
FOR M=l TO (Pre_event_indx(l)/100) 

J=J+l 
Assembled_ data(0,J)=Pre _ event(l,M) 
Assembled_ data(l,J)=Assembled _ data(l,(J-1))+. l 

NEXTM 



("') 

N 
V, 

10090 
10100 FOR N=((Pre_event_indx(I)+l)) TO Post_event_indx(I) 
10110 J=J+l 
10120 Assembled_ data(0,J)=F ast_ data(I,N) 
10130 Assembled_data(l,J)=Assembled_data(l,(J-l))+.001 
10140 Pen_colour(J)=2 
10150 NEXT N 
10160 
10170 
10180 IF Post_event_indx(I)=500 THEN 10240 
10190 FOR P=Post_event_indx(I)/100+1 TO 5 
10200 J=J+l 
10210 Assembled_ data(0,J)=Post_ event(I,P) 
10220 Assembled_data(l,J)=Assembled_data(l,(J-1))+.l 
10230 NEXT P 
10240 END IF 
10250 ! 
10260 End_mark=J 
10270 NEXT I 
10280 ! 
10290 FOR J=l TO End mark 
10300 Assembled_ data(0,J)=DR.OUND(Assembled _ data(0,J),4) 
103.10 NEXT J 
10320 ! Search for maximum extension and compression 
10330 REAL Axis_compm,Axis_extn 
10340 REAL Max_compressn 
10350 REAL Max_exstn 
10360 ! 
10370 MAT SEARCH Assembled_data(0,*),MIN;Max_compressn 
10380 MAT SEARCH Assembled_data(0,*),MAX;Max_exstn 
10390 End_time=((Assembled_data(l,End_mark) DIV 5)+1)*5 
10400 Axis_compm=((Max_compressn DIV 500)-1)*500 
10410 Axis_extn=((Max_exstn DIV 500)+1)*500 
10420 !Axis extn=2500 
10430 ! 
10440 ! 
10450 ! 

GRAPHICS OUTPUT 

10460 PRINT "REACHED GRAPHICS" 
10470 ! 
10480 ! 
10490 ! 
10500 CLEAR SCREEN 
10510 ON KEY 7 LABEL 11 TIME AXIS 11 GOSUB 10610 
10520 ON KEY 8 LABEL" STRAIN AXIS "GOSUB 10740 
10530 ON KEY 6 LABEL "PLOT ON HP7475 "GOSUB 10850 
10540 ON KEY 5 LABEL" SAVE DATA "GOSUB 12330 
10550 ON KEY 4 LABEL" STOP 11 GOTO 13330 
10560 ! 
10570 ! TIME AXIS MANUAL OVERIDE 
10580 GOSUB 10960 !BYPASS MANUAL OVERIDES 
10590 GOTO 10590 
10600 ! 
10610 CLEAR SCREEN 
10620 PRINT TABXY(lO,l);"ENTER START TIME" 
10630 ENTER KBD;Start_time 
10640 PRINT TABXY(l0,l);" 
10650 PRINT TABXY(10,2);"ENTER END TIME" 
10660 ENTER K.BD;End_time 
10670 PRINT TABXY(l0,2); 11 

10680 GO SUB 10960 
10690 RETURN 
10700 ! 
10710 ! 
10720 ! STRAIN AXIS MANUAL OVERRIDE 
10730 ! 
107 40 CLEAR SCREEN 
10750 PRINT TABXY(l0,l);"ENTER MINIMUM STRAIN" 
10760 ENTER KBD;Axis_compm 
10770 PRINT TABXY(lO,l);" 
10780 PRINT TABXY(10,2);"ENTER MAXIMUM STRAIN" 
10790 ENTER KBD;Axis_extn 
10800 PRINT TABXY(l0,2);" 
10810 GOSUB 10960 
10820 RETURN 



10830 ! 
10840 ! 
10850 ! OUTPUT HARD COPY TO 7475 PLOTTER 
10860 PRINT TABXY(l0,0);"OPTION NOT WORKING" 
10870 WAIT 3 
10880 CLEAR SCREEN 

10890 RETURN ! ********** OPTION NOT WORKING ********** 
10900 ! 
10910 CLEAR SCREEN 
10920 GINIT 
10930 PLOTTER IS 9,"HPGL" 
10940 GO SUB 10990 
10950 ! 
10960 GINIT 
10970 PLOTTER IS !,"INTERNAL" 
10980 ! 
10990 VIEWPORT 0,133,0,100 
11000 FRAME 

n 11010 CSIZE 4,.7 
~ 11020 LORG 4 

11030 LDIR 0 
11040 FOR K=66.5 TO 66.7 STEP .1 
11050 MOVE K,96 
11060 LABEL "CAPTIF BISON PAVEMENT STRAIN MEASUREMENTS" 
11070 NEXT K 
11080 ! 
11090 CSIZE 3,.6 
11100 LORG 4 
11110 MOVE 22.25,93 
11120 LABEL "Vehicle " 
11130 MOVE 29.45,93 
11140 LABEL Machine_speed 
11150 MOVE 22.25,90 
11160 LABEL "Speed km/h" 
11170 ! 
11180 MOVE 51.5,93 
11190 LABEL "Array " 

11200 MOVE 62.3,93 
11210 LABEL Array 
11220 MOVE 51.5,90 
11230 LABEL "Coil pair" 
11240 MOVE 62.3,90 
11250 LABEL Combination 
11260 ! 
11270 MOVE 82,93 
11280 LABEL "Date" 
11290 MOVE 97.5,93 
11300 LABEL Test_date$ 
11310 MOVE 82,90 
11320 LABEL "Time" 
11330 MOVE 97.5,90 
11340 LABEL Test_time$ 
11350 ! 
11360 MOVE 62,10 
11370 LABEL "TIME (seconds)" 
11380 MOVE 99.75,6 
11390 LABEL "TEMPERATURE (C)" 
11400 ! 
11410 MOVE 10,6 
11420 LABEL "microSTRAIN" 
11430 ! 
11440 MOVE 58,6 
11450 LABEL "GAUGE LENGTH" 
11460 LORG 1 
11470 ! 
11480 ! MOVE 41,3 
11490 ! LABEL "Start" 
11500 MOVE 58,3 
11510 LORG 4 
11520 LABEL USING "SDDDD.D";Init_ dist 
11521 MOVE 66,3 
11522 LABEL "mm" 
11530 ! 
11540 ! MOVE 60.4,0 



11550 ! LABEL USING "SD.DDDESZ";Static_end 
11560 ! MOVE 41,0 
11570 ! LORG 1 
11580 ! LABEL "Finish" 
11590 ! LORG 4 
11600 MOVE 10,3 
11610 LABEL "COMP 11 !MAXIMUM COMPRESSION 
11620 MOVE 21.6,3 
11630 LABEL USING "SD.DDDESZ11 ;Max_compressn 
11640 ! 
11650 MOVE 10,0 
11660 LABEL 11EXTN 11 !MAXIMUM EXTENSION 
11670 MOVE 21.6,0 
11680 LABEL USING 11 SD.DDDESZ";Max_exstn 
11690 ! 
11700 MOVE 99.75,3 
11710 LABEL "Air Surface Basecourse" 
11720 ! 

n 11730 MOVE 99.75,0 
~ 11740 LABEL USING "DD";Surface 

11750 ! 
11760 MOVE 76,0 
11770 LABEL USING "DD" ;Air 
11780 ! 
11790 MOVE 120,0 
11800 LABEL USING 11DD";Base_course 
11810 ! 
11820 ! LORG 6 
11830 ! LDIR 1.57 
11840 ! MOVE 2,51.5 
11850 ! LABEL "STRAIN (microstrain)" 
11860 ! 
11870 VIEWPORT 18,128,0,100 
11880 WINDOW Start_time,End_time,0,100. 
11890 LDIR 0 
11900 LORG 4 
11910 CLIP OFF 

11920 REAL Time tic 
11930 Time_tic=(End_time-Start_time)/5 
11940 FOR J=Start_time TO End_time STEP Time_tic 
11950 MOVE J,12 
11960 LABEL J 
11970 NEXT J 
11980 !MOVE End_time,12 
11990 !LORG 7 
12000 !LABEL End_time 
12010 ! 
12020 VIEWPORT 0,133,16,87 
12030 IF Axis_compm<-200000 THEN Axis_compm=-200000 
12040 IF Axis_extn>200000 THEN Axis_extn=200000 
12050 WINDOW 0,133,Axis_compm,Axis_extn 
12060 CLIP OFF 
12070 LORG 8 
12080 REAL Strain int 
12090 Strain_ int=(Axis _ extn-Axis_ compm)/10 
12100 FOR J=Axis_compm TO Axis_extn STEP Strain_int 
12110 MOVE 16.5,J 
12120 LABEL USING "SD.DDDESZ";J 
12130 NEXT J 
12140 ! 
12150 VIEWPORT 18,130,16,87 
12160 WINDOW Start_ time,End _ time,Axis _ compm,Axis _ extn 
12170 AXES (Time_tic/5),(Strain_int/5),0,A.'Cis_compm,5,5 
12180 LINE TYPE 3 
12190 MOVE Start_time,0 
12200 DRAW End_time,0 
12210 LINE TYPE 1 
12220 FRAME 
12230 MOVE Assembled_data(l,12),Assembled_data(0,12) 
12240 REAL Tic dif 
12250 FOR J=l3 TO End_mark 
12260 PEN Pen_colour(J) 
12270 DRAW Assembled_ data(l ,J),Assembled _ data(0 ,J) 
12280 NEXT J 



12290 RETURN 
12300 ! 
12310 ! 
12320 ! 
12330 !************************************************************ 
12340 ! OUTPUT FILE CREATION 
12350 !************************************************************ 
12360 ! 
12370 ! 
12380 IF Array=2 AND Combination=9 THEN Combin_file$="A" 
12390 IF Array=2 AND Combination=2 THEN Combin_file$="B" 
12400 IF Array=3 AND Combination=9 THEN Combin_file$="C" 
12401 IF Array=3 AND Combination=2 THEN Combin_file$="D" 
12415 IF Array=4 AND Combination=9 THEN Combin_file$="E" 
12416 IF Array=4 AND Combination=2 THEN Combin_file$="F" 
12420 File$= VAL$ (Array)&Combin _ file$& V AL$(Machine _ speed)&Load$ 
12430 GCLEAR 
12440 CLEAR SCREEN 

n 12450 PRINT TABXY(I0,l);"FILE WILL BE SAVED AS ",File$ 
~ 12460 PRINT TABXY(l0,2);"IF OK, PRESS Y AND ENTER KEYS." 

12470 INPUT A$ 
12480 IF A$="Y" THEN 
12490 GOTO File ok 
12500 ELSE 
12510 PRINT TABXY(I0,6);"ENTER FILE NAME TO STORE DATA" 
12520 ENTER K.BD;File$ 
12530 END IF 
12540 File ok: ! 
12550 REAL File_length 
12560 File_length=2*(End_mark+20) 
12570 ALLOCATE Output_file$(File_length)[10] 
12580 !! 
12590 ! 
12600 ! 
12610! 
12620 B$=DATE$(TIMEDATE) 
12630 C$=B$[10,1 l] 

12640 D$=B$[ 4,6] 
12650 E$=B$[1,2] 
12660 IF E$[1,l]=" " THEN E$[1,l]="0" 
12670 IF D$="Jan" THEN D$="01" 
12680 IF D$="Feb" THEN D$="02" 
12690 IF D$="Mar" THEN D$="03" 
12700 IF D$="Apr" THEN D$="04" 
12710 IF D$="May" THEN D$="05" 
12720 IF D$="Jun" THEN D$="06" 
12730 IF D$="Jul" THEN D$="07" 
12740 IF D$="Aug" THEN D$="08" 
12750 IF D$="Sep" THEN D$="09" 
12760 IF D$="Oct" THEN D$=" 10" 
12770 IF D$="Nov" THEN D$=" 11" 
12780 IF D$="Dec" THEN D$="12" 
12790 ! 
12800 Date_$=E$&D$&C$ 
12810 ! 
12820 B$=TIME$(TIMEDATE) 
12830 C$=B$[1,2] 
12840 D$=" ." 
12850 E$=B$[4,5] 
12860 ! 
12870 Time_$=C$&D$&E$ 
12880 REAL Time 
12890 Time_=VAL(Time_$) 
12900 Time_$=VAL$(Time_) 
12910 ! 
12920 Output_file$(l)=V AL$(Array) 
12930 Output_file$(2)=V AL$(Combination) 
12940 Output_ file$(3)= V AL$(Machine _speed) 
12950 Output_file$(5)=Date_$ 
12960 Output_file$(6)=Time_$ 
12970 Output_ file$(7)= V AL$(Max _ compressn) 
12980 Output_file$(8)=V AL$(Max_ exstn) 
12990 Output_file$(9)=V AL$(DROUND(Init_ dist,6)) 
13000 Output_file$(10)=V AL$(Static_end) 



('") 

N 
\0 

13010 Output_file$(1 l)=V AL$(Temp_readings(0)) 
13020 Output_file$(13)=V AL$(Temp_readings(l)) 
13030 Output_file$(14)=VAL$(Temp_readings(4)) 
13040 Output_file$(15)=V AL$(Temp_readings(2)) 
13050 Output_file$(16)=V AL$(Temp_readings(5)) 
13060 Output_file$(17)=V AL$(Temp _readings(3)) 
13070 Output_file$(18)=V AL$(Temp_readings(6)) 
13080 ! 
13090 C$=CHR$(13)&CHR$(10) !CARRIAGE RETURN AND LINE FEED 
13100 FOR J=2 TO 20 STEP 2 
13110 Output_file$(J)=Output_file$(J)&C$ 
13120 NEXT J 
13130 ! 
13140 FOR J=12 TO End_mark 
13150 Output_file$(((J*2)+1))=V AL$(Assembled_data(0,J)) 
13160 B$=V AL$(Assembled_data(l,J)) 
13170 Output_file$(((J*2)+2))=B$&C$ 
13180 NEXT J 
13190 ! 
13200 INTEGER No_of_records 
13210 No_of_records=File_length*8.5/256 
13220 MASS STORAGE IS ":CS80,1500,0" ! "A" DRIVE 
13230! MASS STORAGE IS ":CS80,1500,l" ! "B" DRIVE 
13240! MASS STORAGE IS ":CS80,1500,2" ! "C" DRIVE 
13250 CREATE ASCII File$,No_of_records 
13260 ASSIGN @Path_! TO·File$ 
13270 OUTPUT @Path_ 1 ;Output_file$(*),END 
13280 ASSIGN @Path_! TO* . 
13290 DEALLOCATE Output_file$(*) 
13300 MASS STORAGE IS ":CS80,1500,2" 
13310 PRINT TABXY(20,5);"FILE SAVE IS COMPLETE. RESET 
PROGRAM AND RUN." 
13320 RETURN 
13330 LOAD "MENU" 
13340 END 
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APPENDIX D MATERIAL TESTING PROCEDURES AND RESULTS 

D.1 CLASSIFICATION AND MATERIAL PROPERTY TESTS 

The following tests are used to quantify the respective qualities of soils and aggregates: 

* Sand equivalent test is used in New Zealand to indicate potential penneability problems. 

* Atterberg Limit Test defines the plasticity characteristics of the fines. 

* Particles Size Analysis indicates the potential density, degradation, segregation and 

permeability characteristics. 

* Specific Gravity indicates the maximum density can be expected in the road. 

* Soaked CBR test carried out on material smaller than 20 mm indicates the bearing capacity of 

the material. Unbound basecourse aggregate should have a CBR of 80% or more. 

D.1.1 Specification for Crushed Basecourse Aggregate 

Transit NZ M/4 is the standard specification for the aggregate in unbound granular basecourses 

used in flexible pavements subjected to heavy traffic loadings, such as primary state highways. The 

specification requires that the crushing resistance (NZS 3111: 1980) of the material must be 130 

kN or greater to provide adequate strength. The criteria for this test is that a sample produces less 

than 10 percent of fine material when loaded such that the specified peak load is achieved in 10 

minutes. The proportion of broken rock, by weight, in each of the three fractions of aggregate 

between the 37.5 mm and 4.75 mm sieves must be greater than or equal to 70%; this ensures 

sufficiently sharp surfaces to enhance inter-particle friction. The maximum particle size of the 

aggregate is either 19.5 mm (AP20, All Passing 20 mm) or 39 mm (AP40, All Passing 40 mm). 

The gradation or particle size distribution is determined to achieve a well-graded aggregate. The 

shape of the gradation curve must be controlled to limit local deviations in the grading envelope; 

the proportion by weight of material in each fraction is specified. 
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D.1.2 Sand Equivalent Test 

The purpose of the Determination of Sand Equivalent (SE) test (NZS 4402: 1986) is to provide 

a measure of the proportion of the fine material in a sample containing coarse particles. The sand 

equivalent or SE is a ratio of the volume of sand to the volume of sand plus fines. Clay particles 

in aggregates can substantially reduce permeability and increase susceptibility to pore pressures, 

which decreases stability. This test uses all the material passing the 4. 7 5 mm sieve. The advantage 

of this test is that it is_sensitive to both activity and relative propbrtions of fines. The SE test is 

used instead of the Plasticity Index test, but results of the two tests are not comparable. The 

presence of fines is limited by specifying that the SE cannot be less than 40. 

D.1.3 Plasticity 

The effect of plastic fines (smaller than 425 µm) is to absorb water and to lubricate the faces of 

the larger particles, thereby reducing interparticle friction and the strength of the aggregate mass. 

However if the moisture is removed, the lubricating effect may be completely eliminated and in 

fact cohesion may be developed, thereby increasing the shear strength substantially. Plastic fines 

often have a great potential to absorb and hold water due to their mineral composition and size. 

The standard Atterberg Limit test uses material passing the 425 µm sieve (NZS 4402: 1986). 

D.2 DYNAMIC CONE PENETROMETER TEST 

The DCP consists of a 16 mm diameter steel rod with a steel cone attached to one end which is 

driven into the subgrade by means of a sliding 9.0 kg mass (hammer). The hammer falls through 

a height of 500 mm to strike an anvil at the lower end of the rod. A second rod is screwed into 

the lower side of the anvil and is fitted at its lower extremity with a hard steel cone. The cone has 

a point angle of 30 degrees, and a cross sectional diameter and area of20.3 mm and 323 mm, 

respectively. The total weight of the apparatus is 12. 7 kg. The penetrometer was driven into the 

soil by blows of the drop hammer. The depth of the widest cross section of the cone below the 

surface and the cumulative number of blows to that depth was recorded every 100 mm. Readings 

of penetration per blow made within 75 mm of the surface were disregarded. 
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An operator and a recorder were required to operate the DCP. The operator held the device by 

its handle in a vertical position and tapped the device using the hammer until the base of the cone 

is flush with surface of the soil. The recorder then checked the device for a zero reading by 

holding the vertical scale between the soil surface and bottom of the hammer; the bottom of the 

100 mm diameter portion of the hammer should read zero mm on the vertical scale. In weak soils, 

the weight of the DCP device sank the cone past its zero reading. In this case a zero blow 

penetration reading was recorded at the actual measured pre-test depth in mm. The hammer was 

then raised to the bottom of the handle and dropped. Care was exercised when raising the hammer 

to ensure that the hammer was touching the bottom of the handle but not lifting the cone before 

it was allowed to drop. The hammer was allowed to fall freely with its downward movement, not 

influenced by any hand movement. The operator was also careful not to exert any downward 

force on the handle after dropping the hammer. Both the operator and the recorder counted the 

number of hammer drops (blows) between measurements. The penetration measurements were 

recorded to the nearest 5 mm. After the cone was driven to the desired test depth (maximum 1 

m), the DCP was extracted from the soil by driving the hammer up against the top handle. 

The number of blows per 100 mm penetration of the DCP (value on the left) was converted to 

inferred CBR (%) (value on the right) using Figure D 1 as follows: 
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3 6 
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Figure D 1 Relationship Between DCP and CBR Test Results 
( after Brickell, 1985) 
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D.3 FffiST PAVEMENT SUBGRADE AND PAVEMENT MATERIAL PROPERTIES 

D.3.1 Port Hills Loess 

D. 3 .1.1 Mineralogical Description 

The total sample diffractogram showed peaks for quartz and minor feldspar and minor clay 

minerals. The oriented sample showed clay basal spacings at 14. A, 10 A and 7 A. None of the 

peaks were affected by glycolation. A duplicate sample was glycolated to check the lack of 

expansion. Heating a sample to 300°C resulted in no change to 10 and 7A peaks but the 14 A 

showed partial collapse (a plateau from 14 to 10 A) to 10 A. Heating a sample to 550°C 

produced only one peak in the diffractogram, at IO A. The properties of the 14 A non-expanding 

clay are typical of vermiculite. The other minerals present are illite and kaolinite. In summary, the 

sample is composed of quartz and minor feldspar with vermiculite and illite and minor kaolinite 

as the clay constituent. The author is grateful to P. M. Black, Geology Department, University 

of Auckland, and Bartley Consultants for this mineralogical information. 

D.3.2 Dunedin Silty-clay Subgrade 

The properties of the silty clay sub grade material imported from Dunedin are shown in Tables 

DI andD 2. 

D.3.3 Basecourse Aggregate (First Pavement) 

Canterbury greywacke is a hard rock and is difficult to crush to a well graded aggregate. The 

particle size distribution data is tabulated in Table D 4. The actual aggregate particle size 

distribution was slightly outside the gradation envelope of the M/4 specification in the particle 

sizes between 2.36 and 9.5 mm, inclusive, as illustrated in Figure D 2. 
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Basecourse Aggregate Particle Size Distribution 

I'll 100 I'll 
~ 

~ 80 
..... 

,Q 60 OJ) 

= ·;;: 40 I'll 
~ 
~ 20 ..... = 

~~" 
~ If 

_,_ ~r 
i. 

--- ,~ ~ 
~ -.! ~ 

,,,~ ...... -·-. - ·- ---

- - Stn 05 
- - - Stn 09 
--Stn 13 

- AP40 
a, 0 c.i 

- - TNZM/4 ,., 
a, 
~ -20 

0.1 1 10 100 
Particle Size (mm) 

Figure D 2 Particle Size Distribution for Basecourse Aggregate (First Pavement) 

D.3.4 Asphalt Surfacing (First Pavement) 

The particle size distribution of the aggregate in the asphaltic concrete used to surface the first 

test pavement is shown in Figure D 3. The gradation was slightly out of specification limits for 

the 4.75 mm particle size, but this was not considered to have affected the material performance, 

and is actually representative of typical gradations achieved in normal practice. 

Table D 1 Laboratory Properties of Subgrade and Foundation Materials (First Pavement) 

Material Property: I Silty clay Subgrade I Port Hills Loess Foundation 

Natural moisture content(%) 21 17 
Liquid limit 43 23 
Plastic limit 20 20 

Plasticity index 23 3 
Solid density (Mg/m3 ) 2.60 2.62 
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Table D 2 Particle Size Distribution of Fine Materials (First Pavement) 

Port Hills Loess Silty-clay Subgrade 

Grain SamDle 02 July 1990 Grain Station · 10 Sept 1990 
Size A B Average Size 5 10 14 Average 

(mm) (%) (%) (%) (mm) (%) (%) (%) (%) 

0.050 87.4 84.7 86.1 0.050 68.4 73.3 71.3 71 

0.036 82.1 79.4 80.8 0.036 62.9 65 .2 60.3 62.8 

0.026 76.8 74.1 75 .5 0.026 54.7 59.7 54.8 56.4 

0.018 71.5 68.8 70.2 0.019 52 51.6 49.4 51 

0.014 66.2 63 .5 64.9 0.014 46.5 48.9 41.1 45 .5 

0.010 60.9 60.9 60.9 0.010 41 43.4 38.4 40.9 

0.007 58.2 55.6 56.9 0.007 35.6 35.3 32.9 34.6 

0.005 52.9 50.3 51.6 0.005 30.1 29.9 27.4 29.1 

0.004 47.6 47.6 47.6 0.004 24.6 24.4 24.7 24.6 

0.001 42.4 39.7 41.1 0.002 16.4 16.3 13.7 15.5 

NZS 4402: 1986 Part 2 Test 2.8.4 Hydrometer Test Method 

Table D 3 Laboratory Densities and CBR of Materials (First Pavement) 

Lift Station Moisture Bulk Dry California Bearing Ratio 
Content Density Density Soaked Unsoaked 

(%) (Mg/m3) (Mg/m3) (%) (%) 
D 13 4.7 2.32 2.22 66.7 

D 9 4.5 2.42 2.32 84.1 

D 5 3.5 2.22 2.14 66.6 

B 21 19.8 2.05 1.71 2.4 

B 21 19.8 2.04 1.71 4.1 

B 10 20.3 2.01 1.67 3.3 

B 10 20.3 1.99 1.66 4.9 

B 20.1 2.03 1.69 4.0 

B 20.1 2.02 1.68 4.6 

A 14 12.3 2.01 1.79 35.0 

A 10 12.7 2.09 1.85 35.0 

A 6 12.9 2.07 1.83 16.0 

A 6 12.9 2.05 1.82 25 .8 
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Table D 4 Particle Size Distribution ofBasecourse Aggregate (First Pavement) 

Sampled from Lift D (04 July 1990) 

Sieve 
Size 

(mm) 

37.5 
19 
9.5 

4.75 
2.36 
1.18 
0.6 
0.3 

0.15 
0.075 

Station TNZM/4AP40 
05 lo9 113 Gradation Envelope 

Percent Passing (%) 

100 100 100 100 100 
78 82 78 66 81 
36 43 39 43 57 
21 25 22 28 43 
16 19 17 19 33 
12 14 13 12 25 
10 11 10 7 19 
6 8 7 3 14 
3 4 5 0 10 
1 1 1 0 7 

Percentage Passing Sieve 
100 i i i : : : : :: : : 

80 - Actual ! 

60 

40 

20 

··········· TNZ Mix 10 max. 

---TNZ Mix 10 min. 
: : i 
iii 
: : i 
: : i 
: ! ! 

! ! j j ! 

8.01 0.1 1 
Particle Size (mm) 

0.075 0.15 0.3 0.6 1.18 2.36 
Actual 6 12 24 34 43 62 

TNZ Mix 10 max. 12 22 33 47 60 75 
TNZ Mix 10 min. 6 12 18 27 40 55 

4.75 
90 
85 
70 

Figure D 3 Aggregate Gradation in Asphalt Surface Layer (First Pavement) 
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D.4 SECOND PAVEMENT AND SUBGRADE MATERIAL PROPERTIES 

D.4.1 Waikari Silty Clay Subgrade Material (Second and Third Pavements) 

The solid density of this material was 2.69 t/m3 • 

D. 4 .1.1 Mineralogical Description 

The total sample X-ray diffractogram showed peaks for quartz and minor feldspar and minor clay 

minerals. The oriented sample showed a major basal spacing at 15 A which partly overlapped a 

peak at 10 A. A smaller clay peak occurred at 7 A. On glycolation of the sample the 15 A peak 

shifted to 17 A while the other peaks were not affected. After heat treatment the only peak 

remaining was at 1 O A. The 15 A expanding clay is smectite and the non expanding clays are illite 

(10 A) and kaolinite (9 A). In summary, the sample is composed of quartz and minor feldspar with 

smectite and minor illite and kaolinite forming the clay mineral component. The author is grateful 

to P. M. Black, Geology Department, University of Auckland, and Bartley Consultants for this 

mineralogical information. 

D.4.1.2 Atterberg Tests on Waikari Silty Clay 

Material tested was in its natural state and fraction passing 425 µm test sieve: 

Liquid Limit (LL) 28 

Plastic Limit (PL) 14 

Plasticity Index (PI) 14 

D.4.2 Asphaltic Concrete Material Properties 

Four cores were taken from the asphaltic concrete in the pavement test segment (B): B 1 and B2 

were 1 m outside of the track centreline at stations 06 and 12, respectively; and B3 and B4 1 m 

inside the track centreline at stations 10 and 07, respectively. 
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Bulk densities and air voids for the samples were: 

Sample Bulk Density Air Voids 
(kg/m3) (%) 

Bl 2210 10.6 
B2 2245 9.2 
B3 2203 11.0 
B4 2205 10.9 

The unbound granular basecourse consisted of AP20 crushed river gravel (Transit New Zealand 

Specification M/4). 

Table D 5 Particle Size Distribution (NZS 4402: 1986, Test 2.8.4, Hydrometer Method) 

Size Fraction Size fraction (mm) % Within Fraction Cumulative % 
Passing 

Medium Gravel 20-6 1 100 
Fine Gravel 6-2 1 99 
Coarse Sand 2.00-0.600 1 98 

Medium Sand 0.600-0.200 2 97 
' Fine Sand 0.200-0.600 23 95 

Coarse Silt 0.060-0.020 25 72 
Medium Silt 0.020-0.006 21 47 

Fine Silt 0. 006-0. 002 9 26 
Clay <0.002 17 17 

Table D 6 California Bearing Ratio of Waikari Silty Clay (NZS 4402:1986, Part 2, Test 4.1.2, 
NZ Heavy Compaction) 

Condition 
Mass of Surcharge kg 
Period of Soaking days 
Compacted Dry Density Mg/m3 

Water Content at Compaction % 
Water Content After Soaking % 
Swell % 
Penetration depth mm 
California Bearing Ratio (CBR) % 

Condition 1: Sample soaked 
Condition 2: Sample tested immediately after compaction 
Samples were prepared at optimum water content 
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Figure D 4 in situe Dry Densities and Moisture Contents ofBasecourse and Subgrade Layers 

D.5 THIRD PAVEMENT AND SUBGRADE MATERIAL PROPERTIES 

Nuclear density meter tests conducted on the subgrade were done with the probe inserted 50 mm, 

I 00 mm, 200 mm and 300 mm below the final compacted surface of the subgrade. The tests 

conducted on the final compacted basecourse surface were done with the meter in backscatter 

mode. The data are shown in Figure D 4. The particle size distribution for the basecourse 

aggregate is shown in Figure 

D5, and is included, along 

with particle size 

distribution shape 

(percentage of pa1iicles 

within specific ranges of 

fraction sizes) and 

percentage of crushed 

particles, in Table D 7. 
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Figure D 5 Particle Size Distribution of Basecourse Aggregate 
(Third Pavement) 
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Table D 7 Particle Size Distribution and Crushed Particles of Basecourse Aggregate (Third 

Pavement) 

Particle Size Distribution Particle Size Distribution Shape Crushed Particles 

Sieve Percent Passing Fraction Fraction within Envelope Samples Minimum 

Size Samples M/4 AP40 Limits Envelope Samples M/4 AP40 Limits Specified 

(mm) (%) (%) I (%) (mm) (%) (%) I (%) (%) (%) 

37.5 100 100 100 19.0 - 37.5 84 70 

19 82 66 81 9.5 - 19.0 57 70 

9.5 54 43 57 4.75-19.0 46 28 48 

4.75 36 28 43 4.75 - 9.5 50 70 

2.36 22 19 33 2.36 - 9.5 32 14 34 

1.18 15 12 25 1.18-4.75 21 7 27 

0.6 12 7 19 0.600-2.36 10 6 22 

0.3 8 3 14 0.300 - 1.18 7 3 19 

0.15 3 0 10 0.150 - 0.600 7 2 14 

0.075 2 0 7 
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NZS 3111: 1980, Section 14, Method for Determination of Crushing Resistance of Coarse 

Aggregate 

NZS 4402: 1986 Method for Determination of Sand Equivalent 

NZS 4402: 1986, Part 2, Test 2.1, Determination of the Water Content of Soil Particles. 

NZS 4402: 1986, Part 2, Test 2.2, Determination of the Liquid Limit of Soil Particles. 

NZS 4402: 1986, Part 2, Test 2.3, Determination of the Plastic Limit of Soil Particles. 

NZS 4402: 1986, Part 2, Test 2.4, Determination of the Plasticity Index of Soil Particles. 

NZS 4402: 1986, Part 2, Test 2.8.2, Determination of the Particle Size Distribution, Subsidiary 

Method by Dry Sieving. 

NZS 4402: 1986, Part 2, Test No. 2.8.4, Determination of the Particle Size Distribution, 

Subsidiary Method for Fine-grained Soils (Hydrometer Method). 

NZS 4402:1986, Part 2, Test 4.1.1, New Zealand Standard Compaction Test. 

NZS 4402: 1986, Part 2, Test 4.1.2, New Zealand Heavy Compaction Test. 
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APPENDIX E DETAILS OF PAVEMENT CONSTRUCTION AND 

INSTRUMENTATION 

The author is grateful to A.W. Fussell for the detailed information in the daily logbook of the 

CAPTIF Diary, upon which much of this appendix is based. 

E.1 CONSTRUCTION AND INSTRUMENTATION OF THE FIRST PAVEMENT 

1 May 1990: Excavation of the previous pavement between stations 4 7 and 20 was completed; 

the basecourse aggregate was removed to a stockpile and contaminated subgrade was hauled 

away. A toothed bucket was used to excavate the subgrade to the final level, which was 

0. 7 m below the top of the concrete track tank. The surface of the basecourse remaining in 

the other half of the track was scarified. 

3 May: Heavy rain fell over night. The subgrade was levelled off and the elevation of the 

finished surface was measured relative to the top of the concrete track tank (TOC). The first 

lift (A) of loess was placed and finished at -0.53 m relative to TOC. Three samples of the 

material were taken, at stations 6, 10 and 14, from across the full transverse width of the track 

tank. The lift was compacted using a Sakai SW41 (No. VSW2-10049) roller in non-vibratory 

mode; densities and moisture content were measured using a Troxler nuclear densometer after 

each of the first two passes. Three passes of the roller were made in total on lift A. 

Transverse profiles of the subgrade surface were recorded at stations 5, 7-, 9, 11, 13 and 15. 

Bison strain coils were placed at stations 6, 10 and 14 using the transverse reference beam 

and a plumb-bob. Depressions were made in the subgrade for the bison coils by striking a 

50 mm diameter steel cylinder with a mallet, so that the coils would not move laterally under 

subsequent construction, and the horizontal level, in two directions, of the coils was ensured 

by using a small liquid bubble level. After the coils were placed, a small trench was made to 

the outside of the track tank in which the cable was laid in a straight line to the outer track 

wall and then along the wall to the access hole or outlet location. However, because the 

maximum allowable cable length was 6 m, due to the capacitance characteristics of the 

electronic system, the length of cable was insufficient to reach from the Bison coil arrays at 

stations 10 and 14 to the duct and through the tank wall , so the cables were brought to the 
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final level of the pavement surface along the side of the concrete tank wall. The cable for the 

coil at station 6 was placed through the duct to the chamber. The exact location of and depth 

to the coils was measured relative to the transverse reference beam and recorded so that the 

coils could be located for measurements of overlying layer depth. Then, the silty clay for lift 

'B' was placed, to achieve an elevation of -0.33 m. The tolerance for the final compacted lift 

thicknesses was 10 mm for the subgrade. Under the first two passes of the roller in non

vibratory mode, the lift deformed substantially. Dry densities were measured, and the moisture 

contents were 22% to 25%. Two further passes of the roller in· non-vibratory mode gave the 

same density reading; two more passes of the roller in non-vibratory mode were applied, for 

a total of six passes. 

4 May: The elevation of the surface of lift 'B' was measured; lift 'B' was as much as 50 mm 

below the required elevation. DCP tests were conducted and the inferred CBR for the silty 

clay (lift 'B') was only 5%, which was lower than expected as shown in Table El. The silty 

clay layer (lift 'B') was weak but the underlying loess was firm. Laboratory tests showed that 

the moisture contents of the material in lift 'B' were in the range of 20% to 25%. 

8 May: The vertical separation distances between pairs of coils, which are also the gauge 

lengths of each strain sensor, are tabulated in Table E2. The elevation of the surface of the 

subgrade was measured using the laser level, which was convenient and accurate; the self

levelling laser was set up on a detracked vehicle and the target on the staff was adjusted. For 

initial levelling, an elevation close enough to the desired level that triggered the target beeper 

was acceptable. Final levelling was to a tolerance of 10 mm. Four 8 m lengths of Typar 3407 

geotextile were cut and placed on the subgrade in overlapping tangents, as shown in Figure 

E 1. Then, a 100 mm thick lift ('C') of unbound crushed aggregate was placed. The thickness 

of the lift was too thin for easy working and the bulldozer tended to slip around, rumpling 

the geotextile. Compaction was also difficult, and the material remained quite loose. The 

sequence of compaction using the Sakai SW 41 roller was as follows: six passes in non

vibratory mode, then four passes in vibratory mode. The dry density of the compacted 

aggregate was measured after the eighth pass of the roller. A slight bow wave in front of the 

roller indicated that the aggregate may have been slipping over the geotextile. Barry Brodrick, 

of the Department of Civil Engineering, University of Nottingham, happened to be visiting 
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Figure E 1 Placing Geotextile at Subgrade/Granular Interface 

~- •. .. ·• 

4' • 
" .. 
~ ... .. , 
.I } -~· (. 

' 
.. _ . ..... 

Figure E 2 View of Bison Coils in Place 
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CAPTIF at this time, and his valuable assistance with the development of the strain coil 

installation procedure based on his many years of experience helped to ensure the success of 

this project. His experience had been that, when compacting thin layers of aggregate over the 

geotextile, aggregate particles cannot penetrate into the subgrade, thereby reducing the 

interlocking behaviour of the particles. 

9 May: The third layer of Bison strain coils was placed, and the transverse profiles of lift 'C' 

were measured. Placing all of the coil pairs as originally intended would have disturbed the 

basecourse too much, so the coils needed to create co-planar gauges were not placed. Placing 

coils 6-2 and 5-2 at station 14 was difficult because the basecourse aggregate was loose. A 

steel cylinder was pounded into the aggregate to create a 10 mm deep impression, then a bed 

of sand was placed beneath the coil to aid in levelling the coil. Wet clay was used to stick 

the coil to the underlying aggregate, but the twisted wires leading into the coils would lift the 

coil and the clay out of place after being positioned. A shallow trench was excavated along 

the surface of the aggregate, and a bed of sand placed in the trench, under the cable; then, 

more sand was placed on top of the cable, as illustrated in Figure E 2. The cables were 

uncoiled but were difficult to straighten. Clay was placed over the twisted wires leading into 

the coils, pressed onto the wires and covered with sand. At stations 6 and 10, the approximate 

centre of the coil location was marked with a nail hole and spray paint; any loose particles 

of aggregate were removed. Then, a 65 mm diameter, 100 mm high cylinder was pounded 

into the aggregate, and the level checked with a bubble level. The twisted wires leading into 

the coils were covered with 'spaghetti' tubing. Plaster was mixed, dropped into the impression 

punched into the aggregate, and a plastic sheet placed over the plaster. The cylinder was 

lightly placed on top of the plaster, and the cylinder was levelled as it was pressed into the 

plaster, to create a level platform for the coil. After the plaster set, the plastic was removed 

and the coil was moved in a circular motion on the plaster, while the Bison 4101A monitor 

was used in the manner described above to determine the exact position of the upper coil so 

that its axis was co-linear with the lower coil under the layer of aggregate. If the plaster broke 

up, then it should have approximately the same size particles as the surrounding aggregate 

particles. The coil was held in place by hand, and clay was pressed around the coil and the 

twisted wires leading into the coil, to hold them in place. ,The coil, wires, and clay were 

covered with sand to prevent them from sticking to the overlying aggregate. A pedestrian 
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roller was used to compact the sand. 

1 O May: Placement of Bison strain coils on lift 'C' continued. Ml 6 x 200 galvanised bolts 

were inserted in TOC on both sides of the tank. 

11 May: Over only the half of the track to be used as the test segment, on both sides of the 

tank, a string line was connected between the bolts, to be used as a level line for the next 

layer of aggregate. Interpolation from level survey data showed that the inner wall of station 

11 was the highest point, so the elevation of that point was the reference level for TOC. The 

laser level was used to position the string line to the required elevation. A mark 100 mm from 

the bottom of the dozer blade corresponded to -100 mm from TOC, which would achieve an 

elevation of -130 mm after compaction of lift 'D'. During placement of the aggregate, care 

was taken so as not to disturb the strain coils on the lower lift. The Bison coils already in 

place were monitored to determine the effects of the construction equipment. The bulldozer 

operator worked carefully in straight chords within the test segment, changing direction only 

between the Bison strain coil arrays. Before compaction, 100 mm deep trenches were 

excavated for the temperature probes and their cables. The temperature probes were placed 

just above the surface of lift 'C' at stations 5, 9 and 13, 1.7 m and 2.3 m from the inner wall 

of the track tank, so as to be far enough away from the Bison strain coils to prevent any 

electrical interference. The lift was compacted with six passes of the roller in non-vibratory 

mode, during which densities were measured after every second pass, and two passes in 

vibratory mode. Shallow trenches were excavated and the temperature gauges were inserted 

in a bed of sand. The basecourse aggregate was sampled. The next layer of Bison strain coils 

were placed; because the technique was more refined, the activity was videotaped. The surface 

elevation of lift D was 20-30 mm higher than it should have been, so small holes had to be 

made in order to place the Bison strain coils at the correct elevation. Lift E was thinner than 

anticipated, so the final elevation of the top of the lift was set at -30 mm from TOC. The test 

segment was levelled and then the remainder of the track, which was the unbound aggregate 

from the previous pavement left in place, was levelled. 

14 May: The laser level was used to checked the elevations of the test segment. The average 

level was approximately -40 mm from TOC (at inner wall of station 11). Extra aggregate was 
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spread in the low areas, and compacted under four passes of the Sakai SW 41 roller in non

vibratory mode. The aggregate near the main door (station 58) had an excess of coarser 

particle sizes, so was excavated and then replaced with new aggregate. Water was sprayed on 

the surface of the unbound aggregate before approximately 0.6 m3 ofrunning course aggregate 

was spread over patches around the track where an excess of coarser particles were visible. 

Then, more water was sprayed over the aggregate before being levelled. Four complete passes 

of the empty rubber-tyred roller were applied, then 3 tractor buckets of pitrun aggregate were 

added to the ballast hold of the rubber-tyred trailer roller before a further six passes were 

made. The surface particles of the aggregate layer were more tightly knit together, and the 

densities of the layer increased. 

15 May: The test segment compacted satisfactorily under the rubber-tyred roller but the 

remainder of the track, especially between stations 40 to 58, though levelled evenly by blade, 

compacted to an uneven surface. 

2 4 May: Fulton Hogan Canterbury delivered 6 m3 of AP 40 aggregate, which was used to 

level the track, excluding the test segment between stations 0 and 20. No running course was 

added. 

25 May: First, the track other than the test segment was compacted using the Sakai SW41 

roller with one pass in non-vibratory mode and one pass in vibratory mode. During the 

subsequent 20 passes around the entire track, the roller vibration was turned off when passing 

over the test segment and turned on again when passing over the remainder of the track. 

Approximately 1 m3 of AP 20 running course was applied evenly by hand over the entire 

track. The fully ballasted, rubber-tyred trailer roller was towed around the track for one hour, 

while water was sprayed over the surface, before a drag broom was towed around the track 

for 3 laps. The drag broom dislodged the coarser particles and levelled the surface with 

minimal movement of fines. The aggregate was compacted further with the ballasted rubber

tyred trailer roller; the dry density of the aggregate was 2000 kg/m3• The Clegg Impact Values 

of the surface of the aggregate were in the order of 20. Fulton Hogan Canterbury delivered 

crusher dust which was applied sparingly to areas with exposed coarser particles. After being 

sprayed with water, the crusher dust formed uneven patches which were not mixed in by 
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further rolling. Water was sprayed heavily to disperse the fines. 

28 and 29 May: The compaction continued after spreading more running course and spraying 

more water, for a total of four hours. The vibrating steel drum roller provided no additional 

compaction. 

30 May: The final layer of Bison strain coils was installed. The finished level was at the 

correct elevation with the coils embedded approximately 10 mm below the surface. A deeper 

trench was required for the cables. 

31 May: Installation of the Bison coils, H-bar strain gauges and temperature probes on the 

surface of the unbound granular cover was completed. 180/200 penetration grade bitumen 

was heated on a hot plate and poured on the surface of the aggregate to form a pad for the 

H-bar gauges to be set in. The gauges were levelled and then more bitumen was poured to 

secure the gauges in place. 

1 June: A plate compactor was used to compact the cable trenches and level the edges of the 

track nearest the tank walls. Nuclear densometer tests were done at stations 1, 5, 7.5, 12.5, 

15, 20, 24, 30, 35, 40, 45, 50 and 55. Dry densities of the aggregate had risen to nearly 2200 

kg/m3 at a moisture content of 4%. Clegg Impact Values were in the range of 39 to 50 over 

the length of the test segment (stations 2 to 18), as shown in Table E 3; three consecutive 

blows were averaged ( the Clegg Hammer is self-averaging by keeping the button pushed 

down) as per Christchurch City Council Roading Unit procedure. The surface of the aggregate 

was videotaped and the CAPTIF Profilometer was used to measure the transverse surface 

profiles of the basecourse at stations 1, 5, 7, 10, 12, 15, 20, 25, 30, 35, 40, 50 and 55. The 

Profilometer was positioned with the inside adjustable foot beside the anchor plug at each 

station on top of the inner concrete track tank wall. 

2 June: The surface of the layer was photographed by positioning the camera tripod at the 

centreline of the track over the station 1 m before the station being photographed and using 

a flash. The camera axis was set at an angle of 45° from the vertical, and the focus was 35. 
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a flash . The camera axis was set at an angle of 45° from the vertical, and the focus was 35. 

5 June: The hot mix asphalt crew arrived at 8:30 am to spray the tack coat of cationic 

emulsion containing 60% 180/200 penetration grade bitumen; the air temperature inside the 

enclosure was + 5°C. The crew began placing the hot mix at 9 am at one end of the test 

segment (station 20). The hot mix was hauled from the truck at the main door by 

wheelbarrow and dumped in place, then levelled by hand screed. The temperature of the mix 

during placement was + 153 °C. The construction joint was at the other end of the test 

segment, at station 54. A pedestrian roller was used for initial compaction, with one pass in 

non-vibratory mode then one pass in vibratory mode. A Sakai SW41 roller compacted the mix 

in straight tangents, turning only slightly at the end of each pass. The roller compacted to the 

edge of the asphalt, without going over the edge, even where there were cables. Water was 

sprinkled over the roller drums. The second load of hot asphalt mix was placed beginning at 

station 20 and ending at station 47. The third and final load was for the portion of the track 

between stations 47 and 54, which is nearest to the main door, and its placement was 

completed at noon. Air temperature inside the enclosure was + l 3°C. The thickness of the 

asphalt layer was determined by measuring the surface profiles of the basecourse before the 

mix was placed and of the asphalt concrete after compaction; the thicknesses for the test 

segment (stations 01 to 12) are illustrated in Figure E 3. 

e 
S 50 ,.. 

* 40 ~ 

i 30 -= Q. < 20 .... 

.. - ..... 1 

Station 

--s --1 --10 --- 12 

,. • .,,. '" • ' , ; ~ "• , ,r ' , 
., . r;-"'"""•"-'--- - --t 

~ 10 ~----------- ---------------------< 
"' Q,) 

] 0 
(,.I 

:a 
~ 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 

Horizontal Transverse Distance from Inner Stop of CAPTIF Profilometer (m) 

Figm·e E 3 Asphalt Layer Thicknesses From Transverse Layer Profiles (First Pavement) 

E 8 



Table E 1 Characterisation of Compacted Subgrade Lifts 

Lift Material Station DCP1 Inferred Average Average 

Test CBR dry Moisture 

(mm/blow) Density Content 

(kg/m3 ) (%) 

5 33 5 . 1600 26 

7.5 33 5 1620 24 

B Clay 10 50 3.5 1610 26 

12.5 50 3.5 1630 24 

15 50 3.5 1620 24 

5 20 9 1725 13 

A Loess 7.5 12.5 17 1730 14.5 

10 12.5 17 1710 13 

12.5 11.7 18 1740 13.5 

15 11.7 18 1675 13.5 

1 averaged over full depth of lift 

2 average of all tests in Lift A after compaction 
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Table E 2 Bison Strain Coil Data and Separation Distances (as installed) 

Output Input Amplitude Range Separation Distance (mm) Sensor 

Coil Coil Reference Measured (Array-Lift) 

1-3 1-1 861 3 183 187 IA 

2-3 2-1 902 3 189 190 2A 

3-3 3-1 996 3 207 208 3A 

4-3 4-1 981 3 204 203 4A 

5-3 5-1 966 3 202 195 SA 

6-3 6-1 989 3 208 202 6A 

1-3 1-2 740 2 116 IB 

2-3 2-2 NIF 2 2B 

3-3 3-2 400 2 102 3B 

4-3 4-2 593 2 106 113 4B 

5-3 5-2 35 2 SB 

6-3 6-2 457 2 98 100 6B 

1-6 1-2 530 2 IC 

2-6 2-2 547 2 102 2C 

3-6 3-2 263 2 90 92 3C 

4-6 4-2 325 2 4C 

5-6 5-2 513 2 101 104 SC 

6-6 6-2 471 2 99 6C 

1-9 1-6 549 2 104 106 ID 

2-9 2-6 549 2 104 106 2D 

3-9 3-6 596 2 106 109 3D 

4-9 4-6 446 2 98 101 4D 

5-9 5-6 454 2 98 103 SD 

6-9 6-6 469 2 99 104 6D 
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Table E 3 Clegg Impact Values of Surface of Granular Layer at the Centreline of the Track 

Station 

1 5 7.5 10 12.5 15 20 24 30 35 40 45 50 55 

II CIV 31 39 42 41 43 50 34 53 41 43 37 38 42 34 

E.1.1 Bison Strain Coil Calibration and Arrays 

The separation distance between the two coils in a pair is the gauge length of the sensor. The 

separation distance is determined by nulling the Bison 4101A monitor for an installed pair, 

keeping the monitor at the same 

phase and amplitude settings and 

adjusting the known separation 

distance between the external 

reference pair m a calibration jig 

until a null balance is achieved on 

the monitor. The separation distance 

of the external reference pair is 

measured between the inner faces of 

the two paired coils, whereas the 

actual separation distance measured 

between the installed pair is from the 

top of one coil to the top of the next 

coil; the thickness of each 50 mm 

diameter coil 1s 7 mm. The 

individual coils within each array 

were uniquely identified as shown in 

Figure E 4, which includes target 

separation distances. 

Each coil is labelled {Array No., Position No} 

Station 
6 

10 
14 

Inner 
Array 2 

4 
6 

Outer 
Array 1 

3 
.. 5 

Figure E 4 Bison Strain Coil Numbering System 
(First Pavement) 
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E.2 CONSTRUCTION AND INSTRUMENTATION OF THE SECOND PAVEMENT 

The subgrade modulus was specified to be between 80 and 120 :MPa, or a CBR of between 

7% and 13%. A preliminary investigation was undertaken to determine the most suitable 

means of achieving this condition. A range of materials were laboratory tested and evaluated; 

a silty clay material from Waikari, North Canterbury was selected. Preliminary testing of this 

material showed that it was suitable for the sub grade not only because of its elasticity and low 

California Bearing Ratio ( approximately 7%) at natural moisture content but because of its 

availability in sufficient quantities in relatively close proximity to Christchurch. A truckload 

of the silty clay was procured, and placed and compacted in a test pit; the width and depth 

of the trial pit was 4 m and 0.5 m, respectively. The method of and monitoring of compaction 

was the same as was normally done at the test track; the in situ CBR value, inferred from 

dynamic core penetrometer (DCP) tests and laboratory tests on undisturbed samples, was 5%. 

A granular pavement was constructed over the subgrade in the test pit. 

Even though the CBR value was less than the lower limit of 7% specified, the Waikari silty 

clay at its natural moisture content was confirmed as being suitable because all previous 

similar projects at CAPTIF had shown that the bearing capacity of fine cohesive subgrade 

soils tends to increase under compaction and initial trafficking, and because the objective was 

to achieve pavement failure within the scheduled design loading period, which meant that a 

weaker subgrade was preferred over a stronger one. Also, because previous projects at 

CAPTIF had shown that modifying the properties of a soil to achieve a specific desired 

condition is inappropriate, it was preferable to use soils at their natural moisture content. 

E.2.1 First Construction Trial for Second Pavement 

The subgrade as placed and compacted in the track had a higher moisture content and thus 

a lower bearing capacity, with a CBR of 5%. Even though the subgrade bearing capacity was 

lower than specified, pavement construction proceeded because the loading routine had to 

commence by 30 September 1989, researchers from overseas were visiting CAPTIF that week 

and their schedule was inflexible, and the organisation funding the simultaneous project 

(British Petroleum International) wanted to progress the work as rapidly as possible. 
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Following construction, the pavement rutted under only a few passes of the vehicles; the 

pavement was removed and the subgrade was ripped up and exposed to the air inside the 

track building to dry. Various methods to hasten the drying process were attempted, but the 

sub grade properties had to be uniform around the track. The most successful method involved 

removing one wall of the building and allowing natural air movement to dry the exposed clay, 

which was turned over a few times each day. 

The previous pavement and sub grade within the test track were ·excavated to a depth of 0. 7 m 

below the top of the concrete wall. Drawing from an on-site stockpile of Waikari clay of 

approximately 400 m3, construction of the subgrade was started on Friday, 6 September 1990. 

The first lift of 150 mm was formed before heavy rain fell during the afternoon. Although 

working to a tight schedule, two days were allowed for drying of the material before 

construction of the subgrade resumed. 

The subgrade was constructed in three lifts, two of 150 mm each and the final lift of 100 mm. 

Because the pavement surfaces were to be level all around the track, the segment subgrade 

levels were constructed to accommodate the different thicknesses of overlying pavement. For 

all three lifts of the subgrade, the dry densities were approximately 1800 kg/m3, 120 kg/m3 

above those attained in the subgrade trial construction. California Bearing Ratio values 

inferred from DCP tests were 5% (see Appendix D for the conversion factors). Based on 

previous experience at CAPTIF with weak fine-grained materials, the CBR was expected to 

increase to at least 7 % under initial trafficking. 

Two days after completion of the construction of the subgrade the basecourse aggregate was 

placed in two layers of 100 mm each. Acceptable dry densities of 2100 kg/m3 were obtained 

from the finished basecourse after the surface had been rolled with .a rubber tyred roller. Ten 

days were then allowed for drying out. 

Although the subgrade and basecourse layers were constructed to differing levels to 

accommodate the different thicknesses of asphaltic concrete layers, some final adjustment had 

to be made to the boxing levels to arrive at the correct asphaltic concrete thicknesses. On 

Tuesday 25 September 1990, the laying of the asphalt commenced. The test track is divided 
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into 58 stations (including Station 0) which are 1 m apart along the centre line. For the BPI 

· requirements, the test track was divided into six segments of nine stations for each segment 

with the balance of 4 m of test track being allocated to the doorway entrance and exit (see 

Figure 3.1). 

Segment C and then D, both 85 mm thick, were laid first in two layers of 40-45 mm each 

followed by segment E and B in two layers each of the same thicknesses. After this, segment 

A, llO mm thick, was laid in two layers of 55 mm each and'then segment F, only 70 mm 

thick, was laid in two layers of 35 mm thickness each. The same material used for segment 

F was laid in the doorway area. Each layer was compacted with careful monitoring of 

densities and temperatures. Placing and compacting of the asphalt was completed with the 

removal of the boxing and the filling in of the edges of the asphalt segments. 

Extensive Falling Weight Deflectometer testing of the newly formed pavement in the test 

track was then carried out. On Thursday 4 October, SLAVE was retracked and basic 

maintenance was carried out. 

Using the CAPTIF Profilometer, extensive transverse profiles were carried out at one half 

station intervals and the DIPstick profiler was used to measure the centreline profile. The 

next day initial running of SLAVE yielded high deflections and rutting of the pavement. The 

weakest areas were at Station 10.5 and Station 20 where cracking had developed in less than 

150 revolutions of SLAVE. Asphaltic concrete was removed at Station 20.5 and in situ CBR 

tests were done on the basecourse and subgrade. The CBR of the subgrade and basecourse 

were 5 % and 18 %, respectively. The Bison strain coils indicated that the deflections were 

mainly in the subgrade, so the entire pavement had to be removed in order to reconstruct the 

subgrade. 

E.2.2 Construction and Instrumentation of the Second Test Pavement 

1 November 1990: Samples of the sub grade were tested for moisture content; the stations and 

their respective moisture contents were: 00 (15.9%), 10 (16.1 %), 20 (15.5%), 30 (15.6%), and 

40 (15.3%). The hovercraft being used to circulate air over the subgrade material was 
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removed and 6 passes of a hoe were made through the material, to expose more wet material. 

Additional moisture content tests of samples from stations 10 and 30 gave results of 16.7% 

and 15.8% respectively. The hovercraft was operated for 2 hours. 

2 November: The hovercraft was moved off the subgrade and the material was hoed for 3 

laps. Samples were taken for moisture content tests; stations and their respective moisture 

contents are: 00 (15.5%), 10 (16.1 %), 30 (15.5%) and 40 (14.9%). 

5 November: Stations from which the subgrade material was sampled and the respective 

moisture contents were 00 (15.1%), 10 (15.5%), 20 (15.0%), 30 (14.5%) and 40 (14.8%). 

6 November: Final subgrade elevations were marked out using the laser level. A Sakai S91 

(heavy) roller made 8 passes in full vibration mode. Densities and DCP tests were done at 

stations 00, 10, 20, 30 and 40. The average dry density was 1800 kg/m3, at a moisture 

content of 15.5%. The CBR values inferred from the DCP tests were in the range of 5% -

7%; the subgrade surface felt firm and dry. 10 more passes of the roller in vibratory mode 

were made, but no apparent improvement in the subgrade occurred. 

7 November: At IO m intervals, Fulton Hogan Canterbury Benkelman Beam tests were 

conducted using a 80 kN dual-tyred rear axle load on a truck. Deflections were in order of 

7 mm. Samples from the top and the bottom of compacted subgrade had moisture contents 

of 15.0% and 15.8%, respectively. 

8 November: The moisture content of stations 54 and 10 at the bottom of the clay were 15.9% 

and 15 .25%, respectively, and in the north face and south face of the stockpile of silty clay 

were 17.2% and 16.9%, respectively. 

19 November: The subgrade moisture content had decreased to approximately 13%. Rain 

prevented the removal of the top lift of the subgrade for thorough compaction. The subgrade 

material was moved about within the enclosure to allow compaction using a bulldozer, loader 

and Sakai S91 roller. The laboratory CBR of a sample of the subgrade was 9.5% 
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20 November: The first lift of the sub grade was prepared between stations 31 and 4 7; 

densities were measured using a nuclear densometer. The second lift was placed, and the 

densities and DCP tests were measured after compaction with the Sakai S91 roller. The 

inferred CBR ranged from 5.3% to 7.6%; construction was halted because the values were too 

low. However, the dry densities of approximately 1800 kg/m3 at a moisture content of 

15.5% were acceptable. The inferred CBR values from DCP tests conducted in the afternoon 

were between 8% and 9%. The remainder of the track was compacted. 

22 November: A bulldozer was used to level the subgrade to the same elevation all around 

the track. The subgrade was compacted with a tandem drum roller. The dry density of the 

subgrade was 1850 kg/m3 at a moisture content of 14.5%. Two DCP tests were done per 

segment; the inferred CBR values were between 4.5% to 8.0%, and the mode was 7.5%. 

23 November: Two in situ CBR tests per segment were done on the surface of the subgrade 

at the centreline of the track, and one per segment was done at a depth of 100 mm on the 

inside of track. The CBR results were greater than 10 except for isolated weak spots and a 

wetter section around station 40. Benkelman Beam deflection at station 02 was 4 mm. 

26 November: A sample of aggregate from the stockpile had a particle size distribution in the 

middle of the TNZ M/4 gradation envelope for AP 20. 

27 November: In situ CBR tests were conducted on the subgrade in the weakest portion of 

the track, between stations 33 and 47. The results confirmed that the subgrade had a stiffer 

surface with weaker layers at lower depth, except that the CBR test done at the surface right 

next to previous weakest spot yielded a CBR of 12%. Because the in situ CBR tests were 

time consuming, a Benkelman Beam and truck from Fulton-Hogan Canterbury was used to 

measure deflections at 2 m stations around the track. Deflections were 3.0 mm, which was 

acceptable, except between stations 33 and 47, where the deflections exceeded 6 mm. DCP 

tests revealed that the depth of the silty clay varied considerably, and was up to 200 mm 

deeper in the weakest section. 

28 November: Between stations 30 and 47, the subgrade was excavated down to the 
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underlying loess, and the material was stockpiled inside the CAPTIF enclosure so that the 

loader could remove it outside for drying when the weather cleared up. 

30 November: A tractor-mounted blade spread the stockpiled material but this compacted the 

clay, so, later, the digger was used to loosen and turnover the stockpile from the outside. The 

digger was also used to loosen the subgrade material remaining in the tank. The loosened 

clay was spread with the loader, then the layer was compacted in thin lifts with five passes 

of a Sakai SW41 roller, starting with the excavated layer. A weak spot at stations 42-45 was 

detected, so silty clay was not placed there. The digger blade was used to level each lift 

before the lift was compacted. The material in the weak area was excavated and hauled away; 

the loess was too wet right down to the drainage layer at the bottom of the track tank. 

3 December: Material to the bottom of the tank between stations 42 and 48 was excavated. 

The moisture content of the subgrade was 16.5%. 

4 December: The stockpiled clay was removed and placed on the concrete pad outside. DCP 

tests showed that the loess had a hard crust in the areas with low deflections but had no such 

crust in the weakest area through the loess in the latter sections still had an inferred CBR 

greater than 7%. The subgrade was levelled with a loader, and then the excavated section 

between stations 30 and 47 was backfilled with basecourse aggregate removed from the 

previous test pavement, which had a higher moisture content than expected and contained 

lumps of wet clay, but compacted satisfactorily with a heavy plate compactor in 100 mm lifts. 

Rain began falling so the clay was moved back inside the track enclosure. The water content 

of the loose clay was 11.3%. 

5 December: Heavy rain fell overnight but the weather cleared in the morning and the clay 

was moved back onto the concrete pad outside the enclosure. The water content of the 

subgrade clay, sampled from lumps instead of loose particles, was 12.6%. 

7 December: The subgrade was compacted with 1 pass in vibratory mode and multiple 

passes of the Sakai SW 41 roller in non-vibratory mode. The densities of the sub grade were 

in the range of 1700-1800 kg/m3 and the water content was 11.So/o. The Benkelman beam 
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rebounds of the subgrade over most of the track were less than 2 mm but the weaker section 

at station 46 deflected 3. 7 mm. 

10 December: DCP tests were done at 2 m stations, except for stations 02 and 04 which were 

covered by clay stockpile. 

11 December: The wet subgrade material in the section bounded by stations 44 to 48 was 

excavated and removed. The section was backfilled with drier hardfill using the tractor and 

compacted with a plate compactor and a tandem roller. 

12 December: The remainder of the excavated section was backfilled. The subgrade was 

tested with the Falling Weight Deflectometer (FWD) at all available stations. Readings were 

taken on the repaired section before final levelling and compaction. 

13 December: The levels of the top of the subgrade were marked. Most of the finished 

subgrade was lower than planned, by 35 mm; segment F was 140 mm too low, and segment 

A was 5 0 mm too high. 

14 December: The material for the final lift of the subgrade was hauled from the stockpile, 

spread over the subgrade and levelled by the loader. The lift was difficult to level because 

of the hardness and unevenness of the lift (the subgrade was uneven over the length of the 

track because different sections had to have different thicknesses over asphalt pavement 

layers, but the final surface of the pavement had to be level). The lift was compacted by a 

Bomag BW130 (40 kN) roller. After 7 passes, including one pass in vibratory mode, the 

surface began to crack and flake in places. Densities were measured using a Troxler nuclear 

densometer at 2 m stations. The first layer of strain-measuring coils were installed by locating 

the centreline of the track with the transverse reference beam, coring down 100 mm through 

the subgrade, measuring the depth to the bottom with the transverse reference beam and 

levelling the bottom of the hole using clay. The hole was filled with clay in three main lifts 

by compacting with a Marshall hammer and three 5 mm deep lifts to achieve the final exact 

level. The upper coil of the pair was positioned using the Bison 4101A monitor, by nulling 

the external reference pair and positioning the upper coil at the point corresponding to the 
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maximum reading on the display; the separation range was 2 and amplitude was 386.8 at 

station 06, the first station done. FWD tests were done at 2 m stations, and DCP tests were 

done at stations 39, 41, 44, 45, 46, 47 and 48. The subgrade strength had decreased but was 

still acceptable; due to the unevenness of surface, the roller bridged the bumps and could not 

properly compact some areas. 

15 December: The leads to the remaining coils were inserted through ducts in the side of the 

concrete tank prior to placing the granular aggregate. The basecourse levels were marked 

around the track. The loader spread and a bulldozer levelled the AP 20 aggregate for the first 

100 mm lift. The regular bulldozer operator was unavailable, and the replacement driver was 

less skilled, so substantial flat-raking of the aggregate was required to achieve the required 

evenness. Compaction with the Bomag roller began with the first pass in non-vibratory and 

then subsequent passes in vibratory mode, but only one drum was vibrating. Densities were 

monitored by nuclear densometer; densities decreased slightly after six passes. Compaction 

of the first lift was completed and the next layer of strain coils was installed using the same 

procedure as that described above. The cables leading from the coils to the ducts were laid 

in shallow trenches. The aggregate for the next lift was placed on the track. 

16 December: Approximately 10 m3 of the loose aggregate had to be removed, with the 

loader. Excess volumes of aggregate at different stations made levelling difficult because the 

bulldozer had to windrow aggregate all around the track, which leads to segregation of the 

different particle size fractions in the aggregate, resulting in poor compaction. A fine mist of 

water was continually added during the levelling. The lift was compacted with the Bomag 

roller making one pass in non-vibratory mode, six passes in vibratory mode and then four in 

non-vibratory mode. The aggregate did not knit together well, and the surface was loose. 

17 December: FWD tests were done on the basecourse aggregate after one pass of the roller 

in non-vibratory mode along the centreline to smoothen the surface. The FWD test created 

4 mm impressions in the loose surface wherever the loaded plate was dropped but deflections 

were acceptable. The dry densities were in the order of 2100 kg/m3• Six passes of the rubber

tyred, trailer roller, towed behind the Bomag steel drum roller, increased the density and 

knitted the surface particles together. FWD tests produced the same deflection basins as 

E 19 



before. Densities were measured at 2 m stations. Transverse profiles were measured. A 

Bitumix crew began making the boxing for the asphalt. Black and white photographs of the 

basecourse surface were taken at stations 00, 08, 17, 26, 35 and 44. 

18 December: Subgrade cores were taken at three stations on the inner side of the centreline. 

The levels of the basecourse were checked with the laser and, between stations 10 and 12, 

were up to 20 mm above the required elevation. Loose aggregate had been placed to a lift 

height that allowed 15 mm for compaction, but some areas were not fully compacted. The 

boxing was raised slightly in the high spot to obtain the required thickness of asphalt. 

19 December: The Bitumix crew sprayed a tack coat over the basecourse. The weather 

became cold, windy and wet, which affected the asphalt work. The Bitumix crew completed 

the boxing, but it was rough and flimsy. Some stone chips were spread on the track 

centreline to allow the levels to be checked with the laser staff. The levels were correct 

between stations 04 and 30 except between stations 10 and 12 where the boxing was raised 

10 mm to accommodate the full required depth of asphalt. A Troxler thin-lift nuclear 

densometer was used to monitor asphalt densities. The Bitumix crew began placing and 

compacting the asphalt layer, as shown in Figure E 5, in the evening; heavy rain began to fall 

as segment C was being finished and D was begun. Substantial volumes of rain water came 

in through the open doors, because the asphalt truck prevented the door from being closed, 

and soaked into the basecourse. Temperature probes were installed during the placement of 

the asphalt, to the specified depths in the asphalt layer. 

20 December: Bitumix started the plant before 5:00 am, and had completed segments B and 

E by 9:30 am. A petrol spill in segment B required a repair. Segments F and G were 

completed by 4.30 pm. Section F required twice as many roller passes as the other segments 

to reach the same density. 

21 December: The Bitumix crew finished the edges. Asphalt cores were cut out at 4 locations 

in each segment; the water was sponged out from the holes. Transverse surface profiles were 

measured. Between stations 29 and 38, the asphalt layer was 10 mm thicker than specified. 
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Figure E 5 Placement of Asphaltic Concrete (Second Pavement) 

24 December: Core holes were filled, and FWD tests were completed. All of the yellow

tagged (primary) temperature probes survived construction. 

27 December: The air temperature probe was wired into channel 22 on the Hewlett Packard 

3852A datalogger. The probe calibration was checked using the voltmeter and a water bath; 

no correction factor was required. The computer program BPTEMP.BAS was altered to 

include the extra channel and to correct for temperatures less than 0 °C or greater than 50°C. 

E.2.1 Location of Temperature Gauges 

Air temperature was recorded on the inner perimeter of the track. The temperature gauges 

were located 0.7 m inside the track centreline in Segment A at station 57, Segment B at 

station 08, Segment C at station 17, Segment D at station 26, Segment E at station 35, and 

Segment Fat station 44. Gauges were placed at the bottom (Al, Bl, .. ), at the mid-depth (A2, 

B2, .. . ) and just beneath the surface (A3, B3, .. . ) of the asphalt layer. 
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E.3 CONSTRUCTION AND INSTRUMENTATION OF THE THIRD PAVEMENT 

17 February 1992: The temperature calibration program measured on all 24 channels of the 

multiplexer; only minor alterations to the correction factor data in the file BPTEMP.BAS, 

from the previous stage, were required. The finished levels for the loess foundation layer were 

set out. The Digipole for the laser level kept retracting from the set position, which delayed 

the procedure. 

18 February: The loess was backfilled in 200 mm lifts, while tractor bucket loads of loess 

were added at either door. At stations 00, 10, 20, 30, and 40, the nuclear densometer was 

used to measure the density of the first lift after two passes of a Bomag BW130 roller in non

vibratory mode. After two more passes of the roller in non-vibratory mode, the densities were 

measured again at stations 10 and 30. Two more passes produced a further increase in 

compaction but the material began to shove. Samples were tested for moisture content in the 

Bitumix laboratory; the moisture contents at stations 20 and 30 were 9% and 10.2%, 

respectively. 

19 February: Densities and transverse profiles were measured at stations 05, 06, 07, 08, 09, 

15, 20, 25, 30, 35, 40, 45, 50, 53, 54, 55, 56 and 57. 

20 February: DCP tests were done at stations 05, 07, 09, 15, 20, 25, 30, 35, 40, 45, 53, 55, 

and 57; the results showed a noticeable stratification of strength through the loess. The 

inferred CBR was generally 15 %. A sample from the stockpile of silty clay had a moisture 

content of 12.6%. Weather continued to be hot and dry, as it was all week. As much silty clay 

as possible was stored inside the track by each door. 

21 February: The coils were Al (the uppermost at station 05) to E3 (lowest level at station 

09). Densities of the first lift of silty clay were measured; the readings began to level of after 

two passes of the roller in non-vibratory mode, and compaction stopped after four passes. The 

subgrade was levelled up to the elevation of the first coil layer and placement of the strain 

coils began, but accurate placement of the coils in the hard silty clay was difficult. A 

sufficient volume of silty clay required to complete the subgrade was moved inside the 
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enclosure, just before heavy rain started falling. The silty clay was difficult to level at the 

current moisture content, and tended to leave hard humps and hollows. However, the 

moisture content was necessary to achieve the desired strength. 

24 February: The coil locations for both strain-measuring systems were levelled. 

27 February: The bulldozer operator spread the silty clay stockpiled inside the building but 

the volume was approximately 4 m3 less than that required, so he gathered drier material from 

deeper inside the uncovered stockpile; heavy rain had fallen during the previous few days. 

The moisture content of the silty clay was 12.8%. It was difficult to achieve the required lift 

levels at the same time as moving the silty clay around from the doors, so the loader drove 

over the subgrade to get around the track to place the clay where it was needed, which did 

not disturb the subgrade surface. The finished subgrade was compacted with 4 passes of the 

Bomag roller in non-vibratory mode. The density of the subgrade was measured at stations 

05, 06, 07, 09, 15, 20, 25, 30, 35, 40, 45, 50, 53, 54, 55, 56 and 57, on the centreline; the dry 

densities were 1800 kg/m3• 

28 February: DCP tests and transverse profiles on the finished subgrade were completed. The 

inferred CBR of the subgrade was in the range of 10% to 12%. Accurate placement of the 

strain coils was achieved by using the manual transverse reference beam and a level bubble 

(Figure E 6). The shallow trenches for the cables were difficult to make in the hard, crumbly 

silty clay. Heavy rain fell during the day and a pool of water formed on top of the subgrade 

by the south door, which was unpreventable given the layout of the enclosure and track tank. 

2 · March: A temperature probe was included at each strain coil location at the 

subgrade/basecourse interface; the probes were placed 800 mm inside the track centreline, 

except at stations 06, 08, 54 and 56, where the probes were placed 200 mm inside the 

centreline so that they under the wheelpath. Because the datalogger had to be modified, the 

correction factor for each probe was manually calculated using a control bath, a digital 

thermometer and a portable voltmeter (Table E 4). The temperature of the control bath was 

16.2°C. 
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The sample of basecourse aggregate did 

not satisfy the TNZ M/4 specification with 

respect to particle size distribution and 

sand equivalence. The supplier, Fulton 

Hogan Canterbury, reported that the truck 

driver dockets had stated 'M/4 AP 40' but 

the aggregate delivered was 'Construction' 

AP 40 (CAP 40). The first truckload of 

correct material arrived at 3.30 pm. 

Three AP 40 aggregates are commonly 

used in Canterbury : TNZ M/4 AP 40, 

CAP 40 and SAP 40. Aggregates with a 

particle size distribution in the middle of 

the grading envelope of TNZ M/4 compact 

easily but aggregate with a greater 

Table E 4 Correction Factors for Temperature 
Probes 

GAUGE STATION VOLTAGE 

0 53 155.9 

1 54 164.2 

2 55 160.3 

3 56 158.6 

4 57 158.7 

5 05 162.1 

6 06 164.6 

7 07 160.9 

8 08 162.5 

9 09 154.6 

10 Air 151.2 

Figul'e E 6 Placement of Bison Strain Coils on top of Subgrade (Third Pavement) 
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proportion of coarser particles is difficult to compact. Aggregate from the Pound Road quarry 

tends to compact better than aggregate from the Coutts Island quarry; the latter was the source 

of the aggregate used in this work. Compaction is also dependent on the running course used, 

with Coutts Island aggregate tending to be too angular. 

3 March: Delivery of aggregate that was supposed to satisfy TNZ M/4 continued. The 

bulldozer operator relied on frequent laser readings to determine the level of the lift; as the 

aggregate was spread, a fine spray of water was applied. The basecourse aggregate was 

compacted with one pass of the Sakai SW40 roller in non-vibratory mode, and the densities 

were measured at stations 05 and 35. Then, compaction was applied with the roller in 

vibratory mode, while measuring densities after each pass. After 4 passes of the roller in 

vibratory mode, the compaction density plateau levelled off at 86% of maximum density; 

there was no further increase even after 7 passes. No segregation of the particles was visible 

but the roller created a significant bow wave and there was evidence of surface shearing due 

to the roller width and the short radius of the test track. The surface of the basecourse was 

loose. Neither rolling in non-vibratory mode nor rolling in a straight line in vibration mode 

improved the compaction of the surface. 

5 March: The proper surface finish of unbound basecourse aggregate required for sprayed 

seal coats is usually achieved in highway construction by either applying extra compactive 

effort and crushing the aggregate at the surface to create fines, applying crusher dust to the 

surface or applying the running course and compacting with a heavy (300 kN) rubber-tyred 

roller to drive the fines into the underlying aggregate. The preferred option was to improve 

the existing pavement so approximately 4 m3 of running course was spread over the entire 

track. Then, the surface was lightly sprayed with water and compacted with IO passes of the 

Sakai roller in vibratory mode, but there was no noticeable improvement in the finish of the 

surface. An additional 20 passes of the rubber-tyred roller did not improve the surface. 

6 March: Aggregate satisfying all the requirements of the TNZ M/4 specification was 

difficult to achieve, and the particle size distribution had to be in the middle of the allowable 

gradation envelope in order to be able to achieve adequate compaction. Plenty of water was 

sprayed on the basecourse then 12 passes of the Sakai roller in vibratory mode were applied. 
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Additional water was sprayed on the unbound aggregate and the rubber-tyred roller trailer was 

towed around the track for 20 minutes. The surface looked good but had little resistance to 

shear. The surface elevations were checked with the laser level and, generally, the levels were 

· 10-15 mm high between stations 55 and 20. 

9 March: The elevations of the centreline of the track were measured with the laser level, and 

the transverse surface profiles were recorded with the reference beam. 

JO March: The weather turned cold and wet. The dry density of the basecourse was in the 

order of 2000 kg/m3• The top layer of strain coils was placed while the contractor prepared 

the track edges for surfacing. Instead of placing the coils on a bed of plaster, as was done 

for the previous pavement, a base of crusher dust was made and the plaster was used around 

the edges to hold the coil in place. The modified procedure was necessary because of the 

nature of the basecourse. 

12 March: The contractor sprayed a tack coat over the pavement before the CAPTIF staff 

arrived; a primer should have been sprayed to help bind the surface basecourse aggregate. 

13 March: The asphalt contractor surfaced the track with 12.5 tonnes of asphalt with a 

maximum particle size of 10 mm and 80/100 penetration grade bitumen. The asphalt was 

allowed to cure for six days before being trafficked. 

19 March: The SLAVE was retracked; vehicle B was at an angle and the arm leading to it 

could not be bolted together. A closer inspection revealed that the lower arm hinge had 

broken, allowing the outer end of the arm to twist. 

20 March: All three soil suction gauges were inserted in the top 300 mm of the subgrade 

adjacent to the outer wheelpath, one near each strain gauge array. The ceramic ends were 

surrounded with sand and the holes were sealed with bentonite slurry. Commencement of 

trafficking was delayed due to repairs to the cracked hinges and instrumentation development. 

1 April: Transverse profiles were measured with the reference beam, which had been used to 
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Figure E 7 Third Pavement Layer Thicknesses 

measure all the sub-surf ace layer profiles, and the CAPTIF Profilometer, which was used for 

subsequent surface profiles. Thicknesses of each pavement layer are shown in Table E 5, and 

depths from the pavement surface to the top of each layer are plotted in Figure E 7. 

Table E 5 Third Pavement Construction Details 

Longitudinal Station Around the Track 

05 06 07 08 09 15 20 25 30 35 40 45 53 54 55 56 57 

Asphalt Layer Thickness (mm) 

26 25 25 26 23 24 25 23 16 22 23 26 24 24 25 25 28 

Granular Layer Thickness (mm) 

144 141 135 130 127 125 130 135 153 158 154 127 147 139 133 135 131 

Total Pavement Depth (mm) 

170 166 160 156 150 149 155 158 169 180 177 153 171 163 158 160 159 

Silty Clay Subgrade Thickness (mm) 

606 607 615 621 613 589 590 579 619 611 611 586 568 575 578 588 595 

Depth to Bottom of Silty Clay Subgrade (mm) 

776 773 775 777 763 738 745 737 788 791 788 739 739 738 736 748 754 
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2 April: DIPStick Profiler was used to measure the longitudinal profile along the centreline, 

using the new Psion software to record the data. Pavement deflections were measured using 

the CAPTIF Deflectometer. The asphalt had a coarse surface texture. 
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APPENDIX F LOADING AND WHEELPATH DISTRIBUTION 

The main activities of the loading routines that were considered to be relevant to the 

experimental investigation are described in chronological order. 

F.1 FIRST PAVEMENT LOADING ROUTINE 

6 June 1990: Yellow marks were painted on the top of the concrete tank wall on both sides 

of the track, at locations corresponding to 1 m stations along the longitudinal centreline of 

the track. 

11 June: Ministry of Transport (MoT) officers arrived with a Telub Type 1203 portable weigh 

scale No. 8130 (K89 certificate). A crane lifted the SLAVE so that the wheels were above 

the surface of the track and swung the vehicles into position. The crane also lifted the 

vehicles onto the scale. The masses of vehicle A and B were 4490 kg and 4530 kg, 

respectively. Both vehicles had four 40 mm thick Load Increment Plates (LIP), which are 310 

kg each, and six 22 mm thick LIP, which are 170 kg each. The arms were bolted together. 

The horizontal and vertical alignment of the arms and the wheels were checked. 

12 June: The LIP were removed. 

13 June: Fulton Hogan Canterbury painters marked the centrelines of the two wheelpaths at 

a 300 mm offset from the centre of the maximum extremities of the travel of the SLAVE 

arms travel, which corresponds to R80. The paint trolley was difficult to manoeuvre 

accurately along the centrelines. 

14 June: Transverse surface profiles were measured in the same locations as where the 

basecourse profiles were taken, not at the new paint markings but relative to the masonry 

anchors as before. Vehicle B had to be the standard vehicle for all tests which required a 

standard load for the deflectometer tests because only vehicle B had a receptacle for the 

inching controller so it was unsafe to conduct the test using Vehicle A, the movement of 

which had to be controlled from the opposite side of the track. The deflection of the test 
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segment was approximately 2.5 mm with a steep deflection bowl 1 m long. The maximum 

deflection of the remainder of the track was 0.6 mm. The tyre inflation pressures in both tyres 

of both vehicles were 78 psi (540 kPa). The tyres in both vehicles had a positive camber; the 

angle of the arms leading to the vehicles was+ 2° (the vehicle ends of the arms were higher 

than the hinged ends near the central pedestal). 

15 June: Transverse surface profiles were measured at the new marks for stations 2, 4, 6, 8, 

10, 12, 14, 16, 20, 25, 30, 35, 40, 45, 50 and 55. The CAPTIF deflectometer was use to 

measure deflection basins at stations 6, 10, 14, 20, 30, 40 and 50. The longitudinal profile of 

both wheelpaths in the test segment, between stations 00 and 20, were measured using the 

DIPStick Profiler, following along the inside of the inner edge of the inner (relative to the 

track walls) centreline paint and the outside of the outer edge of the outer centreline paint, 

just off the paint for both. 

19 June: The temperature probes, which had been wired incorrectly, failed. 

26 June: The transverse surface profiles collected earlier using the CAPTIF Profilometer 

worksheets were adjusted to allow for the variation in the elevation of the top of the concrete 

tank wall. 

29 June: The initial separation distances between paired Bison strain coils were recorded for 

all the arrays; for the readings to be valid, the calibration program had to be rerun for each 

pair. The tyres were photographed, and tyre tread depths, inflation pressures and temperatures 

were measured. 

2-17 July: The interim strain data-acquisition program was debugged and commissioned. 

20 July: Firestone service increased the pressure in the tyres in Vehicle B to 700 kPa. The 

tyre imprints were recorded, and tyre pressures, temperatures and tread depths were measured. 

23 July: Strain coil array 3 was tested under vehicles A and B. 
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24 July: Strain measurements on array 4 were completed under B, at 100 psi and 40 kN. A 

loading code was used in which the first two digits are the first two digits of the tyre 

inflation pressure in psi, and the second two digits refer to the load; for example, 1040 refers 

to 100 psi and 40 kN. Surface deflections under both A and B were measured at stations 6, 

10, 14 and 30; the data files for B were named DST07, DSTll, DST15 and DST31. The LIP 

were removed from B. Surface deflections at stations 6, 10, 14 and 30 were measured under 

1021. 260 cycles of the SLAVE were done at 15 km/h at R 70, R80 and R90. 

25 July: Strains were measured at arrays 1, 3 and 4 under vehicle B (1021). Transverse 

surface profiles were measured at stations 6, 10, 14 and 30. Tyre imprints and conditions were 

recorded. The camber on B was adjusted 6 turns back to correct for the lighter weight. The 

tyre pressure in B was decreased to 80 psi, and tyre imprints were recorded. Tyre imprint 

areas are illustrated in Figures F 1 and F 2. Pavement strains under B were measured. 

26 July: MOT officers arrived with portable scales. The SLAVE vehicles were driven onto 

the scales under their own power. The weight of vehicle B with no LIP was 2.21 tonnes; 

vehicle A, with six 40 mm thick LIP, weighed 4.11 tonnes. Deflections under B were 

measured at stations 6, 10, 14 and 30. Two 40 mm and two 22 mm LIP were added to 'B'. 

The camber of the tyres was checked. Tyre imprints for vehicle B (0831) were measured. 

Deflections under B at stations 6, 10, 14 and 30 were measured. Strains under B at arrays 1, 

3 and 4 were recorded. 

27 July: Deflectometer readings for 0831 were downloaded to the computer. Firestone 

increased the tyre pressure in 'B' to 100 psi. Imprints and the condition of the tyres were 

recorded. Deflections and strains for 1031 were measured. The load on B was increased to 

46 kN with six 40 mm and four 22 mm LIP. The camber was adjusted 10 turns up. The 

deflectometer worksheet was modified to include a loading code. 

29 July: Strains under B and A were measured. 

30 July: The deflections under 1046 were measured. Imprints and tyre conditions were 

recorded. Tyre pressure was reduced to 80 psi, and tyre imprints were recorded. The pavement 
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deflections for 0846 were recorded, and stored in B:\31-07-90. Strains were measured under 

B 0846 at arrays 1, 3 and 4. The deflections under A 0841 were measured at stations 6, 10, 

14 and 30, but the data files were labelled as 7, 11, 15 and 31 to avoid confusion with 

Vehicle B data. Transverse surface profiles at stations 6, 10, 14 and 30 were measured after 

7600 loading cycles. The strain-measuring equipment was moved to be near arrays 5 and 6 

at station 14, so that the H-bar strain gauges could be read, but H-bar readings were erratic .. 

31 July: Firestone services fitted dual radial ply tyres to B and inflated the tyres to 80 psi; 

the procedure was videotaped. Tyre imprints and condition were measured. Pavement 

deflections under 0846 were measured. The deflection tests were difficult because the 

sidewalls of the radial ply tyres bulged and interfered with the Deflectometer probe. The tyre 

camber was checked. The tread lifted off the new outer radial ply tyre. 

1 August: Firestone services explained that the tyre that failed had a "C" rating, which means 

that the tyre carcass had been retreaded three times. The faulty tyre was replaced with a "B" 

rated tyre, which had been re-treaded twice, inflated to 120 psi. Tyre imprints and condition 

were recorded, and photographed. 

2 August: 8160 cumulative loading cycles had been applied to date. All measurements made 

this day were invalid because the tyre inflation pressure was low due to a slow leak. The 

measurements were repeated. 

3 August: A pinhole puncture was found in the tube of one of the tyres. The tube was 

patched and inflated to 120 psi. Deflections were measured under 561246 (tyres 5 and 6 were 

the new radial ply tyres on Vehicle B, the tyre inflation pressure was 120 psi, and the load 

was 46 kN). Strains at arrays 1, 3 and 4 were recorded under 561_246. 

6 August: B tyres were deflated to 100 psi. 

7 August: The pavement deflections, strains and tyre imprints under 561046 were recorded. 

Tyre inflation pressures set at 100 psi cold had risen to 111 psi hot. The tyre inflation 

pressure was lowered to 87 psi to approximate 80 psi cold: the pressures in the outer and 
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inner tyres were 86 psi at 26.9°C and 88 psi at 26.7°C, respectively. The air temperature was 

17.2 °C. Strains, deflections and tyre imprints under 560846 were recorded. 

8 August: The total load of vehicle B was decreased to 31 kN. The tyre camber was checked. 

The tyre imprints, deflections, and strains were recorded. 

9 August: Firestone services increased tyre inflation pressure to 120 psi. The tyre imprints, 

pavement deflections and strains were recorded for 561231. Tyre pressure was reduced to 100 

psi. The tyre imprints, pavement deflections and strains for 561031 were recorded. LIP were 

removed. The tyre camber adjusters were turned back 10 revolutions. 

10, August: The tyre imprints, pavement deflections and strains were measured under 561021. 

Tyre inflation pressure was decreased to 80 psi ( cold). 

11, August: Pavement strains under 560821 were recorded. 

13 August: Pavement deflections and tyre imprints under 560821 were recorded. Firestone 

services increased the tyre inflation pressure to 120 psi. 

14 August: The pavement deflections, tyre imprints and strains under 561221 were recorded. 

The strain-measuring data-acquisition software was modified to include tyre type in the 

description code and filename, and vehicle speed was removed from the code. Load on B was 

increased to 40 kN. Suspension preload adjusters were increased 7 turns to achieve neutral 

tyre camber. 

15 August: Tyre imprints, pavement deflections and strains under 561240 were recorded. 

After the tyre inflation pressure was reduced to 100 psi, tyre imprints under 561040 were 

recorded. 

16 August: Strains were measured under 561040. 

17 August: Pavement deflections under 561040 were completed before the tyre pressure was 
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reduced to 80 psi. Tyre imprints under 560840 were recorded; pavement strain measurements 

were started, but a hydraulic leak in Vehicle A prevented the completion of the measurements. 

20 August: Transverse surface profiles were measured at stations 2, 4, 6, 8, 10, 12, 14, 16, 

20, 25, 30, 35, 40, 45, 50 and 55. Pavement strain measurements under A were completed. 

21 August: Pavement deflections under 560840 were recorded. Pavement deflections under 

120840 (vehicle A) were measured at stations 6, 10, 14, 20, 30, 40 and 50. The pavement 

surface was photographed and videotaped. The trigger point for the accelerometers mounted 

on the vehicle B was located at station 24 as the reference mark for lap counts and DIPStick 

profiler measurements. The SLAVE speed controller board was malfunctioning. 

22 August: The longitudinal profiles of the pavement were measured using the DIPStick 

Profiler. The condition of the tyres on A was recorded. Firestone services increased the 

pressure of the tyres on B to 120 psi, and inspected the tread on the inner tyre on A after it 

was noticed that the transverse tread was splitting at the seam. 

23 August: Four 22 mm LIP were added to B to increase the load to 46 kN. 

24 August: The tyre temperatures and pressures of A and B were checked. The tyres were 

running at 45°C. After 27000 cumulative loading cycles, a bump had formed at station 20. 

27 August: Surface cracks at imminent failures in the pavement at stations 14 and 18 were 

outlined and photographed. 

29 August: Pavement deflections were measured under 120841 at_ stations 6, 10, 14 and 30. 

Transverse surface profiles at stations 2, 4, 6, 8, 10, 12, 14, 14, 20, 25, 30, 35, 40, 45, 50 

and 55 were measured. Longitudinal surface profiles were measured with the DIPStick 

Profiler. 

30 August: The tape recorder stored the signal output from the accelerometers vehicle A at 

R80 and a vehicle speed of 40 km/h. Strains were recorded at arrays 1, 3 and 4 under 120841. 
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The longitudinal surface profile of the inner wheelpath was measured with the DIPStick 

Profiler. 

31 August: The SLAVE was prepared for detracking by removing sufficient LIP from B to 

reduced the load to 40 kN. Transverse surface profiles were measured at stations 5, 6, 7, 9, 

10, 12, 13, 14 and 15. The asphalt was cut with a Bosch breaker, lifted and photographed. 

The uppermost 20 mm of the basecourse aggregate had stuck to the bottom of the asphalt as 

the latter was lifted out. Data files were downloaded to disk under tomorrow's date, \01.09.90. 

The trenches were excavated to the subgrade. 

3 September: Excavation of the remainder of the pavement began. Subgrade profiles in the 

trenches were recorded, and DCP tests were done in the inner and outer wheelpath in each 

trench; CBR values inferred from DCP tests are in Table F 1. 

4 September: Excavation of the pavement continued. All the strain gauge coils immediately 

under the asphalt were embedded in the asphalt. All the gauges in the basecourse were 

difficult to remove and only a few were recovered intact. 

F.1.1 Tyre Imprints 

Because of their original size, each tyre imprint (of each pair) were scanned separately, to 

produce the digital images illustrated in Figures F 1 to F 20. The relative positions of each 

tyre in a pair are close to the actual, but are not exact. The dimensions of each tyre are to 

scale. 
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Figure F 1 Bias ply, 
21 kN, 550 kPa 

Figure F 2 Radial ply, 
21 kN, 550 kPa 

-~ .... 

Figure F 3 Bias ply, 
21 kN, 700 kPa 

Figure F 4 Radial ply, 
21 kN, 700 kPa 
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Figure F 5 Bias ply, 
31 kN, 550 kPa 

Figure F 6 Radial ply, 
31 kN, 550 kPa 
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Figure F 7 Bias ply, 
31 kN, 700 kPa 

Figure F 8 Radial ply, 
31 kN, 700 kPa 
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Figure F 9 Bias ply, 
40 kN, 550 kPa 

Figure F 10 Radial ply, 
40 kN, 550 kPa 

Figure F 11 Bias ply, 
40 kN, 700 kPa 

Figure F 12 Radial ply, 
40 kN, 700 kPa 
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Figure F 13 Bias ply, 
46 kN, 550 kPa 

Figure F 14 Radial ply, 
46 kN, 550 kPa 

Figure F 15 Bias ply, 
46 kN, 700 kPa 

Figure F 16 Radial ply, 
46 kN, 700 kPa 
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Figure F 17 Radial ply, 
21 kN, 825 k.Pa 

Figure F 18 Radial ply, 
31 kN, 825 k.Pa 

Figure F 19 Radial ply, 
40 kN, 825 k.Pa 

"' Figure F 20 Radial ply, 
46 kN, 825 k.Pa 
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Table F 1 Inferrred CBR Values for Subgrade after First Experimental Pavement Loading Routine 

Inferred 

CBR 

(%) 

6 

6 

8 

28 

Inferred 

CBR 

(%) 

6 

8 

8 

23 

DCP 

(blows/ 

100 mm) 

2 

5 

7 

12 

DCP 

(blows/100 

mm) 

3 

4 

4 

10 

7 

7 

Inferred 

CBR 

(%) 

3 

10 

15 

28 

Inferred 

CBR 

(%) 

6 

8 

8 

23 

DCP 

(blows/ 

100 mm) 

2 

5 

9 

16 

DCP 

(blows/ 

100 mm) 

2 

8 

8 

15 

9 

9 

Inner Wheelpath 

Inferred 

CBR 

(%) 

3 

10 

19 

38 

12 

DCP 

(blows/ 

100 mm) 

3 

4 

8 

15 

Outer Wheelpath 

Inferred 

CBR 

(%) 

3 

17 

17 

34 

12 

DCP 

(blows/ 

100 mm) 

2 

4 

6 

14 

Inferred 

CBR 

(%) 

6 

8 

17 

34 

Inferred 

CBR 

(%) 

3 

8 

12 

34 

DCP 

(blows/ 

100 mm) 

2 

3 

7 

13 

DCP 

(blows/ 

100 mm) 

2 

4 

9 

15 

13 

13 

Inferred 

CBR 

(%) 

3 

6 

15 

30 

Inferred 

CBR 

(%) 

3 

8 

19 

34 

DCP 

(blows/ 

100 mm) 

3 

6 

10 

16 

DCP 

(blows/ 

100 mm) 

2 

3 

8 

16 

15 

15 

Inferred 

CBR 

(%) 

6 

12 

23 

38 

Inferred 

CBR 

(%) 

3 

6 

17 

38 



F.2 SECOND PAVEMENT 

F.2.1 Wheelpath Distribution 

BPOIL.TRK was written to create a normal gaussian wheelpath distribution between R25 and 

R75; the programmed distribution of wheelpaths is presented in Table F 2. 
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Table F 2 Programmed Distribution of Wheelpaths -Second Pavement 

Transverse Position of Wheels - Distance from Centreline of Innermost Path ( cm) 

25 I 21 I 29 I 31 I 33 I 35 I 37 I 39 I 41 I 43 I 45 I 47 I 49 I 51 I 53 I 55 I 57 I 59 I 61 I 63 I 65 I 67 I 69 I 71 I 73 I 75 

Programmed Number of Revolutions of SLAVE in Wheelpath Positions per Unit Sequence 

2 2 I 3 3 5 5 7 10 I 14 I 18 I 22 I 27 I 21 I 22 I 18 I 14 I 10 I 7 5 I 5 3 3 2 2 

Percentage of Wheelpaths in Each Position (%) 

1.26 2.09 3.35 5.02 10.04 16.74 22.59 16.74 10.04 5.02 3.35 2.09 1.26 



F.2.2 Loading Information 

3 January 1991: SLAVE had completed 6470 conditioning revolutions. Pavement asphalt 

surface was ravelling because the mix was not normally be used as a surf acing. FWD showed 

tests only small variations in deflection even at areas of cracking. 

04 January: Strain readings were invalid; faults were a resistor had not been soldered across 

the terminal module connections, which had been done on the terminal now used for 

measuring temperatures, and had to be duplicated to control noise, and an earthing problem 

in the lead from the terminal module to the Bison gauge. 

07 January: Strain readings were completed. A compaction failure was being aggravated by 

the cornering affect of the tyres and magnified by the two asphalt lifts delaminating. 

08 January: SLAVE ran for two hours while the crack at station 15 was observed. Cracks 

were repaired with emulsion and sand mixture. SLAVE was set at 30 km/h for 5000 

revolutions. 

09 January: Bison strain coil and temperature dataloggers were rewired because the 

temperature multiplexer had the Bison resistors soldered in. Because the temperature data 

collection program had to be stopped and the data was stored in volatile memory until 

downloaded to a disk at midnight each day, data from 1 pm to 11 pm was lost. Strains at 

stations 6, 7 and 8 were measured. SLAVE set at 30 km/h for 4000 revolutions, to give 27000 

revolutions in total. 

11 January: The date stamping in the temperature files was incorrect because after the most 

recent 'reboot', the internal clock had not set the system time to 1991. The datalogging 

program had to be stopped to correct the problem, which deleted the data in the volatile 

memory and did not start collecting data again until midnight. Cracks were filled with an 

emulsion and sand mix; the pavement surface was photographed before and after. 

12 January: At 9 pm, SLAVE started running at a velocity of 30 km/h and the programmed 
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wheelpath distribution BP, for 10000 revolutions. 

13 January: SLAVE stopped at 10:45 am due to the obstruction bar on the outer tyre of 

vehicle A being tripped by the rubber accumulating on the tyre. The tyre was scraped clean 

before SLAVE was restarted. 

13 January: Strain measurements were done after 5 pm. 

14 January: Hydraulic oil from the breather tank on SLAVE had leaked onto the vehicle and 

then been sprayed around the track. 

16 January: Tyre deflation/blow out sensors on vehicle A were adjusted to the maximum 

setting to allow for the rubber accumulation on the tread. SLAVE started running at 40 km/h 

but within a few minutes maximum speed had dropped to 33 km/h. Speed was set at 20 km/h 

to reduce the risk of oil spillage. 

17 January: The speed control problem was found to be in the hydraulic system. The speed 

control valve was getting the correct signals but was not responding by increasing speed as 

requested. 

18 January: Seals in the hydraulic motor on vehicle A had blown, and hydraulic fluid leaked 

from the motor into the gearbox. The motor had to be removed and overhauled, and a new 

motor was ordered. 

25 January: Maximum cumulative centreline rutting was approximately 2 mm at station 18. 

31 January: New motor was installed. Oil was accidentally spilled on the asphalt and was 

soaked up with lime. The speed control problem still existed. Vehicle B had been stationery 

on the pavement at station 22 since the failure of the hydraulic motor. 

OJ February: The probable fault, a sticking valve, was isolated. Hydraulic lines were 

dismantled and cleaned. SLAVE was able to run continuously at 45 km/h. 
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04 February: SLAVE completed the programmed interval of loading cycles with no 

disruptions. Cumulative revolutions was 57000. A discrepancy between the computer count 

(57000) and SLAVE counter (65226) was found. The SLAVE counter gained 1 cycle each 

time SLAVE was initialised and counted the revolutions taken for SLAVE for stop after a 

reset. However the main problem was the comms link missing quadrant counts. Quadrants 

instead of revolutions were counted by the on-shore computer software because SLAVE 

reported revolutions every report period (10 seconds), and resets to 0 on initialisation and after 

65,000 circles. The quadrant counts being missed when they coincided with a report period. 

Quadrant reports were already top priority but would not interrupt a report in progress, and 

by the time the report had finished, SLAVE may have moved to another quadrant. It was 

easier to reprogram the on-shore computer software instead of the SLAVE electronics. FWD 

tests were done between 3:00 pm and 4:30 pm. 

05 February: Asphalt surface ravelling was filled with sand-emulsion mix. 

06 February: SLAVE started at 12:00 pm, at a velocity of 40 km/h and a programmed 

wheelpath distribution (BP), for 32000 revolutions. 

09 February: 100260 cumulative revolutions according to the SLAVE counter. More cracking 

and a pavement failure occurred at station 25. Psion internal date was one day behind, which 

was corrected. FWD tests were done in the afternoon. 

12 February: 100600 cumulative revolutions applied to date. Strain measurements were done 

between 2: 15 pm and 4 pm. 

15 February: SLAVE counter showed 109000 when it should show 100820, because SLAVE 

was stopped in the position where the rig counter was triggered, with vehicle B at station 

24.5. The counter was reset to 0, and SLAVE was set running at 40 km/h. 

20 February: SLAVE counter reading 110000, whereas the reading should have been 57000. 

Subsequent counting relied on the shore computer counter, even though it was pessimistic. 
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21 February: FWD tests done between 4 pm and 5:30 pm. 

23 February: Blown tyre was replaced; and replacement failed. 

23 February: Strain measurements were done between 12:30 pm and 1:15 pm. 

07 March: 280000 cumulative revolutions to date. Strain measurements were done between 

9 and 10 am. Before this date, a VHF headset transceiver had been used to communicate 

instructions while one person operated the interim strain-measuring unit at the side of the 

track and another operated SLAVE from inside the control room. Operating the VHF 

transceiver affected · the signal read by the strain-measuring data-acquisition unit. The 

transceivers were not used for this function after this date. 

07 March: Strain measurements done between 11 :30 am and 12:20 pm. 

18 March: New tyre was running hot and sticky. At 5:00 pm, clocks on SLAVE shore 

computer and temperature datalogger were reset to NZ Standard time. The outer tyre on 

vehicle B was running 8 degrees hotter than the inner, 53°C versus 45 °C. Tyres on vehicle 

A did not show same differential. 

19 March: FWD tests were done after 5: 15 pm. 

21 March: Asphalt core was cut from the centreline at station 46.5. Asphalt layers were 

delaminated but crack did not appear to be much deeper than the surface in the top lift. The 

top lift was cut out in outer wheelpath between stations 15 and 16.5, which included badly 

cracked area. The lifts were delaminated and interface was dirty except where sand-emulsion 

mix had been placed to repair crack. Cracks appeared in top lift only. Linear scoring at 

interface indicated lifts had been sliding, perhaps during construction. Cut outs were repaired 

with friction course and compacted with pedestrian roller. 

22 March: 400080 cumulative revolutions to date. Strain measurements were done between 

9:45 am and 10:45 am. 

26 March: 460001 cumulative revolutions to date. Strain measurements were done between 
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3:30 pm and 4:25 pm. 

28 March: Four 22 mm LIP were added to each vehicle to increase half-axle load to 46 kN. 

Suspension height was adjusted; adjusters were almost at full (maximum) preload setting. 

FWD tests were done between 3 pm and 4:30 pm. 

29 March: For CAPTIF Deflectometer tests under 46 kN wheel load, zero distance value (see 

Appendix B) was set to O because placing the gap sensor forward of the axle caused 

interference with tyre sidewalls. Tyre temperatures, pressure and tread depths, and pavement 

strains were measured between 10:35 am and 11:40 am. 

09 April: Longitudinal profile between stations 53 and 13 was measured with straight edge, 

and there were no significant humps or hollows. 

15 April: Substantial rubber was on the pavement surface after a hot weekend. Surface 

attrition caused by petrol spill during repairs in segment C over instrumented pavement was 

repaired with sand-emulsion mix. 

21 April: AT 11 pm, on-shore computer operating program had crashed, leaving SLAVE 

running in a constant wheelpath position (R 29) because instructions were not being sent to 

change ram position. FWD tests were done between 9 am and 11 am. Strains were measured 

at 4 pm. 

22 April: An estimated 5000 revolutions were not counted, so the data file was amended. 

25 April: SLAVE had a flat tyre and was at R 99 while travelling at 40 km/h. 

26 April: Firestone replaced the blown tube. A breakage in the hydraulic pump which 

controlled ram position and wheel brakes was found. 

06 May: 820000 revolutions of the SLAVE to date. A power failure rebooted SLAVE shore 

and temperature computers so temperatures for this date were lost. 

14 May: Computer crashed and approximately 1000 uncounted revolutions were made. Data 
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file was amended. SLAVE started running at 40 km/h and 10 revolution interval between 

wheelpath changes. 

20 May: Tread on inner tyre of vehicle A was split and lifting. Firestone replaced tyre 7 with 

previously used tyre 5, which had 182000 cycles of wear. All tyres were reversed on their 

rims to even out wear, and were inflated to 100 psi. 

26 May: Large amounts of rubber were on the pavement and balled on the tyres. Pavement 

surface profiles were affected, and cracks cold not be identified. DIPStick Profiler display was 

difficult to read due to liquid crystals failing. 

28 May: Power cut occurred at 7:12 pm; subsequently, temperature data from 28 to 31 May 

1991 were not recorded because the computer had rebooted due to the power cut. 

F.2.3 Pavement Response to Vehicle Speed 

Following modifications during 1991, the weight of Vehicle A was 4.5 tonnes with six 22 mm 

and four 40mm LIP, and 4.11 tonnes with six 40 mm. The loads applied by Vehicle B with 

various combinations of LIP are tabulated in Table F 3. Tyre inflation pressures were 120 psi 

(825 kPa). 

5 November 1991: Strain readings were taken on all six coil pairs at 20 km/h. The data was 

valid except for the final pair, 4-9, which was inconsistent. 

26 November: Deflectometer and strain tests were done for each vehicle at stations 06 and 10. 

completed. Coil pair 4-9 again gave suspect data at all speeds (20, 30, 40km/h) so array 4 was 

omitted from future readings. 

27 November: LIPs were removed from Vehicle B to reduce the wheel load to 31 kN. 

28 November: Deflectometer tests for the 31 kN load on vehicle B and the reference load of 

41 kN load on vehicle A were done. 
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29 November: All LIPs were removed from vehicle B, and camber was adjusted by backing 

off adjusters 12 turns. 

02 December: Deflections at stations 06 and 10 for vehicles A (41 kN) and B (21 kN) were 

measured. In the afternoon, strains for 20, 30 and 40 km/h at stations 06 and 07 were 

recorded. 

04 December: DIPStick Profiler was used to measure the longitidunal profile along the 

centreline from station 00 to 17. 

Table F 3 SLAVE Loading Configurations (Vehicle B) 

Combination 22 mm 40 mm LIP Mass Vehicle Mass Vehicle Load 

Plate Plate (kg) (kg) (kN) 

1 0 0 0 2210 22 

2 2 0 340 2550 25 

3 0 2 620 2830 28 

4 2 2 960 3170 31 

5 0 4 1240 3450 34 

6 2 4 1580 3790 37 

7 0 6 1860 4070 40 

8 2 6 2200 4410 43 

9 0 8 2480 4690 46 

10 2 8 2820 5030 49 

11 4 8 3160 5370 53 
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F.3 THIRD PAVEMENT 

F.3.1 Loading Information 

16 April 1992: Pavement strains were measured under vehicle Busing the SSSD then strains 

using the old interim system for coil arrays A, B and C were recorded. Vertical compressive 

strains were up to 4000 µm/m in the basecourse and showed a large rebound effect. The tyre 

conditions were recorded then SLAVE was set running at 40 km/h, with an uniform 

wheelpath distribution over the full I m of transverse movement of the vehicles (RO to RIOO). 

22 April: SLAVE stopped after 5000 loading cycles because the outer tyre on vehicle A had 

shed so much rubber that the tyre deflation sensor had been tripped. Under further loading, 

the tread began to delaminate and the tyre temperature was 40°C compared with the other 

three tyres at 23°C. The tyre was with a 'C' retread, the only type available. SLAVE was 

programmed to complete 20000 loading cycles, but stopped at 11:30 pm. The program had 

been storing the wheelpath history in TESTRUN. * and had included 8000 revolutions of 

running, mainly at ram 50, from the previous pavement. The wheelpath history files were 

renamed PD2 l VI.* and the default filename was set to that name. 

23 April: The strain tests with both the interim and SSSD systems were done for the 20000 

loading cycle interval. CAPTIF Deflectometer tests were done at stations 05, 07, 09, 53, 55 

and 57. Temperature data for 22 April was not automatically recorded. From manual voltmeter 

measurements, the temperature at the bottom of the asphalt layer varied from 12°C at mid

morning to 14.5°C at mid-afternoon. The SLAVE started running with an uniform wheelpath 

distribution and an interval of 5 cycles,. to apply a further 20000 loading cycles. 

27 April: The pavement strains and transverse surface profiles were recorded, after 40000 

cumulative loading cycles. The pavement rut near station 02 was deepening. The surface 

profile at station 20 was not measured because the optical trigger was located there. 

29 April: Surface deflections were measured. 
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1 May: Asphalt was removed from the rut at station 02. The basecourse under the trafficked 

area was well compacted and dense. The loose granular material had heaved on the side 

nearest the outer wall of the track but not on the inner side. A small area was excavated to 

the subgrade; the subgrade felt solid and dense. 

4 May: Bison strain monitor 4101A became faulty, after some 23 years of service. The 

SLAVE started running on a normal gaussian distribution, and was set to stop after a further 

20000 loading cycles. 

5 May: The SLAVE was running still but the repair at station 03 had delaminated and was 

being lifted off the basecourse. The SLAVE was stopped at 75000 loading cycles. The top 

lift of the repair had separated cleanly, and had pushed forward and out to the edge of the 

track. The asphalt was soft, and the interface was contaminated with dirt. The contamination 

was caused by the grinding action between the lifts. The sealing engineer from Isaacs 

Construction, which had supplied the asphalt for the repair, inspected the repair and the 

pavement; the penetration grade of the bitumen was 180/200, whereas 80/100 was more 

appropriate for the loading conditions. Also, a tack coat should have been applied between 

lifts. The asphalt contractor arrived to repair the asphalt, but, as before, the asphalt contained 

180/200 penetration grade bitumen. The contractor was instructed that the mix should contain 

80/100 grade bitumen, but because the contractor already had the softer mix in the truck and 

was not available again for several days, the repair proceeded with the softer mix. The 

contractor agreed to repair the failure if the repair fails again. 

6 May: The repair failed at 78850 circles and the SLAVE was stopped. 

8 May: The pavement was excavated to the level of the subgrade level and the excavation 

was backfilled with AP 20 aggregate from a stockpile on site. The aggregate was levelled 

with a tractor blade and compacted with a pedestrian roller in vibratory mode. 

11 May: The repair was surfaced with a 50 mm thick layer of TNZ Mix 10 asphalt containing 

80/100 penetration grade bitumen. 
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12 May: The repair was allowed to cure without trafficking for one day before the SLAVE 

started running at 20 km/h with an uniform wheelpath distribution for 1140 laps to consolidate 

the repair. Then, the vehicle speed was set at 45 km/h, and the wheelpath distribution was a 

normal gaussian distribution. 

13 May: The SLAVE had stopped after 90000 loading cycles due to severe heaving at the 

repair at station 03. The surfacing was removed and the exposed aggregate was compacted 

with a pedestrian roller and 900 loading cycles of the SLAVE vehicles running at 15 km/h 

on an uniform wheelpath distribution. The basecourse was still damp and a little unstable 

19 May: The repair was surfaced with asphalt. 

22 May: The flap sensors on the vehicles were adjusted down so that the SLAVE would stop 

before the pavement deteriorated too badly. The SLAVE started running, at 30 km/h on a 

normal gaussian distribution of wheelpaths. 

26 May: The SLAVE was still running but the repair at station 03 had failed again, and was 

repaired during the next few days. 

3 June: The longitudinal and transverse surface profiles, deflections and pavement strains were 

measured after 120000 loading cycles. Temperature data files were downloaded, and again 

had many invalid readings. SLAVE started running at 40 km/h with a normal gaussian 

distribution of wheelpaths. 

05 June: 153000 cumulative loading cycles had been applied to date. Full width transverse 

cracks, initiated at 40000 cumulative loading cycles, had formed at stations 5, 8, 55 and 57. 

6-7 June: SLAVE stopped twice, when the obstruction sensors were tripped, once on each 

vehicle. 

8 June: SLAVE stopped after 180180 loading cycles at 9:30 am. The repair at station 03 was 

failing again; the trailing edge was pushing against the weak original pavementbut there was 
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no heaving of the repair. Transverse pavement cracks were appearing all around the track. The 

temperature data files were downloaded. The longitudinal and transverse surface profiles, 

deflections and pavement strains were measured with the DIPStick, Profilometer, 

Deflectometer and SSSD, respectively. The DIPStick was out of level when initially checked 

but it gradually came back to level with no adjustment. The tyres' conditions were logged; an 

attempt was made to clean the substantial rubber deposits off the tyres and track. Cracked 

overload springs were found in both vehicles; the springs in Vehicle B were in the worse 

condition. The preload adjusters were correctly seated; the 'severe failures at station 03 

probably caused the springs to break. The vehicle speed (40 km/h) was not temporarily 

reduced, until the springs could be repaired, because of the possible effects on the strains 

within the pavements and the longitudinal surface profile. 

11 June: 222000 cumulative loading cycles had been applied to date. The springs had not 

deteriorated further. 

15 June: Because the broken leaves could have slipped out of the shackles and thereby caused 

severe damage to the vehicles, SLAVE was stopped for immediate repairs. One of the leaves 

in the main spring in B had cracked also. The springs were disassembled and taken away for 

repair; the configuration of both sets of springs had to be identical, with respect to both each 

other and their original characteristics before cracking. 

23 June: The replacement the springs was completed. SLAVE ran at 20 km/h to confirm 

behaviour of the vehicles and the suspensions. 

24 June: Profilometer measurements were made, except at station 30 where a SLAVE vehicle 

was obstructing it. The pavement cracks and the SLAVE in motion were videotaped. The 

SLAVE was started running for the next loading interval. 

25 June: SLAVE had stopped because the obstruction sensor on vehicle A had slipped out 

of place. 

28 June: SLAVE stopped because the obstruction sensor on vehicle B had been tripped. 
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30 June : SLAVE stopped when the obstruction sensor on vehicle A had been tripped, due to 

the buildup of tyre rubber on the tyre falling onto the pavement. 

OJ July: The longitudinal and transverse surface profiles, and deflections were measured with 

the DIPStick Profiler, Profilometer and Deflectometer, respectively. The vehicle was moving 

in a jerking motion during deflection tests because the tyres were sticking to the asphalt. The 

new retread compound used on one of the tyres was much stickier than the other compound. 

The buildup of rubber on the tyres was causing the tyre sertsor bars to trip and tum the 

SLAVE off. 

02 July: The pavement strains were measured under each vehicle using the SSSD. 

04 July: SLAVE had stopped once because of rubber buildup on the tyres, was re-started, 

but had been stopped again by the obstruction sensor after 3 31000 cumulative loading cycles. 

09 July: The longitudinal and transverse surface profiles, and deflections were measured with 

the DIPStick Profiler, Profilometer and Deflectometer, respectively. 

13 July: After 369625 cumulative revolutions, or 739250 EDA, loading stopped. 

F .3.2 Wheel path Distribution 

Before loading commenced, the file UNIFORM.TRK, for applying an uniform wheelpath 

distribution across the full traffickable width of the pavement, was modified to give 1 SLAVE 

revolution per ram position. The actual distribution of wheelpaths during the normal loading 

routine is shown in Table F 4. 

The cumulative number of revolutions as determined from a summation of number of 

revolutions in each transverse position is different from the total cumulative loading 

revolutions of 369625 because the wheelpath distribution software occasionally missed 

counting a revolution. 
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Table F 4 Actual Distribution of Wheelpaths - Third Pavement 

Transverse Position of Wheels - Distance from Centreline of Innermost Path (cm) 

25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 

Cumulative Number of Revolutions of SLAVE in Each Wheelpath Position 

1461 46299 1420 69305 1422 97416 1455 69116 1375 46153 1415 15650 1435 3653 1355 

Percentage of Wheel paths in Each Position (%) 

12.50 18.51 26.25 18.45 12.45 4.47 1.31 

Cumulative Number of Revolutions of SLAVE 382,034 



APPENDIX G CAPTIF DEFLECTOMETER, PROFILOMETER, 
DIPSTICK PROFILER AND CRACK MEASUREMENTS 

The instruments described are the Dynatest Falling Weight Deflectometer, DIPStick Profiler (for 

measuring longitudinal surface profiles), CAPTIF Deflectometer (for measuring pavement 

rebound) and CAPTIF Profilometer (for measuring transverse surface profiles). The latter two 

produced digital data output for capture by a Psion hand held computer and later analysis on a 

desktop computer. The Psion Organizer was used as a data logger in conjunction with a 

commercial analog to digital (AID) signal interface unit. The AID had seven channels available 

for input signals with a range of± 2.5 V and an event counter. The data from the AID was then 

fed to the Psion via a serial communication cable. The Psion stored the data along with relevant 

data, such as time and date, job number, and loading cycles, until the data was downloaded to a 

PC for permanent storage and analysis. The data logger programs for the CAPTIF Deflectometer 

and Profilometer were written in Organiser Programming Language (OPL) for the Psion 

Organiser hand-held computer. The language style and syntax were similar to Basic. 

The CAPTIF Deflectometer was a modified version of the prototype deflectometer developed by 

Tonkin and Taylor Ltd, Auckland, New Zealand. The CAPTIF Profilometer was a modified 

version of the prototype profilometer developed by the Department of Civil Engineering, 

University of Auckland, New Zealand. The Analogue Data Acquisition Module (ADAM) used 

in the CAPTIF Deflectometer and Profilometer was supplied by Actronic Systems, Auckland. The 

gap sensor and gap sensor control unit (AEC5530) in the CAPTIF Deflectometer were supplied 

by Applied Electronics Corporation, Tokyo, Japan. 

G.1 FALLING WEIGHT DEFLECTOMETER 

The FWD is a computer-controlled, hydraulically-operated deflectometer (Figure G 1) towed 

behind a vehicle that carries the data acquisition and computing equipment. A circular foot of set 

size is placed on the surface of the pavement and a known weight is then dropped from a known 

height. The weight and the height are adjustable. The reaction to the weight is measured with a 

load cell and the deflection waveform is measured by vibration sensors set at given distances from 
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the point of impact. 

G.2 CAPTIF DEFLECTOMETER 

The CAPTIF Deflectometer measured 

the elastic response of the pavements 

under the influence of a wheel load, in 

much the same manner as a Benkelman 

Beam, and is illustrated in Figure G 2. 

FWD Trailor 

Powor Source trom 
Towing Vehicle 

Deflection Senso~ (geophones) 

The . t th Figure G 1 Falling Weight Deflectometer 
non-contactmg gap sensor a e 

end of the CAPTIF Deflectometer was positioned between the stationary dual tyres of a vehicle 

and, as the vehicle was moved away, readings were taken of the vertical pavement rebound at 

measured intervals up to a maximum of 15 m distance. The Deflectometer was comprised of two 

devices: 

- a vertical deflection-measuring beam shown in Figure G 2; and, 

- a horizontal distance-measuring device. 

both of which were linked to the Psion computer. 

The deflection beam was fabricated from box section aluminium and the only moving parts were 

a lockable hinge section (Bon Figure G 2) for easier transportation and a height adjusting wheel 

for vertical alignment (G). The beam rested on three feet, two at 1.4 m and one at O m from the 

end (G). The beam was weighted to balance on these feet so that the non-contacting, vertical gap

measuring sensor (A) was suspended above a target disc placed on the pavement surface between 

the dual tyres of a vehicle axle. The distance between the closest feet and the gap sensor was 

2. 7 m. The electronics were contained within the aluminium box section. 

A -----= 
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I . 

Figure G 2 CAPTIF Deflectometer 
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The Gap Sensor used on the deflectometer was a capacitive device. Various types of capacitive 

devices with different ranges were available. Different Gap Sensor models were available for 

measuring gaps ranging from 2 mm to 16 mm with resolutions from 0.5 µm to 6 µm, respectively. 

A high frequency oscillator coil in the gap sensor generated an electromagnetic field that coupled 

with a target, which must be electrically conductive, a short distance away, thereby inducing an 

eddy current in the target. The amplitude of the generated signal changes in proportion to the 

distance from the target. There were constraints on target size, thickness and material type as well 

as the mounting of the sensor. Large metallic masses and stray: magnetic fields can affect the 

operation. The output signal was a DC voltage or current. Targets could have been made of any 

electrically conductive material, but mild steel was found to be the best material because with the 

gap sensor selected, gave a maximum gap of 12 mm. 

The distance measuring device consisted of a revolving drum, supported on a stand and damped 

by a friction screw, and attached by a wound length of wire to the vehicle. Around the flanges of 

the drum were drilled a series of equally spaced holes; an optical sensor counted the passage of 

the holes as the drum was rotated by the vehicle moving away. The sensor was connected to the 

electronics on the beam at F and hence to the Psion. 

G.2.1 Operation of the CAPTIF Deflectometer 

The CAPTIF Deflectometer was positioned in the required location with the gap sensor above 

one of the metal targets in the pavement. The clearance between the tyres and the sensor was 

small, especially with radial ply tyres because their side wall bulge was greater than that of bias 

ply tyres, so the positioning had to be precise in order to allow for the curvature of the travel of 

the tyres. The distance-measuring drum was positioned to one side of the Deflectometer so that 

the line had a clear run over the full measuring distance. 

Subroutine HEIGHT, which determined the height of the deflectometer gap sensor above the 

metal target disc on the pavement, was selected from the Psion menu. The initial height was set 

by turning the height adjusting wheel as necessary, so that the gap was always less than 8 mm, for 

optimum conditions. The vehicle was reversed to a stop block on the pavement and the line was 
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attached to the vehicle. MEASURE was selected from the Psion menu. 

Under MEASURE, the Psion displayed "Station# ?11 ; a station number between O and 57 was 

entered and stored as part of the file name. If a number greater than 57 was entered, the display 

showed 11??? 11 • If the file already existed, the operator had the option of deleting the file or 

changing the station number. Then, the operator was prompted to enter the ZERO POSITION, 

which was the distance in millimetres from the vehicle axle to the displacement sensor before the 

vehicle started to move, as shown in Figure G 3; valid values were between O and 1000. The zero 

position represented the distance the vehicle was behind the deflection sensor at the start of the 

test in units of 50 mm. For example, the zero position was 2 if the vehicle started 100 mm behind 

the sensor and then the vehicle axle was directly over the sensor when distance counter equals 2. 

The distance in metres to be measured was entered; valid values were between 1 and 15. The 

operator was prompted by the program to reset the counter on the beam. 

Direction of vehicle travel -

I ..... Zero Position - I ,.... ____________ Distance --------------------1 

axle start position sensor end of travel 

Figure G 3 Terminology of Data Input to CAPTIF Deflectometer 

After the necessary description data was entered as requested by the software, the switch labelled 

COUNTER RESET at E on Figure G 2 was pushed, and the vehicle was driven away. The 

HEIGHT subroutine continually updated the displacement data from the deflectometer. The 

calibration factor used on the data was the default value or the last value entered with 

MEASURE. All data was rounded to 3 decimal places. The ST ART program counted the 

distance travelled off the drum and the vertical gap every 50 mm for the first 5 m and every 500 

mm after that until the distance exceeded the sum of the zero position plus the run length. The 

deflectometer counted pulses that were separated by a fixed distance; each unit of the distance 
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counter equalled 50 mm so 100 pulses 50 mm apart indicated a distance of 5 m with a maximum 

resolution of 50 mm. A deflection value of zero indicated that a reading was missed at that 

location (with the exception of the first location) because a deflection of 0.000 mm would mean 

that the maximum pavement rebound was equal to the initial height setting of the gap sensor. 

The cable had to unwind from the drum without jerking and overrunning, or the test had to be 

repeated. The winching handle on the drum had to be disengaged to allow free running. The 

Psion display informed the operator when all the data from a specific station had been captured. 

Then, the Psion displayed "FINISHED" while the raw data was converted to mm of displacement 

and stored on file. The Psion created files with the names DST0 through DST57 for the 

DEFLECTION option and PST0 through PST57 for the PROFILE option. The program returned 

to the STATION NUMBER prompt, the cord was rewound on the drum after each run ensuring 

that the cable was tightly wound close together on the drum with no overlaps and either the 

apparatus was moved to the next station or further readings were done at the same station. 

Error messages were displayed if the gap sensor was too far away from the target, which caused 

the ND to overflow. The sensor height had to be reset before the test could proceed. The data 

in the file had the following format, with 3 data fields to each line; each field was separated by a 

comma and the first 3 lines contained data constants: 

station number, job number 

zero position, calibration, date and time 

offset, 

distance counter (=0), deflection, 

distance counter (=I), deflection, 

distance counter (=2), deflection, 

distance counter (=3), deflection, 

distance counter (=4), deflection, 

TRANSMIT was used to transfer the files from both the CAPTIF Deflectometer and Profilometer 
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to a PC for analysis, by connecting the Psion serial link cable into a serial port on the PC and 

running the PC program CL (Comms Link) from the menu system on the PC. In this manner, all 

the files on the Psion were downloaded to the PC and stored in the current directory under the 

same names as on the Psion, but with the extension .ODB. The .ODB files were read into 

spreadsheet programs, initially VP Planner Plus, with the File Import command, and later, 

Microsoft Excel. 

G.2.2 Calibration of CAPTIF Deflectometer 

The calibration of the gap sensor was checked with a test jig by fixing the sensor in position and 

moving the metal target relative to the sensor. The signal voltage from the gap sensor (-5 V to 

+5 V) was divided by 2.5 to provide -2.0 V to +2.0 V suitable for the ADAM. A potentiometer 

on the electronics board was available to adjust this. The Psion was connected to the CAPTIF 

Deflectometer, MEASURE was run, and a calibration value of 1 and an offset of O were entered. 

Then, HEIGHT was run and the Psion displayed the signal voltage sent to the ADAM. The 

distance between the sensor and the target from O mm to 8.0 mm for stainless steel was plotted 

against voltage, and the slope of the curve in mm/Volt was the calibration value. For stainless 

steel targets, 0, 4 and 8 mm gaps produced -1.4 V, + 0.25 V and+ 2.0 V, respectively; voltage 

at O mm was the offset. The calibration and offset values were 2.353 mm/V and -1.400 V, 

respectively. 

G.2.3 Measurement Errors in the CAPTIF Deflectometer 

Measurement errors in the verticai displacement measurement of the pavement deflection and the 

position of the vehicle with respect to the deflection transducer were calculated. Vertical 

displacement errors were due to errors accumulated while determining the calibration value and 

errors in setting the amplifier gain. The latter was assumed to be a 0.005 V error with an input 

of± 5 V and an output of± 2 V, which results in an error of± 0.35 % of full scale (FS). Once 

the amplifier gain was set, the output from the amplifier was used (via the Psion) to create a graph 

of displacement versus output voltage. The displacement was measured with a 500 pulse per 

revolution rotary encoder. With an 8 mm travel on the gap sensor relative to the stainless steel 
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target and a 6 mm diameter encoder shaft, an error of ± 1 count was estimated, so the error was 

only 0.475% FS, but the value may be slightly optimistic. The error for the amplifier,± 0.35%, 

was added, to give a total calibration error of± 0.825%; no allowance was made for graphical 

errors when trying to determine the slope of the voltage versus gap distance (gradient) or the 

linearity of the output from the gap sensor. Meter errors were also ignored, so the error in the 

collected data was then the amplifier gain error plus the calibration error: 

0.825% + 0.35% ~ ± 1.2% FS = ± 0.1 mm for 8 mm FS . 

There were five sources of error in the determination of the horizontal position of the vehicle, 

three of which were operator dependent: 

( 1) the measurement of the vehicle offset position (how far the vehicle was behind the gap 

sensor at the start of a test); 

(2) how evenly the cable fed out from the drum as the vehicle moved away (if the cable was 

unwound excessively fast, the ADAM could not keep up and counts were missed); and, 

(3) how neatly and tightly the cable was wound onto the drum. 

The other two errors were inherent in the method and equipment being used. The cable drum 

diameter was fractionally oversized, 81 mm instead of 80 mm, which resulted in a + 1 % error on 

the circumference and consequently a -1 % error (FS) on measured distance. This error can be 

allowed for when calculating vehicle position from the count number. The position of the holes 

in the position disc relative to the optical sensor was not known at the start of each run so the 

error at any position was up to -25 mm (-50 mm if the counter reset switch was not operated). 

The total calculable error was then: 

+ 0 I - l % FS distance travelled + ( + 0 I - 25 mm at each position) 
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G.3 CAPTIF PROFILOMETER FOR MEASURING TRANSVERSE SURFACE 

PROFILES 

The CAPTIF Profilometer measured the transverse surface profile of the pavement at any station 

around the track. The CAPTIF Profilometer, illustrated in Figure G 4, consisted of a braced 

aluminium beam, 4. 4 m long, supported at each end on aluminium legs with adjustable feet. A 

machined aluminium carriage ( C ) was driven along the beam by a mains powered electric motor 

(H) and drive chain. The carriage supported a jockey wheel (E) which was free to move in a 

vertical direction. Connected to this wheel was a Linear Variable Displacement Transducer or 

L VDT (D ), from which a vertical displacement was read at points along the travel of the carriage, 

via a cable affixed to a flexible upright arm (F). The horizontal transverse position was determined 

by an optical sensor (A) attached to the idler sprocket (B). Maximum horizontal travel of the 

carriage © between the stops was 3. 5 m. The electronics, including the connections for data 

output and power, were contained in two boxes at the motor end of the profilometer (I). 

L VDTs were available with ranges from± 1 mm to ± 300 mm. The L VDT produced an output 

signal proportional to the displacement of a separate moveable core, and was essentially a 

transformer. A primary winding was excited with an alternating current which was coupled into 

two secondary windings via the soft steel core. The position of the core determined the amount 

of coupling in each winding. The resultant signal was demodulated and filtered to give a DC 

voltage or current. When the core was at the midpoint of its travel ( centred between the two 

secondary coils) the output signal was 0, and as the core moved one way the signal became 

positive, to a maximum value and as the core moved the other way the signal became negative, 

to a maximum value. Maximum vertical travel of the L VDT used in the CAPTIF Profilometer (E) 

A 

4,400 

Figure G 4 CAPTIF Profilometer 
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was 155 mm. The limits of measurement relative to the top of the concrete walls of the track were 

+ 115 mm and - 40 mm. The limits can be varied by installing beam supports of different height. 

G.3.1 Operation of the CAPTIF Profilometer 

The beam was positioned at the required station with the motor end (H) nearest the centre of the 

track. If necessary, the base at each end was levelled by adjusting the feet. After selecting 

.MEASURE on the Psion, the station number was entered and the counter switch on the beam 

was reset manually . .MEASURE prompted the operator to enter the station number, between 0 

and 57. The value was stored as part of the file name. If the file already existed, the operator had 

the option of deleting the file or changing the station number. If a station number greater than 57 

was entered, the Psion displayed"???". START was selected before the carriage direction switch 

was set to the required direction of travel; START measured the horizontal and vertical 

displacements as the jockey wheel traversed the pavement surface. 

While the carriage traversed the beam, the HEIGHT subroutine in the Psion continually updated 

the vertical displacement of the jockey wheel. When the wheel completed the traverse, the Psion 

showed FINISHED and then prompted the operator to continue with the next station or quit. The 

carriage was returned to the centre of the profilometer, and the jockey wheel was raised and 

secured in position before the profilometer was transported to the next station. 

G.3.2 Calibration of the CAPTIF Profilometer 

The L VDT signal voltage was - 13.0 V to+ 13.0 V, which was divided by 6.5 in the electronics 

to provide a -2.0 V to +2.0 V signal required by the ADAM. The calibration value was 

determined by measuring the change in signal voltage from the L VDT for a measured change in 

displacement, converting that to mm/ V and multiplying the result by the ratio. For example, at 

position 1 the output of the L VDT was 0. 00 V and at position 2, a distance of 7 5. 0 mm ( ± 0 .2 ), 

the voltage was 10.84 V, so the calibration value was 75 / 10.84 x 6.5 = 44.97 mm/Volt. 

Therefore, a value of 45.0 mm/Volt was used. 
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The position sensor provided one count every 25. 0 mm or ideally 140 counts for 3. 5 m travel. 

In practice, using the COUNT program, between 143 and 145 counts, inclusive, were being read. 

Therefore, the maximum value for the :MEASURE program was set at 142, which corresponded 

to 1 count for every 24.65 mm, the value entered into the spreadsheet calculations that converts 

count numbers into metres. 

G.3.3 Measurement Errors in the CAPTIF Profilometer 

The two principal errors were in the vertical displacement measurement of the profile and the 

position of the transducer carriage across the track with respect to the carriage base position. 

With respect to vertical displacement, initial L VDT calibration involved positioning the transducer 

at 2 locations 75 mm apart and measuring the output voltage; the error was± 0.2 mm or ± 

0.27%. The error in the voltage measurement (13.0 V) was ± 0.005 V or± 0.04%. The accuracy 

in the meter was unknown, so the calibration error was approximately ± 0. 31 % 

The electronics converted the ± 13 V signal from the L VDT to ± 2 V for the AID. The accuracy 

of these measurements was± 0.005 V when setting the gain, so the conversion accuracy was 

0.3% (0.04% plus 0.25%). The meter error was not known, and the AID error of the ADAM was 

negligible. The total error when reading the data was then the sum of these errors, 0. 61 % of full 

scale (0.31 + 0.3). With a full scale deflection of 150 mm(+/- 75), the error was± 0.92 mm 

(± 0.61 % x 150) or approximately± 1 mm. 

The accuracy in the horizontal position depended on the rotary encoder disk. At the start of a 

measurement, the optical sensor was anywhere between two of the position holes on the disk so 

the error at any position was -12.5 mm or less, as long as the counter reset switch had been 

pushed. Another error was the number of counts received. Trials made by moving the carriage 

in both directions resulted in an error ofup to 4 counts between different measurements, but most 

resulted in only 1 or 2 counts difference. Maximum error then was - 3% FS (4 counts x 25 mm 

I 3.5 m, where 3.5 m was the maximum travel and 25 mm was the count length) . The combined 

error was± 50 mm at full scale plus+ 0 or - 12.5 mm for each count. 
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Various calibration jigs would have been needed to determine the accuracy being achieved in 

practice, but were not necessary because the errors, regardless of their magnitude, would produce 

consistent results and the relative changed in the profiles was the parameter being evaluated not 

the absolute profiles. The position encoder disks could have been positioned so that the hole in 

the disk was in line with the optical sensor before the reset switch was pressed, to remove the -

12.5 mm error, but this was impractical considering the number of measurements being made. 

G.4 DIPStick Profiler for Measuring Longitudinal Surface Profiles 

The DIPStick Profiler, shown in Figure G 5, was used for measuring longitudinal surface profiles. 

First, the DIPStick Profiler was evaluated by a series of trials in August and September, 1989. 

Initially, tests were carried out using the knuckled feet supplied with the Profiler; the knuckled 

feet were meant to be used on irregular surfaces, such as chip seals. Pointed feet were also 

supplied, but were useful only for smooth concrete surfaces. 

Unless located carefully at each step, the knuckled feet would tip and gave an invalid reading. A 

second person was required just to observe that the feet were placed correctly. Alternative designs 

for the feet were considered; feet of a solid 

hemispherical design, with a radius 

sufficiently large to bridge the gap between 

stone chips, were fabricated in the 

University of Canterbury Civil Engineering 

Department workshop, and provided the 

best performance, with respect to ease of 

operation. 

With the new feet, it was much easier to 

walk the DIPStick along the track 

centreline but other problems persisted. 

The digits of the display were difficult to 

read in the dimly lit interior of the CAPTIF 

Electronics 

Surface 

Figure G 5 DIPStick Profiler 
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enclosure. The operators had to wait several seconds for the reading to stabilise at each step, so 

in order to complete the circuits in a reasonable time, the readings were estimated to± 0.004 

inches. Even with this approach, one circuit of the 58 m circumference track took 45 minutes. 

The readings were recorded on a form and transcribed into a computer spreadsheet package for 

analysis; the double entry introduced another possible source of error. The typical closing error 

was+ 38 mm over 58 m or 1/1500, which was significantly greater than the claimed accuracy of 

the instrument, 1/5000. The DIPStick was tested over measured lengths of concrete flooring and 

sealed road. The closing error in the cumulative readings was 1/800, due to a small additive error 

in each increment. 

G.5 CRACK MEASUREMENTS 

G.5.1 Crack Detection and Painting 

Various lighting methods, including fluorescent, incandescent and natural lighting, were evaluated 

for detecting and marking cracks prior to measurement and photography; natural lighting was the 

most effective and was the preferred light source for crack detection but other forms of lighting, 

including fluorescent lighting, were also used. The test track was enclosed but parts of the roof 

had translucent panels so crack detection and painting were normally done in daylight hours, but 

as the loading progressed into autumn and then winter, the hours of daylight diminished. A 

narrow, stiff artists brush was used to paint each crack using a quick-drying, water-based, flat 

white paint; the method was labourious and time consuming but effective. Towards the end of the 

second pavement experiment, no residual paint was left on cracks from the prior test due to tyre 

rubber being deposited on the track surface, which made crack detection difficult; for the last two 

measurement intervals of the second pavement test, crack detection was impossible. 

G.5.2 Crack Measurement 

During the second pavement test, crack length was measured to the nearest 1 cm and crack width 

to the nearest 0.5 mm, using a scale rule; crack lengths and widths were not measured in the first 
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and third pavement tests. Crack measurement was carried out after each loading interval, except 

for the last two intervals because of the substantial tyre rubber deposited on the surface and in the 

cracks. In preparing for the photographing of the cracks, the photo record board was compiled 

for each station where cracking was occurring, directly after crack measurements were recorded. 

The board showed the name of the project, the subject "Cracking", the number of revolutions of 

SLAVE, the date, the station number, total crack length and average crack width. 

G.5.3 Crack Photographing 

A set method for photographing of cracks was developed using a tripod mounted Olympus 

OM 101 camera with T18 electronic flash. Each station or half station interval where cracking had 

occurred was photographed. The two forward tripod legs were fully extended and placed in line 

with the previous station or half station radial line thus holding the camera base at a standard 

height of 1.5 m above the test track surface. With the 35-70 mm zoom on maximum, the central 

focal point was then positioned to be half way between the two scales which had previously been 

placed on the test track to define the cracking area that belonged to that location. The scales 

indicated the dimensions of the cracks and defined the boundaries of the area. The vertical angle 

of the camera was then changed if necessary so that both scales would appear in the photograph. 

The horizontal angle was also changed to place the subject area in the centre of the photograph. 

The photo record board was then placed in a convenient position within the field of view but not 

obscuring any cracking and the photo taken. This procedure was repeated for each station where 

cracking had occurred. The black and white film used was Ilford XPI 400. 

After each loading interval, segment surveys, which consisted of a standard diagram for each 

segment, were carried out but were only sketched upon for segments which displayed cracking, 

increased cracking, or some surface change such as ravelling. Segment survey sheets are shown 

in Figures G 6 - G 13 . 

Station photography was carried out directly after the crack photography as a routine record of 

the surface condition of each segment. After each loading interval, photos were taken at the same 

three points on each segment, which coincided with the same positions as three of the five 
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transverse profile locations for each segment. The camera and tripod were set up in exactly the 

same manner as described above except the camera centre of focus was over the centreline station 

mark. For each station the photographic record board showing the name of the project, number 

of revolutions, date and station number was included in the field of view of the photograph. 

G.6 CRACK VIDEOTAPING 

First, within the test track wheelpath area, station numbers were marked with chalk at five station 

intervals as a reference. A suitable platform was attached to the top of either vehicle A or B, for 

a person to hold the video camera aimed directly down on to the track surface with the zoom in 

close-up mode. Then, SLAVE was slowly moved with the manual controller, making one 

complete revolution. The record board was videotaped at the beginning of the video to identify 

project date, number of cumulative loading cycles and subject; the same information was recorded 

on the audio track of the video tape. 

Natural daylight was superior to any form of artificial lighting, for crack detection. Distress survey 

sheets were an adequate means of documenting and tracking repairs, but were not suitable for 

showing surface deterioration details. Videotaping with a standard VHS camera was of limited 

use for showing details of test track surface deterioration. 
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Figure G 6 Visual Condition Survey after 54000 EDA (11 01 91) 
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Figure G 7 Visual Condition Survey after 94000 EDA (15 01 91) 
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Figure G 8 Visual Condition Survey after 320000 EDA (20 02 91) 
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Figure G 9 Visual Condition Survey after 1 340 000 EDA (08 04 91) 
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Figure G 10 Visual Condition Survey after 1 550 000 EDA (15 04 91) 
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Figure G 11 Visual Condition Survey after 1 760 000 EDA (22 04 91) 
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Figure G 12 Visual Condition Survey after 1 970 000 EDA (26 04 91) 
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Figure G 13 Visual Condition Survey after 2 180 000 EDA (06 05 91) 
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APPENDIX H PAVEMENT PERFORMANCE MEASUREMENTS 

H.1 PERFORMANCE INDICATORS 

H.1.1 Roughness Measuring Devices and International Roughness Index 

The original universal calibration standard proposed was the Quarter Car Index (QI) which 

was nominally related to the output of the BPR Roughometer. The original study was carried 

out in Brazil in 1975 by the World Bank. A General Motors (GM) Profilometer was used 

to develop a standard roughness scale to which all roughness measuring devices could be 

calibrated. The major problems with that scale was that it could not be generated outside 

Brazil without a GM Profilometer and also the profilometer was an expensive piece of 

equipment. The scale was obtained by simulating the movement of a quarter of a car 

consisting of a wheel, spring, shock absorber and mass over the profile measured with the 

profilometer and recording the relative movement between axle and body. Analysis of the 

road profiles measured with the profilometer revealed that it was not possible to predict 

roughness. 

Following on from this original study, further investigations revealed that roughness can be 

.determined from staff and level surveys. The road profile established by a staff and level 

survey was used to form a similar relationship between profile and roughness. It was found 

that the inaccuracies in only measuring the road surface at spot levels at 100 to 500 mm 

intervals instead of tracking the complete profile with a profilometer were not significant, 

which provided a more transportable calibration technique. 

The International Roughness Index (IRI) was the product of the International Road Roughness 

Experiment (IRRE) conducted in Brazil for the purpose of identifying a world wide roughness 

index. It involved the controlled measurement of road roughness for a number of roads under 

a variety of conditions. A variety of instruments and methods were used. The roughness scale 

selected as the IRI was the index that best satisfied the criteria of being time stable, 

transportable, and relevant, while also being readily measurable by all practitioners (Sayers, 

et al, 1986). 
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H.2 PERFORMANCE DATA (FIRST PAVEMENT TEST) 

Maximum rut depths at the pavement surface are summarised in Table H 1. Air, asphalt and 

basecourse temperatures measured at the time pavement response tests were conducted are 

detailed in Table H 2. The most extensive cracking occurred at stations 14 and 18, shown in 

Figure H 1. Transverse cross-section profiles of the pavement in the test segment (stations 02 

to 14) are plotted in Figure H 2. 

Table H 1 Maximum Rut Depths (First Pavement) 

Station 2 4 6 8 10 12 14 16 20 25 30 35 40 45 50 55 

Max. Rut Depth (mm) 13 22 13 18 16 12 25 13 17 5 2 5 5 7 7 4 

Figure H 1 Surface Cracks at Stations 14 (bottom photograph) and 18 (top photograph) 
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Table H 2 Temperature Data for First Pavement 

Load Lift Outside Air Inner Wheelpath Outer Wheelpath 

Code Coil Pair Air Surfacing Basecourse Air Surfacing Basecourse Date Time 
( C) (C) ( C) ( C) ( C) (C) ( C) 

082ldb 1 13 C 16 12 9 8 12 9 9 210790 3.49 

1 8 B 17 12 9 8 12 9 9 210790 3.42 

1 5 A 16 12 9 8 11 9 8 210790 3.35 

3 13 C 11 11 10 8 10 9 8 210790 4.42 

3 8 B 9 10 10 9 10 10 8 210790 5.02 

3 5 A 9 12 9 8 11 9 8 210790 5.11 

4 13 C 7 10 10 9 10 9 9 210790 5.46 

4 8 B 7 10 9 8 10 10 9 210790 5.39 

4 5 A 8 8 9 8 9 10 8 210790 5.31 

082lrr 1 13 C 6 8 8 8 8 8 9 90890 1.15 
1 8 B 6 8 8 8 7 8 8 90890 1.08 

1 5 A 6 7 8 8 7 8 9 90890 0.59 

3 13 C 6 8 8 8 8 8 8 80890 23.4 

3 8 B 5 8 8 8 8 8 8 80890 23.33 

3 5 A 6 7 8 8 7 8 9 80890 23.16 

4 13 C 6 8 8 8 8 9 8 90890 0.3 

4 8 B 6 8 8 8 8 8 8 90890 0.23 

4 5 A 6 6 8 8 8 8 8 90890 0.15 

1021bb 1 13 C No values recorded 210790 3.26 

1 8 B No values recorded 210790 3.19 

1 5 A No values recorded 210790 3.11 

3 13 C 10 10 8 8 10 9 8 210790 2.31 

3 8 B 10 11 8 8 10 9 8 210790 2.24 

3 5 A 10 0 0 0 0 0 0 210790 2.17 

4 13 C 11 10 8 7 9 8 8 210790 2.07 

4 8 B 10 10 8 8~ 9 8 8 210790 2 

4 5 A 10 10 8 7 10 8 8 210790 1.53 

1021rr 1 13 C 10 13 7 7 13 7 7 70890 22.52 

1 8 B 10 12 8 7 12 7 7 70890 22.43 

1 5 A 10 10 7 7 9 7 7 70890 22.36 

C No values recorded 

3 8 B 10 12 9 7 13 9 8 80890 1.2 

3 5 A 10 10 7 7 9 7 7 80890 1.12 

4 13 C 11 13 9 7 12 9 8 80890 1.04 

4 8 B 12 13 9 7 13 9 8 80890 0.58 

4 5 A 11 11 9 7 12 8 8 80890 0.52 

1221rr 1 13 C 13 12 8 7 11 8 7 140890 10.27 

1 8 B 12 13 9 7 12 8 8 140890 10.21 

1 5 A 12 12 8 7 11 8 8 140890 10.14 

C No values recorded 

3 8 B 13 12 8 7 12 ,9 7 140890 10.47 

3 5 A 13 12 8 7 11 8 8 140890 10.39 

4 13 C 13 12 9 7 12 9 8 140890 11.28 

4 8 B 12 12 9 7 12 9 8 140890 11.21 

4 5 A 13 13 9 7 11 8 8 140890 11.14 
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Table H 2 Temperature Data for First Pavement 

Load Lift Outside Air Inner Wheelpath Outer Wheelpath 
Code Coil Pair Air Surfacing Basecourse Air Surfacing Basecourse Date Time 

( C) ( C) ( C) ( C) ( C) ( C) ( C) 
083lbb 1 13 C No values recorded 210790 7.47 

1 8 B 13 14 13 10 14 12 10 210790 7.4 
1 5 A 13 14 12 10 14 12 10 210790 7.33 
3 13 C No values recorded 210790 7.03 
3 8 B 18 17 12 9 17 13 10 210790 6.56 
3 5 A 14 12 10 14 12 10 210790 6.49 
4 13 C 18 17 12 9 17 13 10 210790 6.42 
4 8 B 19 17 12 9 17 13 10 210790 6.34 
4 5 A 19 19 12 10 17 13' 10 210790 6.27 

0831rr 1 13 C 8 9 10 9 9 10 10 70890 17.16 
1 8 B 8 10 9 9 9 10 10 70890 17.08 
1 5 A 7 10 9 9 8 10 10 70890 16.59 
3 13 C 8 9 9 9 9 10 10 70890 15.11 
3 8 B 9 9 9 9 8 10 10 70890 15.04 
3 5 A 8 10 9 9 8 10 10 70890 14.55 
4 13 C 8 9 10 9 9 9 10 70890 15.34 
4 8 B 8 9 9 9 9 10 10 70890 15.25 
4 5 A 8 8 9 9 9 10 10 70890 15.18 

1031bb 1 13 C 10 11 10 9 10 11 9 210790 9.49 
1 8 B 10 12 10 9 11 10 9 210790 9.35 
1 5 A 10 11 10 9 11 10 10 210790 9.27 
3 13 C 11 13 10 9 13 11 10 210790 10.52 
3 8 B 11 13 10 9 13 10 10 210790 10.45 
3 5 A 10 11 10 9 11 10 10 210790 10.38 
4 13 C 11 13 10 9 13 10 10 210790 10.31 
4 8 B 11 12 10 9 12 10 9 210790 10.24 
4 5 A 11 11 10 9 12 10 10 210790 10.18 

103lrr 1 13 C 16 12 11 8 12 10 9 70890 22.26 
1 8 B 17 12 10 8 12 10 9 70890 22.2 
1 5 A 18 13 11 9 13 11 9 70890 22.14 
3 13 C 12 13 10 8 12 10 9 70890 21.24 
3 8 B 13 12 10 8 13 10 9 70890 21.18 
3 5 A 13 13 11 9 13 11 9 70890 21.11 
4 13 C 13 13 10 9 12 11 9 70890 21.44 
4 8 B 12 13 11 8 13 10 9 70890 21.38 
4 5 A 12 12 10 8 13 10 9 70890 21.31 

123lrr 1 13 C 10 11 8 8 10 8 8 70890 17.41 
1 8 B 9 11 8 8 11 8 9 70890 17.35 
1 5 A 9 10 8 8 10 8 9 70890 17.28 

C No values recorded 
3 8 B 10 12 9 8 11 10 8 70890 18.32 
3 5 A 10 10 8 8 10 8 9 70890 18.25 
4 13 C 11 12 9 8 12 9 8 70890 18.19 
4 8 B 11 12 9 8 ll 9 9 70890 18.12 
4 5 A 10 10 9 8 11 9 9 70890 18.06 
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Table H 2 Temperature Data for First Pavement 

Load Lift Outside Air Inner Wheelpath Outer Wheelpath 
Code Coil Pair Air Surfacing Basecourse Air Surfacing Basecourse Date Time 

( C) ( C) ( C) ( C) ( C) ( C) ( C) 
084lbb 1 13 C No values recorded 200790 10.55 

1 8 B 8 9 6 6 8 6 6 200790 13.37 
1 5 A 10 10 8 6 8 8 7 160790 23.41 
3 13 C No values recorded 160790 18.33 
3 8 B 9 9 7 6 8 7 7 160790 21.39 
3 5 A 10 8 6 8 8 7 160790 17.53 
4 13 C 7 10 8 7 10 8 8 160790 16.06 
4 8 B 7 10 8 7 10 8 8 160790 15.58 
4 5 A 7 7 8 7 11 8' 8 160790 16.14 

084lrr 1 13 C 9 12 9 8 11 9 8 140890 21.19 
1 8 B 9 12 9 8 11 9 8 140890 21.11 
1 5 A 9 11 9 8 10 9 9 140890 21.03 
3 13 C 9 11 9 8 11 9 8 140890 20.18 
3 8 B 9 11 9 8 11 9 9 140890 20.26 
3 5 A 9 11 9 8 10 9 9 140890 20.42 

4 13 C 10 11 8 8 10 8 8 140890 19.36 

4 8 B 10 10 9 8 9 9 8 140890 19.55 

4 5 A 10 10 9 8 11 8 8 140890 20.06 

104lbb 1 13 C 11 10 7 6 9 7 6 200790 15.55 
1 8 B 11 9 7 6 10 7 6 200790 15.48 
1 5 A 9 10 6 6 8 7 6 200790 15.39 
3 13 C 16 16 11 8 16 11 8 200790 17.1 
3 8 B 15 16 10 8 15 10 8 200790 17.02 
3 5 A 15 10 6 6 8 7 6 200790 16.54 

4 13 C 6 8 7 8 8 7 8 200790 19.16 

4 8 B 6 8 7 7 7 7 8 200790 19.08 

4 5 A 5 5 7 7 6 7 8 200790 18.56 

104lrr 1 13 C 10 10 8 7 9 7 8 140890 14.47 

1 8 B 10 10 7 7 9 7 8 140890 14.38 
1 5 A 11 9 7 7 9 7 8 140890 14.29 
3 13 C 9 10 9 7 10 9 8 140890 17.3 
3 8 B 10 10 8 8 10 9 8 140890 17.2 
3 5 A 10 9 7 7 9 7 8 140890 17.1 
4 13 C 9 10 9 7 10 9 8 140890 18.06 
4 8 B 9 10 9 7 10 8 8 140890 17.56 

4 5 A 8 8 8 7 9 9 8 140890 17.46 

1241rr 1 13 C 15 12 10 8 11 9 8 140890 13.45 

1 8 B 17 12 9 8 11 10 8 140890 13.52 

1 5 A 16 12 10 8 12 10 8 140890 14.01 
3 13 C 14 13 9 8 12 10 8 140890 13.15 
3 8 B 15 13 9 8 12 9 9 140890 13.03 
3 5 A 12 12 10 8 12 10 8 140890 12.53 

4 13 C 11 12 9 8 11 8 8 140890 12.16 
4 8 B 11 12 9 8 11 9 8 140890 12.26 
4 5 A 12 12 9 8 11 9 8 140890 12.37 
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Table H 2 Temperature Data for First Pavement 

Load Lift Outside Air Inner Wheelpath Outer Wheelpath 

Code Coil Pair Air Surfacing Basecourse Air Surfacing Basecourse Date Time 
( C) ( C) ( C) ( C) ( C) ( C) ( C) 

0846bb 1 13 C 10 12 9 8 11 10 8 210790 3.49 
1 8 B 9 11 9 8 11 9 8 210790 3.42 
1 5 A 10 11 9 8 10 9 8 210790 3.35 

3 13 C 18 13 10 8 12 10 9 210790 4.42 
3 8 B 14 13 10 8 12 10 9 210790 5.02 
3 5 A 11 11 9 8 10 9 8 210790 5.11 
4 13 C 11 13 10 8 13 10 9 210790 5.46 
4 8 B 11 13 10 8 13 10 8 210790 5.39 
4 5 A 11 11 10 8 12 10: 8 210790 5.31 

0846rr 1 13 C 22 18 13 9 18 13 10 70890 13.31 
1 8 B 22 18 12 9 17 13 10 70890 13.24 

1 5 A 19 17 12 9 16 12 10 70890 13.16 

3 13 C 16 17 13 9 17 13 10 70890 14.37 

3 8 B 19 18 13 9 17 13 10 70890 14.23 

3 5 A 21 17 12 9 16 12 10 70890 14.16 

4 13 C 23 18 13 10 18 13 10 70890 14.1 

4 8 B 23 18 13 9 18 12 10 70890 14.03 

4 5 A 23 23 13 9 17 13 10 70890 13.57 

1046bb I 13 C 7 10 9 8 10 10 8 210790 14.01 
1 8 B 7 10 9 8 10 9 9 210790 13.46 

A No values recorded 0 0 

3 13 C 7 10 8 8 11 8 9 210790 11.56 

3 8 B 8 9 8 8 8 8 9 210790 11.27 
3 5 A 7 0 0 0 0 0 0 210790 11.15 

4 13 C 8 11 9 8 10 9 9 210790 12.36 

4 8 B 8 10 9 8 10 9 9 210790 12.29 

4 5 A 8 8 8 7 10 8 8 210790 12.05 

1046rr 1 13 C 17 17 12 9 17 12 10 70890 12.5 

1 8 B 15 16 12 9 16 12 10 70890 12.44 
1 5 A 15 16 12 9 16 12 9 70890 12.37 
3 13 C 18 19 11 9 18 12 10 70890 11.53 
3 8 B 18 18 11 9 17 11 9 70890 11.45 
3 5 A 17 16 12 9 16 12 9 70890 11.37 
4 13 C 16 17 12 9 17 12 9 70890 12.13 
4 8 B 16 18 12 9 18 12 9 70890 12.06 

4 5 A 17 17 12 9 18 12 9 70890 11.59 

1246rr 1 13 C 16 12 8 7 12 8 7 310790 20.28 

1 8 B 14 12 8 6 12 8 6 310790 20.16 

1 5 A 12 11 8 6 10 8 7 310790 20.04 

3 13 C 12 11 9 7 11 9 7 310790 21.41 

3 8 B 12 11 9 7 10 9 7 310790 21.35 

3 5 A 14 11 8 6 10 8 7 310790 21.28 

4 13 C 14 11 8 6 11 9 7 310790 21.19 

4 8 B 16 12 9 6 11 8 7 310790 21.12 
4 5 A 16 12 9 7 11 9 7 310790 21.05 
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H.3 PERFORMANCE DATA (SECOND PAVEMENT TEST) 

The cumulative loading cycles corresponding to each loading interval and the measurements 

made after each of those loading intervals are detailed in Table H 3. Deflection bowls 

measured after every loading interval and at two stations are included in Figure H 3. The 

crack widths and total crack lengths are summarised in Table H 4. Falling Weight 

Deflectometer data used as input for the five data sets and the associated output from the 

back-calculation analyses discussed in Chapter 4 are presented in Table H 5. 
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Table H 3 Loading Interval Measurements for Second Pavement 

Cumulative Date Electronic Measurements VISUAL DATA 
Loading Cycles 

Profiles Temperature Deflections Surface Cracks Surface Condition 

Profilometer Transverse DIPStick FWD CAPTIF Measured Photographed Photographed Visual 
Longitudinal Deflectometer Survey 

0 90/12/28 ✓ ✓ ✓ ✓ ✓ 
6400 91/01/03 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

17000 91/01/08 ✓ ✓ ✓ ✓ 

27000 91/01/11 ✓ ✓ ✓ ✓ ✓ 
37000 91/01/12 ✓ ✓ ✓ ✓ ✓ 
47000 91/01/15 ✓ ✓ ✓ ✓ ✓ 
57000 91/02/05 ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

100000 91/02/09 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
160000 91/02/21 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
270000 91/02/28 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
280000 91/03/06 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

::r:: 
'° 

340000 91/03/13 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
400000 91/03/19 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
460000 91/03/26 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

460000* 91/03/29 ✓ ✓ 

520000 91/04/03 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
580000 91/04/08 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

640000 91/04/15 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
700000 91/04/20 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

760000 91/05/01 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
820000 91/05/06 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

880000 91/05/13 ✓ ✓ ✓ ✓ ✓ ✓ 
940000 91/05/19 ✓ ✓ ✓ ✓ ✓ 

1000000 91/05/26 ✓ ✓ ✓ ✓ ✓ 
1060000 91/05/31 ✓ ✓ ✓ ✓ ✓ 

* Load of both vehicles A and B increased from 40 kN to 46 kN 



Table H 4 Crack Measurements (Second Pavement) 

STATION 

5 6 7 8 9 10 11 12 12.5 
Loading 
Cycles Date TL AW TL AW TL AW TL AW TL AW TL AW TL AW TL AW TL AW 

460000 26/03/91 No cracks appeared to date: Load of both vehicles A and B increased from 40 kN to 46 kN 

520000 04/04/91 

580000 08/04/91 37 0.4 67 0.4 71 0.4 91 0.4 36 0.4 47 0.4 92 0.4 

640000 15/04/91 82 0.4 132 0.4 88 0.4 98 0.4 78 0.4 50 0.4 117 0.4 

700000 20/04/91 99 0.5 162 0.5 67 0.5 111 0.5 154 0.5 112 0.5 56 0.5 58 0.5 138 0.5 

760000 26/04/91 97 0.5 160 0.5 43 0.5 123 0.5 173 0.5 100 0.5 58 0.5 61 0.5 141 0.5 

820000 06/05/91 98 0.5 182 0.5 46 0.5 97 0.5 223 0.5 113 0.5 60 0.5 66 0.5 160 0.5 

880000 12/05/91 108 0.5 181 0.5 69 0.5 119 0.5 269 0.5 99 0.5 61 0.5 65 0.5 169 0.5 

940000 18/05/91 139 0.5 209 0.5 108 0.5 120 0.5 316 0.5 156 0.5 89 0.5 65 0.5 184 0.5 

1000000 No measurements were done because cracks were obscured by tyre rubber deposited on the pavement surface 

::r: 1060000 01/06/91 No measurements were done because cracks were obscured by tyre rubber deposited on the pavement surface ...... 
0 TL = Total Length (cm) AW= Average Width (mm) 



Table H 5 Falling Weight Deflectometer Deflection Bowls and EFROMD2 Backcalcu.lation Results for Five Datasets 

Thickness (mm) 80 50 50 100 100 100 1100 
Material Tv!le 1 2 2 2 3 3 3 1 
IIni!ial ~eed Values· I 
Ev (MPa) 2000 300 300 300 150 150 150 2000 
Ev (min) (MPa) 500 50 50 50 50 50 50 50 
Ev (max) (MPa) 5000 700 700 700 300 500 500 5000 I Horizontal Distance from Load Centre (mm) 
Poisson's Ratio 0.4 0.35 0.35 0.35 0.35 0.35 0.35 0.45 9 200 30Q :!:50 60Q ]000 J25Q 
Ev/Eh 1 22 2 2 2 2 1 I l:iet]ec!ion {mm) 
Station 06 191 01 03 I Pressure (Mfa)I0.569 I FWD 0.647 0.47 0.356 0.232 0.157 0.069 0.048 
Moduli (MPa) 3725 399 230 58 118 108 101 247 EFROMD2 0.64 0.469 0.357 0.234 0.158 0.069 0.048 
Station 08 I f[es§ure !Mfa)IQ,22:!: I FWD 0.643 0.41 0.294 0.183 0.122 0.059 0.044 
Moduli (MPa) 1327 353 24~ 132 77 2~ 123 222 EFROMD2 0.643 0.413 0.293 0.183 0.122 0.059 0.044 
Station 10 I Pressure (MP~lo.554 I FWD 0.62 0.407 0.306 0.2 0.137 0.067 0.045 
Moduli (MPa) 1029 700 402 99 120 126 109 260 EFROMD2 0.605 0.402 0298 0.196 0.135 0.064 0.045 
Station 06 91 01 10 I f[e§sure !'.Mfa)h222 I FWD 0.712 0.501 0.377 0.242 0.163 0.072 0.049 
Moduli (MPa) 2395 404 231 22 107 12~ 22 2:12 EFROMD2 0.715 0.506 0.377 0.243 0.162 0.072 0.05 
Station 08 I Pressure (MPa]0.54 I FWD 0.59 0.424 0.303 0.184 0.122 0.061 0.046 
Moduli (MPa) 4295 99 104 99 105 118 160 215 EFROMD2 0.586 0.414 0.304 0.188 0.123 0.059 0.046 
Station 10 I f[elisu~ !Mfa)IQ,2:!:2 I FWD 0.668 0.452 0.339 0218 0.15 0.069 0.048 

~ Moduli (MPa) 1314 700 37:1 2Q l ~7 1:!:~ 21 223, EFROMD2 0.668 0.459 0.341 0.221 0.15 0.069 0.049 - Station 06 91 03 01 I I FWD 0.713 0.515 0.391 0.254 0.169 0.072 0.049 - Pressure (MPa lo.55 
Moduli (MPa) 3047 293 183 73 68 73 93 192 EFROMD2 0.715 0.518 0.392 0.254 0.169 0.071 0.049 
Station 08 I f[essu~ !'.Mf!!) IQ 22 I FWD 0.60 0.42 0.31 0.19 0.13 0.06 0.05 
Moduli (MPa) 3813 179 l:!:2 llQ ~1 ~; l:!:2 2:!:l EFROMD2 0.594 0.419 0.309 0.195 0.129 0.062 0.047 
Station 10 I Pressure =~]0.56 I FWD 0.668 0.466 0.358 0228 0.155 0.069 0.05 
Moduli (MPa) 2168 676 333 50 125 114 108 237 EFROMD2 0.657 0.469 0.353 0229 0.154 0.069 0.05 
Station 06 - 91 04 02 f~§SU~ !'.Mf!!)IQ 22 I FWD 0.816 0.579 0.433 0.274 0.176 0.076 0.05 
Moduli (MPa) 2359 299 112 22 22 f/.7 27 222 EFROMD2 0.819 0.583 0.433 0273 0.176 0.072 0.051 
Station 08 Pressure (Mpa)I0.549 I FWD 0.6 0.412 0296 0.181 0.119 0.057 0.043 
Moduli (MPa) 2954 220 156 91 102 113 151 240 EFROMD2 0.601 0.411 0295 0.181 0.119 0.057 0.043 
Station 10 f[e§SU[e !'.Mfa)IQ 22 I FWD 0.759 0.519 0.389 0.245 0.161 0.069 0.048 
Moduli (MPa) 1386 613 307 ~Q ~~ 9~ 27 22Q EFROMD2 0.75 0.521 0.386 0246 0.161 0.069 0.048 
Station 06 05 07 91 Pressure (Mfa]0.57 I FWD 0.817 0.581 0.444 0287 0.19 0.08 0.054 
Moduli (MPa) 1952 515 268 50 71 74 84 203 EFROMD2 0.813 0.585 0.442 0287 0.191 0.08 0.054 
Station 08 f[e§§U[e !Mfa)IQ,2:!:l I FWD 0.618 0.417 0.308 0.192 0.125 0.059 0.043 
Moduli (MPa) 1656 700 327 2Q 122 ~~ l:!:2 211 EFROMD2 0.614 0.421 0.308 0.193 0.126 0.058 0.044 
Station 10 Pressure -a]0.566 I FWD 0.729 0.515 0.393 0257 0.172 0.072 0.047 
Moduli (MPa) 1917 658 352 50 82 84 93 221 EFROMD2 0.732 0.526 0.398 0259 0.171 0.07 0.047 
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H.4 PERFORMANCE DATA (THIRD PAVEMENT TEST) 

The cumulative loading cycles corresponding to each loading interval and the measurements 

made after each of those loading intervals are detailed in Table H 6. The deformations within 

each layer at stations 07 and 09 (in the instrumented section of the test pavement) at 200 mm 

transverse positions are shown in Table H 7 and H 8, respectively, and the relative changes 

in each layer profile are plotted agrainst transverse position in Figures H 4 and H 5. 

Continuous strains measured after every loading interval under a moving wheel load are 

included in Figure H 6. The peak strain values in the basecourse and subgrade at each of the 

three arrays are presented in Table H 9. The slippage that occurred at the repair patch at 

station 02 after 150000 cumulative EDA loading cycles is shown in Figure H 7. Peak vertical 

compressive stains in the basecourse and subgrade, and maximum deflections recorded after 

every incremental loading interval are summarised in Tables H 9 and H 10. Finally, maximum 

surface deflections under wheel loads after every incremental loading interval and for every 

station are included in Table H 10 and plotted in Figure H 8. 

Table H 6 Loading Interval Measurements For Third Pavement 

Number of Date Electronic Measurements Visual 
Cumulative Condition 

Loading Cycles 
Profiles CAPTJF Subsurface 

Survey 

Deflectometer Strains 

Profilometer DIPStick 
Transverse Longitudinal 

0 92/04/01 ✓ ✓ ✓ ✓ 

600 92/04/22 ✓ ✓ ✓ 

20000 92/04/23 ✓ ✓ ✓ ✓ 

41000 92/04/27 ✓ ✓ ✓ ✓ 

60000 92/05/01 ✓ ✓ ✓ 

78850 92/05/08 ✓ ✓ ✓ ✓ ✓ 

120000 92/06/03 ✓ ✓ ✓ ✓ ✓ 

180000 92/06/08 J ✓ ✓ ✓ ✓ 

240000 92/06/24 ✓ ✓ ✓ ✓ ✓ 

300000 92/07/01 ✓ ✓ ✓ ✓ ✓ 

369500 92/07/16 ✓ ✓ ✓ ✓ ✓ 

H 13 



Table H 7 Transverse Layer Thicknesses and Deformation (Stn 07) (Third Pavement Test) 

EDA 0 738900 0 738900 738900 

Transverse AIC dA BA B/C dB BB Subgrade 
Distance Thickness Thickness Change 

(m) (mm) (mm) (mm) 
0.6 26 -16 -0.615 141 10 0.071 -8 

0.8 29 -13 -0.448 140 10 0.071 -6 

1 29 -7 -0.241 141 0 0.000 -8 

1.2 26 -5 -0.192 142 -8. -0.056 -2 
1.4 27 -8 -0.296 140 -6 -0.043 1 
1.6 25 -9 -0.360 138 -7 -0.051 2 
1.8 26 -8 -0.308 141 -7 -0.050 8 
2 26 -11 -0.423 137 -9 -0.066 6 

2.2 26 -6 -0.231 138 -6 -0.043 15 

2.4 25 -3 -0.120 133 -1 -0.008 13 

2.6 20 -1 -0.050 130 . 33 0.254 6 

2.8 21 -1 -0.048 118 5 0.042 -2 

3 15 7 0.467 118 -22 -0.186 -18 

Table H 8 Transverse Layer Thicknesses and Deformation (Stn 09) (Third Pavement Test) 

EDA 0 738900 0 738900 738900 

Transverse AIC dA BA B/C dB BB Subgrade 
Distance Thickness Thickness Change 

(m) (mm) (mm) (mm) (mm) 

0.6 26 -20 -0.769 139 14 0.101 -7 

0.8 30 -20 -0.667 135 -2 -0.015 -23 

1 26 -11 -0.423 138 -8 -0.058 -21 

1.2 26 -10 -0.385 138 -3 -0.022 -8 

1.4 26 -14 -0.538 141 -8 -0.057 -12 

1.6 24 -8 -0.333 136 -6 -0.044 -2 

1.8 24 -8 -0.333 132 -7 · -0.053 -2 

2 24 -8 -0.333 121 -7 -0.058 -3 

2.2 23 -3 -0.130 117 -10 -0.085 -5 

2.4 20 2 0.100 117 -3 -0.026 1 

2.6 17 1 0.059 117 2 0.017 -2 

2.8 20 0 0.000 113 4 0.035 2 
3 18 1 0.056 113 -8 -0.071 -7 
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Figure H 4 Changes in Layer Thicknesses at Station 07 (Third Pavement) 
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Figure H 5 Changes in Layer Thicknesses at Station 09 (Third Pavement) 
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Table H 9 Strain Response Data for Third Pavement 
Measurement Set: 

1 1 2 2 3 3 4 4 5 5 
Date (1992): 16-Apr 16-Apr 23-Apr 23-Apr 27-Apr 27-Apr 11-May 11-May 2-Jun 2-Jun 

Vehicle: A B A B A B A B A B 
Offset (m): 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Temperature (C): 12.0 14.0 12.0 12.0 12.5 12.5 12.0 12.0 11.0 11.0 
yre Pressure (kPa) 825 825 825 825 825 825 825 825 750 750 

Speed ('KIIlfh): 20.0 20.2 20.l 20.1 20.0 20.0 20.1 20.1 20.1 20.1 
Cumulative Loading (EDA) 

1200 1200 40000 40000 80000 80000 160000 160000 240000 240000 
Station: Basecourse 

07 -3501 -3482 -3293 -3423 -3295 -3228 -3066 -2995 -2935 
08 -3326 -3350 -3393 -3506 -3602 -2853 -2879 -2757 
09 -2977 -3007 -2916 -2805 -2891 -2792 -2938 -3045 

Average -3268 -3280 -3200 -3245 -3263 -2957 -2961 -2876 -2990 
Subgrade 

07 -2897 -3199 -3431 -3268 -3251 -3127 -3282 -3150 
08 -1621 -1567 -2657 -2711 -2883 -2789 -2895 -2379 -2489 
09 -1494 -1506 -1992 -2135 -2091 -2302 -2364 -2584 

Average -1557 -1990 -2616 -2759 -2747 -2780 -2795 -2748 -2820 

Measurement Set: 
6 6 7 7 8 8 9 9 

Date (1992): 7-Jun 7-Jun 11-Jun 11-Jun 2-Jul 2-Jul 10-Jul 10-Jul 

Vehicle: A B A B A B A B 
Offset (m): 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Temp (C): 12.0 12.0 13.0 13.0 10.0 10.0 8.0 8.0 

Tyre Press (kPa) 750 750 750 750 750 750 750 750 
Speed (km/h): 20.2 20.2 20.2 20.2 20.0 20.0 20.2 20.2 

Cumulative Loading (EDA) 
360000 360000 480000 480000 600000 600000 740000 740000 

Station: Basecourse 
07 -2061 -2439 -2331 -2371 -2539 -2446 -2130 -2159 
08 -2114 -2577 -2130 -2157 -2242 -2424 -2221 -2132 
09 -2265 -2763 -2596 -2655 -2692 -2759 . -2593 -2774 

Average -2146 -2593 -2352 -2394 -2490 -2543 -2315 -2355 
Subgrade 

07 -3257 -3758 -3742 -3777 -3522 -3585 -3255 -3110 
08 -2244 -2685 -2397 -2390 -2166 -2150 -1927 -1932 
09 -2406 -2883 -2896 -2829 -2815 -2839 -2899 -2844 

Average -2635 -3108 -3011 -2999 -2834 -2858 -2694 -2628 
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Table H 10 Peak Surface Deflection Data (Third Pavement) 

Measurement Interval: 
2 3 4 5 6 7 

Date 02-04-92 22-04-92 28-04-92 01-05-92 08-05-92 03-06-92 08-06-92 
Revolutions 

0 20000 41000 60200 78850 120365 180180 
Cumulative Loading (EDA) 

Station 0 40000 82000 120400 157700 240730 360360 
Peak Surface Deflections (nun) 

5 -1.61 -1.59 -1.61 -1.66 -1.82 -1.67 -1.73 

7 -1.77 -1.66 -1 .70 -1.84 -1.97 -1.62 -1.67 

9 -1.51 -1.35 -1.43 -1.42 -1.50 -1.38 -1.41 

Average -1.63 -1.53 -1.58 -1.64 -1.76 -1.56 -1.60 

15 -1 .23 -1.61 -1.65 -1.73 -1.97 -1.40 -1.56 

20 -1.13 -1.53 -1.58 -1.81 -1.67 -1.54 -1 .48 
25 -1.22 -1.24 -1.27 -1.33 -1.53 -1.26 -1.35 
30 -1.40 -1.75 -1.76 -1.81 -1 .97 -1.60 -1.65 
35 -1.55 -1.72 -1.73 -1.88 -1.97 -1.52 -1.69 
40 -1.30 -1.61 -1.61 -1.87 -2 .00 -1.67 -1.87 
45 -1.38 -1.43 -1.52 -1.63 -1.71 -1.49 -1.68 
53 -1.26 -1.04 -1.06 -1.07 -1.08 -1.00 -1.07 
55 -1.38 -1.47 -1.46 -1.48 -1.44 -1.39 -1.45 
57 -1.26 -1.63 -1.68 -1.45 -2.01 -1.73 -2 .09 

Temperature (C) 
15 14 11 14 9 11 12 

Peak Surface Deflections at Station: 
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FUNDAMENTAL BEHAVIOUR OF UNBOUND GRANULAR PAVEMENT LAYERS 
AND SUBGRADES SUBJECTED TO VARIOUS LOADING CONDITIONS AND 
ACCELERATED TRAFFICKING 

B. D. Pidwerbesky 

ABSTRACT: Specific loading parameters (load magnitude and number of repetitions, tyre 
inflation pressure and basic tyre type) that influence the fundamental 
behaviour and performance of unbound granular pavement layers and 
subgrades were studied. Three flexible pavements were tested in sequence 
in the Canterbury Accelerated Pavement Testing Indoor Facility. Strain
measuring technology suitable for instrumenting unbound granular and 
subgrade materials was developed and proven. The sub grade strain criteria 
for flexible pavement designs are conservative, and linear elastic theory is 
inappropriate for unbound granular pavements. Surface rutting after an 
initial trafficking period, combined with appropriate modelling, can be 
reasonable for predicting pavement performance. 

Department of Civil Engineering, University of Canterbury, Doctor of Philosophy Thesis, 1996 
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